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Abstract: The creation of modern machines and improvement of existing designs of rock cutting
bodies of combines is constrained by the lack of experimental studies of the process of separation
of successive elementary cleavages during the potash ore cutting with cutters of winning machines.
The potential of the cross cutting pattern of potash ore is shown, since the formation of zones
of localization of weakening and induced fractures on the surface of layer-by-layer cutting face
determines the separation of the elementary cleavages with stable geometric parameters. The
verification of the conclusions obtained theoretically was carried out during laboratory tastings on a
specially designed bench. The research procedure provided for comparative tests of the potash block
ore cutting, staggered and cross cuttings. It has been proven that the use of the cross pattern for set
cutting parameters makes it possible to reduce the specific energy costs of the cutting of potash mass,
to reduce the average load on the cutter, to reduce the root-mean-square deviation, and to reduce
the number of fractions that are hard to enrich in the crushing products, compared to the traditional
staggered cutting pattern.

Keywords: destruction of potash ore; cutting; cross cutting pattern; experimental studies; labora-
tory bench

1. Introduction

The problem of increasing the efficiency of the machine mining of potash and magne-
sium ores by reducing the specific energy costs for the potash ore cutting with the cutters
of mining combines and by increasing the number of fractions that are easily enriched in
the ore is still very important for the enterprises of the potash industry in Russia [1]. The
solution of this problem is possible with balanced contribution to the development of new
and improvement of existing designs of rock cutting elements of mining combines used in
the extraction of potash and magnesium ores [2,3].

Nowadays, local “Ural” heading-and-winning machines manufactured at the Kopeysk
Machine-Building Plant (Kopeysk, Russia) are the most widely used ones in the potash
mines of Russia and the CIS countries. However, it is worth noting that the design of these
machines has not been fundamentally changed for more than 40 years [4].

The creation of modern machines equipped with operating bodies of up-to-date
performance standards is constrained by the lack of research into the process of separation
of successive elementary cleavages during the potash ore cutting with the cutters of winning
machines [5].

2. Theoretical Studies of the Process of Potash Ore Cutting by Cross Cuttings

One of the advantages of the planetary-disk operating bodies is the creation of a grid
of intersecting cuttings on the surface of the rock chips [6,7]. There are scientific studies
of employees of Perm National Research Polytechnic University (PNRPU), Karaganda
Research and Development Coal Institute (KRDCI), Moscow Mining Institute (MMI) and
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Giprouglemash, where the results of researches of the cross cutting pattern of potash ore
blocks can be found [8–13].

Each next layer of the mass is cut in such manner that these cuttings intersect with
the cuttings of the previous layer at a certain angle when the cross-cutting pattern is
implemented. The layer that is destroyed by the cutters installed on one disk of the special
planetary-disk element of the heading-and-winning machine is called operating layer of
the rock mass [14,15].

The theoretical basics of the rock-breaking mechanism of potash ore by cross cuttings
is going to be described below (Figure 1). The implemented rock cutting element is a cutter
with a rectangular edge and a flat front face (as the most efficient for cross-cutting) [16].

Figure 1. Pattern of the separation of successive elementary cleavages of the potash mass during the destruction by cross
cuttings: (a)—cutting face by cross cuttings: 1—large elementary cleavage; 2—cutter; 3—intersecting cuttings; 4—zones of
concentration of fractures; (b)—pattern of separation of elementary cleavages of potash mass during the cutter’s movement
across the cuttings of the operated layer: 1—large elementary cleavage; 2, 3, 4—small intermediate cleavages; 5—zones of
concentration of stresses and fractures.
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The cutter (cutting angle αc, cutting edge width bc) moves at the speed of Vc across
the cuttings of the operated layer of the mass in the cutting plane Z. The cutter is deepened
in relation to the cuttings of the operated layer by the value hc. The total thickness of the
cleavage h is determined be the Equation (1):

h = hc + hp, (1)

where hc—the value of the deepening of the intersecting cuttings in relation to the cutting
of the operated layer, mm; hp—height of a protrusion, mm.

The cuttings of each layer form intersecting zones of concentration of stresses and
localization of man-made fractures on the face surface. The practical location of the zones
of induced fractures is determined by the value of the rational cutting step tr.s. of the cross
and co-directional cuttings.

