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The paper provides an analysis of the latest research in the field of material destruction
processes, on the basis of which it was established that modern methods of determining the energy
of material destruction differ significantly from each other, are based on different energy
hypotheses, both according to accepted assumptions and according to the obtained results. Thus,
the lack of a generally accepted model of the grinding process and a single method of determining
the energy consumption of the process of destruction of materials by crushing machines is the
problem that needs to be solved. For this purpose, an analysis of the main classical laws of
destruction of materials in the crushing chamber was carried out.
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Introduction. The most common materials in industrial construction are
concrete, reinforced concrete, bricks, mortars, etc. A wide range of technological
equipment is used for the production of these building materials. The processes of
crushing, screening and grinding are the largest in terms of the volume of work and
energy consumption in the production of building materials. Crushing and sorting
and grinding equipment are used to perform these processes. An important place
among such equipment is occupied by crushers and mills, since crushing and
grinding processes are characterized by significant energy and operating costs. Rock
or secondary raw materials can be used for the production of building materials. The
use of secondary raw materials as a source of building materials is becoming
widespread and is the basis of recycling processes and zero-waste production. In
most cases, the raw materials that come from the quarry or from the construction site
are not suitable for use in construction. That is, it must be processed. Technological
processing includes the following operations: preliminary sorting, crushing, sorting
of crushing products into specified fractions, washing, transportation and storage of
finished products. Among the listed processes, the crushing process is the largest in
terms of energy consumption. The process of crushing is the process of reducing the
size of the material under the condition of applying an external load, as a result of
which the material is divided into parts and the individual parts acquire a more
rounded shape. When considering the process of destruction in the crushing chamber
of the crusher, the following main parameters of the material should be taken into
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account: physical properties, quantity, methods of preliminary treatment, dimensions
of the crushing chamber, the method of applying the load, the shape of the crushing
surface, etc. That is, the number of parameters that determine the destruction process
is large. Most of the theories that describe the energy consumption of the destruction
process are based on empirical indicators and are not supported by the theoretical
foundations of the process. Thus, the research of the energy parameters of the
crushing process and the creation of a theoretically justified method of determining
the energy consumption for most crushing machines is an urgent task.

Analysis of publications. The study of the energy of destruction of a
mountain massif based on the improved Griffiths dependence is considered in
works [1], [2]. The dependence on the determination of the fracture energy
contains the parameter of the critical length of the crack and the adjusted
parameter of the specific surface energy based on the regression analysis of the
experimental data. This dependence is somewhat difficult to use, as it includes
the critical length of the crack and the specific surface energy, the determination
of which is not a simple task. On the other hand, this dependence is suitable for
use when considering the problem of destruction only on the plane. In the source
[3], the author claims that crack growth and material destruction occurs along
shear lines, i.e. contact friction forces play a key role in destruction. However,
the use of these dependencies to optimize the crushing process is complicated as
they include the geometric characteristics of the crack. In addition, shock loads
should be taken into account under conditions of vibration on the material [4].
When shock loads are applied, cracks in the material occur as a result of the
passage of the shock wave. In this case, tangential stresses may not play a key
role in crack propagation. In work [5], it is proposed to determine the energy of
destruction based on the dependence of J. Svensen and J. Murkes, which is built
on the hypothesis of F. Bond. Correlating the dependence of J. Svensen and J.
Murkes with the consumption of electricity, the author derives the parameter of
constant current strength, which is necessary to reduce the size of the collapsing
particle. As is well known, Bond's hypothesis is best suited to describe the
crushing process in the medium particle size range. Thus, the description of the
crushing process in [5] is given for a narrow range of crushing machines. The
classical hypothesis of energy consumption for the destruction process
(hypothesis of volumes) is considered in [6], which is also suitable for describing
energy consumption for a certain range of crushing machines. In work [7], the
dynamic destruction of the material in a vibrating jaw crusher is investigated. To
determine the specific energy consumption, a dependence is used, which is built
on a combination of the theory of volumes and the theory of surfaces. A brittle
material, such as sandstone, and a plastic material, such as talc, are used as the
working body. This work is based on energy hypotheses that do not take into
account the presence of a crack in the material, and the destruction process itself
is considered as a single process. In work [8], it is proposed to determine the
energy of destruction of the material in the crushing chamber on the basis of
direct measurement of the engine power during the operation of the crusher. This
method is based on statistical data and can be applied as an average indicator of
energy consumption for a specific type of machine. In [9] it is proposed to
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determine the energy spent on the crushing process using the adaptive neuron-
fuzzy interference system ANFIS. This system is a system of predictive
calculations, and is built on the basis of an adaptive neural network. This
direction of research is promising in the field of optimizing the operation of
crushing equipment, but it requires a more in-depth study of the neural network.
On the other hand, the ANFIS method of predicted calculations does not explain
the basic laws of the physics of the destruction process, but accepts the relevant
statistical parameters as input, then processes these parameters with the help of
empirical dependencies and produces a result for further adjustment of the work
process. The above-mentioned methods of determining the energy of destruction
of a material are significantly different from each other, based on different
energy hypotheses, both according to the accepted assumptions and according to
the obtained results. Thus, the lack of a generally accepted model of the grinding
process and a single method of determining the energy consumption of the
process of destruction of materials by crushing machines is the problem that
needs to be solved.

Purpose of the paper. The purpose of the study is to analyze the main energy
laws of the crushing process. In order to achieve this goal, the following tasks
were solved: 1) review of the latest research on the energy costs of the crushing
process and establishment of dependencies that most fully describe the process
and are based on the physics of the destruction process; 2) study of changes in
the parameters of energy laws and their impact on energy costs; 3) analysis of
the obtained data and presentation of conclusions regarding further research.

Research results. All existing energy laws that describe the process of
destruction in the crushing chamber of crushing machines can be conditionally
divided into two groups. The first group is the basic laws and the second group
is the energy laws that complement or specify the laws from the first group.

The first group of energy laws includes the following: 1) Rittinger's law
(hypothesis of surfaces); 2) the Kirpichev-Kick law (volume hypothesis); 3)
Bond's law; 4) Rebinder's law. The fourth law is a variation of the first two.
Let's analyze these laws in more detail.

