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Characteristic of size distribution of rock chip produced by rock cutting with a

pick cutter
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Abstract.  Chip size distribution can be used to evaluate the cutting efficiency and to characterize the cutting behavior of rock
during cutting and fragmentation process. In this study, a series of linear cutting tests was performed to investigate the effect of
cutting conditions (specifically cut spacing and penetration depth) on the production and size distribution of rock chips. Linyi
sandstone from China was used in the linear cutting tests. After each run of linear cutting machine test, the rock chips were
collected and their size distribution was analyzed using a sieving test and image processing. Image processing can rapidly and
cost-effectively provide useful information of size distribution. Rosin-Rammer distribution pamameters, the coarseness index
and the coefficients of uniformity and curvature were determined by image processing for different cutting conditions. The size
of the rock chips was greatest at the optimum cut spacing, and the size distribution parameters were highly correlated with cutter

forces and specific energy.
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1. Introduction

Mechanical excavation has been widely used in civil
and mining projects, and demand for this method is rapidly
increasing due to its numerous advantages in terms of
safety, stability, high advance rate, less environmental
impact and construction practice compared with the drill
and blasting method (Jeong et al. 2014). Especially,
mechanical excavation is sometimes essential for urban and
subsea tunneling and subsea trenching.

Various types of mechanical excavators (e.g., tunnel
boring machines(TBMs), roadheaders, longwall shearers
and trenchers) with mounted cutting tools (e.g., disc cutter,
pick cutter and drag bit) can be used to excavate rock mass.
Of the machines, partial-face excavation machines
generally used a pick cutter as cutting tools (Chang et al.
2017). It is important to estimate the cutter forces (i.e.,
normal, cutting and side forces) that act on cutting tools
when cutting a particular type of rock to determine
operational parameters (Jeong et al. 2016).

The cutters on a cutter-head have a specific spacing,
known as cut spacing (or cutter spacing). The cut spacing is
an important parameter to determine cutter arrangement and
the number of cutters on a cutter-head.

A crushed zone is generated in the rock beneath a pick
cutter due to the high compressive stress induced by the
penetration of the pick cutter. Compressive stress induces
tensile stress and tangential cracks, based on Hoop stress
theory. Tensile fractures propagate to the free surface
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Fig. 1 Three orthogonal forces acting on a pick cutter
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Fig. 2 Rock cutting patterns by picks according to the cut
spacing (modified from Balci and Bilgin 2007)

(direction of propagation is determined by minimizing
fracture energy) or develop until they connect with adjacent
tensile fractures. The interaction of the tensile fractures
generates the rock chips. This process is the general
mechanism involved in mechanical rock cutting.

According to this mechanism, cut spacing significantly
influences the efficiency of rock cutting (Fig. 2). If the
spacing between the adjacent picks is too small, no
significant amount of rock chips will be formed. If the
spacing is too large, no rock chips will be made at all.
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Fig. 3 Typical specific energy achieved by different
mechanical excavation machine (Ozdemir 1995)

Depending on the interaction between the adjacent
cutters, the cutting mode can be either relieved or
unrelieved. In the relieved mode, the cutters interact (the cut
spacing is small or optimum); in the unrelieved mode, no
interaction occurs between the cutters (the cut spacing is too
large). Thus, it is very important to determine the optimum
cut spacing for a given ground condition.

Rock cutting efficiency is predominantly affected by cut
spacing and the corresponding chipping behavior of the
rock; therefore, the characteristics and size distribution of
the rock chips produced during rock cutting process are
highly related to rock cutting efficiency. The size of rock
fragments produced by mechanical excavation with
different cutting tools has been studied at both laboratory
and field scale. The relationships between rock chip size
distribution parameters, specific energy and cutter forces
have been widely examined in the past studies (Ozdemir
1995, Bruland 2000, Rostami et al. 2002, Altindag 2003,
Kahraman 2004, Tuncdemir et al. 2008, Farrokh and
Rostami 2008).

Pfleider and Blake (1953) identified a rough correlation
between penetration rate and the rock chips, and Ersoy and
Waller (1997) found that the wear rate of cutter bits depends
on the size of particles produced during drilling. It has since
been reported that particle size is highly correlated with
specific energy, which represents excavation efficiency.
Ozdemir (1995) reported that specific energy drastically
decreases as chip size increases (Fig. 3) and that the greater
the mean chip size, the lower the specific energy and the
more efficient the mechanical excavation process (Tiraky
et al. 2010). Rostami et al. (2002) studied chip size and the
frequency of the signal generated by rock fragmentation
under a disc cutter. Bruland (2000) also carried out chip size
analysis of the muck produced by TBM excavation, and
described the relationships between chip size, cutter force
and specific energy. Farrokh and Rostami (2008)
quantitatively analyzed the size of chips in muck excavated
by a TBM in fractured rock and compared the results with
the thrust and torque of the TBM. Roxborough (1973)
carried out a series of rock cutting experiments and revealed
that values of the coarseness index (Cl) followed a trend
inverse to that of the specific energy. Higher CI values
coincided in all cases with lower specific energy values for
different operational parameters, i.e., penetration depth in
rock cut by both disc cutters and chisel picks. Altindag

