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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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INTEGRATED STUDY OF THE EFFICIENCY
OF GRINDING MATERIAL IN AN IMPACT-CENTRIFUGAL MILL

Abstract. Grinding processes, which are very common and occurring in almost any industry and agriculture,
require large energy costs and are associated with irretrievable losses due to wear of working units of grinders. It is
generally recognized that reduction in specific energy costs is possible when using mills in which grinding will be
carried out mainly due to the impact loading of a material. The results of studies of a single impact grinding of
materials with various physical and mechanical properties, depending on the impact velocity and design features of a
grinder in an impact-centrifugal mill, are presented. Experimental dependences of impact-centrifugal grinding are
presented. Graphic dependences of the median particle mass distribution of a ground material depending on the
number of blades are obtained. The number of blades for a given rotor diameter (0.4 m) was 4, 6, 8, 12 pcs. The
graph shows that when grinding chalk, the number of blades does not significantly affect the quality of grinding.
When grinding sylvinite and in particular gypsum stone with an increase in the number of blades to 8, the grinding
fineness improves, i.e., the median particle size decreases, however, with a further increase in the number of blades,
the dispersed composition of the products remains almost constant. The analysis of known data on the theory of
impact grinding is given, on the basis of which the principles of creating new energy-efficient machines for grinding
materials, in particular to reduce energy costs, were formed.

Key words: impact loading of a material, impact-centrifugal mill, critical fracture initiation velocity, fractional
composition, particle mass distribution median.

Introduction. Grinding processes are widespread in all industries, including agriculture. The
grinding process requires high energy costs and is associated with an irretrievable loss due to wear of
working units of grinders. The drive power of mills in cement production is measured in thousands of
kilowatts. In a number of works [1], it is noted that about 10% of the world’s electricity and several
million tons of high-grade steel are consumed for grinding, and even more [2-5] according to statistics
from the US mining and processing industry. The high energy costs are explained not only by the large
volumes of processed materials, but also by the fact that the machines used for grinding, especially for
grinding, are characterized by extremely low efficiency [6].

It is generally recognized that reduction in specific energy costs [7,8] is possible when using mills in
which grinding will be carried out mainly due to the impact loading of a material. It was established by
experiments that the average work of grinding by impact is approximately 42% of the work of grinding by
crushing. Upon impact, the compressive force arises in a certain section so quickly that a crack is formed
before the equilibrium energy distribution necessary for breaking is established in the particle [9].

To reduce energy costs, optimal impact loading of the material to be ground should be ensured with
minimal effort and a high degree of fracture in one working cycle, avoiding excessive overgrinding.
Therefore, a very important characteristic of the impact grinding process is the critical fracture velocity
(V). 1.€. the velocity of impact loading of the material particle at which its ensured fracture begins. This
indicator (V,,) will determine the minimum rotor velocity with hammers or blades in almost all designs of
impact-centrifugal grinders. Practically all researchers working in the field of impact grinding were
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involved in theoretical and experimental studies to determine the critical fracture initiation velocity (V).
Today, a large number of mathematical dependences are known to determine V,,, for example, the formula
of Academician V.P. Goryachkin [10] and Professor G.I. Pokrovskiy [11]:

Vo= |2 % (M

A different theoretical approach showed a similar dependence in collaboration with Academician of
the Ukrainian Academy of Sciences V.N. Poturaev [12]; dependences proposed by V.P. Romandin [13],
P.M. Sidenko [14], E. Reiners [15] do not differ significantly.

Since the critical velocity (V,,) at which the fracturing impact begins depends, first of all, on the
mechanical properties and density of a piece of material, all of the above dependences can be represented
in general form:

v, =rlo,.Ep,) )

However, the experimental results for determination of V,, given in [10] show that the actual critical
velocity is several times higher than that obtained from the theoretical dependences given in the above
works.

In the works of V.A. Bauman [16], B.V. Klushantsev [17], in the formulas for determination of V,,,
the size of the initial material fed to grinding is additionally taken into account. All researchers agree that
the determining factors are the mechanical properties and density of the material, however the design
parameters of the grinder, which should be taken into account on the basis of experimental studies, also
have a significant effect [18-22].

The dispersed composition of the material crushed by impact loading will also depend on its
mechanical and physical properties, to a large extent on the velocity of impact loading and the design
features of the grinder [19,20]. Therefore, specific dependences for determining the critical velocity (V,),
as well as the dispersed composition of the grinding products should be found experimentally.

