Rock Mechanics and Rock Engineering (2023) 56:4507-4533
https://doi.org/10.1007/500603-023-03267-6

ORIGINAL PAPER q

Check for
updates

An Experimental Study of Water Saturation Effect on Chipping
Efficiency of a Chisel Pick in Cutting Some Low- and Medium-Strength
Rocks

Hadi Bejari' - Jafar Khademi Hamidi'

Received: 6 April 2022 / Accepted: 13 February 2023 / Published online: 17 March 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2023

Abstract

Water saturation of rock plays an important role in chipping efficiency and productivity of mechanical excavators. In this
study, small-scale linear rock-cutting experiments were performed with a chisel pick on five sandstones, four gypsums, and
three synthetic specimens under dry and water-saturated conditions at cutting depths of 1, 3, and 5 mm in order to investigate
the mechanical effect of water on the rock-cutting process. In addition, chipping efficiency and cutting particle size distribu-
tion in both dry and saturated rock conditions were investigated using sieving analysis and particle size distribution indices.
In addition, a new indicator was introduced for evaluating chipping efficiency. Analysis on cutting test results showed that
water saturation causes (1) a reduction of production capacity of chisel pick ranging from 1 to 35%, (2) a reduction of chip
size and parameters of particle size distribution, and (3) an increase in the proportion of fines produced from rock cutting.
The results showed that the reduction of chisel production capacity is greater in saturated rock samples with higher porosity
and water content when compared to the same dry conditions. The results of the sieving analysis revealed that all the size
parameters of rock debris are reduced in saturated conditions compared to dry conditions.

Highlights

e Chipping efficiency was investigated in dry and saturated e The reduction of chisel production capacity was greater

rock cutting with a simple chisel pick.

The production capacity, chip size, and weight percent-
age of large chips were found to be lower in saturated
cutting conditions.

in saturated rocks with higher porosity and water content
when compared to the same dry conditions.

There was a strong correlation between cuttings size
descriptors and production capacity in both dry and satu-

e The proportion of fines was found to be higher in satu- rated conditions.

rated rocks.

Keywords Water content - Porosity - Rock-cutting test - Production capacity - Particle size analysis

1 Introduction

Due to the depletion of surface reserves, population growth,
multiplier increase in energy consumption and industrial
products in the next few decades, the need for producing
more raw minerals through development and extraction of
deep reserves using mechanical rock excavation machines
such as tunnel boring machines, raise boring machines, road-
headers, continuous miners and longwall drum shearers is
predicted. On the other hand, with the deepening of mineral
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reserves, the role of boundary conditions such as lateral
pressures, the presence of water, and saturated conditions
in the design and performance of mechanical excavators will
increase. In addition, in underwater drilling, tunneling and
mining operations, including all operations in shallow, deep
and ultra-deep waters, and the construction of underground
structures below the water table, rock excavation is generally
performed in saturated rocks.

Researchers’ studies in recent decades clearly show that
in different metamorphic, igneous, and sedimentary rocks
with different amounts of moisture (water content) and full
saturation conditions, mechanical properties are reduced.
For instance, the findings reported by Cai et al. (2019),
Hawkins and McConnell (1992), Tang (2018), Yilmaz
(2010), Colback and Wiid (1965), Dyke and Dobereiner
(1991), Jiang et al. (2014), Torok and Vasarhelyi (2010),
and Zhou et al. (2016) for rock material compressive
strength; Ojo and Brook (1990), Lashkaripour (2002),
Vasarhelyi and Van (2006), Karakul and Ulusay (2013),
Guha Roy et al. (2017), Maruvanchery and Kim (2019),
Erguler and Ulusay (2009), Hashiba and Fukui (2015), and
Wong and Jong (2014) for rock material tensile strength;
Kwasniewski and Oitaben (2009), Karakul and Ulusay
(2013), Guha Roy et al. (2017), Maruvanchery and Kim
(2019), Hashiba and Fukui (2015), Wong and Jong (2014),
Mann and Fatt (1960), Shakoor and Barefield (2009), and
Burshtein (1969) for rock material elastic modulus; and
Pellet et al. (2013), Zhao et al. (2017), and Tang et al.
(2019) for rock material shear strength can be noted. How-
ever, the reduction of mechanical properties, especially in
sedimentary rocks such as sandstone, gypsum, and lime-
stone, is significant (Lajtai et al. 1987; Hadizadeh and Law
1991; Wong et al. 2016; Zhuang et al. 2020).

Obviously, changes in the physical and mechanical
properties of the rock due to the presence of water can
affect the rock-cutting mechanism, rock fracture mode,
production capacity, chipping efficiency, specific energy
(SE), cutter wear rate, flowability and particle transfer and
heat transfer in mechanical excavation systems. On the
other hand, in a laboratory-scale study on the productiv-
ity and rock cutting using a linear/rotary cutting machine
contrary to the actual conditions of rock excavation using
a mechanical excavator, any evaluation of rock cuttabil-
ity may lead to unrealistic results of machine operational
parameters such as specific energy and penetration rate,
and consequently incorrect design parameters for the
machine. Accordingly, as a result of incorrect and unreal-
istic estimation of technical and operational parameters of
the mechanical machine and project schedule, excavation
operations and finally the project success will be techni-
cally/operationally, economically, and environmentally
endangered.
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The growth of mechanization in activities related to
mining and construction of underground structures, espe-
cially in the last 7 decades, has led to extensive research
in the field of rock cuttability. Most studies on production
capacity and rock cutting have been done on dry rocks
(e.g., McFeat-Smith and Fowell 1977; Goktan 1995;
Copur et al. 2001; Balci et al. 2004; Bilgin et al. 2006;
Tiryaki and Dikmen 2006; Yilmaz et al 2007; Balci and
Bilgin 2007; Tiryaki et al. 2010; Dursun et al. 2011; Copur
et al. 2011, 2017, 2011; Copur et al. 2001; Copur 2010;
Tiryaki 2008; Comakli et al. 2014; Tumac 2014; Dogruoz
and Bolukbasi 2014; Dursun and Gokay 2016; Shao et al
2017; Wang et al. 2017a, b, 2017a; Tumac et al. 2018;
Mohammadi et al. 2020; Rostami et al. 2020). In most
cases, however, mechanical excavators encounter wet and
saturated rocks. A limited amount of research has been
done so far to address the effects of water saturation on
cutting efficiency.

Rock cuttability is defined as the ease or difficulty of
rock excavation with mechanical tools such as drag picks
and roller cutters. One of the methods for evaluating the
rock-cutting efficiency for the use of mechanical rock-cutting
units is the calculation of specific energy. SE is the energy or
work required to cut unit volume of the rock (Mc Feat-Smith
1975; Roxborough 1987). Specific cutting energy (SE) in
MJ/m? is calculated using Eq. (1):

_ W_FCxprXIOOO
v M

SE (IMJ/m? = 0.278kWh/m?)

ey
where W is work or energy to cut the rock (MJ); V is volume
of cuttings (m3); F is Mean cutting force (kN); L is effective
cutting length (m); p is rock density (ton/m>) and M is mass
of cutting debris (ton).

