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Abstract. In the modern theory of rock cutting in production conditions, it is customary to distinguish two large classes
of achievable cutting modes — relieved and unrelieved. The kinematics of rock-breaking machines in most cases deter-
mines the operation of the cutting tool in both modes in one cycle of the cutting tool. The currently available calculation
methods have been developed for a stable, usually unrelieved cutting mode. In this article, the task is set to determine
the conditions for the transition between cutting modes and the modernization of the calculation method for determining
the forces on the cutting tool. The problem is solved by applying methods of algebraic analysis based on the search for
the extremum of the force function on the cutter, depending on the ratio of the real cut spacing to the optimal spacing
for the current chip thickness. As a result of solving the problem, an expression is obtained for determining the chip
thickness, for which, at the specified parameters, the transition between the relieved and unrelieved cutting modes is
provided. The obtained result made it possible to improve the method of calculating the forces on the cutting tool in
the areas of the cutter movement with relieved cutting.
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Introduction. The process of rock destruction by a cutting tool is characterized by the separation
of chips in the form of rock particles from the face or rock block [11, 14, 17]. The shape of the chip
is determined mainly by the kinematics of the tool movement [19]. The ratio between the width and
depth of the cut, i.e. between the cut spacing t and the chip thickness h, has a great influence on the
indicators of the cutting process [3, 13]. According to the mutual arrangement of the cutters, there are
different types of cutting modes. The definitions by various researchers differ significantly, for ex-
ample, test cuts with the use of linear cutting machines are carried out under the conditions of the so-
called free cut from a smoothed surface, since in this case the necessary conditions for comparing
power and energy parameters are more easily provided for the compared variants [7, 10, 22]. How-
ever, with the continuous work of the operating unit of modern rock-breaking machines, this type of
cutting is practically impossible. In general, as a rule, they use the division of cutting classes into two
generalized modes also known as relieved and unrelieved cutting.

An important role in the rock cutting process is played by the geometry of the cutting tool, which
is understood as a set of characteristics that determine the shape of the tool and the location of its
faces (surfaces) and cutting edges relative to the surfaces of the processed face [15, 18, 21]. In modern
designs of rock-breaking machines of cutting action, the so-called conical picks have become the
most widespread [4, 12], therefore, all further research will be carried out in relation to such cutters.

Formulation of the problem. Based on the analysis carried out in [5, 6], we will choose the
initial equation for this study:

F, = 19,5627 *K gK#rKbpKon(0,25 + 0,018th), (1)

where o¢ — uniaxial compression strength of rock, MPa; Ky — coefficient of the cutter geometry; K —
rock fracturing coefficient; Kynp — coefficient of brittle-plastic properties of rock; Kob — the coefficient
of non-optimality of the cutting mode; t — cut spacing (distance between adjacent cutting lines), mm;
h — cutting depth (thickness of the cut chips), mm.
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Conical picks, as arule, are used for equipping of cutting bodies
of rock-breaking machines made in the form of bodies of rotation
(cutters, augers, drums, etc.) [1, 3, 4, 13, 19]. Therefore, when cut-
ting, chips are formed that have a crescent shape (see the figure).

The efficiency of rock destruction by cutters is provided with
certain combinations of the cut spacing t and the chip thickness h,
which allow optimizing the cutting process [13, 20]. Optimization
consists in ensuring the minimum specific energy of cutting rocks
with certain properties at certain values of the power characteristics
of the operating unit of the mining machine.

The crescent-shaped chip diagram shows several sections: two
sections 1 at the beginning and at the end of the crescent, which
have t > topt; One section 2 in the middle part of the crescent with
t < topt; two mid-stage sections 3, corresponding to ¢ = fopt. Thus,
the cutting of any rock with conical picks when they are equipped

Diagram of a crescent-shaped chip [3] ~ With modern cutterheads of mining machines always goes through
the stages of non-optimal modes.

With a sufficiently large difference between the real and optimal cut spacings, the value of the
coefficient Koy takes unnaturally large values in sections 1, tending to infinity at topt — 0, and also
leads to incorrect values of the force on the tool [3]. That is, the existing mathematical model is not
adequate to the real cutting process when the cutter moves along the chip sections 1, where relieved
cutting is observed. In this regard, there is a need to determine the transition point between sections
1 of the relieved and 3 of the unrelieved cutting modes.