To study the process of single impact grinding, an experimental plant of the impact-centrifugal mill
was used. The analysis of the fractional composition of grinding products was carried out using the
method of mechanical classification (sieving) on sieves. At the first stage of experimental studies, the
process of single impact grinding was studied. The studies were carried out on the experimental plant
shown in figure 1.

The main unit of the plant is the impact-centrifugal mill, consisting of the cylindrical body 1 coated
inside by the rods 2. The cover 3 with the bearing unit 4 and the shaft 5 in the center for rotation of the
disk 6 with the blades 7 is attached to the upper part of the body. The shaft 5 is driven with V-belt
transmission from the electric motor 8. The disk rotation velocity was varied over a wide range by
changing the motor velocity using a high-frequency controller (inverter). The initial material for grinding
in the mill was fed from the hopper 9 by the screw feeder 10. The screw was driven from the electric
motor 11 through the reductor-regulator 12, which made it easy to control the amount of material fed to
the mill. In addition to the material, air entered the mill through the holes 13 in the cover 3. The conical
collector 14 is attached to the lower part of the mill, where the ground material is poured and periodically
removed through the shutter 15 from the mill. Air from the mill was removed through the tube section
16 ending with the filter sleeve 17. The studies were carried out using the reflective rods 2 of square cross
section with a side of 14 mm “option a” and a round “option b”” with a diameter of 14 mm. The diameter
of the working disk at the ends of the blades was 0.4 m.

As the material for the experimental studies there were used: lime granules after the furnace, with the
size of (2 —8) - 107 m; gypsum stone with the particle size of (2 — 10) - 10~ m; chalk with the particle
size of (2 — 10) - 10~ m; sylvinite with the particle size of (2 — 15) - 10 m; ammonium sulfate crystals
with the particle size of (2 — 8) - 10~ m; grains of wheat and barley; ammophos granules with the particle
size of (2 — 5) - 10” m; pyrolysis products of rubber products (2 —5) - 10° m; oil coke (2 — 5) - 10” m.

After each of the experiments, the analysis was carried out according to the fractional composition of
grinding products. Currently, a large number of methods and their modifications are known for
determining the dispersed composition of both dusts and ground materials [22].

The simplest and sufficiently accurate method is the method of mechanical classification (sieving) on
sieves. For the experimental studies of the fractional composition of grinding products, the authors used a
set of standard sieves with a minimum hole size of 0.063 mm and a maximum of 4 mm.
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For a graphic representation of the material’s fractional composition, a distribution function D4
is taken expressed as a percentage of the mass of all particles which diameter is less than the holes of this
sieve to the total mass of the analyzed material.

The results of experimental studies of the fractional composition of products of grinding lime, chalk,
gypsum stone, sylvinite, ammonium sulfate, ammophos, solid pyrolysis products of rubber products, oil
coke and barley grain are shown in the graph (figure 2).

The fractional distribution curves shown in the graph were obtained at the rotor velocity of 2900 rpm,
which corresponds to a tangential velocity at the ends of the blades of 60.7 m/s and an optimal loading on
the initial material of 460-520 kg/h with the particle size of 3-8 mm. It can be seen from the graph that
under the impact-centrifugal loading, lime granules and chalk particles are most finely ground. The high
grinding degree of these materials is explained by the fact that they consist of tiny crystals, the bond
between which is much weaker than the bond between crystals of other substances, for example, gypsum
stone. Between the crystals of gypsum stone, the bond is stronger, as evidenced by the grinding results.
The barley grains are ground much worse than all, this is due primarily to the fact that the grain is
enveloped outside with several layers of a strong and elastic shell. It should be noted that of all the grain
crops ground in the experimental plant (barley, rye, wheat, peas), barley was the most durable.

The graph (Fig. 3.) shows the fractional composition curves of products of grinding gypsum stone
and pyrolysis products. The graph shows that with an increase in the loading, the dispersed composition of
the grinding products worsens and with an increase in the loading on the mill more than 760 kg/h, the
decrease in the quality of grinding is more noticeable. However, the fractional composition of the
pyrolysis products varies slightly with increasing productivity. This is due to the high fragility of the
material.