As it can be seen in Eq. 1, one of the parameters involved
in calculating the specific energy and evaluating the effi-
ciency of the cutting process in the linear cutting test is the
volume of fine powder and chips by unit distance of cut, or
in other words, the production capacity of cutting tools. In
addition to the importance of cutter production capacity for
determining specific energy and cutting efficiency, the size
and size distribution of the particles produced in a cutting
test are directly related to cutting efficiency and can provide
useful information about rock-cutting mechanism, fracture
mode, cutter wear, variations of cutting forces, and the
required transportation and ventilation system. In addition,
with observation and evaluation of the size of the cutting
particles, the mechanical excavators can be controlled during
the excavation operation, which is an easy and convenient
way to control the efficiency of the rock-cutting units.

The number of studies that have been conducted to
explore the relationship between chip size distribution indi-
ces and operating parameters of the mechanical rock-cutting
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units in both laboratory and field scales is very limited. In
this case, studies in wet and saturated conditions are few.

Barker (1964) investigated the full-scale rock-cutting
efficiency of pointed and chisel-type picks in dry sandstone
for different cutting depths. It reported an increase in the
amount of weight per unit length of the cut, an increase in
coarseness index (CI), and a decrease in specific energy with
increasing cutting depth. By conducting full-scale labora-
tory rock-cutting tests using various types of cutting picks
and disks in lower chalk in both dry and wet conditions,
Roxborough and Rispin (1973) reported that CI values in
wet chalk cutting are lower than dry chalk. This study also
showed that the specific energy decreases with increasing
coarseness index. Roxborough et al. (1981) performed cut-
ting tests for different pick spacing to cutting depth ratios in
coal to evaluate continuous miner performance. The authors
found out that efficient cutting of coal results in coarser coal
production and less dust. By examining the chip size and
shape in a field-scale study, Bruland (2000) suggested that
the cubic chip to be considered for chip quality analysis. By
performing field stepped penetration test and muck sieve
test in Singapore DTSS project, Gong et al. (2007) analyzed
the rock mass boreability and the effect of TBM trust levels
on the size and shape of the mucks. The authors found that
with increasing thrust force, muck size and penetration per
revolution (PRev) and failure performance increase, and the
chip shape changes from flat to elongated and flat. Tunc-
demir et al. (2008) analyzed the size and shape of the chips
produced from the rock-cutting tests using drag and disk cut-
ters on different rock types including chromite, harzburgite,
serpentinite, trona, gypsum, sandstone, anhydrite, limestone
and granite and concluded that the minimum specific energy
is obtained in the optimal ratio of cut spacing to the depth of
cut that gives larger, flat, and elongated chips. In their study,
they presented an inverse relationship between specific
energy and coarseness index for different types of cutting
tools and validated the results of the laboratory cut test with
in situ observations from TBM excavation in two tunnels
driven in Istanbul. By analyzing the muck and measuring the
coarseness index of field data in excavating a subway tunnel
with a TBM, Balci (2009) concluded that the small size of
the muck increases the cutting specific energy.

Abu Bakar and Gertsch (2011) and Abu Bakar et al.
(2014) explored cutting performance by performing a series
of full-scale linear cutting tests with disk cutter in differ-
ent ratios of cut spacing to penetration on dry and saturated
Roubidoux sandstone with a porosity of 18%. The authors
correlated the coarseness index and absolute size constant of
the Rosin—Rammler distribution with the production rate and
specific energy and revealed that in both dry and saturated
cutting conditions, with increasing CI and x’, the produc-
tion rate increases and the corresponding specific energy
decreases. The authors also reported reductions of 27.5%,

44%, 48%, and 8% in normal, rolling, side forces, and spe-
cific energy from dry to saturated conditions, respectively.
In addition, Abu Bakar and Gertsch (2013) evaluated the
cutting performance of chisel-type drag pick by conducting
full-scale linear cutting tests on sandstone in both dry and
saturated conditions. The results obtained from this study are
different from the results obtained from the rock-cutting tests
with a disk cutter on the same rock. The authors reported
that water saturation increased cutting and normal forces as
well as specific energy by 9.9%, 9.4%, and 28%, respectively.
Their study also confirmed the relation between the coarse-
ness index and absolute particle size of Rosin—Rammler
(Rosin and Rammler 1933) distribution with the specific
energy. By running TBM penetration tests in three TBM
driven tunnels of the Jinping II Hydropower Station under
different in situ stress conditions, Yin et al. (2014) correlated
TBM operation parameters collected during the tests with
rock mass boreability index and concluded that if the in situ
stress is high enough to cause the stress-induced failure at
the tunnel face, it facilitates rock fragmentation by TBM cut-
ters and the corresponding rock boreability index decreases.
By conducting a series of small-scale linear cutting tests
with a conical pick on sandstone, Jeong and Jeon (2018)
studied the effect of cut spacing and cutting depth on rock
chips' production and size distribution. They used various
indexes to investigate the characteristics of rock chips, such
as the ratio of powder weight to chip weight, coarseness
index, Rosin—Rammler (Rosin and Rammler 1933) distribu-
tion parameters, and uniformity and curvature coefficients.
The results showed that the size distribution indices of rock
chips are highly correlated with cutting force and specific
energy. In addition, the results of their study showed that in
the optimum cut spacing, the chip size has the most signifi-
cant value. Correlating the TBM operational factors such as
machine thrust, cutterhead RPM, torque, and penetration rate
with muck size distribution indexes including coarseness
index, mean particle size, and absolute grain size, Heydari
et al. (2019) concluded that visual observations of mucks
size can be used to evaluate cutting efficiency and control
of excavation operations. They found that the higher the
geometrical size of muck particles represented the larger
coarseness index and the lower specific energy. In a labora-
tory study, by performing a series of small-scale linear cut-
ting tests with chisel tools on four rock samples (sandstone,
marl, salt, and coal) and two synthetic (dental plaster and
concrete) specimens, Mohammadi et al. (2020) examined
in detail the effect of cutting depth on chip size and shape,
as well as the relationship between particle size indicators
such as the coarseness index, mean particle size, and abso-
lute grain size with specific energy for evaluation of cutting
efficiency. Hou et al. (2021) performed rock-cutting tests to
investigate the rock-breaking efficiency using cuttings size in
rock cutting with a polycrystalline diamond compact (PDC)
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bit. The authors also studied the effect of cutting parameters
such as the depth of cut (DOC), the back rake angle (a), and
the cutting speed (v) on the coarseness index and specific
mechanical energy (MSE). The results showed that the CI
value increased with increased DOC, and the CI increased
slightly with increased a. The most influential factor on the
CI is the DOC, followed by a. However, within the range
of tests, the cutting speed has an insignificant effect on the
CI value.

A review of research history shows that relatively exten-
sive studies have addressed the effect of water saturation or
the presence of water on the physical-mechanical behavior
of rock and failure mechanics. At the same time, a small
number of studies have investigated the effect of saturation
on the mechanics of rock cutting in mechanical excavation.
Among these, basic investigations of the water saturation
effect have not been performed yet on the production capac-
ity of the cutting tool, mechanisms of the rock chipping pro-
cess, and breakout angle.

In the present study, the effect of water saturation on the
productivity and the chipping efficiency of the chisel pick is
investigated by performing small-scale linear cutting tests
on 12 low- to medium-strength rock specimens. Chipping
efficiency is defined as the ability of the cutting tool to pro-
duce more coarse chips and less powder. The mechanism
of rock cutting and the production capacity of chisel pick
in dry and saturated cutting conditions are compared, and
the relation between relative production capacity reduction
in saturated cutting mode with porosity and water content
of different rock specimens are also investigated. Indexes
related to the size of the particles in the cutting, including
coarseness index, mean particle size, median grain size, and
absolute grain size are calculated after sieve testing on cut-
tings to evaluate the chipping efficiency in dry and saturated
cutting tests.