The cutter penetrates into the potash mass during the rock-breaking step, while
crushing and plastic deformation of a certain volume of ore is realized. The zone of
stressed state is formed in the pre-cutter space. The implementation of traditional cutting
patterns [17] is characterized by the formation of large cleavages, which are obtained
during the creation and development of main fractures in the zone of contact of the front
edge of the cutter with the potash mass. A counter-propagation of the transverse shear
fractures existing in the mass («starting» fractures), concentrated along the perimeter of the
base of the formed protrusion, is occurring during the potash ore cutting by cross cuttings,
provided that the cutting step is less than or equal to the rational cross cutting step (t ≤ tr.s.).
The formation of the fracture surfaces of elementary cleavages through the development of
the induced fractures existing in the mass determines a decrease in the forces required for
the cleavage. Moreover, it decreases the volume of the bulb of pressure (consists of the fine
particles of crushed rocks) and the zone of inelastic deformation of the ore [18].

Therefore, practical shaping of the cutting face using cross cutting pattern with the
rational step tr.s. determines a decrease of the specific energy costs of the rock-breaking
mechanism of potash ore, a lowering of the output of the small dust-like fractions, and an
increase of the number of large formed cleavages in the broken ore.

If the problem is solved approximately, the equation for determining the rational
cutting step tr.s., when the cross-cutting pattern is implemented, is the following:

tr.s. = ll.sh. + bc = hc · (tanω+ tanαc) + bc ≈ 5 . . . 7hc, (2)

where ll.sh—length of a large elementary cleavage of a stable shape, mm;ω—angle between
a cutting plane and lower fracturing surface of a large elementary cleavage with the length
ll.sh, degrees.

Regular protrusions of a stable shape are formed between co-directional cuttings at
t ≤ tr.s.. Displacement of the cutter by a cutting step t entails the separation of one large
cleavage from the mass when the cross cutting pattern is implemented (Figure 1, position 1).
The frequency of occurrences of large cleavages f 1 (Hz) at a constant cutting speed Vc is
determined by Equation (3):

f1 =
1
T1

=
Vc

t
, (3)

where T1—time of displacement of the cutter by cutting step t, s.
The destruction of the mass sections located between the regular protrusions formed

by the co-directional cuttings is carried out by formation of intermediate cleavages (see
Figure 1b, positions 2, 3, 4). The number of intermediate cleavages per one large cleavage
is determined by the width of the edge bc of the cutter and the value of its deepening hc
into the mass. The parameters of the intermediate cleavages are random. Their separation
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from the mass is followed by crushing and plastic deformation of the ore. The frequency of
occurrences of the intermediate cleavages f 2 (Hz) is determined by Equation (4):

f2 =
1
T2

=
Vc

3bc
· bc

hc
=

Vc

3hc
, (4)

where T2—time of occurrence of the small intermediate cleavages, s.
Verification of the results of the aforementioned theoretical studies can be done by

conducting experimental studies on a laboratory bench where potash ore it cut with a
single cutter [19–21].

3. Investigation of the Rock-Breaking Mechanism of Potash Ore with a Single Cutter

The employees of the Department of Mechanical Engineering of the Saint Petersburg
Mining University designed and manufactured a bench (Figure 2) in order to experimen-
tally study the rock-breaking mechanism of a potash mass with a single cutter [16,22].

Figure 2. Laboratory bench for potash ore cutting by cutting.

The bench includes a base 8 on which a welded frame 4 is located (connected by
welded seams and jibs). Hydraulic double-sided power cylinder 5 connected to a measuring
hydraulic cylinder 3, where a cutter 11 is located, is rigidly fixed on the frame 4. The supply
of an actuating fluid (I-20A oil) in the cavities of the hydraulic cylinder 5 is carried out by a
pumping station 1. A pressure indicator is connected to the measuring hydraulic cylinder
3 to measure the cutting force Pz on the cutter 11.

Three vertical guide rails 6, along which rollers 7 of the measuring hydraulic cylinder
3 can move, are provided in the design of the bench in order to ensure the rectilinear motion
of the cutter 11. A potash ore block 10 is installed on the base 8 and fixed in a stationary
position with clamps 2 and 9. The step and deepening of the cutting are set by moving the
block 10 [16,22].

The bench hydraulic system (Figure 3) consists of two gear-type pumps 3 and 16
driven by a three-phase asynchronous motor 1 through a gearbox 2. The actuating fluid is
supplied from an oil tank 12 into the cavities of the power hydraulic cylinder 13, the rod of
which is connected to the measuring hydraulic cylinder 14 and the cutter 15. The piston
diameter of the measuring hydraulic cylinder is 40 mm. The direction of movement of the
cutter is determined by switching a spool 11, and the speed of the translational motion is
controlled by a flow regulator 9.
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Figure 3. Hydraulic system of the bench.

