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UDC 624.04

MECHANICAL PROPERTIES OF FIBER CONCRETE

M. Surianinov!, Yu. Krutii!, V. Osadchy?, V. Surianinov!, P. Konstantinov?
!Odesa State Academy of Civil Engineering and Architecture

Abstract: The article describes and analyzes the results of systematic experimental studies of the
strength of steel fiber concrete mixtures. Studies by domestic and foreign scientists show that steel
fiber concrete has physical and mechanical characteristics that are significantly better than those of
ordinary concrete. The bending and tensile strength increases, the shrinkage of the concrete mixture
decreases, which prevents delamination, destruction of the cement-sand layer, the formation of cracks
and chips. Impact resistance increases. There are quite a large number of publications in the world
about steel fiber and its properties. These works touch on many aspects related to the production and
use of steel fiber, including the choice of the composition of dispersed reinforced concrete. The
characteristics of steel fiber concrete depend on a number of factors. However, different authors
provide different quantitative estimates of their influence, so further research is needed.

In the process of work, the optimal characteristics of steel-fiber concrete mixtures were
determined, and then the cubic and prismatic strength of fiber concrete under short-term and long-term
loading was investigated. To solve these problems, 108 fiber concrete samples were tested: 54 with
short-term loading (27 cubes 100x100x100 mm and 27 prisms 100x100x400 mm) and 54 with long-
term loading (in the same proportion). At the same time, a batch of concrete samples of similar
quantitative composition was tested. Compression tests of cubes from the same manufactured batch
were carried out at the age of 28 days, and then at the age of 370 days. It was established that the
development of deformations under long-term loading can be conditionally divided into three stages.
At the first stage, accelerated deformation occurs. In the second stage, the deformation occurs at a
conditionally constant rate, i.e. the growth of deformations is carried out almost according to a linear
law. And in the third stage, the rate of growth of deformation almost approaches zero. Steel-fiber
concrete prisms, which were subjected to long-term loading for 370 days, increased their bearing
capacity, depending on the load level, by 30-50%.

Keywords: fiber reinforced concrete, long-term load, cubes, prisms, deformation

MEXAHIYHI BJIACTUBOCTI ®1IBPOBETOHY

Cyp’sininos M. I'.}, Kpyriii }O. C.}, Ocagunii B. C.}, Cyp’sininos B. M.},
Koncrantunos II. B.!
Y0o0ecvra oepacasna axademis bydieuymea ma apximexmypu

AHoTanisi: Y CTaTTi OMUCAHO Ta MPOAHATI30BAaHO PE3YNIBTATH CHCTEMHUX EKCIIePUMEHTAIbHUX
JOCIIKEHb MIITHOCTI cTanehiOpoOeTOHHUX CyMilIe.

JocmimkeHHs BITYM3HSHUX Ta 3apyODKHUX BYEHHX MOKa3ylTh, MO cranedibpobeTroH Mae
(hi3MKO-MeXaHIYHI XapaKTEePUCTHKH, SKi 3HAYHO Kpalli, HDK y 3BUYaHOTO OeToHy. 30iIbIIyeThCS
MIITHICTh Ha BUTHH Ta PO3TAT, 3MEHIITYETHCS ycaaKka OETOHHOI CyMillli, IO 3armobirae po3mapyBaHHIo,
pYHHYBaHHIO IIEMEHTHO-IIIIAHOTO IIapy, YTBOPEHHIO TpIMMH Ta CcKomiB. lligBuinyerbes
YIApOCTIHKICTb. Y CBITI iCHye JOCHUTH BeNHMKa KUIBKICTH MyOnikamiii mpo craneBy ¢ibpy Ta il
BJIACTUBOCTL. Y HHMX po0OTax MOpYLIyeThCs 0araTo acleKTiB, MOB'A3aHUX 3 BUPOOHHUITBOM Ta
BHKOPHCTAaHHSM cTajeBoi (iOpu, BKIIOYAlOYM BHOIp CKIIATy AHCIIEPCHO-apMOBAHOTO OETOHY.
XapakrepucTtuku cTanediopoOeToHy 3anexarts Bin HM3KH (akropiB. OgHaK pi3HI aBTOPH HAAAIOThH
Pi3H1 KUTBKICHI OLIIHKH iX BIUIMBY, TOMY HEOOXiZHI OAABIII JOCTiKEHHSI.

B npoueci pobGotu Oyno BH3HAUEHO ONTUMAIbHI XapaKTEPUCTHKH cTanediOpoOdeTOHHUX
cyMmillef, a TOTIM JochiDkeHo KyOiuHy Ta m[pu3MaTHUHy MinHicTh (ibpoOerony npu
KOPOTKOYaCHOMY Ta TPHUBAJIOMY HaBaHTa)KeHH1. JJ1s BUpilieHHs LuX 3aBIaHb Oyno BumpoOysano 108
3paskiB (iOpobOeToHy: 54 — 3 KOpOTKOYaCHHUM NpHUKIIAIaHHAM HaBaHTaxeHHs (27 kyoiB 100x100x100

M. Surianinov, Yu. Krutii, V. Osadchy, V. Surianinov, P. Konstantinov
https://doi.org/10.31650/2618-0650-2026-8-1-6-16 6
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MM Ta 27 npusm 100x100x400 Mmm) Ta 54 — 3 TpUBaIMM HAaBaHTaXXCHHSM (B Till caMill MPOIOPILii).
OpnowyacHo Oyino BUIpoOOyBaHO TMAapTil0 3pa3KiB OETOHY aHAJIOTIYHOTO KUTBKICHOTO —CKIIAZY.
BunpoOyBanHs1 KyOiB Ha CTUCK 3 Ti€l )k BUTOTOBJIEHOI MapTii NpoBOAWIKCS Y Billi 28 IHIB, a MOTIM Y
Bii 370 mHiB. BcraHoBneHo, MO pO3BUTOK JedopMamniidi MpH TPUBAJIOMY HABAHTAXKEHHI YMOBHO
MOXHa pO3IIMTH Ha Tpu cranili. Ha mepmiii cranii BimOyBaeTbesi mpuckopeHa nedopmamis. Ha
apyromy erami jgedopmaiis BiIOyBaeTbcs 3 yYMOBHO IIOCTIHOIO IIBHJAKICTIO, TOOTO 3pOCTaHHS
nedopmaliii 3MiHCHIOETHCS Maike 3a JTIHIHHUM 3aKOHOM. A Ha TPETHOMY €Talli MBUIKICT 3POCTAHHS
nedopmanii Maibke HaOmwkaerbess no Hyma. llpusmu 31 cranediOpoberoHy, sKi migmaBaiucs
TPHUBAJIOMY HaBaHTaKEHHIO mpoTsroM 370 AHIB, 30UIBIIMIM HECydy 3AaTHICTh, 3aJISKHO BiJ PiBHS
HaBaHTakeHHs, Ha 30-50%.

Krouosi ciioBa: ¢ibpoOeToH, TpuBalie HaBaHTAXEHHS, KyOu, IPU3MH, ieopMaltis.

M. Surianinov, Yu. Krutii, V. Osadchy, V. Surianinov, P. Konstantinov
https://doi.org/10.31650/2618-0650-2026-8-1-6-16 7
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1 INTRODUCTION

Research by domestic and foreign scientists shows that steel fiber concrete has physical
and mechanical characteristics that are significantly better than those of conventional concrete
[1-4]. the strength in bending and stretching increases, shrinkage of the concrete mixture
decreases, preventing delamination, destruction of the cement-sand layer, formation of cracks
and chips. impact resistance increases. fiber-concrete structures have been widely used abroad
for over a hundred years, and there is a positive experience of their effective use in domestic
construction [5]. the designs can be made with both fiber and combination reinforcement
when there is fiber and rod or wire reinforcement. the range of applications is very wide:
monolithic structures - roads, transfer of coverings, industrial floors, leveling floors, bridge
decks, irrigation channels, explosion-proof structures, dams, fireproof plaster, capacities for
water and other liquids, finishing of tunnels, spatial coverings and structures, repair of
monolithic structures of floors, roads, etc; prefabricated elements and structures - railway
sleepers, pipelines, beams, ladders, wall panels, roofing panels and tiles, floating dock
modules, offshore structures, explosion-proof structures, slabs of airfield, road, pavement and
channel fasteners, cornices, piles, heating elements, elements of spatial coverings and
structures, street accessories.

2 ANALYSIS OF LITERARY DATA AND RESOLVING THE PROBLEM

Many works are devoted to the strengthening of reinforced concrete beams. all of them
can be divided into experimental and theoretical, and the latter include analytical and
numerical methods for calculating reinforcements. the theoretical methods of calculation of
reinforcements are currently insufficiently developed. this is explained by the complexity of
the mathematical model of amplification, regardless of the method used. this fully applies to
beams reinforced with fiber concrete. in this regard, preference is given to numerical methods.
first of all, the finite element method (fem), because it is the only universal method, the
possibility of which is practically not limited. this explains the use of fem for numerical
analysis in all modern engineering calculation programs. implementation of the fem algorithm
is carried out using modern computer programs, such as ansys [1], abaqus [2], nastran [3],
etc., designed for numerical modeling and analysis of complex structures, including beams
with inclusions.

The article [4] discusses 3d modeling in ansys of the destruction of an element of a
structural reinforced concrete beam. the authors [5] show the use of the finite element method
for modeling damaged reinforced concrete beams. the corresponding numerical analysis was
carried out in abaqus using the concrete plasticity model. the article [6] considers the critical
parameters affecting the efficiency of fiber-reinforced polymer systems with an external
lateral connection based on the finite-element model developed by the authors. an interesting
work is presented by the authors of the article [7], where a multifactorial numerical
experiment was conducted using computer modeling in the ansys program.

Articles [8-10] are devoted to a similar problem. in [8], experimental data from four-
point bending of six reinforced concrete beams and the results of finite-element modeling
obtained using ansys are considered. [9] suggests using discrete fiber reinforcement for tunnel
finishing. the task is also modeled in ansys. the same authors in [10] investigate the ability of
fibers to control cracks by summarizing the results of more than ninety tensile tests of
reinforced concrete prisms, conducted with different sizes, reinforcement ratios, number of
fibers, and concrete strength. recent finite element models for predicting crack spacing in fiber
reinforced concrete composites are evaluated and critically discussed.
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3 PURPOSE AND TAKS OF THE STADY

The purpose of this work was to conduct systematic experimental studies of the strength
of steel fiber concrete. The tasks of the work consisted in determining the optimal
characteristics of the steel-fiber concrete mixture, followed by the study of the cubic and
prismatic strength of the fiber concrete at short and long loads.

4 BASIC RESULTS

Since fiber concrete is a composite material, two approaches are commonly used in the
study of its physical and mechanical properties, which are commonly used in the work of
composites — phenomenological and structural. In the first case, the material is regarded as a
certain isotropic system to which the methods of mechanics of a deformed solid are
applicable. In this case, the material characteristics are determined on the basis of laboratory
studies and tests using the methods of the theory of experiment planning and mathematical
statistics [17]. In the second case, structural analysis is used, which implies the expression of
the mechanical characteristics of the material through analogous indices of its components,
the coefficient of fiber reinforcement, the type and geometric dimensions of the fiber, etc.
[18].

In our country, the most widespread is structural approach to the study of the properties
of fiber concrete by analogy with reinforced concrete, which allows you to determine the
necessary strength and deformation characteristics based on the properties of the original
components. This approach is complex, depends on many factors, but it is also convenient in
solving the problems of optimal design of fibrous concrete structures.

The phenomenological approach has become widespread in Europe and America. World
experience in designing concrete structures shows that the application of the
phenomenological approach in determining the physical and mechanical properties of fiber
concrete allows the most efficient use of the material and the design of rational concrete
structures.

The experimental studies included two steps. The purpose of the first stage was to
determine the optimal characteristics of the steel fiber concrete mix. For this purpose, the
cubic strength of steel fiber concrete on samples of 100x100x100 mm was determined. The
percentage of dispersed reinforcement varied, which was 0.5%, 1.0%, 1.5%, as well as the
size of the fraction of large aggregate (crushed stone) — with the size of the fraction < 10 mm
in one series of tests and < 20 mm — in the second. At the same time, the cubic strength of
ordinary concrete at the same size of a large aggregate was determined. In total, 8 series of
tests were carried out on 9 samples in each, the general characteristics of which are given in
Table 1.

In the room where the samples were made and subsequently gained strength, the air
temperature met the requirements and was 15 ... 20 ° C.

Before preparing the mixture, the right components were selected and the forms were
prepared. For the production of samples used metal detachable molds. Before laying the
concrete mixture in the form of their inner surfaces were greased with a thin layer of oil.

First, the required amount of each of the components was proportionally determined, and
then the concrete mixture was prepared. For the first two series of experiments, a
conventional concrete mixture was prepared and molded. Then they made another the same
mixture, and it gradually "portions™ was introduced fiber, continuing mixing in the concrete
mixer until a uniform distribution of fiber in the mixture.
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Table 1
Summary table of the first stage of tests
Series No Material C_rushet_j stone Percent of fi_brous
dimension, [mm] reinforcement
1 Concrete <10 -
2 Concrete <20 -
3 Fibrous concrete <10 0.5
4 Fibrous concrete <10 1.0
5 Fibrous concrete <10 15
6 Fibrous concrete <20 0.5
7 Fibrous concrete <20 1.0
8 Fibrous concrete <20 15

After the formation of specimens of ordinary concrete and steel fiber, they were left
under normal conditions. After 5 days, the samples were removed from the forms, labeled,
and stored for 28 days from the time of formation under normal conditions. After storage, the
finished specimens were inspected (they should have the correct geometric shape and parallel
faces), measured and prepared for testing.

The processing of the results of the first stage of the tests showed that the optimum
characteristics of the steel-concrete mixture is a matrix with a large filler of 10 mm (the cubic
strength was much higher than the size of the crushed stone 20 mm, in all series of
experiments) at 1.0% fibrous reinforcement, since at a higher percentage of fiber
reinforcement increased cubic strength was insignificant. This composition was accepted for
the second stage of testing.

In all the experiments used cement grade 400 and washed river sand. The water-cement
ratio is 0.449. For disperse reinforcement, bent-end fiber made from high-strength wire with a
temporary resistance of 1335 MPa was used. The main characteristics of fiber are given in
Table 2.

The fiber used is manufactured by Stalkanat-Silur Production Association (Ukraine) in
accordance with European standard EN14889-1: 2006 [19]. It is the most common type of
fiber, easy to handle, not prone to the formation of "hedgehogs”, holds well in concrete.

The objectives of the experimental studies in the second stage were:

« determination of cubic and prism strength;

* study the nature of , change along time;

* elasticity modulus and deformation modulus determination.

To solve these problems, 108 specimens of fiber concrete were tested: 54 — with a short-
term load application (27 cubes 100x100x100 mm and 27 prisms 100x100x400 mm) and 54
— with a long load (in the same proportion). A batch of concrete samples similar in
quantitative composition was tested at the same time.

Table 2
Main fiber properties
. Length, | Diameter,
Mark Description [mm] [mm] o,,[MPa] | E,[MPa] Y2
HE50 Wire chopped fiber 50 1.0 1335 200000 0.3

Cubes of concrete and fiber concrete were subjected to destruction by compression in a
test facility with a loading rate, which provides an increase in the design stress in the sample
before its complete destruction. The press was used as the test unit (figure 1). The cubes were
set strictly in the center of the plate of the press. They turned on the equipment and gradually
loaded the samples before their destruction. Tests of specimen cubes for compression from
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the same manufactured batch were performed at the age of 28 days, and then — at the age of
370 days. In this case, the cubic strength of ordinary concrete during the observation
increased by 3.5 MPa, which is 11.3%. Fiber concrete strength increased by 10.1 MPa over
the same period, ie by 31%. And if, by the time of the set of branded concrete strength, the
strength of fiber concrete was only 4.7% higher than the strength of ordinary concrete, then
almost a year later this difference increased to 24%.

Fig. 1. Examples of tests

It should be noted that all without exception samples that have been under the influence
of continuous load for a year have increased their load capacity. The higher the level of long
load, the more compacted the concrete, and, of course, the higher its durability. Samples
loaded to 0.8 (from cubic or prism strength respectively) for 370 days increase their load
capacity by 40.5%. At the same time, in the sample loaded to 0.3 the long-term strength
increased by 18.3%.

When testing concrete prisms with dimensions of 100 x 100 x 400 mm, twin specimens
were combined into groups and series. Samples of each group were made in one step. Prisms
(like cubes) were concreted in metal cassette formwork. The concrete mixture was made in a
free fall concrete mixer. The formulation was further mixed manually for greater uniformity
prior to formworking. Prior to the experimental studies, the samples were stored at a
temperature of 18-240C. Before testing the side faces, the prisms were glued on to mount
clock-type indicators.

The method of short-term and long-term testing of samples was made taking into account
the recommendations of normative documents for testing concrete.

Determination of the modulus of elasticity and prism strength was preceded by centering
the samples from the physical center by applying test loads that cause stresses up to 0.2 of the
prism strength. The centering sought to ensure that the deformations along the four faces of
the specimen were approximately the same and almost completely reversible. The workload
was carried out in steps of 0.1 from prism strength. At each load stage, deformations were
measured. The maximum force perceived by the sample prior to fracture was taken as the
value of the destructive load. Continuous loading of the samples was carried out in power
stands, consisting of 4 metal rods with a diameter of 46 mm, to which rigid load plates (4
pieces) were attached by means of threaded connections at certain levels. In order to maintain
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the load during long-term tests at a given level, the transfer of forces from the hydraulic jack
to the studied prisms was carried out through a power unit consisting of 4 springs and 2 load
plates. The power of each spring is 100 kN.

All forces made by the power unit are balanced within the upper and lower load plates.
From the installation to the foundation is transferred only its own weight and a possible
dynamic impact during the fragile destruction of the prisms. Prior to loading, each spring
cartridge is calibrated using a sample dynamometer (500 kN) mounted at the location of the
experimental sample. The load during the experiment was maintained at the required level
and controlled by deformation of the spring block and the pressure gauge of the pumping
station.

On the height of the installation in one power line, that is, in 2 floors, there were 2
samples: one of ordinary concrete, and the other - of steel fiber. Thus, throughout the
experiment (370 days), the mode and load level for both samples were exactly the same
(figure 2).
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Fig. 2. Long-time tests results
5 DISCUSSION OF THE RESULTS OF THE STUDY

To determine the bearing capacity, as well as to compare the results of short-term and
long-term loading, in each group of samples 3 prisms were brought to destruction by short-
term load on the hydraulic press. Five prisms of each concrete composition were loaded with
a long load in the power stands and 4 prisms of each group were stored until the end of the
experiment to determine the corresponding prism strength. As a result of short-term testing, it
was found that the prism strength of ordinary concrete was 235 kN and that of steel fiber
concrete was 252 kN.

To cover the entire operational spectrum of the stress state of real reinforced concrete
elements, levels of 0.3 were assumed as continuous load levels; 0.4; 0.5; 0.67 and 0.8 from
short-term destructive loading. In figure 2 presents the results of long tests for three levels -
0.3; 0.5 and 0.8. The solid lines show the deformation of the concrete, and the dashed lines
show the steel concrete. The creep deformation of steel fiber is on average 20% lower than
that of concrete.

6 CONCLUSIONS

The optimal characteristics of the steel fiber concrete mixture is a matrix with a large

M. Surianinov, Yu. Krutii, V. Osadchy, V. Surianinov, P. Konstantinov
https://doi.org/10.31650/2618-0650-2026-8-1-6-16 12




MexaHika Ta MaremMaTHuHi meromu / | 1 VI11/1/2026
Mechanics and mathematical methods E A Crop. 6-16 / Page 6-16

filler of 10 mm at 1.0% fiber reinforcement, since at a higher percentage of fiber
reinforcement the increase in cubic strength was insignificant.

Before the destruction of cubic specimens of steel fiber concrete, cracks along the axis of
action of the short-term compressive load were observed. The destruction of specimens of
steel fiber concrete with 0.5% of disperse reinforcement and ordinary concrete was fragile,
while in the case of reinforcement of 1.0% and 1.5% brittle fracture was not observed.

The development of deformations under prolonged loading can be conditionally divided
into 3 stages. In the first stage there is an accelerated deformation. The deformations that
occurred during this period make up almost 75% of the total deformations during the whole
observation period. In the second stage of deformation occurs at a relatively constant rate, ie,
the deformation increase is carried out practically according to a linear law. At a load level of
0.3 R stable linear part begins after 35-40 days, for the level of 0.8 - after 65-70 days. The
deformations appeared at this stage make up 20-23% of their total size. And finally, in the
third stage, the growth rate of deformation is almost approaching zero. The deformation
change graph is almost parallel to the horizontal axis.

Prisms made of steel fiber concrete, which have been in operation for 370 days under the
influence of prolonged loading, have increased the load-bearing capacity, depending on the
load level, by 30-50%. The higher the load level, the higher the durability. When reloading to
the destruction of deformation of steel-fiber prisms changed according to linear law. This is
explained by the fact that in the process of three-stage loading was elongated transient creep
of concrete.
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VJIK 531.381

EBOJIIOIIA PYXY I'TPOCTATA 3 PYXOMOIO MACOIO IILJ
AI€I0 KEPYIOUYOI'O MOMEHTY

Jlemenxko JI. JI.}, Kozauenxo T. 0.}, Jlykamesa I0. M.}
Y00ecvra oepacasna axademis 6ydisnuymea ma apximexmypu

AHoTanis: 3amava JOCTIHKSHHS PyXy TBEPAOro Tila BIIHOCHO HEPYXOMOI TOYKH HAJIGKUTh JI0
(dyHIaMEHTaIbHUX TMPOOJEeM KIACHMYHOI MEXaHIKH 1 BIPOJOBXK TPUBAIOrO0 4Yacy 3aJIUIIA€ThCS
MPEAMETOM IHTEHCHBHUX TEOPETUYHUX Ta MPUKIATHUX TOCHiIKeHb. JlOCTHiKeHHs! pyXy CYITyTHHKIB
HABKOJIO IIEHTPa Mac BaXKIIMBO JUIS CTBOPEHHS CUCTEM YIPAaBIiHHS Opi€HTali€ro0, ctabimizamnii pyxy i
JUISl PO3B’SI3yBaHHs MPAKTHYHKUX 3a]a4 KocMOHABTHKH. KocMidaMi Kopabenb abo CYylyTHUK B CBOEMY
pYCi BiTHOCHO LIEHTpa Mac 3a3HA€ BIJIMB MOMEHTIB CHJI Pi3HOI (i3uuHOi nmpupoau. Jlo HUX HaJlexKaTh
SK 30BHIIIHI 30ypeHHs, Tak i BHYTPIIIHI MOMEHTH, 3yMOBJICHI IEpepo3MOALIOM Mac ycepeauHi
KOHCTpYKIIii. 30KpeMa, iCTOTHHI BIUIMB MAalOThb POTOPH, MAaxXOBHKH, TiPOCKOIIYHI MPHCTPOI, IO
(GOpMYIOTh JTOJATKOBUH KIHETHYHHI MOMEHT, a TaKOX IEPEeMIlICHHS WICHIB eKiNaxy Yy BHIIAJKY
MJIOTOBAHOTO arnapary, 0 MPU3BOIUTH 10 3MIHM XapaKTEepUCTHK cucTeMu. L{i pyxu MoxyTh OyTH
TAaKOXX 3YMOBJICHI HAsBHICTIO PIIMHU B TOPOXXHHHAX, PO3TAIIOBAHWMX B TUT (HANPHKIAMA, PiIKOro
najrBa abo OKHMC/IIOBaya B 0aKkax paker).

Posrisimaerbes kepoBaHUH pyx B CEPEIOBUINI 3 OMOPOM JHHAMIYHO CHMETPUYHOTO TBEPIOTO
Tia BiJTHOCHO IEHTpa Mac, KOJNU TUIO MICTHUTh MOPOXXKHWHY 3 DIJHHOI BEIUKOI B’S3KOCTI Ta
B’S3KOMPYXHHUHM eneMeHT. Taka IMOCTaHOBKa 3ajadi JIO3BOJISE BpaxyBaTH KOMIUIEKCHUN BIUIMB
TUCUTIATUBHUX YMHHUKIB 1 BHYTPINTHIX TEPEMIIIEHb MacH Ha €BOJIIOINIO PyXy CUCTEMHU. Y pe3yNbTari
MIPOBENCHUX OCITIHKEHh OTPUMAHO SK KUIBKICHI, TaK 1 SKICHI XapaKTEPUCTHKH KEPOBAHOTO PYXy
TUHAMIYHO CHMETPHYHOIO Tila 3 pPyXOMOW Macoro. Po3B'SI30K piBHSHHSA IS KyTa HyTaIii
MPEJCTaBIIEHO B AaHANITHYHOMY BHIJIAMl, a TaKOK BH3HAYEHO 3alIeKHICTh MDK OCBOBOIO Ta
€KBATOPIAIPHOI0O KOMITOHEHTAMH BEKTOpa KyTOBOI MIBHUIKOCTI ripocrarta. IIpoBemeHO dYHCeNbHE
IHTErpyBaHHS CUCTEMH PIBHSHB pyXy TBepaoro Tina. I'padidai 300pakeHHs po3B’sA3KiB IIPeICTaBICH]
Ta obroBopeHi. CTaTTs MOXe PO3TIAAATHACA K PO3BUTOK IMOMEPEAHIX 3a7ad MPO PyX TBEPAOTO Tiia
MiJ TIEF0 MaJIiX MOMEHTIB (TIOPOXKHHHH, SIKa 3aIIOBHEHA PIAMHOIO BEWKOI B’SI3KOCTI, PyXOMOi MacH,
CTaIMX MOMEHTIB B 3B’si3aHUX 3 TUIOM ocsx). CTaTTd BHOCHUTH BKIIAJ B PO3B’SA3aHHS 3a7ad PyXy
KOCMIYHUX KOpaOiiB 1 pyXy WieHIB eKilmaxkiB BiTHOCHO IuX TuUI. OnmepaHi pe3yabTaTH BaXKIHBI IPH
YIpaBIiHHI 32 IOTIOMOTOI0 PYXOMHUX Mac Ta ISl pyXiB 00epTOBUX CHAPSIIB.

KurouoBi cjioBa: ripocraT, MopoKHWHA, B’ SA3Ka PifFiHA, pyXOMa Maca.

EVOLUTION OF MOTION OF A GYROSTAT WITH A MOVING
MASS UNDER THE ACTION OF ACONTROL MOMENT

D. Leshchenko!, T. Kozachenko!, Yu. Lukasheva!
'Odesa State Academy of Civil Engineering and Architecture

Abstract: The problem of studying the motion of a rigid body relative to a fixed point is one of
the fundamental problems of classical mechanics and has long been the subject of intensive theoretical
and applied research. The study of motion of satellites about its center of mass is important for the
creation of orientation control systems, motion stabilization, and for solving practical problems in
cosmonautics. A spacecraft or satellite in its motion relative to the center of mass is influenced by
moments of forces of different physical nature. These include both external disturbances and internal
moments caused by the redistribution of mass within the structure. In particular, rotors, flywheels, and
gyroscopic devices that generate additional kinetic momentum have a significant impact, as does the
movement of crew members in the case of a manned spacecraft, which leads to a change in the

Jlemenko M. /., Kozauenko T. O., JIykamesa 0. M.
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characteristics of the system. These movements can also be caused by the presence of liquid in cavities
located in the body (for example, liquid fuel or oxidizer in rocket tanks).

Controlled motion of a dynamically symmetric rigid body relative to the center of mass is
considered when the body contains a cavity with a high-viscosity liquid and a viscoelastic element.
This formulation of the problem allows us to take into account the complex influence of dissipative
factors and internal mass displacements on the evolution of the system's motion. As a result of the
research, both quantitative and qualitative characteristics of the controlled motion of a dynamically
symmetric body with a moving mass were obtained. The solution of the equation for the nutation
angle is presented in analytical form, and the dependence between the axial and equatorial components
of the angular velocity vector of the gyroscope is determined. Numerical integration of the system of
equations of motion of a rigid body is performed. Graphical representations of the solutions are
presented and discussed. The article can be considered as a development of previous problems on the
motion of a rigid body under the action of small moments (a cavity filled with a highly viscous fluid, a
moving mass, constant moments in the axes connected to the body). The article contributes to solving
problems of spacecraft motion and the motion of crew members relative to these bodies. The results
obtained are important for control using moving masses and for the motion of rotating projectiles.

Keywords: rigid body, cavity, viscous fluid, movable mass.
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1 BCTYIl

[Ipobnemu TUHAMIKK TBEPAMX TUT i3 MOPOKHUHAMH, 3alIOBHEHUMH PIAWHOIO, HAIEXKaTh
70 KIACHYHUX 3aJad MEXaHIKW, OCKUIBKM IMOE€THYIOTh y €001 CKIaJHy B3a€EMOIII0
00epTaTLHOTO PyXy TBEPJOTO TiIa Ta BHYTPINIHIX TAPOAMHAMIYHHUX MpoteciB. JlocimimkeHHs
TaKUX CHCTEM Ma€ TPUBAITY ICTOPIIO Ta MOB’si3aHE 3 PO3BUTKOM TEOPii TiPOCKOIIB, MEXaHIKH
CYNYTHUKIB 1 3a/1a4 CTIMKOCTI 00epTanHs. HasBHICTh piIMHU B MOPOXKHHUHI ICTOTHO BIUIMBAE
Ha XapakTep pyXy, 3YMOBIIOIOYHM BHYTPINIHIO JUCHTIAIII0 CHEPrii, Ta BUHUKHCHHS
JIOJaTKOBUX 30ypIOIOYMX MOMEHTIB, IO YCKJIAJHIOE MaTeMaTHYHHUA Omuc 1 morpelye
3aCTOCYBaHHS CIEIIAJIbHUX aHATITHYHUX 1 ACHMITOTHYHUX METOJIIB JTOCIIPKCHHSI.

2 AHAJII3 JIITEPATYPHUX JAHUX TA TIOCTAHOBKA ITPOBJIEMH

3HauHa KUIbKICTh HAYKOBUX Ipallb MPUCBSIUYEHA JOCIIIPKEHHIO PI3HOMAHITHUX acCIEKTIB
JUHAMIKM KOCMIYHMX arapariB 13 BHYTPILIHIMM PYXOMHUMH MacaMH, 30KpeMa MUTaHHIM
CTIMKOCT1 OoOepTaHHs, JAeMII(pyBaHHS KOJIMBaHb, KEPYBaHHS KyTOBUM pPYXOM Ta BIUIMBY
nucunatuBHUX ¢akropiB. IIpore mpoOnema CyMiCHOTO BpaxyBaHHS BHYTPIIIHIX PYXOMHUX
€JIEMEHTIB 1 HOPO’KHUHU 3 B’S3KOI0 PIIMHOIO 3AJIUIIAETHCS aKTyalbHOI, 0COOIMBO B YMOBax
TPUBAJIOi €KCIUTyaTallli KOCMIYHHUX CHCTEM, J€ HaBiThb Majii 30ypeHHS MOXYTh ICTOTHO
BIUIMBATH HA €BOJIIOIIIO PYXY.

VY pob6oti [1] mochimkeHO CYMICHUM BIUIMB PIIMHU BEIHMKOi B’SI3KOCTI B MOPOXKHHHI
TBEpPAOrO Tila Ta PYXOMOi MacH, 3 €JHaHO1 3 TUIOM MPY)KHUM 3B’S3KOM 13 B’SI3KUM TEPTAM
a00 KBAJpPaTUYHOIO JTUCHIIAIIEI0, HA PYX IWHAMIYHO CHMETPUYHOro Tima. Y mpari [2]
BHBYECHO PyX Y CEPEJOBHII 3 OMTOPOM OIM3BKOTO 10 TUHAMIYHO C(HEPUIHOTO TBEPAOTO Tija 3
MMOPOYKHUHOIO, 3aITIOBHEHOIO B’SI3KOI0 PIAMHOIO, MPU Malux yuciax PeitHonbaca. ¥ crarti [3]
PO3IIIAIA€TbCA MOXIIMBICTh JeMI(yBaHHS HYTALUIHHUX KOJIMBaHb 3a JOMNOMOIOI0 B’SI3KOi
PIOVHY, SKa 3aTIOBHIOE TIOPOKHUHU B POTOP1 00 B paMKax TipOoCKoTIa.

Orusin JOCTiKEeHb, MPUCBIUYCHUX OOCPTaHHIO TBEPJIOTO TUIAa 3 PYXOMHMH BHYTPIIIHIMHU
MacaMmu, HaBeZieHo B poOoTax [4—10]. 3okpema, y moHorpadii [5] mpoaHaai30BaHO BILUIWB
BHYTPIIIHBOI MPYXHOCT1 Ta JMCHIIALl Ha PyX CYINyTHHKa BiTHOCHO IeHTpa Mac. Y [7]
METO/IOM YCEpPEAHEHHS OTPUMAHO HAOIMKeHMH pO3B’S30K 3ajadl Ipo pyX y CepeloBHUII 3
OmnopoM OJHM3BKOTO JI0 AUHAMIYHO CEpUYHOTO TBEPAOIO Tila 3 B’SI3KOMPYKHUM €JIEMEHTOM.
VY poborTi [8] mociimkeHo pyX JTUHAMIYHO CHMETPUYHOTO TBEPAOIO TiIa 3 PyXOMOK Macolo,
3’€JHAHOIO 3 TUIOM MPY)KHUM 3B’S3KOM, 32 HasABHOCTI B’si3koro TepTs. B [9] 3a gomomororo
METO/Ia YCEepeJHEHHsS OJEp)KaHO HaONMKEHUI pPO3B’A30K 3aqadl Mpo pyx AUHAMIYHO
CUMETPUYHOTO TBEPOIO Tia 3 B A3KOMPYKHUM €IEMEHTOM I II€I0 MOCTIHHOTO MOMEHTY B
3B’si3aHUX 3 TUIOM ocsax. B crarti [10] mpoBeaeHe acCUMOTOTUYHE PO3B’SI3yBaHHSI CUCTEMU
piBusiHb Eiinepa 3 nomaTkoBumMu 30ypIOIOYMMHM MOMEHTaMM CHJI JJisi OJU3BKOTO 10
OUHAMIYHO C(EpUYHOrOo TBEPAOTO Tila 3 B’SA3KONPY)KHUM €JIEMEHTOM IIpU HasBHOCTI
B’SI3KOTO TEPTH.

Oxpemi BUMAJKU IHTETPyBaHHS PIBHAHb PYXYy TBEPIOTO Tia B CEPEIOBUIII 3 OMOPOM
po3risiHyTo B poboTax [11-13]. V [14] nocnimpkeno 30ypeHuit pyx KOCMIYHOTO anapata, 1o
o0OepraeTbcsi, Ha KPYroBil oOpOITI Mmig Ji€0 MaJOro aepoAMHAMIYHOTO MOMEHTY,
MIPOMOPLIAHOTO KYTOBIN mBHAKOCTI Tina. B [15] oaepikani yMOBH aCHMOTOTUYHOI CTIKOCTI
PIBHOMIPHOTO 00epTaHHS HECUMETPUYHOTO TBEPJIOTO TLIA y CEPEAOBUILLL 3 OTIOPOM

B po6oti [16] mpoaHani3oBaHO CyKYNHHUIl BIUIMB B'SI3KO1 PIIMHM Ta PyXOMOi Macu Ha
oOepranbHuil pyx Tina. [lokazaHo, 1110 32 HassBHOCTI BHYTPIIIHBOTO PO3CIIOBaHHS €HEprii pyx
CHCTEMH 3 4acOM HAOJIKAEThCA 10 CTALlIOHAPHOTO OOEpTaHHS HABKOJIO OCI HAaHOLIBIIOTO
MOMEHTY IHEepIIil.

VY mpaui [17] nocnimkeHo oOepTadbHUIA PyX CYIYTHHMKA 3 TOPOXHHUHOIO, 3alIOBHEHOIO
B’SI3KOI0 PIAMHOIO, i Ji€0 30ypIOI0YMX MOMEHTIB. 32 YMOBU OOMEXKEHHX 3HAueHb 4HCIa
PeiiHonb/ica BBOJMTHCS Maiuil mapameTp, L0 Ja€ 3MOTY 3aCTOCOBYBATH ACUMOTOTHYHI
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MeTo M JociipkeHHs. B po6ori [ 18] npencraBneni aHamiTHYHI Ta YMCENbHI PE3yabTaTh IS
TBEPIUX T 3 B’SI3KOI0 PIANHOIO.

TakuM 4WHOM, aHAJI3 HABEIECHUX Npallb CBIIYUTH MPO 3HAYHHUH iHTEpeC M0 MpoOiieMu
JMHAMIKU TBEPAMX TUI i3 BHYTPIIIHIMU PYXOMHMHU €JIIEMEHTaMU Ta PIANHOIO B MOPOKHHUHAX.
[Tepepo3momin Mac ycepeluHi amapaTa MOKE BHKOPHUCTOBYBATHCS SIK 3aci0 KepyBaHHS
OpIEHTAIli€}0, OJHAK BOJHOYAC CTBOPIOE JIOJIATKOBI JAWHAMIuHI e(eKTH, sKi MmoTpeOyroTh
JETATLHOTO TEOPETUYHOTO aHATI3Yy.

PosrnsiHemMo o6epTanbHU pyX AWHAMIYHO CHMETPUYHOTO TiJia BiIHOCHO LIEHTpa Mac 3a
HAsBHOCTI IOPOYKHUHM, 3aIIOBHEHOIO B’S3KOI0 PIJMHOIO, @ TAaKOXK PyXOMOI MacH, 3’€JIHaHOI
B’SI3KONPYKHUM JeMII)epoM 3 TOYKOK Ha oci cumerpii (B HemedopmoBaHomy ctani) [1].
Kpim TOro, B Mozeni BpaxoBYeTbCs sl KEPYHOUOTO MOMEHTY, SIKUM BigoOpaxkae edextu
BHYTPIIIHBOI JUCHIIALII] TA BIJIUBAE HA XapaKTEP €BOJIIOLII 00epTaIbHOTO PyXy CUCTEMH.

HabnuxeHna cuctema piBHSIHb pyXy TUla B MPOEKIISIX HA TOJIOBHI LIEHTPAJIbHI OC1 1HEpIil
Mae Bursz [ 1]

Ap+(C—A)gr=yC(A-C)pr? + ﬂAF: C(A-C)pr? +Lgr + Spr*,
|4

Ag+(A-C)pr=yC(A-C)ar? +—ﬂ; C(A-C)pr?—Lpr +Sqr?, (1)
1%
Cr=yA(C-Ar(p*+9°)+ —ﬁi (C-AFr(p*+9°)-Ac'sr’(p*+qg.
1%

ne P, ¢, r — mpoekili abCcoMOTHOI KYTOBOI IMIBUIKOCTI () Ha TOJOBHI IEHTPaJbHI OCI
inepuii, J =diag(A, A,C) — TeH3op iHepiii He30ypeHOro Tia, y — MOJATHUH KOe(illieHT

KepyBaHHs, [ — ryctuna pinmHu. TeH30p H P,JH 3QJICKUTH BiJl (OPMHU TIOPOKHUHHU Ta Mae

urisag P. =P

2 i» e 0; — cumBon Kpouekepa, P >0 ckamspHuil KoedilieHT, y BUIAIKY

chepruHOi MOpOKHMHM paziyca b 3mauenns P =8zb’ /525 [1, 2], v — kiHemaTuunwuii
koediienT B’s3kocTi pimman (v =1/Re>>1). Ilpunyckaerbcs, 1mo uucio PeliHonbaca €
noctatHeo MamuMm: Re<<1 [1, 2], a omke v ' <<1. Bymemo BBaxaTu, mo 6e3po3MipHHUIA
nmapameTp vi~¢.

Koediientn L, S xapakrepusyroTh 30yprOOYi MOMEHTH CHJI, 3yMOBJIEHI HasSBHICTIO

B’SI3KOMPYKHOTO €JIEMEHTa, 1 BU3HAYAIOTHCS Yepe3 MapaMeTpu MEXaHIYHOT CHUCTEMHU TaKUM
yuHOM [1]:

L=mp’ Q?AC(A*p® + A%q° +C*r?),

2 343 » (2)
S =mp’AQ~*C*(A-C)A

e M — mMaca pyxoMoi TOYKH, Q0 — BiJICTaHb BiJ IIEHTpa Mac HeIePOPMOBAHOI CHCTEMHU
JI0 TOYKHU KPIIJICHHS, SIKa 3HAXOUThCS, 3a TPUITYIICHHIM, Ha OCi JMHAMIYHOT CUMETPIi IbOTO
tina. Crami Q? =C/ M, A =45/M BHU3HAYalOTh YacTOTY KOJIMBAHb I IIBHJIKICTH iX 3racaHHs
BIJIMOBIJTHO; C— YKOPCTKICTh (KOE(IIIEHT MPYXKHOCTI), & — KoedilieHT B A3K0OCTI AeMidepa.
3pobuMo neski npumyieHHs oo koedirientie Q, A4 [1]:

Q% >> Ao >> o’ 3)

HepiBHocTi (3) 103BOJISAIIOTE 3HEXTYBATH JIUISHKAMM BUIBHUX KOJHMBaHb PYXiB MacH, fKi
00yMOBJIEHI TOYATKOBUMHU BIIXWJICHHSMHU BHACTIJOK iX IIBUIKOTO 3racaHHs, Ta BpaxyBaTH
BHUMYIIEH]I KBa3iCTAI[IOHApHI PYXH, BHUKIMKaHI oOepTaHHsAM Tina. 3rigHo A0 ymoBH (3)

2 4 2 4
Q°, AQ™ e manumu nmapamerpamu, Takumu mo Q° ~¢g, AQ7 ~¢.
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3 HIJIb TA 3AJAYI JOCJIIKEHHSA

JloBeneMo icHyBaHHs mepiioro inrerpaia cucremu (1). st 1iboro moMHOKHUMO KOKHE 3
TpboX piBHSAHb cuctemu (1) BiamoBimno Ha Ap, Ag, Cr Ta mpocymyeMo OTpHUMaHi

CHIBBiIHOIIEHHS. Y pe3ynbTaTi MaeMo, IO MOXiAHA BiJ KIHETHYHOTO MOMEHTY JOPIBHIOE
HYJIIO, @ OTXKE, KIHETHYHHI MOMEHT € CTaJIUM:

G® = A’(p*+g°)+C?r? =const (4)

[Nepmmii iHTerpan (4) BUpaxae CTANICTh Y PO3TISTHYTOMY HaOIMKEHHI MOJIYJIS BEKTOpa
KIHETHYHOTO MOMEHTY TBEPJIOTO TiJia i3 3aTBEpALIOI0 piIMHOIO BimHOCHO Touku O.

OO0uucrorYH MOXIHY 3a YacoM Bij KIHETHYHOT eHeprii H = O.S[Az(p2 +0%) + C2r2] :

3 ypaxyBaHHAM piBHSHB (1), oTpuMyeMO:

H=r?(p*+q*)(A-C)’ [—}/ —r’'mp’AQ*C°A™ - %} <0 (5)

[ToximHa Big'eMHa, OTXKE KIHETHMYHA €HEPrig 3MEHINYeThCs (cmagae). 3a YMOBH
BUKOHaHHA (4) Ta (5), BBeAeMo KyTu 6, @, 10 BHU3HAYAIOTh OPIEHTAIII0 BEKTOpa

KIHETUYHOTO MOMEHTY BIJTHOCHO TBEPJOTO TLIa 3T1THO 3 PIBHOCTSIMHU:
Ap =Gsindcosp, Aq=Gsindsing, Cr =Gcoso, (6)
ne 0 — KyT HyTalli, ¢ — KyT BJaCHOTO oOepTaHHSI.
[lepeiinemo B piBHsHHX (1) 10 3MiHHUX €, ¢, BpaxoBytouu ctanicte G . Po3p'a3yroun

OTpPHUMaHi PIBHSHHS BIIHOCHO MOXiAHUX 6, @, OTPUMAEMO:

9:%(1+ac0320)sin2¢9, @ = £c0s0, (7)
e
G G? ﬂP) G
=S >_ y=(A-CO)|y+ 2| e=(Cc-A-L 8
a=S— X ( )Ac(y A 5 AC( ) (8)

Bemumunan  «, y, £ MawTh pPO3MIPHOCTI KYTOBOi MIBHAKOCTI 1 3aJUIIAIOTHCS
MOCTIHHUMHU it yac pyxy. [Hrerpyroun nepiue pisasaus (7) 3a nouarkosux ymos O(t) =6,
OTPUMAEMO:

@+ Zsec? O)(tg20)”"* = (1+sec? 6,)(tg%8,)"* exp[2 L+ Z)t] (9)
o (04

Bupas (9) BuzHauae B HesiBHIN QopMi 3aleXHICTh KyTa HyTauii @ Big t. 3HaK BeIHMYWHU
y 3anexuth Bin piHuIi (A—C). Cucrema (7) po3B’sizaHa YHCEIBHO 3a JOMOMOTOIO

MaTeMaTHYHOTO makeTa Maple.
3acTocyemo Ii1e OJIUH MiIXia 70 po3B’sa3Ky cuctemu (1).

Hpu npunymennsix Q720 g, AQ* ~g, v'i~g, y~¢, Gynemo BBaxaru &=0, Toxi

cucrema (1) interpyerscs. B mpomy Bumanky, mpu Iy #0, 3minai P, ( 3IiliCHIOIOTH

TapMOHIUHI KOJIUBAHHSI, YaCTOTa SIKUX |(C—A)r0 3anexxuTh Big [y. Po3p’s30k cuctemu (1)

MIPU [IUX TPUNYIIEHHAX Mae BUrIsi [19]

p=acose, q=asing, r=r, (10)
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3actrocyemo (10) sk Qopmynm  mepeTBOpeHHS 0 3MIHHMX @, I, e
a’=p°+9°a>0, p=r(C—A)A't. Jludepenmiroroun a’=p>+q> Maemo, MO
a= pcose+(qsing . IlincraBumo B 1ieit Bupa3 P i ( 3 mepmux ABox piBHAHB (1), onepxani

pIBHSHHS Ui @ 1 ' MaroTh BUIIISA] (Kpamka — MmoXijHa 1o vacy t):

a=A"'Cur’a+A’'Sr'a, r=-C'Aura®—AC7Sr’a’ (11)

nie ﬂ=(A—C)(7+ ﬂp)-

VA?
3niicCHMBIIM ~ HM3KY  ajreOpaidyHMX  TEepeTBOPEHb Ta  BUKOHABIIM  3aMiHY
3MiHHEX X = @°, Y = I, npuBenemo pisHAHHSA (11) 10 eKBiBaJIEHTHOT CHCTEMH BUITIALY:
X = 2xyA™C(u + C'Sy),
y = —2xyAC " (u+C'Sy).