D, %
100 - — v p—{
—a—lime ¢=0,05
chalk <¢=0,05
—=+—ammonium sulfate ¢=0,1
=— grain (barley) ¢=0,25
—»— gypsum stone ¢=0,16
A-A —=— ammophos ¢=0,12
sylvinite c=0,085
—e—pyrolysis products ¢=0,075
3 oil coke 0,08
Option "a" 3 Option "b"
@&y \2 @Y \2 Y . 10 15 20 25 5 mm
Figure 1 — Scheme of the plant for the study Figure 2 —
of impact-centrifugal mill. 1 — mill body; 2 — reflective rods; Fractional composition of products
3 — cover; 4 — bearing unit; 5 — shaft; 6 — disk; 7 —blades; of impact-centrifugal grinding of materials
8, 11 — electric motor; 9 —hopper; 10 — feeder; with various strength characteristics.
12 — reductor-regulator; 13 — holes; 14 — collector; G =460-520 kg/h, n = 2900 rpm

15 — shutter; 16 — tube section; 17 — filter sleeve

The influence of the rotor velocity on the quality of grinding products was also carried out when
grinding sylvinite, gypsum stone, grain and oil coke. The studies were carried out at the rotor velocity of
750, 940, 1450 and 2900 rpm with a loading of 480 kg/h for gypsum stone and 60 kg/h for oil coke. The
results of studies presented in Figure 4 were obtained by grinding gypsum stone (curves 1-4) and oil coke
(curves 5-8). The graph shows that the rotor velocity is one of the main factors determining the fineness of
grinding material. In addition to the influence of the material’s mechanical properties, rotor velocity and
loading, geometrical parameters of impact-centrifugal grinders were studied on the quality of grinding
materials.
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In the course of further studies, the optimal number of rotor blades and their height were determined.
Figure 5 shows graphic dependences of the median particle mass distribution of the ground material
depending on the number of blades. The number of blades for a given rotor diameter (0.4 m) was 4, 6, 8,
12 pcs. The graph shows that when grinding chalk, the number of blades does not significantly affect the
quality of grinding. When grinding sylvinite and in particular gypsum stone with an increase in the
number of blades to 8, the grinding fineness improves, i.e., the median particle size decreases, however,
with a further increase in the number of blades, the dispersed composition of the products remains almost
constant. This is explained by the fact that the granules of lime and chalk have low mechanical strength,
and they are ground to small particles immediately after the first impact, as for sylvinite and gypsum
stone, then at the first impact the material breaks up into small and large particles. Larger particles bounce
off the rods and are again thrown onto the rods. Naturally, the more blades, the more particles fall under
the impact of the blades, and naturally their grinding will continue to a certain fineness.

In addition to laboratory studies on the influence of the number of blades, surveys of industrial mills
with a diameter of 0.6 and 0.8 meters were carried out. Based on the results of all these studies, the
recommended number of rotor blades with acceptable accuracy can be found from the known dependence
recommended for determining the number of impeller blades of centrifugal fans:
j+1
z=43 1 3)
where j = %; D, — rotor diameter along the inner edge of the blades; D, — rotor diameter at the ends of

1
the blades. The value of j should be taken within j = 1.4-3.

The influence of the blades’ height on the quality of grinding the material was carried out when it
changed from 0.04 to 0.12 m. Sylvinite and gypsum stone were used as the ground material, the material
loading was 480 kg/h, and the rotor velocity was 1450 rpm. For both materials, increasing the height of
the blades from 0.04 to 0.08 meters significantly improves the grinding quality, which is shown in
figure 6. However, a further increase in the height does not significantly affect the grinding quality.

It should be borne in mind that increasing the height of the blades leads to an increase in air flow
through the mill, which leads to additional energy consumption for the idle mill drive. However, many
researchers note [14,16] that the optimal air flow through the mill allows to cool its working elements,
quickly remove ground material from the grinding zone and thereby increase the efficiency of grinding
material [7].

D% 5 6 D% 5 .6 7
100 4 100 e P
R
_ -
80 P 80 |
~""—_ Gypsum stone:
4 - —e—0,061kgs (220kg/h);
50 2- 0,133kgls (480kg/h); 80
3- 0,211 kg/s (760kg/h);
4- —e— 0,333 kg/s (1200kg/Mm) 1 — W=60,7 m/s (n=2900 rpm)
40 Pyrolysis products: 404 2 - W=30,3 mi/s (n=1450 rpm)
5-—e— 0,027 kgis (100 kg/h) 3 - We=19,6 mis (n=940 rpm)
6-—e— 0,100 kg's (380 kg/h) 4= We=15,7 mis (n=750 rpm)
20 204 5 = W=60,7 mis (n=2900 rpm)
6 = W=30.3 m/s (n=1450 rpm)
/ 7 - We=19,6 m/s (n=940 rpm)
F o 8- W=15,7 m/s (n=750 rpm)
o-f 0 :