Rittinger's first law states that the energy of destruction of a material is
proportional to the newly formed surface. This law is written as follows:

Ay =KyS, 6]
where K;; — the coefficient of proportionality established experimentally,
J/m%S — the size of the newly formed surface, m’.

When analyzing this dependence, the determination of the value of the
newly formed surface S and the determination of the proportionality factor are
somewhat difficult K.

When crushing a cubic piece of size D with a defined degree of crushing,
the size of the newly formed surface will be equal to[10], [11], [12]:

s=6(D/i)’-(D*/(D/i)’)-6D" = 6D* (i-1), )
where D/I- the size of the cubic piece of the crushed product; D*/(D/i)’ - the

number of cubic pieces formed during crushing from the original piece; i —
degree of crushing.
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Then the work of grinding one piece will be equal to [2], [10], [13]:

A, =K, xS=6K , (i-1)D’. (3)

For further research, for the sake of simplification, we will take the shape of
the body of destruction in the form of a cube. Then, according to Rittinger's
theory, the total destruction energy should be equal:

Ay, =3A, =18K, (i -1)D*. 4)

In the source [14] it is noted that the value of specific crushing energy for
jaw crushers is within 0.828-1.98 kJ/kg. This value is obtained during the
crushing of igneous rocks, namely granite, diabase, metabasalt. For
sedimentary rocks (siltstone), the specific energy of destruction is
approximately equal to 1.26 kJ/kg.

In the source [15], studies were conducted to determine the specific energy of
destruction of limestone rocks, which was 1.012-3.298 kJ/kg. In the source [16],
based on research, it is noted that the specific energy of destruction of granite is
equal to 1.5 kJ/kg, and for limestone it is approximately 1 kJ/kg. These researches
give us practical values of specific energy consumption limits for jaw crushers
when destroying the corresponding rocks. It is also noted in source [16] that the
Bond theory for determining the energy of destruction is not accurate when
destroying a single spherical body in the crushing chamber of a jaw crusher.

In the source [17] it was determined that the energy of diabase destruction
in the crushing chamber of the jaw crusher lies within 2.56-4.09 kJ/kg. For
sedimentary rocks, the specific energy of destruction is 1.16-1.93 kJ/kg.
However, it should be noted that the energy in work [17] was measured
directly on the motor shaft. In the previously reviewed works, the energy of
crushing was determined either in the crushing chamber of the crusher or with
the help of special tests for destruction.

In order to study the energy consumption in the crushing process, we will
list the necessary technical characteristics of the most common sizes of
crushing machines in Table 1.

In the last column of Table 1, we enter the calculated specific energy
consumption of the crushing process on the motor shaft when crushing granite
with a density within 2600 kg/m® and a strength of up to 250 MPa. As we can
see from the data in the table, the energy consumption for jaw crushers does
not significantly deviate from the presented values for granite in the source
[14]. On the basis of these data, we can plot graphs of the dependence of
energy consumption on the area of the newly formed surface and determine the
limits of the Rittinger coefficient change. The size of the material is taken
accordingly for each class of crushers presented in Table 1.

Tit
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Table 1
Technical characteristics of crushing machines
The size Specific
Degree of] of th Maximum |Maximum| . SPCT8Y

Crusher standard cr?%stﬁig, ﬁ(r)listhgd perfa‘ormalllnce fa)owellrl intensity of

size ; 3 the crushing

i product | Q, m’/hour | Py, kW process B,

d, mm (kJ/kg)*hour

Double Toggle Jaw Crusher
900x1200 5.7 130 180 90 0.69
1200x1500 6.45 155 310 160 0.71
15002100 7.2 180 600 250 0.58
C200(Metso) 4 300 1538.75 400 0.36
C160(Metso) 3.2 300 1193.13 250 0.29
C130(Metso) 3.2 250 791.8 185 0.32
Single Toggle Jaw Crusher
250x400 2.62 40 8 17 2.3
400x900 34 60 35 45 1.64
600x900 2.55 100 75 75 0.67
C96(Metso) 2.62 175 370 90 0.34
C80(Metso) 2.47 175 321.25 75 0.32
CJ211(Sandvik) 3.15 200 306.25 90 0.41
CJ411(Sandvik) 3.33 225 353.12 110 0.43
CJ612(Sandvik) 3.6 275 503.125 160 0.44
CJ815(Sandvik) 3.9 300 725 200 0.38
Gyratory Cone Crusher
900/140 5.35 140 420 250 0.82
1200/150 6.67 150 680 320 0.65
1500/180 6.67 300 1450 400 0.38
GP500S(Metso) 6.67 75 625 315 0.69
CS660(Sandvik) 8 70 656 315 0.66
CS440(Sandvik) 10 41 320 220 0.95
G150(Kubria) 9 56 312,5 315 1,39
Cone Crushers Type Svmons
1200 9.25 20 77 75 1.22
1750 10 25 170 160 1.84
2200 11,67 30 360 250 1.14
HP500(Metso) 11 51 494 355 0.99
HP800(Metso) 11 51 750 600 1.1
Vibrating Jaw Crushers

440x800 8,75 40 22 30 1.88
600x800 7,14 70 47 60 1.76
1200x1500 10 100 187,5 110 0.81
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(d

Fig. 1. Graphs of the dependence of the proportionality coefficient according to Rittinger's theory
on the consumed energy: (a) — Double Toggle Jaw Crusher; (b) — Single Toggle Jaw Crusher; (c) —
Gyratory Cone Crusher; (d) — Cone Crushers Type Symons; (e) - Vibrating Jaw Crushers

Knowing the specific energy intensity of the crushing process and the
dimensions of the starting material, it is possible to determine the range of
change of the proportionality factor for the corresponding class of machines.