Q2002 @@@@
% ‘.,'@

(b) sandstone and gypsum specimens
Fig.2 Cylindrical specimens used in rock physical and mechanical
tests
2 Laboratory Testing

2.1 Samples of Rocks and Their Physical
and Mechanical Properties

In this research, nine rocks, including five sandstones and
four gypsums, were collected from different regions of Iran,

Fig. 1 Multi-piece molds for making cylindrical synthetic specimens

@ Springer
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Table 1 Summary of results of sample property test

Type of rock Density (g/cm?) Water con-  Porosity (%) Uniaxial compressive strength ~ Brazilian tensile strength
tent (%) (MPa) +sd (MPa) +sd
Dry Saturated Dry Saturated Dry Saturated
Sandstone 1 2.298 2.430 6 13 31.40+29 17.91+1.8 2.61+0.41 1.59+0.13
Sandstone 2 2.284 2.380 4 8 37.51+5.1 20.15+1.4 3.59+1.23 3.30+0.34
Sandstone 3 2.261 2415 7 10 43.40+4.2 27.10x£2.4 2.29+0.52 1.48+0.21
Sandstone 4 2.177 2.347 8 17 10.72+1.4 4.81+0.8 2.04+0.46 1.30+0.24
Sandstone 5 2.289 2428 6 15 25.63+3.3 18.21+1.1 2.24+0.23 1.38+0.14
Gypsum 1 2.121 2.190 3 7 10.30+1.2 5.16+0.4 2.40+0.27 0.89+0.17
Gypsum 2 2.276 2.284 0.4 1 21.78+2.7 11.20+1.2 3.38+0.43 1.94+0.31
Gypsum 3 2.288 2.294 0.3 2454+2.1 16.98 +2.1 3.19+0.57 2.20+043
Gypsum 4 2.233 2.259 1 3 11.02+1.6 6.17+0.7 1.91+0.18 1.27+0.15
CP 1.209 1.744 44 53 13.62+14 5.52+0.6 2.32+0.48 0.87+0.33
DPP1 1.466 1.773 21 31 24.62+29 7.26+0.9 3.88+0.51 1.16+£0.45
DPP2 1.435 1.765 23 33 21.15+2.6 5.65+04 4.18+0.61 1.24+0.21
Table 2 Parameters of linear rock-cutting test
Test condition Dry and saturated
Monitoring PC &
— Cutting tool Chisel pick
Data acquisition ¥ Pick width (mm) 12
system u et Rake angle (degree) 0
- —— d;r% 4 Clea.rance angle (degree) 12
> 4 ” Cutting speed (cm/s) 12
i I Depth of cut (mm) 1,3 and 5
. Data sampling rate (Hz) 1000

Sample placement
frame

5 VT‘\‘g

Hand wheel
Work table

Fig.3 Components of the testing system with linear rock-cutting
machine

and block samples were transferred to the laboratory. Gyp-
sums were taken from three Gypsum mines around Garmsar
and Tehran cities situated in Semnan and Tehran provinces,
respectively. Sandstones were collected from rock slopes in
road cuts near Tehran. In addition to natural rock samples
and in order to increase the variability of specimens, three
synthetic specimens with more porosity than rock samples
with a combination of dental and building plaster and con-
crete were made based on research objectives.

After transferring the rock blocks to the laboratory, NX
cylindrical core specimens with an approximate diameter of
54 mm were prepared from each of the rock blocks by core
drilling for the determination of physical and mechanical
properties. Multi-piece polyethylene molds with a diameter
of 54 mm and a length of 120 mm were used to prepare

synthetic cylindrical specimens (Fig. 1). Figure 2 shows
some cylinder specimens prepared for physical and mechani-
cal testing of the rock.

The rock mechanics tests were performed in accordance
with the available ASTM standards in dry and saturated
conditions (ASTM D2938-95 1995; ASTM D3967-95
1995; ASTM D4543-08 2008). In addition, the dry den-
sity and saturation of rock samples, porosity, and water
content percentage of samples were measured according
to suggested methods by International Society for Rock
Mechanics (Ulusay and Hudson 2007). Table 1 shows the
physical and mechanical properties of rock samples. As
can be seen in Table 1, in this study, soft to medium rocks
according to Bieniawski (1989)—suggested classification
for intact rock UCS, were used to investigate the cuttabil-
ity of dry and saturated rocks.

2.2 Small-Scale Rock-Cutting Tests
and Experimental Scheme

In this research, rock-cutting experiments were performed
with a small-scale linear cutting machine (SSLCM) at the

@ Springer
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Fig.4 Parameters of rock cut-
ting with a chisel-type pick

D‘\xec‘.
Lateral breakage zone

Mechanized Excavation Laboratory of Tarbiat Modares Uni-
versity. This test rig is the modified Klopp shaping machine,
which has a power of 5.9 kW and a maximum cutting stroke
of 900 mm. The cutting stroke position in the test rig can be
adjusted according to the length of the rock sample in the
cutting direction. Figure 3 shows a picture of the SSLCM
machine in the laboratory with the introduction of its main
parts for running rock-cutting experiments. Adjusting the
cutting depth to an accuracy of 0.1 mm is done by rotating
the pilot wheel, which rotates each complete revolution of
the wheel, equivalent to 5 mm of the vertical tool head slide.
The sample placement frame is placed on the work table and
can accommodate samples up to 30 X35 %30 cm. It is pos-
sible to move the work table in the Y direction and adjust
the distance between the cutting grooves to an accuracy of
0.1 mm by turning the hand wheel.

A strain gauge 3-D dynamometer was installed under the
tool head for measuring the cutting forces exerted by the cut-
ting tool (i.e., chisel in the present study). The dynamometer
was connected to the data collection system consisting of
necessary hardware and software running on MS windows-
based personal computer for recording and processing of
cutting forces signals. The cutting tools are fixed with a tool
holder directly to the dynamometer.

Rock-cutting tests were performed using a flat chisel pick
on dry and saturated rock samples under the conditions given
in Table 2 and shown in Fig. 4. The chisel tool used for tests
is a simple flat one having a constant geometry: tip width of
12 mm, rake angle of 0°, and clearance angle of 12° (Fig. 4).
The depth of cut in the experiments was 1, 3, and 5 mm. In
order to avoid overlapping the lateral breakage zone between
adjacent cuts, the cuts were performed in unrelieved mode.
The tests were repeated at least three times at each cutting
depth for each rock sample, and the results were averaged, as
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w = Tool width

d = Cutting depth

o = Rake angle

B = Clearance angle
0 = Breakout angle
Fc = Cutting force
Fx = Normal force
Fs = Side force

suggested by Bilgin et al. (2006), Copur et al (2017), Tumac
et al. (2018), Yasar and Yilmaz (2018), Mohammadi et al.
(2020), and Rostami et al. (2020). In case of large discrep-
ancies in the test results, the number of tests was replicated
more than three times. Before the cutting test is performed,
the surface of the rock specimen is dragged with the chisel
pick to obtain a representative surface. After each test, pow-
ders and chips were carefully collected and weighed, and the
cutting length was measured. Then the cuttings volume was
calculated using the density of the rock samples. Since the
cutting length varies in different rock samples, the volume of
cuttings for different rock samples cannot be compared with
each other. Therefore, production capacity (PC) in cm*/m
was defined and used as the volume of cuttings produced
from the cut unit length of the rock sample.