T T T T T 3 T T T T
0.0 05 1.0 15 20 25 <, mm 0,0 0,5 1,0 15 20 25 &,mm

Figure 3 — Fractional composition of products
of impact-centrifugal grinding of gypsum stone
at various productivity n=2900 rpm

Figure 4 — Fractional composition of products
of impact-centrifugal grinding of gypsum stone
and oil coke at various rotor velocities

Based on laboratory studies and industrial tests, the height of the blades should be taken as:
h 2= O,2D2 (4)
The influence of the gap between the reflective rods and the ends of the rotor blades is presented in
the form of a graph in figure 7 obtained when grinding grain (curve 1) and gypsum stone (curve 2). The
graph shows that with an increase in the gap, the grinding quality worsens. This is explained by the fact
that both materials with the rotor velocity of n=1450 rpm are difficult to grind, and numerous impacts are
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required to obtain a thin product. However, with an increase in the gap, the possibility of repeated contact
with the blades decreases. At the same time, with a decrease in the gap, a number of negative phenomena
are also observed, namely, the specific energy consumption increases and intense wear of the edges of the
blades is observed. Based on laboratory tests and industrial implementation, the gap between the reflective
rods and blades should be taken for small mills with a diameter of up to 0.5 meters in the range of 5-8 mm
for larger mills up to 15 mm.
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Figure 5 — Dependence of the median particle mass Figure 6 — Dependence of the median particle mass
distribution during impact-centrifugal grinding on the distribution during impact-centrifugal grinding on the blades’
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Figure 7 — Dependence of the median particle mass
distribution during impact-centrifugal grinding on the size of
the gap between the ends of the rotor blades and reflective
rods. G=480 kg/h, n=1450 rpm

Figure 8 — Dependence of the median particle mass
distribution during impact-centrifugal grinding on the size of
the initial pieces of material. G=480 kg/h, n=1450 rpm

The influence of the size of the initial material pieces on the grinding quality was carried out by
grinding chalk, gypsum stone and sylvinite. The results of studies are presented in the graph in figure 8.
The particle size in the study varied from 2 to 20 mm.

The graph shows that when grinding chalk, which strength is not large, the particle size of the initial
material has practically no effect on the grinding fineness. At the same time, sylvinite and gypsum stone,
with an increase in size, are ground somewhat worse, this is due to the fact that their strength is much
higher and for fine grinding of such materials it is necessary to increase the velocity of impact loading and
provide conditions for multiple impact.

Most researchers [22] believe that the Rosin — Rammler equation gives the best fit of the
mathematical description to the experimental data of the grinding products.

The Rosin-Rammler formula has the following form
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Ry =100-e72"  or D5 =100 (1— e™2%") )

where b and n — empirical constants.

Since the physical and mechanical properties of the material, the rotor velocity, and the mill
productivity will affect the dispersed composition of the materials being ground, the Rosin-Rammler
formula is somewhat modified by introducing an additional parameter J5, to take these parameters into
account, after which it takes the following form:

5 \" 5\
R =100~ o) o D)y =100+ [1 o) ] (6)

where 65, — particle mass distribution median, i.e., the particle size at which the mass of all particles is
smaller or larger than 50%.

The influence of the material’s physical and mechanical properties both on the grinding quality and
on the material’s critical fracture initiation velocity according to theoretical concepts should be sought in

the form of the relationship:

o
5y = k2 (7)
VE-p,
The influence of the rotor velocity is most conveniently expressed through the tangential rotor
velocity at the ends of the blades. Then the empirical equation for determining the median particle mass
distribution will have the following form:

o
Sy =k—=2=V'G" ()
VEP,
where &, [, m — constants determined on the basis of the experimental data shown in figures 2-4;
. — tangential rotor velocity at the ends of the blades, (m/s); G — productivity of the mill, (kg/s).