Expansion of the range of feed rate of the cutter 15 during the penetration into the
destroyed block is possible through the operation of one or two gear-type pumps. The
gear-type pump 16 is controlled by a spool 7. A safety valve 4 is provided in order to protect
the system from overloads. The pressure is controlled by a pressure gauge 5 connected to
the pressure pipe through a spool 6. Moreover, there are reverse-flow valves 8 and filters
10 for cleaning the actuating fluid in the hydraulic system. The general view of the bench
is shown in Figure 4.

Figure 4. General view of the bench (a) and (b) the measuring hydraulic cylinder 14 with the cutter 15,
pressure and displacement indicators.

A pressure indicator is connected to the cylinder 14 (see Figure 3), where the pressure
is proportional to the cutting force Pz. The feed rate of the cutter 15 is controlled by a
displacement indicator—an encoder. The sampling rate of the indicators is 0.5 kHz. Data
from the measuring indicators is recorded and converted by a multi-channel AD/DA
encoder and processed on a personal computer by specialized software using well-known
methods of mathematical statistics, correlation, and spectral analysis.

The parameters of the samples taken for the experimental studies:

- shape: cuboid with dimensions 300 × 300 × 600 mm;
- origin: Uralkali PJSC, Verkhnekamskoye deposit of potassium and magnesium salts,

Krasny-II seam;
- cutting resistance Ac = 400 . . . 430 N/mm [23].
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The rock cutting tool is a cutter with a flat front face and a rectangular cutting edge.
The width of the cutting edge is bc = 10 mm, cutting angle is αc = 50◦, clearance angle is
βc = 5◦. The hydraulic drive of the cutter provides an average speed Vc = 0.1 m/s. Types
of cuttings: from a leveled surface, staggered and cross.

The ore separated from the block was collected using dust exhaustion, and then it
was weighed and screened in order to determine the grain-size distribution. Large ore
cleavages were selected manually. Specific energy costs of the rock-breaking process were
calculated using Equation (5):

Hw =
PzcLγk
3600G

, (5)

where Hw—specific energy costs of the breaking process of the block of potash ore with a
single cutter, kW·h/t; Pzc—average cutting force on a single cutter, N; γk—density of the
potash ore in the block, t/m3; G—mass of the ore separated from the block (mass of the
rock chips), kg.

The values of the average cutting force on a single cutter and its root-mean-square
(standard) deviation were calculated using the Equations (6) and (7):

Pzc =
1
n

n

∑
i=1

Pzi; (6)

σp =

√
1

n − 1

n

∑
i=1

(Pzi − Pzc)
2, (7)

where Pzi—instantaneous value of the cutting force on a single cutter, N; n—number of
sampling intervals; σp—root-mean-square (standard) deviation of the cutting force, N.

4. The Results of the Experimental Studies

Potash ore cutting with a single cutter is a complex multifactorial cycle process of
alternation of phases of contact crushing and the formation of large cleavages. The sep-
aration of each large cleavage from the mass is followed by the formation of the bulb of
pressure and inelastic deformation of the potash ore. The cuttings products contain both
large elements and dust particles.

Propulsion parameters of the rock-breaking mechanism of the samples by cuttings
from a leveled surface were analyzed using three oscilloscope waveforms (Figure 5a)
obtained under equal conditions (h = 10 mm, t/h > 7.2). The average value of the cutting
force was Pzl = 2400 N, which made it possible to determine the cutting resistance Ac of the
tested potash ore block:

Ac =
Pzl
hkb

=
Pzl

h
(
0.16 + 0.042bp

) =
2400

10(0.16 + 0.042 · 10)
= 414 N/mm, (8)

where kb—influence coefficient of the width of the cutting edge. The value of the coefficient
kb is determined empirically. It characterizes the difference between geometrical parameters
of the cutter used in these studies and the parameters of the reference cutter, which is used
to determine the cutting resistance Ac in the known approaches.
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Comparison of the value of the cutting resistance Ac obtained experimentally with
the known values determined by the employees of the VNII Galurgii sectoral research
institute for sylvinite of the BKPRU-4 mine confirms the high reliability of the experimental
results [23].

Spectral density allows assessing the frequency distribution of the cutting force. There
is an isolated surge of the spectrum in the Figure 5b, at a frequency of 2 Hz, which
characterizes the frequency of the formation of a large cleavage in the cutting.