For convenience, the range of changes in the proportionality coefficient
according to Rittinger's theory for each class of machines is listed in Table 2.
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Table 2
Proportionality coefficients for the relevant classes of machines
The Average Coefficients of proportionality

Typel\s/lch:ﬁ:;zhmg Vgl:er;): z)hfe Rittinger, | Kirpicheva | Law of the

gree ol K, -Kika, Ki | Rodina, K,

Crushing,i

Double Toggle 4,96 0..0,12 | 0..28 9...18
Jaw Crusher
Single Toggle Jaw
Crusher 3,07 0...0,8 0...90 5...10
Gyratory Cone 7,48 0..0,14 | 0.5 | 68.14
Crusher
Cone Crushers
Type Symons 10,58 0...5 0...15000 59...12
Vibrating Jaw 8,63 0..1,5 | 0...2000 | 58...12
Crushers

Based on the obtained range of values for the proportionality coefficient
according to Rittinger, the following conclusions can be drawn. For most
crushing machines from the accepted sample, the Rittinger coefficient varies
from 0 to 1. And only in Cone Crushers Type Symons and Vibrating Jaw
Crushers, the Rittinger coefficient varies from 0 to 5. Crushers in which the
Rittinger coefficient can take values greater than 1 are used in stages of shallow
crushing and have relatively significant degrees of crushing. This confirms the
fact that for smaller fractions of the material, a larger amount of energy must be
spent. Classically, most scientific sources claim that Rittinger's law is most
suitable for determining energy consumption during fine grinding. It should be
noted that the physical properties of the material, the costs of friction in machine
nodes, heat losses, the amount of material in the crushing chamber, etc., must be
taken into account in the energy costs for material destruction. All these
parameters in the Rittinger dependence must be taken into account by the
proportionality factor. However, in most cases, this coefficient is determined by
an experimental method and does not have a calculation method.

Consider the following approach, which is based on the determination of the
fracture energy using the Kirpichev-Kick law or the volume hypothesis.
According to the volume hypothesis [10], [13], the Ay energy required for the
same change in shape of geometrically similar and homogeneous bodies varies
in proportion to the volumes or weights of these bodies. The dependency itself
has the following form:

Y

Av = KVD?) = ;E > (5)

where Ky— empirical coefficient of proportionality, J/m3; V — the volume of a
cubic piece with an edge Dy; o, — stress arising during deformation of the
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crushed body (compressive strength limit of the material), N/m*; E- Young's
modulus, N/m?.

Let's build graphs to determine the range of change of the proportionality
coefficient according to the Kirpichev-Kick theory, Fig. 2.

0.30

(@) (b)

10000

K]

(d) (e)

Fig. 2. Graphs of the dependence of the proportionality coefficient according to the Kirpichev-
Kick theory on the energy consumed: (a) — Double Toggle Jaw Crusher; (b) — Single Toggle Jaw
Crusher; (¢) — Gyratory Cone Crusher; (d) — Cone Crushers Type Symons; (e) - Vibrating Jaw
Crushers

2000

The range of proportionality coefficient values is listed in Table 1. In
dependence (5), the product 62/2E reflects the proportionality coefficient. Let's
enter the physical characteristics of the most common engineering materials in
Table 3 and determine the value of the proportionality factor for them.
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Table 3
Physical properties of rocks

Maximum Young's | Coefficient of
compressive | modulus roportionalit
Rock type stret?gth Ger, E,GPa pKki): G2 / 2E g
MPa B
Granite 250 70 0,446
Diorite 300 100 0,45
Diabase 350 110 0,556
Basalt 300 80 0,562
Gabbro 300 100 0,45
Gneiss 200 75 0,267
Marble 250 70 0,446
Quartzite 300 90 0,5
Clay shale 100 30 0,167
Limestone 250 70 0,446
Sandstone 170 50 0,289
Dolomite 250 70 0,446
Glass 7 56 0,0004
Brick 10,3 20 0,0026
Polyethylene terephthalate
(PET) 55 2,7 0,56
Acrylonitrile butadiene styrene
(ABS) 40 2,3 0,347
Nylon 6 70 1,8 1,361
Polyamide 85 2,5 1,445
Polypropylene 40 1,9 0,421
Acrylic plastic (PMMA) 70 3,2 0,765
Concrete 20 23 0,008
Textolite 40 10 0,08

Taking into account formula (5) and table 2, the coefficient of energy of
destruction of granite will be 0.446 J/m3 or, in terms of kg, 1.16 klJ/kg. This
value corresponds to the studies presented in the sources [15], [16], [17].
However, as we can see, moving to real machines, the coefficient of
destruction energy has a wide range of changes, Fig. 2. This, in turn, indicates
that during the destruction of materials by a crushing machine, a large part of
the energy is spent on processes that are not taken into account by the
Kirpichev-Kick proportionality coefficient. Analyzing the ranges of changes in
the Kirpichev-Kick coefficient, it can be seen that for shallow crushing, the
range of coefficient values is significant. Based on this, it is possible to
confirm the previously established regularity that the Kirpichev-Kick law
better describes the processes that are within the zone of coarse crushing.

Comparing the above two hypotheses, the following can be noted. The
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volume hypothesis (Kirpichev-Kick law) takes into account the energy
expenditure for elastic and plastic deformation of the body and does not take into
account the energy expenditure for the formation of new surfaces, for
overcoming the forces of external and internal friction, for energy losses
associated with acoustic, electrical and thermal phenomenon, etc. The hypothesis
of surfaces (Rittinger's law), on the other hand, does not take into account the
expenditure of energy for elastic and plastic deformation of the body and takes
into account only the expenditure of energy for the formation of new surfaces.
Thus, each of the two laws discussed above operates only within a narrow
framework. This led to the emergence of two additional hypotheses, the goal of
which was a universal approach to determining energy consumption.

One such law is the Bond law. The essence of Bond's law is as follows:
when a body is compressed, the energy is distributed over its volume, and
when cracks begin to spread on the surface of the body, the energy is
concentrated on the surface of the crack and is proportional to the newly
formed surface [10], [13], [18], [19]. In many literary sources, Bond's law is
written in a simplified form as follows:

A, =K, D, (6)
where A, — work spent on crushing, J; K, — the Bond proportionality factor,
which is determined experimentally.