(2003) analyzed the relationship between the size
distribution parameters of rocks (namely CI, mean particle
size and specific surface area) and the performance of
percussive drilling, and found the penetration rate of
percussive drilling to be highly correlated with the size
distribution parameters of rock. Kahraman (2004)
investigated the relationship between the CI of rock chips
produced by top hammers and down the hole drills and the
penetration rate of these machine, the results indicated that
penetration rate and CI both decreased with drilling depth
using top hammer drills. Tuncdemir et al. (2008) performed
an LCM test using a conical pick with 17 types of rock and
analyzed the correlation between cutting conditions,
specific energy and the CI. Specific energy decreased as the
Cl increased, and the CI reached its maximum value at the
optimum cut spacing. In addition, the CI increased with
penetration depth.

Size distribution of rock chips obtained during the rock-
cutting process can provide useful information to estimate
the cutting efficiency. Chip-size distribution is should also
be measured when using rock chips as aggregates and
designing backup facilities for excavation machines. In
addition, it is important to determine the optimum particle
size for the efficient processing of mineral resources in
mining engineering applications. Therefore, rock fragment
size is considered of great importance to assess the
efficiency of the cutting process of a mechanical excavation
machine and its production during mining operations. The
degree of rock fragmentation plays a significant role in
controlling and minimizing the overall production cost.

However, the information is still lacking on the size
distribution of the rock chips produced by rock cutting with
a pick cutter and the relationship between the rock chip size
distribution and the rock cutting efficiency of a pick cutter.

In this study, a series of linear cutting tests was
performed to investigate the effects of cutting conditions
(i.e., cut spacing and penetration depth) on the production
of rock chips and their size distribution. All the rock chips
produced in LCM (linear cutting machine) test were
collected, and their size distribution was analyzed using a
sieving test and image processing. This paper analyzes and
presents the relationships between cutter force, specific
energy, chip size and size-distribution parameters.

2. Experiments
2.1LCM test

The LCM test has been proven to be an accurate and
reliable method of evaluating the design parameters of a
mechanical excavator. It has because two main advantages:
the use of a realistic range of cutting loads and minimizing
of scale effect during testing. Although the full-scale LCM
test is the most reliable method of determining the design
parameters of a mechanical excavator and has been applied
in various cases of machine design (Roxborough and
Philips 1975, Snowdon and Ryley 1982, Sanio 1985, Bilgin
et al. 2006, Chang et al. 2006, Cho et al. 2010), it usually
requires a full-size rock specimen (1000 mmx21000
mmx300 mm), which is usually difficult to obtain (Balci
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and Bilgin 2007, Cho et al. 2013). Alternatively, a portable
linear rock cutting test (Balci and Bilgin 2007, Copur 2010,
Kang et al. 2016) can be used to predict cutting
performance with small cutting tools and rock cores or
small specimens. However, the use of small size specimens
makes it difficult to observe the interaction between
adjacent cutting grooves. In addition, the use of small-scale
cutting tools makes an index test, so the test results cannot
be directly used to estimate the cutting performance or to
obtain the design parameters for the cutting tools.

The small-scale LCM (SLCM) system used in this study
(Fig. 4) installed real size cutting tool, but the rock
specimens used in the test were smaller than those used in a
full-scale LCM test. Thus, the results obtained using this
SLCM could be practically used to estimate cutting
performance and cutting efficiency. The system had a 20
ton loading capacity and could sustain sufficient stiffness
during the linear cutting tests. The system consisted of
mainframe, an electronic motor unit and a control panel.
The mainframe was a large stiff frame on which a conical
pick was mounted.

The cutter forces were measured in three directions
(normal, cutting, and side force, as shown in Fig. 1) real
time, using a load cell (Fig. 5) installed between the head of
the main frame and the conical pick. The rock sample was
contained in a steel box to provide efficient confinement
during testing. The positions of the rock specimen and the
pick cutter were controlled using the control panel; in
particular, the movement (cutting direction) of the rock
specimen was servo-controlled to maintain a constant
cutting speed. The cutting distance was also automatically
controlled using the control panel to prevent the occurrence
of end effects in the specimen. The cut spacing was
manually controlled, and the positions of the specimen and
the cutter were displayed in the control panel. The data
acquisition system (Fig. 5) automatically recorded the
cutting distance and cutter forces during testing.