The research procedure provides for the determination of the grain-size distribution
of the rock-breaking mechanism of the potash ore by cutting from a leveled surface and
for the calculation of the specific energy costs of the cutting process. The results of the
screening of the ore separated from the block are presented in the Table 1.

Table 1. Grain-size distribution of the potash ore separated from the sample during bench tests.

Boundary Particle Sizes, mm

Mass Content of the Fractions

Cuttings from a Leveled Surface Staggered Cuttings Cross Cuttings

gram % gram % gram %

≥5 56.46 71.91 124.00 75.99 99.40 72.92
3–5 3.20 4.07 5.60 3.43 6.30 4.81
1–3 9.60 12.22 14.55 8.92 12.80 9.78

0.5–1 3.60 4.58 8.40 5.15 6.07 4.64
0.25–0.5 2.77 3.53 5.82 3.57 4.13 3.15
≤0.25 2.90 3.69 4.80 2.94 2.23 1.70
Total 78.53 100 163.17 100 130.93 100

The value of the root-mean-square deviation of the cutting force during the potash
ore cutting sample by the cutting from a leveled surface at h = 10 mm was σcl = 1045.8 N.
Specific energy costs of the rock-breaking mechanism of the potash ore by cutting from a
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leveled surface is Hwl = 3.6 kW·h/m3, which corresponds with the results of the previously
performed similar studies [11].

The study of the rock-breaking mechanism of potash ore was carried out according to
a staggered pattern with a cutting step of t = 35 mm and a cutting depth in relation to the
layer of previous cuttings hc = 5 mm (the total thickness of the cleavage was h = 10 mm).
Reporting cuttings were made from the surface (pre-formed) typical for a staggered- cutting
pattern. The parameters of the rock-breaking mechanism of the samples by staggered cut-
tings were analyzed using three oscilloscope waveforms obtained under equal conditions
(see Figure 5c). The average value of the cutting force was Pzs = 2564.8 N, the specific
energy costs of the rock-breaking mechanism of the potash mass by staggered cuttings
was Hws = 1.72 kW·h/m3, which corresponds to the results obtained by the authors of the
paper [10] during similar studies.

There is an isolated surge of the spectrum in the Figure 5d, at a frequency of 3 Hz,
which characterizes the frequency of the formation of a large cleavage in the cutting. The
value of the root-mean-square deviation of the cutting force during the potash ore cutting
sample by the staggered cuttings at h = 10 mm was σcs = 1045.8 N.

The results of the analysis of grain-size distribution of the potash ore separated from
the destroyed block by staggered cuttings (see Table 1) show that the implementation of a
staggered cutting pattern allows mildly reducing the number of small fractions of “−0.25”
size, which are hard to enrich, in the rock chips in comparison with the cutting from a
leveled surface method (from 3.69% to 2.94%).

The study of the rock-breaking mechanism of potash ore was carried out according to
a cross pattern with a cutting step of t = 35 mm and a cutting depth in relation to the layer of
previous cuttings hc = 5 mm (the total thickness of the cleavage was h = 10 mm). Reporting
cuttings were made from the surface (pre-formed) typical for a cross-cutting pattern.

Propulsion parameters of the rock-breaking mechanism of the samples by cross-
cutting were analyzed using three oscilloscope waveforms (Figure 5d) obtained under
equal conditions. The average value of the cutting force was Pzc = 1910 N, the root-mean-
square deviation of the cutting force was σcc = 1045.8 N, the specific energy costs of the
rock-breaking mechanism of the potash mass by cross-cutting was Hwc = 1.46 kW·h/m3.

There are isolated surges of the spectrum in the Figure 5f, at frequencies of 3 Hz and
8 Hz. The formation of large cleavages of a stable shape is happening at a frequency of 3 Hz,
small intermediate cleavages are formed at a frequency of 8 Hz. The grain-size distribution
of the destruction products of the ore block by cross-cutting is presented in Table 1. A
summary of the load-bearing and energy characteristics of the process of potash ore cutting
with a single cutter for each experiment is given in Table 2.

Table 2. Load-bearing and energy characteristics of the process of potash ore cutting with a single cutter.