Research methodology. To solve this problem, an approach is used, which consists in finding
the extremum of the force function on the cutter from the cutting depth [9]. The values of o, Kg, Ksr
and Kyp, as well as the constant 19.5, do not require disclosure, since they do not depend on the
variable h [6]. This variable occurs in the Ko, coefficient when calculating the optimal cut spacing
topt = 3.65tgoKcvh, Where tge is the criterion of brittle-plastic properties of rock, depending on the
half camber angle of the cutting furrow ¢, K¢ — coefficient depending on the diameter of the tungsten
carbide tip;

t t 2
Kob =1.334- 07808m+ 0.478 (m) . (2)

When replacing the variable x = v/, and also A, = t(3.65tgpKc)?, the initial equation (1) is
transformed into an equation of the fourth degree regarding to the variable x. The fourth degree equa-
tions are generally solved by the Ferrari method. With a known root of the cubic resolvent, the roots
of the fourth-degree equation according to the Ferrari method can be found from two quadratic equa-
tions, which in this case are described by the following expression:

2
X2 +0.145x +% iJ(o.ozl + )2 + (0.145y - 4A—j)x + {72 + 4,98A72 =0, 3)
where y is the only real root of the cubic resolvent calculated by the Cardano formula,
3 3
y=1-4y0+ 1[4, @
43(0.42¢ - 1643 3 2
=S5 o= (4 (9

2 3 2

The solution of equation (3) will allow to determine the moment of transition between the re-
lieved and unrelieved modes of cutting rocks with conical picks.
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Results and discussion. We will find all possible solutions of equation (3) for various realisti-
cally achievable variations of the initial data, and will present the results in the form of the table.

Solutions of the fourth-degree equation for various variants of acceptable initial data

Initial data Interim calculations Solution of the fourth-degree equation
0,° d, mm t, mm A, Q y X1 X2 X3 X4
45 155 15 3.56 239.38 0.61 - - 1.69 -1.04
45 20 4.75 593.09 0.81 - - 1.85 -1.08
45 25 5.93 1208.56 1.01 - — 1.98 -1.11
45 30 7.12 2175.11 1.21 - — 2.09 -1.13
45 35 8.30 3591.70 1.41 - — 2.19 -1.14
60 15 2.05 8.06 0.19 - — 1.22 -0.90
60 20 2.74 19.43 0.26 - - 1.32 -0.94
60 25 3.42 38.57 0.33 - - 1.42 -0.97
60 30 4.11 67.72 0.40 - - 1.50 -0.99
60 35 4.79 109.23 0.47 - - 1.57 -1.01
75 15 0.95 0.08 0.03 - — 0.77 -0.70
75 20 1.27 0.18 0.04 - — 0.84 -0.73
75 25 1.59 0.36 0.06 - — 0.90 -0.76
75 30 1.91 0.63 0.07 - — 0.94 -0.79
75 35 2.23 1.00 0.09 - - 0.99 -0.81
45 175 15 3.42 185.86 0.56 - — 1.65 -1.03
45 20 4.56 459.14 0.75 - — 1.80 -1.07
45 25 5.70 933.07 0.94 - - 1.93 -1.10
45 30 6.84 1675.10 1.12 - - 2.04 -1.12
45 35 7.98 2759.67 1.30 - - 2.14 -1.13
60 15 1.97 6.30 0.18 - - 1.19 -0.89
60 20 2.63 15.17 0.24 - — 1.29 -0.93
60 25 3.29 30.08 0.31 - - 1.38 -0.96
60 30 3.95 52.75 0.37 - - 1.46 -0.98
60 35 4.60 84.99 0.43 - - 1.53 -1.00
75 15 0.92 0.06 0.02 - - 0.75 -0.69
75 20 1.22 0.14 0.04 - — 0.82 -0.72
75 25 1.53 0.28 0.05 - - 0.87 -0.75
75 30 1.83 0.49 0.06 - - 0.92 -0.77
75 35 2.14 0.78 0.08 - - 0.97 -0.79
45 22 15 3.14 109.15 0.47 - — 1.57 -1.01
45 20 4.18 268.12 0.63 - - 1.71 -1.05
45 25 5.23 542.02 0.79 - - 1.83 -1.08
45 30 6.28 968.31 0.95 - - 1.94 -1.10
45 35 7.32 1587.98 1.10 - - 2.03 -1.12
60 15 181 3.75 0.15 - - 1.13 -0.86
60 20 2.42 9.00 0.20 - - 1.23 -0.90
60 25 3.02 17.81 0.25 - - 131 -0.93
60 30 3.62 31.17 0.31 - - 1.39 -0.96
60 35 4.23 50.12 0.36 - - 1.45 -0.98
75 15 0.84 0.04 0.02 - - 0.71 -0.67
75 20 1.12 0.09 0.03 - - 0.78 -0.70
75 25 1.40 0.17 0.04 - - 0.83 -0.73
75 30 1.68 0.29 0.05 - - 0.88 -0.75
75 35 1.96 0.47 0.06 - - 0.92 -0.77