Control panel
DAQ system
Load cell

Pick cutter

Specimen

Fig. 5 A load-cell and data acquisition system to measure
testing data

Table 1 Mechanical properties of Linyi sandstone

Properties Unit Value
Density glem® 24
Porosity % 8.2
Uniaxial compressive strength MPa 64.0
Brazilian tensile strength MPa 47
Young's modulus GPa 10.2
Poisson’s ratio 0.2
Schmidt hammer rebound hardness* 573
Shore hardness* 435
P-wave velocity m/s 2317
S-wave velocity m/s 1531

*Schmidt hammer rebound and Shore hardness values were
obtained by averaging the upper ten values from 20 tests
performed

! 85 mm |

e
& 185 mm

l

tip gauge flange

Fig. 6 A schematic drawing and photograph of a conical
pick used in this study

2.2 Rock and cutting tool

The rock specimen was Linyi sandstone from China, cut
into a 300 mm x 300 mmx200 mm block for testing. The
mechanical properties of Linyi sandstone are presented in
Table 1. They were determined using suggested testing
methods by the ISRM (ISRM 2007). Linyi sandstone is
considered homogeneous rock. Some sandstone is an
anisotropic, to a degree dependent on its origin and
characteristics. The anisotropy of rock strongly affects its
strength and failure behavior (Yang et al. 2012). However,
previous studies (Yang and Jing 2011, Kim and Jeon 2016)
have shown that the degree of anisotropy of Linyi sandstone
is non-significant or even negligible. Based on the
literature, therefore, the potential anisotropy of the rock was
assumed not to affect the test results.

The conical pick (model: PN 735MB) used in this study
was manufactured by Vermeer Corporation, and its
geometry is shown in the schematic drawing in Fig. 6. The
cutter had a gauge of 40 mm, a primary tip angle of 70°, a
tip diameter of 12 mm, a flange diameter of 30 mm, and a
shank diameter of 18.5 mm.

2.3 Testing procedure

Before a cutting test was made, the specimens were
preconditioned by preliminary cutting to damage the rock
surface and to replicate an actual excavated surface (Fig. 7).
After preconditioning, the experiments were made under the
given cutting conditions.

The testing conditions are described in Fig. 8.
Penetration depth was defined as the cutting depth per pass
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(b) After preconditioning

Fig. 7 The rock specimen (a) before and (b) after
preconditioning

Direction of
cutting towards
the reader

Fig. 8 Schematic diagram of testing conditions in LCM
test (modified from Bilgin et al. 2014)

Optimum s/p ratio

Specific Energy

S/P Ratio

Fig. 9 Determination of the optimum cutting condition
(After Cho et al. 2010)

of cutting; cut spacing was the spacing between adjacent
cutting lines; skew angle was the minimum angle between
the cutting direction and the projection of the pick axis on
the rock surface; and attack angle was the angle between the
pick axis and the rock surface. The skew () and attack («)
angles of the pick cutter were set to 0° and 45°
respectively. The penetration depth (p) ranged from 5 mm
to 11 mm, at 2 mm intervals. The s/p ratio ranged from 1 to
5, and cut spacing (s) was determined by penetration depth
and the predetermined s/p ratio. The constant variables in
the tests were cutting sequence (single-start) and cutting
speed (10 mm/s). As previous studies have shown, the
cutting speed affects neither cutter forces nor specific
energy (Sanio 1985). In this study, it was assumed that the
cutting speed does not affect the cutting performance of a
pick cutter. The cutting distance was 200-250 mm for all
cutting conditions, and at least five cutting lines were made
for each case.

The cutter forces in three directions (normal, cutting and
side force) were measured using a load-cell at a sampling
rate of 20 s™*. The forces obtained during the cutting tests
were averaged to give the mean cutter forces (Fc_ means
I:n_mean and Fs_mean)-

Specific energy is a representative index used to
estimate the cutting efficiency of the mechanical cutting
tools. It is defined by the work required to cut a unit volume
of rock, and is calculated using Eq. (1), as follows

SE — Fc_mean X/ (1)
V.

cut

where SE is the specific energy (unit: MJ/m®), F_nean is the
mean cutting force of a pick cutter (unit: kN), | is the
cutting distance (unit: mm) and V. is the excavated rock
volume (unit: m?).

Specific energy is influenced by cut spacing; it is
minimized at a specific cut spacing, namely the optimum
cut spacing (or s/p ratio) (Fig. 9). The rock debris obtained
in each test was collected to measure the volume of the cut
rock and analyze the size distribution of the rock chips. A
plastic fence was installed around the specimen box to
prevent the loss of small rock particles, and the rock debris
was carefully collected using a designated vacuum cleaner.