However, in foreign sources, Bond's law is written in the expanded form as
follows:

W, =11W, [ J @)
NN

where W; — Bond performance index, kW/(short ton); Pg, - size at which 80%

of the product passes (in microns); Fgy - is the size at which 80% of the power

passes (in microns).

The Bond work index W; represents the work required to reduce the
material from an infinite size to 100 microns [18]. Dependence (7) is still a
topic for numerous scientific studies, because there is no uniformly accepted
methodology for determining the parameters included in this equation.

For example, in the source [18], based on numerical studies, it is noted that
P80 and F80 can be determined according to the following dependencies:

E,=0.63G, B,=0.7(L,,*L,) ®

where G — the size of the loading hole of the crusher; Lmin — the minimum
value of the output hole of the crusher; L=Lax-Lmin; Limax - the maximum
value of the output hole of the crusher.

In another work [18], the dependencies for determining Pgy and Fgy have the
following form:

max

F,=0.8S.F, +0.2S,. P, =0.85(CSS+T) ©)

where Sp — ore shape factor, which is determined by the ratio of the average
size of an ore particle to its minimum size (varies from 1.7 for a cubic shape to
3.3 for a lamellar shape); F,.x — the maximum size of material that is loaded
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into the crusher inlet; S, — the size of the opening of the grating screen, i.e. the
distance between the individual bars of the grating screen; CSS — the minimum
size of the output hole of the crusher; T — the difference between the maximum
and minimum outlet of the crusher.

Also, today there is a numerical variation of the methods of determining the
Bond work index. Bond himself determined the performance index using a
special pendulum test, which was later improved by the Metso company. The
dependence for determining the work index according to Bond had the
following form [18]:

1
e

p
: (10)
where C = 53.49 — a constant that numerically and dimensionally converts the
impact strength to the work index; I — impact strength, kgm/mm; p - density of
the test sample.
Impact strength I after each test was determined as follows, kgm/mm:

_ 2xm, xh

I 4 , (11)
where m, — mass of the hammer, kg; h — the height to which the hammer is
raised, m; d — thickness of the test sample in mm.

Among other methods for determining the Bond crushing performance
index, the most famous are: the Narayanan and Whites pendulum test, the
JKMRC drop test, and grinding tests in a ball and rod mill.

The fracture energy according to the Narayan and Whites test is determined
as follows, kWh/t:

W=ES(1-82)[ﬁJ , (12)

where E; — the energy of the moving pendulum (striker) to the point of impact
with the test sample:

E =ML (1-cosa), (13)

whereM; — mass of the movable pendulum (hammer), kg; L — the length of the
cable on which the pendulum is suspended; a- the angle of deviation from the
vertical axis of the movable pendulum (striker); Mg — mass of the fixed
pendulum (anvil); &- attenuation coefficient (¢=0-0.2). In the source [18] it is
noted that under the conditions of a massive stationary pendulum (anvil) the
energy agrees well with the energy consumed in mills with autogenous and
semi-autogenous grinding (SAG mill). On the other hand, when using a less
massive anvil, the fracture energy is in good agreement with the energy
consumed in rod and ball mills.

When determining the energy of destruction in the drop test (JKMRC Drop
Weight test), the method developed by researcher Brown [20] is used.

Under such conditions, the energy of destruction of the sample is
determined from the following dependence, kWh/t:
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0.0272M,

W=ty —=— (14)
where Hg =H-HR — the height of the fall of the load (impactor), cm; H — the
height to which the load (hammer) is lifted, cm; HR — height from the base on
which the test sample is placed to the load after it falls on the sample, cm; M, —

mass of the striker, kg; M - mass of the sample, kg.

For such experiments, material samples are accepted, the density of which
is within 2800-4000 kg/m3. Under such conditions, the crushing energy ranges
from 0.01 to 50 kWh/t for particles 10-50 mm in size.

The fracture energy determined by this method is in good agreement with
the energy consumed in the fracture process in AG/SAG crushers and mills.

After the destruction of each sample by the falling mass, the fragments are
collected and their size is determined, and the T10 parameter is also
determined. The T10 parameter is used to determine the fracture energy and
was proposed by Whedon [21]. This parameter links fracture strength and
specific fracture energy. T10 is defined as the percentage of the rock that
passes through the sieve and is 1/10 of the original size of the rock.

The relationship between T10 and the specific energy of destruction has the
following form [22]:

T,=A(1-e™), (15)
where A and b constants (A=50, b=0.4 for hard rocks; A=80, b~1 for soft
rocks); Eg — specific crushing energy.

The product of parameters Ab is the control parameter. When constructing a
graph of the dependence of T10 on EG the product of parameters Ab is tangent to
this graph. The product Ab takes the value of 30 for hard rocks. If the value of the
product Ab is in the range of 43-56, then this corresponds to medium-hard geystic
rocks. If the value of the product Ab is greater than 127, then the rock is soft.

Parameter T10 can be considered an index of the degree of destruction. The
harder the rock, the smaller the value of T10 for a given input energy.
Knowing the value of T10 obtained as a result of the given input energy, you
can calculate the complete distribution of the product by size. For crushers, the
T10 value is within 10-20%.

Morrell has developed a SAG mill test (SMC test) to determine the
parameters for the JK Drop Weight test. To determine the energy of
destruction, the Morrell company offers the following equation [22], [23]:

SE=SKM, 4(Pi™ -Fi™ ), (17)

where SE — crushing energy, kWh/t; M; — Morel crushing performance index;
K — constant (K=1 — for crushers in a closed cycle, K=1,19 — for crushers in an
open cycle; S — coarse particle hardness parameter for crushing schemes that
include crushers and high-pressure grinding rolls; f(Fgo)=-(0.295+( Fg,/1000));
f(Pg0)=-(0.295+( Pgx/1000)).

The hardness parameter of coarse particles is determined from the following
dependence:
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S=K; (Fsopso )0'2 > (18)
where Kg — constant (for classic crushers Kg = 55, for grinding rolls of high
pressure Kg = 35).

After numerous practical studies, it turned out that Bond's law is not
universal and describes well the processes of destruction of the material
between the zones of shallow crushing and coarse grinding [10].