2.3 Sieve Tests and Debris Size Analysis

As mentioned in the literature, studies on the cutting effi-
ciency of mechanical machines, both on a laboratory and
field scale, confirm the clear relationship indicators of the
size of the cutting with specific energy and production
capacity. In this study, four parameters of the size of the
cuttings, including coarseness index, median particle size,
absolute particle size, and mean particle size were selected
to evaluate the effect of saturation on chipping process
efficiency.

Sieve tests of chips and fines materials produced in each
cutting experiment performed using a sieve set included the
aperture of 16 mm, 8 mm, and mesh 4, 8, 16, 30, 50, and 100.
Rock cuttings were separated into nine groups based on their
sizes, as displayed in Fig. 5. By accurately weighing the rock
cuttings in each of the 9 groups and plotting the size distri-
bution curve for each cutting test, the size parameters of the
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Fig.5 Rock cuttings’ segrega-
tion based on their sizes for dry
sandstone 1 in d=5 mm

(a) sieve set

32¢g
100 1 1.6 ¢
90 T
80 T
70 7
60 1
50 7

Retained (%)

30 7
20 7
10 1

12¢g

em 1l "2l 3l 4l sl lem a2l 3l T4l s
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(b) Size segregation
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cuttings, including coarseness index (CI), absolute particle size
(d") and mean particle size (d,,.,,) and median particle size
(dsy) were calculated.

2.3.1 Coarseness Index

The coarseness index is a dimensionless number and has been
used by various researchers as a simple and reliable tool to
detect the coarseness of the cuttings obtained from the cutting
test. Coarseness index was introduced as the total cumulative
weight percentage of rock debris in any fractions size obtained
from sieve analysis (Barker 1964; Roxborough and Rispin
1973). The CI value is generally was calculated by Eq. 2:

1 10
particle diameters (mm)

(c¢) grain size distribution

N
M.
CI=ZW’><IOO

i=1

(@)

where CI is the coarseness index; N is the number of frac-
tions size used in the sieve tests; M;i s the cumulative weight
of rock debris in fraction size i and W is the total weight of
debris.

Cumulative weight of rock debris in fraction size i calcu-
lated using Eq. (3):

V= M;=Wi=1

i {M[:Mi_1+Wii;é1 @)

where W, is the weight of rock debris in fraction size i.
The range of arbitrary value of CI extremely depends
on the number of size fractions taken and the size of the

@ Springer
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Table 3 An example of
calculation of coarseness index

Fraction number

Size fraction

Retained mass  Cumulative mass Cumulative mass (%)

for dry sandstone 1 in dry W o ;.

cutting condition; (depth of 1 +16 5.18 5.18 12.96

cut=>5 mm) 2 ~ 1648 12.47 17.65 44.15
3 —8+4.75 5.88 23.53 58.85
4 —4.754+2.36 5.94 29.47 73.71
5 —-236+1.2 3 32.47 81.22
6 - 1.2+40.6 1.68 34.15 85.42
7 —-0.6+0.3 1.17 35.32 88.34
8 —-0.3+0.15 1.56 36.88 92.25
9 —0.15 3.1 39.98 100.00
Total weight (W, g) 39.98 CI (X)=637

sieves used. The minimum coarseness index value is 100
and occurs when all cuttings pass through even the smallest
sieve aperture size used in a sieve analysis. The maximum
value depends on the number of fractions and is equal to i
% 100. For example, in this study, with the number of size
fractions 9, the maximum CI value was 900, corresponding
to all cuttings being larger than 16 mm.

It should be noted that in a sieve analysis, changing the
size of the sieves used will change the CI value, even if
the number of sieves is constant. Therefore, it is essential
to compare and evaluate the particle size distribution in a
given study, the size and number of sieves used during all
set of tests must be constant. In a sieve analysis, whatever
increased the value of retained particles on screen with the
larger opening, the higher the CI. Therefore, high values of
the coarseness index relatively indicate the higher weight
percentage of coarse particles in the cutting fragments.
Table 3 illustrates an example of coarseness index calcula-
tion for sieve analysis on a sample of dry sandstone 1 debris
collected at a cutting depth of 5 mm.

2.3.2 Absolute Particle Size

Another indicator used to evaluate the size of cuttings in
this study is the absolute particle size developed in the
Rosin—Rammler distribution function. Rosin and Rammler
(1933) provided the following relation for evaluating the
laws governing coal, which are now widely used in particle
size distribution studies:

R= 100e[_<§’)b] “)

s

log [Ln(lT(zo )] = blog d — blog d’, 5)
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where R is cumulative fraction of cuttings by weight less
than size d; b is a constant describing the cuttings uniform-
ity and hence called the uniformity constant; and d’ is the
absolute grain size, defined as the size at which 63.2%
(1 -1/e=0.632) of the particles (by weight) are smaller.

Parameters d’' and b in the Rosin—Rammler equation
express the size distribution of rock cuttings under sieve
analysis in a given specimen. A plot of ‘log [Ln (100/R)]’
versus ‘log d’ give a straight line with slope equal to b.
parameter d' is obtained from the intercept at the horizontal
line at R=36.79% (substitution of d=d’ in Eq. 4 produces a
constant of about 36.79% material retained).

2.3.3 Mean Particle Size

The Wentworth (1922) scale is a well-known scale among
sedimentologists for describing rock particle size. Krumbian
(1934) introduced the Phi scale, expressed as a logarithmic
transformation of the geometric Wentworth particle size
scale. Phi size (@) is computed by Eq. (6):

@ =—1log,d, 6)

where d is the particle diameter in millimeters.

Mean particle size is the arithmetic size average of par-
ticles produced in the rock-cutting test. Since in the rock-
cutting test, it is practically impossible to determine the
diameter of all rock cuttings, the graphic method proposed
by Folk and Ward (1957) has been used to estimate the mean
particle size using only percentiles taken from cumulative
frequency curves, as given in Eq. (7). Then, by converting

the M value to millimeters, the mean particle size (d,,q,,) 1S
calculated, as seen in Eq. (8):
fi6 + D5+ 0
M= 26T Is0 T Pe )
3
drnean = 27" (mm), ®)
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Fig.6 Variation of production
capacity as a function of cutting
depth in dry and saturated sam-
ples: a—individually for each
sample, b—general trend

Fig. 7 Relative reduction of
production capacity of chisel
pick after saturation of samples
at different depths of cut
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Table 4 Average relative reduction of production capacity of chisel tool in cutting test of saturated samples

Rock samples

Cp

DPP1

DPP2 Gl G2 G3 G4 S1 S2 S3 S4 S5

Average reduction in production capacity (%) 35

29

23 10 2 1 1 7 5 6 11 8
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where @4, D5y, and @y, are the 16th, 50th, and 84th per-
centile values from the cumulative curve and, d,,.,, is the
mean particle size.

2.3.4 Median Particle Size

The median particle size is the value of the particle diam-
eter at 50% in the cumulative frequency distribution that is
also called the d. It divides the particle size distribution
into equal amounts of “smaller” and “larger” particles. It
corresponds to the 50th percentile diameters on a cumula-
tive frequency curve, where half the particles by weight are
larger and half are smaller than the median.