2.4 Sieve test and image processing

A sieve tester (Fig. 10) and image processing software
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Fig. 10 The direct sieving tester used in this study

s

(a) Before

Fig. 11 Example of rock chip images before and after
image processing (p =9 mm and s = 9 mm)

(b) After

Table 2 Soil particle classification

Grain size (mm)
Name of organization

Gravel Sand Silt Clay
. . - <0.075
Unified SE’JSCC'gS'f'CE‘“O” 76210475  4.75100.075 Fines
(i.e., silts and clays)
U.S. Department of >2 210005  0.05t00.002 <0.002
Agriculture
American Association of
State Highway and 76.2t02 21t00.05 0.075 to 0.002 <0.002
Transportation Officials
Massachusetts Institute of -2 210 0.06 0.06 to 0.002 <0.002

Technology

Table 3 Example of the calculation of coarseness index

Size fraction (mm) Retained mass (g) Cumulative mass (%)

+19.1 73.86 16.72
-19.1 +13.2 134.07 47.06
-13.2+9.28 76.32 64.33
-9.28 +6.56 34.02 72.03
-6.56 +4.64 32.39 79.37
-4.64 +3.28 15.84 82.95
-3.28 +2.32 9.34 85.06
-2.32 +1.64 6.62 86.56

-1.64 47.3 97.27
Total mass 429.76 Cl =631.35

were used to obtain a cumulative particle-size distribution
curve. SPLIT-DESKTOP was used to analyze for the chip

size distribution. The general flow of image processing was
as follows. Each image acquired was cropped to separate
the rock debris from the unnecessary parts, and the scale
was set using the ruler in the image. The image was
automatically delineated by SPLIT-DESKTOP to identify
each rock chip. After the auto-delineation results were
confirmed, abnormally separated or non-separated rock
fragments were manually corrected. Small particles that
were difficult to delineate were defined as fine material
(fine factor = 5). The sieve was set at an appropriate size to
enable size distribution analysis: at least larger than the
biggest rock fragments so that all of the rock fragments
could be analyzed. After the processing, the size distribution
of the rock particles could be ascertained. Fig. 11 shows an
example of images before and after processing using the
software.

Countable rock chips were analyzed using image-
processing software, and small particles (classified as rock
powder in this study) were analyzed using the direct sieve
test, because it is difficult to delineate individual small
particles by image processing.

The rock fragments obtained in the cutting test were
classified as either rock powder or rock chips. Many
standards can be used to classify soil particles according to
their size, in this study, the particles smaller than 2 mm in
diameter were defined as rock powder according to the
classification system (Table 2).

2.5 Determination of size distribution parameters

Many parameters describing chip size distribution are
available. In soil mechanics, the coefficients of uniformity
(Cy) and curvature (C.) are normally used to represent the
characteristics of particle distribution, and can be calculated
by the effective sizes (Dyg, D3, and Dgp) in the cumulative
particle size distribution curve (Egs. (2) and (3)), as follows

D,
Co=— @
Dy
>
c - Do) o
Dgo x Dy

where the effective sizes Do, D3g and Dgq are the diameters
in the particle-size distribution curve corresponding to 10%,
30%, and 60% finer, respectively. Rosin-Rammler
distribution parameters also represent the distribution of
rock fragments. The uniformity index (N) and the absolute
size constant (D) can be defined based on the Rosin-
Rammler distribution (Eg. (3)).

log Iog[%j =N xlog(x)+D (4)

The parameters of the Rosin-Rammler distribution, N
and D are obtained from the slope of the straight line and
the intercept at R = 36.79%, respectively (the substitution x
= N in Eq. (3) produces a constant of about 36.79% of
material retained). Together, N and D describe the size
distribution of a given specimen of rock fragments subject
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to sieve analysis. A small value of N indicates a wide size T i ot
range, whereas larger values of D indicate that the curve is —e—p=5mm
steeper and the range of sizes is narrower (Gupta and Yan s e e,

2006, Brezani and Zelenak 2010, Abu Bakar et al. 2014). i |[zozpotimm
SPLIT-DESKTOP  automatically  calculates  these
parameters based on the image-processing results and the
equations described above.

Alternatively, several studies have used the CI to
quantify the size distribution of rock debris (Roxborough
and Rispin 1973, McFear-Smith and Fowell 1977, Altindag
2003, Tuncdemir et al. 2008, Bakar and Gerstch 2013). The 0 : : - :
Cl is a dimensionless value calculated by summing the
cumulative weight percentages retained on each sieve used.

It is dependent on and thus changes with the sieve size, so it .
changes according to the sieve size. Thus, the CI can be Linyi sandstone, ar= 45, 0= & Ak angle s
used to compare the characteristics of rock particles sieved e
using the same set of sieves. In this study, the maximum 154]—+—p-9mm
and minimum sieve diameters were 19.1 mm and 1.64 mm,
respectively. Table 3 shows representative results for the CI.