In the case of considering the Bond law, we have the average value of the
energy expenditure between the Kirpichev-Kick and Rittinger laws. In turn,
Rebinder followed a slightly different path, namely, he defined the destruction
energy as the sum of the Rittinger and Kirpichev-Kick laws [10], [24]. That is, the
total work of crushing the material is equal to the sum of the work of deformation
of the material of a certain volume and the work of forming new surfaces.
Rebinder's law can be expressed mathematically in the following form [10], [24]:

A, =K AS+K,AV, (19)
where A,,- work spent on the destruction of a solid body, J; K,— coefficient of
proportionality, J/m?% AS - newly formed, upon destruction, surface, m?; K, —
coefficient of proportionality, J/m*; AV - deformed part of body volume, m’.

The next step in the study of energy consumption was an attempt to
combine all the laws in one dependence. Such a dependence was presented by
scientist A.K. Rundqvist [10], [13]. Its peculiarity is that the elementary work
of crushing one piece of material is proportional to the elementary change of
some degree of its size D. The dependence has the following form:

A= (i), (20)
(K,-1)D*
where C — some constant crushing; i = D/d — degree of crushing; D and d —
initial and final diameters of the crushed piece; K, — a generalized coefficient
that takes into account the amount of energy and properties of crushed material.

The graph of the dependence of crushing energy on the size of the material
based on expression (8) is shown in Fig. 3.

When constructing the graph in Fig. 3, it was assumed that the volume of
the material is 1 m3, the degree of crushing is i=4, and the coefficient C is
equal to 1. As we can see from the graph, when choosing the appropriate value
of the coefficient Kp, you can get the corresponding zones of destruction of the
material. Thus, at K, >4, we get a zone of coarse crushing. When 2<K,<4, we
get a shallow crushing zone, and when K, <2, we get a grinding zone. Also,
the graph in Fig. 3 clearly shows the correspondence of the energy
consumption to the size of the material that needs to be destroyed. Of course,
in this case, the degree of crushing plays an important role in dependence (8).
That is, the type of equipment should be taken into account, and accordingly,
the process of destruction of the material.

In works [3], [21] it is proposed to determine energy according to
experimental data:

reb

A, =A, [(100/k80 )" -(100/k,, )" ] , 21)



ISSN2410-2547 307
Omip matepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2023. Ne 110

whereA, — proportionality factor; kgy — the size of the sieve link through which
80% of the crushing product passes; m — coefficient, which is determined
experimentally (m = 0,8-1,3).

A kl/kg
3.0

A\ Kp=4
Kp=3 \ /
0.5
Kp=2 /
. D,m
0.0 0.2 0.4 0.6 0.8 1.0 12 14

Fig. 3. Graph of the dependence of the energy of destruction on the size of the material

Coefficientkis determined by the formula[14], [21]:

Igk,,=1/5 [lgk90 +Hgk,, Hgks, gk, Heky, ] ) (22)
where koo and k;( — sizes smaller than which contain 90, 70, 50, 30 and 10% of
particles, respectively.

Dependence (21) was derived by J. Svensen and J. Murkes and is one of the
variations of the Bond dependence (7). Basically, dependence (21) is used to
determine energy consumption during grinding.

To analyze the dependence (21), we will take the following parameter
values - A():l, k]() =20 mm, k30 =35 mm, k50 =50 mm, k70 =60 mm, k90 =100
mm. It should be noted that the k;, coefficient is essentially the size of the
sieve link through which 80% of the raw material passes, that is, the material
that just enters the crushing chamber. Calculating dependence (10) on the
accepted initial values, we get that the K, coefficient is 46.1789. Thus, the
graph of the dependence of energy consumption on the size of the sieve link
kgo has the following form (Fig. 4).

From the graph of Fig. 4, it becomes clear that if the Kg, coefficient is equal
to the Km coefficient, then the work on reducing the size of the material will
not be completed. This can be seen from the graph - point 46.1789 on the
abscissa axis. Therefore, the greater the difference between the Kgy and Km
coefficients, the more energy is consumed, and this can be seen from the graph
in Fig. 4. The coefficient m can characterize the physical properties of
materials, such as strength. So, for example, it can be seen from the graph in
Fig. 4 that to reduce the size of the material from the value of Km to the size of
D=20 mm with a coefficient of m=0.8, it is necessary to spend about 600 kJ.
Under the same conditions, but assuming that the coefficient m will be equal to
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1.3, we will receive energy consumption within the range of 42,000 kJ. Thus,
the coefficient m indicates different physical properties of materials.

Ak

80000

60000

m=1.3

40000 /

20000

= — Kgo, m
0.01 0.02 0.03 0.04

Fig. 4. Graph of the dependence of energy consumption on the size of the Ksy sieve link

Another variant of the Bond equation is [10], [13], [19] a modified empirical
equation that relates the crushing energy to the particle size of the material:

A=K [1-(IRY (100/a) |, (11)

where K — indicator of fragmentation; R — degree of crushing; a — the size of
the parts of the material; r — indicator of the degree of deviation.

The value r expresses the degree of change in the resistance of the material
during its crushing and the change in the efficiency of the machine with a change
in particle size. Its meaning depends on the material and conditions of effort.
Equation (11) can be used when crushing brittle heterogeneous materials.

In the source [19] it is noted that the act of destruction of rock with
isotropic properties is staged. During the destruction of the rock in the source
[10], the following four stages were distinguished: 1) the appearance of
contacts and the occurrence of elastic deformations in the material; 2) the
formation of a zone of comprehensive compression and its subsequent increase
until the moment of the formation of an effective crack; 3) the emergence of an
effective crack and its development to critical dimensions; 4) the rapid
development of an effective crack until the complete destruction of the crushed
material and the full consumption of the reserve of elastic energy.

It was established that the first and second stages consume the largest
amount of energy, namely 73.4%. That is, most of the destruction energy is
spent on the formation of cracks in the destroyed material.

The author of these studies [10] derived a mathematical expression for
determining the energy expenditure for crushing a single piece of regular shape
with isotropic properties:
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2
3 c,

= g K?ch tgzOLRo,zzs-o,om >

P st.c
where o, — strength limit of a piece that breaks when split; Ky — form factor in
the contact zone, change limit 0.318+ 0,5; K, — coefficient of proportionality;
Oy.c. — ultimate (contact) stress in compression; tga — coefficient of friction; R
— the radius of the collapsing piece.