Cut Number
Cuttings from a Leveled Surface Staggered Cuttings Cross Cuttings

Pzl σcl Hwl Pzs σcs Hws Pzc σcc Hwc

1 2510.3 1061.6 3.80 2677.1 1313.5 1.70 1850.1 1051.9 1.43
2 2430.8 1058.1 3.69 2437.4 1318.8 1.78 1967.5 1122.5 1.48
3 2258.9 1017.7 3.31 2579.9 1268.6 1.68 1922.4 1105.2 1.47

Average value 2400.0 1045.8 3.60 2564.8 1300.3 1.72 1910.0 1093.2 1.46

The relative error of the experimental data does not exceed 10%. Therefore, the
decrease in specific energy costs of the cross-cutting process with the cutting parameters
bc = 10 mm, h = 10 mm, t = 35 mm in comparison with the staggered pattern is:(

1 − Hwc

Hws

)
· 100% =

(
1 − 1.46

1.72

)
· 100% = 15%, (9)
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where Hwc—specific energy costs of the rock-breaking mechanism of the sample by cross
cutting, Hwc = 1.46 kW·h/m3; Hws—specific energy costs of the rock-breaking mechanism
of the sample by staggered cutting, Hws =1.72 kW·h/m3.

The decrease in the average loads on the cutter when using the cross-cutting pattern
compared to the staggered pattern is:(

1 − Pzc

Pzs

)
· 100% =

(
1 − 1910

2564.8

)
· 100% = 34%, (10)

where Pzc—average cutting force when using the cross-cutting pattern for potash mass,
Pzc = 1910 N; Pzs—average cutting force when using the staggered-cutting pattern for
potash mass, Pzs = 2564.8 N.

The decrease in the root-mean-square deviation of loads on the cutter during the
implementation of the cross-cutting pattern compared to the staggered pattern is:(

1 − σcc

σcs

)
· 100% =

(
1 − 1093.2

1300.3

)
· 100% = 16%, (11)

where σcc—dispersion of loads on the cutter during the implementation of the cross-cutting
pattern, σc.c.= 1093.2 N; σcs—dispersion of loads on the cutter during the implementation
of the staggered cutting pattern, σcs = 1300.3 N.

The decrease in the number of fraction of «−0.25 size», which are hard to enrich, when
the cross pattern is implemented in comparison with the staggered pattern is:(

1 − M−0.25c

M−0.25s

)
· 100% =

(
1 − 1.7

2.94

)
· 100% = 42%, (12)

where M−0.25.c—mass content of the fractions, which are hard to enrich, when the cross-
cutting method is implemented, M−0.25.c = 1.7%; M−0.25.s—mass content of the frac-
tions, which are hard to enrich, when the staggered-cutting method is implemented,
M−0.25.s = 2.94%.

The calculated frequencies of the formation of large stable and small intermediate
cleavages, in accordance with Equations (3) and (4), are:

f1 =
Vc

t
=

0.1
0.035

= 2.86 Hz; (13)

f2 =
Vc

3hc
=

0.1
0.015

= 6.67 Hz. (14)

The calculated values of the frequencies are close to the values obtained experimentally
(see Figure 5d), which amounted to 3 Hz and 8 Hz, respectively.

5. Conclusions

The results of theoretical and experimental studies of a promising cross-cutting pattern
showed the following:

• Elementary cleavages developed during the potash ore mass cutting by cross-cutting
are formed due to the propagation of the main transverse shear fractures, and not
breaking off, which is characteristic of the formation of cleavages when the cuttings
from a leveled surface or staggered cutting are implemented. These facts are responsi-
ble for the decrease in the force and energy parameters of the potash ore mass cutting
when the cross-cutting pattern is implemented in comparison with traditional patterns.

• Formation of the intersecting areas of localization of induced fractures and concentra-
tion of stresses on the surface of potash mass causes the separation of large elementary
shears of a stable shape, which determines the increase in the quality of the grain-
size distribution of potash ore in the case of implementing the cross-cutting pattern
compared to the staggered one [24].
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• The implementation of the cross-cutting pattern compared to the staggered pattern
with the set cutting parameters (cutting step t = 35 mm, the total thickness of the shear
h = 10 mm, cutting depth in relation to the layer of previous cuttings hc = 5 mm, the
width of the cutting edge bc = 10 mm) allows decreasing the specific energy costs of
the potash ore mass cutting by 15%, decreasing the average loads on the cutter by
34%, decreasing the root-mean-square deviation of loads by 16%, and decreasing the
number of fractions that are hard to enrich in the crushing products by 42%.

The obtained results make it possible to substantiate the rational parameters of
planetary-disk operating bodies that destroy the potash mass by cross-cutting. The results
of theoretical and experimental studies of the formation process of successive elementary
cleavages that make up the cutting facilitate the search for implicit ways to increase the
efficiency of potash ore machine mining, and provide for the creation of the heading-and-
winning machines with up-to-date performance standards [5].
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