(kN)

104 e

Mean cutting force, F
\

s/p ratio

(a) Cutting force

(kN)

n mean

—o—p=11mm

3. Results

Mean normal force,

3.1 Cutter force and specific energy

The cutter forces and specific energy under different L 2 ' 3 ' 4
cutting conditions are summarized in Table 4. The mean s/p ratio
cutter forces are the averaged values of the forces obtained (b) Normal force
in the tests. Fig. 12 shows the relationships between the
mean cutter forces and the s/p ratio. The normal and cutting
forces linearly increased with cut spacing at all penetration

Fig. 12 The relationship between the cutter forces and
cutting conditions

depths, and the cutter forces also increased with penetration 120
Linyi sandstone, a = 45, =0 :l::k":z“} ““
depth. —I:)—]pinS mn?e—@—p: 7 mm L :
o~ 1004 A—p=9mm—v—p=11 mm
Table 4 The result of cutting force and specific energy in g ol —
different cutting conditions g B RS
>
on
P s " Mean cutter force, F_pean (KN) Specific er;ergy E 60
(mm) (mm) Side Cutting Normal (M) 2
S 404
5 1 0.81 3.21 3.61 82.96 :%
10 2 0.13 4.25 4.38 77.65 20 . : . ; :
1 2 3 4 5
5 15 3 0.17 5.21 529 77.86 s/p ratio
20 4 0.53 581 5.87 67.57 Fig. 13 Variation of specific energy depending on the
25 5 0.27 6.32 6.43 85.81 cutting conditions
7 1 0.47 3.48 351 54.74 100
14 2 0.54 5.08 513 48.94 Linyi 2\‘und?lrunc, a=45,0=0 I
7 ®— Specific energy at optimum condition
21 3 061 6.07 6.84 4217 2 s
28 4 0.84 6.96 7.25 44.94 E
= "
9 1 0.60 5.02 5.65 49.73 :' 60 4 The optimum s/p ratio are:
20 7= 5 mm
135 15 0.51 6.15 7.20 45.66 g 4:5, oy
o 3(p=9mm
18 2 0.52 6.63 7.96 37.69 £ a4 = :i 11 mm)
9 g e _—
225 25 0.39 8.29 9.18 36.50 & SE = 622exp™ "+ 29.5 T
R™=0.99
27 3 0.52 7.59 9.40 33.12 20 T T T T T T T
4 5 6 7 8 9 10 11 12
36 4 0.78 8.30 10.95 39.70 Penetration depth, p (mm)
n 1 0.26 6.97 7.29 46.30 Fig. 14 The relationship between the penetration depth
22 2 0.63 7.93 8.39 34.39 and the specific energy at the optimum cutting condition
11
33 3 1.27 8.90 9.64 31.10

44 4 1.30 10.02 12.96 21 Fig. 13 shows the relationship between cut spacing and
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specific energy. The optimum cutting condition was defined
as the optimum s/p ratio at the minimum specific energy.
The optimum s/p ratio at the 5 mm penetration depth was 4,
and the optimum s/p ratio at the other penetration depths
was 3 (see Fig. 13). The optimum s/p ratio decreased as
penetration depth increased. Fig. 14 shows the relationship
between penetration depth and specific energy at the
optimum cut spacing. The specific energy at the optimum
cutting condition decreased in exponentially with
penetration depth, which ranged from 5 mm to 11 mm.
Although the range of penetration depths considered was
limited, the result indicated that when penetration depth is
deeper, a smaller s/p ratio should be established for more
efficient cutting. In addition, specific energy decreased with
increasing penetration depth. Thus, machine operation was
optimized at a large penetration depth per revolution (per
cutting pass for each cutter), dependent on the machine’s
capacity (thrust and torque). Previous researchers (Chang et
al. 2006, Cho 2010) reported the concept of the “optimum
penetration depth.” defined as the specific penetration depth
yielding a minimum (or converged) specific energy. In this
study, the optimum penetration depth was not clearly
defined, due to a lack of data for higher values of
penetration depth; based on the trend line, however, it was
expected to occur at 11 mm or more in penetration depth.

p=5mm
, a ® ® e
®* & ©O
o [~ P
® o R} o
e 3 ! ®
o P d @ e
e » & & ©
» ® 9 =& 9
s=5mm s=10mm s=15mm s=20mm s=25mm
(@ p=5mm

(b)p=7mm

Fig. 15 Photographs of the rock chips at the different
penetration depths and cut spacings

p=11mm

(dp=11mm
Fig. 15 Continued

Table 5 The results of chip size and distribution in different
cutting conditions

Cutting Particle size
conditions Distribution parameters
(mm) (mm)
p s Cu Ce Cl N D Dy Dx Dso Deo  Drmax