Let's consider the effect of the proportionality coefficient on the energy of
destruction of the material from dependence (16) taking into account the
values of the parameters from tables 1 and 3. For the study, we will take the
value of the coefficient Ky=0.318. As a test material, we will take granite with
a compressive strength of oy .= 250 MPa. Let's take the coefficient of friction
equal to tga = 0.22, which corresponds to the coefficient of friction of the
metal against the stone.

(16)

RR

(a) (b)
Fig. 5. The graph of the dependence of the energy of destruction on the change in the
proportionality factor and the limit of strength during the splitting of the fragment that is being
destroyed: (a) — R=36.5 mm; (b) — R=75 mm

From the graphs in Fig. 5, we can see that with the increase in the size of
the collapsing rock at the same values of the proportionality coefficient, the
energy of collapsing decreases.

The shape factor in the contact zone has a considerable influence on energy
consumption. If we take K=0.5, then the graphs of the dependence of the
fracture energy on the change in the proportionality factor and the fracture
energy will look like in Fig. 6.

From the graphs in Fig. 6, it can be seen that the influence of the size of the
material on the cost of fracture energy is significantly reduced under the
condition that the form factor in the contact zone is equal to 0.5.

The proposed hypothesis proves that the work spent on the single
destruction of a piece of rock is proportional to the work spent on the
formation of new surfaces and the friction between the formed surfaces in the
zone of comprehensive compression. It should be noted here that this
dependence combines two types of stress, which can cause the destruction of
the material in the crushing chamber. If we compare dependence (16) with the
Rittinger and Kirpichev-Kick law, the following can be noted. The Kirpichev-
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Kick law considers the cost of fracture energy, which is directly proportional
to the compressive stress. Rittinger's law considers the energy of destruction,
which is directly proportional to the newly formed surface and thus takes into
account tangential stresses.

600
100A. T

200

(a) (b)
Fig. 6. The graph of the dependence of the energy of destruction on the change in the
proportionality factor and the limit of strength during the splitting of the fragment that is being
destroyed: (a) — R=36.5 mm; (b) — R=75 mm

Scientists D. Walker and R. Shaw proposed their own hypothesis [21], which
claims that the mechanism of destruction of minerals approaches the mechanism of
destruction of metals, i.e. plastic deformations appear in brittle minerals during
destruction. They believed that the specific energy of grinding, by analogy with
metal cutting, is constant, since the thickness of the chipped layer is less than the
thickness of the layer of inhomogeneity in the material. Starting with a known
critical layer thickness, the probability of encountering inhomogeneity increases,
and thus the specific energy of grinding decreases. The scientists indicated that the
most important variable in the destruction process is the diameter of the crushed
particles, and not the area of the newly formed surface, since the effort to destroy a
particle increases with a decrease in its diameter.

When conducting a number of experiments [20], [21] on the impact and
quasi-static fracture of quartz, it was established that in the dynamic mode of
fracture, the first impacts of the layer destroy a large number of material
particles, but with subsequent impacts, the number of destroyed particles
decreases. As a result, a large amount of energy is lost without the formation of a
new surface. At the same time, during the slow compression of isolated quartz
crystals, the area of the newly formed surface per unit of work expended is
greater for an isolated crystal than for many particles. The main cause of such
results is believed to be critical stresses, which at low energy concentrations are
reached only at a few points, due to which long breaks occur with the formation
of a small number of particles with a large surface area [10].

Under shock loads, the critical stresses grow quite quickly. Breaks spread over
short distances, the newly formed surface is small, but obtained due to many
particles [10], [20], [21]. When a stress pulse of sufficiently large amplitude



ISSN2410-2547 311
Omip matepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2023. Ne 110

propagates in a brittle body, it can lead to a fracture that is significantly different
from the fracture under quasi-static and relatively slow dynamic loading.

The destruction caused by the stress wave is described as follows. When a
compressive pulse propagating in a medium is incident normally on a stress-
free boundary of that medium, it produces a tensile pulse that has the same
shape as the compressive pulse, but it has a displacement directed in the
opposite direction from the boundary. If the tensile stress created by the
reflected pulse exceeds the tensile strength of the material, failure will occur.
This phenomenon is known as "split" or "Hopkins destruction" [19], [24].

In the source [24] it is noted that when rock is destroyed by impact drilling,
the energy of destruction is determined as follows:

nd? (tg(;+fjcwv
E,= S , (17)
where d — length of the destruction site (blade length), cm; v — speed of
deepening of the working tool, mm/min; a — sharpening angle of the blade of
the working tool, degrees; f — coefficient of friction of the tool material on the
rock; o —rock strength limit for chipping.
On the other hand, the energy during dynamic destruction can be
determined from the dependence

E.,=(Pyh)/2, (18)
where P, — impact force, kg; h — the depth of the working tool into the rock. In
turn, the impact force is determined according to the following dependence:

P - 'dbco ’ (19)
" cosa(sino—f, cosa, )

where d and b — sides of the rectangular contact pad, cm; oy—angle of
inclination of the generating main pressure volume, deg; f; — coefficient of
internal friction of the rock; 6y — temporary resistance of the rock to rocking.
In the calculations, it is suggested to accept: 6y=0,1850,— for weak rocks;
60=0,2040, — for strong rocks.