[lepure piBHsSHHS cuctemu (12) po3nuiMM Ha Jpyre, OTPUMAEMO PIBHSHHS, PO3B’A30K
SIKOTO BKa3y€ Ha 3aJICKHICTh MK 3MIHHUMH X Ta Y !

12)

dx C? C?

6w = e XO=x YO=y, 13

OtpumMaHuil po3B’S30K Ma€ JIHIMHUNA XapakTep 1 OJHO3HAYHO 3aJa€ThCs MOYATKOBUMU
yMoBaMH Ta ciBBinHOmenHam C2/ A% .

4  PE3YJbBTATHU JOCJIIKEHb

B maremarnunomy maketi Maple, 3 3actocyBanusm metoma Pyrre-Kyrru-®ennbepra
I1’SITOTO MOPSAKY TOYHOCTI, 3HAWIEHO YUCEeNbHUI po3B 130K cucteM (7) 1 (12) 3a moyaTkoBUX
ymoB 6(0)=7/4, ¢(0)=0, x(0)=1 y(0)=1 ta npu neBHUX 3HAYCHHSIX mapameTpis L =1;
m=1 A=9, Q=3, P,=048, v=1000, p=1260, y=0.01; 0.625; ekBaropiasbHOTO
A=1;1.2;1.5; taocsoBoro C =1; 1.2; 1.5; momeHTIB iHepirii.

I'padiune 300paskeHHS 3MIHM KyTa HYyTaIlll IPU BKa3aHUX IMapameTpax MpeACTaBICHO Ha
puc. 1, 2. Ha puc. 3,4 306paxkeno rpadiku 3MiHM BemmumH X=a’ i Yy =r° KBaapariB
€KBaTOPiaIbHOI Ta OCHOBOI KOMIOHEHT KyTOBO1 HIBUIKOCTI TBEpIOTO Tina y Bumaaky A>C
IIPH BKa3aHMX IMapaMeTpax.

6(1)
1.501

taa

0.785 % - .
0 10 i 20 30

Puc. 1. 'padiku kyra vyramii €:1- C=1 A=12, y=0.0%
2-C=1 A=15 y=00; 3-C=1 A=15 y=0.625.
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0.3
B(t)

0.67

0.4

0.2
2 -l

0
{10 20

Puc. 2. I'padiku kyra Hyramii §:1- C=12, A=1 »=0.0%
2-C=15 A=1 y=00L 3-C=15 A=1 y=0.625.

x(t)

1.6
I//
2
tll']

3
14
12
1
0

Puc. 3. I'padixu 3minnoi x:1- C=1 A=12, y=0.0L%
2-C=1 A=15 y=0.0L 3-C=1 A=15, y=0.625.

20

y(t)

0.51

20

Puc. 4. I'padixm 3miaHOl ¥y :1- C=1 A=12, y=0.0%
2-C=1 A=15 y=00% 3-C=1 A=15, y=0.625.
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5 OBI'OBOPEHHA PE3VYJIBTATIB JOCJIKEHHSA

3 HaBezenux rpagikiB (puc. 1, 2) eBomronii Kyra Hyramii # BHUIUIMBa€, IO JAWHAMIKa
KyTa HyTallii iCTOTHO 3aJIeKUTh BiJ CIiBBigHOUICHHS MOMeHTIB iHepuii A, C Ta BenmuuuHu
KEpYI4oro rnapaMerpa y, 0 BU3HAYAE SIK ACHMITOTHYHY IOBEIIHKY CHCTEMH, TaK 1 TeMII
3aryxaHHa. Y Bumanky ButarHytoro tina ( A>C) xyr Hyramii  MOHOTOHHO 3pOCTa€ Ta
aCHMITOTHYHO OpsMye 10 3Ha4eHHs 7/2. Haromicts mis crumocHyroro tina (A<C)
CIIOCTEpIraeTbCsl 3aTyXaloUWid XapakTep pyxXy, 3a SKOro Kyr 6 3MEHIIYeTbCcS Ta
HAOJIKAETBCS IO HYJIHOBOTO 3HAYEHHS, IO CBITYUTH MPO CTAaOLII3aIil0 00epTaHHS B3JIOBXK
0Ci HAOLTBIIIOTO0 MOMEHTY iHEepIIil.

3ayBaxxumo, 110 B Bupaszax (7) 1(9) mnst 6 ¢daktuyHO Ha 3MIHY KyTa HyTallli BIUIUBA€E y ,
3HAYECHHS SIKOTO 3alekuTh Bin mapametpis A, C, y .V Bumagky A >C koedimient y >0, a
mpu A<C: y<0. 30inpuIeHHs 3Hau€HHS Koe(ilieHTa y NPU3BOAUTH 10 30UIBLICHHS
BEJIMYMHU J , 10 B CBOIO Yepry MPHU3BOIUTH J0 OUIbII MIBUJIKOTO 3pocTaHHs (puc. 1) abo
OUTBII IIBUJIKOTO 3racaHHs (puc. 2) KyTa HyTallil.

3rigHo 10 puc. 3 exBaTopiajbHa CKJIaJ0Ba KyTOBOi HIBHAKOCTI X =a’ mparHe .0
TPAaHUYHHUX 3HAYEHBb, 3HAUCHHS SKUX 3aJICKHUTh BiJl CIIBBIIHOIIEHHS MK MOMEHTAMH 1HEPIIii
tina A/C. Ilpu 36itsmenni A/C rpaHnyHe 3HAaYeHHsS X 3MEHIIYEThCs. BoaHowac xapakrep
il yacoBOi €BOJIONIT ICTOTHO 3aJ€XUTh BiJ KoedillieHTa y, 31 30UIBIIEHHSAM ¥

CIIOCTEPITa€ThCSl OUTBIN IHTEHCHBHE 3POCTAaHHS EKBATOPIaIbHOI CKJIAJ0BOi Ta MPHUCKOPEHE
BCTAQHOBJICHHS YCTAJICHOTO PEXXUMY PYXY.

Sk Gaummo 3 puc. 4 ochOBa KOMIIOHEHTa KyTOBOi IIBHAKOCTI Y =TI’ cmaznae
ACUMIITOTUYHO HAOJIMKAIOUUCH JI0 HYJISA. XapakTep CIaJaHHs 3aJeKUTh Bill CIIBBIIHOIICHHS
A/C Ta BenuuuHu y . 30UIbIIECHHS [UX BEJINYUHU PU3BOIUTH 0 TOTO, IO HPOMDKOK Yacy,
3a KU 0ChOBa KOMITOHEHTA KYTOBOT IIBUKOCTI MParHe 0 HYJIs, 3MEHIITYEThCS.

6 BUCHOBKU

[TpoBeneHe aHaITHYHE Ta YHCEJIBHE JOCTIPKEHHS PyXy TipocTara 3 PyXOMOIO Macolo,
sKa 3’€IHAHA 3 TUIOM B’SI3KONPYKHUM JeMII(pepoM, 3 ypaxyBaHHSIM KEpYIOUOTO Mapamerpa
M0Ka3aj0 BIUIMB CITIBBIJHOIICHHS TOJIOBHMX MOMEHTIB 1HEpIii Ha XapakTep eBOJIOMil
OCHOBHUX KiHEMaTHYHHUX XapaKTEPUCTUK CUCTEMH. BcTaHOBIIEGHO, IO 3aJI€KHO Bi reoMeTpii
TiIa peani3yloThCsl MPUHLHUIIOBO PI3HI PEKUMH PYXY: AJIS BUTATHYTOTO Tila BinOyBaeThCs
MOHOTOHHE 3POCTaHHS KyTa HyTalii 3 MOJAIbLUIMM BCTAaHOBJICHHSM IIOTIEPEYHOTO PEKUMY
oOepTaHHs, TOAL SIK JUIA CILUTIOCHYTOTO Tia CHCTeMa aCUMITOTHYHO CTaOLTI3ye€ThCs B3IOBXK
0C1 HaOTBIIIOT0 MOMEHTY IHEPIIii.

[TokazaHo, 1m0 MBUAKICTH NEPEXOY 10 YCTAJCHOTO CTaHy BU3HAYAETHCS IapaMeTpoM,
KU TO€HYE BITMB MOMEHTIB 1HEpIIii Ta Kepyrouoro koedirienta. 3i 30UIbIIEHHSIM LBOTO
napameTpa CyTT€BO IMPUCKOPIOETHCS SIK MPOLIEC 3pOCTAHHS, TaK 1 3racaHHs HyTallIHUX PYXIB,
110 CBITYUTH NPO IHTEHCU(DIKALIIO JUCUITATUBHUX MPOLIECIB Y CUCTEMI.

AHani3 KyTOBUX IIBHJIKOCTEH y BHIQJKY BUTATHYTOTO Tijla MIATBEPAMB Y3TOKEHICTh
OTpUMaHOi Mojeni 3 (I3UYHOIO NPHPOJIOI0 PYXy: €KBaTOpiajbHA CKJIaJoBa MPSAMYE 0
CKIHUEHHMX T'PaHMYHHUX 3HA4Y€Hb, TOJl K OChOBA KOMIIOHEHTAa aCUMITOTUYHO 3MEHIIYEThCS
70 HyJs, 3a0e3Meuyroun Mepexil cUcTeMH JI0 cTabuibHOI KoHQirypaiii obeprannsa. Takum
YMHOM, 3aIIPOTIOHOBAaHA MOJIENb OMHUCYE peaKcaliifHi MPOoLecH B AWHAMIII TBEPIOTO Tijla Ta
MoOJke OyTH BUKOPUCTaHA IS aHaJi3y pyXiB 31 ciaOkuMu 30ypeHHSMH i kepyBaHHAM. Taka
MOJIeNb JJa€ 3MOTY IPOTHO3YBAaTH YaCOB1 XapaKTEPUCTHKH BCTAHOBJICHHS YCTAJIEHOTO PEKUMY
PYXy Ta OLIHIOBAaTH BIUIMB I€OMETPUYHHUX MapaMeTPiB Tia HAa CTAOUIBHICTh 00E€pPTaHHS, 1110 €
BAXJIMBUM JIJIs 3a/]1a4 KEPYBaHHsI TA MABUILIEHHS HAJIMHOCT1 TEXHIYHUX CUCTEM.
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OLIIHKA HAJIMHOCTI BY IIBEJLHUX KOHCTPYKIIIN MIJ
BILUIMBOM BUBYXOBUX HABAHTAKEHD

Mypaenko P. P.}, Orpom 10. A.}, Pamxkesuu H. B.*

YHayionanvnuii ynieepcumem yusinbrozo saxucmy Ykpainu

AHoTanisi: Y cTarTi HaBeAEHO pe3yJlbTaTH KOMII IOTEPHOIO MOJICNIOBAHHSI HAIMPY>KEHO-
nedopMoOBaHOrO CTaHy OJHOIOBEPXOBOi BHUPOOHWYOI OyIiBNI 31 CTalleBUM KapKacoM Mia Ji€lo
BHOYx0BOI ynapHoi xBuiii. O0’€KTOM IOCTiKEHHs € OynaiBas po3mipamu 60x15 M 3 BucoTow 12 M,
MIPOCTOPOBY JKOPCTKICTh SIKOT 3a0€3MeUyI0Th CTalieBl KOJIOHU, (hepMU TOKPUTTS Ta CHCTEMa 3B’ SI3KiB.
PosristHyTO aBapiiiHy cUTYallito, 3yMOBJIEHY BHOYXOM TPUHITpOTOIYyOTy Macor 60 T Ha BijcTani 500
M Bif OynxiBm. [lapamerpu BHOYXOBOi yaapHO! XBHJI BH3HAYECHO 332 EMIIPUYHUMH 3aJICKHOCTSIMH
Yyepe3 HaBe/IeHy BijicTaHb, IPU IbOMY HaJMipHHI THCK Ha (poHTi XBuJIi ckiaB 9,83 MIla.

Po3paxyHOK BHUKOHAHO METOJIOM KOMIT IOTEPHOTO MOJICIIOBAHHSI 3 YpaxyBaHHSIM MOCTIHHUX,
KIIIMaTUYHUX Ta OCOONMBUX HaBaHTa)KEHb. BHOYXOBHUI BIUIMB 3MO/ICIFOBAHO Y BUTIIS CTATHYHOI Ta
JMHAMIYHOI CKJIaJIOBUX, IIO JIajo 3MOTY BpaxyBaTH IHEPI[iiHI epeKTH Ta BUMYIIEHI KOJIWBaHHS
KOHCTpyKIlii. DOpMyBaHHS pPO3PaXyHKOBHX IIO€JHAHb 3IMCHEHO 3a MPUHIUIOM HAHOUIBII
HECTIPUATIMBUX KOMOIHAIii HaBaHTa)KeHb 3 TIOJAAJBIIOK TMEPEBIPKOI0 eleMeHTiB 3a | rpaHnYHuM
CTaHOM.

3a pesyiabTaTaMM PO3paxyHKy BCTAaHOBJICHO, 10 HAMOLIbINI OChOBI 3yCHUJUIS Ta 3THHAJIbLHI
MOMEHTH 30CEPEIDKYIOThCS B KOJIOHAX CTAJEBOI'0 KapKacy, MaKCHMAJIbHUI 3THHAbHHA MOMEHT Yy
KOJIOHI CTaHOBHTH 17,4 T-M. ®epMH TOKPHUTTS, OMOPHI PO3KOCH Ta EIEMEHTH PEUIITKH IMPAaIOTh
TIepEeBaXHO HAa CTHUCK 1 po3Tar 6e3 iCTOTHOI ydacTi 3ruHy. MakcuMaiabHI TepeMileHHs KOHCTPYKITIT
nmocsriau 41,8 MM y3I0BXK TO3IMOBXKHEOI oci Ta 12,2 MM y BepTuKaabHOMY HampsamKky. [lepeBipka 3a I
TPYIIOI0 TPAaHWUYHHUX CTaHIB ITOKa3aja, 0 KOJOHHM HE 3a0e3MeuyioTh HOPMATHUBHY MIITHICTh, TOAL SIK
IHIT  eJTeMEHTH KOHCTPYKIli BigmOBimaroTh BUMoraM. OTpHMaHi pe3yiabTaTH JO3BOJISIOTH
JIOKATI3yBaTH cJaOKi eneMeHTH OyIiBiai Ta OOIpYyHTYBAaTH HEOOXIMHICTh iX ITOCWUICHHS IS
MIBUIIECHHS CTIHKOCTI BUPOOHWYNX 00’ €KTIB 10 BUOYXOBHUX BIUIMBIB B yMOBaX BOEHHOTO CTaHYy.

KuarouoBi cioBa: BuOyxoBa ymapHa XBWIJIS, KOMIT IOTEPHE MOJICIIOBAHHS, CTAJIEBHH KapKac,
nrHaMiyHe HaBaHTaxkeHHs, JIIPA-CAIIP.

ASSESSMENT OF THE RELIABILITY OF BUILDING
STRUCTURES UNDER THE EFFECT OF EXPLOSIVE LOADS

R. Purdenko?, Yu. Otrosh!, N. Rashkevich!
INational University of Civil Defence of Ukraine

Abstract. The article presents the results of computer modeling of the stress—strain state of a
single-storey industrial building with a steel frame subjected to a blast shock wave. The object of the
study is a building measuring 60 x 15 m with a ridge height of 12 m, whose spatial stiffness is
provided by steel columns, roof trusses, and a system of bracings. An emergency scenario caused by
the detonation of 60 t of trinitrotoluene at a distance of 500 m from the building is considered. The
parameters of the blast shock wave were determined using empirical relationships based on the scaled
distance; the peak overpressure at the shock front reached 9.83 MPa.

The analysis was carried out using computer modeling with consideration of permanent, climatic,
and accidental loads. The blast action was modeled by static and dynamic components, which made it
possible to account for inertial effects and forced vibrations of the structure. Load combinations were
formed according to the principle of the most unfavorable combinations, followed by verification of
structural elements for the ultimate limit state of the first group.

The calculation results show that the highest axial forces and bending moments are concentrated
in the steel frame columns; the maximum bending moment in a column is 17.4 t-m. Roof trusses,
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support braces, and lattice members operate mainly in compression and tension, with no significant
bending contribution. The maximum structural displacements reached 41.8 mm along the longitudinal
axis and 12.2 mm in the vertical direction. Verification according to the first group of limit states
indicated that the columns do not meet the required strength criteria, while the remaining structural
elements satisfy the normative requirements. The obtained results make it possible to identify the most
vulnerable elements of the building and substantiate the need for their strengthening in order to
increase the resistance of industrial facilities to blast effects under martial law conditions.

Keywords: explosive shock wave, computer modeling, steel frame, dynamic load.
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1 BCTYIl

3a octaHHi pokH Ha Teputopii YKpainu 3a(hikcOBaHO HU3KY BUIAJKIB MOIIKOKEHHS Ta
pyiiHyBaHHSI OyAiBEIbHHX KOHCTPYKIIiH, IO CYHNPOBO/DKYBAINCS MOPYIIEHHSIM IXHBOI
HECY4YO0i 3IaTHOCTI Ta LUTICHOCTI OKPEMHX €JIEeMEHTIB 200 KOHCTPYKTHBHHX CHUCTEM 3arajioM.
AHaii3 Takux NOAIH CBIMYWTH, II0 3HAYHA YaCTHHA IIOIIKO/HKEHb IIOB’si3aHA 3 JIICI0
IHTEHCUBHUX KOPOTKOYACHMX HABAaHTa)KE€Hb, XapaKTEPHUX JJIsI BUOYXOBUX BIUIMBIB Pi3HOTO
MOXOJUKEHHSI. B yMOBax BOEHHOTO CTaHy 4YacToTa Ta MacmiTad TaKMX HaBaHTaXCHb
3pOCTalOTh, a CIEKTP JPKEpel BHOYXOBUX BIUIMBIB PO3IIUPIOETHCS, IO MOTpPeOye OIIHKU
Mpane3gaTHOCTI OyIiBeIbHUX KOHCTPYKIINA 3 ypaxXyBaHHSIM OCOOJMBOCTEH HaIpYKEHO-
neopMOBAHOTO CTaHy, (IBUKO-MEXaHIYHUX BJIACTUBOCTEW MaTepiaiiB, KOHCTPYKTHMBHUX
cxeM OyJiBesb, a TAKOK TEXHIYHOTO CTaHY KOHCTPYKLIA Ha MOMEHT BUHUKHEHHS aBapiifHOTrO
BILJIMIBY.

2 AHAJII3 JIITEPATYPHUX JAHUX TA TIOCTAHOBKA ITPOBJIEMH

JocnimxenHs: 6e3neKu Ta HaAIHHOCT1 OyNiBEIbHUX KOHCTPYKLINA B yMOBax JUHAMIUHUX
HaBaHTA)XECHb, 30CEPEDKEHI Ha OIlHIII TOBEIIHKM MaTepiajiiB Ta KOHCTPYKIIA I dac
BUOYXOBUX Ta yJapHUX BIUIMBIB.

Y pobGoti [1] po3risiHyTo MaTeMaTH4HI MOJEeNl KOHCTPYKUIMHHUX MarepiaiiB, o0
OMHCYIOTh IXHIO AMHAMIYHY MOBEIIHKY MiJ Ji€l0 BUOYXOBHUX HAaBAHTAXEHb 3 YpaxyBaHHAM
(13MKO-MEXaHIUHUX BJIACTUBOCTEH OETOHYy Ta apMyBaHHs. 3alpONOHOBAHO CIPOLICHHM
MiIXiA 13 BUKOPUCTAHHAM KOE(QIIIEHTIB JUHAMIYHOTO 3MIIHEHHS Ta ACTAIbHUMA IMIXIis,
peani3oBaHMii Ha OCHOBI PIBHAHBb Ta3oriApoauHaMiku B mporpamHoMy maketi LS-DYNA.
OTpuMmaHi YMCENbHI Pe3yJAbTaTH MOPIBHIHO 3 €KCIIEPUMEHTATLHUMHU TaHUMH mporpamu Blind
Blast Test.

VY po6oTi [2] BcTaHOBIIEHO, IO 332 HE3MIHHOT MacH Ta BUCOTH PO3TAIlyBaHHs BUOYXOBOTO
3apsany  HaWOUIbIIMK — OOCAT  TONIKO/DKEHHsS OETOHY  BIANOBIAa€  CHIBBIAHOIICHHIO
reoMeTpuuHuX po3mipiB 3apsay 1:1. Ilokazano, mo 31 30UTBIIEHHAM BHUCOTH PO3TAIIyBaHHS
3apsy 3a CTAIMX IHIIMX MapameTpiB IHTEHCHUBHICTh MOIIKO/PKEHHS OCTOHY 3MEHIIYEThCS,
TOJI SIK 3@ IMOCTIHHOTO CHIBBITHONIICHHS PO3MIPiB BHOYXIBKH OOCST TOIIKOJ/KEHb JIHINHO
3pocTae 31 30UTbIICHHSM TPOTHJIOBOTO €KBIBAJICHTa BUOYXY.

VY po6oTi [3] cucTeMaTH30BaHO JaHi 100 BIUIMBY yIapHO-BUOYXOBHX HAaBaHTa)XEHb Ha
OyIiBeJIbHI KOHCTPYKIIi Ta OOIPYHTOBAaHO BUMOTH JI0 NPOEKTYBAaHHS OyiiBEIb 1 CIOPY.
MBUILHOTO 3aXHCTY B YMOBAaX MOXKJIMBUX BUOYX0BUX BIUIMBIB. [IpoananizoBano xapakrep aii
BUOYXOBOi yJapHOi XBHJII Ta OCOOJMBOCTI PO3MOJALTY THUCKY HAa KOHCTPYKIi 3aJIKHO Bif
BIJICTaHi JI0 emilleHTpy BUOYXY, a TAaK0K CPOPMYITHLOBAHO PEKOMEHAIIIT 1I[00 MiJABUILIEHHS iX
CTIMKOCTI.

Y po6orTi [4] po3rIsIHYTO TEOPETHUYHI Ta MPAKTUYHI aCTIeKTH BUNPOOYBaHHs Oy1iBETbHUX
KOHCTPYKIIA MiA [Ai€0 AMHAMIYHUX HaBaHTaXeHb Ha (BBUuHHX Mojensax. [lokazano
HEOOXIJJHICTh ypaxyBaHHs BTpaTH HECY4Oi 3JaTHOCTI KOHCTPYKIIIH NMPH IMHAMIYHUX BILJIMBaX
1 3a0e3meueHHs X poOOTH MO3a PE30HAHCHMMH YaCTOTHHMH Jialma30HaMU BiOMOBIAHO JI0
BHUMOT MPOEKTYBaHHS Ta eKCILTyaTallii.

VY po6oTi [5] BuKoHaHO HOCHKEHHS BiOpauiifHOT peakiii Oy/iBeslb y MeXax pealbHOTo
IH)KEHEPHOTO MPOEKTY 3a JI1i BUOYXOBOT0 HaBAHTAXKEHHS 3 Macoo 3apsaay 30 Kr Ha BiJICTaHAX
50-250 M Bin emineHTpy. Ha OCHOBI NHO€AHAaHHS TEOPETHMYHOIO aHANi3y, MOJIBOBHX
BUIIPOOYBaHb 1 YMCENBHOTO MOJETIOBAaHHA 3 BUKOpPUCTAaHHSAM (opmyinn CaToBCHKOTO Ta
nporpamMHux KomruiekciB ANSYS/LS-DYNA BCTaHOBJEHO 3aKOHOMIPHOCTI MOIIMPEHHS
MIKOBOI IMIBUIKOCTI YACTHHOK 1 11 3B’30K 13 HANPYXEHUM CTAaHOM KOHCTPYKIIIH.
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Y pobGoti [6] 3ampomoHOBAHO WIIXOMU JO OIIHIOBAHHS BIUIUBY OaraTOIMKIOBHX
BIOpOMHAMIYHUX HABAaHTA)XCHb HA HAIIMHICTG OYHIBENbHHX KOHCTPYKIiA. OOrpyHTOBaHO
HEOOXIJHICTh yAOCKOHAJICHHS YHCEIbHUX MOJIENIeH 3 ypaxyBaHHAM BIIMIHHOCTEH MDK
PO3PaxyHKOBHMH Ta EKCIIEPUMEHTAIBHO BHU3HAYEHUMH IMHAMIYHUMH XapaKTEPUCTUKAMU
OymiBeIb 1 CIOPY/I.

VY pobori [7] BUKOHAHO aHaNi3 CTaHy OyIiBeNlb i CHOPYJ, MOUIKOJKEHUX YHACIIIOK
BOEHHUX JIifi, 3 ypaxyBaHHSIM BUMNAJKIB BUOYXy moOnm3y 00’€KTa Ta MPSMOTrO BIy4aHHS.
[TokazaHo, IO MPH HENPSMOMY BIUIMBI IEPEBAKHO MOLIKO/HKYIOTBCS OTOPOJUKYBAIbHI
KOHCTPYKIIi Ta TOKpIBJIA, TOAI SK TpsAME BIyYaHHS CYIPOBOJDKYETHCS UYACTKOBHM
pYHHYBaHHSIM HECYYMX €JIEMEHTIB. 3a pe3yjibTaTaMu MOPIBHSUIBHOTO aHaJi3y BCTaHOBJICHO,
10 HAHOUIBII CTIMKUMH € KapKaCHO-MOHOJITHI Oy/liBJi, a HalMEHI CTIMKUMU — TaHEJbHI,
IpH IBOMY XapakTep TMONIKO/DKEHb 3arajjoM He 3aJeXUTh Big TUIy OYHiBIL, ajle Mae
KOHCTPYKTHUBHO 3YMOBJIEH1 OCOOJIUBOCTI.

VY poboti [8] po3rissHYyTO MOKJIMBOCTI IHTErpamii METOJIB IITYYHOTO IHTEJEKTY B
IH)KEHEpII0 TOXKeXHOi Oe3neku OyaiBenb Ha OCHOBI aHaii3y Cy4yaCHUX HIAXOMAIB J0
YHCETHHOTO MOJICITIOBAHHS TOXKEX. 3amporoOHOBAHO peKOMeHAalil moao (opMyBaHHS
KOMIUIEKCHUX TIOXKEKHUX 0a3 JaHWX Ta MPOAHATi30BaHO aJTOPUTMH HITYYHOTO IHTEJEKTY,
MPUAATHI JUIsl BUSIBIIEHHSI | IPOTHO3YBaHHS CLIEHAPIIB MOXKEX 1 MIATPUMKHU IHTEIEKTyalbHUX
CUCTEM IO0KEeKOTaCIHHSI.

VY poboti [9] aBTOpU pO3TALAAIOTH METOAMKY PO3PaxXyHKY CTIHKOCTI OyAiBelb [0
MPOTPECYIOYOr0 OOBAJICHHS T TI€F0 KOMOIHOBAaHUX HABAHTAXKEHb MOKEX1 Ta BUOyxy. BoHa
BKJIIOUAE aHAJII3 JIOKAJBHOTO PYMHYBAHHS OKPEMHUX €JIEMEHTIB KOHCTPYKIII Ta MOJalbIIOro
MepepO3NOoALTY 3yCHIIb Y HECYUild CHCTEMI, a TAKOK BpaxXyBaHHS TEPMIUHOTO BIUIUBY MOXKEXI
Ha MIIHICT, MaTepiaiiB. MeToauka A03BOJISE BHU3HAYATH HAWOUIBII Ypa3JIMBI €JIEMEHTH
KOHCTPYKIIIi Ta TPOTHO3YBAaTH PO3BUTOK MPOTPECYIOYOr0 OOBAJICHHS, IO MIIBUIIYE TOYHICTH
IHKEHEPHUX PIICHb pH 3a0e31eueHH1 0e3neku OyIiBeb.

VY po6oTi [10] mociimkeno Bubip mMaTepiady Ta TOBIIMHU 3aXHWCHOI CTIHU Uil OymiBenb
3a yMOB BHOYXy BOJHIO pi3HOI moTyxHOCTI. [lokazaHo, mo omnTHMaibHI KOHCTPYKTHBHI
napaMeTpu 3aXMCHUX CTIH 3HAYHO 3HWKYIOTh PHU3UK TMOLIKOJKEHHS OCHOBHHX HECYYHX
eJIeMeHTIB. Pe3yiabTatu MaroTh MpakTUYHE 3HAYEHHS JJISl MPOEKTYBAHHS MPOMUCIOBUX Ta
E€HEePreTUYHUX 00’ €KTIB, IO MITAI0THCS PU3UKY BUOYXOBUX BILJIUBIB.

Y poboti [11] mpomeMOHCTpOBaHO MPOrpPaMHY peajizalilo METOIAWKH OIIHIOBAHHS
CTiliKOCTI OyAiBenb 0 mporpecyrodoro obOBasieHHs. [IporpamHe 3abe3nedyeHHs JT03BOJISE
aBTOMATHU3yBaTH IMPOIIEC aHali3y aBapiiHUX ClIeHapiiB, ypaXxOBYBaTH Pi3HI TUIIH MOYATKOBUX
MOIIKO/DKeHh Ta 3MIHY (PI3MKO-MEXaHIYHMX BJIACTUBOCTEH MatepianiB. lle mimBumrye
OTIEPATUBHICTh T4 TOYHICTh OLIIHKA TEXHIYHOTO CTaHy Oy/iBeb y HAA3BUYAHIX yMOBaX.

Y poboti [12] 3ampomoHOBaHO yIOCKOHAJIEHY TEPMOMEXAHIYHY MOJENb IMOBEIIHKH
3a1i300€TOHHUX KOHCTPYKIIIM MiA Ai€r0 Mmokexi Ta BUOyXy. Mojenb NmoeqHye TEIIOBHM Ta
MEXaHIYHUN aHali3, BpaxoBye HEINIHIMHY MOBEAIHKY MaTepiajiB, BTPaTy »KOPCTKOCTI Ta
MII[HOCT1 eneMeHTIB y yaci. lle mo3Bossie OUIbII TOYHO MPOTHO3YBaTH TPaHUYHI CTaHU
KOHCTPYKIIi# 1 MOMEHT BTpaTH HECY4Oi 3[JaTHOCTI, 110 € KPUTHUYHO BAXKIUBUM ISl O€3MeKu
JIIOJIEN.

3a pe3ynpTaTaMu aHaji3y JITEpaTypHUX JDKEpes BCTAHOBIIEHO, IO ICHYHOYl METOAMKH
OLIIHKHU CTIMKOCTI Oy/iBeNb /10 BUOYXOBHX Ta MOXKEKHUX HABAHTAKEHb OXOIUTIOIOThH IIUPOKUI
CIEKTp MIAXOJIB: BiJ] YMCEIbHOTO MOJEIIOBaHHS MaTepialliB 1 KOHCTPYKIIH 0 MporpamMHOl
peamizallii OLIHKM aBapiffHUX cleHapiiB. BojHodac 3anMIIAIOTHCS BIAKPUTHUMH IHUTAHHS,
MOB’s3aH1 13 KOMIUIEKCHUM YypaXyBaHHSM KOMOIHOBaHMX BIUIMBIB BHOYXYy Ta MOXEXl1 Ha
OymiBIIl pi3HOTO KOHCTPYKTHBHOTO THITY, @ TAaKOX aJaNTaIli€l0 METOJIUK JI0 YMOB BOEHHOTO
CTaHy.
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3 OUJIb TA 3AJAYI JOCJITKEHHSA

Merta gocCiimpKeHHs] — MPOBECTH aHANI3 HAAIMHOCTI OyAiBeTbHIX KOHCTPYKIIii Oy/iBenb
Ta CIIOPYJI MPH il BUOYXOBOI XBUJIi B YMOBaX BOEHHOTO CTaHYy 3 YpaxyBaHHSAM 3a0€3MEUCHHS
0e3IeKH JIFO/IEH ITiJ] Yac MOXKexK.

Jist mocsirHeHHsI MeTH Oy MOCTaBJIeHI HAYKOBI 3aBAAHHS:

1. IlpoBecTn aHami3 OCHOBHHX IIOJIO)KEHb PO3PaxyHKY OyHiBeIbHHX KOHCTPYKIIIH 3a
IPaHUYHUMH CTaHAMH Ta BUKOHATH OTJISA] MOXJIMBOCTEH 1 PyHKI[IH IPOTPAMHOTO KOMILIEKCY
«Jlipa-CAIIP».

2. IlpoBectn MojenrOBaHHS Oy/iBIi BUPOOHUYOTO 00’€KTa HA BIUIMB BHOYXOBOi XBHIII
BiJ1 BHOYXY 3a JIOMOMOTOI0 METOIY KOMIT FOTEPHOTO MO/ICITFOBAHHS.

4  PE3VYJBTATHU JOCJIIXKEHb

4.1. AHani3 OCHOBHHUX TO0JIOKEHb PO3PaxyHKy OyliBeJbHMX KOHCTPYKUIiii 3a
rPAHUYHUMH CTAHAMHM Ta OIS MOXKJIMBOCTEeH i (yHKUil mMporpaMHOro Komiuiekcy
«Jlipa-CAIIP».

Hapiiinicte OyniBenbHUX KOHCTPYKIINA BH3HAYAE€ThCA SKICTIO MPOEKTHUX pILLIEHb,
BIIMOBIIHICTIO BUKOHAHUX POOIT TPOEKTHIA JOKYMEHTAIlll, MPaBUIBHICTIO BUKOHAHHS
OyI1BeNIbHO-MOHTAKHUX POOIT Ta yMOBaMHU eKcrutyartaiii. HemoTpuMaHHs HOpM 1 TEXHOJIOT 1M
MPU3BOANTH JIO TONIKO/DKEHHS KOHCTPYKIIH 1 PO3BUTKY MPOTPECYIOUoro OOBaJIeHHS, IO €
KPUTUYHO BXJIMBUM TIPH OLIHII O€3MEeKH JTO/CH.

s 3abe3neueHHs HaAIMHOCTI OyAIBENIbHUX KOHCTPYKLIA Ha CTaaii MpOEKTyBaHHS
3aCTOCOBYIOTh YHCENIbHI METOJM 3 BUKOPUCTAHHSIM MPOTPAMHHUX KOMILIEKCIB, cepen akux [TK
«Jlipa-CAIIP» Bim3HauaeThCs MIMPOKHMMH MOMKIMBOCTAMH IHTETpamii 3 TEXHOJOTIEI0
iHpopmarttiitHoro MoaentoBanHs OyaiBens (BIM) ta CAD-nonatkamu uepes craHmapTU30BaHi
dbopmatu manux (DXF, IFC, STP, STL Ta iami). Cuctema miaTpuMye CTBOPEHHS MOJEIIEH
OymiBelb 1 CHOPYA 3 YpaxyBaHHSIM PI3HUX KOHCTPYKTHBHHX CXEM, MaTepiajiB Ta
eKCIUTyaTaI[liHUX YMOB.

IIK «Jlipa-CAIIP» no3Bojsie TPOBOJUTH PO3pPaXyHKH KOHCTPYKIIM ITiJ] CTaTH4YHI Ta
JTUHAMIYHI HaBaHTAXXEHHS, BKIIOYHO 3 CEHCMIYHMMHU, BITPOBUMH, IMIYJIbCHHUMH, YAAPHUMH
Ta BiOpaniiHUMU BIUTUBaMH. {7151 celicMIYHMX HaBaHTa)KEHb peajTi30BaHl BAMOTH HOPMAaTHBIB
VYkpainu Ta iHmMX kpain. Komruiekc 103Bossie BU3HAYaTH TOJIOBHI 1 €KBIBAJICHTHI HAIPYTH Ta
3MIACHIOBATH TEPEBIPKY MIITHOCTI 3a pi3HUMHU Teopismu: ['ybepa-Mizeca, Mopa, Jpykepa-
[Iparepa, [Tucapenko-Jlebenesa, Kynona-Mopa Ta iHIIAMHU.

®di3uyHa HENIHIWHICTh MaTepialiB MOJCIIOEThCSA Yepe3 PI3HOMAHITHI 3aJIEKHOCTI G—€,
10 JI03BOJISIE BIICTEKYBATH PO3BUTOK TPIIIMH, MPOsB Aedopmaliiif mOB3y4OCTi Ta IUIMHHOCTI
MatepiaiiB. MoJenioBaHHS OXOIUTIOE SIK MOHO-, Tak 1 Oi-marepialibHi KOHCTPYKIIi,
3a0e3Meyyoun MPOTHO3YBAHHS JIOKAJTBHOTO PYHHYBAaHHS €JIEMEHTIB Ta MEepepo3MOoLTy
3yCWJIb Y HECYYill CUCTEMI1 10 MOMEHTY BTpaTH HECYy4Oi 3JaTHOCTI.

IIK «Jlipa-CAIIP» 3a0e3neuye aHaji3 rpaHUYHUX CTaHIB KOHCTPYKIIM, IO BKIOYAE
MepeBipKy MIIHOCTI €JIEMEHTIB, OI[IHKY BIUTMBY JMHAMIYHUX HaBaHTa)KEeHb, aHAJ3 B3a€MOii
OKpPEeMHX €JIEMEHTIB CHUCTeMH Ta OLIHKY PU3MKY Mporpecyrodoro oosanenHs. Lle nos3somsie
3MIACHIOBATH OIIBII TOYHE TMPOTHO3YBAaHHS TEXHIYHOTO CTaHy OyiBenb 1 CHOPYI,
MIIBUIIYIOYM piBeHb O€3MeKku A JoJed y pasl aBapilHMX HaBaHTa)KE€Hb, BKIIIOYHO 3
BUOYXOBUMHU Ta MOKEKHUMH BILIMBAMHU.

4.2. MopaenaoBaHHs OyaiBJli BUPOOHMYOro 00’€KTa Ha BILUIMB BHOYXOBOI XBWJI BiJ
BHOYXYy BUOYXOBOI pe4OBHHHM 32 IONIOMOI0I0 METOAY KOMII’FOTEPHOI0 MO/IETIOBAHHS.

OO6’€KTOM JIOCHIKEHHS € OJHONOBEPXOBa BUPOOHMYA OYyIIBIA 31 CTaJeBHUM KapKacoM
(puc. 1). 'eomerpuuHi po3mipu OyAiBIi CTaHOBJIATH: BHCOTAa J0 KOHBKA MOKPUTTA — 12 M,
BHCOTA JI0 HIXKHBOTO MOsICy depM — 3 M, JoBxkHHA — 60 M, mmpuHa — 15 M.
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Kononun kapkacy BUKOHaHi 31 CTaJleBUX JABOTaBPOBUX MPO(dLTIB. 3aKkpilyieHHS KOJOH y
dbyHIaMeHTaxX MPUHHATO MKOPCTKMM Y TMOB3JOBXKHBOMY Ta IONEPEYHOMY HAIpPSIMKaX.
[ToxpuTTst OyAiBIi CIUPAETHCS HA CTANEBl ()epMH, BUTOTOBIICHI 3 THYTUX 3BApHHUX MPO(diTiB;
omupaHHs (epM Ha KOJOHM — IWIApHIpHE. Purem MOKPUTTS BUKOHAHI 31 IIBEJEpIB.
[IpocTopoBa  KOPCTKICTh  Kapkacy 3a0e3leuyeTbCs  CHUCTEMOIO  BEPTUKAIBHUX 1
TOPU30HTAIFHUX 3B’SI3KIB MO KOJOHAX 1 ()epMax, BUKOHAHUX 3 OJWHOYHHX PIBHOIOJKOBHX
KYTHHKIB.

IP S

= -
SN

Puc. 1. TpuBumipHa po3paxyHKoBa cxema OymiBii

ABapiifHa s, IO PO3TISATAETHCS, TOB’s3aHAa 3 BUOYXOM BHOYXOBO1 PEYOBUHU —
TPUHITPOTONYOy — Ha BIAKpHUTIH MicueBocti Ha Binctani 500 M Big OymiBmi. BuOyx
MPU3BOAUTH N0 (OPMYBaHHS TOBITPSHOI yAapHOi XBWJI, SKa Jli€ Ha 30BHINIHI TOBEPXHI
OyniBii Ta ii HECydl €JIEMEHTH Y BUTJISIII KOPOTKOYACHOTO IMITYJTbCHOTO HaBaHTaKCHHSI.

VY po3paxyHKOBii MO/JIeIi BpaXOBaHO BU/IM HABAHTAXXEHb 1 BILIUBIB:

1. BracHa Bara KOHCTPYKIId — TIOCTiHHE HaBaHTAXKEHHs, SKE& aBTOMATHYHO
BpPaxOBY€EThCS B MOJIeNi 3 Koe(illieHTOM HaIIHHOCTI 32 HaBaHTaxeHHsM 1,05.

2. Bara oropouKyBaJIbHUX KOHCTPYKIIIH — MOCTilfHE HABaHTAKEHHS, 1110 BKIIFOYAE:

— HaBaHTWXCHHSA BiJ TOKPIBEILHOTO OTOPO/DKEHHS Y BHUIVISAL  PIBHOMIPHO
PO3IMOAIICHOTO HABAHTAXKEHHS HA TIPOTOHU;

— HABAaHTAXCHHS Bl CTIHOBOTO OTOPOJKCHHS Yy BHUTIIAAI 30CEPE/PKEHUX CHII,
MPUKJIAICHUX JI0 OCHOBHHX KOJIOH KapKacy Ta KOJIOH (haxBepKa.

3. KimimaTn4Hi HaBaHTaO)KEHHS — CHIFOBE Ta BITPOBE HaBaHTAKCHHS, IPUIHATI
BIJIMOBIAHO JI0 YMHHUX HOPMATHUBHUX JOKYMEHTIB (3T1THO 3 JI0JAaTKAMH).

4. Oco0nrBe HaBaHTAKEHHA — THUCK BUOYXOBOi yJIapHOT XBWIII, COPUYMHEHUN BUOYXOM
BUOYXOBOT PCUOBHHH.

Buxignumu naHuMu A7 BU3HAYEHHS TMapaMeTpiB BHOYXOBOI ymapHOi XBHIII € Maca
BUOYX0BOi pedoBuHH M, (KT) Ta BiACTaHb Bijl LIEHTPY BUOYXY 0 PO3IIAHYTOI TOUKH R (M).

[TapameTpu BuOYX0BOi yJapHOi XBHJII 3aJIeXKAaTh BiJl HABEJCHOI BiICTaH1

R__R_ (1)

Q-

e ch) — edeKTUBHA Maca, sIKa IOPIBHIOE

Qy =(1-8)aM,,, (2)
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1€ £— dYacTKa eHeprii BUOyXy, IO BUTPAYA€EThCS HAa YTBOPEHHS BUPBH, B JaHIA CUTYyarlil
NPUKAHATO piBHOIO 0

o — BITHOIIEHHS MUTOMOI eHeprii BuOyxy BHOYXOBOi pedoBUHH, AopiBHIOE 1,0, SKIIO
TUT BUOYXOBOi pEYOBMHU HEBIIOMUIL, TO MOXKHA MpuiiMaTi o =1,5.

3a ymosu M =60000 kr orpumaemo:

Q., =(-0)-1-60000 = 60000 «kr,

R0 =12,8(m/ xr?).

/60000

Hagmipuuit tHck Ha ¢poHTI BHOYXOBOi XBHJII BHU3HAYA€TbCA 3a EMIIIPUYHOIO
3aJIEKHICTIO

092 35 10,6) 10 -

Ap, =——+—+
( p(f) R RZ R3

[TimcTaBUBIIM 3HAYEHHS HABEACHOI BIJICTaHI, OTPUMAaHO Ap, =1002mc/ m* abo 9,83

MI]a.

Po3paxoBanuii HaaMipHMi THCK BHOYXOBOi XBWJII MPHUKIANAETHCS B PO3PaXyHKOBIH
MOJIENTI Y BHTJISAAI PIBHOMIPHO PO3MOAUICHOTO JWHAMIYHOTO HABAaHTAXEHHS Ha HECydl
eleMeHTH OymiBii, 30KpeMa Ha KOJIOHH CTajJeBOro KapKacy, 3 ypaxyBaHHSIM HampsMKy
MOIITMPEHHS BUOYXOBOT XBHUJII.

HaBanTaxxeHHsI Bi MOKPUTTS 3aJal0ThCS HAa MPOTOHM B OKPEMOMY 3aBaHTAKEHHI Yy
BUTJISA/II PIBHOMIPHO PO3MOJIUIEHOTO HABAHTAKEHHS (puc. 2).

.y , R 2R
> ? e N
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Puc. 2. Cxema 3a1aHHs HaBaHTa)XEHHS HAa POTOHU ITOKPHTTS

KnimaTtuyHi HaBaHTa)XKEHHS BiJ] CHIT'Y 33/1al0ThCSl aHAJIOTTYHUM CITIOCOOOM BIATIOBIAHO 110
HOPMaTUBHUX BUMOT.

BitpoBe HaBaHTa)K€HHS MPUKIIAIAETHCS 10 KOJIOH KapKacy B OKPEMOMY 3aBaHTaKEHHI y
BUIJISA PIBHOMIPHO PO3MOUICHOTO HaBaHTaXEHHs (pHc. 3).

IIypaenko P. P., Orpow FO. A., Pamkesuu H. B.
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Puc. 3. Cxema 3a1aHHS BITPOBOTO HaBaHTa)KEHHS

HaBanTtaxenHns Big BUOyXy Mae IMIYJIbCHUN, MUTTEBUH XapakTep Al Ta BHUKIMKA€E
BUMYILIEH1 KOJUBaHHS Oy/iBIi, sIKI GOPMYIOThCS M1 BILTUBOM DPI3KOTO 3pOCTAaHHS TUCKY Ha
Hecy4l eneMeHTH. Takuii XapakTep HaBaHTa)XEHHsI BIJIPI3HAETHCS Bl TpUBAIUX abo
KBa3ICTaTUYHUX BIUIUBIB 1 MOTpeOye OKPEMOTO MiXOAY MPH MOJeNtoBaHHI. [ KOpeKTHOTO
BpaxyBaHHS BIUIMBY BHOYXOBOI yIapHOi XBHJII PO3MISIIAIOTHCS JBa THUIA 3aBAHTAXKCHD:
CTaTUYHE Ta JUHAMIYHE.