4 15 18 17 18 192021
(I »| L Ly il H| il

Ld

(¢) Dry S1

3 Results of Analysis and Discussion

3.1 Effect of Water Saturation on Cutting Tool
Production Capacity

Production capacity of chisel pick in dry and saturated cut-
ting conditions versus different depths (cutting depths of 1,
3, and 5 mm) is shown in Fig. 6a. The results show that in
both dry and saturated cutting modes, the chisel tool pro-
duction capacity increases with increasing depth, as seen
in Fig. 6b. The results also show that due to the saturation
of rock samples, the volume of debris for the same cutting
length has decreased compared to dry conditions. The rela-
tive reduction of production capacity in the cutting experi-
ment of saturated rock samples compared to dry rock for dif-
ferent cutting depths is shown in Fig. 7, and the mean values

Cutting groove surface

e e s

Lateral breakage zone

(d) Saturated S1

Fig.8 Lateral breakage after dry and saturated cutting test with the chisel pick in DPP1 and S1 samples; d=3 mm
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for each rock sample are given in Table 4. So that the highest
percentage of decrease is related to the CP sample (average
35%) and the lowest decrease is related to the G3 and the
G4 samples (about 1%). However, this decreasing trend at
a depth of 1 mm is insignificant in most specimens com-
pared to greater depths, and with increasing cutting depth
(depths of 3 and 5 mm), the difference in chisel tool pro-
duction capacity between the dry and saturated conditions
increases (Fig. 7). This means that in field operations, where
the cutting depth is greater, the percentage of reduction in
the production capacity of cutting tools under saturated con-
ditions can be higher, which affects the cutting efficiency of
the mechanical machine.

The slight change in the production capacity for the 1 mm
cutting depth after saturation is mainly related to the fracture
mode and the breakout angle. At a very low depth of cut, the
rock-cutting mechanism by the chisel pick is mostly of the
shear failure type in both dry and saturated conditions, in
which case the breakout angle is very low and, consequently,
the production capacity of the chisel tool does not change
much in the dry and saturated conditions. However, with
increasing depth of cut, in dry rock samples, the fracture
is more than the tensile failure type, and the growth and
propagation of cracks created beneath chisel pick are more
and faster than the saturated sample. In addition, the lateral
breakage zone and breakout angle in the dry rock sample
is greater than the saturated rock sample and as a result,
the production capacity of chisel pick will be higher. As an
example, the lateral breakage zone created in the DPP1 and
S1 rock samples for both dry and saturated cutting condi-
tions with a cutting depth of 3 mm is shown in Fig. 8. As
can be observed, the reduction of the lateral breakage zone
in the saturated DPP1 sample compared to the dry DPP1
sample can be detected such that the production capacity
of the chisel pick with a cutting depth of 3 mm in satu-
rated DPP1 compared to dry DPP1 has decreased by 35%.
In addition, in the S1 rock sample, the lateral breakage zone
obtained in the saturated cutting test was reduced compared
to the dry cutting test, although it is not visually detectable;
however, the relative reduction in production capacity of the
chisel pick with a cutting depth of 3 mm in saturated cutting
conditions, 11% have been obtained. The production capac-
ity reduction of chisel pick in saturated cutting tests com-
pared to dry tests for all rock samples is given in Table 4. It
seems that the number of cracks formed when using chisel
pick is higher in saturated samples but the growth of cracks
is less than that in dry specimens. This phenomenon was
also observed in studies on rock fracture mechanics. For

(a)
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Fig.9 Relationship between (a); porosity and (b); water content of
different rock samples with a relative reduction of the production
capacity of saturated rock samples at cutting depths of 1, 3, and 5 mm

example, Maruvanchery and Kim (2019) performed cracked
chevron notched Brazilian disk (CCNBD) tests on calcite
cemented sandstone to investigate the fracture properties of
the rock such as fracture toughness, crack propagation veloc-
ity, consumed energy, and microstructural damage in dry and
saturated conditions. Using environmental scanning electron
microscope (ESEM), they investigated the microstructural
damage produced in sandstone samples before and after
the CCNBD test. The results of their study showed that the
crack propagation velocity in the saturated sample is lower
compared to the dry sample, and therefore, its development
is slower. In addition, they reported that water saturation
can reduce the microcrack length but increase the microc-
rack area after CCNBD tests when compared with the dry
conditions.
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3.2 Relationship Between Porosity and Water
Content with Cutting Tool Production Capacity

As mentioned in the previous section, the production capac-
ity of chisel pick is reduced due to the saturation of synthetic
and natural rock specimens. In this section, the relationship
between the relative reduction of pick cutting production
capacity in saturated specimens with porosity and water
content of the samples was investigated and, the results are
shown in Fig. 9. Comparing the cutting test results under
dry and saturated conditions reveals that with increasing the
porosity and water content of rock samples, the percent-
age of the relative decrease of production capacity in the
saturated cutting test increases. However, with increasing
the cutting depth from 1 to 5 mm, the slope of the diagram
has also increased. In other words, as the cutting depth
increases, the effect of porosity and water content on the
production capacity of chisel pick under saturated condi-
tions will increase. There is a strong correlation between the
percentage of reduction in chisel pick production capacity
and the porosity and water content of the rock. This means
that in addition to the water saturation and the presence of
water, the porosity and water content of the rock also affect
the rock-cutting process and the debris produced by cutting
tests. Therefore, the porosity and water content of rock are
factors that affect the cutting efficiency of saturated rock,
and mechanical excavation of rocks with greater porosity
and water content below the water table leads to a further
reduction in the production capacity of the rock-cutting
machine. The relative reduction in pick production capacity
under saturated conditions could be related to the cracks
propagation velocity created in porous rocks beneath the
chisel tool. The higher the porosity and water content of
saturated rocks, the slower the crack spread in the rock. In
this case, before cracks reach the free surface or side cracks
between the two cutters reach each other and coalesce and

Fig. 10 Relationship between

form a large chip, more cracks will appear again as the pick
advances in the path of creating the cutting groove. When
these cracks reach each other or reach the free surface, chips
with smaller dimensions are formed. In addition, reducing
the propagation velocity of cracks in saturated rocks also
reduces the breakout angle of the rock, which results in a
reduction in production capacity.

3.3 The Effect of Saturation on Cuttings Size

During the cutting process, rock fragments are produced in
powder and chip forms. The volume and size distribution of
chips produced in the cutting test is an indicator of cutting
efficiency of the cutting tool. The particle size statistical
parameters including coarseness index, mean particle size,
mean particle size, absolute particle size, and particle dis-
tribution curve were used to evaluate the chipping efficiency
in dry and saturated rock-cutting experiments.

In addition to the previously mentioned indicators, a new
indicator is proposed for investigation of the size and amount
of rock debris and chipping efficiency of chisel pick.

The results of calculating the coarseness index in different
cutting depths are shown in Fig. 10. By increasing the cut-
ting depth in both dry and saturated cutting tests, the coarse-
ness index increases, and there is a linear and direct rela-
tionship between this index and the cutting depth (Fig. 11).
In addition, the coarseness index in saturated samples is
smaller than that in dry rock samples. A possible explana-
tion for this might be that during the rock-cutting process,
saturation and the presence of water reduce the growth and
propagation of cracks created beneath the cutter.