Conclusions. So from the above we can conclude that the most widespread
energy hypotheses are the Bond and Kirpichev-Kick laws. The dependencies
obtained by various authors take into account, as a rule, partial problems, which
are narrowly focused and do not take into account a number of factors. A large
number of different approaches to solving the problem of determining energy
costs for material destruction indicates the significant complexity of describing
the model of material destruction by existing mathematical methods at the macro
level. Thus, on the one hand, there is a need to consider the process of
destruction of the material, taking into account the processes that occur at the
micro level. That is, consider the process of destruction based on Rebinder's
theory, namely, determine the amount of elastic energy at the micro level, and
consider the amount of surface energy at the micro level. On the other hand,
attempts to create a unified theory of destruction at the macro level are
additionally made impossible by the stochasticity of the process itself.
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Summarizing the above, the generalized theory for describing the process of
destruction of materials by crushing machines should take into account the
stochastic model of the description of the kinetics of the destruction process,
which will take into account the features of the destruction process at the micro
and macro levels.
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Miwyx €.0., Hazapenxo 1.
AHAJII3 EHEPTETUYHHUX 3AKOHIB PYIHHYBAHHSI MATEPIAJIIB

Yucrno mapameTpiB, siki BU3HAYAIOTh MPOLEC PYyHHYBaHHS MaTepialliB B KaMepi APOOJICHHS €
3HAYHUM 1 BOKKO MiAAETHCS OMUCY BiJOMHUMH MaTEeMaTHYHUMHM 3aKOHAMU. Binbiuicts Teopii ski
OIIMCYIOTh 3aTPATH CHEPril Ha MpoLec pyHHyYBaHHs I00YA0OBaHI HAa eMIIPHYHUX TOKAa3HUKAX Ta HE
IHiKPIIUIeHI TEOPETHYHUMHU OCHOBaMH Iporiecy. B po6oTi HaBeeHO aHami3 OCTaHHIX AOCIIDKEHb
B 00JacTi MpoleciB pylHYBaHHS MaTepialiB Ha OCHOBI SKUX OYJIO BCTAHOBJCHO, IO CYy4YacHi
METOJM BH3HAYCHHS eHepril pyiHyBaHHS MaTepially CYTTE€BO PO3DI3HAIOTBCS MDK cO0OIO,
0a3yl0TbCsl Ha PI3HHX CHEPreTHYHHX TiNOTe3axX, SK 3a MPUHHATHMH JONYLICHHSAMH, TakK i 3a
OTPHMaHHMH pe3yibTaTaMi. TakiuM YMHOM, BIICYTHICTb 3arajbHONPUHHATOI MOJEN MpoLecy
HoApiOHEHHs Ta €IMHOI METONUKU BH3HAUCHHS CGHEPro3aTpaT IpoLecy pyiHyBaHHsS MarepianiB
JIpOOMJIBHUMH MAIlllMHAMH, € Ti€l0 Mpo0JIeMOI0, 110 MOTPeOye BHUpIICHHS. 3 Li€H0 METOK 0yIio
IPOBE/ICHO aHANi3 OCHOBHHX KJIACHYHHX 3aKOHIB PyWHYBaHHS MaTepialiB B Kamepi APOOJICHHS.
Maibke BCi KJIacH4YHI 3aKOHH ONHUCYIOTHCSL 3a JOINOMOIOK0 BHKOPHCTaHHS Koe(ilieHTiB
HPOTOPLIHHOCTI, siKi BpaxoBYyIOTh (Hi3HYHI BIACTUBOCTI Marepiany, 3aTpaTd Ha TEPTs y By3lax
MaIllMHH, TEIJIOBI BTPATH, KIIbKICTh MaTepiany B Kamepi ApOOJIEHHS Ta iHII HapamMerpd, L0
BIIVIMBAXOTh HA NPOLIEC pyﬁHyBaHHﬂ. ]_Ie IpU3BOAUTL 0 CKJ'laL[HOCTi BU3HAYCHHS BIIJIMBY OKPEMHX
napaMeTpiB Ha IIpoleC pyWHYBaHHS, KpiM LbOro caMi Koe(ilieHTH HE MalTh METOIUKH
pO3paxyHKy i B OLIBLIOCTI BUIAIKIB BH3HAYAIOTHCSA CKCIIEPUMEHTAJIbHUM IUIIXOM. HaiiGinbury
KiUIbKiCTh Bapiawiii Mae 3akoH bonma. B sikoMy B sikocti koedimieHTa HpPOMOPLIiHHOCTI
BHKOPUCTOBYEThCSI IapaMeTp iHgekcy podoru. IIpore mapamerp iHmekcy pobotu nmo Bonny mae
IIUPOKHIA Jliarna3oH 3MiHH, @ TAKOXK BEIHMKY KiJIKICTh METOIMK MOro po3paxyHKy. B minomy cama
3aJIOKHICTh TAapHO OIKCYE MPOLECH MDK 30HAMH MIIKOro IpoOieHHs Ta rpyboro momeny. B
poGOTI 11 BIiANMOBIAHMX YMOB pyHHYBaHHs OyiM BCTAaHOBJIEHI Mexi 3MiHH Koe(ilieHTiB
HPOTOPLIHHOCT] AJIs PI3HUX eHepreTUYHUX 3aKoHiB. IIIupoxi Mexi 3MiHH Koe(ilieHTIB CBiT4aTh
PO 3HAYHY CTOXACTUYHICTH CAMOro MPOLECY, Ta HE JalOTh BIPHO OMHMCATH KAPTHHY PyHHYBaHHS.
OpuuMm i3 BapiaHTiB iHTeHcHOikauii mpouecy pyHHYBaHHS € 3aCTOCYBaHHS yIapHOIO
HABaHTAXKCHHA. B po0OTI po3risHyTa 3anexHIiCTh [Usi BH3HAYCHHS 3aTpaT eHeprii mpu
JMHAMIYHOMY PYHHYBaHHI TipChbKUX MOPIif, IO Ja€ MOXJMBICTb OLIHUTH MEpPeBard Ta HEMOTIKH
repe CTaTHYHUM pylHHyBaHHAM. OCHOBHHMH ITapaMeTpaMH sKi MAIOTh BILIMB IPU AUHAMIYHOMY
pyHHYBaHHI € LIBUIKICTh NPUKJIAJCHHS HABAHTAKCHHSA Ta TIEOMETPis IIOBEPXHI PoOOYOro
iHcTpyMmenTy. Ha ocHOBI mpoBemeHoro asanmisy Oyji0 BCTaHOBICHO, L0 BEIMKA KiJIbKICTh
HapaMeTpiB, sSKi MalOTh BIUIMB Ha IPOLIEC APOOJICHHS MAIUMH A BHPOOHHMITBA OyIiBEIBHUX
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MaTepialiB, CHIPHO YCKJIAJHIOIOTh Ha JaHOMY €Talll PO3BHUTKY JIIOICTBA CTBOPECHHS €AUHOI Teopil
pyiinyBaHHs. [logansumii pO3BUTOK JOCIIIKEHb NPOLECIB PyHHYBaHHS B IPOOHUIIBHUX MalIHHAX
BOAYAEThCS B CTBOPEHHI CTOXAaCTHYHOI MOJIENI ONKMCY KiHETHKH MpOLeCy pylHYBaHHs, sika Oy/e
BPaxoBYBaTH OCOOJIMBOCTI ITpoOLeCy PYHHYBaHHS Ha MiKPO Ta MAKpPO PiBHSX.