However, for many materials that were ground, data on the tensile strength a;, and elastic modulus £
are absent in the reference literature. P.M. Sidenko [14] explains this by the fact that there are a lot of
factors influencing the mechanical strength of materials and, in the first place, on 0, and E, and besides,
they are variable. Therefore, to calculate the grinding efficiency, it is necessary to use “grinding
coefficient”. It is determined experimentally and its value is available in the relevant literature.
Considering the above, in the formula (8), the expression taking into account the physical and mechanical
properties of the material was replaced by the coefficient ¢, which takes into account primarily the
strength properties of the material and was found on the basis of experimental data for each ground
material. When processing the experimental data, the values of the exponents / and m and the coefficient &
in the equation 8 were determined. Ultimately, the equation for determining the particle mass distribution
median has the following form

850 = 2,71CV, 1*26 9)

The value ¢ for the ground materials has the following value: grain (barley) C=0.25, lime and chalk
(C=0.05, crystals of ammonium sulfate C=0.1, ammophos C=0.12, gypsum stone C=0.16, sylvinite
(C=0.08, oil coke C=0.08, solid pyrolysis products of rubber products C=0.075.

When processing the experimental data, the values of the empirical constants 5#=0.68 and n=0.75
were determined in the Rosin-Rammler formula and then it has the final form:

—068(1)0'75
Dg) = 100 [1—e #8550 ] (10)

In determining the critical velocity, the fracture initiation, taking into account the data of various
authors, for example [15], was taken to be the velocity when the initial material was split into pieces, the
largest of which is equal to the half of the initial.

The studies were carried out on the experimental plant (figure 1). The change in the rotor velocity
was controlled using a high-frequency controller. The experiments were carried out on gypsum stone,
sylvinite, granules of lime and grain. The size of the initial particles was close to 6 mm. When the plant
was operating with the certain rotor velocity, ten pieces of the initial material were fed to the grinding.
After the grinding, the mill turned off, the shutter opened, and visual observation, as well as sieving on the
laboratory sieves, determined the size of the ground material. When the maximum size of the ground
particles was very close to the half of the initial, the experiments on this material were terminated.
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The full material velocity was calculated by solving numerically the differential equations of particle
motion in the mill rotor [22]. The processing of the experimental data showed that there is a clear
relationship between the coefficient ¢ and the critical velocity, which is understandable since it takes into
account the strength properties of the material and then:

Vp=224-C (1)

Thus, the critical velocity for the materials will be as follows: grain (barley) V,, = 56 m/s, ammophos
Ve = 29 m/s, lime V,, = 11,2 m/s, crystals of ammonium sulfate V,, = 22,4 m/s, gypsum stone
Vi = 39 m/s, sylvinite V,, = 19 m/s, solid pyrolysis products of rubber products V,, = 16.8 m/s, oil coke
Vip=17.92 m/s.

In addition to the mill design developed and studied by the authors, other industrial impact grinders,
for example, hammer and ball industrial, have found wide application in industry. In particular, it is
known that in a hammer mill no more than 17% of energy is spent on grain grinding by impact, and the
rest is spent on grinding by abrasion. Therefore, when developing new mill designs, it is necessary to
strive for the grinding process to be carried out mainly due to the impact, and for this purpose it is
necessary to study the impact phenomenon itself.

Conclusions. 1. The experimental studies on the impact-centrifugal grinding of the materials were
carried out taking into account their physical and mechanical properties, impact loading velocity,
productivity and geometrical parameters of the grinder.

2. The processing of the experimental studies allowed to determine the optimal geometrical
parameters of impact centrifugal grinders and, based on the Rosin-Rammler formula, obtain the
mathematical dependence describing the dispersed composition of the grinding products depending on the
physical and mechanical properties of the material, the impact loading velocity, and the grinder
performance.

3. Based on the experimental studies and the processing of the experimental data, the mathematical
dependences were obtained for calculating the productivity and the dispersed composition of the grinding
products in impact-centrifugal mills.

A. JIeB;[chxnﬁl, E. (Deuapoanl, A. Konanenal, B. Fony6e32,
b. Kopran6aes’, ]I Capceﬂﬁekynblz, . )Kymazly.ﬂ.ﬂaels2

'Benapych MEMIIEKeTTiK TEXHOIOTHSIBIK YHHBEpCHTETi, MuHcK, Benapych;
M. OyesoB ateiagarsl OHTycTiK Kazakcran MemnekTTik yuusepeuterti, Ibivkent, Kasakcran