Figure 12 shows the relationship between the coarseness
index and the chisel pick production capacity in dry and
saturated conditions. As can be seen in Fig. 12, in each rock
sample, the chisel production capacity also increases with
increasing coarseness index. Therefore, considering that the

Wsat cuts Wdry cuts

coarseness index and cutting
depth for dry and saturated rock

cuts
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o
cutting depth (mm) 135 135
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Fig. 11 Relationship between coarseness index and cutting depth in
dry and saturated cutting test conditions

higher coarseness index means more coarse particles and
higher chipping efficiency (Altindag 2004; Tuncdemir et al.
2008; Abu Bakar et al. 2014), this index shows that the pro-
duction capacity of the mechanical excavation machines and
the chipping efficiency of the rock are reduced under satu-
rated conditions. These results are in good agreement with
Roxborough and Rispin's (1973) findings. By conducting
full-scale laboratory rock-cutting tests using various types
of cutting picks and disks in lower chalk in dry and wet
conditions, Roxborough and Rispin (1973) reported that the
specific energy is 50% higher in wet conditions compared
with dry conditions. They attributed the increase in specific
energy in wet conditions to the low values of the coarseness
index (CI). In addition, Abu Bakar and Gertsch (2011) and
Abu Bakar et al. (2014), explored cutting performance by
performing a series of full-scale linear cutting tests with a
disk cutter in different ratios of cut spacing to penetration
on dry and saturated Roubidoux sandstone with a porosity
of 18%. The authors reported reductions of 44% and 8.4%
in rolling force and specific energy from dry to saturated
cutting conditions, respectively. Since the specific energy
is a function of rolling force and production capacity, it
can be concluded that due to the saturation of Roubidoux
sandstone, the production capacity has decreased by about
39%. In addition, Abu Bakar and Gertsch (2013) evaluated
the cutting performance of a chisel-type drag pick by con-
ducting full-scale linear cutting tests on sandstone in dry
and saturated cutting conditions. The authors reported that
water saturation increased cutting force and specific energy
by 9.9% and 28%, respectively. Therefore, based on the find-
ings of Abu Bakar and Gertsch (2013) and according to the
calculation relationship of specific energy (Eq. 1), it can be
concluded that the production capacity of the chisel-type
drag pick in saturated cutting has decreased by about 14%
compared to dry cutting.

The grain size distribution curve has been used for ana-
lyzing the size range of rock debris produced during the
rock-cutting process. Therefore, after sieving the fragments
produced by the cutting test, the retained weight percentage
on each sieve, the cumulative retained percentage, and the
cumulative passing percentage were determined for all sam-
ples, and finally, the grain size distribution curve was drawn.
Figure 13 shows the debris size distribution curves for the
G1 rock sample under dry and saturated cutting test condi-
tions in cutting depths of 1, 3, and 5 mm. As seen in Fig. 13,
the size distribution curve of the fragments obtained from
the cutting test in the saturated sample G1 at different depths
of cut is at a lower level than that of the dry sample. This
means that saturation significantly reduces the equivalent
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Fig. 13 Size distribution curve of cuttings of rock sample G1 in dry
and saturated cuts
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diameter of the cutting fragments as well as the size distribu-
tion of the cutting particles.

In this study, based on the Wentworth (1922) scale sys-
tem, particles passing through mesh sieve No. 16 (aperture
diameter of 1.2 mm) were used as fine particles to study the
statistical distribution of particles. In addition, the retained
particles on the mesh sieve No. 4 (aperture diameter of
4.75 mm) were used for the statistical analysis and evalu-
ation of the chips formed during the linear cutting test pro-
cess. Figure 14 displays the percentage of powder and chips
produced in dry and saturated cuts for all rock samples at
different cutting depths. As can be seen, with increasing cut-
ting depth, the weight percentage of powder has a linearly
decreasing trend in both dry and saturated rock-cutting tests.
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Fig. 14 Percentage of powder and chips created in dry and saturated cutting test based on different cutting depths in all samples

Jeong and Jeon (2018) reported similar findings on cutting
dry sandstone with a conical pick at 5,7, 9, and 11 mm cut-
ting depths. They stated that the weight percentage of rock

powder decreases with increasing cutting depth. By looking
closely into this graph, at a given depth of cut, the weight
percentage of powder in saturated rock-cutting conditions
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Fig. 14 (continued)
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production capacity decreases in saturated conditions. In
other words, saturation has a negative effect on rock chip-
ping efficiency.

is higher than that in dry cuts. This means that the saturated
specimen produces more powder in comparison with the
dry specimen of a given rock sample, although the cutting
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(b)

Fig. 15 Dispersion of debris obtained from the cutting test of DPP1
synthetic sample; d=3 mm. a—Dry cut, b—saturated cut, around the
cutting groove

An example is presented to clearly illustrate the effect of
saturation on rock chipping efficiency. In the G1 sample cut-
ting test for a cutting depth of 3 mm, the weight percentage
of powder in dry conditions was 50%, while it increased to
60% in saturated condition. This increase in the percentage
of powder occurs in the saturated cutting mode while the
production capacity from dry to saturate in this sample has
decreased by 12%. On the other hand, by increasing the cut-
ting depth from 1 to 5 mm, an upward linear relationship for
the weight percentage of particles larger than 4.75 mm has
been observed in both dry and saturated cutting tests, which
is in good agreement with the findings reported by Jeong
and Jeon (2018) and Mohammadi et al (2020). However, the
slope of this diagram in the dry cutting test is more than the
saturated cutting test, which means that as the cutting depth
increases, the difference between the production capacity of
large chips in dry and saturated cutting conditions increases.

In addition, the weight percentage of chips produced in
saturated cutting conditions is less than that in dry rock tests

® drycuts ® satcuts
----- Poly. (dry cuts) ====-Poly. (sat cuts)
120
£
= 100 -
5 R2=0.8168 ¢ A*"‘ -
E: 80 - %g0 © /:’."' R2=0.8186
8 ° - ”’r
2 60 e
< Pty
;-:’ ”’,r.' [
8 40 e q%e ®
g 2
rd
2 20 e
z, o ®
0
0.0 0.5 1.0 1.5 2.0 2.5
Chl

Fig. 16 Relationship between production capacity of chisel tool and
chipping index

at a certain depth of cut. For example, in the G1 sample
cut test with a depth of 3 mm, the weight percentage of
large chips decreased from 39% in the dry cut test mode to
4% in the saturated cut. Therefore, in the saturated cutting
tests, the proportion of fines produced was higher and the
weight percentage of coarse chips was lower than in dry rock
experiments. In saturated rock samples, due to the filling of
the void space of the rock by water and the high viscosity
of water relative to the air, the chips are not easily separated
from the rock (the host rock matrix) during cutting test and
are placed next to and under the chisel pick. Jackson et al.
(2007) reported similar findings in their study on a subsea
mechanical trenching wheel and stated that the viscosity of
the water reduces the speed at which the chip can leave the
host rock matrix compared to the same situation in the air.
This delay increases the remaining chips in the trench and
can result in a negative re-grinding effect. Therefore, one
of the main reasons for increasing the percentage of fines
and decreasing the size of the chips in the saturated cutting
test compared to dry cutting is the placement of the cutting
fragments under the chisel tool and their re-crushing. During
the dry cutting test, the chips are automatically separated
from the host rock matrix immediately after formation and
quickly released around the cutting groove. This important
issue was evident in the films made from the cut. Figure 15
shows the scattering of cuttings in two test modes of dry and
saturated sample DPP1 on the sample surface. As shown in
the figure, rock debris during the run of the dry cutting test
is located on both sides of the groove from the beginning
to the end of the cutting path, but in the saturated cutting
test, most of the rock debris is collected almost the end of
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Table 5 Mean, median