The table provides a wide range of possible options for real combinations of initial data. The
conclusions, made on the basis of the analysis of the table, may well be accepted as final. As can be
seen from the table, for any combinations of the initial data, there are no roots x; and x2 — in fact, they
are complex numbers, but we are only interested in real roots. In addition, for any combinations of
the initial data, the root x4 is a negative number. This root should also be rejected, since we previously
replaced x = v/ and the root expression cannot be a negative real number.

Thus, the only possible root in the context of this problem is found from an equation that, for
any valid combinations of the initial data, allows to get a positive real number as an answer. The
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desired value of the cutting depth hy, at which the transition between the relieved and unrelieved
cutting modes occurs for the specified conditions, is determined by squaring the value of this root:

2
_1 2 y y? A4
ho =1 0.021+y—o.145+j(0.145./0.021+y) —4<5— /I +4.987> . 5)

If the current value of the cutting depth is less than the value obtained by the formula (5), then
the cutting takes place in the relieved cutting mode, and if it is greater, unrelieved. Modeling of the
rock mass destruction taking into account the current position of the cutters, including various
schemes and cutting modes, is carried out using numerical methods such as the finite element method
[8] and the discrete element method [16]. For the correct application of the obtained result in solving
problems using numerical methods, it is necessary that the values of the characteristic dimensional
quantities of finite or discrete elements do not exceed the values of h.

It should be noted that the expression (5) is obtained for an idealized picture of the face destruc-
tion by the cutterhead, which does not take into account its vibrations. At the same time, as noted in
[2], the oscillation ranges of the cutterhead can reach several centimeters, significantly increasing the
cutting depth, including in sections 1 and 3, which introduces an error in determining the cutting
mode in these sections. In this case, it is advisable to determine not the cutting depth hp, but the
duration of the chip sections where relieved cutting is observed. For example, by the rotation angle
of the cutter inside the chip relative to the point of initial contact. This angle oy is defined as the
arcsine of the ratio hy to hmax Without taking into account the vibrations of the cutterhead. Then the
transition condition between the relieved and unrelieved cutting modes is transformed to the follow-
ing. If the current value of the rotation angle i of the cutter when moving through the cutting chips
is less than the value of ¢y or greater than the value of 180° — ¢, then cutting occurs in the mode of
relieved cutting, otherwise — unrelieved.

Conclusion. The main theoretical conclusions can be drawn from the conducted research:

« the transition between relieved and unrelieved cutting modes does not depend on the strength
properties of the rock;

« the cutting depth at which the cutting mode is changed for the specified conditions is deter-
mined by the brittle-plastic properties of the rock and also the diameter of the tungsten carbide tip
and the cut spacing.

The practical use of the obtained result is as follows. The current value of the cutting depth h is
compared with the value hy obtained by the formula (5). In the case of h < hy, the value of hy is replaced
in the formula (2) to determine the Kob coefficient, otherwise — h. The proposed approach, in compar-
ison with the original method, allows to more accurately assess the forces on the cutter according to
the formula (1) in sections 1 of the cutting chip according to the figure, i.e. in sections of irrational
cutting modes.
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