EKIIHAI OPTAAAH TEIKIII AUIPMEHIE MATEPHAJIIbBI
YCAKTAY TUIMJAUII'TH KEHNEHAI 3BEPTTEY

AHHoOTanMs. OHEPKACII TIeH aybll [IapyaIlbUIBIFBIHBIH K€3 KEJITeH CajlaChlH/Ia KeH TapalfaH ycakray yaepici
ipi PHEPreTUKAIIBIK HIBIFBIH/IBI TAJIAIl €Te/li )KOHE YCATKBIII )KYMBIC TOpaNTapbIHBIH TO3YbIHA OalIaHbICThI KaHTapbIM-
CBI3 HIBIFBIHFA YIIbIpaTaabl. JKaimbl SHEprys IIBIFBIHBI JUIPMEHI NalaanaHy OapbIChIHIA a3alobl MYMKIH, OHJa
yCcakray HETi3iHeH Marepuajibl COKKBIMEH JXKYKTey ece0iHeH jKy3ere achlpbuiajpl. JKymbIcTa eKmiHAl OpTajaH
TENKIM JUipMeHal 3epTTey OoibIHIIa KOHABIPFEI cyiibackl OepinreH. Taxipubernik 3epTTey YIIiH Keleci MaTepuai-
Jap HaiiianaHbULIEL TIEITeH Kelfinri ok Tyitipiiri, emmewmi (2-8)-107° m; Gemnmex emmemi (2-10)-10~ m rumnc tacsr;
Gemmex emmemi (2-10)-10° M Gop; Gemmex emmemi (2-15)-10° M cuabBumuT; Gemmex emuremi (2-8)-10° M
aMMOHHMI CyITh(aTHIHBIH KPUCTAIIAPHI; OHIali MEH apra JoHi; Gemmex enmemi (2-5)-10° m ammodoc Tyitipurikrepi;
Gemmex ommemi (2-5) *107 M pe3eHKe TeXHUKAIBIK, OYilbIMIApIbIH MHPOIH3 oHiMaepi (2—5) 107 M; MyHail KOKCBI
COKKBUIBI )KYKTEY JKbUIIAMABIFbIHA YKOHE €KITIHAI OPTaJaH TEIKIll JUipPMEH/Ie YCaKTaFbIIITHIH KOHCTPYKTUBTIK €peK-
HIeTiKTepine OailylaHbICTBl TYPII PU3NKAIBIK JKOHE MEXaHUKAIIBIK KacueTTepi 6ap MaTepuangapAabl Oip peT COKKbLIBI
ycakray YAepiciH 3epTTey HoTHxesepi KentipuireH. EKIiHi oprasan TeNKill YHTaKTay IbIH TOKIPHOEIIK Ty IiIiri
ycbiHbUTFaH. Kanak canpiHa OaiylaHBICTBI YCAKTaIFaH MaTepHan OeJIeKTep MacCachbIHbIH MeIUaHIbIK TapalybIHbIH
rpadUKaIbIK TOYEALTIri aaslHABL. POTOpABIH OChl nuamerpiHe apHamFaH Kypek cassl (0,4 m) 4, 6, 8, 12 maHaHsbI
Kypansl. Kectene kepcerinrenaeit, Oy coTTe Maiinanay Oop caHBI KayBIPBIH aca acep eTIEHTIH carachl TapThUIFaH.
CUIIBBHHHATTI yCaKTayna JKOHE ocipece THIIC TAChIH KalaK CAHBIHBIH 8 TOHHAFa JCHiH YIFAl0 apKbUIbI KaKCapThI-
Tajpl, SFHA OOJIEKTEP IiH MbIC MOJIIEPi a3asjpl, anaia KajJak CaHBIHBIH OJIaH Opi YJIFAIObIHAA OHIMHIH AHCIIEp-
CHSUTBIK KYPaMBI iC KY31HIAE TYpakThl OOJBIN Kajaabl. ¥pMaslbl ycaKTay TEOpHSCH OOMBIHIIA Oenrisi mepexrepre
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TaJIIay JKacal/Ibl, COHbIH HETi31H/e MaTepraiap/bl YCaKkTay YIIIiH, aTar aifTKaH/1a, SHEPTusl [bIFbIHBIH a3alTy YIIiH
JKaHa SHEPTOTHIMII MaITMHATIAPABI KYPY IPUHIMIITEP] KanpnTacThl. JKYpri3iires tangay Heri3iHae eKIiHAl opTaxaH
TENKIII JWiPMEHHIH KYPBUIBIMBI 93ipJieHil. ¥CaKTaJaThlH MaTepHall PeTiHIe CHIIBBUHUT XOHE THIIC Tachl IMaiia-
JIaHBLIBI, MaTepuan OoitbiHia xykreme 480 Kr/c, poTOpAbIH aitHay *KbuaaMabirsl 1450 aiin/mMuH Oonubl. ¥cakra-
JIATBIH MaTepuayl PETiHIE CHUIBBHHHUT JKOHE THIIC TAChl MaMIalaHbBLIABI, MaTepHan OoifbiHIIa skykTteme 480 kr/c,
POTOPBIH aiiHaTy KbuUTHaMIbIFel 1450 aitH/MuH O0Jibl. ANaiifia YHTaKTay canachblHa OMIKTIKTI OJlaH dpi YJIFaiTy aca
ocep eTmeimi.