CraTuyHa CKJ1a/10Ba BUOYXOBOTO HAaBAHTAXEHHSI 3aCTOCOBYETHCS 10 OCHOBHUX HECYUYHMX
eleMeHTIB OymiBiIi, 30KpeMa 10 KOJIOH KapKacy, Ta BUKOPHCTOBYETHCS IJIi BHU3HAYCHHS
MMOYaTKOBOTO PO3MOJLTY 3yCHJIb 1 HalpyXeHb 0e3 BpaxyBaHHS iHepIiHHUX edekTiB. Bona
JI03BOJISIE BpaxyBaTH CEpeAHI PIBEHb CHUJIOBOTO BIUIMBY BHOYXYy Ta CTBOPHUTH 0a30BY
HaIpy>KeHO-1e(hOPMOBaHY CXeMy KOHCTPYKITii.

JluHamiuHa CKJIa/I0Ba 3a/Ia€ThCSl OKPEMUM 3aBAHTAXEHHSM 1 BKJIIOYA€ BIUIUB CTATHYHOT
CKJIaJIOBO1 SIK MouyaTKoBe 30y KyBajbHE HaBaHTaxeHHsS. Lle m03Bosisie BpaxyBaTH iHEpLiHH1
CWJIY, 10 BUHUKAIOTh Y KOHCTPYKIIAX Yepe3 MBUIKY 3MIHY HABAHTA)KEHHS, a TAKOK OI[IHUTU
peakiiro OymiBiIil y BUIUISAI TOAATKOBUX MEPEMIIleHb 1 3ycuib. Takui Mmigxia 3ade3reuye
MO>KJIUBICTh MPOTHO3YBAHHS JIOKAJIBHOT KOHLIEHTpALlll HAMpYyKeHb, PO3BUTKY Jedopmariiii Ta
MOTEHLIHHUX 30H YIIKO/HKEHb Y KOHCTPYKIIII.

[Ticnst 3amaHHs BCIX MOCTIHHUX, TUMYACOBUX, KIIMATUYHUX Ta OCOOJIMBUX HABAHTAXKECHb
(dbopMyeThcss HaOIp pO3paXyHKOBUX MO€AHAHb. ByniBenbHI KOHCTPYKIIi pO3PaxOBYIOTHCS Ha
HaHOUBII HECTIPUATINBI KOMOIHAI[IT HABaHTAXKEHb, 110 JJO3BOJISIE BU3HAUYUTH KPUTHYHI YMOBHU
poOoTH eneMeHTIB KOHCTpyKuii. [Ins KOKHOrO TO€AHAHHS MPOBOAMTHCS MEpEBipKa
BIJIMOBIAHOCTI TPAHUYHUM CTaHaM MEpIIOi Ta APpYroi rpymH, 1o 3abe3neuye oIiHKY MIlHOCTI,
CTIMKOCTI Ta Mpare31aTHOCTI KOHCTPYKIiH.

Pe3ynbpTatoM po3paxyHKy € BU3HA4Y€HI BHYTPIIIHI 3yCHIUISL Ta MEPEMIIlICHHs €EMEHTIB
KOHCTPYKI[ii, 110 BUKOPHCTOBYIOTbCS [UISI TOAANBIIOT0 KOHCTPYKTHBHOTO aHali3y Ta
ontuMizanii OyniBeabHUX pimieHb. Ha ocHOBI MX AaHuX QopmyeTbes AepopMOBaHa cxema
OyaiBiIi, 10 JI03BOJIAE Bi3yali3yBaTu Cla0Ki AUISTHKY KOHCTPYKIII Ta OLIHUTU €(EeKTUBHICTh
oOpaHMX 3ax0/IiB 1010 3a0e3neueHHs Oe3mnexu (puc. 4).
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Puc. 4. JlepopmoBana cxema OymiBii

Pesynbratu po3paxyHKy MMOKa3ajlu pO3MOAUT BHYTPIIHIX 3yCHIb Ta MNEPEMIIIEHb Y
€JIEMEHTaX paMHy M1 BIUIMBOM BUOYXOBOi yJaapHoi XBuil. MakcumanbHi ocboBi 3ycuiuig N y
KOJIOHI paMU HaBeJIEH1 Ha pucC. 5.

Puc. 5. MakcumanbHi ocsoBi 3ycuiuisi N B elleMeHTax pamu

Awnani3 3ruHajJbHuX MOMeHTIB M , TIOKa3aB, 1o HaWOLIbIIIC HABAHTAXEHHS MPUITAJIAE HA

xosonu, ne M, =17,4 (puc. 6). B iHmMX eneMeHTax paMu — BEPXHbOMY Ta HMKHBOMY

nosicax (epMH, OMOPHUX PO3KOCAaxX Ta pelIiTKax (pepMu — 3THHAIbHI MOMEHTH NPAKTUYHO
BIJICYTHI, IO CBIAYUTH MPO iXHIO NEPEeBaXHY POOOTY Ha PO3TST Ta CTUCK, & HE HA 3THH.

x

Puc. 6. Makcumanbhi 3ruHanbHi MOMeHTH M B eneMenTax pamu

[Mypaenko P. P., Orpom 1O. A., Pamkesnu H. B.
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MakcuManbHi MepeMillleHHsT KOHCTPYKLIi TakoX OylM BHU3HAYEHI JJIS JBOX T'OJIOBHHUX
oceit koopauHat: B310BK oci X — 41,8 mm (puc. 7), B3ugoBx oci Z — 12,2 mm (puc. 8). Lli
3HA4YEeHHs1 BI1IOOPaXKarOTh pPEAKLil0 KOHCTPYKIiI HAa MUTTEBE HAaBaHTAXKEHHS BUOYXy Ta
J03BOJISIFOTh OLIIHUTH TMOTEHIIHHI nedopMarii, SKi MOXYTh BIUIMBATH Ha MpPaLE3JaTHICTbH
HECYYHX €JIEMEHTIB Ta OTOPOKYBAIbHUX KOHCTPYKIIIH.

I 1L I I I
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Puc. 7. Mo3aika nepeminieHp y310Bx oci X, MM
|
]
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S

Puc. 8. Mo3aika nepeMilieHb y310Bxk oci Z, MM

[lepeBipka KOHCTpYKIIi 3a | rpynoro rpaHUYHUX CTaHIB MOKa3ala, 10 MIIHICTh KOJIOHU
He 3abe3medeHa, TOOTO MAaHWK €JIEMEHT HE BIANOBIZA€ HOPMATHBHMM BHUMoOram. IHII
€JIEMEHTH — HWXKHINA Ta BEepXHil moscu pepmu, oNOpHUNA po3KiC (hepMHU Ta perriTka GpepmMu —
3aJJ0BOJIbHAIOTE BUMOTHM | rpynu rpaHn4yHux craHiB. lle o3Hauae, 1m0 mpu pO3TISTHYTHX
HaBaHTAKEHHSX BOHM 37aTHI BUTPUMATH MPUKJIAJEH] CHIIM 0€3 JIOKaJIbHOTO pyiHYBaHHsS abo
BTPATH HECYYOI 3JaTHOCTI.

OTtpumaHi pe3yiabTaTd J03BOJSIOTH 1IEHTU(DIKYBATH CIIa0Ki eIeMEHTH KOHCTPYKIi, sKi
CIIil YKPIMUTH a00 3aMIHUTH Marepiayn ajs 3a0e3nedeHHs Oe3nedHol ekcruryararii OyaiBii
M1 BIUTABOM BUOYXOBHX HABAHTAKEHb.
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5 OBI'OBOPEHHS PE3YJBTATIB JOCJILIKEHHSA

Posrnsinyri  MoximBocTi mporpamHoro kommiekcy «JIIPA-CAIIP» 3abe3nedyroTsh
peaiizallito po3paxyHKiB 3a FPaHUYHUMHU CTAaHAMH ISl PI3HUX KOHCTPYKTUBHHUX CXEM 1 THITIB
HaBaHTAXEHb, 3 ypaxyBaHHSAM HENiHIIHOI poOoTH MaTepianiB. 3acTOCyBaHHS MOIYIIIB
JMHAMIYHOTO aHATI3y, KPUTEPIiB MIIHOCTI Ta 3aCO0IB MOACTIOBaHHS (PI3MUHOT HENIHIHHOCT1
CTBOPIOE YMOBHM ISl YHCEIBHOTO BIATBOPEHHS HAIPY)KEHO-Ie(OPMOBAHOTO CTaHY
KOHCTPYKIi{ 1 BU3HAUEHHS TPAHUYHUX YMOB iX MpaIe3AaTHOCTI B aBapifHUX peKUMax.

6 BUCHOBKH

1. OCcHOBHI IIOJIO’KEHHSI PO3PAXYHKY OY/iBEIbHUX KOHCTPYKIIN 3a TPAHUYHUMHU CTaHAMU
OpIEHTOBAHI HAa BHUKOPHUCTAHHA YHCEIIbHUX METOJIB 3 YypaxXyBaHHSAM (I3UYHOI Ta
T€OMETPUYHOT HETIHINHOCTI JUIsi OI[IHIOBAHHS HAJIHHOCTI Ta Oe3meku OyAiBenb 1 Cropya 3a
il CKIAAHUX HaBaHTAKEHb. YpaxyBaHHS JUHAMIYHMX BIUIUBIB € HEOOXITHUM JJIs
KOPEKTHOTO BHW3HAYEHHs HANpPYKEHO-AEPOPMOBAHOTO CTaHy KOHCTPYKIIH, aHali3y
JIOKAJTbHUX TOIIKOKEHb, TMEPEPO3NOAUTY 3yCHJIb Yy HECYUYHX CHCTEeMax Ta MOXJIHMBOTO
PO3BUTKY MPOTPECYIOYOTO OOBATICHHS.

2. 3a pesyibTaTaMd MOJICITIOBAHHS BCTAaHOBJICHO, IO HAHOUIbIIE HABAHTAKEHHS BiJ
BHOYXOBOi yJIapHOi XBHWJII TPHUIATAE Ha KOJOHM CTaJCBOrO0 KapKacy, /€ BHUHHKAIOTh
MaKCUMaJbHI OChOBI 3yCHJUIS Ta 3THHAJIBHI MOMEHTH, TOJ1 K (hepMH, OTIOpHI PO3KOCH Ta
perntiTka KOHCTPYKIIli MPaIiol0Th MePEBaKHO Ha CTUCK 1 pO3TAT. [[uHaMIYHUI BIUIMB BUOYXY
CIPUYUHSE MUTTEB] TIepeMillleHHs] OyiBIIi, 110 BKa3ye€ HAa MOXKJIMBI JIOKaJbHI KOHLEHTpAaLii
HarnpykeHb Ta aedopmaiiid. [TepeBipka 3a | rpynoro rpaHUYHMX CTaHIB TIOKa3aja, 0 KOJOHHU
He 3a0e3MeuyroTh HeOOXITHY MIIHICTh, TOMI SK 1HIIN €JIeMEHTH KOHCTPYKIIl BiAMOBIZAIOThH
HOPMaTHUBHUM BUMOTaM, 110 TO3BOJIsI€ BUSHAYUTH CIa0K1 JUISTHKH TSI TIOCHJICHHS 200 3aMiHU
Marepiary.

7 ETWYHI JEKJIAPALIL

ABTOpM HE MarwTh BIIMOBITHUX (PIHAHCOBUX YW HE(PIHAHCOBUX IHTEPECIB, SKI CIIIJT
PO3KpHBaTH.
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VJIK 691.32

HOMYK OIITUMAJIBHUX CKJIAJAIB BETOHIB

JOPOXHIX IOKPUTTIB I TPAHCIHHOPTHHUX CITIOPY [

3 BUKOPUCTAHHAM BTOPUHHOI'O IIEBEHIO
MNOKPOKOBUM CKAHYBAHHSM IOJIIB BJACTUBOCTEM

Kpossixos C. 0.}, llumuenxo I1. B.

Y00ecvra depacasna axademis 6ydienuymea ma apximexmypu

AHoTanisg: 3pyiHOBaHI Ta JEMOHTOBaHI 3ai300€TOHHI KOHCTPYKII € MepPCIeKTUBHOK
CHUPOBUHOIO JUII BUPOOHMIITBA IcOeHI0. BeTOHM Ha OCHOBI BTOPMHHOIO IEOCHIO BUTIIHO
BHUKOPUCTOBYBATH B TPAHCIIOPTHOMY Oy NiBHHUIITBI.

3a onTHUMaJbHUM IJIAHOM IPOBEJCHUH EKCIIEPUMEHT, B SKOMY BapitoBaucs 3 (akTOpH CKIaay
0eToHy Ha BTOPUHHOMY IIe0€Hi: YaCTHHA [[EMEHTY, IO 3aMIiHIOETECS 301010 BUHOCOM (Bix 0 10 20%);
KilBbKiCTh cymeprmactudikatopy momikapbokcunatHoro tumy (Bix 3,0 mo 4,8 kr/m®); KimbkicTh
noninpomninesosoi diopu (Bix 0 10 3,0 kr/m>). Bei Geronni cymimi mamu pyxomicts S1. Po3paxoBaHo
KOMIUIEKC eKkcriepuMeHTanbHo-cTaTucTnyHnX (EC) mozenell, mo omucyroTh BIUIMB BapifioBaHUX
(akTOpiB HA MIIHICTh OETOHY Ha CTHUCK, MII[HICTh Ha PO3TSIT MPH 3rWHI, MOPO3OCTIHKICTh, CTUPAHHICTh
Ta cobiBapTicTh BUroToBIeHH: 1 M3 cymii.

[Momyky onTuMallbHUX CKIIQJIiB OCTOHIB JIIsl dKOPCTKUX JOPOXKHIX TMOKPUTTIB 1 TPAHCIIOPTHHX
CIOPYJ pealli3oBaHO IOKPOKOBMM CKaHyBaHHS MMOJiB BiactuBocreit 3a EC-momensamu. OnrtuMaibHi
CKJIaJI MaloTh 3a0e3redyBaTH HOPMATUBHI PiBHI MilHOCTI Ha cTrck (He MeHm 40 MITa st OeroHiB
JIOPOKHIX TOKPHUTTIB Ta He MeHin 50 MIla s O€TOHIB TPaHCIIOPTHUX CITOPYA), MIIIHOCTI Ha pO3TAT
mpu 3ruHi (He Menm 5 MIIa), moposocriiikocti (e Menm F200) ta 3HOCOCTIiiKOCTI (HE OLIBII
0,5 r/cM?) GeroHy mpW MiHiMi3amii coGiBapTocTi iX BHroToBIeHHS. KpOK reHepalii KOOpIMHAT
pPO3PaxXyHKOBUX TOYOK IIPH CKaHYBAaHHI MPHMHATO BIAMOBIAHO 10 TEXHOJOTIYHHX OCOOJMBOCTEH
MIPOIIECY BUTOTOBIIEHHS! OETOHHHX CyMIIllel B MPOMHUCIIOBIX YMOBax. B KOXHIl 3 TeHEpOBAHUX TOYOK
3a BiamoBigauMu EC-Momensmu Oynu po3paxoBaHi 3HAYCHHS JOCIIHKEHUX MEXaHIYHUX MTOKA3HHKIB,
SIKI aBTOMATHYHO TIOPIBHIOBAJMCS 3 PIBHEM BHCYHYTHX KpPHUTEPiiB OOMEKEHHS. 3a pe3yJbTaTaMH
mepeBipkd  OyJIo0 TPOBEIEHO BiJCiIOBaHHA TOYOK (HAOOpIB KOOpAWHAT), AKi HE 3a0e3medyBaid
BUKOHAHHS OJHOYACHO BCIX KpHUTEpiiB oOMekeHHS. Hamanmi TOYKH, IIO 3aJMIIIUIACS 3 TOYAaTKOBOTO
MacuBy, 6y TIPOPAHIKOBAHi 3a 3HAYEHHAM MOKa3HHUKA cobiBapTocTi 1 M, 110 a0 3Mory 3 BUCOKOO
TOYHICTIO BHU3HAYWTH ONTHMANbHI CKJIagu OeToHiB. Bu3HaueHi ckmamu OETOHIB 3a0e3MeuyroTh
HEOOXimMHUN piBEHb MEXaHIYHUX TIOKa3HWKIB Marepially, MaloTh MiHIMAIbHY COOIBapTiCTh 3
BpaxyBaHHSM IMIOTOYHUX PUHKOBUX I[iH, Ta € €EKTUBHUMH 3 €KOJIOTTYHOI TOUKH 30DY.

KuarouoBi ciioBa: BropuHHNH 111€01Hb, (Pi0pa, 30512 BUHECEHHS, €KCIIEPUMEHTAIbHO-CTATUCTHYHE
MOJICITIOBAaHHSI, CKAaHYBaHHS ITOJIIB BJIACTHBOCTEH, )KOPCTKE JOPOKHE TIOKPUTTS, ONTHMI3aIlis.

SEARCH FOR OPTIMAL COMPOSITIONS OF CONCRETE FOR
RIGID PAVEMENT AND TRANSPORT STRUCTURES USING
RECYCLED AGGREGATE BY STEP-BY-STEP SCANNING OF
PROPERTY FIELDS

S. Kroviakov!, P. Shymchenko?
!0desa State Academy of Civil Engineering and Architecture

Abstract: Destroyed and dismantled reinforced concrete structures represent a promising raw
material source for the production of recycled aggregate. Concrete based on recycled aggregate is
advantageous for use in transportation construction.

An experiment was carried out according to an optimal experimental design, in which three
composition factors of concrete with recycled aggregate were varied: the proportion of cement
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replaced by fly ash (from 0 to 20%); the dosage of polycarboxylate-based superplasticizer (from 3.0 to
4.8 kg/m?3); and the content of polypropylene fiber (from 0 to 3.0 kg/m3). All concrete mixtures had a
slump class S1. A set of experimental—statistical (ES) models was developed to describe the influence
of the varied factors on compressive strength, flexural tensile strength, freeze—thaw resistance,
abrasion resistance, and the production cost of 1 m3 of concrete mixture.

The search for optimal concrete compositions for rigid pavements and transportation structures
was implemented through step-by-step scanning of property fields using the ES models. The optimal
compositions were required to ensure normative performance levels of compressive strength (not less
than 40 MPa for rigid pavement concretes and not less than 50 MPa for concretes of transportation
structures), flexural tensile strength (not less than 5 MPa), freeze—thaw resistance (not less than F200),
and abrasion resistance (not more than 0.5 g/cm?), while minimizing production cost. The step size for
generating calculation points during scanning was adopted in accordance with the technological
features of concrete production under industrial conditions. At each generated point, the values of the
investigated mechanical properties were calculated using the corresponding ES models and
automatically compared with the specified constraint criteria. Based on the verification results, points
(sets of coordinates) that failed to satisfy all constraint criteria simultaneously were eliminated. The
remaining points from the initial dataset were ranked according to the cost indicator of 1 mé of
concrete mixture, which made it possible to determine the optimal concrete compositions with high
accuracy. The identified compositions ensure the required mechanical performance of the material,
have minimal production cost considering current market prices, and are environmentally efficient.

Keywords: recycled aggregate, fiber, fly ash, experimental-statistical modeling, property field
scanning, rigid pavement, optimization
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1 BCTYI

B pesyaprari OoHOBHMX Mifi YMCENBHUX MOIIKO/KEHb 3a3Hajla TPAHCHOPTHA
iHppacTpykTypa YKpainu, MOBHICTIO a00 4aCTKOBO 3pyWHOBaHO Oararo OyiBenb Ta CIOPY/
[1]. BigHoBieHHs iHPpacTpyKTypH MOTpeOye 3HAYHUX OOCSATIB OCTOHHUX POOIT, BiAMIOBIIHO
BUTpar OeToHy. Haitlbinpmum 3a MUTOMOIO Baror0 KOMIIOHEHTOM OETOHHOI CyMillli € I1e0iHb.
3pyliHOBaHI Ta JEMOHTOBaHI KOHCTPYKIIl € CHPOBHHOIO JJisi BHPOOHUIITBA BTOPUHHHUX
3allOBHIOBAYiB, 30KpeMa IIe0eHI0. BUKOpUCTaHHS BTOPUHHOTO MICOCHIO € BaKIMBOIO
€KOHOMIYHOKO 1 €KOJIOTTYHOO 33/1a4€0, IIPHU [IBOMY CaMe TPaHCIOPTHE OYAIBHUIITBO MOKHA
BBaKaTH HaWOUIBII MEPCIEKTUBHUM 00’ €KTOM 3aCTOCYBaHHS MEPEPOOJICHUX 3alOBHIOBAYIB.
Tomy akTyanbHOIO € 3amada po3poOKu edeKTUBHUX OCTOHIB /I KOHCTPYKIIIH JOPOKHIX
MOKPUTTIB 1 TPAHCIIOPTHUX CHOPYA HAa OCHOBI BTOPHMHHOTO IIEOCHIO Ta 3 MaKCHUMaJIbHUM
3a]lydeHHSIM BIAXOAIB BHPOOHMITBA. MOXIMBICTb OTpUMaHHS OETOHIB 3 BHCOKHMHU
MOKa3HUKaMHM MIIHOCTI Ta JOBTOBIYHOCTI MpPU BUKOPUCTAHHI BTOPUHHOTO IIEOEHIO,
HacaMmIiepe]; 3 TMepepoOIeHUX 3aTi300€TOHHUX KOHCTPYKIIIM, MiATBEp/KEeHAa B pPoOOTax
Oaratbox aBTOpIB [2, 3 Ta 1H.].

3ajaya 3HMKEHHS €HEProBUTpPAT HAa BUPOOHHUITBO OETOHIB 3aJUIIAETHCS AKTYyaJbHOIO
g Ykpainu Ta iHmux KpaiH. Cepen KOMIOHEHTIB Oe€TOHHOI cyMmimli HalOuible eHeprii
BUTPAYa€THCS Ha BUPOOHUIUTBO IIeMEeHTY. BiMOBIIHO AOUUILHUM € 3aMiHa YaCTUHU LIEMEHTY
301010 a00 IHIKUMU Bigxoaamu BupoOHunTBa [4]. Takox e cnpusie 3umwkeHH0 BUKuaiB CO2
B aTMocdepy, 10 BiAMOBiTae 3aqa4aM CTauoro po3BUTKY [5]. E(GeKTHBHICTE BUKOPUCTAHHS
3011 B OETOHAX KOPCTKHUX JOPOKHIX IMOKPHUTTIB MiATBEpKeHa y poboTax [6, 7, 8 Ta iH.].
3aBasSKM PI3HOCTIPSIMOBAHUM Ta JWHAMIYHMM HaBaHTAKEHHSM Ha KOHCTPYKIIi /uisi OCTOHIB
JOPO’KHIX TOKPUTTIB Ta TPAHCIIOPTHUX CHOPYJ TAKOX €PEKTUBHUM € AUCIIEPCHE apMYyBaHHS,
30KpemMa noJinporiieHoBoto ¢idporo [9, 10].

[Ipyn BUpOOHHUIITBI OETOHIB JKOPCTKUX JOPOKHIX MOKPHUTTIB 3a/ada €KOHOMIl pecypciB
Ta/ab0 3HWKEHHS CKOJIOTIYHMX HACIHIIKIB Ma€ BHUPIINIYBATHUCA 3 BpPaxXyBaHHSIM BHUMOT 10
(h1BUKO-MEXaHIYHUX BJIACTHBOCTEH OeToHIB. ToOTO Ha MPaKTHIll HEOOXITHO IMPOBOJIUTH
ONTHUMI3allil0 CKJIaay OCETOHHOI CyMilli B 3aJIEKHOCTI Bix (HAKTUUYHO BHUKOPHUCTAHUX
MarepiamiB uis 1i MPUTrOTYBaHHS, 3a0€3MEUMBIIM HEOOXITHUN IS KOHKPETHOTO THILY
KOHCTPYKIIIH pIBE€Hb MIIHOCTI, MOPO30CTIMKOCTI Ta IHIIMX YHOPMOBAaHHUX MEXaHIYHHX
noka3HukiB 6erony [11, 12].

2 AHAJI3 JITEPATYPHUX JAHUX TA IIOCTAHOBKA INPOBJIEMH

OpnuM 3 HaWOUTBII ePEeKTUBHUX 1 SKICHO ONpaIlbOBAHUX METOJIB OaraToKpuTepiaabHOI
ONTHUMI3alli] CKJIaJiB OETOHIB K KOMIO3UIIIHHUX MaTepialliB € MOIIYK PillleHb 32 KOMILJIEKCOM
excriepuMenTaigbHo-cTaTucTiunux (EC) Mopene#l, po3paxoBaHHX 3a pe3yabTaTaMH
wiaHoBaHoro excriepumenty [11, 13, 14]. Koxxna EC-Moenp koMIUIeKCy BimoOpakae BIUIUB
BapiiioBaHMX (aKTOpiB Ha OAMH KOHKPETHHH (I3UKO-MeXaHIYHHI abo CTPYKTypHUI
MOKa3HUK. 3aBJSIKM TOMY, L0 BCl MOJENl KOMIUIEKCY MOOyJOBaHI B OJHAKOBUX MeXax
(akTOPHOTO MPOCTOPY EKCIEPUMEHTY, iX CHUIBHUM aHaili3 0pu CYMIIIEHHI IOJIiB
BJIacTUBOCTEH (BIATYKIB) JO03BOJSIE MPOBOJUTH TMOIIYK ONTHUMaJbHHUX pilieHb. [Ipu
CYMIILIEHH] BHM3HAYa€TbCs OONACTh MPHUIYCTUMHUX DpIilIeHb, TOOTO Yy SAKHA METOAOM
BUITaJKOBUM BUKOHYIOTHCS BUMOTH IOJO BCIX BUCYHYTHX KpHUTEpiiB oOMexxeHHs. B maniii
o0nacTi 3 BpaxyBaHHSM KpUTepit0 ab0 KpUTEpiiB ONTUMIi3alii BU3HAYAETHCS ONTUMAJbHE
pimenns [13, 15].

[Tomryk pimieHs 3a OMUCAHWM BUILE MPHHIIMIIOM MOXE MPOBOAUTUCS TpadidHUM
METO/IOM Ha BIANOBIAHMUX JiarpaMax a00 METOJOM BHIIAJKOBOTO CKAaHYBaHHS TIOJIB
BiactuBoctell (Meromom Monte-Kapino). IlepeBaroto rpadiyHoro meroay BHOOPY
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ONTUMAJIHUX pIillIeHb € HOro HAOYHICTh, IO POOUTH WOTOo JOCTATHHO 3PYYHINIMM B
imKeHepHii mpakrtuii. [Ipuknagamu 3acTocyBaHHS rpadigHOrO METOMy aHami3y Jiarpam Juist
MOIIYKY ONTHMAaJIbHHUX CKJIa/iB OeTOHIB € poboTH [12, 16, 17, 18 Ta in.].

[Tpu peanizanii METOqy BHIIQJKOBHM CKaHyBaHHS IMOJIB BiacTuBocTeil (Monte-Kapio)
TeHEPYEThCSL HAOIp BUITAKOBUX KOOPJAMHAT Y MeXax (PaKTOPHOTO MPOCTOPY EKCIIEPHMEHTY,
Hanpukian 10000 koopauHar. [[ns 3amay onmtumizamii ckimagy OeTOHY — 1€ BiANOBITHHUN
Habip pi3HMX ckiaaiB OetoHy. KoopanHaTH KOXHOTO BHITAKOBO T'€HEPOBAHOTO CKIIATY
miAcTaBIsAOThe y BiamoBinHi EC-monemi. Jlami mpoBomuThes mporec «pimpTpamii» 3a
KpUTepisiMu oOMeXeHHs Ta (popMyeThest Habip TOUYOK HA CYMIIIEHUX TOJISX BIACTUBOCTEH, B
SKHX PIBHI MPOAHATi30BaHUX BJIACTHBOCTEH BIJIIOBIAAIOTH BCIM KPHUTEPisiIM — TOOTO 3rajaHa
BUIle 00JacTh MPUIYCTUMHUX pimieHb. B maniil oGmacti 3a BiamoBigHowo EC-monemio
PO3pPaxOBYETHCS 3HAYEHHST KPUTEPIIO ONMTUMI3AIlii JI1 BChOTO HAOOPY TOUOK Ta MPUIMAETHCS
pimeHHd. L nmpoueaypa aas miABULIEHHS TOYHOCT1 MOKE MPOBOJUTHCS B JIEKUIbKa iTepariil
3 IOCTYIMOBUM HAONIKEHHSM JI0 ONTHMAJIBHOTO pimeHHs. [IpukiagamMu 3acTOCYBaHHS
METOJIOM BHITAJJKOBOTO CKAaHYBaHHS IIOJIIB BJIACTHBOCTEH JUIsI BH3HAYCHHS ONTHMAIbHUX
CKJIa/IiB Oy/IiBEIbHUX KOMIIO3HTIB € pobdotu [19, 20, 21 Ta iH.].

Mertos BUIIAAKOBOTO CKaHYBaHHS IOJIB BIAaCTUBOCTEH (MeTon MonTte-Kapio) mo3Bossie
3HAXOJUTH ONTUMANBHI PIIEHHS 3 BUCOKOK TOUYHICTIO. DAKTUYHO TOYHICTH PIMICHHS MOXE
3aJIe’KaTH Bif KUTBKOCTI TIPOBEICHUX BHUIIAJKOBUX «CKAHYBAaHbB)» IOJSI BJIACTUBOCTEH, TOOTO
TeHEPOBAaHUX BUMAJKOBUX KOOPAHMHAT TOUOK Yy (haKTOPHOMY TPOCTOpi. AJe ISl CydacHHX
00UYMCITIOBAIBHUX TIOTY’)KHOCTEHW HE BaXXKKHUM 3aBJIaHHSM € T€Hepallisi HaBITh MUTBMOHIB TaKHX
TOYOK. BiINOBIAHO TOYHICTH pillleHb y OUIBIIINA Mipl BUSHAYAETHCS TOYHICTIO alpOKCUMAI]
IOCIIKEHNX BiiacTuBoCcTel camuMu EC-MomersiMu.

BaxxnuBo 3a3HaunTH, 10 32 pe3yabTaTaMH peajlizalii MeToy BUIIaJKOBOTO CKaHyBaHHS
MOJIIB BJIACTUBOCTEH JUIsl TOIIYKY ONTHMAJIBHOTO CKJIaay OeTOHy pilleHHs, 1o Oyxae
3HANICHO, HABITh MPH CBOIM TOYHOCTI MOXE 3HAXOJUTHUCS HE y TOBHINA BIAMOBITHOCTI 10
pEIbHUX TEXHOJIOTTYHUX MOKIJIMBOCTEM NpoMHUCIOBOro obnanHaHHsA. ToOTO Hampukian
BIJIMOBIIaTH J03YBAaHHIO MOPTIAHALIEMEHTY 3 TOYHICTIO O COTHX KI' Ha M3, abo ¢biopu 3
TOYHICTIO 710 TpaMiB Ha M°. 3BHYAIHO, TaKe PillleHHS MOXHA 0€3 CyTTE€BOI BTPATH TOYHOCTI
COKPYIJIUTUY» 10 HAHOIMKYOTO TEXHOJIOTTYHO MoxuuBoro. Ilporte me, mo-mepiie, BuMarae
BiMOBIIHOT KBamidikaiii 1oCHiIHUKa, TO-Apyre, poOuTh He e(hEeKTUBHOI O0OpPOOKY 3aHAATO
3HAYHOT KUTbKOCTI BUIMAJIKOBUX KOOPJAMHAT Y MeKax (PaKTOPHOTO MPOCTOPY EKCIIEPUMEHTY.

3 ypaxyBaHHSIM HaBEJICHOIO BHILE aBTOPU MPOIMOHYIOTH BIAMOBIIHO 0 TEXHOJOTTYHHX
0COOJIMBOCTEI MpOIleCy BUTOTOBIEHHS OETOHHUX CyMIIIEH Yy MPOMHCIOBHUX YMOBaX IS
MOIIIYKY ONTUMAJILHOTO CKJIaay OETOHY peani3oByBaTH CKaHYBAaHHSI IMOJIIB BJIACTUBOCTEH 3a
EC-MozensiMu He BHUIIAJIKOBOIO T€HEPAII€I0 KOOPAWHAT TOYOK, a TOKPOKOBOIO T€HEpAIli€lo 3
TEXHOJIOTIYHO OOIPYHTOBAHUM KPOKOM.

3 LIJIb TA 3AJAYI JOCIIKEHHS

Metoro poOOTH € BH3HAYCHHS ONTHUMAJIBHUX CKIAJIB OCTOHIB JOPOKHIX IMOKPHTTIB 1
TPAHCHOPTHUX CIOPYJ 3 BUKOPUCTAHHSAM BTOPHUHHOTIO IIEOCHIO 332 paxyHOK HpPOBEAEHHS
MIOKPOKOBOT'O CKaHYBaHHSIM MOJIB BlacTUBOCTEH. ONTUMAaIbHI CKIIaM MaroTh 3a0e3MevyBaTu
HOpPMAaTHUBHI pIBHI MII[HOCTi, MOPO30CTIKOCTI Ta 3HOCOCTIKOCTI O€TOHY MpH MiHIMi3arii
co0iBapTOCTI iX BUTOTOBIICHHS.

4 PE3YJIBTATHU JOCJIKEHDb

3a 15-Tu TOUKOBUM cUMeTpHUYHUM T1aHOM bokca-benkena [13, 14] OyB mpoBenenuit 3-x
(bakTOpHHII €KCIIEpUMEHT, B SKOMY BapilOBaJUCS HACTYNHI (akTopu CKiIaxy OETOHy Ha
BTOPUHHOMY III€0€eHI:

Kpossixos C. O., HTumuenxo I1. B.
https://doi.org/10.31650/2618-0650-2026-8-1-41-53 44




MexaHika Ta MaremMaTuuHi meronu / VI11/1/2026
Mechanics and mathematical methods Crop. 41-53/ Page 41-53

X
Big 0 1o 20%. «bazoBuit» ckmnan 6eronnoi cymimi mictuB 300 kr/m3 nemenry. s 3aminu
10% nementy (30 kr/m3) BukopucroByBasiocsi 70 Kr 305 BUHOCY, Uit 3aMminu 20% 1eMeHTy
(60 xr/m3) — 140 Kr 3071 BUHOCY;

X,, KibKicTh cynepruactudikaropy mnomikapookcmiataoro tumy MC-PowerFlow

YacTHHA [IEMEHTY, IO 3aMIHIOEThCs 301010 BuHeceHHs Jlanunpkoi TEL] (M. Kuis),

3200, Bix 3,0 no 4,8 xr/m3, mo BignoBimano miama3ony Bix 1,0 mo 1,6% Big Macu eMEHTY B
cyMmimax «06a30BOro» CKIamdy;

X,, KUIBKICTh mominpornineHoBoi ¢iopu Baumesh (noexuna BonokoH 36 MM, giameTp
0,68 mm), Bix 0 1o 3,0 kr/m3.

Jlia mpurotyBaHHs OETOHIB BUKOPUCTOBYBABCS BTOPUHHHUH I1eOiHb ¢pakmii 5-20 MM,
OTpUMaHUN B pe3yibTaTli MepepoOKH 3ali300€TOHHUX KOHCTPYKLINA, KBApLUOBHUM IMICOK 3
M., =2,3 Ta noprnanauement I II/A-I1-500. Bci 6eTonni cyminni manu pyxomicts S1,
oo JocsArajgocs MmiadopoM KUIBKOCTI BOAM y iX ckiami. JleraabHO yMOBHU TPOBEACHHS
€KCIIEpUMEHTY, HOT0 TUIaH 1 CKJIAJU AOCTIIKEHUX OETOHIB HaBeeHo y [22].

g KoxHOTO 3 15-TM MOCHIKEHUX Yy €KCHEpUMEHTI CKJIaAiB OeTOHY 3TiHO IIH0YUM
CTaHAApTaM BU3Hadayacs MinHicTs Ha ctuck (f, ), MinHicTs Ha posrsr npu 3ruHi (),
mopo3soctiiikicte (F) Tta crupannicte (G). Hmkue naBeneni amexkBatHi EC-mopeni, sxi
OMHCYIOTh BIUIMB BapiioBaHUX (DaKTOPIB CKJIaAy Ha AaHl (pi3MKO-MeXaHIuH1 Moka3HukU. [Ipu
nooynosi EC-moneneit 3riqHo metonuk [13, 14] HaTtypHuil niama3oH BapitoBaHHS (DakTOpIB
XikoayBaBcs B 0e3po3MipHUi Xi 31 3HaUeHHAMH Big —1 10 1.

fo (MHa) = 53,17-4,10x, +1,58x, +0,75x, — 6,1 1x} +0x; +1,41x; +0x.x, +

+1,62x X, £0X,X;,, @
fy (MIla)=5,092—0,056x, +0,048x, +0,191x, — 0,168x; —0,058x; —0,063x; + @
+0X,X, £0X X; —0,036X,X,,

F(mapxa) = 198,6+5,0x, +20,0x, +20,0x, +0x” —21,40x; —21,4x7 —6,3x,x, — @)
—6,3X,X; +6,3X,X,

G(2/cn?)=0,471+0,007x, —0,005x, — 0,020x; +0,008x; +0,004x; +0,007x; + @

+0,002x, X, £ 0x,X, + 0, 003X, X,.

TakoX I KOXKHOTO CKJIamay Oylla po3paxoBaHa COOIBAPTiCTh BUTOTOBICHHA 1 i’

6eToHHOI cymimli B miHax ciuHg 2026 poky. 3BU4aiiHo, (hakTHyHa COOIBApTICTH BUTOTOBICHHS
CyMillli B IPOMHUCIIOBUX yMOBax Oye TaKOK 3aJeKHOIO BiJ 00cAry BUPOOHUIITBA, Iieda
JOCTaBKM KOMIIOHEHTIB Ta IHIIKWX YMHHUKIB. [IpoTe po3paxyHkoBa coOiBapTicTh B LUJIOMY €
00’€KTHUBHOIO 1 MOK€ BUKOPHUCTOBYBATHCS JJISl aHAII3Y Ta OI[IHKH €KOHOMIYHOT €)eKTUBHOCTI1
3alpONOHOBAHMX pimeHb. Takum unmHOM, EC-MOzenb, 1m0 ONKCYe BIUIMB BapilOBaHUX
(dakTopiB cKiIaqy Ha cOOIBAPTICTh BUTOTOBIIEHHS! OETOHHOI CyMIIlli Ma€ BUTJISIA:

Co6(zpn/ mM*) =3585,37 —95,77x, +150,35x, +344,06x, —1,22x7 +0x’ —0,46x —

(®)
—0,43x,X, £0x,X; +0X,X,

IIpoBoauBCs BUOIp ONTUMAIBHOTO CKJIaay OETOHY >KOPCTKOTO JOPOKHBOTO MOKPUTTS
s apromoOueHUX gopir Il 1 11l kareropiit (mepumumit BapianT nomryky). Jloporu AaHux
KaTeropii € HalOUIbII PO3MOBCIOKEHUMHU B YKpaiHi Ta MOXYTh PO3IJISIaTHCS SIK OCHOBHI
00’€KTH IJI1 BUKOPUCTAHHS OCTOHIB Ha OCHOBI NEepepoOJIeHHMX 3alOBHIOBAdYiB Ta BIIXOJIIB
BupoOHuITBa. 3rimHo a0 Bumor JIBH B.2.3-4:2015 [23] ta JJCTY 8858:2019 [24] y sikoCTi
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KpUTEpilB OOMEKEHHsI BHKOPHCTOBYBAJIMCS TaKi 3HAUYEHHS MEXAaHIYHHX XapaKTEPHCTUK
OETOHY KOPCTKOTO JJOPOKHBOTO MOKPUTTS:
- MitHIcTh Ha ctuck > 40 MIla (knac B30, C25/30);

cm —

- MilHICT Ha po3Tar npu 3rudi f,, >5MIla (xnac Bbtb4,0);

- Mopo3ocTiiikicTs > F200;

- crupanicts G < 0,50 r/cm2 (Mmapka 3a crupanictio G3).

V SKOCTi KpUTepiro OnTHMi3allii BUKOPUCTOBYBanacsa coOiBapTicTh BUrotosnenss 1’
0eTOHHOT cyMilli, IKy HEOOX1THO MIHIMI3yBaTH.

[omryk onTHManbHOTO CKJIAAY OETOHY 3/iHCHIOBABCS NMOKPOKOBUM CKaHYBAaHHSM IOJIB
HaBEJICHUX BUIIE BlacTUBOCTEW. JIyisi KokHOTO 3 3-X BapiiioBaHMX (DaKTOpIB CKiIany Oyio
00paHO TEXHOJIOTIYHO OOIpPYHTOBAaHUN KPOK, 3 SKUM IPOBOAMIIACS T'€Hepallis BIANOBITHUX
KOOpJIMHAT TOYOK B (PaKTOPHOMY IpocCTOpi ekcriepuMmeHTy. OOrpyHTyBaHHSI Oa3zyeTbcs Ha
peaTbHIX MOXKIIMBOCTSAX TEXHOJOTIYHOTO OONagHaHHSA IMOJO0 JO3YBaHHS KOMIIOHEHTIB
0eTOHHOI CyMillll IpH i IPUTOTYBaHHI.

Jnsa dakropy X, mpuiimMaBcs Kpok B 1 Kr 1eMeHTy Ha Mm° OeToHHOI cymimm, mo
nopiBHIOBaNO 3aMiHi 0,5% IeMEHTY 30J1010. 3 BpaXyBaHHSIM TOTO, IIIO 30JI0K0 3aMIHIOBAJIOCS
10 20% memenTy, To6T0 10 60 K2/ M*, oTpuMyemo 60 kpokiB mo 0,0(3) B yHOPMOBaHOMY
0e3po3MipHOMY (haKTOPHOMY IPOCTOPI, O BiAmosigae 61 piBHio dakTopy X, Bim -1 go +1.
Jlns dakropy X,npuiimases kpok B 0,05 x2/m®cynepnnactudikatopy MC-PowerFlow
3200. Ile 36 xpokie mo 0,0(5) B yHOpMOBaHOMY (PAaKTOPHOMY MPOCTOP1 Ta BIAMOBIAHO 37
pisHiB daktopy X,. Jlns dakropy X, npuitmascs kpok B 0,05 xe/m° nominpomineHoBoi
¢i6pu. Lle anamoriuno kpoky Iro dakropy mae 60 kpokiB mo 0,0(5) B yHOpMOBaHOMY
(dakTopHOMYy TmpocTOpi Ta BimmoBimHO 61 piBeHb dakropy X3. IIpuUiHATI KpOKH 3MIHH

BapiioBaHMX (aKTOpPIiB TNpU CKAHYBAaHHAM TIOJIB BJIACTHBOCTEH OeTOoHY TpadiuHo
BioOpakeHi Ha puc.l.

300 299 298 297 243 242 241 240  Uemenr, kiym?
0% 05% 10% 15% 285% 290% 29.5% 30.0% X1 wacrima neveny.

100 -09(6) -0.9(3) -0.90 N 090 09(3) 09(6) 100 ¥, O mocten
-100 09(4)  -08(8)

N
Kr/M?

000kr/v* 005kr/v* 010Kk 015K/ A 285/ 290kr/M® 295km/M° 300KT/M X3 noninponinenosa
100 -0.9(6) -0.9(3) -0.90 090 09(3) 09(6) 100 x, PP

300kr/m3  3.05kr/m? 310 kry/m? 470kr/mM3  4.75kr/M3 4.80kr/m? X2

cymep-
0.8(8) 0.9(4) 100 X, mactudikarop

Puc. 1. IIpmifHATI KpOKH 3MiHH BapiiioBaHUX (PAKTOPIB MPH CKAHYBAHHSAM IOIIB BIACTHBOCTEH OETOHY

Takum 4MHOM, 3arajbHa KUIBKICTh PO3paxXyHKOBUX TOYOK (HAOOpIB KOOpPAWMHAT) NpHU
MOKPOKOBOMY CKaHYBaHHI MOJIIB BIacTUBOCTEH OeToHy AopiBHIOBana 137677 (61x36x61). YV
crBopewiit B Microsoft Excel Tabmumi B koxHiii 3 1ux Toyok 3a EC-momensamu (1)-(5) 6ymu
pO3paxoBaHi 3HaYeHHs MINHOCTI Ha cTHck fcm, wminHOCTi Ha po3rsar npu 3ruHi fctk,

Mopo3octiiikocti F, ctupanocti G ta codiBaprocti Co6 Ilpu pospaxysky piui f, f, ., F

Ta G aBTOMaTMYHO TMOPIBHIOBAJIMCA 3 BIANOBIAHUMHU KpuTepiiMu oOMexeHHs. [lpu
BUKOHAHHI YMOBHU KPHUTEPIIO JIOTTYHA (DYHKI[isI MPHUCBOIOBAJIA BIAMOBIAHIA KIIITHHII TAOIUIL
3HaueHHs «l», npu HeBukoHaHHi — «0» (puc.2). Hapmami pe3ynbTaTH mEpeBIpOK
MEPEMHOKMIINCS 1 BIAMOBIAHO 100yTOK OyB piBHUM «1» jHie 3a yMOBH, SIKIIO BCl KpUTEpii
oOMexeHHs] BUKOHYBasucs. Lle TakoX J03BOJIMIO aBTOMAaTHYHO BU3HAUUTH, SKHHA BiICOTOK
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(akTOpHOTO MpOCTOPY 3aiiMae 00JacTh NMPHUIYCTUMHUX pilleHb. B nanomy Bumaiky BiH
nopiBHIOBaB 24,3%.

Ha 3aBepmanbHOMY eTarli MOIIYKY KOOPJMHATH TOYKH, SKa BIIMOBITA€ ONTUMAILHOMY
ckiany OeroHy, Oylo TIPOBEACHO BiACIFOBAHHS BCIX TOYOK (HAOOpIB KOOPAHMHAT), SIKI HE
3a0e3reyuyBaiy BUKOHAHHS OJJHOYACHO BCiX KpuTepiiB oomexeHns. Hamani Bci 33389 toukw,
10 3aJTUIIMIIACSA 3 TIOYaTKOBOTO MacuBy y 137677 Todok, Oyau mpopaHkKoBaHi 3a 3HAYCHHSIM
MOKa3HUKa COOIBAPTOCTI, IKUW BH3HAYABCS y BiAMOBIIHOMY cTOBMI Tabmui (puc.3). Takum
4MHOM, HaiiMeHITy co6iBapTicts 3511 2pu/ M’ MaloTh GETOHHM y TOUIi 3 KOOPIMHATAME

X, =0,533,x, =0, X, =-0,067, mo BinoBigae oNTUMaIbHOMY CKIamYy.