and absolute size values of Rock sample —d (mm) - ds, (mm) nean (M) @ (mm)
fragments obtained from dry Dry cuts Saturated cuts Dry cuts Saturated cuts Dry cuts  Saturated cuts
and saturated cutting test in all
rock samples CP 1 332 0.52 2.52 0.47 3.95 0.77
3 5.69 1.59 4.34 0.98 9.08 227
5 15.70 2.90 13.24 1.63 40.32 4.17
DPP1 1 3.27 0.76 24 0.62 4.17 1.08
3 5.66 1.92 4.28 1.10 9.85 2.64
5 12.27 2.85 9.63 1.62 23.38 4.12
DPP2 1 3.31 0.56 2.50 0.49 3.94 0.81
3 5.70 1.37 4.37 0.90 9.00 2.04
5 12.71 2.72 10.45 1.50 24.05 3.97
Gl 1 0.61 0.27 0.57 0.30 1.09 0.45
3 3.31 0.50 1.63 0.56 3.86 1.00
5 4.17 0.97 2.18 0.82 493 1.45
G2 1 0.26 0.14 0.32 0.22 0.45 0.25
3 1.40 0.49 0.95 0.57 1.80 1.11
5 4.62 2.84 2.77 1.51 8.24 3.93
G3 1 0.79 0.34 0.57 0.39 0.98 0.45
3 3.34 1.99 1.90 1.22 3.77 1.00
5 5.38 3.12 3.07 1.82 6.43 1.45
G4 1 0.25 0.24 0.28 0.29 0.44 0.40
3 1.12 1.09 0.87 0.82 1.89 1.62
5 4.10 2.73 1.79 1.53 7.44 4.36
S1 1 0.56 0.51 0.50 0.44 0.78 0.64
3 3.99 3.45 2.12 1.97 5.58 4.67
5 6.73 5.75 4.04 3.48 9.42 6.52
S2 1 0.41 0.31 0.43 0.32 0.70 0.47
3 3.50 2.55 1.87 1.60 4.96 3.07
5 6.92 5.50 3.16 2.94 7.72 6.87
S3 1 0.28 0.24 0.31 0.26 0.46 0.37
3 2.26 0.95 1.48 0.94 3.48 1.73
S4 1 0.14 0.14 0.28 0.23 0.34 0.25
3 0.92 0.67 0.91 0.75 1.95 1.40
5 2.15 1.46 1.70 1.36 4.02 2.81
S5 1 0.28 0.31 0.33 0.34 0.51 0.51
3 2.90 2.37 1.60 1.52 3.62 3.23
5 8.02 4.93 3.98 2.88 12.31 7.42

the cutting path. Furthermore, the powder produced in the
saturated cutting tests forms a slurry, causing the chips to
be placed beneath the chisel tool and re-crushed, resulting
in smaller chips and powders. Roxborough (1973) obtained
similar results by performing rock-cutting experiments on
saturated sandstone, noting that debris in the form of small
sandy material clings to each other in the presence of water,
and a paste is formed near the cutter-rock contact. Another
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reason for the increase in the weight percentage of fine par-
ticles and the decrease in the size and weight percentage
of the chips in the saturated cutting test might be related to
the propagation velocity of cracks created in the host rock
matrix, which was mentioned in the previous section.

One of the useful indicators for evaluating chipping effi-
ciency in cutting tests is the ratio of rock powder weight
to chip weight proposed by Jeong and Jeon (2018). Jeong
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and Jeon (2018) divided rock cuttings into rock powder
and chips. In the present study, the cuttings were divided
into three major size categories: particles less than 1.2 mm
(powder), particles larger than 4.75 mm (chip), and particles
between 1.2 and 4.75 mm (medium materials). The term
‘chipping index’ (ChI) was introduced to compare these
three size categories in different samples and also to inves-
tigate the chipping efficiency, as follows:

ChI = 1- Wpowder ’ )
1- Wehip
where Chl is the evaluation index of chipping efficiency and
is a dimensionless value; w,,,qe is the percentage of parti-
cles passing through the mesh sieve No. 16 (weight percent-
age of powder) and w,;, is the weight percentage of chips
retained on the mesh sieve No. 4 (chip weight percentage).
This index takes into account all three ranges of particle
sizes for the evaluation of chipping efficiency. In this regard,
the number 1 indicates the weight percentage of total parti-
cles. The physical meaning of the Chl index is the weight of
coarse and medium materials per the weight of the fine and
medium materials in terms of percentage. The higher value
of Chl indicates a greater difference between the weight
percentage of powder and chips produced during the cut-
ting process. This means that the chips weight percentage
is relatively higher and the fines weight percentage is lower.

According to the cutting tests performed at all cutting
depths, it is concluded that Chl decreases in saturated cutting
conditions compared to dry conditions. This indicates that
under saturated cutting conditions, the weight percentage of
powder is higher and the amount of chip is lower. In addi-
tion, with increasing depth, the value of Chl has increased,
which indicates more chip production. The relationship
between the production capacity of chisel tool and Chl under
dry and saturated cutting conditions is shown in Fig. 16. As
can be seen, there is a good correlation between Chl and the
production capacity in both cutting conditions.

One of the indicators for evaluating the particle size dis-
tribution is the median particle size parameter. The median
particle size in the cumulative curve for all samples under
dry and saturated cutting test conditions was calculated and
given in Table 5. As can be seen, the value of ds; in all
saturated rock samples is lower than the dry rock samples.
Therefore, in addition to the relative reduction of weight per-
centage of chips in saturated cutting conditions, the median
size of cutting chips is also reduced due to saturation.

In this study, to determine the mean particles size from
the cutting test in dry and saturated conditions, the method

@ Springer
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proposed by Folk and Ward (1957) (Eq. 7) has been used.
For this purpose, first, the diameter values of the sieves used
in this study were converted to the Phi scale provided by
Krumbein (1934) (Eq. 6). Then, the cumulative curve of
debris size distribution obtained from dry and saturated
cutting tests was drawn for different depths of cut in terms
of Phi's values. For example, the cumulative particle size
distribution curve for sample G1 in terms of Phi size under
dry and saturated cutting conditions is shown in Fig. 17.

@ Springer

After drawing the curve, the Phi values corresponding to
the cumulative weight percentages of 84, 50, and 16 were
determined, and finally, according to Eq. 7, the average size
of the cutting test fragments is calculated. Since the num-
ber obtained (M) is based on the Phi scale, using the Eq. 8
converted to millimeters. Table 5 shows the average size of
cutting chips in dry and saturated modes. As can be seen in
this table, the average size of cutting test particles is rela-
tively reduced under saturated conditions. The results also
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show that with increasing the depth of cut, the average size
of particles from the cutting test increases in both dry and
saturated conditions.

Another parameter for investigating the size of cutting
particles is the absolute particle size. The absolute parti-
cle size was calculated based on the Rosin—-Rammler dis-
tribution diagram for different cutting depths under dry
and saturated cutting test conditions, and the values related
to the absolute size of the cutting fragments are given in
Table 5. Comparison of absolute particle size in dry and
saturated cutting test shows that the absolute particle size,
like medium and medium size, has a decreasing trend in
saturated cuts and also with increasing cutting depth from
1 to 5 mm in both cutting conditions, the absolute particle
size increased.