5 3.94 137 52149 160 118 293 6.81 10.06 1154 26.68

10 316 129 52747 186 1149 355 716 9.88 1123 2439

5 15 343 134 56234 185 1233 380 816 11.46 13.04 2721

20 490 144 57522 142 1475 3.02 801 1261 1479 3551

25 410 138 56164 154 1375 324 771 1149 1329 37.56

7 5.81 149 55761 132 1384 242 711 11.76 1405 41.07

14 408 13 66001 1.47 2022 455 1049 1566 1855 49.30

21 3.02 127 65919 192 17.62 590 1157 1574 1782 38.68

28 401 138 669.76 157 19.74 4.98 1169 17.38 1995 46.4

9 374 135 65486 171 1752 499 1121 1631 1864 38.70

135 446 133 699.34 141 2369 508 1237 1893 2264 5281

18 387 137 72887 151 2595 6.25 1439 21.06 2421 5321

235 349 134 69650 172 2085 6.14 1326 1885 21.4 40.95

27 383 136 73624 156 2532 6.45 1469 2150 2469 61.76

36 359 134 73423 162 2541 6.86 1507 21.74 2466 50.22

1 1526 184 670.99 090 2510 174 923 2030 26.55 66.35

22 409 138 70839 149 2378 562 1335 1996 23.00 50.94
1

33 7.67 161 75599 116 2855 4.10 1441 2577 3144 77177

44 499 144 71497 133 2593 5.02 1344 2143 2507 5372

3.2 Chip size and distribution

In this study, all of the rock chips generated in a series
of linear cutting tests were collected to analyze their size
distribution, as mentioned above. Fig. 15 shows the rock
chips collected at different penetration depths and cut
spacings. Fig. 16 shows representative chips with optimum
cut spacing (defined in Fig. 13) at different penetration
depths.

As the cut spacing increased, the size of the rock chips
also gradually increased, reaching it maximum value at the
optimum cut spacing. The maximum chip size was obtained
at the penetration depth of 11 mm and the cut spacing of 33
mm. After the optimum cut spacing for each depth. Such as
25 mm of cut spacing at 5 mm penetration depth, chip size
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Table 6 The spearman correlation matrix of the parameters

Cutting Distribution

conditions LCM results parameters Particle size
p s Femean Fomean SEE C, Cc Cl N D Dy Diy Dsg Deo Dmax
p 0.38 081 0.83 0.83 0.37 0.34 0.82-0.48 0.87 0.42 0.73 0.88 0.92 0.88
S 081 079 -0.250.04 0.16 0.68 -0.050.60 0.54 0.73 0.64 0.56 0.44
Fe_mean 0.98 -0.66 0.25 0.34 0.85-0.30 0.84 0.54 0.83 0.87 0.86 0.74
Fo_mean -0.69 0.26 0.29 0.86 -0.31 0.85 0.54 0.83 0.86 0.87 0.76
SE -0.17-0.09-0.76 0.32 -0.78-0.53-0.69-0.76-0.79-0.74
Cy 0.82 0.71 -0.97 0.32 -0.48-0.05 0.27 0.40 0.53
Cc 0.15-0.74 0.28 -0.46-0.02 0.28 0.38 0.41
Cl -0.320.96 0.70 0.96 0.97 0.93 0.87
N -0.47 0.34 -0.10-0.40-0.52-0.66
D 0.58 0.89 0.97 0.96 0.93
Dio 0.84 0.60 0.46 0.35
D3o 0.92 0.83 0.74
Dso 0.97 0.90
Deo 0.95

Dimax

*SE is specific energy

P=llmms=33.

p=9mms =27 mm

ECT P ED

p=T7mms =21 mm

LB X X &

p=5mms=20mm

A1 IY4X

Fig. 16 Representative rock chips in different penetration
depth at optimum cut spacing
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Fig. 17 The relationship between the mean particle size
and the different particle size parameters

1000
—®—p=5mm
—O—p=Tmm
900 1-|—8—p=9mm Jrreeeem e
—()—‘J: 11 mm
~
#
Qo
g o
= 700 E
@
7
w
5
g
=}
o
500 4
400 T T T T
0 10 20 30 40 50
Cut spacing, s (mm)
(a) Cut spacing
30 o 3.0
®— Absolute size constant,
Infe ity index. N
55 Unformity 1!|dgx. N . | 5 s
- A— Coarseness index, C/ - -
-
20 2.0
-
154 A 1.5
L] " N
104 1.0
A
A
5 0.5
0 —— 17— 17— 0.0
4 5 6 7 8 9 10 11 12

Penetration depth, p (mm)

(b) Penetration depth

~ 700

650

= 600

550

L 500

Fig. 18 The relationship between chip size distribution

parameter (a) cut spacing and (b) penetration depth

20
= Cutting force, F7,
© Normal force, F,
— 164
A
o
=
LAE 124
o Fo e 038D,
2 . : :
2 R=098  © .
o 84 [
g a L N e
= ) — L] womean 050
(] C I 2
= . - R=097
g 49 TG
=
0 T T T T T
0 5 10 15 20 25 30
Mean particle size, D (mm)
(a) Cutter force
120
= Specific energy I
100
o
= [l
= 80
E SE=195.04 - 0.22¢/
& R=0.86
- 604
S
:__n -
)
=
= 404
9
=
2 20
2]
0 T T T T T
500 550 600 650 700 750 800

Coarseness Index, C7

(b) Specific energy

Fig. 19 The relationship between chip size distribution

parameters, (a) cutter force and (b) specific energy



Characteristic of size distribution of rock chip produced by rock cutting with a pick cutter 819

decreased or became consistent. The representative sizes of
the rock chips at each penetration depth were 20 mm x 35
mm, 27 mm x 45 mm, 35 mm x 55 mm and 75 mm x 45
mm, respectively. As the cut spacing increased, the size of
the rock chips also gradually increased. The rock chips were
largest at the optimum cut spacing. The maximum chip size
appeared at the 11 mm of penetration depth and 33 mm of
cut spacing.