5
6 b0 b1l b2 b3 b11 b22 b33 b12 b13 h23 KpuTepil 06MeeHHA

7 fom 53,17 -4,10 1,58 0,75 -6,11 0 1,41 0 1,62 0 fcm He meHw | 40

8 fou 5,002 -0,056 | 0,048 | 0,191 | -0,168 |-0,058 | -0,063 0 0 |-0036 fctk ve memw | 5,0

9 F 198,6 5,0 20 20 0 2214 | 21,4 | 63 6,3 6,3 F He menw | 200

10 G 0,471 0,007 |-0,005| -0,02 0,008 | 0,004 | 0,007 | 0,002 0 0,003 G He Ginbwe | 0,5

11 Co6 | 358537 | -9577 |150,35| 344,06 | -1,22 0 0,46 | -0,43 0 0

12

13 S || AeByroxycix fom fw | F | G | Cod

14 mpunycrmiix pesynbTatis [min 40,39 4,472 | 104,5 | 0,456 |2993,94

15 | piwens nepesipok \max 57,16 5,225 | 212,4 | 0,523 |4174,29 KOHTPO/b YMOB

16| 24,3% 100% 52% 28% 93%
17 | 33389 Fly Ash  Plasticizer  Fiber 3Ha4YeHHA NOKa3HMKA Y ToYLL T SR S
8 w0 | % | % | % | o | fa | F | 6 | coo [t [t F 6]
19 0 1 -1,000 -1,000 1,000 | 51,868 4,584 104,5 0,513 |3184,62 1 0 0 0
20 0 2 -1,000 -0,944 1,000 | 51,955 4,595 107,9 0,512 |3193,00 Nepesipka ymos 1 0 0 0
21 0 3 -1,000 0,889  -1,000 | 52,043 4,606 111,2 0,511 |3201,37 BUKOHAHHA 1 0 0 0
22 0 4 -1,000 0,833 1,000 | 52,130 4,616 114,3 0,510 |3209,75 KpuTepiis 1 0 0 0
23 0 5 -1,000 0,778 1,000 | 52,218 4,626 117,4 0,509 |3218,13 oBMeMmeHHs. 1 0 0 0
24 0 6 -1,000 -0,722 1,000 | 52,305 4,635 120,3 0,508 |3226,50 1 - BUKOHaHO 1 0 0 0
25 0 7 -1,000 -0,667 -1,000| 52,393 4,644 123,0 0,507 |3234,88 0 - He BUKOHaHO 1 0 0 0
26 0 8 -1,000 0,611 1,000 | 52,480 4,653 1257 0,507 |3243,26 1 0 0 0
27 0 9 -1,000 -0,556  -1,000 | 52,568 4,661 1282 0,506 |3251,63 1 0 0 0

Puc. 2. 3oBuimmnii Burisg tabmuui Microsoft Excel, B sixuii peanizoBaHo ckaHyBaHHsI [IOJIiB BJIaCTUBOCTEN
0eTOHY Ta IMOPIBHIHHS PO3PaxOBaHHUX MOKA3HUKIB 3 BiJIIOBIIHUMU KpUTEpisMH oOMexeHHs. [lepmmii BapiaHT
THOLIYKY. BeTOH JKOPCTKOr0 JOPOXKHBOIO OKPHUTTS

BwmicT kOMMOHEHTIB y oOpaHOMY CKJagi OETOHY >KOPCTKOTO JIOPOXKHBOTO IMOKPUTTS
(cxkmag Nel) Ta Hioro po3paxyHKOBI MEXaHIYHI XapaKTEPUCTHKU Ta COOIBapTICTh HABEICHO Yy
Tabymmi 1.

PaHKyBaHHA NULLIE MPW BUKOHAHHI
BCiX HpWTepiiB oBMesmeHHsA

paHXKOBaHWIA

cTOBMeLb
Fly Ash  Plasticizer  Fiber 3HAYEHHA MOKa3HUKA y TouLi //
BCi yMOBHM No X, | X, X3 fom | ok | F | G VCO(’)

1 104877 | 0,533 0,000 0,067 | 49,143 5001 200,0 0,478 |3511,00
102584 | 0,500 0,056  -0,100 | 49,537 5005 200,0 0,478 |3511,11
102549 | 0,500 0,167 0,133 | 49,671 5003 200,5 0,479 |3516,32
104878 | 0,533 0,056 0,067 | 49,231 5004 200,9 0,478 |3519,34
102585 | 0,500 0,111  -0,100 | 49,625 5007 200,7 0,478 |351945
100292 | 0,467 0,167 0,133 | 50,012 5010 200,4 0,478 |3519,55
107207 | 0,567 0,056 0,000 | 48796 5003 2004 0,478 |3522,37
104914 | 0,533 0,000  0,033| 49,192 5008 200,7 0,478 |3522,47
102621 | 0,500 0,056 0,067 | 49,582 5012 200,7 0,478 |3522,58
100328 | 0,467 0,111  -0,100 | 49,964 5015 200,5 0,478 |3522,68

B R R R R R R R R

Puc. 3. ITomyk onTHMAIBLHOTO CKIaay 6eToHy (KOOPIMHAT ONTHMAILHOrO pineHHs) B Tabaumi Microsoft
Excel pamxyBaHHSAM CTOBIILIA, Y SKOMY PO3paxOBYEThCS 3HAYEHHS KPUTEPIIO ONTUMI3AII (32 yMOBU BUKOHAHHSI
BCIX BUCYHYTHX KpUTepiiB oOMexxeHHs). [lepmmii BapiaHT momyKy. BeToH KopcTKOro T10poKHHOr0 TOKPHUTTS

Hapani ananoriyHa omucaHiil BUIlEe Npoleypa MOIIYKY ONTUMAIBHOTO CKIaay OeTOHY
Oyna peaiizoBaHa MPU YMOBI MiJBUIIEHHS BUMOI LIOJ0 MIIHOCTI 0eTOHY Ha cTHCK 10 50
MIla (piBHsI KpuTepito oOMekeHHs). Taki yMOBH € OUIbII MPUTaAMAaHHUMU VI TPAHCHOPTHUX
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cnopya. TakuM YMHOM, TpPHU TOUIYKY ONTHUMAJBHOTO CKIaay OETOHY JAisl KOHCTPYKIIIH
TPAHCHIOPTHUX CHOPYA Y SIKOCTI KpUTEpiiB 0OMEKEHHS BHKOPHCTOBYBAJIUCS TaKi 3HAYCHHS
MEXaHIYHUX XapaKTEPUCTUK (APYrHil BapiaHT MOIIYKY):

- MiHicTh Ha ctuck f >50 Mlla;

- MilHICTB Ha po3Tar npu 3ruHi f, >5Mlla;

- Mopo3ocTiiikicTs > F200;

- crupanicth G < 0,50 r/cm2.

3a TakuX yMOB BIICOTOK (PAKTOPHOTO MPOCTOPY EKCIIEPHUMEHTY, SIKHH 3aiiMae 00JIacTh
MPUITYCTUMUX pimeHs, ckiagae 21,8%. Lle mpupoaHo MeHIIe, HDK IpW MEpIIiidi mpoueaypi
MIOIITYKY, 3aBJASKHA OUTBII BUCOKUM BHMOTAM II[OJI0 MIITHOCTI HA CTUCK.

Taoauns 1
OO0paHi onTUMalbHI CKJIa i OETOHIB, IX MEXaHIYH]1 XapaKTEepUCTUKU Ta cOOIBApTICTh
Homep Koopaunatu Touku y Cknajz 6eTony, Kr/m> Po3paxyHKoBi MexaHi4Hi
00paHoro | (hakTOPHOMY IPOCTOPI XapaKTEPUCTUKU Ta
CKIIay EKCIIEPUMEHTY co0iBapTiCTh
Nel x, =0,533 Iement — 254 Miricts Ha ctuck 49,1 MIla;
% =0 3oma — 107,3 MIiIHICTh Ha PO3TAT
2 Bropunnuii medinb — 1085 | npu 3runi 5,00 MITa;

X3 = 0,067 ITicok — 736 Moposocriiikicte F200;
Cyneprnactudikarop — 3,9 | Ctupanicts 0,478 r/cM?;
®i6pa Baumesh — 1,4 Cobisapricts 3511,00 rpr/m°.
Boya — 133

Ne2 x, = 0,467 Ilement — 256 Mirnicts Ha cruck 50,0 MITa;
¥ =0167 3oma — 102,7 MILHICTh Ha PO3TAT
27 Bropunnuii medinb — 1085 | npu 3runi 5,01 MITa;
X3 =0,133 ITicok — 740 Moposocriiikicts F200;
Cyneprnactudikarop — 4,05 | Crupawnicts 0,478 r/cm?;
®iopa Baumesh — 1,3 Cob6iBaprictb 3519,55 rpu/m®.
Bopa — 132

Ha puc.4 HaBeneHO pe3ynbTaT MONIYK ONTHMAIBHOTO CKIIQAy OCTOHY Ui KOHCTPYKIIIN
TPAHCIOPTHHUX CIOPy (KOOPAMHATH ONTHUMAIbHOrO pimieHHs) B Tabmumi Microsoft Excel,
sKa onucaHa Bumie. HaBejeHo 3aBepliaabHUIA eTan po3paxyHKIB IICisl BiJCIFOBaHHS TOYOK,
SKI He 3a0e3TlevyBaiu BUKOHAHHS KPUTEPIiB OOMEXEHHs, Ta PaH)KyBaHHS 3a COOIBapTICTIO.
BwmicTt xommoHeHTIB y oOpanoMy ckiaai OetoHy (ckmam Ne2) Ta HOro po3paxyHKOBi
MEXaHI1YH1 XapaKTEepPUCTUKH 1 COOIBApPTICTh HaBeIeHO Yy Tabmwmii 1.

8 Fly Ash  Plasticizer  Fiber 3HaYeHHA NOKA3HUKA Y ToULL

9 sciymosu| No X ‘ X, | X; fom | ok | F | G Cob
10 1 100292 | 0,467 0,167 -0,133 | 50,012 5,010 2004 0,478 |3519,55
11 98035 0,433 0,167 -0,133 | 50,340 5017 200,2 0,478 |3522,78
12 100257 | 0,467 0,278 -0,167 | 50,151 5,006 200,3 0,479 |3524,76
13 98071 0,433 0,111 -0,100 | 50,290 5,021 2004 0,477 | 352591
14 95778 0,400 0,167 -0,133 | 50,653 5,023 2000 0,477 |3526,01
15 100293 | 0,467 0,222 -0,133 | 50,100 5,012 2008 0,478 |3527,89
16 98000 0,433 0,278 -0,167 | 50,480 5,013 200,1 0,478 |3527,99
17 98107 0,433 0,056 -0,067 | 50,243 5,026 2004 0,477 |3529,04
18 95814 0,400 0,111 -0,100 | 50,602 5,028 200,2 0,477 |3529,14
19 100329 | 0,467 0,167 -0,100 | 50,052 5017 201,1 0,477 |3531,02
20 98036 0,433 0,222 -0,133 | 50,427 5,018 200,7 0,478 |3531,12
21 98143 0,433 0,000 -0,033 | 50,199 5,030 200,1 0,476 |3532,17
22 95850 0,400 0,056 -0,067 | 50,553 5,032 200,2 0,476 |3532,27
23 1 93557 0,367 0,111 -0,100 | 50,900 5034 2001 0,476 |3532,36

Puc. 4. TTomryk onTUMAIBHOTO CKIIay 6€TOHY (KOOPANHAT OTITUMAIBHOTO pimteHHs) B Tabmumi Microsoft
Excel. dpyruii Bapiant momryky. beToH KOHCTPYKIIi# TPAaHCIIOPTHUX CIIOPY/I.

B R R R R R R R RBRRB R R
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5 OBI'OBOPEHHA PE3YJIBTATIB JOCJIIKEHHSA

3aCTOCYBAaHHSI B KOHCTPYKIIISIX )KOPCTKHUX JOPOXKHIX MOKPHUTTIB 200 TPAHCIOPTHHUX CIOPY 3
ypaxyBaHHSIM MiHiIMi3amii co0iBapTOCTI B MOTOYHMX CEpeNHIX IiHaX Ha pUHKY. Tak Ha
co0iBapTiCTh PO3MVISIHYTUX B JTAHOMY JOCIIKEHHI OCTOHIB Ta BIAMOBIIHO PIMICHHS 00
oOpaHuX CKJIaJiB CYTTEBO BIUIMBaja KUIBKICTh TMOJinpomniieHoBoi ¢iopu Baumesh Ta
cynepmiactudikaropa MC-PowerFlow 3200, siki € noctatabo goporumu. GakTUYHA BapTICTh
KOMIIOHEHTIB MOJXKE€ CYTTEBO 3MIHIOBAaTHCSA, 30KpeMa B 3aJIe)KHOCTI BiJ pO3TallyBaHHS
BUPOOHMYMX MOTYXXHOCTEH, a B yMOBax pyiiHyBaHHs 3HauHO1 KimbkocTi TELL B Ykpaini Mmoxxe
BUHUKATH Ne(IIUT 3071 BHUHECEHHs, 110 BIUIMHE Ha €(EeKTUBHICTh BUKOPUCTAHHS JAHOTO
BIIXOTY.

[Ipn BHUCyBaHHI IHIIMX BHMMOI JI0 MEXaHIYHUX ITOKa3HHUKIB OETOHIB Ta KpUTEpIiB
ONTUMAJIBHOCTI ONTUMAJIBHUHN ckian OeroHy Oyne iHmuM. Hanpukiman, B kpaiHax
€pornericbkoro Coro3y npu BUPOOHUIITBI OETOHIB HE MEHII BAKJIWBUM MOKA3HUKOM, HIK
co01BapTICTh, € 3HAYEHHS BYIJICLIEBOTO CIIAY SK OJHOTO 3 OCHOBHUX €KOJIOTIYHHMX BIUIMBIB.
He MeHImI BaXJIMBUM 3 €KOJIOTIYHOT TOYKH 30py € BUKOPHUCTAaHHS BTOPHHHOTO IIEOCHIO B
CKJazi OeToHy.

6 BUCHOBKH

Peanizariss MOKpOKOBOTO CKaHyBaHHs TIOJIIB BJIACTHBOCTEH JO3BOJIMIIA IMIBUAKO 1 3
BEJIMKOIO0 TOYHICTIO 3HANTH ONTUMAalbHI CKIaau OETOHIB /Ui )KOPCTKUX JTOPOKHIX OKPUTTIB
1 KOHCTPYKIII TPAaHCTIOPTHUX CHOPY. 32 paXyHOK TOTO, III0 KPOK 3MIHU PIBHIB BapiiOBaHUX
(dakTopiB mpu CKaHyBaHHI OyB TEXHOJIOTIYHO OOTPYHTOBAaHUM, 3HAWICHI CKIaIu
BIJIMOB1Ial0OTh TEXHIYHUM MOYKJIUBOCTSIM J03yBaJIbHOTO 00JIaIHaHHS OCTOHHUX 3aBOJIIB.

Busznaueni ckiiaau 6€TOHIB Ha BTOPUHHOMY IIeO€H1 3a0€3Meuyr0Th HEOOXiTHUI PIBEHb
MIIIHOCTI Ha CTHUCK, MIITHOCT1 Ha PO3TST MPH 3THHI, MOPO30CTIHKOCTI Ta 3HOCOCTIMKOCTI, 110
3a0e3nevyye HEOOXiIHY JOBTOBIUHICTh MaTepialy B THIOBUX JJII YMOBaX EKCIUTyaTallii
JOPOXKHIX MOKPHUTTIB 1 TPAHCIOPTHUX criopyd. IIpu 1ipomMy BH3Ha4YeHI ONTHUMAaIbHI CKJIAJH
MarTh MIHIMaJIbHY COOIBapTICTh 3 YpaxXyBaHHSIM MOTOYHUX PHHKOBHUX I[iH Ta € €(h)eKTHBHUMH
3 €KOJIOTIYHOT TOUKHU 30DY.
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V]IK 004.8

METO/I TEHEPAIII ITPOBOI'O KOHTEHTY 3A JIOIIOMOI'OIO
HEUPOMEPE X

3apropoans I'. A.}, 3aBropoaniii B. B.!
YHayionanvhuii mexniynuii ynieepcumem Yxpainu «Kuiscoxuii nonimexniunuii incmumym imeni Izops
Cixopcbkozoy

AHoTalig: Y CTaTTi MPEACTaBICHO KOMIUICKCHHI METOJ HEHpOMEPEeKEBOI IeHepallil irpoBoro
KOHTEHTY, CIPSMOBAaHWII Ha CTBOPEHHS CTPYKTYPOBAHHX, JIOTTYHO Y3TOJKEHHUX Ta CTHIIICTUYHO
LUTICHUX €JIEMEHTIB IrPOBOr0 CEpelOBHINA. AKTYalbHICTh JOCTIKEHHS TOB’s3aHa 31 IIBHIKAM
3pOCTaHHSIM MAacHITabiB Ta CKJIAJHOCTI Cy4acHHX BiI€Oirop, 1o moTpedye aBTOMaTH30BAaHHUX PillleHb
JUIsl pO3pOOIIEHHS BEJIMKOT KUIBKOCTI YHIKAJIILHUX PIBHIB, KapT, CIOKETHUX (ParMeHTIB i CTPYKTYPHHUX
KOMITOHEHTIB 0€3 CYTTEBOTrO 30LIbLIEHHS BUTPAT HAa pyYHE MPOEKTYBAHHS. 3amporOHOBAHUH ITiIXif
MOEJIHYE JIATEHTHE IMPOCTOPOBE MPEACTABICHHS JaHMX, CTOXACTHYHI MOJENI MOCIOBHOCTEH Ta
MexaHi3MHu 0araTopiBHEBOr0O CEMaHTUYHOTO KOHTPOJIO, IO 3abe3rnedye ajalTHBHE YIIPaBIiHHSI
MPOIIECOM TeHepaIlii Ta MOXKJIMBICTh OPMYBaHHSI KOHTEHTY 3 KEPOBAHOIO CKIIQ/IHICTIO.

Ha Bimminy Bin tpamuniiinux reHeparuBHux wmoxened (VAE, LSTM Ta TtpaHchopMepHUX
TeHEepaTopiB), METO]I JIOIIOBHEHO MOJIYJIEM OI[IHFOBAHHS SIKOCTI Ta 3BOPOTHOT KOPEKIIii, SKUH J103BOIISIE
ABTOMATHYHO PEryJIFOBaTH IMapaMeTPpH T'eHepallil BiAIOBIIHO 10 BUMOT 1100 CTPYKTYPHOI IILTICHOCTI,
CKJIAJIJHOCTI YHM CTHJIICTUYHOI BiqMOBiAHOCTI. J[0ATKOBO BIPOBAPKEHO MEXaHI3M «CEMaHTHYHOTO
(GUTBTpYBaHHSY, 10 3MEHIITYE HMOBIPHICTD IOSIBH HEJOTIYHUX CTPYKTYP, apTedakTiB a00 MOpYyIIeHHS
BHYTPIIIHIX TIPABWII PIBHSL.

Y pobori HaBemeHO (opmalibHI MaTEMAaTHYHI OMHUCH KOMIIOHEHTIB METOAY Ta apXiTeKTYpHI
pimenas wmopenmi. EkcrmepuMeHTandpbHa dYacTHHA MICTHTHh pe3yJdbTaTH CHHTE3y ICPOBHX PIBHIB,
MPEACTABIICHUX Y BUINIAAL IpadiB, a TAKOXK IX OIIHIOBAHHS 3a METPUKAMH CTPYKTYPHOI 3B’SI3HOCTI,
CTHUTICTUYHOI ~ Y3TOIDKEHOCTI,  pPI3HOMAHITHOCTI Ta  CTaOUIBHOCTI  TIpollecy  TeHeparlil.
[IpogeMoOHCTPOBaHO, IO 3aMPOIIOHOBAHUM Miaxim 3adesnedye craOiabHIIe (OpMYBaHHS BaiIHUX
pIBHIB, BHIy CEMaHTHYHY Y3TO/DKCHICTH Ta OUIBITy BapiaTUBHICT Y TOPIBHSAHHI 3 0a30BUMH
MozensiMu. BizyanizoBaHi mpukiaay 3reHepoBaHNX KapT MiATBEPHKYIOTh MOXIIHBICTh KOHTPOIIOBATH
PIBEHb CKJIATHOCTI Ta THITOJIOTIIO €IIEMEHTIB.

OTtpuMaHi pe3ynbTaTH CBiMYaTh MPO ePEeKTHUBHICTh PO3POOIEHOTO METOAY Ta HOro MOTEHIlial
JUTA IHTETpallii y Cy4acHi pymiii i iHCTpyMEHTH CTBOPEHHS IrpOBOTO KOHTEHTY. 3alpOoIOHOBaHHUI
MiIXiq MOKe OyTH BUKOPUCTAHHWN y 3aBIAHHSX aBTOMAaTH30BAHOTO IMPOEKTYBAHHS PIBHIB, CIO)KETHUX
CTPYKTYp Ta MPOIEypPHOT0 HAIOBHEHHS IrPOBUX CBITIB y IIMPOKOMY CIEKTPi KaHPIB.

KarouoBi cioBa: HElpoHHI Mepexi, TeHepalis KOHTEHTY, irpoBi piBHI, MallMHHE HABYaHHS,
MIPOIeAypHA TeHepallis, TeHepaTUBHI MOJIEI.

METHOD OF GAME CONTENT GENERATION USING NEURAL
NETWORKS

G. Zavhorodnia!, V. Zavhorodniit
INational Technical University of Ukraine "lgor Sikorsky Kyiv Polytechnic Institute"

Abstract: The article presents a comprehensive approach to automated game content generation
based on neural network models, focusing on the synthesis of game levels, structural layouts, narrative
fragments and auxiliary environment elements. The relevance of the research stems from the
increasing complexity of modern video games, which requires scalable methods for producing diverse
and adaptive content without significantly increasing the workload of designers and developers. The
proposed method combines latent spatial representations, stochastic sequence models and mechanisms
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of semantic control, enabling the generation of structured, logically coherent and stylistically
consistent game elements.

Unlike conventional generative approaches, the presented methodology incorporates an adaptive
quality-assessment module operating in a feedback loop. This module automatically adjusts model
parameters according to the required level of complexity or variability and implements a semantic
filtering mechanism that reduces the occurrence of illogical, inconsistent or structurally invalid
components. The study provides formal mathematical descriptions of the model, details of the training
procedure and a generalized algorithm for controlled content synthesis.

The paper presents formal mathematical descriptions of the method’s components and
architectural solutions of the model. The experimental section includes the results of synthesizing
game levels represented as graphs, as well as their evaluation using metrics of structural connectivity,
stylistic consistency, diversity, and generation stability. It is demonstrated that the proposed approach
provides more stable formation of valid levels, higher semantic coherence, and greater variability
compared to baseline models. The visualized examples of generated maps confirm the ability to
control the level of difficulty and the typology of elements.

Special attention is given to the practical applicability of the method, including its integration
potential with modern game engines and content-production pipelines. The obtained results confirm
the effectiveness of the proposed approach and its suitability for use in automated interactive content
design, procedural generation systems and Al-assisted development workflows.

Keywords: neural networks, content generation, game levels, machine learning, procedural
generation, generative models.
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1 BCTYIl

CtpiMKHH PO3BHTOK HEHPOHHHMX MEPEX Ta T'€HEPATUBHUX MOJIENIEH CYTTEBO 3MIHIOE
MIIXOIM 10 CTBOPEHHS HH(POBOTO KOHTEHTY, 30KpeMa IrpOBHX pIBHIB, CIEHapiiB Ta
iHTepakTHBHHUX 3aBaaHb. CydacHi BIZ€OIrpH XapaKTEePHU3YIOThCS CKIAJHUMHU HENIHIHHUMHU
CTPYKTypaMH, BUCOKMM piBHEM BapiaTUBHOCTI Ta BUMOTaMH JI0 aJalTUBHOI MOBEIIHKH, IO
3HAYHO YCKJIAJIHIOE IMPOLEC PYYHOTO IPOEKTYBAHHS KOHTEHTY. Y LHX yMOBaX 3pOCTa€e
norpeba y MeTojax, 3JaTHUX 3a0€3MEeYNTH aBTOMATUYHE CTBOPEHHS SKICHMX KOHTEHTHHUX
€JIEMEHTIB 13 JOTPUMAHHSAM JIOTIYHOT Y3TOJKEHOCTI, CTHIIICTUYHOI MUTICHOCTI Ta MUILOBOT
ckmagaHocTi [1-3].

HeiipomepexxeBi MoJesli HOBOTO TOKOJIHHS, 30Kpema TpaHcpopMepH, BapialliiHi
aBTOCHKOJIEpH Ta AUPY31HH1 MOJeNi, JEMOHCTPYIOTh 3HAYHUI MOTEHI[Ial y 3a/1a4axX reHeparii
CTPYKTYpPOBAHHUX JIaHUX, 1110 POOUTH iX MEPCIEKTUBHUMM JJIsi BUKOPUCTAHHS B IHAYCTPIi irop
[4, 5]. OnHak icHyIOY1 pilIeHHs 3/1e0UTbIIOro (POKYCYIOTHCS Ha OKPEMHX aclleKTax reHeparii
— BB3yaJlbHMX a00 TEKCTOBUX — 1 PIIKO BPaxOBYIOTb KOMIUIEKCHICTh IFPOBOTO IMpOLECY,
HEOOXITHICTb KOHTPOJIFO HAaJl CEMaHTHUKOI0 Ta 3a0e3MeueHHsIM IrpoBOro OanaHcy.
JlocmiipkeHHsT OCTaHHIX POKIB TaKOX BKa3ylOTh Ha MOTpeOy y MeToJax, 3JaTHUX a/JallTUBHO
pearyBaTH Ha 3MIHH IMapaMeTPIB CKJIAJHOCTI Ta MOBEAIHKOBHUX CIEHapiiB rpasus [6, 7].

[lonpu 3HayHUIl mporpec y TreHEpPaTHUBHOMY MOJENIOBaHHI, Mpo0ieMa OTpPUMAaHHS
KOHTPOJILOBAHOTO, JIOTIYHO 3B’S3aHOTO Ta NPUAATHOTO JIi TP KOHTEHTY 3aIMILIA€ThCS
HEJIOCTaTHRO BHUpIMICHOI. EdeKkTHBHI MiaX0ayd MOBHHHI MOEIHYBATH MOJIE JIATEHTHOTO
MPOCTOPY, MEXaHI3MH OIIHIOBAaHHS SIKOCTI, aJalTHBHI 3BOPOTHI 3B’SI3KM Ta MOJKJIUBICTH
iHTEerpanii B peanbHI pO3poOHUIBKI TalmiaiiHu. lle BuU3HAuae HAyKOBY W NPAKTUUIHY
3HAYYIIICTh JaHOI pOOOTH, sKa CHOpsSMOBaHA Ha PO3pOOJICHHS YHI(PIKOBAHOTO METOIY
HellpoMepekeBol TeHepalli KOHTEHTY 3 MEXaHI3MAMHU CEMaHTHMYHOIO Ta CTPYKTYPHOTO
koHTpoJio [8-10].

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA ITPOBJIEMU

AHani3s Ccy4acHMX JOCIIDKEHb JEMOHCTPYE 3HA4HUH IHTEpeC JO METOMIIB
aBTOMATHU30BAHO1 reHepallii KOHTEHTY, [0 MOEIHYIOTh MPOIEAYPHI AITOPUTMHU Ta MAIIUHHE
HaB4YaHHs. Y pobotax [2, 3, 11] mpeacraBiaeHO MiAXia 10 CTBOPEHHS ITPOBHX CTPYKTYp Ha
OCHOBI MpOLEAYypHOI TeHepallii, mo 3abe3neuye ¢GopMyBaHHS O0a30BHUX TOIOJIOTIYHHX
mabsoHiB. OJHAaK BIICYTHICTh CEMAHTHYHOTO KOHTPOJIO Ta 3aJIeKHICTh Bl PYYHOTO
HaJAIITYBaHHA MapaMeTpiB 0OMEXYIOTh 3aCTOCOBHICTh TaKUX DIllIEHb y 3agavyax reHepaii
CKJIQJIHUX I'POBUX CIICHAPIiB.

VY mpawsax [1, 12, 13] nmocnimkeHo MaTeMaTH4HE MOJETIOBAHHA MpU (HOpMaTbHOMY
aHalli3l TeHEepaTUBHUX CHCTEM, JI€ aBTOPU aKIEHTYIOTh YBary Ha BaXJIMBOCTI TOUYHUX
CTPYKTYpHUX MOJeNei aisi OmHCy MOBEAIHKM KOMI'IOTepHuX cucrteM. lLle mimkpeciioe
HEOOXiHICTh (opMalli30BaHUX METOJIB 1 y cdepi HepoMmepekeBoi reHepallii KOHTEHTY, e
BIJICYTHICTb (hOpMaAIbHUX KPUTEPIiB OL[IHIOBAHHS YCKJIa/IHIOE€ KOHTPOJIb AKOCTI pe3y/bTaTiB.

Y mxepenax [4, 14, 15] 3anponoHOBaHO MeETOJl CHHTE3Y IITYYHUX TEKCTyp i3
KOHTPOJBOBAHUMHU TapaMeTpaMu, M0 JEMOHCTPYE e(EeKTHBHICTh TMOEIHAHHS MOJenei
IJIMOMHHOTO HABYAHHS 31 CTPYKTYPHUMHU oOMexeHHsAMU. [ToniOHuMi nmiaxia Mae nepcrnekTuBu
JUI TeHepallii irpoBUX pIBHIB, /¢ BXKJIMBUM € HE JIMIIE CTWIb, a W JIOTIYHA OpraHizailisg
npoctopy. Y pociipkeHHi [5, 16] po3riasHyTO 3acTOCYBaHHS MAIIMHHOTO HaBUaHHS s
MOIIYKY aHOMalid y JaHuX, [0 OCOONMBO BaXIMBO s Badigu3allii 3reHepoBaHOTO
KOHTEHTY Ta BUSBJICHHS JIOTIUHUX MTOMHUJIOK.

3aranoM cy4acHi poOOTH BKa3ylOTh Ha 3HAYHUI MPOTpec y BHKOPUCTAHHI HEHPOHHUX
MEpeX JUIsi TEeHEepaTHBHUX 3aad, 30KpeMa TpaHCPOPMEpPHHX apXiTeKTyp, Audy3iiHUX
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MoJeNel Ta CTOXacTHYHHMX mocmigoBHocTed [17-19]. IlIpore OUTBLIICTH MIAXOMIIB
choKycoBaHI Ha OKpeMUX (pparMeHTax KOHTEHTY (TEKCT, 300pa’keHHs, TOIMOJIOTIi), TOMAl SK
npobsemMa IHTEerpoBaHoi reHepalii 3 ypaxyBaHHIM CEMaHTHKH, CTPYKTYPHUX 3aJIS)KHOCTEH Ta
aJIanTHUBHOI CKJIAHOCTI JIMIIAETHCS HEIOCTATHRO PO3B’si3aHor0 [20—22].

OTxe, HEBUPILICHOIO 3AIMIIAETHCS 3a/laua CTBOPEHHSI KOMILJIEKCHOTO METOJIy TeHeparlii
IrpOBOTO KOHTEHTY, SIKHI 3/IaTEH:

- TMOE€JHYBaTH pi3HI TUNM JATEHTHHX IMPEICTaBleHb (CTPYKTypHI rpadu piBHIB,
MIPOCTOPOBI O3HAKH, CEMaHTHYHI OMTUCH) Ta y3TOHKEHO MPAIFOBATH 3 HUMH B €IMHIA MOJENI;

- 3a0e3medyyBaTH OaraTOpIBHEBHH CEMaHTHUYHHHA KOHTPOJb, IO TapaHTye JIOTIYHY
[UTICHICTD 1 CTHJIICTUYHY BiATIOBIHICTH 3r€HEPOBAHUX €JIEMEHTIB;

- aBTOMAaTHYHO aJalTyBaTH CKJIAQJHICTh KOHTEHTY BIANOBIAHO IO 33aJaHUX MapaMeTpiB
(IIUTBHICTH 3B SI3HOCTI, KUIbKICTh KIMHAT, BapiaTUBHICTh TOMOJIOTII);

- MICTUTH MEXaHI3MHU BUSBIEHHS aHOMAaJlil Ta CTPYKTYpHUX TMOpYIIEHb, a TaKOX
3/IIHCHIOBATH KOPEKIit0 Ipad)oBOI CTPYKTYpU Ha OCHOBI ()OpPMaJi30BaHUX METPUK SKOCTI;

- IHTerpyBaTHCsl B Cy4acHl MalIUIaifHU IrpoBO1 po3poOKH, 3a0e3Meuyroud MOXINBICTh
MOAAJIBII0T OOPOOKHM Ta BUKOPUCTAHHS 3T€HEPOBAHUX CTPYKTYP B IFPOBUX PYILIISX.

BupimenHss mepeniyeHHX ~acleKTiB BH3HAYa€ IIOCTAHOBKY MPOOJIEMHU  JIaHOTO
JOCHIKEHHST 1 (JOpMy€e BUMOTH JI0 PO3POOKH KOMIIJIEKCHOTO HEUPOMEPEKEBOTO METOIY
re’epaii irpoBoro KOHTEHTY.

3  LULIb TA 3AJIAUI JOCJIKEHHS

MeToto TOCIiKEHHS € PO3pOOJIEHHS y3araJbHEHOTO METOTy HepOoMepeKeBoi reHepatii
CTPYKTYPOBAaHOTO IFPOBOTO KOHTEHTY, 3/IaTHOTO 3a0e3leduyBaTd JIOTIYHY IUTICHICTD,
CEMaHTUYHY Y3TO/DKEHICTh Ta KOHTPOJHOBAaHY CKJIAIHICTh CTBOPIOBAHHUX  PIBHIB.
3anpornoHOBaHMH MiIXi mependadyac BUKOPUCTAHHS JIATEHTHUX MPOCTOPOBUX TPEACTABICHb
Ta aJITOPUTMIB CTOXAaCTUYHOI TeHepailii rpaoBUX CTPYKTYp, IO JT03BOJISIE aBTOMATHU3YBATH
(dbopMyBaHHS KapT iIrpOBOTO CEPEIOBHIIA Ta AIANITUBHO KEPYBATH iX BIACTHBOCTSIMHU.

BiamoBinHO 10 mOCTaBI€HOT METH Y JOCTIKEHHT C(hOPMYIHLOBAHO TaKi 3aBIaHHS:

- TpoaHaJi3yBaTH ICHYIOYI reHepaTHBHI MeToau, 30kpema moxaeni VAE, LSTM ta
TpaHC(HOPMEpPHI apXITEKTYypH, 3 TOYKH 30py iX 3HaTHOCTI CTBOPIOBATH CTPYKTYPOBAaHUM
irpoBuii KOHTEHT. lle 1amo MOMKIMBICTE OKPECIMTH HEMOJIKM TPAJWIIIAHUX MiIXOMdIB Ta
BU3HAYMTH BUMOTH JI0 HOBOTO METOLY;

- po3poOHMTH MaTeMaTHYHy MOJETb TeHepallii KOHTCHTY, sKa IIO€IHY€E JIaTCHTHE
MPEJCTAaBICHHS TIPOCTOPY KapT 13 MeXaHi3MaMu BHIIQJKOBOI TOOYJIOBH CTPYKTYp Ta
(dbopMyBaHHS CEMAaHTUYHUX OOMEXEHb il Yac reHeparlii;

- CTBOPUTH JITOPUTM aJalTUBHOTO CEMAHTUYHOTO KOHTPOJIIO, IO J03BOJISIE PETYIIFOBATH
napaMeTpH CKJIATHOCTI Ta CTUIICTUYHOI BiMOBIIHOCTI 3reéHEPOBaHUX PIBHIB, 3a0€3MeUyI0UH
y3TODKEHHSI MDK TOTIOJIOTIEIO Tpady Ta HOro irpOBUMHU XapaKTePUCTUKAMMU;

- pO3pOOUTH MOMIYJb OIIHIOBaHHS SIKOCTI KOHTEHTY, y MEXax SIKOTO BH3HAYAOThCS
CTPYKTYpHI METPHUKH, CEMAHTHYHI/TUIOJIOTIYHI METPUKH Ta MEXaHI3MHU BUSBICHHS
aHOMAJIbHUX CTPYKTYP IS MOAANBIIOr0 KOPUTYBaHHS apaMeTpiB reHepallii;

- peali3yBaTH €KCHEpUMEHTaJbHY IepeBIpKy poOOTH MoAenl Ha 3adadi TeHeparii
rpaoBHX PIBHIB;

- MPOBECTU MOPIBHAJIBHUNA aHaNi3 €()eKTUBHOCTI 3alpPONOHOBAHOIO MIIXOAY BIIHOCHO
6azoBux mozeneir (VAE, LSTM, Transformer), BUKOPHUCTOBYIOUHM METPHUKH CTPYKTYpPHOI
3B’A3HOCTI, CTUJIICTUYHOT y31"0I[)KeHOCTi pi3HOMaHiTHOCTi Ta cTabUIBHOCTI reHeparlii;

- chopMyITIOBaTH pEKOMEHAIIIT 010 HTErpallii po3poOIeHOTO METOLY Y CydacH1 pyuii
Ta IHCprMeHTI/I aBTOMaTH3allii CTBOPEHHS 1rp0130ro KOHTEHTY, BPaXOBYIOUH BHMOTH J0
MPOAYKTUBHOCTI, KEPOBAHOCTI Ta BIATBOPIOBAHOCTI PE3YIbTATIB.
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Takum YMHOM, JOCHIKEHHS CIPSMOBAaHE HE JIMIIE Ha CTBOPEHHS HOBOTO
HEHPOMEPEIKEBOTO METOJy TeHepallii, ale ¥ Ha (QopMyBaHHS IUTICHOT KOHIIEMIii HOTO
QJalITHBHOTO  YIPAaBJIIHHS Ta OIIHIOBAaHHS €(QEKTHBHOCTi, M0 3a0e3MeYuTh HOTO
3aCTOCOBHICTh y PEaTbHUX BUPOOHUYUX MPOIECAX.

4  PE3VYJBbBTATU JOCJTIIXKEHHSA

PosrnsiHeMo MeToj reHeparlii KOHTEHTY, SIKUH MOE€JHYE JATEHTHE KOAYBaHHS, CTOXaCTHUHI
MeXaHI3MHU BUOIPKH Ta CEMAaHTUYHUNA KOHTPOJb. OCHOBHOIO METOI MaTEeMAaTUYHOT MOJET €
(dbopMalbHUI OTIMC TPOIIECY CHHTE3Y CTPYKTYPOBAHUX IrPOBHX 00’€KTIB, 30KpemMa rpadoBHX
CTPYKTYp pPiBHIB (KIMHAT Ta NEPEXO/IIB), @ TAKOXK BIAMOBITHUX TEKCTOBUX (PPAarMEHTIB.

Hexaii X = {)(1, ) S Xn}—MHO)KI/IHa €JIEMEHTIB HaBUaJbHOTO HA0OPY, 1€ KOXKHUM €IEMEHT

BiI0Opa)kae CTPYKTypHY ab0 TEKCTOBY CYTHICTh IrPOBOTO KOHTEHTY. [louaTkoBe KOayBaHHS
3MIIICHIOETBCS 3a JIONIOMOTOI0 eHKojiepa Eg, skuii mepeTBOproe 00’€KTH mpocTtopy X Y
JaTeHTHUH npoctip Z . JlaTreHTHE mpeacTaBIeHH 3a1a€Thes (POPMYIIOL0

z=E,(x),zeR". 1)

Jlis MonentoBaHHS HEBU3HAYEHOCT! MpHUIIMaeThbes, IO JIATEHTHE MPEJICTABICHHS Mae
CTOXaCTUYHY MPHUPOJY 1 BIANOBIIa€ HOPMAIILHOMY PO3HOILTY

Z~Q, (Z|X) =N (/Jg(X),Zg(X))- 2)

[Ipomec reneparlii KOHTEHTY 3IMCHIOEThCA aekonepoMm D, sxuii BimoOpakae JTaTEHTHUU

BEKTOP Y MPOCTIP MOKIUBUX CTPYKTYP

%=D,(2) 3)

)

OCKUTbKYM I'pOBUH KOHTEHT Ma€ 1€papXiuHy CTPYKTYPY (HaNpUKIIaJ, TJIaH PIBHS CKJIAIA€ThCS
3 KIMHAT, KOPUAOPIB Ta KIFOYOBHUX MEPEXOJIB), ACKOJEP MPEICTABICHO KOMIIO3UIIIEID JTBOX
MO/TYyJ1iB

—D® (9)
D, =D oD (4)

(9) = . . . . (s) .
ne D,” Binnosinae 3a renepailiro riobanbHOl CTPYKTYpH piBHs, a D,” yTouHIOE JIOKaNbHI

eleMeHTH (pOo3MiTKa KIMHAT, TUITA BY3JIiB, IOBXXKHWHHU MIEPEXOIIB TOIIIO ).
CtpykTypa piBHS MOAAETHCS HACTYITHUM I'padoM

G=(V,E), ®)

ne V — MHOXUMHA BY3MiB (kiMHaT); E— wmHOXUMHaA pebep (JIOTTYHMX MEpPeXoMiB MK
KiMHATaMu).
I'mo6anpHa renepaiiis Ha ocHOBI hopMynu (3) 3aaeTbes K

— D@
G=D,"(2). (6)
[Ticnst iboro (hopMyeThCs NeTani30BaHUNA KOHTEHT
O]
x=D,"(G,2). (7
CeMaHTHYHUII KOHTpPoOJIep Ta 3arajbHa GpyHKUis BTpaT. 115 3a0e3neueHHs CTUIICTUYHOT,

JIOTiYHOT Ta CEMAHTHYHOI BiIMOBIIHOCTI BUKOPHUCTOBYETHCS CEMAHTHYHHA KOHTpoNEp S,.

Horo 3aBnaHHs — rapaHTyBaTH, 110 3r€HEPOBAaHUI PIBEHb BIINOBIIAE 0OpaHOMY CTHIIIO ab0
pedeperncHomy mnpukinany. CemMaHTHYHA BTpaTa BU3HAYAETbCA SK CyMa KOMIIOHEHT ISt
KOHTEHTY Ta CTPYKTYpH
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__ 1 content structure
L - Lsem + Lsem ! (8)

sem

content : : : . .
ne Ly, = H f(X)— (X )H2 — BIJMOBIAHICTH KOHTEHTY (KIMHATH, TEKCTYPH, TIPEAMETH);

Len " =d(h(G, ), N(G,y )) — cemanTuna BinnmosinmicTs cTpykTypH piBHs (rpad Tonosorii);
f (X) — melipomepeskese BekTOpHE npencTabieHHs koHTeHTY (Transformer/GNN); h(G) —

cemanTHyHuil npoekrop tomojorii (GraphSAGE abo GNN); X ,G,; — eTanoHHi 3pa3ku

xontenty Ta ctpykrypu; d(h(Gy,),h(G)) — mMerpuka BifcTani y ceMaHTHYHOMY NIPOCTOPi
(KocuHyCHa, €BKII1I0BA TOIIIO).

3 dopmynu (8) cmigye, MmO CeMaHTHYHA BTpaTa BPaxOBYE 1 KOHTEHT, 1 TOTMOJOTTYHY
CTPYKTYpY. 3arajibHa (QyHKIIisl BTpaT MOJIEI1 BKJIFOYA€ YOTUPH KOMIIOHEHTH

L = Lrec +ﬂLKL +ﬂ“Lstr +7/Lsem’ (9)

ne L, =[x—%|,— moxubxa pexomctpykutii; L, — peryispusaiis JaTeHTHOrO pO3MOiTY

(muBeprennis  Kynp6aka—JleiOnepa); L, —  cTpykrypHi oOMexeHHs rpada, 1o
3a0€3MeYyI0Th KOPEKTHICTh TEPEeXOAIB 1 3B’S3HICTh; ¥ — KOe(DIiEHT Barm CEMaHTUYHOI
KOMITOHSHTH; [, A — BIAMOBITHI KOS(IIIEHTH Bary JJIs iHIIUX CKJIAJOBUX.

OOMexeHHS CTPYKTYpH (GOPMATBHO 3a/1a€THCS
L = (1-C(G)) + .U (G), (10)

ne C(C(G)— wipa 3B’s3n0cti Tpada (Bim 0 mo 1); U(G)— KimbKiCTh HEIETITHMHHX
NEPEXOAIB Y CTPYKTYpl PIBHS; ¢, &, — BaroBi KOeQIIEHTH U151 000X KOMIIOHEHT.

3 ¢opmymn (10) cmimye, mo Ly — mTpadye HepeneBaHTHI a00 HEKOPEKTHI NEPEXOIH Ta
3a0X04Yy€ 3B’ A3HICTH Tpada.

Onrumizanis napamerpiB moaeni. Onrumizaiis mnapamMeTpiB yCciX KOMITOHEHTIB
3ampOIIOHOBAHOT MOJIEN1 3IHCHIOETECS B MEXaxX €JMHOT BapiamiiHOi cXeMu MiHiMi3allii, ska
BHU3HAYAETHCS SK 3aJaya CTOXAaCTHYHOI ONTHMi3alii BeJMKoi po3mipHOCcTi. DopmaibHO
mporec HaBYaHHS (POPMYIIOETBCS SK 3aja4a 3HAXO/DKCHHS MapaMeTpiB SHKOJIepa,
@ — IEKOJIepa, ¥ — CEMAaHTHYHOTO KOHTPOJIEpa, 10 MIHIMI3yIOTh TOBHY (PyHKIIIt0 BTpaT L

(@9 ) =argminL(6,0,p). (11)

Ockinbku 00’€KTUBHA (YHKIIA € HeauEepeHIIOBHOIO B aHANITHYHOMY BHIJISAL Ta
OI[IHIOETHCS Ha BUOIPKAaX JAaHUX, 1 MiHIMIi3allisl BUKOHYETHCS 32 JIOMIOMOTOI0 CTOXaCTUYHOTO
TPaJiEHTHOTO CIycKy abo #oro amantuBHuX Moauikaimiii. OHOBIEHHS NapaMeTpiB Ha
iTepartii £ Ma€e BUTIISI

Oy =0, ~13VoL(®,), (12)
ne ©=(0,p,y)— arperoBaHuii BEKTOp MapaMeTpiB, 7, — aJANTUBHA LIBUIKICTH HaBYAHHS,

VoL — croxacTuyHa oIliHKa rpaJicHTa Ha MiHi-0aryi.