Tyiiin ce3mep: MaTepuan bl COKKbIMEH JKYKTEY, €KITiH/i OPTaJaH TeIKill JHipMEH, )XOWbUTYy OachIHBIH KYpAei
KbU1JaMAbITbI, (l)paKIJ,l/ISIJ'H)IK KYpaMbIHJAarbl 60nmeKTep MacCCaCbIHBIH TapaJly ME€AWAaHbI.

A. JleBnancknii', E. ®exaposuy’, A. Kopanesa', B. Fonyﬁenz,
B. Kopraun6aes?, /. Capcen6eky.nr’, JI. Kymaayiiaes

'Benopycckuii rocy1apcTBeHHbIH TeXHOTOrHYeCK i yHuBepcHTeT, MuHCK, Benapycs;
JOxn0-KazaxcTaHCKnil rocyIapcTBeHHbIH yHIBepeHTeT HM. M. Ays3osa, IlIsivkent, Kasaxcran

KOMILIEKCHOE HCCJIIENOBAHUE 3®PEKTUBHOCTH U3MEJBYEHUSI MATEPUAJIA
B YAAPHO-IEHTPOBEKHOU MEJIbHUIIE

Annoranus. [Ipoueccsl n3mMenbueHns, SBISIONIMECS BECbMa PACIPOCTPAHEHHBIMH M BCTPEYAIOIINMHUCS TIPaK-
THUYECKH B JIFOOOH OTPOCIIH MPOMBIIUIEHHOCTH M CEJILCKOM XO3SIHCTBE, TPEOYIOT OOJIBIINX SHEPreTHYECKUX 3aTpar U
CONPSDKEHBI ¢ 0E3BO3BPATHBIMHU IIOTEPSIMU B CBSI3U C M3HOCOM PadOYMX Y3/I0B M3MeinbuuTenei. OOle- nmpu3HaHo,
YTO CHIDKEHHE YACTBHBIX 3aTPaT SHEPTUH BO3MOXKHO P UCTIONE30BAaHIH MEIBHUI], B KOTOPHIX U3MENbYeHHE OyaeT
OCYIIECTBIIATECS B OCHOBHOM 3a CUET yIApHOTO HArpy>KeHHs Marepuana. B paborte mpencraBieHa cxema yCTaHOBKH
IO MCCIIEJOBAaHUIO yIAPHO-IIEHTPOOCSKHON MENBHUIIBI. B KadecTBe MaTepuana Iy SKCIIEPUMEHTABHBIX HCCIIeI0Ba-
HUH HCITIOJIB30BANMCE: TPAHYIBl M3BECTH IOCHE IE€YH, pa3MepoM (2—8)-10® M; IUICOBBIi KaMEHb C Pa3MepoM
qactui (2 — 10)-10° M; men ¢ pasmepom udactui (2 — 10)-10° M; cunbBHHAT ¢ pasmepom gactur (2 — 15)-107 m;
KpPHUCTAJUTBI Cynb(haTa aMMOHHSA € pa3MepoM dacTui (2 — §)- 107 M;3€pHO TIIICHHIBI 1 TIMEHSL; rpaHyisl aMmModoca ¢
pasmepom uactuil (2 — 5)-107 M; mPOAYKTHI MHPOIN3a PE3SMHOTEXHUUECKUX m3euii (2 — 5)-107 m; HeTAHO#M KOKC
IIpuBeneHs! pe3ysbTaThl UCCIEAOBAHUN MIPOLIECCA OJHOKPATHOIO YAAPHOI'O M3MEIbYEHUsS MATEPUAJIOB Pa3iIUYHBIX
(pU3MUECKUX M MEXaHWYECKUX CBOMCTB B 3aBHCUMOCTH OT CKOPOCTH YAAPHOTO Harpy»eHUs U KOHCTPYKTHUBHBIX
0coOCHHOCTEH U3MENBUYHTENS B yIapHO-IIEHTPOOEKHOM MenbHuUIe. [IpencTaBieHsl 3KCIIepIMEHTaIbHBIE 3aBUCHMOC-
TH YyJapHO-LEHTPOOEKHOro M3MelbueHus. [loyrydeHsl rpaduyeckne 3aBUCHMOCTH MEIMAHHOTO pPAaCIpe/esICHHs