Table 5 presents the results of chip size and size
distribution. The relationship between these variables was
analyzed using the Spearman correlation matrix as
summarized in Table 6.

Of the parameters under this study, determined by
different methods, the coefficients of uniformity (C,) and
the uniformity index (N) were highly correlated with each
other (r = -0.97). The absolute size constant (D) showed a
good correlation with D3y, Dsg, Dgy and Dpey; however, it
correlated poorly with D;o. The results thus suggested that
the N and D values determined using the Rosin-Rammler
distribution can provide more representative information on
the particle size and size distribution of the rock chips,
respectively, than the parameters based on soil mechanics
can. The CI was highly correlated with D, D3y, Dsg, and Dgg
(r = 0.96, 0.96, 0.97 and 0.93, respectively), the cutter
forces and the specific energy. However, it correlated poorly
with the size distribution parameters. The CI can thus be
considered to represent particle size rather than size
distribution. Fig. 17 shows the relationship between the
mean particle size (Ds) and the particle size parameters at
different passing rates (10%, 30%, 60% and 100%). The
particle sizes at different passing rates had good linear
relationships with the mean particle size. However, Dy
showed less correlation with the mean particle size, based
on Spearman correlation analysis. The maximum particle
size (Dmax) Was 2.7 times greater than the mean particle
size. As a result, the mean particle size can be considered
the parameter most representative of particle size when the
passing rate is greater than 30%.

Fig. 18 (a) shows the effect of cut spacing on particle
size represented by Cl. The ClI tended to reach its maximum
value at the optimum cut spacing for each penetration
depths. Fig. 18 (b) shows the effects of penetration depth on
the characteristics of particle size and size distribution. It is
clear that the larger penetration depth, the larger the rock
chips produced, and the less uniform their size distribution.
In addition, particle size and size distribution were found to
be more dependent on penetration depth than on the cut
spacing. Rock cutting theory has shown that maximizing
rock fragmentation results in the most efficient rock-cutting.
Similarly, the results of this study indicated that operational
conditions with deep penetration depth resulted in efficient
cutting. Fig. 19(a) shows the relationship between the cutter
forces and mean particle size (Dsg). Two cutter forces
(normal and cutting) linearly increased with the mean
particle size. This indicates that larger cutter forces were
required to cut the rock into larger debris. Fig. 19(b) shows
the relationship between the CI and specific energy. A larger
Cl indicates that the cutting is more efficient.

3.3 Rock powder generation

Efficient rock-cutting is well known to maximize chip

Table 6 The results of rock powder generation in different
cutting conditions

c;:nli;ittii[:)gns Total Remaineq rock debris on _
(mm) roclf sieve () Chip  Powder Po_wder/ Powder/
debris (9) (9) Chip (%) Total (%)
p s (9) #20  #40 #100 #200
5 2208 154.0 241 327 100 154.0 66.8 43.4 30.3
10 316.8 2259 31.3 470 126 2259 90.9 40.2 28.7
5 15 189.7 1387 184 222 104 1387 51.0 36.8 26.9
20 246.8 1815 232 334 87 1815 65.3 36.0 26.5
25 2108 1518 19.6 269 125 1518 59.0 38.9 28.0
7 1642 1222 159 162 99 1222 42.0 34.4 25.6
14 2752 209.7 227 255 17.3 209.7 65.5 312 238
! 21 3679 2879 272 307 221 2879 80.0 27.8 218
28 416.0 3273 39.3 359 135 327.3 88.7 271 213
9 352.0 2818 239 324 139 2818 70.2 249 20.0
135 4409 371.0 232 319 148 371.0 69.9 18.8 15.8
18 5164 4144 117 50.3 40.0 4144 102 246 19.8
? 235 4247 359.7 244 232 174 359.7 65.0 18.1 15.3
27 468.1 4204 210 235 32 4204 47.7 114 10.2
36 365.0 311.7 227 204 102 3117 53.3 171 14.6
11 306.5 266.8 17.3 152 7.2 266.8 39.7 14.9 13.0
22 4757 4250 210 206 9.1 4250 50.7 11.9 10.7
" 33 593.0 5369 240 21.8 103 536.9 56.1 10.5 9.5
44 4735 4273 204 170 88 4273 46.2 10.8 9.8

(a) 20 mesh (2 mm)

-

——

(b) 40 rﬁesh (0.4 mm)

(c) 100 mesh (0.0675 mm) (d) Pass

Fig. 20 The rock particles sieved by the 20, 40 and 100
meshes of standard sieves

size. During rock cutting, compressive stress concentration
occurs directly under the cutter in contact with the rock,
crushing the rock in that part into rock powder (very fine
material) rather than rock chips. It is not desirable to
increase the proportion of rock powder in the areas mined
by mechanical excavation, because rock powder is more
difficult to recover than rock chips. In subsea conditions, in
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Fig. 21 The distribution of the sieved rock particles according to the penetration depth and cut spacing

particular, rock powder forms a slurry in water, which
increases the cutter force required and reduces the cutting
efficiency (Jackson et al., 2007).