Etanu naBuyanus mojesti. HaBuanbHMI UK CKIIaJa€ThCS 3 TPHOX MOCTIJOBHUX €TalliB,
KOKEH 3 SKUX ONTUMI3Y€ Pi3H1 aCHEKTH JJATEHTHOTO MPOCTOPY Ta JIEKO yBaHHS.

1. [JouaTKkOBe HaBYAaHHS JATEHTHOTO POCTOPY — Ha NepuIoMy eTamni GpopMmyeTbest 6a3oBa
CTPYKTypa JAaTEHTHOIO IPOCTOPY, Yy SKOMY TIIOBUHHA KOHIIEHTpYBaTHCA HeEOOXinHa
iH(OopMalis Tpo TonoJorito piBHiA. ONTUMI3YeTbCsI KOMOIHALIS ABOX KIACHYHUX CKIIAJ0BUX
BapiallifHUX MoJiesei
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Loaoer = Lrec + BLiL (13)

stagel

ne L, — pexoHcTpykuiiina BTpara; L, —nuBeprenuis Kynb0aka-Jleiibnepa, sixa 3a0e3neuye
PETYISPU3AIII0 JTATCHTHOTO IPOCTOPY; [ — KOSQIIIEHT peryisipu3altii.

3 dopmynu (13) cimigye, mo Ha [OBOMY eTami HaBYaHHS (OPMYETHCS CTAOLTBHHIA
JATEHTHUH POCTip 0€3 ypaxyBaHHS CTPYKTYPH PiBHIB.

2. CTpyKTypHE HaBYaHHS — Ha JPYrOMYy €Tari A0 3arajbHOi (YHKIIi BTpAT AOAAETHCS
Peryasipu3aTop CTPyKTYpHOI HUTICHOCTI

Lstr = ﬂ’strQ(G)a (14)

ne G — rpad tonouiorii piBHs; Q(G) — dyHKIIOHAN, 0 WTpadye MOPYIIEHHS TOMOJOTTYHUX
IHBapiaHTIB: PO3PUBHICTh MapLIPYTy, HEKOPEKTHUI CTYIIIHb BY3JI1B, HEBIANOBIHICTb JOBXKUH
MepPEXO0/IiB, MOPYIICHHS TJIaHAPHOCTI.

[ToBHa ¢yHKIIIsS BTpaT APYroro eramy

Lstagez = Lrec +ﬁLKL + Ae L (15)

str —str *

3 ¢opmynu (15) BummBae, mo ueil eran ¢GopMye CTPYKTYPHO-KOHCHCTEHTHHM
JATEHTHUH MTPOCTIp.

3. CemaHTHuYHE 0OHaBYaHHA — (IHAJILHUN €Tall CIpPSMOBAaHUI HAa KOPEKTHE JOTPUMaHHS
CTHJIIO Ta IrpoBHX MapameTpiB. JlogaeThCsi CEMaHTUYHUN KOHTPOJIEP, SIKHH BBOJUTH LLTHOBI
BJIACTUBOCTI FEHEPOBAHOTO PIBHS Y JaTeHTHHIT mpoctip. Moro dymkiis BTpar

Lyooes = Lree ¥ BLi + A Ly + 7L

stage3 tr —str

(16)

sem *

3 dpopmymu (16) criimye, 10 CeMaHTHYHA KOMIIOHEHTA IHTETPYE 1 KOHTEHT, 1 CTPYKTYpPY, a
3arajibHa (PYHKITISI BTpAT BPaXxOBYE BC1 ACMEKTH: PEKOHCTPYKIIIIO, PETYIIpU3aIliio, CTPYKTYpPHI
0OME)XCHHS Ta CEMAaHTHUYHY BiJOBITHICTb.

IIpouec renepamii HOBOro ejeMeHTa. ['eHepalliss HOBOTO €JIEMEHTa 3IIMCHIOETHCS 3a
CXEMOIO:

1. Bu6Gip nmatentaoro Bexkropa (1)-(2).

2. I'enepartist cTpykTypH (6).

3. ®opmyBaHHS J€TaNi30BaHOTO KOHTEHTY (7).

4. OinpTparis ceManTHuaum moayiem (11)-(12).

HaBeiena Moienb TO€IHY€e CTOXaCTUYHI Ta JAETEPMIHOBaHI KOMIIOHEHTH, 3a0e31ed yrouH
KEpOBaHMI TMporec TreHepaiii 31 30epeeHHSIM CTPYKTYPHOI IUTICHOCTI Ta CTHUJIICTHYHOI
BIJIIIOBIIHOCTI.

Metpuku oniHioBaHHs edexkTHBHOCTI. J[ng oOIiHKM eeKTUBHOCTI TeHepallii
3aCTOCOBYBAIIMCh TaKi METPHUKH:

1. Structural Consistency (SC) — BicOTOK JE€TITUMHUX IIEPEXOIIB MK KIMHATAMHU

|Evalid|
SC = walidl (17)
E|

ae |E,a"d | — KUIBKICTB JIETITUMHHX NEPEXOIB MK KIMHATaMH; E| — 3arajbHa KUIBKICTh pedep

y rpadi.
2. Playability Score (PS) — wacTka kapT, ae iCHye HIJISIX Bi CTApTOBOI O IJIOBOT
KIMHATH

l N
PS = N 25 (iCHye wisx 8i0 cmapmy 00 yini Ha kapmi i ) ,
i=1
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(18)

{1, AKWO WISAX OOCACHYMULL
Ac o =

0, 6 inwomy sunaoxy

ne N — 3aranmbHa KiUTBKICTh KapT y TECTOBOMY HaOopi; & — ICHye IIISAX BiJ CTapTy A0 LIl
KapTi [ HAWKATOpHA (YHKINST HASBHOCTI MPOXIAHOTO NUIAXY BiI CTapTOBOI IO IUTLOBOT
KIMHATH.

3. Semantic Alignment (SA) — kocuHycHa TNOJIOHICTP BEKTOPHOTO MPEACTABICHHS 3
€TaJIOHHUM 3Pa3KOM

SA= %g:cos(f (), (X)), (19)

nme f(x)— BekropHe mpencTaBneHHs 3reHepoBaHOi KapTH X.; f(X®)— BexTopHE

NIPEJCTABJICHHS €TAJIOHHOI KapTH.
4. Diversity Index (DI) — enrporist po3moity TUITIB KIMHAT Ta MEPEXOIiB

C
DI =->p.logp,, (20)
c=1

ne C — KUIBKICTh KJIACIB €JIEMEHTIB (TUIH KIMHAT a00 MepexoaiB); P, —WMOBIPHICTb 3yCTpidl

eIIEMEHTY KJ1acy C.

i MeTpUKHU 03BOJIIOTH OLIHUTH K CTPYKTYPHY KOPEKTHICTh, TaK 1 pI3HOMAaHITHICTh Ta
CEMaHTHYHY BIIMOBIIHICTH KapT.

ExcnepumenTajbHi pe3yabTaTd. MeTOI0 eKCIEpUMEHTAIBHUX JOCTIKEHb OYI10
OIIHUTH €(EKTUBHICTh 3alPOTIOHOBAHOTO METOJY T'e€HEeparlii KapT IrpOBOr0 CEpeOBHIIA, IO
CKJIaJaf0ThCs 3 KIMHAT Ta MEPEX0/IiB, MOPIBHAHO 3 Kiaacuuaumu moaeassmu: PCG (Procedural
Content Generation), VAE (Variational Autoencoder) Ta LSTM (Long Short-Term Memory).

Jani myist HaBuaHHs Ta TectyBaHHs MictTiin 10 000 kapT, KOXKHA 3 SIKAX CKJIajganacs 3 5-
15 kiMHaT, TpeACTaBICHUX y BUTLAL rpady 3rigHO 3 BHpazoM (5). Moxenb HaBYayacs
npoTsaroM 150 enox 3 BUKOpHCTaHHSAM anroputMmy Adam, po3mip Oatuy 64 Ta JIATCHTHHM
npoctopoM posmipHocti 128. I'imepnapamerpu Oynu OJHAKOBUMH ISl BCIX MOPIBHSUTBHUX
MoJenel, 3aBsIKM YOMY MOKHA CTBEP/XKYBATH PO KOPEKTHICTh TAKOT'O MOPIBHSHHS.

Ha pucynky 1 moka3zano 30bkHICTE (yHKIIT BTpar npotsroM 150 emox. Sk BumHO,
3ampoIIOHOBaHA MOJICNb A0CATae cTaduTbHOTrO TU1aTto Bxke micisa 40-60 enox, toxai sik VAE i
LSTM nemMoHCTpYIOTH OUTBII MOBUIHHE Ta HEPIBHOMIPHE 3MEHIIICHHS BTpaT. Lle cBimuuTh 1po
BUIIly CTIAKICTh HaBUYaHHS 3alpOTNOHOBAHOI apXITEKTypu Ta €(PEeKTUBHIIIEC y3araabHEHHS
JATEeHTHOTO TIPOCTOPY.

— 36FIDUI'IDHUBaHa MOLENL
—— VAE
—- ISTM

1.0+

0.8

0.2

0.0+

Puc. 1. 36ixHicTh QyHKIIT BTpAT MiJl Yac HABYaHHS
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Cepenni 3HaYeHHS METPUK Ha TECTOBOMY Habopi kapT HaBeneHi B tabmumi 1. Lli mani
JIEMOHCTPYIOTh, 110 3aIPOIIOHOBaHA MOJIEIh MEepPeBepIITye 0a30Bi MIXOU SIK 32 CTPYKTYPHOIO
[UTICHICTIO, TaK 132 CEMAaHTUYHOIO BIJIOBIAHICTIO Ta PI3HOMAHITHICTIO KapT.

Taomauuns 1
CepenHi 3HaYCHHS METPUK HA TECTOBOMY Ha0Opi KapT
Monenb SC PS SA DI
PCG 0.71 0.68 0.60 1.15
VAE 0.78 0.73 0.72 1.33
LSTM 0.81 0.76 0.70 1.29
3anpornoHoBaHa 0.89 0.85 0.83 1.48

[Ilo6 HaoYHO TOPIBHATH TOKA3HUKM PI3HUX Mojenei, Oymno mnoOynoBaHo rpadik
MOPIBHSAHHS METPHUK MDK MOJENSMH, SKUH BioOpakae YOTHUPU KIIOYOBI METPUKU:
crpykrypny uimicaicte (SC) 3rimao 3 Bupasom (17), irposicte (PS) 3rimno 3 (18),
CEeMaHTHYHY BiAMOBiNHICTH (SA) 3rigHO 3 (19) Ta pizHOManiTHicTE KapT (DI) 3rigHo 3 (20)
(puc. 2).

Bl 3anponoHoBaHa
B LsT™M
Em VAE
H PCG

1.4

1.2 1

1.0+

0.8 1

3Ha4YeHHA METPUKK

0.6
0.4

0.2 4

0.0 —-_-_l

sC PS SA DI

Puc. 2. TTopiBHsIHHS Mojiesieli 32 METpUKaMHU

SIK BUAHO 3 PUCYHKY 2, 3aIIPOIIOHOBAaHA MOJIEJIb IEPEBUIILYE BC1 NOPIBHSAHHI apXITEKTYpH
3a SC, PS Ta SA, a Takoxx aeMoHcTpye HaiBuiuil nokasHuk DI. 3okpema, BoHa 3a0e3neuye
+18% SC, +12% PS, +15% SA Tta +11 % DI nopiBHsHO 3 Kpaiior 0a30BOI0 MOIEILIIO
(LSTM). Lle miaTBepmxye, 110 MOJENIb €()EKTUBHO IOENHYE CTPYKTYPHY KOPEKTHICTH 1
TBOPYMH PI3HOMAHITHUI KOHTEHT.

Takum YMHOM, PHCYHOK 2 J03BOJISIE HAOYHO OLHUTU IIE€peBarv 3amporOHOBAHOI
apXiTeKTypH Ta MIJAKPECIUTH OalaHC MK CTPYKTYPHOIO LIUTICHICTIO Ta CEMAaHTHYHOIO SIKICTIO
3r€HepOBAHUX KapT.

Jlnst o1iHKM BapiaTMBHOCTI KapT Oyna noOynosaHa ricrorpama Diversity Index (DI), sika
HaBe/IeHa Ha PUCYHKY 3.
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100 4 EE ZanponoHoBaHa
e
e VAE

PCG

80

60

KineKicTe KapT

Bl
!
L
.

20

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Diversity Index (DI)

Puc. 3. Posnonin DI st pizHux mojenei

SAx BUAHO 3 PUCYHKY 3, 3ampolOHOBAaHA MOJENb Ma€ IIMPIIUN CHeKTp 3HadeHb DI,
3MEHIIIEHY TUCIEPCII0 1 BHUILY CEPEIHI0, IO O3Hayae OUThITY PI3HOMAHITHICTH KapT 0e3
BTpaTH CTPYKTYpHOT 1imicHOCTL. Y To# dac sk PCG ta LSTM cTBOpIOIOTH MEHII BapiaTHBHI
KapTu ab0 KapTH 3 HU3BKOIO CTPYKTYPHOIO y3TOKEHICTIO.

Jlnst nemMoHCTparii CTPYKTypH KapT Oyno 3reHepoBaHO TpH NPHUKIAAM PIBHIB 13
3anpornoHoBaHoi mozeni (puc. 4). KoxxkeH piBeHb mpenctaBieHuWd sk rpad, ne By3Id —
KIMHaTH, a pedpa — Mmepexo I MbK HUMU:

- PiBenp 1: kapra 3 7 kiMHaTamu Ta 9 epexoamu, IeMOHCTPY€E 0a30BY 3B’ SA3HICTb.

- PiBenp 2: xapra 3 12 KiMHaTaMu Ta TOJAATKOBMMHU TEPEXOAaMH ISl OUIBIIOI IrpOBOi
CKJIQTHOCTI.

- Pienp 3: xapta 3 15 kiMHaTamMu, MAaKCUMAaJILHOIO 3B SI3HICTIO Ta PI3HOMAHITTSAM THITIB
KIMHAT.

Piserb 1 PiBeHb 2 PiBeHb 3
KimHaT: 7, NMepexopis: 8 KimHaT: 12, MNepexopis: 16 KimHaT: 15, Nepexopis: 22

2 0

S N, o

Puc. 4. Bizyaunizanist npukiIaaiB KapT

[[i BByamizamii MiATBEPIXKYIOTh 3IATHICTH 3alpONOHOBAHOI MOJETl CTBOPIOBATH
CTPYKTYPHO KOPEKTHI Ta JIOTTYHO MOCHIOBHI KapTH, 10 BIiAMOBia€ 3asBIeHUM MeTpukam SC
Ta PS.

OT1xe, 3ampornoHOBaHa MOJEb LIBUIIIE 30iraeThCcs Mif Yac HaBUAHHS Ta JEMOHCTPYE
HIWK4Yl 3HaueHHs @QyHkuii BTpar. Metpuku SC T1a PS miATBEpIKYIOTH CTPYKTYPHY
KOPEKTHICTh KapT, a MeTpuku SA Ta DI 1eMOHCTpYIOTh BUCOKY CEMAaHTHYHY BIAMOBIIHICTh Ta
PI3HOMAHITHICTh, M0 € BXIWBHUM JUIsI TIPOIEAYypHOi reHeparii. Bisyamizaiis rpadis xapt
JI€MOHCTPYE JIOTIUHY 3B’A3HICTh KIMHAT Ta IMEPEXO/IiB.
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Takum  4YuMHOM,  pe3ylnbTaTH  CKCIIEPHUMEHTIB  CBi4aThb Mpo  e(QEeKTHBHICTh
3alpONOHOBAHOTO MIAXOAY Yy CTBOPEHHI KapT irpoBOTO CEpEeNOBHINA i3 BHUCOKHM pPIBHEM
CTPYKTYpPHOT Ta CEMaHTHYHOI SKOCTI.

5 OBI'OBOPEHHS PE3YJBTATIB JOCJIIKEHHSA

Y xoal nmocimipkeHHS Oyio po3po0JICeHO Ta MPOTECTOBAHO METOJ TeHepallii piBHIB
KOMIT'FOTEPHHUX Irop Ha OCHOBI JIATEHTHOTO MPOCTOPY Ta CTPYKTYPHUX METPUK, IO
JI03BOJIMJIO OIIHUTH SK SIKICTh CTPYKTYPHOI Opraizamii KapT, Tak 1 y3TOKEHICTh iXHIX
TOTIOJIOTTYHUX ~ XapakTepucTuK. OTpuMaHi pe3ylnbTaTH JIEMOHCTPYIOTh e(EeKTHBHICTH
3aCTOCOBAHOTO MIIXO0AY Ta MiATBEPHKYIOTh MOXIIMBICTD MMOETHAHHS CTOXAaCTUYHUX I'padoBUX
MoJeNel 3 aJIropuTMamMH MAIIMHHOTO HaBYaHHS A (OPMyBaHHS CKJIAJHUX IFPOBUX
CTPYKTYP.

[lepur 3a Bce, MOPIBHSAHHS HaBYAJIbHUX METPHUK MOKa3al0 CTAOUIbHE 3HMKEHHS (YHKIIIT
BTpAT MPOTATOM €IMO0X, MIO CBIMYUTH MPO TPABHIBHE 3aCBOEHHS MOJEIUTIO CTPYKTYPHHX
3aKOHOMIPHOCTEH y HaBYaJIbHUX AaHUX. Bizyamizawis ¢pyHKIIl BTpaT 3acBiquuia BiICYTHICTb
NepeHaBUaHHsA: KpuBa BTpaTu (puc. 1) 3MEHIIYeThCS IUIABHO, 0€3 pI3KUX KOJIMBaHb, a
¢iHanbHUI pIBEHb TOMWIKM BIANOBIZAE MeXaM, MNPUUHATHUM JUIsI  MOJAJIBLIOTO
BUKOPHUCTAHHS MOJIEJ1 y TIPOIIEAYPHI reHepartii.

JocmimxenHs CTpyKTypHUX xapaktepucTuk (SC) Bkazamo, M0 3reHEpOBaHI KapTH
30epiraroTh 0a30Bl BJIACTUBOCTI TOTOJOTIYHOI 3B’SI3HOCTI, NMPUTAMaHHI BUXIIHUM JIaHUM.
3navuerHss SC JAEMOHCTPYIOTh, IO OUIBIIICTH PIBHIB MarOTh 100pe copmoBaHy aepeBO-
MOJIOHY OCHOBY 3 TOMIPHOKO KUTBKICTIO IIMKIIIB, IO 3a0e3reuye OallaHC MDK JIIHIMHICTIO Ta
BapIaTUBHICTIO I'POBUX MapIIPYTIB.

Mertpuxka PS migTBepania, mo Moaeab BIITBOPIOE TPUPOTHUI PO3TIOILT TOBXKHH MIISAXIB
y Tpadax, xapakKTepHHUH IJIs PEIbHUX PIBHIB IrpoBHX CBITiB. CIOCTEPIraeThCs KOPEIAIIis
MDK KUTBKICTIO KIMHAT Ta CEpPEAHBOIO JTOBXKMHOI MAapIUIPYTy, IO BKa3ye Ha pPO3YMIHHS
MOJIEJUTIO MacIITa0HOCTI CTPYKTYPH PIBHS.

Oxkpema yBara Oyna NMpUIUICHA aHATII3y MPUKIANIB 3reHepoBaHUX KapT (puc. 4). Tpu
MIPOTECTOBAHI PIBHI IEMOHCTPYIOTh Pi3HI Bapiallii CKIaJIHOCT1 Ta TOMOJIOT:

- piBeHb 3 7 KIMHaTaMu MIATBEP/UKYE 3IaTHICTh MOJECNI BIATBOPIOBATH IIPOCTI,
KOMITIaKTHI KapTH;

- piBeHb 3 12 KIMHAaTamMH TMOKa3ye OUIBII PO3TATY)KEHY CTPYKTYpY Ta MPHUPOJHE
JI0JIaBaHHS LUKJIIB;

- piBeHb 3 15 KiMHaTaMu 1 MAKCUMAJIBHUM YHUCIIOM NEPEXOMAIB IEMOHCTPYE, 1110 MOJIENb
He Juie 30epirae 3B A3HICTh, aje il popMmye CKIaAHIITY KOHPIrypalito, aHaJOTIYHY PYYHOMY
JM3aiHy IrPOBUX KapT.

TakuMm 4yrHOM, 3aMPONOHOBAHUN MinxXia 3abe3mneuye 30aMaHCOBaHY TeHEpallilo piBHIB i3
30epeKeHHSIM KIIOYOBHX CTPYKTYPHHX XapaKTEPHCTUK, BIACTHUBUX ITPOBUM CEpEeIOBUIIAM.
CyKynHICTh OTPUMAHUX PE3YNIbTATIB MIATBEPIKYE, IO MOJIENb MOXE OyTH BUKOPUCTAHA K
CKJIaJI0Ba CHCTEMHU MPOLIeTypHOT KOHTEHT-TeHepallii Ta ajanToBaHa Ui IHTErpallii B cy4acHi
IrpoBi pymii.

6 BHUCHOBKH

VY xoai pociimkeHHs Oyao po3poOJeHO Ta EKCHEePUMEHTAIbHO MEPEBIPEHO METO
reHepatii piBHIB [yl KOMIT FOTEPHHX Irop, 10 MO€JHYE MalllMHHE HaBYaHHS, rpadoBi Moaeml
Ta JIATEHTHE KOJIyBaHHs. 3alpornoHOBaHUH Miaxija 3a0e3neuye:

1. ABroMaruuHe (OpPMYBaHHS CTPYKTYpH PpiBHSA 13 30€peXEHHSM TOIOJOTTYHUX
XapaKTepUCTUK, IPUTAMaHHUX PEaJbHUM IrPOBUM KapTaMm.

2. KoHTponp CKIQAHOCTI PIBHA ULUIAXOM MAaHINYJSLIA JIAaTEHTHUM BEKTOPOM, IO
JI03BOJISIE TOYHO PEryJIIOBATH KUIBKICTh KIMHAT, ITUKIIIB Ta CTYIIHb 3B SI3HOCTI.
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3. Bucoki 3HaueHHa cTpykTypHHX MeTpuk (SC Ta PS), mo miaTBepKyOTh JOTIYHY
MOCIIIOBHICTH Ta KOPEKTHICTh 3Tr€HEPOBAHMX PIBHIB.

4. CyMICHICTh MOJIEITi 3 PEaTbHUMH IFPOBUMH MPOIIECAMHU, IO JO3BOJISE 3aCTOCOBYBATH
il JuIs amanTUBHOI reHepallii KapT y peaTbHOMY Yaci.

Pesynmbratn nOCHiKEHHS CBiMYaTh MPO MEPCHEKTHBHICTH 3alPONOHOBAHOI MOJENI K
OCHOBH [yl CHCTEM IMpPOLEAYpHOI TeHepalii KOHTEHTY HOBOTO MOKOJiHHA. Ilomamprmii
PO3BUTOK pOOOTH MOXe TepeadadaTH IHTErpaiilo CeMaHTUYHOI iH(opmamii mpo KiMHATH,
HaBYAaHHS Ha OUIBIIMX JaTacerax, a TaKOX PO3IIMPEHHS MOJENi JUIi aBTOMATHYHOTO
MIPOTHO3YBAaHHS HABAHTAXKCHB Ta ONTUMI3aIlil peHIEPUHTY Y TpadiuHOMY KOHBEEPI.

7 ETHUYHI JEKJAPAIIL

ABTOpPH MIATBEP/PKYIOTh BIICYTHICTh (DIHAHCOBOI 3allIKaBICHOCTI YU IHIIUX KOH(QIIIKTIB
IHTEepeciB, 10 MOINIM O BIUIMHYTH Ha pe3yapTaTd pobotu. JKonaHi 30BHINIHI JpKepena
(iHaHCYBaHHS HE OpajiM ydacTi y 3/11CHEHH1 JaHOTO JOCTIIKEHHS.
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BAI'ATOKPUTEPIAJIBHA ONTUMI3ALIA CKJIAIIB
PECTABPAIIIMHUX KOMIIO3UTIB

KoJecuukos A. B.}, Cemenona C. B.}, Jlesuupknii JI. B.!
Y00ecvra oepacasna axademis 6ydisnuymea ma apximexmypu

AHotanisi: Po3po0iiecHO Ta TEOPETUYHO OOIPYHTOBAHO METOMOJIOTiI0 0araToKpUTepiaIbHOI
ONTHMI3allii MITyKaTypHO-PECTaBpallifHUX CKJIaliB sl KapOOHATHHX OCHOB ICTOPUYHUX OyIiBelb,
30KpeMa, OyJliBeNb 3 BallHAKY-YepenallHuKy, Ha 3acajlaXx CHCTEMHOI'0 aHaji3y KpUTEpIiiB CYyMiCHOCTI
Ta KOHIENIii aganTamii. BUXITHOW MO3MIIE JTOCTIKEHHS € TPaKTYBaHHS CHUCTEMH «OCHOBA —
pecraBpalliiHuii MaTepiaiay» K €IMHOT CUCTEMH 3 i€papXidHO MOB’SI3aHUMHU CTPYKTYPHHUMH, (i3UKO-
MeXaHIYHUMH Ta MacOOOMIHHMMH XapakrTepucTukamu. IliIBUINEHHS OKpeMUX eKcIuTyaTaliiiHuX
MOKAa3HHWKIB PECTaBpallifHOr0 pPO34MHY, HANpUKIaa, MIIHOCTI Ha CTHCK, ajresii, Moxe
CYIPOBOIKYBATHUCS TOTIPIICHHSIM MapONPOHUKHOCTI 200 JeOpMaTUBHOI CyMiCHOCTI, IO 3yMOBIIIOE
HEOOXIIHICTh TMEPEeXOy BiJ OIHOKPHUTEPIAIBHOrO 10 OaraTOKpUTEpialbHOro migxomy. Y poOoTi
CHUCTEMAaTU30BaHO CYYacHI METOAM BEKTOPHOI OomTHMI3allii, 30kpeMa miaxia IlapeTo, MeTomu 3ropTku
KpHTEpiiB, a ocobnmBo — (yHKIiI 6akaHOCTI, 1 MPOAHANI30BAHO MOXJIMBICTh iX 3aCTOCYBaHHS JIO
3ama4d  OyJiBelbHOTO MaTepiajo3HaBcTBa. OOIPYHTOBAHO JOIUIBHICTE HOpPMaJIi3allii 4YacTKOBHX
KpHUTEpIiiB Ta IX MOAANBINOI arperamii y rIoOaJbHUI MOKa3HUK aJamnTallii 3 ypaxyBaHHSM BaroBUX
Koe(ili€HTIB BaXUTMBOCTI. PO3MIISIHYTO Pi3HI THIH €KCIIEPUMEHTATbHO-CTATHCTHYHUX MOJIENEeH, Mo
($OpMYIOThCS B MEKaX IJIAHYBAHOTO EKCIIEPUMEHTY, Ta MOKa3aHOo X POjb SIK MAaTEMAaTH4YHOI OCHOBU
JUIT TIPOTHO3YBAaHHS BJIACTHBOCTEH pecTaBpallifHUX KOMIIO3UTIB 3aJIKHO Bijl pelenTypHO-
TexHoJOTTyHUX (akTopiB. ChHOpMYITHOBAHO CHCTEMY MapIiaIbBHUX KPUTEPIiB CYyMICHOCTI, SIKa MICTHTh
MeXaHIuHy, qehopMalliifHy Ta MOPUCTO-KAIUISIPHY CKJIa0Bi. 3alIpOIIOHOBAHO AJITOPUTM MEPEXOTy Bif
perpeciiHux Mojeieil OKpEeMHX BIIACTUBOCTEH IO IHTETPAIBHOTO KPUTEPIIO0 ONTUMAIBLHOCTI MIITXOM
moOyIOBH YacTKOBMX (YHKIH Oa)kaHOCTI Ta iX MOCTymoBoOi arperaiiii. [IpakTuuHy peajtizaliito
METOMOJIOTii MPOIXEMOHCTPOBAHO Ha MPHUKIAMI ONTHUMI3AIlil IMTyKATYPHUX KOMITO3WTIB Ha OCHOBI
BallHa, 3alpONOHOBAHUX JUIS pecTaBpallii OyAiBenb 3 BalHIKYy-UEpeNallHUKY, 3 BHKOPHUCTAHHSM
nporpamHoro 3abesneudenns Design Expert. Otpumani pe3ynbTaTH MiATBEPIKYIOTh ¢()EKTHBHICTH
3aIpPOIIOHOBAHOTO MIAXOMY IS HAYKOBO OOIPYHTOBAHOTO MPOEKTYBAHHS PECTaBPAIIMHUX CKIIAIIB i3
3a0e3medeHHsIM CTPYKTYpHOI Ta EKCIUTyaTallifHOi CyMICHOCTI 3 MaTepialioM OCHOBH 1CTOPHYHHX
OymiBemb.

KuaiouoBi cjioBa: BekTOpHa ONTHMI3aIlis, INTYKaTypPHO-PECTaBpaIliifHI KOMITO3UTH, (DYHKITiS
OaxaHOCTI, i€papXis KpHTepiiB, CYMICHICTb, aJamnTallis, BIaCTUBOCTI, EKCIEPUMEHTAIBHO-
CTaTUCTUYIHE MOJICITIOBAHHSI.

MULTI-CRITERION OPTIMIZATION OF RESTORATIVE
COMPOSITE COMPOSITIONS

A. Kolesnykov?, S. Semenoval, D. Levytskyi'
!0desa State Academy of Civil Engineering and Architecture

Abstract. A methodology for the multi-criteria optimization of plaster restoration compositions
for carbonate substrates of historic buildings, in particular shell limestone, has been developed and
theoretically substantiated on the basis of a systemic analysis of compatibility criteria and the concept
of adaptation. The study is grounded in interpreting the “substrate—restoration material” system as an
integrated entity with hierarchically interconnected structural, physical-mechanical, and mass-transfer
characteristics. Enhancement of certain performance properties of restoration mortars, such as
compressive strength or adhesion, may lead to reduced vapor permeability or deformational
compatibility, which necessitates a transition from a single-criterion to a multi-criteria approach. The
paper systematizes modern vector optimization methods, including the Pareto approach, criteria
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convolution techniques, and especially desirability functions, and analyzes their applicability to
construction materials science. The expediency of normalizing partial criteria and their subsequent
aggregation into a global adaptation index with consideration of weighting coefficients is
substantiated. Various types of experimental-statistical models formed within a designed experiment
are examined, and their role as a mathematical basis for predicting the properties of restoration
composites depending on mix-design and technological factors is demonstrated.

A system of partial compatibility criteria, including mechanical, deformational, and pore-
capillary components, is formulated. An algorithm is proposed for transitioning from regression
models of individual properties to an integral optimality criterion through the construction of partial
desirability functions and their stepwise aggregation. The practical implementation of the
methodology is demonstrated through the optimization of lime-based plaster composites proposed for
the restoration of shell limestone buildings using the Design Expert software package. The results
confirm the effectiveness of the proposed approach for the scientifically grounded design of
restoration compositions ensuring structural and operational compatibility with the substrate material
of historic buildings.

Keywords: vector optimization, plaster and restoration composites, desirability function,
hierarchy of criteria, compatibility, adaptation, properties, experimental-statistical modeling.
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1 BCTYI

[Ipobnema ontumizamii ckmaxy OyAiBeTbHHX KOMIIO3UIIIHHUX —MarepiaiaiB i
JOCATHEHHS HEOOXIJHWX BIIACTMBOCTEH € OJHIEI0 3 LEHTPAIbHUX 3a/a4 CY4acHOTO
OymiBebHOTO MarTepiaio3HaBcTBa. OCOOIUBOT aKTYaIBHOCTI ISl TIPOoOJIeMa Ha0yBa€E CTOCOBHO
pecTaBpamiiHUX Ta 03700JIOBATBHUX MarepianiB, mo (YHKIIOHYIOTh y Oe3MocepeHbOMY
KOHTAKTi 3 OCHOBAaMH ICTOPUYHHX OYaiBeJb, 30KpeMa, Oy/IiBelb 3 BaIHAKY-YEePETaNIHuKY, 1e
MOMIWIKK Yy BHOOp1 CKJIaJy MOXYTh IPU3BECTH JI0 HE3BOPOTHOI Jerpanaiii oO0'€KTiB
KyneTypHOi cnaamman. LITykaTypHO-pecTaBpalliiiHi KOMIIO3UTH  XapaKTePU3YIOTHCS
HQ/I3BUYAHO INMHPOKAM CIIEKTPOM BHMOT O iX BIACTHBOCTEW, IO MPUPOAHUM UYHHOM
MIPU3BOAMUTH IO HEOOX1THOCTI PO3B'sA3aHHs 3a7jau OaraToOKpUTepiabHOT ONTUMI3ALLI].

MatemMaTuyHOI0 OCHOBOIO JJIsi OaraToKpuUTepiaibHOI ONTUMI3allli CKIAAIB OyliBeIbHUX
KOMIIO3UTIB € €KCIIEPUMEHTAbHO-CTATUCTUYHI MOJIENI, 1110 BCTAHOBJIIOIOTh KUTbKICHI 3B'S3KH
MDK peLeNnTypHO-TEXHOJOrYHUMHU (pakTopaMHM Ta BJIacTUBOCTAMHU MaTtepiany. [loGynoBa
TakUX Mojenel 0a3yeTbcs Ha METOJOJIOTIT IUIAaHYBAaHHS EKCIEPHUMEHTY Ta perpeciiHoro
aHayizy. BaxxnuBuM acrekToM OaraTokpuTepiajibHOI ONTHMI3allll € arperaiis 4acTKOBUX
(mapuiaibHUX) KpUTEpiiB y y3aranbHeHMH (TJ00anbHMI) KpUTEpld SKOCTI, IO MOXe
3MIICHIOBATUCS PI3BHUMH METOJAMH Bil TPOCTHX AaJUTHBHHUX 3TOPTOK JO CKJIaIHUX
lepapXiyHUX CTPYKTYp KpHUTEpIiB 3 BUKOPUCTaHHAM (yHKLIi OaxaHocTi. ToMmy moeaHaHHS
MeTO/IB OaraTokpUTepiaibHOI ONTHUMI3alii 1 1€papxidyHOi arperauii KpUTepiiB NpU
MIPOEKTYBAHHI CKJIaJ(IB peCTaBpaliifHUX KOMIIO3UTIB € BaKJIMBOIO Ta aKTYaJIbHOIO 3a/1a4€I0.

2 AHAJII3 JIITEPATYPHUX JAHUX TA TIOCTAHOBKA ITPOBJIEMH

3aranpHa 3ajada OaraTOKpHUTEpiadbHOI (BEKTOpHOI) omnTuMizaiii y OymiBelnbHOMY
MaTepialo3HaBCTBI (POpMaNi3yeThesl K MOIIYK ONTUMalbHOro pimenHs X € X <" y
MPOCTOP1 PEHENTYPHO-TEXHOJOTIYHUX (DAKTOPIB MPHU HASIBHOCTI MHOXXHUHU KPHUTEPIiB SIKOCTI
fix), 1=1,2, ..., mym=>2[1 2, 3]. ¥ Bunagky HpOEKTYBaHHsS CKJIAIiB IITyKaTypHHX
KOMIIO3HUTIB ISl pecTaBpallii iCTOPHYHHUX OyAiBeNb 3 BaMHAKY-4YepeNnantHuKy KOMITOHEHTH
BEKTOpa X = (X1, X2, ..., Xn)| MOXKYTb iHTEPIPETYBATHCS SIK BMICT B’SKY4OTO, MiHEpaIbHHX i
(dhyHKIIOHATBPHUX J00ABOK, IPAHYJIOMETPHUYHI ITapaMeTPH HANIOBHIOBAYIB, YMOBH TBEPIHCHHS
TOMO, a O0JACTh JOMYCTHMHX pillleHb X BH3HAYAETHCS TEXHOJIOTTYHUMH, PECYPCHUMH,
HOPMAaTHBHUMH Ta CYMICHICHUMH oOMexeHHsMHU [4, 5]. MareMaTHYHO 3a[1aya IMOJa€ThCs K
3HAXO/UKEHHS X, 10 MakcuMisye Bekrtopuuit kpurepiii f(X) = (fu(X), ..., fm(X)) npm
oomexkenusx Qi(x) <0,j=1, ..., p, h(X) =0, k=1, ..., g [6]. Y xoHTeKCTi 3abe3MeYeHHs
CYMICHOCTI pecTaBpalliiHMX KOMIIO3UTIB 3 YepenaiHuKoM Kpurepii fi MOXyTh BKIOYATH
aare3iiHy MILHICTh, MApPONPOHMKHICTh, MOAYIb JAedopmarllii, MOKa3HUKUA YCAJIKH,
MOPO30CTIMKICTb, COJIECTINKICTh, KamuUIIpHE BOJOMOIVIMHAHHS, JOBTOBIYHICTH y IHUKIAX
«3BOJIOKEHHSI — BUCYylIyBaHHs» [4, 7, 8]. SIkumjo meBHMI KpuTepid mijuisrae MiHimizamii
(Hampuknaj, ycaaka abo MOJyJb MPYXKHOCTI Ajs 3abe3neueHHs nedopmaliiifHoi cyMicHOCTI),
BiH 3BOIMTHCA [0 3amadyi MakcuMmizamii uwisxom meperBopenns fi(x) — — fi(x) abo
fi(x) — 1/fi(x) mns nomataux BenmuyuH [1, 3].

[TpuHIUIIOBa OCOOIMBICTH OMUCAHOTO MIAXOAY MOJsirae B KOHQIIKTHOCTI KputepiiB [9,
10]. [ns cucteM «pecTaBpalliiHUli KOMIIO3UT — MOPUCTUIA KapOOHATHUH KaMiHbY»
MIZIBUIIEHHS. MIIHOCTI 3a paxXyHOK 3pPOCTaHHS WIUIBHOCTI CTPYKTYpU HEMHHYy4YEe 3MEHIIYe
BIJIKPUTY HOPHUCTICTH 1 MAPONPOHUKHICTb, 110 MOKE MOPYIIUTH BOJIOTICHUIN OallaHC CUCTEMHU
Ta CIPUYMHUATH aKyMYILIIIO coliell y mpurnoBepxHeBiit 30Hi [11, 12]. AHanoriuHO, 3HIKESHHS
MOJYJsl TPYKHOCTI M JOCSATHEHHS MEXaHIYHOI CYMICHOCTI 3 OCHOBOI MOXeE
CYIPOBO/IKYBATHCS 3MEHILIEHHSIM TPIIIMHOCTIMKOCTI 200 epo3iifHOT CTIMKOCTI MITYKaTypHOT'O
mapy. TakuM ymMHOM, 3a7a4a onTuMizalii HaOyBae XapakTepy MOIIYKY KOMIIPOMICY MDK
MEXaHIYHOI0, TIrPOCKOMIYHOK, TEPMIYHOIO Ta XiIMIUuHOKO cyMicHicTio [11, 13].
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V 3B’s3KY 3 BIICYTHICTIO €JJMHOTO PIillIEHHSI, 10 OJIHOYaCHO MaKcuMi3ye Bci fi, BBOIUTBCS
MOHATTS onTUManbHOCTI 3a Ilapero [2, 6, 14]. Pimenns X € X e IlapeTo-onTUMAaNbLHUM,
AKIO He icHye X € X, mis sxoro fi(X) > fi(x") ana Beix i = 1, ..., M i npuHaiiMHi 115 01HOTO
1HJIEeKCY BUKOHYETBCS CTPOTa HEPIiBHICTh. MHOXHUHA TaKuX pileHs yreoproe [lapero-¢pont P
C X, 10 y IPOCTOPi KPUTEPiiB BiAMOBIAa€ MOBEpXHi KoMipomicis [1, 15-18].

[IpakTnyna peamizamis OaraTOKpuTepiaapbHOi onTuMi3amii nepexdadae abo ampiopHe
3aJaHHA nepeBar (BaroBux Koe(ilieHTiB, TPAHMYHHUX 3HAYECHB), a00 anoCcTepiopHHA BUOIp 13
MHOuHH [lapeTto, ab0 iHTepaKTHUBHI MPOLEAYPU 3 MOCTATHUM yYTOUYHEHHSIM MPIOPUTETIB [2,
13]. B 3amauax OyaiBeJIbHOTO MaTepiajo3HABCTBA YacTO 3aCTOCOBYETHCS METOJ 3TOPTKH
KpHUTEpiiB, IO 3BOAWTH BEKTOPHY 3amady 1o ckamsipHoi [9]. Bubip cmocoby 3roprtku
BHU3HAYAETHCS XapaKTEePOM €KCIIEPUMEHTAIBHIX JTAHUX Ta CTATUCTHYHOIO CTIMKICTIO OI[IHOK.

VY nporpamHuX 3aco0ax MiaHyBaHHS €KCHEPUMEHTY IIMPOKO 3aCTOCOBYIOTHCS (YHKIIIT
OakaHOCTI, IO TpaHCPOpMYIOTh KOXHUH Binryk Yi = fi(X) y Oe3po3MmipHHil TOKa3HUK
yacTkoBo1 6axcanocri di € [0,1] [3, 12, 18, 19].

Hanpuxnan, nis cuenapiio, e METOI0 € MaKCUMI3alisl OKa3HUKa, QYHKI[ISI Ma€e BUTIISA

0, Y <L
d = (uj , LY <T,
T-L
1, Y >T

ne L — HKHS Mexa JONMyCTMMHX 3HaueHb; | — 1iIboBe (0a)kaHe) 3HAUEHHS; S — mapaMeTp
Bary, 110 BU3HA4Ya€ KPUBU3HY (DYHKIIII.

IIpu s > 1 dyHKIIA cTae «CyBOPIIIOO», TOOTO pi3Kille mTpadye CUCTEMY 3a BIAXUICHHS
Bix uuti. IIpu S < 1 3anexHicTh (QyHKIII OakaHOCTI BiJ MOKa3HHKA Y Mae OUTbII «M’SKUM»
XapakxTep.

Jlis oTpuMaHHs KOMIUIEKCHOT OI[IHKM BC1 OTPMMaH1 YaCTKOB1 MOKAa3HUKH arperyloThCs B
€MHUAN KPUTEPiH ONTUMAIBHOCTI — 3araibHy Oaxanicth (D). ¥V kimacuyHoMy mpecTaBiIcHHI
BOHA PO3PaXOBYETHCS K 3BAKEHE CEPE/IHE FEOMETPUYHE!

a
D= fidﬂ 2

ne Wi — koedimienT BaxkauBocTi (importance), mo BigoOpakaroTh eKCIIEPTHY OLIHKY BHECKY
KOYKHOT'O KpUTEpir0 y QyHKIIOHAIBHY HaaiiHicTh cuctemu [12, 18].

I'eomeTpuunmii xapakTep CEpeIHbOTO 3a0e3ledye MYJIbTHILTIKATUBHY —B3a€EMOJIIFO
KpuTepiiB: skmo xo4ya 6 ogun di — 0, To i D —0, 1m0 BiAMOBiAE KOHIEMII «BY3bKOTO
Micus» y goBroBiudocti kommnosuiii [9, 11]. TIporec ontumisarii mosisrae y po3B’s3aHHi

3amaui Max D(X).
xeX

[Ipu BupilIeHH] NPUKIAJAHUX 3a7aya, HaNpUKIAJ, NPU MPOEKTYBAaHHI pecTaBpalliifHO-
IITYKaTYpHUX CKJaJiB JJIs uepenaliHuka, Taka Qopmaiizalis J03BOJs€ IHTErpyBaTu
CTPYKTYpHI, MeXaHIuH1, (PI3UYHI Ta eKCIUTyaTaliiHI KpUTepil B €IUHY PO3PAXyHKOBY CXeMY
[7, 16, 20]. Ile cTBOprOE OCHOBY [UIsi MEPEXOAY Bill EMIIPUYHOrO MAOOPY PEUenTyp 10
HayKOBO-OOIPYHTOBAHOTO  IPOEKTYBAaHHS  CKJIaJy pecTaBpalifHMX  KOMIO3MLIH 13
NPOrHO30BaHUMH TTapaMeTpaMy CYMICHOCTI Ta aganTaiii [5, 21].

HeszBaxaroun Ha Te, 1m0 miaxix a0 GaraTokpuTepiabHOI onTuMizalii B OyaiBeIbHOMY
MaTepialo3HaBCTBI JOCTAaTHBO PO3POOJICHHH 1 € CKJIal0BOIO 0araThOX MPOTPaAMHUX MaKeTiB
JUIsL BUPILLIEHHS] ONTUMI3aLlifHUX 3a71a4, METOJ] iepapXiyHOi arperaiii OTHOPIIHUX 3a 3MICTOM
KpUTEpiiB HEIOCTaTHBO JOCITI/DKEHUH s NPUKIAJHOTO 3aCTOCYBaHHSA, 30KpeMa, Hpu
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MPOEKTYBAHHI CKJIA/liB MITYKaTYpPHO-PECTaBpaIliiHUX KOMIO3HTIB. OKpiM TOT0, HEJOCTATHBO
MpoaHaji30BaHi KpUTepii onumizamii matepiany, mo (QyHKIIOHye OUIS TpaHUIll PO3ALTY 3
OCHOBOIO. 3aCTOCYBaHHS KPHUTEpPiiB ONTUMAIILHOCTI K KPHUTEPiiB CYMICHOCTI ABOX PI3HHUX
MaTepiajiB Ta fAK KpUTEpiiB B3aeMoajanTalii [HMX MarepialiB pa3oM 3 amaparom
OaraTokpHuTepiaTbHOI ONTUMI3alii Ta i€EpapXiyHOI0 arperamiero KpuTepiiB, Ha HaIl MOTJIS,
MO>Ke OyTH a/IeKBaTHO BUKOPHCTaHHI B 3a7a4ax Oy/IiBEIbHOTO MaTepiaJo3HaBCTBA.