In this paper, the relationship between the coarseness
index and other size characteristics of cuttings for all dry
and saturated cuts data is investigated. As shown in Fig. 18,
there is an exponential correlation with a high correlation
coefficient between the coarseness index and the particle
size indices including, d, .., @', and Chl. There is also a
strong power relationship between the CI and ds,. The cor-
relation between particle size distribution parameters was
investigated in the literature. For example, observing similar
results, by examining the size distribution of rock debris
produced from drilling on 33 blast holes in the limestone
and marl quarry, Altindag (2004) reported a strong power
relationship with a correlation coefficient of 96% between
the coarseness index and the absolute particle size. A similar
relationship was reported by Abu Bakar and Gertcsh (2013)
when correlating the coarseness index (CI) and absolute
particle size of rock fragments collected from the full-scale

© Mohammadi et al. (2020) data
(rock: sandstone, cutter: chisel
pick)
Mohammadi et al. (2020) data
(rock: marl, cutter: chisel pick)

@®Jeong and Jeon (2018) data (rock:
sandstone, cutter: conical pick)

Abu Bakar and Gertsch (2013) data
(rock: dry sandstone, cutter: radial
drag pick)

® Abu Bakar and Gertsch (2013) data
(Rock: saturated sandstone, cutter:
radial drag pick)

X Tuncdemir et al. (2008) data (rock:
Limestone, cutter: chisel pick)

0.2 0.4

B Tuncdemir et al. (2008) data (rock:

0.6 Limestone, cutter: chisel pick)

Normalized d
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Fig.22 Variation of specific energy with coarseness index in dry and
saturated cutting conditions

cutting of dry and saturated sandstone. In addition, the
analysis results of Mohammadi et al. (2020) show a strong
correlation of CI with other size distribution parameters of
rock debris collected from the small-scale cutting tests in
different rock samples (sandstone, marl, salt, coal, dental
plaster, and concrete). In addition, the findings of Heydari
et al. (2019) confirm the significant relationship between
the particle size indices, by examining size distribution of
mucks in a field-scale study. The good correlation between
the coarseness index and other particle size indices indicates
that, like the coarseness index, other particle size indices
such as chipping index (Chl), absolute Rosin—Rammler par-
ticle size, medium, and mean particle size, can be used as a
criterion for evaluating the chipping efficiency of rock by the
cutting tool in dry and saturated cutting conditions.

3.4 Cutting Efficiency in Dry and Saturated Rock
Samples

In a given rock, the lower value of the specific energy is eval-
uated as the more efficient measure of the cutting system.

@ Springer

Figures 19 and 20 show the variations of mean cutting force
and specific energy in different rock samples against the
different depth of cuts in dry and saturated cutting condi-
tions, respectively. As can be followed from Fig. 19, in both
dry and saturated cutting conditions, the mean cutting force
increases linearly with increasing cutting depth. The results
of the present study are in good agreement with the previ-
ous studies (e.g., Potts and Shuttleworth 1958; Evans 1962;
Evans and Pomeroy 1966; Nishimatsu 1972; Bilgin 1977,
Copur 2010; Yasar and Yilmaz 2017; Rostamsowlat et al.
2018; Jeong and Jeon 2018; Mohammadi et al. 2020).

The inverse power correlation between specific energy
and depth of cut in dry and saturated cutting conditions can
be seen in Fig. 20. The strong correlation between the spe-
cific energy and depth of cut is in agreement with findings
of Tuncdemir et al. (2008), Abu Bakar and Gertsch (2013),
Jeong and Jeon (2018), Mohammadi et al. (2020). In Fig. 21,
the findings from similar studies regarding the correlation
between specific energy and depth of cut are presented with
normalized data. This is because the studies have been con-
ducted in different conditions. What stands out in Fig. 21 is
the inverse non-linear correlation between specific energy
and depth of cut.

The relationship of specific energy with coarseness index
and chipping index is shown in Figs. 22 and 23, respectively.
The results indicate an inverse correlation between specific
energy and size indices for dry and saturated cutting condi-
tions. Similar results were also observed for other size indi-
cators such as median particle size, absolute particle size,
and mean particle size. The inverse correlation between
specific energy and cuttings size descriptors were reported
by Roxborough et al. (1981), Tuncdemir et al. (2008), Abu
Bakar and Gertsch (2013), Jeong and Jeon (2018), and
Mohammadi et al. (2020). Figure 24 shows an inverse cor-
relation between specific energy and the coarseness index
obtained from similar studies. As shown in the figure, the
downward trend of specific energy versus coarseness index
has been reported in all studies. However, some researchers
reported a linear correlation between specific energy and
coarseness index and some others reported a non-linear one.
Parts of this could be due to the use of different cutting
tools having different geometry, and rock samples have been
used in the studies. The findings also showed that the size
descriptors of cuttings can be used as a criterion to evaluate
the efficiency of cutting systems in dry and saturated rocks.
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Fig. 23 Variation of specific
energy with chipping index
in dry and saturated cutting
conditions
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4 Conclusions

In this study, rock-cutting mechanism in dry and saturated
states was investigated by performing a series of labo-
ratory-scale rock-cutting tests with a chisel tool. Twelve
low- to medium-strength rock specimens were prepared
and tested at cutting depths of 1, 3, and 5 mm in order
to provide more in-depth insight into the mechanical
effect of water on the rock-cutting process. In addition,
the size analysis of rock debris collected from the cutting
test was carried out by sieving test. The following results
were obtained: (1) the production capacity, chip size, and
weight percentage of large chips decrease in the saturated
conditions when compared to the same dry conditions. (2)
The proportion of fines increases in saturated specimens
compared to dry specimens, while production capacities
decrease. (3) The reduction of chisel production capacity
is greater in saturated rock samples with higher porosity
and water content when compared to the same dry condi-
tions. (4) In both dry and saturated cutting conditions,
an increase in the cutting depth causes a corresponding
increase in the coarseness of the rock debris and a reduc-
tion in the amount of powder. (5) There is a strong rela-
tionship between coarseness index and production capacity
in a given rock sample in both dry and saturated condi-
tions, which supports the idea that visual examination of
rock debris can be a good tool for evaluating cutting effi-
ciency. (6) There was a strong correlation between the CI
and other size parameters of rock debris for both dry and
saturated rock tests, which indicates that in addition to CI,
other size indicators can be used to evaluate the chipping
efficiency.

The results of this laboratory-scale study show that
water saturation affects the rock-cutting efficiency and
chipping process. Therefore, in order to reduce the risk of
operations in mechanical mining and excavation projects
and achieve reasonable and reliable results in tests related
to machine design, performance prediction, and wear of
cutting tools, it is recommended to consider the effect of
water saturation on the rock-cutting mechanics.

In addition, the results of this study showed that cutting
particle size indices can be used as a dominant indicator to
evaluate cutting efficiency. This phenomenon supports the
idea that the visual examination of the size of mucks pro-
duced with mechanical rock-cutting units provides clues
for identifying the efficiency of rock chipping and the per-
formance of excavators. However, these findings are lim-
ited by performing cutting tests with a simple chisel pick
on some low- to medium-strength rocks. Hence, further
studies are underway to expand the database and analyze

@ Springer

the cutting behavior of saturated rocks by conducting tests
with different cutting tools on more rock samples.
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