Macchl YacTHIl HM3MEJIbYEHHOIO0 MaTepHala B 3aBHCHUMOCTH OT YHCJIA JIONATOK. YHMCIO JIOmaToK Juisi JaHHOTO
nmuamerpa poropa (0,4 M) coctasnsuio 4, 6, 8, 12 mt. U3 rpaduka BHIHO, 9YTO NP U3METFYSHAN MEJIa YICIIO JIOTa-
TOK HE OKa3bIBaeT CYIIECTBEHHOTO BIMSHHUS HAa Ka4ecTBO momoda. [Ipu u3MenbueHnH CIIIBBUHATA U B OCOOCHHOCTH
TUIICOBOTO KaMHS C YBEIMYCHHEM YHCIIA JIONATOK 0 8 TOHWHA IOMOJA YIIydIIaeTcs, TO €CTh MEIUAHHBIA pa3Mep
YaCTHUI] YMEHBIIAETCs, OJHAKO IMPH JajJbHEHIIeM YBEIWYCHHUH YHCIa JIONAacTeil AMCIEPCHBIH COCTaB NPOIYKTOB
oCTaeTcsl MPAaKTUYeCKH MOCTOSHHBIM. JlaH aHanmM3 WM3BECTHBIM JAHHBIM IO TEOPHH YOAPHOTO HM3MEIbYEHUs, Ha
OCHOBaHMU KOTOPBIX ObLIM CQOPMHUPOBAHBI IPUHIMIBI CO3JaHHS HOBBIX HSHEProd(QEKTUBHBIX MAaIIUH IS
M3MeIbUeHNs] MaTepHajaoB, B YaCTHOCTH I CHIIKEHMs dHeprosarpar. Mcxons M3 NpOBEAEHHOTO aHaiu3a, Obuia
paspaboTaHa KOHCTPYKLHMSI YAAapHO-UEHTPOOS)KHOH MeNbHULBL. BiMsHHE BBICOTHI JIONMATOK Ha Ka4yeCcTBO
M3MeNbYeHHs] MaTepuaia npoBoauiioch npu ee usmeHenuu ot 0,04 mo 0,12 m. B kauecTBe M3MeIbYAEMOTO MaTe-
pHaa MCIOJIb30BATNCH CHIBBUHHUT U TUIICOBBII KaMeHb, Harpyska 1o marepuaiy cocraBisia 480 kr/d, ckopocTsk
BpamieHust poropa — 1450 o6/mun. [y obonx MarepuanoB yBeluueHHE BbICOTHI jionaTtok ot 0,04 mo 0,08 merpa
3HAYUTENBHO YIyUIIaeT KauecTBO IIOMOJA, YTO HM300pakeHO Ha pucyHKe 6. OmHaKo nanbHeimee yBEIMYCHUE
BBICOTHI Ha Ka4eCTBO IOMOJIAa CYIIECTBEHHOTO BIUSHHS HE OKa3bIBaeT. BIMsHUE BBICOTHI JIOTIATOK HAa KAadeCTBO
M3MENBPUCHHUS MaTepuaia mHpoBoAmiock mpu ee u3MeHeHmun oT 0,04 mo 0,12 M. B kadectBe m3MenpuaecMoro
Marepuasia UCIOJIb30BAINCh CUJIBBUHUT W THIICOBBI KaMeHb, Harpy3ka Mo Marepuany cocraBisuia 480 kr/d,
CKOpOCTb BpatieHus potopa 1450 o6/mun. [{ns oboux marepuaioB yBenuueHHe BbICOTHI Jionatok ot 0,04 mo 0,08
MeTpa 3HAYMTENBHO yIydIlaeT KauyecTBo nomoia. OJHAKO AajgbHEWIIee yBeJIMUEHHE BBHICOTH Ha KaueCTBO IOMOJia
CYIIECTBEHHOI'O BJIMSAHUA HE OKAa3bIBACT.

KoueBbie cioBa: ynapHOe HarpyxeHHe MaTepHaia, yJIapHO-LEHTPOOeKHas MeNIbHHLA, KPUTHYECKasi CKO-
POCTb Hayaja paspylieHus, ppaKkLnOHHBII COCTaB MeraHa, paclpeelieHne MacChl YacTHII.
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