3 HIJIb TA 3AJAYI JOCJIIKEHHSA

[ine  pobotm monsrae y  po3poOli  HAyKOBO  OOIPYHTOBAHOI  METOJOJIOTIT
OaraToKpuTepialbHOI ONTHUMI3aIil CKIMIB IITYKaTypHO-pECTaBpalifHMX MaTepialiB Ha
OCHOB1 CHCTEMHOI'0 aHaJli3y KpUTEpiiB CYMICHOCTI Ta aJanTailii 3 iCTOPUYHUMHU OCHOBaMH,
3aCTOCYBAaHHSI CY4aCHHUX METOJIIB MAaTEMaTUYHOI'O MOJENIOBAHHS 3 BUKOPUCTAHHAM (PyHKI[IT
0a)KaHOCTI.

JI1g noCsITHEHHS TOCTaBJIEHOT METH Y poOOTI BUPILIYIOTHCS TaKi 3a4aui:

- CUCTeMaTH3yBaTH Ta MpoaHali3yBaTH METOAM OaraToKpUTeplalbHOI OnTUMI3amli U
eKCTIEPUMEHTAIBHO-CTATUCTUYHOTO MOJICTIOBAHHS Ta OIIHUTH MOXJIMBICTH 1X 3aCTOCYBaHHS
0 3amad  OyliBETPHOTO MaTepialo3HAaBCTBA 3 YpPaxyBaHHAM CHEHUQIKHM MTYKaTypHO-
pecTaBpaIifHuX KOMIIO3HTIB;

- JIOCTIIUTU METOIM lepapXI4HOi arperaiii napiialbHUX KpUTEpiiB, 30KkpemMa IpoOOBO-
palioHaTbHUX, CPOPMYITIOBATH CUCTEMY KPUTEPIiB CYMICHOCTI Ta ajamnTalii ITyKaTypHO-
pecTaBpaliifHuX MaTepialliB 3 OCHOBOIO;

- pO3pOOHMTH aNrOPUTM arperamii napiialbHUX KpPHUTEpiiB CYMICHOCTI Ta ajamnTamii 3
MePEX0JIOM JI0 TJIOOAIBHOTO KPHUTEPI0 ONTUMAILHOCTI Ha OCHOBI (PyHKIIi OakaHOCT1 Ta
BU3HAYEHHS ONITUMAJIbHUX CKIIAJIIB;

- Ha TIPUKJIAJIl PECTaBPAIIfHUX MTYKATYPOK /Il KapOOHATHUX KaM STHHX OCHOB (BaITHSIK-
YEepeIanHiK) TPOJEMOHCTPYBATH TMPAKTHYHY peajlizaiiio po3poOseH0T METOH0Jorii 3
BUKOPHCTaHHSIM IIporpaMHoOTo moaaTka Design Expert.

4 PE3YJIBTATHU JOCIIAKEHDb

Y 3agadax TPOEKTYBaHHS pECTaBpalliiHMX KOMIIO3HMIIIMHMX  MaTepialiB, 110
XapaKTePU3YIOThCS MHOXXHHOIO TOTEHI[IMHO KOH(QIIKTHUX eKCIUTyaTaliiHUX BHUMOT,
JOIJIBHAM € 3aCTOCYBaHHs OaratokpurepianbHOi onTuMizarii. [Ipu mocTaHOBIN 3aBaaHHS
ONTHMI3allii 32 IOMTOMOTOI0 3TOPTKH OKPEMHUX KpUTEPIiiB B PYHKI[II0 OaKaHOCT1 ONTUMI3aIlist
moJIsirae 'y Makcumizanii mokasHuka OaxkaHocti D. PimeHns, ske 3a0esreuye HalOiLIbIe
3HAYEHHS 3araJibHO1 byHkmii 0a)kaHOCTi, BBA)KAETHCS ONTUMAJIbHUM y
OaraTokpuTepiaJIbHOMY CEHCI.

Jlig mTyKaTypHUX CKJIaJiB, MO0 (PYHKUIOHYIOTH MOOIU3Y TpaHUIll PO3ALTY 3 OCHOBOIO,
HEOOX1IHO BpaxOBYBAaTU HE TUIbKM aOCOJIOTHI 3HAYCHHsS BJIACTUBOCTEH Mmartepiany, a  ix
CHIBBITHOILIEHHS 3 BIIACTUBOCTAMH OCHOBH. L{e mpu3BoAUTE 10 HEOOXITHOCTI POPMYITIOBAHHS
CHelialbHUX KpuTepiiB cymicHocTi Ta anganrtaunii. [lapuianeHi KpuTepii MoxkHa
kiIacu(ikyBaTH 3a pPI3BHMMH O3HaKaMHU 3alle)kHO Bif iX (¢i3u4yHoi mpupoaun Ta GopMmu
MaTeMaTUYHOTO BUPAKEHHSL.

JU1s KOMIUIEKCHOI OIIHKM MPUAATHOCTI MITYKaTypHO-pEeCTaBpaliiiHUX CKIaaiB 0OpaHO
nokasHuku 06’emHoi koHTpakiii (Cvol,) tacTryroi MiHOCTI (Rpi) maponporukaocTti (WVP),
BojoHacuueHus (WS), anresiiinoi wminHocTi (Ragh) Ta wminHocti Ha ctuck (Rc), ki
XapaKTepU3yIOTh MOYaTKOBE CTPYKTYPYBaHHs, BOJIOTICHMH pEXHM, CTIMKICTh J0 COJIbOBOI
KOPO3ii 1 MEXaHIUHYy CTaOUTBHICTD Y cHCTeMI 3 (DI3MYHO 3HOIIEHUM BaITHSKOM -4epEeTalIHUKOM
Ta OXOIUTIOIOTH YCi KIIOUOBI €TalU «KUTTS» MaTepialy — Bil TUIbKH C(OPMOBAHOTO PO3UUHY
710 IOBrOTPUBAJIOi €KCILTyaTallii KOMIIO3UTY.
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[Iponec KiTBKICHOT OIIHKM Ta ONTHMI3allii pecTaBpalifHUX CKJIaaiB Oa3yeThCcsl Ha
¢dopmymoBanHi cuctemu mectu kputepiiB K1 — Ke, siki BioOpaxaroTh (i3UK0-MEXaHIYHY Ta
TEXHOJIOTIYHY CYMICHICTh HOBOTO MaTepialy 3 OCHOBOIO — BAaIlHSKOM-yepenamHuKkoM. Jlis
MOJANBIINX PO3PAXYHKIB MPUUMAEMO XapaKTEPUCTUKU «OCIAa0JICHOrO» YepenamHuka (B
CKJIaJi iCTOpHYHHUX OyJiBeNb) B iHTEpBajax: MIIHICTh Ha CTHCK Rcpase cTanoButh 2,5 — 3,5
Mlla, a maponporukHicTe WVPhas. 3Hax0auThest B aiamazoni 0,10-0,18 mr/(m-rox-I1a).

[epmmit kputepii Ki = R. / Rcpase omnmcye MexaHiuHy MOAIOHICT MaTepiaiis.
PecraBpariiianii map He MOBHHEH OyTH 3HAYHO MIIHINIMM 3a aBTEHTUYHUN KaMiHb —
«ocnabJIeHni» YepenamHuK B CKIaJi iCTOpUIHUX OymiBens 3 MiHICTIO Ha cTuck ~ 3 Mlla,
OCKUIBKH II€ MPHU3BEAC OO KOHIEHTpAIlil HampyXeHb Ha MeXi po3airy (a3 i mogambIioro
pyliHYBaHHS camMol OCHOBH. [neampHuM BBakaeThest 3HaueHHS Ki ~ 0,8 — 1,0, mo rapanrye
LUTICHICTh CUCTEMH.

Hpyruii kputepii Ko = WVPiayer / WVPpase Xapakrepusye mudy3iiiHy CyMICHICTB
(BLAHOLIEHHS MAapONPOHUKHOCTEH). BamHsk-depenalmiHUK Ma€ BHCOKY IAapONPOHUKHICTD
WVPpase = 0,14 mr/(m-ron-Ila), i mopymeHHs OTO MOKa3HUKA MPHU3BENE O HAKOTHMYEHHS
BOJIOTH T[] IIAPOM IITYKATypPKH.

Tpertiit xputepiit Kz = Cyol BimoOpakae 00'eMHY KOHTPAKIIIFO CKIIaLy i 9ac TBEPAiHHS,
B BiacoTkax. OOrpyHTyBaHHSM BHOOpPY LBOro mapaMerpa € HEeOOXiTHICTh MiHIMI3amii
yCaJIOYHMX SBHIL, fAKI JJI pecTaBpaliifHOro Marepiajqy, [0 KOHTakKTye 3 TOPUCTHM
YEepIaNTHUKOM, € KPUTHYHUMH. BUCOKa KOHTpakilisi BHKIMKAE TOSIBY MIKPOTPIIIUH, TOMY
KpuTepih (POpMYIIOETHCS SK MpsSME 3HAYEHHS KOHTPAaKIii y BIICOTKaxX 3 METOI HOro
MO JATBINIOT MIHIMI3AITIi IO HYJIS.

Yersepruii kputepiii K4 = Rpi / Tpi OIIHIOE TEXHOJIOTIUYHY CYMICHICTh Yepe3 IIaCTUYHY
MIIHICTh Y KpUTHYHUN MOMEHT 4acy (10 roamn). Bubip mineoBoro 3nauenus Tp =~ 50 klla
0a3yeThCsl Ha HEOOX1THOCTI OaTaHCy: CKiIaa MOBUHEH OyTH IOCTaTHBO CTPYKTYpPOBaHUM, 1100
HE CIOB3aTH 3 BEPTUKAIbHOI CTIHM, ajle 3aJuIIaTHCS IUIACTUYHUM JUIsl perakcarfii
MOYAaTKOBUX HAINPYKEHb.

[T'atuit kputepit Ks — aaresis 1o depemaniHuka, 0 BHUPAKAETHCS B aOCOITIOTHUX
OMHUIAX HamnpyxkeHHs po3puBy (MIla). Kputepiii dopmynoeTscsi sK MpsiMe 3HAuYEHHS
aaresii, e 3a 3a MUTbOBHUM piBeHb npuitHATO 0,54 MIla, mo BinmoBinae BHCOKIM HaAIMHOCTI
3UEIUICHHS.

[Hoctuii kputepii K¢ — BOJOHACHYCHHS CHUCTEMH «IITYKaTypHUW Iap - OCHOBa» —
BH3HAYa€ JOBTOBIYHICTh pecTaBpallii B yMOBaxX IMPUMOPCHKOTO KiiMaTy (30kpema M. Opeca)
Ta, 3 OINIAQYy Ha BHCOKY IOPHUCTICTh BaNHSIKY-U€pEMAalllHUKY, OILIHIOETHCS AK BIJCOTKOBE
BOJIOTOHACUYEHHSI BCi€1 CUCTEMHU, IPUYOMY ONITUMAIILHUM BBaXKAEThCSI piBEHBb MeHIIIe 4%, 1110
oOMexye 3BOJIOKEHHSI KOHTAKTHOT 30HU 0€3 CTBOPEHHS repMeTHYHOro Oap’epa i 3abe3mneuye
MIPUPO/IHE BUCUXAHHS KaMEHIO.

Taxkum ynHOM, chopMoBaHa cuctemMa kputepiiB K1 — Ke 0XOIUI0€ BC1 acClieKTH B3a€MO/TIT
pecTaBpallifHOTO Iapy 3 TIOPUCTOI0 OCHOBOK, CTBOPIOIOYM 0a3y s MOJaiblIol
MaTeMaTH4HOI OIITUMI3aLlii.

B poOoti pochimkyBanu pecTaBpaliiHHii KOMMO3UIIMHUI Marepiad 3 HACTYIHUM
CKJIaJIOM: TIOBITpSHE BalHO, MOPTIAHIIEMEHT, TJIMHHUCTA JAOMillKa (KaoJiHOBa TIJIMHA),
KBaploBHil TMicoK i moapibHeHMi yepenamHuk (mutoma mosepxHs 3000 cm?/r). KinbkicHi
CIIBBIHOIIEHHS Ta PIBHI BapilOBaHHSA (aKTOPIB CKIaay NpHU MPOBEAEHHI IJIAaHOBAHOTO
eKCIIEpUMEHTY 3a 15-TOYKOBMM IUTAHOM HajaHi B Tadi. 1.

Taoaunsa 1
@dakTopH Ta piBHI iX BapilOBaHHS
PiBHi BapitoBaHHS
Ne ®daxTopu 1 0 )
1 2 3 4 5
X1 BwMicT nemeHTy B 3arajibHiil CyMili BSDKYyYHX 5% 10% 15%
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IIpoodosoicenns mabauyi 1

1 2 3 4 5
X BMicT rHY B 3arajibHIN CyMilli B'SDKYYHX 5% 7,5% 10%
X3 BwMicT MeneHoro uepenaiHiuka B HalOBHIOBayi 0% 37,5% 75%

B pesymbraTi TpOBENCHHS CKCIEPUMEHTAIBHOTO JOCTDKCHHS Oylu OTpuUMaHi
exciepuMenTanbHo-cTatucTiyHi  (EC) Mozeni HacTymHMX —BJIACTUBOCTEW:  aAre3iiftHOl
MIITHOCTI, TApPOMPOHUKHOCTI, BOJIOTOHACHUYEHHS, MIITHOCTI Ha CTHCK, 00’ €MHHUX Jedhopmarii,
iacTuyHo1 MiHOCTI [22]. Ha ocHOBI pe3ysbTaTiB JOCHIKEHb Ta MOOYIOBaHUX MOJEJeH
Oynmu pospaxoBaHi kpurepii ontumaibHOCTI Ki — Ke, y sxux mopsn 3 (ismaHUMEU
BJIACTUBOCTSAMHU KOMITO3HUIIIHHOTO MaTepially BUKOPHUCTOBYBAIHCS MOKA3HUKU BIIACTHBOCTEU
BaITHAKY-4YEepEeNallHUKy JUIsl TOPIBHSAHHS 3TITHO 3 pO3pOOJIEHMMHU MIAXOAAMH JI0 aHANII3Y
cyMicHOCTI Ta ajganTamii. s nux kputepiiB noOynoBani EC-mozeni (tabn. 2) ta rpadiune
BiIOOpakeHHs, Hampukian, st Ki (BiJHOCHAa MINHICT Ha CTHCK), K> (BigHOCHa
MapONOHUKHICTB) (puc. 1).

Taoaunsa 2
ExcrniepuMeHTanbHO-CTATUCTHYHI MOJIENi KPUTEPiiB ONTHUMAaIBHOCTI CKIIQ/IiB PECTaBpaIliftHUX
KOMITO3HTIB
Kpwurepii ExcriepuMeHTabHO-CTATHCTHYHI MOJIEINTI KPUTEPIiB

K (RC) K1 =10,85+ 0,09x; + 0,13x, — 0,29x3— 0,087x1x2 — 0,068x2x3 + 0,046)612 70,062)622 — 0,1].)632

K, (WVP) K>,=0,58—-0,29x; + 0,27 x3— 0,092 x1x3 + 0,25 X12 + 0,14 X32

Ks (Cwl) |K3=0,22 + 0,069x1 — 0,027, + 0,028x3 + 0,024x1x + 0,026x3

Ka (Rp|) K4=1,79+ 0,40x; + 0,11x, + 0,25x3 + 0,018x1x, + 0,038x1x3 — 0,15)C12 — 0,092)622 70,14)632

Ks (Radh) Ks=0,38 + 0,074x; + 0,062x, + 0,078x3 — 0,044x,x3 — 0,046)612

Ke (WS) Ks = 6,60 — 0,80 x; + 0,45x, + 3,53 x3 — 0,19x1x> — 0,14xox3 + 0,28x12 — 0,27X22 + 1,33x32

©)

K7 min = 0’41

Puc. 1. I'padiune BigoOpaxkeHHs: Mojesieil kputepiis: a — Ki; 0 — K>

AHaniz oTpUMaHuX perpeciiHux mMojeneil KpurepiiB mokasas, 110 BIIHOCHA MILHICTh Ha
CTHCK 3HMXKYEThCS 31 3pOCTaHHSAM YaCTKH MOPUCTOTO YepernanrHuKa, TOIl SK [EeMEHT 1 TJIuHa
CIPUSAIOTH il MiABUIIEHHIO, OJHAK iX HAJAMIpHE MO€IHAHHS MOXKE MaTH 3BOPOTHHH edeKxT
yepe3 MiIBUILEHY BoAoNoTpeOy. BimgHOcHAa MapONpOHUKHICTH ICTOTHO 3MEHIIYEThCS IMif
BIJIMBOM LIEMEHTY BHACIIIOK KOJbMATALll MOpP, TOAL SK YEpEeNaIlHUK BiIKPUBAE CTPYKTYPY
MaTepialy, IpU4oMy 3MIHH MalOTh HeNiHIMHUN Xapakrep. O0’€MHa KOHTpakIlis 3pocTae 3i
30UTBIIEHHAM BMICTY IIEMEHTY, TIJIMHAa YacTKOBO cTabuIi3ye nedopmaliii, age BUCOKa
KOHIIEHTpallisl 000X KOMIIOHEHTIB MiJBUILYE PU3MK ycaJku. BiqHOCHA IIacTHYHA MIIHICT
BiZJoOpakae MPUCKOPEHHS PaHHBOTO CTPYKTYPYBAHHS 3a YYacTi BCIX CKJIaJHHKIB, 0COOIMBO
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[EMEHTY ¥ uYepernaiiHiKa, Xoya HaJMipHe HaCHYCHHS TBEpJOi (a3 MOXKe CHOBLIbHIOBATH
PO3BUTOK IUIACTUYHUX BIIACTMBOCTEH. AJres3iss 0 OCHOBH 3arajoM MOKpAIIyeThCs 3i
3pOCTaHHSM BMICTy KOMITOHEHTIB, IPOTE MK TNIMHOIO Ta IPIOHOJMCIIEPCHUM HAIIOBHIOBAYEM
MOJJIMBA KOHKYPEHIIiI 32 KOHTAKTHY IIOBEPXHIO. BOJOHACHYEHHS CHUCTEMH ICTOTHO
MIIBUIYETHCA 32 PaXyHOK KamIIPHOT aKTUBHOCTI YepenamrHuKa, TO/l K [EMEHT YIIUIbHIOE
CTPYKTYpY Ta 3MEHIIIY€ 3BOJIOKCHHSI, CIIPHSIFOYH TTiIBUIIEHHIO JOBIOBIYHOCT1 TOKPUTTSI.

MoOKIHMBICTh BapifOBaHHS BaroBHMMHU KoedilieHTaMH y MeToAi (yHKIii OaxaHOCTi
JI03BOJISIE AIaNTyBaTH OJUH 1 TOM caMuii HaOlp eKCIepUMEHTATBbHUX AaHUX M crienudiuHi
pecraBpaniiini 3agaqi. OCKUTbKH KOKEH 13 15 Ckia/iiB Mae yHIKaIpHUI OalaHC BIACTUBOCTEH,
3MiHa aKIEHTIB TpHW arperamii KpurepiiB gomoMarae oOpaTh ONTUMAalbHUN BapiaHT s
KOHKpPETHUX YMOB €KcIlTyaTalii 00'ekra.

Jlig eeKTUBHOTO BIIHOBJIEHHS Oy/iBENb 13 BallHAKY-YepeNallHUKy AOLUUIBHO BUIUTUTH
YOTUPH THUIOBI CIIEHApIli 3aCTOCYBaHHS PECTaBpallfHUX KOMIIO3UTIB PI3HUX CKIAIIB, 1€
MPIOPUTETHICTh BJIACTUBOCTEN CYTTEBO PIZHUTHCA.

MakcuManbHO «IMXAIUui» ckiaax a. TyT JOMIHYIOUUM YUHHHKOM € TIapOTIPOHUKHICTB,
o0 WTyKaTypka He craja «mapobap’epoMy», KU CHpPUYMHSIE HAKONMYEHHS KOHJIEHCATY
BCepeIMHI KaMeH0. Y 11boMYy ciieHapil it dwvp BCTAHOBITIOETHCS BUCOKE 3HAYCHHS S > 1, 1110
poOUTH (DYHKIIIIO «CYBOpPOIO»: HaBITh HEBEJIMKE 3HIKEHHS MapONpPOHUKHOCTI MPHU3BENE 10
pidkoro maxainnsa Ji. [Ipu arperamii mpoMy mapaMeTpy HPUCBOIOETHCS HAWBHUINUI PIBEHb
BaIMBOCTL. [[nst aaresii BCTaHOBIIOEThCA cepelHs CyBOpIcTh (S = 1), mo0 103BONIMTH
CHCTEeMI 3HAMTH KOMIIPOMIC 13 MApOTPOHUKHICTIO, aJie 30epiraéMo BUCOKY BaXKJIHUBICTH (I = 4),
00 rapanTyBatu (pikcarliro Ha CTiHi.

Ckiazt 6 s 3BOJIOKEHUX CTiH. Y IIbOMY BHITQJIKy Ha TIEpIe MICIIe BUXOJAUTh KamIapHa
piBHOBara Ta MiHIMI3aIlisi BoJOHAacHYeHHs. [ KpUTEpito BogOHACHYEHHS Ows 0OHMpaeThCs
S$>2, mo0 MakCUMaJbHO «TpadyBaTH» CKIAAd 3 BUCOKMM ToTriauHaHHsM. [locriiiHa
MPUCYTHICTH BOJIOTH Ha MEXI1 po3aiTy (a3 CTBOPIOE PU3HK TiIPOAMHAMIYHOTO BifIIapyBaHHS.
Tomy nmst anresii mapameTp CyBOpPOCTI S MIABHIMYETHCS 10 3, MO0 KOPCTKIIIE BiACIKATH
CKJIaM 3 HHU3BKUM 3YEIUVICHHSM, a BaXKJIMBICTh BCTAHOBIIIOETHCS Ha PIBHI S5, OCKUIbKH B
YMOBaX BOJIOTOCTI are3isi € TOJOBHUM 3aIO0KHIUKOM JJOBTOBIYHOCTI.

PectaBpallifHO-IITYKaTypHUA  CKJIaJ 6 JUlsl 4YacTKOBO 3pYyHHOBAHOI'O  BaIHAKY-
YEPEMAHUKY. TYT KPUTHYHO BKIIUBOIO CTA€ CTPYKTYPHO-MEXaHIdYHA CYMICHICTh: MIIIHICTh
CKJIay TIOBMHHA OYyTH MAaKCUMaJbHO HAOMIKEHOI0 JI0 MIIHOCTI OCHOBH (aje He
[EpEBHUIIYBATH ii), a ycaaka (KOHTpakilis) Mae OyTd MiHiMaiabpHOMO. [Tapamerpu S mis dre Ta
dcvol cimin Opatu Ha piBHI 2—3, CTBOPIOIOYM BY3bKHIl KOPHUIOP JOIMYCTUMHX 3HAUYCHB, 11032
AKMM OaXaHICTb cTa€ Maibke HyIbOBOIO. /[l anaresii BCTAHOBIIIOETbCS MaKCHMallbHA
cyBopicth S = 3 Ta BaxumBicTh W = 5. Ile ctBoproe "dinbTp", KU MpommycKae Jumie Ti
CKJIaJH, IO 3/1aTHI TJIMOOKO MPOHMKATH B MOPH 3PYHHOBAHOIO KaMEHIO Ta HaJIHO 3 HUM
3YETTIOBATHUCS.

Cknaj e, 1110 3aCTOCOBYEThCSI B_YMOBAaX pecTaBpallii Mo6Jau3y MOPCHKOTO Y30€pesKsl.
Jliia mmactuyHOi MIHOCTI Rpl 3a1aeThest BUCOKA Bara W, 1100 BUAUIMTH CKIIAAU, SIKI MUTTEBO
HaOUpPalTh CTPYKTYpPY, MIHIMI3yIOUd BIUIUB COJILOBOTO a€pO30JI0 HAa CBUKUH pO3uMH. Y
BUIIAJIKY MOPCBKOTO Y30epexoks OUHAMIYHI HaBaHTaXEHHS (BITep, yIapH Kpamenb) Ta
arpecuBHE CepeloBUIlle BUMararwTh Oe3noraHHoi aaresii. [lapameTp S BCTaHOBIIOETHCS Ha
piBHI 3, OCKUIbKU Oyb-siK€ MIKpO-BiIIIapyBaHHS MHUTTEBO 3alIOBHUTHCS MOPCBHKOIO CULIIO,
110 TpU3BEJE 0 MIBUJKOT KOPO3ii KOHTAKTHOI 30HH.

Jns mepexoay A0 KUIBKICHOTO aHalidy KPHUTEpiiB ONTUMAIbHOCTI KOKEH BIATYK
TpaHchopMyBanu y mapuiaigbHy ¢yHKIito Oaxkanocti. [lepmum ertamom € po3paxyHOK
napuiaIbHUX KpUTepiiB Ki A7t m'aTH KITI0YOBUX BIACTHBOCTEH.

Jlist OLIHKM MeXaHIYHO1 CyMICHOCTI BHKOPHUCTOBYB&JIM KPHUTEpid MIIIHOCTI Ha CTHCK
K1 = Re / Repase. Ockinmbku u1st c1abKOro 4yepenamHuKka HaJMipHa MIlHICTh pecTaBpaliitHOro
mapy € IIKiUIMBOIO, IUIbOBE 3HAa4YeHHS BcraHoBiIeHO Ha piBHi T = 0,8. BigmosinHa
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napuiasibHa ¢QyHKiis OaxaHocti di mpu S = 1 Oyna po3paxoBaHa 3a JBOCTOPOHHBOIO
niriiHO0 Moaeto: sk Ki < 0,8, to di = (K1 — 0,22) / (0,8 — 0,22), a sixmo Ky > 0,8, To0
di=(1,2—K1) /(1,2 -0,8), ne mexi 0,22 ta 1,2 Bu3HA4arOTh 00JIACTH JOMYCTUMHX 3HAUCHb.

Hpyrum kputepieM € audysiiiHa cyMiCHICTb, IO OILIHIOBAJACch Yepe3 MapONPOHUKHICTD
Ko = WVPayer / WVPbase. [list  3a0e3miedeHHss «auxarouuMx» BIACTUBOCTEH YepenanHuKa
HeoOxiHOo, 00 K2 > 1. OCKiIbKH BC1 TOCHTIHKEHI CKIIAIU IEPEBUIYIOTh IIEH MOPIr, (yHKIIisA
Oaxxanocri 02 s HUX npuitMana piBHoro 1,0.

Tperiii mokazHuk — 06'emua koHTpakmis Kz = Cyol, IKa XapakTepusye ycaJaKy MaTepiaiy.
Mera ontumizaii nossirae y ii MiHimMi3aiii, Tomy ¢yHKiis 6axkaHocTi d3 mpu S = 1 BU3HauCHA
gyepe3 BIIHOMICHHS 0 CKCIEPHUMEHTAIBHOTO MakCHMyMy Ta MiHimymy: 0z = (0,382 —

Ks) /(0,382 —0,18), ne 0,382 — Haiiripmiuii pe3yabTar (MiHiManbHa OakaHicTp), a 0,118 —
HaWKpAaIIHAN.

UYerBepTuil KpuTepii ONucye KIHETUKY CTPYKTYpPYBaHHS uepe3 IJIaCTUUHY MIIHICTh
K4 = Rpi / 50 xITa. TexHosOriuHO onTUMaILHUM € HaOip minHOCTI B iHTepBami 40 — 60 klla
yepe3 10 rogun. Oyukiis 6axanocti ds pu S = 1 moOymoana HaBkoso 1t 50 kIla: mpu
Rpi < 50kITa maemo dsa = (Rpi — 20) / (50 — 20), a mpu Rpi > 50 pospaxosysanachk sk ds = (85 —

Rpt) / (85 —50), mo m103BONMIIO BiACIATH 3aHAATO KOPCTKI CYMIlNi, CXWJIBHI 0 PaHHBOTO
PO3TPICKYBaHHSI.

[T'sTuM, BaKJTMBUM TIOKa3HUKOM, € aare3is 10 ocHoBH Ks. /[ 3a0e3nedeHHsT HAIIHHOTO
3YCIJICHHS 3 YePenalHUuKOM KpUTepiii Makcumizyerbes. DymHkiist 6axanocti ds mpu S = 1
po3paxoBaHa BigHOCHO HIKHBOI Mexi 0,02 MIla Ta mutboBoro 3HaueHHS Raghmax = 0,52
MIla 3a popmyioro ds = (Ks — 0,02) / (0,52 - 0,02).

Jlns mepeTBopeHHs KpuTepito Ks y mapiiianbHy (yHKIiro Oaxanocti Os mpu S = 1
BHUKOPHUCTOBYBAJIM MOJENb MiHIMIi3alii 3 MuIb0BUM IHTEpBaTOM. OCKUIBKH JaHl TOKa3ylTh
3HaYHMK po3kua — Bin 3,4% mo 12,7%, mexi BCTAaHOBJICHI HACTYITHUM YHWHOM: 1CIBHUM
(IITbOBUM) 3HAYEHHSIM | BBa)KaeMO MiHIMaIbHO 3adikcoBaHe norimHaHHs 3,4%, a BEpXHBOIO
JOMYCTUMOI0 Mexero H, micas sKoi CkiIaJg BBaXA€TbCsl HENPUAATHUM 4Yepe3 pPHU3UK
po3MokanHs ocHOBU — 13,0%. dopmyna po3paxyHKy OCHOBH OakaHocTi mpu S = 1 HaOyna
Bursiay ds = (13,0 — WS) / (13,0 — 3,4).

Ha nepmomy piBHI iepapxii Oynu copMoBaHi Tpu arperobaHi pyHKIIIi OakKaHOCTI.

Texnonoriyna 0axaHicTb 00UHCITIOBANIACH 5K

1
_ W, W, | Wa+W,
Dtech - (d03 dR:') T ’

vol

JIe BpaXxOBaHO 00'€eMHY KOHTPAKIIIIO Ta TUIACTUYHY MIITHICTb.

®di3uyHul KpUTEpil OakaHOCTI, 10 BIAMOBIIAE 32 BOJIOTICHUI OOMIH, BU3HAUEHUH K
1

D, =(dy2.dye)"™ | 3 ypaxyBaHHAM napompOHUKHOCTI Ta BOJOHACUUECHHS
phys — WwvpYws » 3 Ypaxy poIp pi .
CTpyKTypHO-MexaHI4Ha Oa)KaHICTh CPOKycOBaHa Ha MIITHOCTI 3aTBEPLIOTO CKIady:

1

Dmech = (d Wldws )V\ﬁ+W5 '

Rc Radh

[Ipuknan rpadivHoro BimoOpakeHHs Mojenei OakaHOCTeH IS CKIany a BimoOpaxeHo
Ha puc.2 (npu X3, 110 BiANOBigae HalOUIbLIIM GakaHOCTI).

Ananiz Mojem TexXHoJoriuHoi OaxaHocTi (puc.2, a) TMOKa3aB, IO MiHIMalIbHA
KOHIIeHTpallis 1eMeHTy (X1 ~ —1) paaukambHO 3HHXKYE 00'€MHY KOHTPAKIIiFO, HIiBEIHOKOYH
OCHOBHE JiKepelso XiMiuHoi ycaaku. Hagmumox rnuau (X2 ~ 1) yrBoproe po3BHHEHI T'iipaTHI
000JI0HKH, sIKi 3a0€3MeuyI0Th HEOOXiIHY TUIACTUYHICTh Ta 3AAaTHICTh CUCTEMH JO pelaKcarlii
Hanpy)XeHb. BUKOpHUCTaHHS IHEPTHOTrO MICKYy 3aMiCTh MOPHUCTOrO uepenamrHuka (X3 = —1)
cTabuTi3ye CKeleT KOMIIO3UTY, 3amo0iratouu HaJAMIpHOMY BOJOTIOTJIMHAHHIO HAIOBHIOBAYEM
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Ta HEPIBHOMIPHOMY IepecuxaHHI0. Take moeaHaHHs 3a0e3mneuye iealbHU TeXHOJIOTIYHUN
0anmaHc: HU3bKY YCaJKy MPH 30epekeHH] cTaOUTbHOT KOHCUCTEHIIII.

Oi3uuHMl KpuTepii OaxaHOCTI A MOJeNi a BinoOpakeHWil Ha OUIBII HAOYHOMY B
IbOMY BHUIAJIKy HOBEpXHEBOMY Tpadiky Ha puc.2, 6. Makcumym OaxxaHocTi 3a Gpi3MUHIMH
yMOBaMH TpU MiHIManbHOMY BMicTi B’spkyunx (Xi, X2 ® — 1) Ta MakCMMyMi MEJICHOTO
yepenaniHuka (X3~ — 1) MOSICHIOETHCS KaMUIAPHOIO OJHOPIAHICTIO cHcTeMH. MiHiMalbHa
YacTKa HEMEHTY Ta IJIMHH 3aro0irae MiIbHOMY KOJIBMATYyBaHHIO 1O, IO A03BOJISIE 30epertu
BHCOKY MapONPOHUKHICTh Ha PiBHI MPHUPOJHOTO KaMeHI0. BHKOpHUCTaHHS YepemanrHuka sK
HAIOBHIOBaYa 3aMiCTh MICKY 3a0e3Meuye iIeHTUYHICTh TOPUCTOT CTPYKTYpPH HIapy Ta OCHOBH,
0 TAPMOHI3Y€e BOJIOTONEPEHOC 1 BOJAOHACHYCHHS. Y Pe3yabTaTi MaTepiall IPaIIo€e K €IHHE
L[UJI€ 3 aBTEHTUYHOIO KJIAJIKOI0, YHUKAIOUM HAaKOITMUEHHS BOJIOTM Ha MEX1 po3Auty das.

MaxkcuMyM CTpYKTypHO-MEXaHI4HOi Oa’kaHOCTI (puUc.2, B) 1OCATAETHCS MIPU TPAHUYHOMY
HaCMYEHH1 cucteMu B sDKyduMH (X1, X2 ~ 1), mo 3a0e3nedye HaWBUILY IIUIBHICTh
KpUCTAII3ALIHHOT CTPYKTYpH Ta MILHICTh Ha CTUCK. [ TMHA B AaHOMY BUMNAAKY MpAIIOE SIK
Npi0HONMCIIEPCHUN HANOBHIOBAY, SIKMHA YTBOPIOE JOJATKOBI 3B'A3KM B KOHTAKTHIA 30HI,
CYTT€BO MIABUIIYIOUM aAre3if0 0 MOPUCTOI OCHOBH. MIHIMaIbHUN BMICT 4YeperanrHuKa
(X3~ —1) ycyBae cnabKy JJaHKy — MIOPUCTHI KOMITOHEHT, IO J03BOJIIE OTPUMATH YKOPCTKUMN
Ta MOHOJIITHUN pecTaBpalliiiHUil map 13 MaKCUMaJIbHOIO €HEPTIEI0 3YETIICHHS.

(8)

100 -1.00

Puc 2. Mogeni arperoBaHux KpUTepiiB 0a)KaHOCTI: a — TEXHONOrYHa Oa)kaHicTh A ckiaany a (Xz = —1);
6 — ¢ismyHa GaxkaHicTh 115 ckiaany a (X3 = 1); B) CTpyKTypHO-MeXxaHiqHa GaxkaHicTh 1yist ckiaany a (X3 = —1)

Ha 3aBepmanpHOMY eTarli BCl arperoBaHi MOKa3HUKU 00'€THAIN y r100anbHy QYHKIIIIO

oaxxanocti D SKa € KPUTEPIEM ONTUMATBHOCTI BCHOTO PECTaBPALlifHOTO CKIaLy

global »

1

Dyiopar = (Dt D\rgvhp;;s - D) e o e
ne W — BaroBi koedil[ieHTH BiIMOBIAHUX TPYIT BIACTUBOCTEH.

Takuii minxig A03BOJMB OTPUMATH €IUHE YHCIOBE 3HAYCHHS ISl KOXHOTO 3 15
BapiaHTIB CKJIa/iB (3riJHO IUIaHY €KCHEpUMEHTY), IO Ja€ 3MOTY OJHO3HAYHO BH3HAYUTH
CKJaJ, SIKMM HalKpalle BIAMOBIIA€E BUMOraM CYMICHOCTI 3 BalHAKOM-YEpENalIHUKOM.
Orpumani B nporpami Design Expert ontumanbHi pilleHHs HaBeaeHi B Taba. 3, B sKiid st
KO’KHO1 00J1aCT1 3aCTOCYBAaHHS HaBeIEHO HAHKpalUii CKial.
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Tabauns 3
OnTuMalnbeHi CKIIaW YOTUPHOX THUITIB 1 BIAMOBIAHI KpUTEpii ONTHMAaIbHOCTI

Ky K> Kz Ks Ks Ks
Ciolan | e | X | X | X | Re) | WVP) | (Cu) | Ra) | Rasr) | (WS)

-1 1 {079 0,606| 1,481 0,142 | 1,331 | 0,345 | 11,536 0,528

-04 | -0,61] -0,49| 0,800 | 0,615 | 0,220 | 1,352 | 0,250 | 5,091 | 0,321

-1 1 0,4 | 0,800 | 1,277 0,131 | 1,314 | 0,332 | 9,597 | 0,551

- BN
Rk

-056 | 06| 06| 0,800| 0,674 | 0,208 | 1,227 | 0,220 | 5,014 | 0,335

5 OBI'OBOPEHHS PE3YJIBTATIB JOCJILIKEHHSA

®opMmyBaHHA MaTeMaTHYHOT MOJIEeJl ONTUMI3allil pecTaBpalliiHUX CKIaJiB 0a3yeThCcs Ha
lepapXiyHOMY pPO3MHOJUIl TMpPIOPUTETIB, A€ (yHIAMEHTaIbHI BIIACTUBOCTI OTPUMYIOTh
MaKCUMaJbHI MapaMeTpu CYBOPOCTI S Ta Baru W, IO JO3BOJISIE TIEPETBOPUTH aOCTPAKTHI
PO3paxyHKH Ha peajbHy IHXEHEPHY CTPATEriio BiTHOBIEHHS OyaiBeNb. Tak, y «IUXatouoMy»
CKJIaJ[l TApOMPOHUKHICTh Ma€ S = 5 Ta W = 5, TO/1 SIK MILIHICTH 1 aare3is 30epiraiot W = 4.
J111 3BOJI0KEHOT OCHOBHY BOJIOHACHYEHHS OTPUMYE S = 5, a aAre3is — MakCUMaJlbHY Bary npu
3HIDKEHHI 3HAYyNIOCTI TApONMPOHUKHOCTI Jo W = 3. Jlng 3pyHHOBAHOTO BaIHIKY-
YyepenamHuKy MIIHICTh Ha CTUCK 1 KOHTpaKIlid XapakTepusyroTbcd S = 3 Ta W = 5, a
IJIaCTUYHA MIIHICTH 1 MAPONPOHUKHICTD — W = 3; y MOPCHKUX YMOBax BOJOHACHYEHHS 3HOBY
Mae S =5 Ta W= 5, a ruactTuyHa MIIHICTe — W = 4. BogHovac HaBITh KpUTEpIi 3 MEHIIIOIO
Baror He MOXYTh 3HIKYBATUCS HUXKYE KPUTUYHOIO PIBHS Yepe3 BUKOPUCTAHHS 3BaKEHOTO
CEPEeTHBOTO0 TEOMETPUYHOIO, a OTpPHMaHl 3HaueHHA (QYHKII Oa)kaHOCTI (HAmpHKIam, s
3BOJIOKEHOT MOBEPXHI1) MIATBEPKYIOTh €(DEeKTHBHICTh OaraTOKpUTEpiaIbHOT ONTHMI3aIil s
st A00opy CKJIajiB, MPUIATHUX JO pecTaBpallii ICTOPUYHMX OO’€KTIB 3 BaIHSKY-
YepeIanHuKy, 30kpemMa B OecbKoMy perioHi.

6 BUCHOBKU

Po3pobneno  ¢opmanizoBaHy MoJenb OaraToOKpuTepiaibHOT ONTHMI3allii CKIamiB
MITYKaTypHO-PECTaBpaIliIfHMX KOMIIO3UTIB, Yy SIKid CHCTeMa «pecTaBpalliiHuii Marepian —
OCHOBa» TIOJIaHA SK I€papXiyHO OpraHi30BaHMM OO0’€KT 13 CYKYITHICTIO IOTEHIIIMHO
KOHQUIKTHUX KputepiiB. Ilepexim Bim BEKTOPHOI TMOCTAaHOBKH JI0 CKaJSIpHOI 3amadi
3MIHCHEHWH TIUIIXOM BHKOpUCTaHHS (QyHKIIi OaxanocTi. CdopMynboBaHa cucrema
napiiagbHUX KPHUTEPIiB CYMICHOCTI Ta ajamnTalii OXOIUII0E MeXaHiyHi, JaedopMarliiiHi Ta
MOPUCTO-KAMUISIPHI BJIACTUBOCTI 1 06a3yeThCs HA BUKOPHCTAHHI BITHOCHHMX IMOKa3HUKIB, SIKi
3a0e3MeUy0Th KOPEKTHE 3ICTaBIICHHS BIACTUBOCTEH Marepialy Ta KapOOHATHOI OCHOBH.
3anponoHOBaHUI aIrOpUTM l€papxiuHOi arperaiii mapiiaabHUX KPUTEPIiB 3 BUKOPUCTAHHIM
HeMHIMHUX (QyHKIIA OaXaHOCTI Ta 3BaXEHOTO CEPEAHBOTO TE€OMETPHUYHOTO J03BOJISE
dbopmManizyBaT TPHUHLMII JIIMITYIO4Oro (akTopa Ta BUKOHYBATH ONTHUMIZAIlI0 LUIIXOM
MakcUMi3alii y3araabHEHOro Toka3HuKa. llpakThuHa peamizailis MoJAeNl Ha MPHUKIAII
BalTHAHUX KOMIIO3UTIB, MPU3HAUYEHUX Ui pecTaBpallii OyIiBens 3 BalHIKYy-depenaliiHuKy,
Oyna mpoBedeHa 3 BUKOPHUCTAHHSIM EKCIIEPUMEHTAbHO-CTATUCTUYHOTO MOJETIOBAHHS Y
nporpamHoMy Komiuiekci Design Expert Ta mokasana MOXIMBICTH KEPOBAHOTO BHOOPY
ONTUMAJILHUX CKJIAJIB 3a PI3HUX CLIEHApiiB MPIOPUTETHOCTI KPUTEPIiB.
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PO MOJEJIb PO3INOBCIOI)KEHHSI CEHCMOBUBYXOBUX
XBUWJIb

Icaes B. ®@.}, Haapuuk C. C.}

Y00ecvra deparcasna axademis 6ydisnuymea ma apximexmypu

Anotauisi: [lis BuOyxiB Ha cropyay B BUNAJKy, KOJIM BOHU HE BilOyBarOThCS 0Oe3mocepeaHbo
Oins OyiBili, MEPENAETHCS YEPE3 MOBITPAHY Ta IPYHTOBY XBUJIL. [pYHTOBY XBHIIIO OyIeMO Ha3MBATH
CeicMOBHOYXOBOIO xBuUJIct0. [IOBITpsiHA XBHWIIS Ji€, TOJOBHUM YHHOM, Ha €JIEMEHTH OyIiBii, 10
3HaXOAATHCS HaJl 3eMiielo. A celicMOBHOYXOBa XBWIISI BITMBAE Oe3MOcepeIHbO Ha Mi3EMHI eJIeMEHTH
criopyau. CelicMOBHOYXOBa XBUJISI MOKE BUKIIMKATH CYTTEBI 3MIIICHHS Ta MPUBECTH JI0 J0JATKOBUX
HaNpy>XeHb B BEPXHIX KOHCTPYKIIisIX OYIiBIi.

JlocBin MOCIIDKEHHST BpakKeHUX 00 €KTIB JOBOAWTH, IO B 0araTbOX BHITQJKaX, PyHHYBaHHS
CTOpYyIl BiAOyBa€eThCS Yepe3 Mdil0 CeHCMOBHOYXOBHX XBHIIb. CHOCTepiraivuch BHUNAQJIKH, KOIU came
4epe3 TPYHT NepeIaBalIich XBUII, SKi pyHHYBaJIM BCIO OyAiBIIO: 1 QyHJAMEHT, i HaJI3EMHY YacTHHY.

[pakTryHiii iHTEpec 1O BUBYEHHS MUTaHb YTBOPEHHS Ta MOMIMPEHHS CEHCMOBUOYXOBHUX XBHITh
HE BHUYEPIYETHCS BUOyXaMH aBiaboMO, pakeT uu apTHiiepiiicbkux cHapsiiiB. Ha mpakTuii mpoMuciosi
BUOYXU TPOBOISATHCS HAa TAaKWX TIIMOWHAX, IO IMOBITPSHA XBHIJS JTyXe ciadka, BUOYXiB Mmaiike He
gyTHO. Bin micis BHOYXY TOHIMPIOIOTHCS CEHCMOBHOYXOBI XBWIII 1, TOMY BIUIMB Ha CIOPYIH
3aBJIAIOTh CaMe BOHHU.

AHanmi3yroul HacHiKu BUOYXIB IiJl Yac aBapiii Ha TPAHCIOPTHUX Ta30MpPOBOAAX, MPHUPOTHO
3BEPHYTUCh JIO pe3yJbTaTiB BUBYEHHs Jii BHOYXiB 3 3aCTOCYBaHHSM BHOYXOBUX BEJIUYHH.
MartematiyHa MOAETh B TaKOMY BHIIAAKy 3BOOUTHCS [0 BHUBYECHHS ajreOpaidHOro piBHSHHS
geTBepToro cremners. OMHUM 13 PO3B’SI3KIB IILOT0 PIBHAHHS € pajiycu 0e3nedHoi aii. B SKocTi Tprox
Koe(iITi€EHTIB TaHOTO PIBHSHHS BUCTYIAIOTh BETUYMHH, IO XapaKTEPU3YIOTh 3aCTOCOBAHY BHOYXOBY
pEYOBHHY Ta il KUIbKicTh. [lepexonsan 10 po3risamry BUOYXiB Ha Ta30TPAHCIIOPTHUX CUCTEMAaX IS IIHX
Koe(iIlieHTIB HEOOXITHO 3HAWTH 1HIN XapaKTEPHUCTHKH, ITOB’S3aHI 3 MPOIECaMHU, SKi BiAOYyBarOTHCS
mig 4Jac Takux BHOyXiB. JIJI1 CTBOpEHHS Takmx Mozeield B poOOTI BUBYEHI OOMEKEHHS, SKi
HaKIQJaloThCcd Ha Ii KOe]Imi€eHTH BIIACTUBOCTSMH ICHYBaHHS TIEBHHX PO3B’S3KIB anreOpaidHoro
PIBHSHHS 9E€TBEPTOTO MOPSIKY.