Table 6 presents the results of the rock powder analysis.
Fig. 20 shows the rock particles sieved in each sieve (as
mentioned in Section 2.4), and Fig. 21 shows the
distribution of the rock particles sieved in #20 (2 mm), #40
(0.4 mm) and #200 (0.0675 mm) mesh standard sieves
according to cut spacing and penetration depth.

The results indicated that the proportions of the rock
particles sieved by each sieve (with respect to the total
mass) were consistent with cut spacing. As shown in Fig.
21, the average proportions of rock powder in the total
weight of cut rock at the penetration depths of 5 mm, 7 mm,
9 mm and 11 mm were 28.1% (26.5%~30.3%), 23.1%
(21.3%~25.6%), 15.9% (10.2%~19.9%) and 11.5%
(9.5%~13.0%), respectively. In addition, the percentages of
rock powder for significant chips at the penetration depths
of 5 mm, 7 mm, 9 mm and 11 mm were 39.5% (36.0%~
43.4%), 30.1% (27.1%~34.37%), 19.2% (11.4%~24.9%)
and 12.0% (10.5%~14.9%), respectively.

The proportion of rock powder tended to decrease
linearly with penetration depth (Fig. 22). This result is
unsurprising as the likelihood of producing a large chip
increases with penetration depth. As the penetration depth
changes, the size and shape of the cross-sectional area
between the rock and pick will also change, and these
changes affect the friction between the rock and the pick
cutter and the shape and area of the stress field in the

50

A0 e

304

10 +4-

I'he percentage of rock powder (%)

Penetration depth, p (mm)

Fig. 22 The rock powder proportion according to the
penetration depth

crushed zone. This was evident from the results of rock
powder ratio analysis, and confirming that penetration depth
greatly affects the efficiency of the rock cutting. Cut
spacing also affected the proportion of rock powder, which
was minimized at the optimum cut spacing. However, the
effect of cut spacing on the proportion of rock powder was
smaller than that of penetration depth.

As rock chips are created by the interaction between
cracks formed by adjacent cutters, the larger the mass of the
chipped rock and the larger the chip size, the more efficient
the cutting. In contrast, rock powder is produced by the high
level of compressive stress in the crushed zone. Therefore,
the proportion of rock powder in the total volume of cut
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rock is another indicator of cutting efficiency. The larger the
proportion of rock powder, the more inefficient the cutting.

4. Conclusions

In this study, a series of linear cutting test was
performed to investigate the effect of cutting conditions
(specifically cut spacing and penetration depth) on the
production the size distribution of rock chips. Penetration
depth is a very important parameter influencing rock chip
size and size distribution during the rock cutting process.
The size of rock chips was found to significantly increase
with penetration depth. Cut spacing is well known to be the
main determinant of chipping behavior during rock cutting
process. The results for size distribution and particle size
also showed that the optimum cut spacing made the
maximum size of rock chips, and indicating efficient rock
cutting. The relationships between the chip size distribution
parameters, cutter forces and specific energy were
investigated using image processing and sieving analysis.
The cutter force were observed to increase with rock chip
size. The CI, mean particle size and the absolute size
constant were also found to be highly correlated with the
specific energy. The results of statistical supported the
experimental observations. As the size and size distribution
of rock chips produced by rock cutting directly reflect rock
cutting efficiency, rock chip size can be used as an index of
cutting efficiency. It will be necessary to build a database of
experimental results and field practices with more rock
types and cutting conditions. In addition, image processing
was found to provide the quantitative information required
to analyze the size distribution of rock chips, whereas rock
powder as best analyzed using the direct sieve test.

The proportion of rock powder (diameter less than 2
mm) in the total volume of cut rock was analyzed. The
amount of rock powder in the crushed zone was highly
correlated with the specific energy. The proportion of rock
powder was also found to exceed 20% at the considered
cutting conditions under study. The results showed that the
ratio of rock powder to the cutting volume fell between
20% and 50% depending on penetration depth and cut
spacing. The ratio was reduced by increasing the
penetration depth. The results of this study can be used to
optimize cutting efficiency and to determine the optimum
particle size for the efficient processing of mineral
resources in mining engineering application.

However, the results of this study and the conclusions
drawn from them were based on a limited range of rock
type and cutting tool. As the characteristics of rock
fragmentation during rock cutting are obviously influenced
by rock type and cutting tool, added testing is required to
better understand this relationship. In addition, further
research on the effects of skew angle, attack angle and
cutting speed on size distribution of rock chips is in
demand.
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