KurouoBi cioBa: enepris pyiiHyBaHHs, IpoOapka, Koe(iLi€eHT HIPONOPLIHHOCTI, iHIEKC
po6oTH, TIPCHKI MOPOH, yAapHi HABAHTAXKEHHSI, CTEIIHb APOOICHHS, PO3MIp CHUTA.

Mishchuk Ye.O., Nazarenko I.1.
ANALYSIS OF THE ENERGY LAWS OF MATERIAL DESTRUCTION

The number of parameters that determine the process of destruction of materials in the crushing
chamber is significant and difficult to describe by known mathematical laws. Most of the theories
that describe the energy consumption of the destruction process are based on empirical indicators
and are not supported by the theoretical foundations of the process. The paper provides an analysis
of the latest research in the field of material destruction processes, on the basis of which it was
established that modern methods of determining the energy of material destruction differ
significantly from each other, are based on different energy hypotheses, both according to accepted
assumptions and according to the obtained results. Thus, the lack of a generally accepted model of
the grinding process and a single method of determining the energy consumption of the process of
destruction of materials by crushing machines is the problem that needs to be solved. For this
purpose, an analysis of the main classical laws of destruction of materials in the crushing chamber
was carried out. Almost all classical laws are described by the use of proportionality coefficients,
which take into account the physical properties of the material, friction costs in the machine nodes,
heat losses, the amount of material in the crushing chamber and other parameters that affect the
destruction process. This leads to the difficulty of determining the influence of individual
parameters on the destruction process, in addition, the coefficients themselves do not have a
calculation method and in most cases are determined experimentally. Bond's law has the largest
number of variations. In which the work index parameter is used as a proportionality factor.
However, the parameter of the Bond work index has a wide range of changes, as well as a large
number of methods for its calculation. In general, the dependence itself describes well the
processes between the zones of fine crushing and coarse grinding. In the work, the limits of the
change of the proportionality coefficients for various energy laws were established for the
corresponding destruction conditions. The wide limits of the change of the coefficients testify to
the significant stochasticity of the process itself, and do not allow a true description of the picture
of destruction. One of the options for the intensification of the destruction process is the
application of a shock load. The paper considers the dependence for determining the energy
consumption during the dynamic destruction of rocks, which makes it possible to assess the
advantages and disadvantages of static destruction. The main parameters that have an impact on
dynamic destruction are the speed of load application and the geometry of the surface of the
working tool. Based on the analysis, it was established that a large number of parameters that
influence the crushing process of machines for the production of building materials greatly
complicate the creation of a single theory of destruction at this stage of human development. The
further development of research on destruction processes in crushing machines is seen in the
creation of a stochastic model for describing the kinetics of the destruction process, which will
take into account the peculiarities of the destruction process at the micro and macro levels.

Keywords: energy of destruction, crusher, proportionality factor, work index, rocks, shock
loads, degree of crushing, sieve size.

VK 621.647.23

Miwyx €.0., Hazapenxo 11. Anani3 eHepreTHYHHX 3aKOHIB pyiiHyBaHHsI MaTepiaxiB // Omnip
MaTepialiB i Teopis cropyn: Hayk.-tex. 30ipH. — K.: KHYBA, 2023. — Bun. 110. — C. .294 — 315.
AHrI1.

B po6omi nagedeno ananiz 0CMaHHix 00CHiONCeHb 6 0OIACMI NPOYeCis PYUHYSAHHI MAMEPIAN8 Ha
OCHOBI SAKUX OYJI0 8CIMAHOGICHO, WO CYYACHI MEMOOU GUHAUEHHS eHep2ii PYUHYSAHHs Mamepiany
CYmmego po3pizHAIOMbCS Midic c06010, 6A3VIOMbCS HA PI3HUX eHepeemudHux 2inomesax, sK 3d
NPUTTHAMUMY OONYUWeHHAMU, MAK | 3 OMPUMAHUMU pe3yTomamami. Takum YuHoM, 6iocymHicmo
3aeanbHONpuiinAmoi  moodeni npoyecy RnOOpiOHeHHs ma — €OUHOi MemoOuKu  GU3HAYEHHs
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eHepzo3ampam npoyecy pyuHy8anHs mamepianie OpoOUTLHUMU MAWUHAMU, € MIEI NPOOIEMOIO,
wo nompebye gupiwenns. 3 yicio memoio 6y10 npoeedeHo ananiz OCHOBHUX KIACUYHUX 3AKOHIG
PYUHY6anHs Mamepianie 6 Kamepi OpoOeHHS.

Tabua. 3. L. 6. bibmiorp. 24 Ha3s.

UDC621.647.23

Mishchuk Ye.O., Nazarenko 1.I. Analysis of the energy laws of material destruction // Strength
of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA,
2023.—Issue 110.—P.294-315.

The paper provides an analysis of the latest research in the field of material destruction processes,
on the basis of which it was established that modern methods of determining the energy of
material destruction differ significantly from each other, are based on different energy hypotheses,
both according to accepted assumptions and according to the obtained results. Thus, the lack of a
generally accepted model of the grinding process and a single method of determining the energy
consumption of the process of destruction of materials by crushing machines is the problem that
needs to be solved. For this purpose, an analysis of the main classical laws of destruction of
materials in the crushing chamber was carried out.

Table 3. Fig. 6. Ref. 24.
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