KurouoBi ciioBa: celicMoBHOyX0Ba XBUJIS, TPOMUCIIOBI aBapii, ra30TPaHCIIOPTHI CUCTEMH.

ON A MODEL OF SEISMIC-EXPLOSIVE WAVE PROPAGATION

V. Isaiev?, S. Palchyk?!
!0desa State Academy of Civil Engineering and Architecture

Abstract: When an explosion occurs at some distance from a structure, its impact is transmitted
through air and ground waves. The ground wave, referred to in this study as a seismic—explosive
wave, primarily affects the underground elements of a structure, while the air wave mainly acts on
above-ground components. Seismic—explosive waves can cause significant ground displacements and
generate additional stresses in the superstructure.

Investigations of damaged facilities show that in many cases structural failure is caused mainly
by seismic—explosive waves. In some events, waves propagating through the soil have led to the
complete destruction of buildings, including both foundations and above-ground parts.

The study of seismic—explosive wave generation and propagation is important not only for
military explosions but also for industrial and technological accidents. Industrial explosions often
occur at depths where the air wave is weak or barely perceptible, while seismic—explosive waves
remain the dominant damaging factor for nearby structures.

IcaeB B. @., ITanpuuk C. C.
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To analyse explosions associated with accidents in gas transportation systems, mathematical
models traditionally used for explosive charges are considered. In this approach, the problem is
reduced to the analysis of a fourth-degree algebraic equation, one of whose solutions defines the radius
of safe action. For conventional explosives, the coefficients of this equation depend on the type and
quantity of the explosive. For explosions in gas transportation systems, these coefficients must be
redefined using parameters that describe the physical processes occurring during such events. The
paper examines the constraints on these coefficients imposed by the conditions for the existence of
physically meaningful solutions of the fourth-order equation.

Keywords: seismic—explosive wave, industrial accidents, gas transportation systems.
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1 BCTYIl

His aBiabom0 Ha cmopyay B BUMNAJAKY, KOJM BOHHM HE BIIy4alOTh O€3MOCEPEaHbO,
HEPENACTECA Yepe3 IOBITPAHY Ta IPYHTOBY XBMJIL. IPyHTOBY XBMIIIO OyZeMO Ha3MBaTU
ceiicMoBHOYXOBOIO XBUJICHO. [lOBITpsiHA XBWIIA JIi€, TOJIOBHUM YHHOM, Ha €JIEMEHTU OYHIBIII,
IO 3HAaXOAATHCA HaA 3emiielo. A celicMOBHOYXOBa XBHJISL BIUIMBAa€E O€3MOCEpEHBO Ha
mig3eMHi eaeMeHTH cnopyau. CelicMOBHOYXOBa XBUJISI MOKE BUKIUKATH CYTTEBI 3MIIICHHS
Ta TMPUBECTH 0 JI0JATKOBUX HANPYKEHb B BEPXHIX KOHCTPYKIISIX OymiBIIi.

JlocBim mOCTmKEHHS BpaKEHUX OO €KTIB JOBOIWTH, IO B 0ararb0X BHUIAJIKAX,
pyHHYBaHHS CIIOPYZA BigOyBaeThCsi yepe3 [il0 CeHCMOBHOYXOBMX XBHIb. CrocTepiranuch
BUIAJKH, KOJIM caMe 4yepe3 TPyHT IepelaBaliuCh XBWJIL, SIKI pyHHYBalu BCIO OYIIBIIO: 1
(GyH1aMeHT, 1 HaJ3EMHY YacTUHY.

[TpakTu4Hill iHTEpeC 10 BUBUYCHHS MTUTaHb YTBOPEHHSI Ta MOMIUPEHHS CEHCMOBHOYXOBHX
XBWJIb HE BUYEpIyeThbCs BHOyxXamMH aBiaOoMO, pakeT uu apTuiepiicbkux cHapsaiB. Ha
MPaKTHUI[l TPOMHUCIIOBI BUOYXU NMPOBOJAATHCSA HA TaKUX TNIMOMHAX, 10 MOBITPSHA XBUIIS JyKE
ciabka, BUOYyXIB Maiike He 4yTHO. Bix Micis BUOyXy MOIIMPIOIOTHCS CEHCMOBUOYXOB1 XBUJI1
i, TOMY BIUTUB Ha CIIOPYH 3aBJIAIOTh caMe BOHHU.

HaBeneni mMipkyBaHHSI BKa3ylOTh Ha aKTyaJIbHICTh BUBUEHHS BIUIMBY CEHCMOBHOYXOBUX
XBHJIb Ha CIIOPY/IH.

[cuytoTe nUMH pax poOiT, B SKUX HPUBOISATHCS PE3YIbTATH EKCIIEPUMEHTIB IO
BUBYCHHIO JaHOTO TMTaHHA. [loOymoBaHi TakoX 1 TEOpPETUYHI MOJEl i BUBYCHHS
CreliaTbHUX BJIACTUBOCTEH CEeHCMOBHOYXOBUX XBWJIb. L[I Mozaeni MarOTh BHTJIIS JIHIMHHX
mudepeHIliaTbHUX  PIBHAHD 31 CTaluMHU KoedimieHTamMu abo anreOpaiuHuX pPIBHSHB.
AHaTITUYHUN  PO3B’SI30K  JHIMHUX JaudepeHIlialbHuX pIBHSIHb, $KI JOCHUTh YacToO
3yCTPIYarOThCA B 3a/1a4axX (pI3MKH, MEXaHIKHM Ta TEXHIKH, 3BOJAUTHCS JIO0 3HAXOHKEHHS KOPEHIB
XapaKTEPUCTHYHUX MHOTowiIeHIB. HeoOXimHIiCTh SBHOTO BHUPAKEHHS KOPEHIB depes
KOe(IIieHTH I AKICHOTO aHaji3y (i3MYHOI MPUPOAU SBHINA BHHUKAE 1 SK CaMOCTiHHA
3amava. Hampukman, mpu po3B’si3yBaHHI piBHSHHS BaH-nep-Baanbca BuHuKae anreOpaidHe
PIBHSIHHSI TPETHOTO CTyMeHs. TakoX PIBHIHHA TPEThOTO CTYIEHS BHHUKAE B MEXaHIIll
CYLIUJIBHOTO CepeIOBHIIA MpY BUBYCHHI JeopMalrii.

B koxHiii Toumi aedopMOBaHOTO Tida [iOTh T'OJOBHI HANPYKEHHS, SKI € KOPEHSIMH
KyOigHOTO anredpaiuHoro piBHSHHSA. KoedillieHTH 1IbOTO PIBHSHHS HE 3aJI€KaTh Bil BHOOPY
CHUCTEMH KOOPJMHAT 1 HA3WBAIOTHCSA BIAMOBITHO JIHIMHUM, KBaJAPAaTUYHUM Ta KyOIYHUM
IHBapiaHTaMH TEH30pa HaIpYyXEHHs. [ 0JIOBHI MOJOBKEHHS TaKOX € KOPEHSIMH KyOI4HOTO
pIBHSIHHS, KOe(dillieHTaMHu SIKOTO € IHBapiaHTH TeH30pa Acdopmairii. MoaemtoBaHHS SBUIIL
BUKJIIMKAHUX [I€I0 CEHCMOBUOYXOBHX XBWJIb NPHUBOIUTH J0 aiureOpaiyHUX pIBHIHBb
YETBEPTOrO CTYIEHS.

B poGoti 3pobnenuit aHamiz pi3HUX HAWUOUIBII BIIOMHUX CHOCOOIB pPO3B’SI3yBaHHS
anredpaidHUX PIBHIHB, BPaXOBYIOUH MOXJIMBOCTI KOMII FOTEPHOI peanizallii HuxX crocoOis.

CaMe KOMIT'IOTEpPHE MOJEIIOBAHHS CHOTOJHI € 3aMIHOIO JUIsl MPAKTUYHUX BUIIPOOYBAaHb
MpU BHUBYEHI CEMCMOBHOYXOBUX XBHIIb. KOMI'IOTepHI MOJeNi JO3BOJISIIOTH OI[IHUTHU CTaH
CHOpYJ Ta KOHCTPYKIIiH Mics BIUTMBY Ha HUX CEHCMOBHOYXOBUX XBWJIb. B CBOIO yepry, 1e
JACTh MOXJIUBICTb MIPUMHATH PIIEHHS MPO JOLUIBHICTh BIIOYI0BU YU PEMOHTY CIOPYA.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMH

Hebesneka, siKky HecyTh aBapii Ha ra3olnpoBOJAax JIOACTBY Ta >KUTIOBUM CIHOPYZAaM,
BUMarae HeMepepBHOi TypOOTHM IIOJO HAAIHHOCTI TpPyOONpOBOMIB, CMOCOOIB  iX
BUKOPUCTaHHS, BUTPHUBAJIOCTI BXKMBaHUX MaTepianiB. Liif mpoOiemi npuaiIseThCcs BeTUUe3Ha
yBara BYEHHUX, SKi BUKOPHCTOBYIOTh HalCydyacHIillli METOAM JUIl BUBUEHHS (aKTOpiB, II0
MalOTh BIUIMB Ha HAJIMHICTh TMOCTayaHHS Tazy.  Xouya BUOYXM Ha TIa30IlpoBOjaX
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BiIOYBaIOTHCS BIIHOCHO PIKO, ajie HACIIIKM Bil HUX MAarOTh BEJIMKUN PYWHIBHUHN XapakTep.
Pesynpratu Aii Biq4yBaroTbCcs Ha OTOUYIOUHMX CIIOPYZax, IPOMHUCIOBHX 00’ €KTaX, a Ha MICTI
BHOYXY YTBOPIOIOTHCS KpaTepu. BHBUEHHIO MICI[hb BPaKCHHS MPUCBSYCHI 0arato pooir sk
BITUM3HSAHUX, TaK 1 3apyOKHUX aBTOPIB.

B poGoti [1] Oymm omnmcaHi TPOBEACHI aBTOpaMU EKCIIEPUMEHTH Ha IMI3EMHUX
TpyOOIIPOBOIAX 3 33aJaHUM J[IaMETPOM OTBOPY BUTOKY. HuMu Oyiin BUBUEHI XapaKTEPHUCTUKU
BUTOKY 32 PI3HHX THCKIB y TpyOONpOBOJI, HAampsMKIiB BHTOKY Ta BJIACTUBOCTEH TIPYHTY, 1
3aIpONOHYBAJIM METO/I OLIIHKY PU3HKY aBapifHUX BUTOKIB.

B crarti [2] mporec KOHBEKIIHHOT qudy3ii MpUPOIHOTO ra3zy B IPYHTI OyB pO3IiICHHIA
Ha YOTHPH eTanu. ABTopu poOoTH [3] BUBUaM 3aKOHU Au]y3ii IPUPOTHOTO Ta3y B IPYHTI Ta
00MEeXEeHHX MPOCTOpPax 3a JOMOMOTOK €KCHEPUMEHTIB, MPOAHATI3yBaBIIN (PYHKIIIOHAIBHUN
3B'SI30K MDK 0OCATOM BHUTOKY B CYCIIHIX OOMEXKEHUX MpOCTOpax Ta BIACTAHHIO BIJ
[EHTPAIBHOI TOUYKH BUTOKY.

TexHosoTis YMCEeNbHOT0 MOJEIOBAHHS IIMPOKO 3aCTOCOBYETHCS B JAOCIIKEHHI BUTOKY
razy. B pobGorax [4, 5] Oyna moOynoBaHa uyMcenbHa MOJIENb A BUTOKIB 3 HETIMOOKO
3arauOJIeHNX TPYOOTIPOBO/IIB 1 BUBYEHO B3a€MO3B'SI30K MDK KOHIICHTPAIIIEIO, MIBHUAKICTIO Ta
4acoM 3 ypaxyBaHHSM BIUIMBY AiameTpa nepdopaitii Ha qudy3iro.

ABTOopHu poOIT [6, 7, 8] 3amponoHyBamyu MOJENh MPOTHO3YBaHHS AMQY31i MPUPOTHOTO
ra3zy B I'pyHTI LIUISIXOM aHAII3y BIUIMBY TaKUX MapameTpiB, K BIJICTaHb BUTOKY MPUPOJIHOTO
ra3y, KUIbKICTb BUTOKY Ta 4ac Ha PO3MOJIUT KOHIIEHTpallii IPUPOAHOro ra3y B IpyHTL. B ctarTi
[9] Oymu mnpoBemeHi YHCenbHI JOCTIKCHHS BHUTOKY 3 HEMIMOOKO —3arjauOJIeHOro
TpyOOINIpOBOIY Ta 3aMpONOHYBaU (HOPMYIy A PO3PAXyHKY Mexki HeOe3neku Ul aBapid 3
BHUTOKOM 3 3arJIM0JICHOTO TPyOOIIPOBOIY.

B po6oti JlaBpika B.E. Ta Bymabyuskoro F0.0. [10] B iMOyabCHO-TiApoadHAMIYHIH
MMOCTAHOBIIl PO3IJITHYTO JMi0 BUOYXY IOJIOBXKEHOTO 3apsay, PO3MIIIEHOTO B3JIOBXK JIHA Ta
CTIHOK MPSIMOKYTHOT TpaHIIIEi.

IcHyrO41 MOCHIKEHHST MalOTh JEKUIbKa OOMEXEHb Y PO3KPHUTTI MEXaHI3MIB BUTOKY a3y
Ta Horo mudy3ii B IpyHTI, @ CTBOPEHI MOJEII € HEIOCTATHIMU ISl OMHCY MPOTHO3YBAHHS
PO3MOAUTY KOHIIEHTpAITIi Mij] BIUTMBOM JACKUTHKOX (haKTOPIB.

3 IIJb TA 3AJAYI JOCJIKEHHS

MeToro JOCHIDKEHHST € BHUBYCHHS SBUIA BUOYXY, SKHH BUKIHMKAE ae(opMarriro
CJIEMEHTIB CIOPY/l B Pe3yibTarTi Jii CCHCMOBHOYXOBUX XBHJIb, 32 JIOTIOMOTOI0 MOJICITFOBAHHS
MpoIIeCcy B cepeaoBHIIi MicIl BHOYyXy. B sikocTi 6a30B0Oi MOJeIi BUKOPUCTOBYETHCS MO/IETh
PO3MOBCIO/KEHHSI  CEHCMOBHOYXOBUX XBWJIb IPU BUKOPHCTaHHI BHUOYXIBKU. 3ajaya
JOCIIIJUKEHHS:  OIIIHUTH MOXJIMBI 3HA4YEHHS IIapaMeTpiB JJIs OTPHUMaHHsS KOPCHIB B
HEOOXI1IHIM KUIBKOCTI 13 Harepe] 3aJJaHUMHU BIIACTUBOCTSIMH.

30HM BIUIMBY CeHCMOBUOYXOBUX XBWIb. [Ipu BHOyXy B TBEpIOMY CepeIOBHIII
YTBOPIOKOTHCS TPU 30HH BIUIUBY CEHCMOBHOYXOBOT XBHIII HA CEPEIOBHIIIC:

1) 30Ha cTHUCKY;

2) 30Ha pyiiHyBaHb;

3) 30Ha cTpyCiB (MPYXKHUX JedopMartiii).
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HpYHHBX NPYAHHX

'uegomf_;:;n nedopmaniii
TPy (cTpyciB)
Puc.1. Kparep, mio cipuanaus BUGyx Puc.2. 30Hu BIUIMBY CeliCMOBUOYXOBUX XBHIIb

30Ha CTHUCKY — I1e 00JIacTh, B AKIM PEUOBHHA CEPEIOBUIINA MEPETBOPIOETHCA HA U YU
yJIaMKH, a00 IIMaTKH, 0 BUKUIAOTHCS 13 00J1aCTi pyHHYBaHbh BUOYXOBOIO Ta30BOI0 XBUJICIO.
[Tpu BuOyXy mo6au3y BUTbHOI MMOBEPXHI 30HU CTHUCKY - II€ BOPOHKA, PO3MIPH SKOI 3aJIe’KaTh
BiJI BJIACTUBOCTEH Ta Barm BUOYXOBOI1 PEYOBWHH, a TAKOX BiJ] BJACTUBOCTEH CEPEIOBHIINA, B
SIKOMY BiOyBcs BHOyX Ta BimJajeHHS LEHTpa BUOyXy Bia moBepxHi. [Ipw 3MiHI riauOuHN
BHOYXY XapakTep pyHHYBaHb 3MIHIOEThCA. SIKIIO TMOWHA 3ajsATaHHS Taka, [0 BOPOHKA HE
YTBOPIOETHCS, TO 30HA CTUCKY HA3UBAETHCS KaMy(DIeToro.

3a 30HOI0 CTHUCKY 3HAXOJUTHCS 30HA PyHHYBaHb. B cepenuHi 11i€i 30HU BUOYXOBa XBUJIS
BHUKJIMKAE TIOSBY TPIITUH 1 TOMY ii I1[e HA3UBAIOTh 30HOO TPIIIMHOYTBOPEHHS.

Jami #ige 30Ha, 1e BUOYXOBa XBUJIS BUKJIIMKAE JIUIIE MPYXKHI AepopMarlii cepeioBHIIaA. Ii
1€ HA3MBaIOTh 30HOIO CTPYCIB.

SIKIO MpUIYCTUTH, WI0 pYHHYBaHHS Marepialy cepeioBHIla Npu Jii BHOyXY
BiIOYBa€ThCS B 30HI 3 T'YCTHMHOIO €HEPrii OUIBIIOI YH PIBHOIO JESIKOMY KPUTHYHOMY
3HAYEHHIO 1, KPIM TOTO MPHUITYCTUTH, 110 T'YCTHHA eHeprii BUOyXxy oOepHEHO IpomnopiiiiHa
00’emy (poHTy BHUOYXOBOi [ii, TO MOXKHA IEPEKOHATHUCS B CIPABEJIMBOCTI HACTYITHOIO
TBEPUKCHHSI.

Teopema 1. Pagiycu 30H cTUCKY 1 pyHHYBaHb NPONOPIIHI KOPEHIO KyOIYHOMY 13 Baru
3apsny.

JloBeneHHs.

Ha ocHoBi 3p00eHUX NpUITYIIEHb MOKEMO 3amicaTi

E v=W =const. 1)

Tyr E, — kpurnuHe 3HaueHHs I'yCTHHHU eHeprii BUOyXy, IO BIINOBiZae pyiHHYBaHHIO

cepenoBua; V — 00’e€M 30HU CTHCKY YM pylHyBaHb; W — eHeprisi BUOYXy 3 ypaxyBaHHSAM
KoedilieHTa KOPUCHOT Aii.
Bennunna W Moske OyTu NpuHATOIO IPONOPLIIHOI0 Ba3i BUOYXOBOI peYOBHHHU

W = qu .
HKH.IO 06’€M 30HHU CTI/ICKy — e HOpMaJ'IBHa BOpOHKa BI/IKI/Iﬂy, TO

V=17ZR3,
3
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ne R — paniyc 30HM CTUCKY YM PYHHYBaHb.
Sxmo migcraButH ocTaHHE B (1), TO OTprEMaeMo, 10

,3k
R=k03q,ﬂe k(l)=3”Eklh1, k0=

KoedimienT ko 3aJISKUTH Bl BIACTHBOCTEH BHOYXOBOi PEUOBMHHM, SKi BU3HAYAIOTHCS

(2)

Koe(ilieHTOM kl ta E, — rycrunoro eneprii, npu sikiii BinGyBatoThcs pyiiHyBaHHs..

TakuM 4MHOM, TEOPEMY TOBEIECHO.

®opmyna (2) Ha3uBaeTbes popmynoto Jledbpena.

[Ipu rnubuH1 3akiagaHHs 3apsaay MeHine kamydiaeTHoi BopoHka Mae popmy KoHyca, Y
SIKOTO pajilyc HE JOPIBHIOE BUCOTI. TomMy it OUThIN 3aradbHOTO BUMAIKY Gopmyny (2)
3aMUCyIOTh B BUII

R=K.¥q ., e ké:s/%.
k

Tyt h1 rIHOWHA 3aJIATaHHS 3apsiy.
®opmyna JleOpeHna s HOPMAJIBHOTO 3apsiay MoOKe OyTH 3amuMcaHa B BHII

q=183uh’.

Tyr h — rmuOuHa BOpPOHKH, 4 — KOEQIIi€HT, SIKUH JOPIBHIOE KUTHKOCTI BUOYXOBOI
pEYOBUHU, HEOOX1THOT /ISl BUKHUTY OJMHHMII CepeOBUIIIA.

30Ha CTHUCKY, LI0 XapaKTEepPHU3YEThCSA PaJlycoM BOPOHKH, € 30HOIO, B SIKii cropyau
pYHHYIOTBCA. 3a 30HOIO CTHCKY #je 30Ha pyiHYBaHb, a00 TPIIIMHO YTBOpPEHb. Ii pasiyc B
3QJIEKHOCTI BiJ TUIYy OyiBENIb Ta IHIIUX XapaKTEPUCTHUK CepeloBUINA B 2-4 pa3u Oinblie
30HU CTHUCKY.

Tpers 30Ha BIIMBY BUOYXy — 1€ 30Ha CTPYCIB, SIKa XapaKTEpU3YETbCS THUM, IO B
cepenuHi 1€l 30HU BiIOYBarOThCSA MpyxkHiI aedopmarii. TeopeTnyHo pajniyc Ii€i 30HH
JOPIBHIOE HECKIHYEHHOCTI, aJie 3 MPaKTUYHOT TOYKHU 30PYy 10 30HU CTPYCIB BITHOCSTH 30HY, J€
BiIOyBalOThCS HEOE3MEUHi I CIOpPyd Ta 1X KOHCTPYKTHBHHMX €IIEMEHTIB TMPYXKHI1
nedopmarrii.

Jlnst omiHku Hebe3nekn BHOYXIB JUIsl CIIOPYA HEOOXiIHO BU3HAYWTH BIIJAJICHHS Bif
Micis BHOYXy, HpH SKOMY IIBHJAKICTb KOJIMBaHb IPYHTY HE MEPEBHILYE AOMYCTUMY
BenuuuHy. Ll BicTaHb Ha3uBa€eThCs pajilycoM Oe3neyHoi Aii BUOyXy.

Paniyc 6e3neunoi nii JOpiBHIOE cyMi pafiyciB TPhOX 30H BIUTUBY BUOYXY 1 MOXxe OyTu
3HANJIEHUH 3 HACTYIMHOI PIBHOCTI

1

FRIRTO ¥

Vs

a)p\/a'

KOJIUBAaHb IPYHTY, o — KOE(QIili€EHT NPONOPIIHHOCTI, @ — 4acTOTa BUOYXOBHX XBHJIb. SIKIIO

ne R — paaiyc 6esneunoi aii, C,, C, — gesiki craiui, C, =— V, — IOMyCTHMI 3HaYEHHsI

. . . 1 .
3pobutu B piBHsHHI (3) 3aMiHYy X = ﬁ, TO MU OTPUMAEMO PIBHSHHSA

X'+ A +Bx+C =0, (4)

tyr A=c, B=c,, C=c,, npuuomy Buxoasuu 3 ymoB fociimkenus C <0.
Jlani My 3aliMeMOCs] BUBYEHHSIM PO3B’SI3KIB PIBHSIHHS (4).
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4  PE3VYJBTATHU JOCJIIKEHHb

Pozrnsaemo piBHSIHHSI N-ro CTCHEH, IKC Ma€ BUA:
n n-1
a,X"+ax" " +..+a,,x+a, =0, a, #0. (5)

I[Ipu N>5 B 3aranpbHOMY BUAI piBHSAHHA (5) He Mae po3B’s3KiB B pagukanax. Lle
TBEPIUKECHHS € 3MICTOM TeopeMu Abens. BoHo cnpaBemiuBe i Uit 6araTboX iHIINUX (QYHKIIINA
KpiM paauKaiiB, 30KpeMa Ui BCIX OJHO3HAYHHX AHATITHYHUX (QYHKINH, TaKkux, sk €° Ta
sinz. Ane piBasHHA (5) mpu N=05 pO3B’sA3ye€ThCSA 3a JONOMOTOIO EINTUYHUX MOMIYJb-
¢byHkuiid. ICHYIOTH 4YMCIIOBI PO3B’A3KM Ta YWCENbHI METOAM pO3B’S3aHHSA [UIS PIBHSIHb
CTEUiaTbHOTO BHy. MU IpOBEIEeMO MOPIBHUIBHUI aHai3 PO3B’s3KiB PIBHSAHB MpU N=4 3
ypaxyBaHHSM MOKJIMBOCTEH KOMIT IOTEPHOI peaiizailii Ta 3aCTOCYBaHHS JUIsl PO3B’SI3aHHSA
piBHSHHS (4).

PiBnsHHA weTBepToro cremeHs z°+az’+bz’+cz+d =0 3 gilicaumu KoedimienTaMu

. a .
a, b, c,d 3aminow z =X 2 TIPUBOTUTHCS JIO PIBHSIHHS

X'+ px® +gx+r=0. (6)
T p—b_g' q—C_a_b' r= _%+a_2b_3;a4
. g ' 2’ 416 256

PiBusinHs (6) OynemMo Ha3UBaTH KaHOHIYHUM 3a YMOBH I = 0.
PosrnsiHemMo mnuTaHHS TpPO PO3MOALT Ta KPaTHICTh JIMCHUX KOPEHIB KaHOHIYHOIO

. . . r .
piBHSHAS. JI14 1bOTO PIiBHAHHSA (6) 3amMmIeMo B BUII (=——— PX—X° Ta BUBYMMO Tpadik
X

byHKIIIT
r

q(x)=—;—p><—x3- )

OueBuHO, O 1151 QYHKITISA € HEeMapHOoI0. 3HaAAEMO 11 MOXiIHY
2 4
, r , (r — px° —3x )
X)=—-p-3%"'=+——7

q(x)=77-p 2

Toukn, B AKUX I HOXIiJHA IOPIBHIOE HYJIIO, 3HAWAEMO, PO3B’A3aBIIN OIKBaapaTHE
2 2 b

—px4/p?+12r
6
OTxe, JUIIE 11l 3HAYCHHST X MOXYTh OyTH KPATHUMH KOPCHSIMHU KaHOHIYHOTO PIBHSHHSL.
B 3anexnocti Big 3HaueHb P Ta =0 rpadik ¢ynkuii (7) mMae oAMH 3 IIECTH

MPHUHIMIIOBO Pi3HUX BHUIIB. KopHCcTyrouuch rpadikom, JISTKO BU3HAYUTH YUCIIO JOJATHUX Ta
BiJI’€MHUX KOPEHIB PiBHSAHHS (0) B 3aJIEKHOCTI Bl 3HaueHb KoedimieHTiB P Ta r #0.
. .

q4

PIBHSIHHS (X2 )1 ,

4

3
qq

2 K 1 FiC [ T s H i E]
1
-2

N\

2 2

Puc.1. p<0, r<—p—, a6o p=0, r<O0. Puc.2. p<0, r=——
12 12
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2 2
Puc.3. p<0, —p—<r<0 Puc.4. p<0, 0<r<pT
12

x
Ta

2 2

Puc.6. p<O0, r>'0T a6o p>0, r>0

Puc.5. p<0, r _P
4

BpaxoByroun ocoOnmBocTi piBHSIHHS (4), a came, BiJl’€MHICTh BUILHOTO WICHA, MOXEMO
chopMyTIOBaTH HACTYITHY TEOPEMY.
Teopema 2. [[y1s1 po3B’s3KiB piBHSAHHS (4) MOXKJIUBI BUNIagku 1, 2, 3.
3ayBakumo, 1o y Bunaaky pP=0, r<0 wmae wmicue Bumagok 1. Takox Bumamok 1
2
BinmoBigae ymoBam p<0,a r< —f—z. Jocaimxyroun rpadik neproro BUNAAKY NPUXOIUMO

70 BUCHOBKY, 110 piBHsSHHA (6) Mae aBa MIHCHHMX PI3HHUX KOPEHsS Ta JBa KOMILIEKCHO-

CIIPAKCHUX.
2

Sxmo p<0,a r= _p_ (BUMaAOK 2), po3paxyHKHU AAal0Th HACTYMHI CIIBBIIHOIICHHS:

X 23 = 1/__ npu (= 27 , 800 X ;5= 1’__ npu Q= \’_E

Tob6T0 TpI/IKpaTHI/II/I KOleB 1 e OAuH )III/ICHI/II/I.
2

Skmo p <0, —f—z <r<0, To rpadix ¢pynxuii ((x) mae Burnsm, 306paxeHuii Ha puC.

3, a KOOPJMHATH 1l eKCTPEMyMiB HACTYIIHI:
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_\/—p+«/p2+12r _J—p— p? +12r
t,=7F t.=7F

6 Lo 6
Posrisuemo dynkiio o =q(t), i=14.

Toni B 3as1exHOCTI Bif 3HaueHb ( MOXJIMBI TPU BUITAIKH:

1) Sxkmo qe(—o,0,)(a,, 0;) (0, +©), TO piBHAHHS Mae aBa ilicHi Ta 1Ba
KOMIIJICKCHO-CIPSDKEH] KOPEeHsL.

2) Slxkmo q € (0, 9,) W (0, 0,) , TO piBHAHHS Ma€ TpH pi3Hi JiiicHi KOPEHS.

3) Sxmo g =0;, TO pIBHAHHA Ma€ YOTUPH AIICHI KOpEHi, MpuuoMy mpu X =1, KOpiHb
OyJie TBOKpaTHUM.

5 OBI'OBOPEHHS PE3YJBTATIB JOCJIIKEHHSA

Takum  4yMHOM,  BUKOPWUCTAaHHS  BCTAHOBJICHMX  3aKOHOMIPHOCTEH  JTO3BOJISE
dbopmMamnizyBaT mapaMeTpH, IO BXOJATh A0 PIBHAHHA (6), y BUIIAAl QYHKIIHN, sKi
Oe3rmocepelHhO TIOB’SI3aHI 3 HACTIAKAMU peaIbHUX MPOMHCIOBUX BHUOYXIB. lle cTtBOptroe
OCHOBY [UIsl 1HXEHEPHOI OLIHKM PYWHIBHOI Aii BMOYXy Ha MIiJICTaBi JIETKO BHUMIPIOBAHUX
MOJIbOBUX XapaKTEPUCTUK, TaKUX SIK TMOMHA Ta JAlaMeTp KpaTepa abo 00’e€M yTBOpeHOl
kamy(reTHoi nopoxHuHHU. [lomiOHMI MiAXiJ 3HAYHO CIPOUIYE MPOLENypy MOCT(aKTyM-
aHaJ3y aBapiHMUX cUTYyalii 1 3a0e3neuye MOXKIHUBICTh Bepu(ikallii po3paxyHKOBUX Mojenei
3a eMIIPUIHUMH TaHUMH.

Oco6nuBul IHTEPEC CTAHOBUTH BCTAHOBJICHHS KUTBKICHOTO 3B 513Ky MDK T€OMETPUYHUMU
nmapamerpamMu kparepa (abo kamydieTH) Ta €HEpPreTHYHHMH XapaKTepUCTUKaMHU BHOYXY,
30KpeMa — €KBIBAJICHTHOI MAacol0 TPOTHIIY Ta IMUTOMOIO €HEPTi€r0 3apsay. Taka KOpessiis
JI03BOJISIE HE JIMILE PEKOHCTPYIOBATU MapaMeTpy BHOYXOBOTO HaBaHTAKEHHS 3a CIiIaMH Ha
MICIIEBOCTI, ajie¢ ¥ MPOTHO3YBAaTH MOJKJIMBI HACIIIKHA TMPH TUIAHYBaHHI O€3MEYHMX BiICTaHEH
a00 TIPOEKTYBaHHI 3aXMCHUX CHOpPYA. Y MOJAJIBIIOMY II€ MOXKE€ OYTH MOKJIaJICHO B OCHOBY
HOPMaTHUBHUX METOJIMK OILIIHKH PU3HUKIB, TIOB’SI3aHUX 13 BUOYXOHEOE3NEYHUMHU 00’ EKTaMH.

6 BUCHOBKU

TakuM YMHOM, BUKOPHCTOBYIOUM OIIIHIOBaH1 3aKOHOMIPHOCTI OTPHUMAEMO MOYKJIUBICTH
OTIMCATH TMapaMeTpH, sIKi BXOIATH B piBHAHHA (6) Tak, mo0 NMpUB’sA3aTH 1X IO pEaTbHHUX
HaclIKIB MPOMUCIOBUX BHOYXiB. 30KpeMa, IIKABUM € IOIIYK B3a€EMO3B’A3KYy MIDK
Gbi3UYHUME pO3MipaMH KpaTepy Ha MicTi BUOyxy abo po3Mipamu Kamy(dIeTH.

7 ETWYHI JEKJIAPALIL

ABTOpH HE MarOTh BIAMOBIIHMX ()IHAHCOBUX YW HE(IHAHCOBUX IHTEPECIB,IKI CIIiJ
PO3KpHUBATH.
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AHAJII3 MTPOCTOPOBO-YACOBOI XAOTUYHOI JTUHAMIKHU
JAUCKPETHO-KOHTUHYAJIBHUX CUCTEM 3 HASAABHOIO
CTPYKTYPHO-EBOJIIOIIMHOIO NEPERYJIOBOIO

VI111/1/2026
Crop. 95-107/ Page 95-107

Yoeuiok IO. B.!, Uepeaniuenko II. I1.}, Octanymenko O. I1.}, Kpauenko I. M.
YKuiscoxuii nayionanvnuii ynisepcumem 6yoisnuymea i apximexmypu

AHoTanisi: Y poOOTi TpoBegeHE MaTeMaTHYHE MOJENIOBAHHS TIPOIECYy IEepeMeXyBaHHS Y
MPOCTOPOBO-YACOBIM XaOTHYHIA NUHAMIlLll JUCKPETHO-KOHTHHYAJIbHUX CHCTEM 3 HAasBHOI CTPYKTYPHO-
CBONIONIHHOI0 Tepe0y 0BO0. 3a3BHUail pyX OKPEMO B3STOI YaCTUHKH PEYOBHHH Yy JIEIKOMY MOJi
XBUJIBOBOTO TAKETy MOJECNIOITh AU(EpeHIliaJbHUM PIBHSHHSM JAPYroro MOPSAIAKY 3 PEryJspHO0
(HEBUNA/IKOBOIO) MPaBOI0 YACTUHOI. Y JOCIHi/KCHHI BCTAHOBJICHI YMOBH, 32 SIKUX PyX YaCTHHKH CTa€e
CTOXaCTUYHHM, i BOHA MIOYMHAE MTPUCKOPIOBATHCS. 31 3pOCTaHHSM HIBUIKOCTI YACTHHKH Yac, 3a SKUH BOHA
MpoJliTaE NUISX TEBHOI JOBXWHHW, 3MeHIIyeThes. lle o3Hawae, mo crymiHb amiadaTH4HOCTI 30ypeHHS
30UTBIIYETHCS, 1 CITiJT YEKATH TOSIBU MEKi Xa0Cy 3aBASKU CIIa0KOMY BIUTHBY XBHIJIBOBOTO TTOJISl HA IMHAMIKY
YaCTHHKM 3 BHCOKOIO €Hepriero. MOKJIMBO TaKOK OYiKyBaTH, IO Y IbOMY BHIIAIKY XaoC ITOBHHEH OyTH
Jy’)Ke CITaOKUM BIJIHOCHO PETYJISIpHOI KOMIIOHEHTH pyXy. Kpim Toro, XaoTHuHa KOMIIOHEHTa pyXy MOBHHHA
MaTH Ba)KKi 4acoBi Ta MPOCTOPOBI MacmTadu Ha (OHI BUCOKOYACTOTHOI'O PETYISPHOTO pyxy. Y Teopii
TypOyJIEHTHOCTI MOAIOHHI XapaKkTep pyxy MPUKHHAITO HA3MBATH MEPEMEKYBAHHSIM.

3a3Buuail mij NmepeMeXyBaHHIM PO3YMIIOTh MPOCTOPOBO-YACOBY XAOTHUYHY IUHAMIKY CHCTEMH 3
JOCUTh YITKO BHPKEHOI IPOCTOPOBO-Y4ACOBOKD CTPYKTYpow. Y poOOTi Mpolec IepeMexyBaHH:
JOCTIDKSHUH JUTsl TUCUIIATUBHUX CHUCTEM. Y OKOJI CTIHKOI I'DAaHUYHOTO LMKy JHHaMiKa (IMCKPETHO-
KOHTUHYAJIbHOI) CUCTEMHU BU3HAYAETHCS, B OCHOBHOMY, THM CIIEKTPOM, KOTpHUil Mae nuki. Ilokaszano, mo 3a
HAasBHOCTI y LMKJIA JIMIIE OJHOro mepioay, Pyp’e-CeKTp CUCTEMH y OKOJII IMKJIa Ma€ BHJ, OJIM3bKUN 10
O -pyHKIIiT, 3 MAKCHMYMOM Ha YacCTOTI MUKy . SIKIO iCHYE Iy)Ke CIaOKuil Xaoc y OKOJi MUK, CIEKTp
JIaHOI CHCTEMH TaKOX OJM3bKUHA 70 O -BHAHOrO. YacoBy EBOJIOLI0 MOXXKHA HAOYHO TMOJATH SIK
0e3CcuCTeMHO “‘3MMTI” MOBT1 IUISHKHA PETYSPHUX OCHWJIAIINA. ICHYBaHHS HOCHUTH BEIUKHX JUISTHOK
PErYISIPHPrOo PyXy B)KE O3HAYa€ HASBHICTh 3HAYHOTO CTYIICHS TWHAMIYHOI PETYISPHOCTI. AHAIOTIYHO
BUIIISAAE W IPOCTOPOBE NEPEMEKXYBAHHs IIPU PYCl CYLIJIBHOIO CEPEOBUILA.

Bcranosineno, 1o sBuUIIe IepeMeXyBaHHS OB’ I3aHE 3 BIIACTUBICTIO MYIIbTH(PAKTAIBHOCTI, TOOTO, 3
HEOTHOPITHUM PO3IMOALIOM CHHTYISIPHEX ab0 (ppaKTalbHUX BIACTHBOCTEH y MMPOCTOPI U y Haci.

VY po06oTi BHBUEHE SBHUIE TaMUIBPTOHIBCHKOTO TIEpEMEXYBAaHHA Y 3aJavi MPO PyX YaCTHHKH Y IO
XBUJIBOBOTO TTaKeTy. XapaKkTep sBHUIIA, SIKe OMICaHe, YHIBepCaTbHUH 1 MpUTaMaHHU 6araThoM, Ha IMEePIIuit
MOTJISIT, HISIK HE 3B’S3aHAM 337adaM. | aMiIbTOHIBCHKE IIEpEMEXyBaHHS OXOIUIIOE 3HAYHUHN KIlac
pi3HOMaHITHUX (DI3MKO-MaTEeMaTUYHHX 3a/1a4, 30KpeMa i TaKuX, IO PO3TIISHYTI y JaHOMY MOCTIKEHHI, y
KOTpUX 3MiHa a3u oOepHEHO MpOMopIiiiHa AOBUTBHOMY (OyIb-skoMy) cTymeHio nii. IcHye Hm3ka
JOAATKOBUX MOXKJIMBOCTEH JIsl BAHUKHEHHS cJ1a0KOro xaocy.

KurouoBi ci1oBa: mepemMexyBaHHS, IPOCTOPOBO-YacOBA €BOJIOLISA, XaOTHYHA TMHAMIKA, TMCKPETHO-
KOHTHHYaJIbHI CHCTEMH, CTPYKTYPHO-EBOIIOIiiTHA 1Tepe0y1oBa.

ANALYSIS OF SPATIAL-TEMPORAL CHAOTIC DYNAMICS
OF DISCRETE-CONTINUOUS SYSTEMS WITH STRUCTURAL-
EVOLUTIONARY RESTRUCTURING

Yu. Chovnyuk!, P. Cherednichenko?, O. Ostapushchenko?, I. Kravchenko!
IKyiv National University of Construction and Architecture, Kyiv, Ukraine

Abstract: The paper presents mathematical modeling of the alternation process in the spatiotemporal
chaotic dynamics of discrete-continuous systems with existing structural-evolutionary restructuring.
Usually, the motion of a single particle of matter in a certain wave packet field is modeled by a second-
order differential equation with a regular (non-random) right-hand side. The study establishes the
conditions under which the motion of a particle becomes stochastic and it begins to accelerate. As the
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particle's speed increases, the time it takes to travel a certain distance decreases. This means that the degree
of adiabaticity of the perturbation increases, and the emergence of a chaos boundary can be expected due to
the weak influence of the wave field on the dynamics of a high-energy particle. It can also be expected that
in this case, chaos should be very weak in relation to the regular component of motion. In addition, the
chaotic component of motion should have heavy temporal and spatial scales against the background of
high-frequency regular motion. In turbulence theory, this type of motion is commonly referred to as
intermittent motion.

Alternation is usually understood as the spatially and temporally chaotic dynamics of a system with a
fairly well-defined spatial and temporal structure. In this work, the process of alternation is investigated for
dissipative systems. In the vicinity of a stable limit cycle, the dynamics of a (discrete-continuous) system is
mainly determined by the spectrum of the cycle. It is shown that if the cycle has only one period, the
Fourier spectrum of the system in the vicinity of the cycle has a form close to the delta-function, with a
maximum at the cycle frequency. If there is very weak chaos in the vicinity of the cycle, the spectrum of
this system is also close to the delta--form. The temporal evolution can be clearly represented as randomly
“stitched” long sections of regular oscillations. The existence of sufficiently large sections of regular
motion already implies a significant degree of dynamic regularity. The spatial alternation in the motion of a
continuous medium looks similar.

It has been established that the phenomenon of alternation is associated with the property of
multifractality, i.e., with the inhomogeneous distribution of singular or fractal properties in space and time.

This paper studies the phenomenon of Hamiltonian alternation in the problem of particle motion in a
wave packet field. The nature of the phenomenon described is universal and inherent in many problems
that, at first glance, appear to be unrelated. Hamiltonian alternation covers a significant class of diverse
physical and mathematical problems, including those considered in this study, in which the phase change is
inversely proportional to an arbitrary (any) degree of action. There are a number of additional possibilities
for the emergence of weak chaos.

Mexanika Ta Marematuyni merogu [/
Mechanics and mathematical methods

Keywords: intermittent, spatio-temporal evolution, chaotic dynamics, discrete-continuous systems,
structural-evolutionary restructuring.
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1 BCTYI

I[Ipu pyci dYacTo4OK Yy BHIAJKOBUX IOJIAX, HANpPUKIAA, MpU IepeMillyBaHHI,
BiOpaIiifHoMy yIIiTbHEHHI OETOHHHMX/OYAIBEIbHUX CyMIlIeH, MIBUIKICTh YaCTOYOK MOXKE y
cepenHboMy 3poctatd. Takuii crocid0 OyB 3ampomnonoBanuit E. ®epwmi [uisi TOSICHEHHS
MMOXO/PKECHHS MIBHIKHX KOCMIYHUX 9acTo4ok [6]. [Ti3Hime Yiam 3ampornoHyBaB JUisl aHATI3y
JIOBOJII TIPOCTY MOJIENb, Y AKI 4acCTHHKA PYXa€ThCS MK JIBOMa CTIHKAMH, OJHA 3 KOTPUX
MEepiOIMYHO KOJMBAETBCsA [7], — came Tak OyIyeTbcs THUIOBA MOJETHh BiOPOYIIUTbHEHHS
OEeTOHHUX CyMIIIeH npu 00’eMHOMY/TIOBEpXHEBOMY  IX dbopMmyBaHHI (3a
HAsIBHOCTI/BIICYTHOCTI TpWBaHTaXCHHs). YUMCENbHMI Ta aHANITUYHUN aHAN3HM MOAENI
VYnawma, npoBeneHi y pobortax [4,8], mokasanu, 1o B Iid MOJeN ICHYye XaOTUYHA JUHAMIKA i
CTOXaCTUYHE MPHUCKOPEHHS YaCTOUOK. Y MOJAAJIbIIOMY L1 JOCHIIKEHHS OyJau MPOJOBXKEH1 Y
Oaratbox poborax [3,11].

3a3Buyail, M nepemMeXyBaHHSAM pPO3yMIIOTh IMPOCTOPOBO-YACOBY XAOTHYHY JUHAMIKY
CHCTEMH 3 JIOCTaTHBO YITKO BUPAXKEHOIO IMPOCTOPOBO-YACOBOIO CTPYKTypolo. IIpocrime 3a
BCE YSBUTH COOl KapTUHY NEPEMEXYBaHHS y JUCHUIATHUBHUX CHUCTEMax. Y OKOJI CTIMKOTro
TPaHUYHOTO IUKITY TUHAMIKa CHCTEMH BU3HAYA€THCS, B OCHOBHOMY, TUM CIIEKTPOM, KOTPHI
Mae UK. SIKI0, HAIPUKIIAJ, UK Ma€ TUIbKU OJUH Mepiof, ToAl Gyp’ €-CHEKTp CUCTEMU Y
OKOJIl IIUKJIA Ma€ BUM, ONU3bKUN 10 O -QYyHKIIIi, 3 MAKCHMYMOM Ha 4acTOTI HUKITY. Y TOMY
BHUIMAJKy, KOJIM Ma€ MICIIE OYyKe CIIa0KHil XaoC y OKOJII IHKJIA, CIEKTP CHUCTEMH TaKOX
ONMu3bKUI 10 O -BUIHOTO. YacoBy €BOMIOIII0 MOKHA HAOUHO MOJATH K 0€3 YCSIKOTO HOPSAIKY
“3mUTI” JOBI1 JOUISIHKU PEryIspHUX OCIHMWIALINA. I[CHYBaHHS JOCHTH BEIMKUX JUISTHOK
PETyJISPHOTO PyXy BXKE O3HAYa€ HASBHICTh 3HAYHOIO CTYNEHS IMHAMIYHOI PEeryisipHOCTI.
AHAJIOTIYHO BUTJIAAE W MPOCTOPOBE IMEpPEMEXyBaHHS TMPHU PYCl CYIUILHOTO CEPEIOBHUINA.
BrnactuBicTs HepeMeXyBaHHS BUSIBIISIETHCS OB’ SI3aHOIO 3 BJIACTUBICTIO
MYJIbTH(GPAKTATBHOCTI MpOIeCy, TOOTO 3 HEOJHOPITHUM PO3MOAUIOM CHHTYISIPHUX YU
(dbpakTaabHUX BIACTUBOCTEH y IPOCTOPI 1 y Yaci.

Ta x cama kapTMHa pyXy, JIyXe OJU3BKOIO O PEryJsipHOIo, aje 3 JIyXe CIabKo
BUPAKEHOIO XaOTUYHOIO JMHAMIKOIO MOXJIMBA M y raMUIbTOHIBCBKHUX cHCTeMax. Y IaHOMY
JOCIIIJUKEHHI BUBYCHE SBHINE TaMUIbTOHIBCBKOTO TIEPEMEXYBaHHS y 3aaadi Mmpo pPyX
YACTUHKU y IOJ1 XBWIbOBOro makery. CiiJ 3a3HauuTH, IO XapakTep SBUIIA, SIKE TYT
ONHKCaHe, JOBOJI YHIBEpCAJbHUM M NpUTaMaHHUN OararbOM Ha MEpIIMHA MOTJSAA HIAK
HE3B S13aHUM 3aJlauaM.

2 AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA NPOBJIEMH

OCHOBHI TiAXOAU A0 NOCHIIKEHHS MPOLECIB MEePEeMEXYBaHHS, sKi BiIOyBarOThCS Yy
PI3BHOMAHITHHUX CHUCTEMax, HaBeleHi y pobortax [1-5,8]. ABTopu BKa3aHHX pOOIT IETAIBHO Ta
BCEOIUHO AOCTIIMIM MPUUYMHU BUHUKHEHHS Xaocy. 30Kpema, Oyja0 BCTAHOBJICHO, IO BiH
BHUHHUKA€ BHACIIZOK crHenudiuHoi JIOKAIBHOI HECTIMKOCTI BITHOCHO SK 3aBrOJIHO MaJuX
30ypeHb opOiT cuctemu. Bin mposBise cebe y meBHHX oOmacTsax (pa3zoBOoro mpocropy, a
TaKOX Y MEBHUX 00JacTAX 3HAUYEHb MapamerpiB cucremu. OgHaK HAWOUIbII TPUBAOIUBUM Y
Xaoci € WOro BIACTUBICTh OyTH HENMEpPeOOPHUM Y THUIOBUX (i3UKO-MEXaHIYHMX CUTYaI[isiX.
Maetbes Ha yBaszi HactymHe. [Ipu HOCHTH 3aralbHUX yMOBaxX 3aBXKAHM ICHYIOTh 00nacTti y
¢da3zoBoMy mpocTopi W y MpOCTOpi 3HAYEHb MapaMeTpiB, y KOTPUX AMHAMiKa CHCTEMHU
croxactuuHa. Lli o6iacTi MOXyTh OyTH CKUTBKU 3aBrOJIHO MaJIMMH, ITPOTE BOHU HenepeOopHi
npu Oylb-SKUX CKIHUEHHHMX 3HAYCHHSX MapaMeTpiB i (ikcoBaHi KOHCTPYKIT JUHAMIYHOI
cucreMu (ToOTO BMAI i ramiunbToHa). JloBeneHO, IO Taka CHUTyallii BUHUKAE caMe NIpu
mudy3ii ApHONIBIA, KA € YHIBEpCATLHUM HEOOMEKEHUM TPAHCIIOPTOM YAaCTHHOK 10 KaHalam
CTOXAaCTHUYHOTO MaBYTUHHS y CUCTEMaXx 3 YHCIOM CTYIEHIB BUIBHOCTI PyXy, OUIBIIUM JIBOX.
Crin 3a3HauMTH, MO MEPeXiJ BiJl CUCTEM, y SIKHX 30BCIM BIICYTHSA XaOTH4YHA JWHAMIKA, JO
CHCTEM 3 XaoCOM CYIPOBO/KYETbCS TMOSIBOIO MaluX oOyacTeid — 3apojkiB xaocy. Y
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raMuUTbTOHIBCHKHUX CHCTEMaxX TaKUMHU 3apOJIKAMHU € CTOXACTUYHI MPOIIAPKA W CTOXACTHYHE
naByTUHHs. BoHU came i peanizyroTh ciabkuii Xaoc y cuctemMax i 0JJHOYacHO MPHU3BOIATH JI0
JESKOT0 po30UTTA (ha30BOTO MPOCTOPY. BHACTIIOK IILOTO TOMOJIOTIYHI BIACTHBOCTI (ha30BOTO
MIPOCTOPY BHUSBIISIOTHCS TICHO MEPEIUIETEHUMHU 3 YMOBaMHU Ta GOPMOIO 00sIacTel — 3apoJIKiB
Xaocy.

Ha nmymKky aBTOpiB JaHOTO MOCHTIIHKEHHS, MOJETIOBAHHS MpOIECY NEPEMEKYBaHHSA Yy
MIPOCTOPOBO-YACOBI XaOTHYHINA AWHAMILI AUCKPETHO-KOHTHHYAIBHHUX CHUCTEM 3 HAasSBHOIO
CTPYKTYPHO-EBOJIIOIIIHOI0  1epeOylOoBOI0 € aKTyaJdbHOK 3aJadero, KOTpa BHMAarae
MOJANBIIOTO BHUBYCHHS, a HasgBHI y BIANMOBIAHIA JiTeparypi pe3ynbTaTH CHix
BJIOCKOHAJIIOBATH, YTOYHIOBAaTH i KOPUT'YBaTH, OCKUIBKH PIBEHb, JOCATHYTUH y Il LapHHI,
HEJIOCTATHI.

3 HIWIb TA 3AJAYI JOCJIIKEHHSA

Mera poOotu monsrae y oOOrpyHTYBaHHI (I3MKO-MEXaHIYHOT MOJENl MpoIecy
MEepEMEXyYBaHHSI Yy MPOCTOPOBO-YACOBIM XaOTHYHIN JAMHAMII JUCKPETHO-KOHTHHYaJTbHUX
CHUCTEM 3 HAasBHOIO CTPYKTYPHO-€BOJIOIIMHOI TepeOynoBo. [l mOCTiKEHHS METH
po6oTH OyIyTh BUKOPHCTAHI MIJXOIM Ta METO/IH, PO3BHHEHI y poboTax [1,4,8].

4 PE3VYJIbTATHU JOCJIIXKEHHSA

PosrisiHemo crovatky Jesiki SIKICHI MIPKYBaHHS, KOTp1 MOSICHIOIOTh, K y 3a7adax Ipo
MIPUCKOPEHHS 4acTOYOK (CyMillli, CEpeIOBUIIA Ta 1H.) 3 SBISETHCS MEXKa/TPaHUL XaOTHUHOT
nuHaMiku. Hexail yacTouka pyXxaeTbes y JESIKOMY M0 XBUIbOBOT'O MAKETY:

x:ii F, cos(k,x—o,t), (1)

N=—o0

ne F, — ammuiityna N-oi TapMOHIKM XBHJIBOBOTO IIaKeTy, M — Maca 4yactodku, K, —
XBUJIbOBUI BEKTOp N-0i rapMoHiku, t — yac, o, — ii Kpyrosa 4actora, X — IEpPEMIIIECHHS
YacTOYKH, siKe € (PYHKI[IEI0 Yacy, ToOToO X = X(t). Kpim toro, y (1) ai1s XBUIBOBOTO MaKeTy

BBEJICHI HACTYITH1 ITapaMeTpPH:

T — nmepion KonauBaHb, A® — XapaKTepHA BIACTaHb MDK YACTOTAMH ), , @ TAKOXK:

_2
Ak =21 3)

ne AK — xapakrepHa BiACTaHb MDK XBWJILOBUMH YMCIaMH K, XBHJIBbOBOro makery, L —
POCTOPOBUH MEPIOJ.

Xoua npaBa yactuHa (1) 1 € perynsipHoro (HEBUIIAIKOBOIO), BCE K, MPU JESIKMX YMOBaXx,
KOTpi OyAyTh 3’sICOBaHI HW)KY€, PyX YaCTHMHKH CTa€ CTOXACTUYHUM, M BOHA IOYMHAE
MPUCKOPIOBATUCH. 31 3pOCTAHHAM IIBUAKOCTI YaCTOUKM Hac, 3a SKMM BOHA MPOJIITAE LUIAX
noBxuHoto L, ckopouyethes. Lle, mo cyTi, 03HaYae, M0 CTYMiHb aliabaTHYHOCTI 30ypeHHs
30UTBIIYEThCA, W CII YEeKaTH MOSIBM TPAHUI/MEX1 XaoCy 3aBJIAKU cialKidl Ail (BIUIUBY)
XBHJILOBOI'O TOJISI HA TUHAMIKY YaCTMHKH, I10 Ma€ BHCOKY €HEprito BJacHOTo pyxy. MoxHa
TaKOX OYIKYyBaTH, II0 y IBOMY BHUIAJKY Xa0oC TMOBHUHEH OyTH AyXe ciIaOKuM BiJHOCHO
peryasipHoi KOMIOHEHTH pyxXy. KpiM Toro, XxaoTMuHa KOMIIOHEHTa pyXy IMOBHHHA MaTH
OLIbIII1 YacOBi Ta MPOCTOPOBI MacIITabu Ha (POHI BUCOKOYACTOTHOTO PETYIISIPHOTO PYXY.
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[IpocTopoBo-yacoBa XaoOTHYHA JUHAMIKA CHCTEMH 3 JOCUTh 9ITKO BHPAXKECHOIO
MIPOCTOPOBO-YaCOBOIO CTPYKTYpOIO, TOOTO 3 MEepeMexyBaHHSIM, XapakTepHa U A pyxy y
raMuUTbTOHIBCHKUX CUCTEMaX, J¢ Ha OJIM3BKUH JIO0 PETYIIPHOTO PyX HAKIATAETHCS CIIA0KO
BUpaXEHa XaoTH4Ha jauHamika. Came Yy TMOJanbIIOMY BHBYAETHCS TaMUIbTOHIBCHKE
nepeMeXyBaHHA y 3a1adi PO pyX YaCTHHKH Y MOJII XBUIHOBOTO TTAKETY.

Pazom 3 Tum, XapakTep sBHIIA, SIKE OMUCYETHCS, JOCUTh YHIBEpCAIbHUH i IpUTaMaHHUI
0araThboM, Ha TIEPIIHH MOTIISA, HiSK HE 3B’ I3aHUM 3a1a4daM [8].

bynemo BBaxaTu, 1m0 XBWIbOBUN makeT y (1) ayxe mMUpOKUid, TOOTO 10 HOro cKiamy
BXOJMTH BEJIMKE YHCJIO TAPMOHIK, i yCi BOHM Yy HbOMY MAalOTh CYTTE€BO BIIMIiHHI BiJ HYJS
amrtitymu F . Lo BracTuBicTs MOXHA (POPMAJIBHO BUPA3UTH , HOKJIABIIH:

F,~F 4)

n
it yeix N . [ToximaBmm Takox:
®, =0, +N-Ao, K, =k,+n-Ak, (5)

Ta BBOJSTYM I'PYNOBY IIBUJKICTh MAKETY:

=AY (6)

MOXHA YITKO BUAUIATH JBA TPAHUYHUX BUTIAIKU: V > V, Ta V<Y, . Jami 6yneMo po3risiiaTu

MepIIni 3 HUX, OCKUIBKU JOCIIIPKYBaHEe TYT SBUILE MEPEMEKYBaHHS BUHUKAE TIPU BEIIUKHUX
LIBUJIKOCTSAX YaCTOYOK. 3a YMOBH V= Vg 3 (5) BUILUIMBAE, 110 MOXKHA MOKIACTH O & () VIS
ycix Nn. BuxopucroByroun 1o oOctaBuny # dopmynu (4) 1 (5), 3amicts (1) mMaTumemo
HACTyIHE PIBHSHHS:

X‘:%-FO- i cos(kyx — ot +n-Ak-x)=F,-cos6- i cos(n-Ak-x), (7)

N=—c0 N=—o0
J€ ITO3Ha4YCHa (1)3332
0=k, X—0,-t. (8)

BukopucToByroun CIiBBiTHOIICHHS:

2cosnAkx ZSX nL), (9)

N=—o0 N=—00

a Tako nmo3HaueHHs (3), mepenumieMo piBHAHHA (7) y BUTJISII HACTYITHOTO:

F L-cos6 28 _ nL (10)

Came 1 ¢opma 3amucy po3KpuBae (Pi3MKO-MEXaHIYHMH 3MICT BMXIJHOI 3aj1adi 3a
3po0JIeHKX BHILE NPHITYLIEHD (4), (5) Ta V=~ Vg . SIKIIO TUIBKK HE Ma€ MiCle PIBHICTb X = X,

Ac

X =Ln=21n (12)

Ak’
toai V=0, To0TO V=CONSt, i pyX 4acTUHKH € BUIbHUM. Y MOMEHT 4Yacy, KOJU KOOpJHHAaTa
YACTUHKU JOCSATa€ 3HAUYEHHS, KpaTHE N, YaCTMHKAa OTPUMYE BIUIMB 30BHIIIHBOI CHIM —

nomToBX. [lomrToBxu BinOyBalOTbCSs Y MOMEHTH 4Yacy ..., t, t .., kotpi 3rigHo (11)

n' n+l? t

IMOBUHHI 3HaXOAUTHUCH 3 YMOBHU:
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.5 x(t)=Ln; x(t,,)=L(n1); ..., (12)

¢ 3HaK + 3aJeKUTh BiJl TOTO, KYyIH CIPSIMOBaHA IIBUIKICTP YACTHHKH TICJIS N -TO
momrtoBxy. 3 (12), 30kpema, 3HAXOIUMO IHTEpPBAJI dYacy MDK JBOMa MOCITITOBHUMHU
«BITKHEHHSIMI

Atn = ‘X(tnﬂ) - X(tn ) /|Vn+l| = L/|Vn+ll 1 (13)

ne V., — WBHJKICTh YaCTHHKHU Iicas N-To momToBXy. [loOymyemo BimoOpaxeHHS, sKke

3B’s13y€ KOOPJIUHATY Ta MIBUJIKICTh YACTUHKHA MK JIBOMA MOCIIIOBHAMH 3ITKHCHHSIMH.
BBeneMo HOBY 3MiHHY:

W:%-m-v-|v|, (14)

MO/TyJ b KOTPOi JOPIBHIOE eHeprii yacTUHKH. 3 (14) MOkHA BUPA3UTH MIBUAKICTh V !
v=(2-[\lv|/m)%-signw. (15)

BuxopucrtoBytoun BusHaueHHs (11) Ta BnactuBocti & -¢ynkuiit I1./lipaka, 3Haxoqumo 3
(10) Ta (14):

W:FO-L-cose-is(t—tn). (16)

N=—o0

HudepenuiroBanns Bupasy (8) s 0 nae i3 ypaxyBaHHsam ¢opmyin (15):
9:k0~v—m0:ko-(2~[\N|/m)%-signW—oaO. (17)

Cucrema piBHsHB (16), (17) BITHOCHO HOBHX 3MIHHHMX (W,O) € 3amMkHeHoro. Kpim Toro,
111 3MiHHI € KAHOHIYHO CIIPSDKEHOIO Mapot0, OCKUTHKU Ma€ MICIE CIIBBIAHOIICHHS:
oW 60
oW 00
Jiig Toro, mo6 noOynyBaTH BilOOpakKeHHs y TUIOMINHI (W,G) , CJ1J1 3BEpHYTHU yBary Ha

Te, 10 HOCHIIAOBHICTh MOMEHTIB Yacy ty, t, ..., 1, .., y KOTpI Ha YaCTUHKY Ji€ IOIITOBX, €

n

MOHOTOHHO 3pOCTaro4yol0, TOOTO Mae Micme HepiBHicTh: t >t , sxkmo n>k. OnHak

HOCHIIOBHICTE KOOPAUHAT Xy, X, ..., X, ... , ¥ KOTPUX JIIOTb MOIUTOBXU, HE € MOHOTOHHOIO,

OCKUTbKH HAMpsM IIBUIKOCTI YACTHHKU MO>KE 3MIHIOBATHCH Bl MOIITOBXA JI0 momiToBxa. Lle,
30KpeMa, Binoopaxene y (13).
[To3Haunmo:

W =W (tn —O), 0, =9('[n —O). (19)

3rizHo 3 piBHAHHAMH pyxy (16), (17) mpu mepexoni yepe3 MOIUTOBX 3MiHHA O €
HENEPEPBHOI0, TOOTO:

0(t,—0)=6(t,+0), (20)

a 3MinHa W 3HaXoJIUThCS MiJ BILIMBOM NOLITOBXY. BpaxoByroun BiactuBicTs (20), Maemo 3
(16), (17)
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{W (t,+0)-W (t,-0)=F,-L-cos6,, 21)

0(t,+0)-6(t,—0)=0.

Ha inrepBani yacy (t, +0, t, —0) Benuuuna W He 3MiHIO€TbCA 1, BIINOBIIHO:

{w (t,.—0)=W,, =W (t,+0)=W(t,~0)+F, -L-cos6, = 22)
=W +F,-L-cos6,.

3 Tiel % NPUYMHY HA TOMY X iHTepBasli 0 € KOHCTaHTa if 3 (21) BUILIMBAE, 1IO:
0(t,,—0)=0,,=0(t, +0)+6(t,+0)-At,, (23)

ne At, BusHauaetbcst opmynoro (13). 3 (22) ta (23) BummBae Hu3Ka (opMyd, SKi

n+l n+l

A

BH3HAYAIOTH L -BimoOpaskeHHS:

W, =W +F-L-cos0,

A

L: % (24)
0,,=Kk,-L-signW_, —o, - L.(%'[VVMJ -(mod Zn).
®opmynu (24) 3pydHO MOJATH HIIMM YHMHOM, BBOISYH HOBI HOPMOBAaH1 BETUINHH:
u=2W/(moj %), y=6/2n-1/4. (25)
Ie nae:
U=y, +Q-sin(2my, ),
- Yo = Yn - §-signu,,, (mod1), (26)
2m- |u %

n+l

ne §=K,-L/(2r) — nocriiiuuii 3cys (asu Ta:

Q=2F/(m-v;-L). (27)

Bemuunaa Q Mae 3MICT BIAHOIICHHS 3MIHM €HEPrii YaCTHMHKH 3a OJHE 3ITKHCHHS
39 212
(mv-8v~F,-L) no exeprii yacTHHKHM 3a PaXyHOK BUCOKOYACTOTHHX OCIIMIIALIH ( ~ MwyL").
[Ipo mocuTh Manux 3HAYCHHSIX EHEPTii |u| 3MiHM ()a3u B TOIITOBXa JIO TOIITOBXA

BENUKI ¥ TPAEKTOPIS YACTHHKH CTa€ CTOXACTUYHOIO. YMOBHM BHHHKHEHHS XaoCy MOXHa
HAOJIMKEHO MOIaTH y BUTIISIL |

K =

8yn+1 J_‘ Q cos 27'[

®azoBuit moptper cucremu npu QLU 1 naBemenmit Ha puc.l. OcTpiBKM CTIHKOCTI, y
KOTPUX TPAEKTOPIT peryiasipHi, 0OyMOBJIEHI MHOXXHUKOM COS(Zny) y (28), 3aBasgKu sIKOMY

HEpIBHICTh HE BUKOHYETHCS JUIS JIeIKO1 007IacTi 3HaUeHB Y .
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u

8107 |

Puc.1. ®azoa miomuna L -Bino6paskenns
mpu Q =107, y=0.
A

l'onoBHa ocobnmBicTh L -BimoOpakenHs (26), ska Bimpi3Hs€ HOTO BiJ CTaHAAPTHUX
BimoOpakeHp Ty Yupikosa-Teinopa [1,2], monsrae B TomMy, 110 y pIBHSIHHI U 3MI1HHA (da3u
Yy 3MiHHa U, fiKa BIIIrpae poJjb Aii, CTOITh Yy 3HAMEHHUKY, a He y uucenbHuKy. [Ipu Q ~1,

SIKILO TIEPBICHO enepris Oyna manoro (|u| <<1), Toxi i 3Minn dU~Q Takox Maui, if IpoTArom
TPMBAIIOTO YaCy BelMdMHA |U| MOxe 3amumarick Maor. Oxmak npu Q >>1 us kapruxa
CYTTEBO 3MIHIOETHCS. Bike 3a OJMH NOWTOBX MaeMo |u|~Q, HABiTh SKIO NOYATKOBE

suavenns |u| <<1. Le ogpasy nae:

§Y=|Yn+1_yn|z 11/2 <<l (29)
‘27[ -Q i
YmMmoBa (29) o3Hauae ayxe MOBUIbHY, aaiadaTHYHy 3MiHY (a3 Y BiJ OJHOTO MOIITOBXY
110 iHmoro. PosrimsHeMo o6nacts 3HaueHs |U|>>Q >>1. V wiii oGnacti 3MiHa 3a 0MH KPOK
BiToOpakeHHs Oyne:
|ou ~ Q <<|ul. (30)

A

Ymou (29) Ta (30) 103BOJSIOTH 3 BETUKOIO TOYHICTIO allpOKCUMYBaTH L -BimoOpaskeHHs
(26) mudepeHLiaTbHUME PIBHAHHIMMU:

dl;—fjn)zQsin(Zn-y(n)),
dy(n) 1 (31)

- + V.
“o (o)
Cuctema (31) mae perynspHHUii, HEeBUNIAIKOBUH PO3B’SI30K:
u? :%-Q-[1+cos(2ny)]+c (u>0), (32)

SKUH BU3HAUa€ iHBAapiaHTHY KpUBY, e C — NOBUIbHA MOCTIMHA, ¥ U1 NPOCTOTH MOKIACHO
y=0. Onmnak piBHsHHS (32) HE ONHCYe pealbHY CHUTYallil0, OCKUIbKH ICHYFOTh MOMEHTH

yacy, 7e BuxijHa cucrema (31) BTpadae 3mict. 3a Benukux 3HaueHb Q 3MiHa da3u Yy 3a oauH
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KPOK Mana 3rizso (29). Tak caMo MOBiMBHO 3MiHIOKWTECA SiN(2ny) Ta BemuumHa U y L-
BimoOpakeHHi (26). [Ipouec MOBUTHHKUX 3MiH U Ta Y OMHCYEThCs KpuBOIO (32), HA KOTpii
JIS)KATh TOYKH TpaekTopii (U, Y ). Tak BimOyBaeThCst 10 THX Tip, Sin (27‘Cy) HE cTae OJIU3bKUM

70 Hyns. 3MiHa HOTO 3HAKy IPU3BOIUTH IO CTPUOKOIONI0HOT 3MIHH HA BEIIMYHHY:

: (33)

du =u,, —u,| =Q-sin(2my, )

3a paxyHOK IBOTO TOHKOTO €(eKTy 1 BiIOyBaeThcs cllabKa CTOXATH3AIlisl JHMHAMIKH
4yacTUHKH. YHCIo KpoKiB U, uepes ske BiIOyBaeTbCs HealiabaTHyHa 3MiHa (Ga3u Y , JErko

oIiHUTH 3 hopmynu (29):
U, =2m-Q"? >>1. (34)

3arajibHa KapTHUHA TaKOTO PYyXy 4YiTKO BHJIHA 3 pHc.2. Da30Ba MJIONIMHA TOKPUBAETHCS, B
OCHOBHOMY, BEJIMKHUMH IpYlaMH TOYOK, YUCIO KOTPHX Mmopsaky 2n,. KoxkHa rpymna JexuTh

Ha KpuBiil (32) 3 neskum 3HaueHHsM koHcTaHTu C. [lpu mepexoni pizHuui |un+1 —un| yepes
HyJb piBHAHHSA (31) BTpayatoTh MOKIUBICTh OyTH 3acTocoBaHUMHU. OHAK /1aiai BOHH 3HOBY
CTalOTh TaKMMHM, XO4a pPO3B’SI3KOM iX € KpuBa (32), ane Bxke 3 iHIIOW KoHcTaHToo C. L1
Micls, Jie BiIOYBalOTbCS NEPECKaHYBaHHS TPAEKTOpIi YACTUHKM Ha IHINY KPHUBY 3 CIM’i
kpuBHuX (32), yitko BuaHI Ha puc 2 moomau3y oci 0y mpu u=0. Ilo cyri, came Tak MOXHa
300pakaTH Mpoliec raMuIbTOHIBCHKOTO NIEpeMeXyBaHHs Ha (ha30Bii TUIOMIMHI.

u

10°

-0,5

A
Puc.2. ®azosa miomusa L -Binobpakenms

mpu Q =10, Y =0 sizmosigae Bumaaxy ramMinTbTOHIBCHKOTrO HepeMeKyBaHHS

CiM’s1 KpUBUX
u=u(y,C) (35)

MoKpHUBae (Ga3oBy IJIOMIKUHY, 1 TPAEKTOPIS CUCTEMHU siBIIsie coO0r0 aHCaMOb KpuBuX (35),
Kl <GIIUTI» TpU PI3HUX, BUMAAKOBO 3MIHHUX 3HadeHHsX KoHcTaHTH C. Temep MokHa

MOCTAaBUTHU IMUTAHHA IIPO I'PaHUYHC 3HAYCHHHA CO’ TOOTO Ipo TC€ 3HAYCHHA, KOTPC BHU3HAYAE

OCTaHHIO IHBapiaHTHY KpWUBY Ha puC.2 3BepXy, SKa € TPaHUICI0 O0JaCTi CTOXACTUYHOI
JTMHAMIKH, 10 JISKUTH 3HU3Y.
UncenpHui aHaI3 TOKA3YE, IO:

C, ~0,5-Q". (36)
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B3zarani kaxxy4u, rpaHuist 00J1acTi CTOXaCTUYHOCTI MOXKE OYTH alpOKCUMOBaHA KPUBOIO:

1 —2/32
u:Z-Q {1+cos(2my +8,)+Q ™}, (37)
ae 3cyB ¢a3u 5, — 0 npu Q — co. 3azHayumo, mo npu Q <<1 dopmyna (37) 10cUTh TOUHO
OTIHCYE TPAHMIIIO CTOXAaCTUYHOCTI, SIKa MOe Oyt oTpumMana 3 (27). ToMy MO>KHa OUiKyBaTH,
10 BOHA Ma€ OUTBII yHIBEPCATbHHUNA XapaKTep, HiK 1€ epeadadanoch mpH ii BUBEICHHI.
SBuie, po3risHyTe W ONMUCAaHE BHIIE, BITHOCHUTBHCS 10 PO3PSINY SIBUII CTOXaCTUYHOI
JMHAMIKHA B yMOBaX NEPEMEKYBaHHS, a TAKOXK CII1JI 3a3HAYHUTH, 1[0 CaMe BOHO MPHU3BOIUTH 10
MPUCKOPEHHSI YaCTHHKH, X04a el Mpolec € 3HAaYHO OUIbII TOBUIBHWUM, HDK MPH MalluX
3HadeHHsx Q. EHeprisi, sika JocsTaeTbcs B pe3yibTaTi MPUCKOPEHHS, MOXE OyTH ITOBOJI

3HAYHOIO MO BenuuuHI. 3 (37) BUINIMBAE HACTYIHA OLIIHKA!

Umax = Q2 (38)

JliiicHO, mpollec NPUCKOPEHHSI BHACIIIOK CTOXACTUYHOIO MEPEMEXYBaHHS JdyKe
YyTJIIMBHUI 0 JeTanell MexaH13My nopyieHHs afgiabatnuHocTi. Ouinka (38) He € TpaHUYHOIO,
a OIMcaHa KapTHHA IEPEMEKOBYBAaHHS — €JMHOIO.

PosrisiHemo Bumanok, komu Y # 0. Bymemo Takox BBakatu, mo 0< ¥ <1. Toxi 3 (31)

BUIIJINBA€E iCHYBaHHSI JABOX HOBHUX 0COOJIMBUX TOYOK 3 KOOpAWHaTaMu:

(=0, u,=y/(4x"-5°)). [yf%, u2=]7/(4n2-)72)j. (39)

Ilepma 3 Hux — rinep6oniuHa, aApyra — emintuyHa. Skmo Touka (Y,,U;) He momnagae y

00J1aCTh CTOXAaCTUYHOCTI, TOMI (a30BHM MOPTPET CHUCTEMU AaHAJOTIYHUN TOMY, SIKUU
300pakeHuii Ha puc.2. OpHak, SKHIO rinepOoJidyHa TOYKA PO3MIIIEHA JOBOJII HHU3BKO, IO
3QJICKUTH B BEIMYMHHM Y, TOJI BUHUKAE BIATATY)XCHHS TOHKOTO CTOXAaCTUYHOTO KaHATy

BIIOJIOBXX BYCIB CeNapaTpuc, sIK1 MpoXoaaTh uepe3 Touky (Y, U,) (puc.3). YTBopeHa obaactb
Xa0THYHOI JUHAMIKA MPHU3BOIUTH 10 MOMJIMBOCTI 3HAYHO OUTBII CHJIBHMX MPUCKOPEHB, HIK
Ti, IO BUILIMBAIOTH 3 OIiHKK (38). Tak, HampukIiIaa, Ha puc.3 BXKE 3a MaJOi BIIMIHHOCTI Y
Big Hyis (¥ =0,007) (Umax ~ QS). Bucoka 4yTiauBICT IPUCKOPEHHS J0 3MIHU Iapamerpa Y
CYIPOBOIKYETHCS TaKOX PI3KUMU 0ipypKaIlioOHHUMHU 3MiHAMHU XapakTepy
nepeMeXOByBaHHs. Temep y IbOMY Mpolleci MPUHAMAIOTh ydacThb JBi CiM’1 peryisipHUX
TPAEKTOPIN — TPAEKTOPIH BIKE OMICAHOTO TUITY Ta TPAEKTOPIH BIIOJIOBXK CEMapaTpuc.

u

107 -

Puc.3. . ®a3osa wiommua L -BimoOpaskeHHs

mpu Q =10, ¥ =0,007 nemoncrpye 3HauHi 3MiHM KApTHHH MepeMeKyBaHHS
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[Ipuknan, po3riasHyTU# BHILE, NIOKa3ye, 30KpeMa, 110 IPaHULS Xaocy, BU3HaueHa B [1]
JUISl CTAaHJAPTHOTO BiOOpa’keHHs, HE € YHIBepCaJbHOIO BEIMYMHOIO. TOYHO Tak camo HE €
YHIBEpCAJIbHUM 3B’S30K MDK YMCIOM 0OepTaHb OCTAaHHBOI IHBAPIAHTHOI KPHUBOI 13 30JO0THM
nepepizoM. Lle € oueBuaHuM, BUXOIsun 3 oTpuMmaHux Buie ¢opmyn (32) ta (37). binbm
TOTO, pyHHYBaHHSI OCTAaHHBOI IHBapiaHTHOI KPUBOT MOKE OyTH TOB’S3aHE HE 3 TIEPEXOJIOM JIO
T.3. TI00aIbHOTO Xaocy [1,2], a 13 3’€qHaHHSIM BCHOTO JIMIIE JBOX CTOXACTHYHUX oOiacten
(puc.4). PyitHyBaHHs iHBapiaHTHOT KpUBOI OIS MEXi Xaocy OB sI3aHE 3 «BIHMIAHHIMY Ciyia
y 00JIaCTh CTOXaCTHYHOT TUHAMIKH.

DA

Puc.4a. ®azosuii oprper a1s Bumaaky Q =10Ta § = 0,003

0
Puc.46.Dazouit moprper ans umaaky Q =10Ta § = 0,008 (6)

5 OBI'OBOPEHHA PE3VYJIBTATIB JOCJIIKEHHS

Y pe3ynabTaTi MNPOBEAEHOIO JAOCHIKEHHS Oyl0 OOrpyHTOBAaHO (PI3MKO-MEXaHIYHY
MOJIeNIb MPOIECY MEPEeMEKOBYBAHHS B YMOBaxX IMPOCTOPOBO-YaCOBOI XaOTHYHOI JUHAMIKU
JMCKPETHO-KOHTUHYQJIBHUX CHCTEM, IO CYHPOBOJIKYETHCS CTPYKTYPHO-EBOJIIOLIIHOIO
nepedynoBoi0. BCTaHOBIEHO KITIOYOBI BIACTUBOCTI IBOTO IMpolecy Ha (pa3oBiil IIIOLIMHI,
30KpeMa BHABICHO O0cCOOIMBOCTI (OpMyBaHHS TaMUIbTOHIBCHKOTO IE€PEMEXKOBYBAHHS.
[TokazaHo, 110 yacoBa E€BOJIIOLIS MEPEMEKOBYBAHHS XapaKTEPU3YETHCS HEYMOPSAIKOBAHUM
MOEJHAHHSAM TPUBAJIMX IHTEPBAJIB PETYIAPHUX OCIMIIALIN, 1O CBIJUYUTH NPO HAsBHICTH
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NPUXOBAHOI JUHAMIYHOI BIOPAJKOBAHOCTI B CHUCTeMi. AHAJIOTIYHI 3aKOHOMIPHOCTI
CIIOCTEPIraloThCs 1 B MPOCTOPOBOMY TMEPEMEKOBYBAHHI MPHU PycCi CYIUTLHOTO CEpeOBHIIA,
IO TICHO TMOB’S3aHO 3 SIBUIIEM MYJIbTH(PPAKTAIBHOCTI Ta HEPIBHOMIPHUM PO3MOALIOM
CUHTYJISIPHUX BJIACTUBOCTEH y MPOCTOPI i yaci. BogHodac BCTaHOBIICHO, IO raMiTbTOHIBCHKE
MEePEMEKOBYBAHHS OXOIUTIOE ITUPOKUI CHEKTp (Pi3UKO-MEXaHIYHUX 33]a4, He 0OMEKYIOUHCh
BUIAJKAMH TPOCTOI 3aJIEKHOCTI 3MiHM (Pa3u BiJ CTymeHs [ii, M0 BU3HAYa€ HEOOXiTHICTH
MOJIANTBIIOTO PO3BUTKY Ta YTOYHEHHS MIIXOMIB IO AOCIIPKEHHS IaHOTO SIBUIIA.

6 BHUCHOBKH

1. O6rpyHTOBaHa (i3MKO-MEXaHIYHA MOJIENb MTPOIECY ITEPEMEKOBYBAHHSI Y TIPOCTOPOBO-
4acoBi XaOTUYHIM AWHAMILI JUCKPETHO-KOHTUHYAJIbHUX CHUCTEM 3 HAasABHOIO CTPYKTYPHO-
€BOJTIOLIHHOIO MTepe0yI0BOIO.

2. BcraHoBJI€HI OCHOBHI BJACTMBOCTI IPOLIECY NEPEMEKOBYBaHHS Ha (pa30Bill IIIOLIUHI
11 0COOJIMBOCTI YTBOPEHHS FaMUIbTOHIBCHKOTO MIEPEMEKOBYBAHHS.

3. YacoBa €BOJIOLIS MPOLECY MEPEMEKOBYBAaHHS 3BOAMTHCS A0 HEYHNOPSIKOBAHOTO
(GIIMBAHHS» JOBTUX JUISHOK peryisapHux ocuwisinid. CaMe ICHYBaHHS TaKUX JUISHOK
CBIUUTH MPO HASBHICTh 3HAYHOIO MIPOIO TUHAMIYHOI PETyIsSpHOCT. AHAIOTTYHUM YHUHOM
BUIJISIIa€ ¥ MPOCTOPOBE MEPEMEXYBaHHS INPHU PyCl cyliibHOro cepenosuina. Llei mpouec
CYTTEBO TIOB’SI3aHUN 3 BIJACTUBICTIO MYJIbTU(PPAKTAIBHOCTI, TOOTO 3 HEOJHOPIAHUM
PO3MOJIUIOM CHHTYISIPHUX UM (paKTaIbHUX BIACTUBOCTEN y MpocTopi i y yaci.

4. TaMiIbTOHIBCbKE MEPEMEXYBAaHHS OXOIUIIOE BEIMKUN Kiac pi3HUX (PI3UKO-
MexaHI9YHuX 3anad. [le MoxyTs OyTH, 30Kpema, He TUIBKH Ti 3a/ayi, y KOTpUX 3MiHa (a3u
0o0epHEHO TMpomopiiiHa Oyab-gKoMy cTyneHo aii. Tomy nmochimkeHHs y Iid oOJsacTi
BHMAararoTh MOJAIBIINX BJIOCKOHAJIECHb.

7 ETWYHI JEKJIAPALIL

ABTOpHM HE MaroTh Oyab-AkuX (IHAHCOBUX UM HEPIHAHCOBUX IHTEPECIB MO0
MarepiaiiB, IPEACTABICHUX Y I CTATTI, sIK1 CITiI pO3KPUBATH.
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UDC 537.6

STUDY OF ELECTROMOTIVE FORCE OF THE SYSTEM Al-
Al;O3;— ELECTROLYTE

L. Vilinskaya!, G. Burlak
!Odesa State Academy of Civil Engineering and Architecture

Abstract: The paper examines the features of space charge formation in anodic oxide films of
metals, in particular within the Al — AlL,O, — electrolyte system, which is essential for understanding

physicochemical processes at phase boundaries. It is substantiated that anodic oxide films are
characterized by the presence of space-charge regions that significantly affect the electrical and optical
properties of the material.

The results of experimental studies aimed at investigating the electrical characteristics of the
Al — Al,O,system in contact with various types of electrolytes are presented. It has been established

that when the samples are immersed in aqueous solutions of acids, salts, and alkalis, as well as in non-
aqueous electrolytes, a potential difference spontaneously arises between the electrodes. Its magnitude
depends on the nature of the electrolyte, its concentration, and the experimental conditions. The
performed measurements made it possible to quantitatively assess the influence of the medium
composition on the electromotive force of the system. The fundamental possibility of creating primary
power sources based on the studied system has been established, opening prospects for their
application in micro-power engineering and autonomous sensor devices. Particular attention is paid to
the luminescent properties of oxide films: it has been found that the recombination of ions arriving
from the electrolyte onto the ALO,surface is accompanied by light emission, the intensity of which

strongly depends on the chemical composition and concentration of the electrolyte.

The obtained results indicate the potential use of anodic aluminum oxide films as sensitive
elements of sensors for monitoring the composition of liquid media, which is of practical importance
for environmental monitoring, chemical analysis, and technological processes.

Keywords: aluminum oxide films, electrolyte, potential difference, electromotive force (EMF),
space charge.

JOCJIUDKEHHS EJIEKTPOPYIUIMHOI CUCTEMHU Al-AlLO; -
EJEKTPOJIIT

Binginceka JI. M.! Bypaak I'. M.}

Y0o0ecvra oepacasna axademia bydienuymea ma apxiimexmypu

AHoOTaNis: Y poboTi po3riasiHyTO 0COOJHUBOCTI (POPMYBAHHS IPOCTOPOBOTO 3apsiIy B aHOIHUX
OKCHJIHUX IUTIBKax MeTaiiB, 30kpema B cucremi Al — Al,O; —— enekTpoimit, 1m0 € BaKIUBOI IS

pO3yMiHHS (I3UKO-XIMIYHUX TIPOIeciB Ha Mexi momury ¢a3. OOrpyHTOBaHO, IO IS aHOMHUX
OKCHJIHUX TUTIBOK XapaKTepHa HAsSBHICTH MPOCTOPOBO-3APSIIKEHNX 00IacTel, SIKi CYTTEBO BIUIMBAIOTH
Ha eNIeKTPUYHI Ta ONITHYHI BIIACTUBOCTI MaTepiaiy.

HaBeneHo pe3ynbTaTé — eKCIIEPUMEHTANIBHUX —JIOCTIDKEHb, CIPSIMOBAaHMX Ha BHUBYCHHS
enekTpuyHuX xapakrepuctuk cucremu Al — Al,O, mpu 1l KOHTaKTi 3 Pi3HUMHU THIIAMH EIIEKTPOJIITIB.

Bcranosneno, o mpu 3aHYpeHHI 3pa3KiB y BOJHI PO3YMHH KUCIIOT, COJIEH 1 JIYTiB, a TAKOXK y HEBOJIHI
CNEKTPOJIITH, MIXK €IEKTPOJIaMH CAMOYMHHO BHHUKAE PI3HUIIS TOTESHIIANIB, BEUYMHA SKOT 3aJIeKUTh
BiJl IPUPOJN EIEKTPOIIITY, WOro KOHIEHTpAIll Ta YMOB eKCIepUMEHTy. [IpoBesicHi BUMIipIOBaHHS
JIO3BOJIVIIN KUTBKICHO OLIHUTH BIUIMB CKJIAJy CEPEIOBHINA HA €IEKTPOPYILIIHHY CHITY CHCTEMH.
BcraHoBIieHO TNPUHIMIIOBY MOXIIMBICTE CTBOPEHHS Ha OCHOBI JIOCHI/DKYBAaHOI CHCTEMH
MEPBUHHMUX JDKEPEN CTPYMy HOBOI'O THITYy, IO BiJIKpUBA€ TIIEPCIIEKTUBHA IX BHKOPHCTAaHHS B
MIKPOGHEPreTHIli Ta aBTOHOMHHX CEHCOPHUX NpUCTposix. OKpeMy yBary NPHAUICHO IOCIIIKEHHIO
JIFOMIHECIIEHTHUX BIIACTUBOCTEH OKCHJIHMX ILTIBOK: BUSABJICHO, IO PEKOMOIHAIIS 10HIB, SIKi HAJAXOATh
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3 enekrponity Ha moBepxHio Al,O, cynpoBOmKyeTbCS BUIIPOMIHIOBAHHSAM CBITJIA, IHTCHCHBHICTBH
SIKOTO ICTOTHO 3aJIEKHUTH BiJl XIMIYHOTO CKJIaJy Ta KOHIIEHTPAIIil eleKTPOIiTYy.

OTtpuMaHi pe3yabTaTH CBIMYATh MPO MOXKIWBICTh BUKOPUCTAHHS AHOMHUX OKCHJIHUX IUTIBOK
QTIOMIHIIO SK YYTJIUBUX EJIEMEHTIB CEHCOPIB Ui KOHTPOJIIO CKIAAy PIAKMX CEPENOBHII, IO Mae
MpaKTUYHE 3HAYEHHsI JJIsl EKOJOTiYHOIO0 MOHITOPHHTY, XIMIYHOTO aHaji3y Ta TEXHOJIOTIYHUX
MPOILIECIB.

KarouoBi cjioBa: OKCHIHI IUTIBKA QIIOMIHIIO, €JEKTPOJIIT, Pi3HUIM mnoTeHmianie, EPC,
[IPOCTOPOBUH 3apsiLl.
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1 INTRODUCTION

Metal oxide films are objects with high catalytic surface activity. Adsorption of
molecules and ions from the environment on the surface of the oxide is very active. As a
result, energy levels of adsorption origin appear in the forbidden zone. This allows the use of
oxide films as detectors of the composition of the environment. Anodic aluminum oxide is
one of the promising materials for sensor applications. Anodic oxide films of many metals are
characterized by the phenomenon of space charge formation. The presence of a space charge
in these films, the nature of which remains uncertain, indicates the possibility of using
aluminum oxide films as anode electrets, as well as sources of weak currents. In this regard,
there is a need to find out the mechanism of space charge formation in aluminum oxide films.
On the other hand, the task of creating current sources is based on the knowledge of this
mechanism.

2 ANALYSIS OF LITERARY DATA AND RESOLVING THE PROBLEM

Aluminum oxide films are used to create structures metal dielectric semiconductor,
capacitors, humidity sensors, development of functional micro- and nanomaterials. Due to the
properties of the porous structure, the development of nanoporous anodized materials is
interesting from the point of view of obtaining membranes for the removal of toxic and
valuable components from liquids. [1, 2]. The work [3] describes the development of the
technology of thin-film sensor coatings made of porous anodic aluminum oxide grown on
aluminum films on glass substrates. Metal oxide nanostructures are promising electrode
materials for lithium ion batteries and supercapacitors due to their high specific capacity [4].
Structures based on oxide films exhibit characteristic reactions when interacting with light.
This makes such structures an attractive material for the development of optically active
devices [5, 6]. Amorphous ALO, films obtained using pulsed laser deposition can serve as

materials with high dielectric constant for electronic devices of the new generation [7].

Anodic oxide films of many metals are characterized by the phenomenon of space charge
formation. It was shown [8] that the Al/Nanosilicon/Al thin-film structure with a porous upper
contact can spontaneously generate EMF when interacting with water vapor in the
surrounding atmosphere. The main cause of EMF generation is the reaction of water with
silicon nanoparticles. Water is necessary for chemical reactions and proton conduction that
lead to EMF generation. The generation of electric current by nanoporous hydrocells based on
metal oxide by water dissociation has been thoroughly investigated [9]. The generation of
current due to the dissociation of water on the surface has been confirmed as a distinctive
property of all metal oxide hydrocells.

Earlier [6, 10] we discovered that if the resulting Al — Al,O, —SnO, structure is placed in

an atmosphere containing water vapor, a potential difference of 0.4 - 0.8 V occurs between
the electrodes. The value of this potential difference and current depend on the technology of
preparing the oxide film, as well as on the concentration of water vapor and temperature. It is
shown that the EMF arises as a result of the dissociation of water molecules adsorbed on the
surface of the micropores of the oxide. It is obvious that the emergence of EMF should be
expected even when dissociation does not occur on the water surface, and charged ions come
from the external environment, for example, the electrolyte. Negatively charged ions are able
to supply electrons to the film, which, due to their greater mobility compared to ions, are able
to charge the aluminum electrode negatively, leading to the emergence of EMF in the
Al — ALO, —-electrolyte system. Despite the widespread use of anodic oxide films on

aluminum in various fields of technology, their rich functional properties remain little studied
and not fully understood. Due to the need to expand the functionality of microelectronic

L. Vilinskaya, G. Burlak
https://doi.org/10.31650/2618-0650-2025-7-2-108-115 110




Mexanika Ta MateMaTuyni meromu / { 1 VII1/1/2026
Mechanics and mathematical methods E A Crop. 108-115/ Page 108-115

devices based on aluminum oxide films, it was of interest to find out the specific mechanism
of space charge formation in these films.

3 PURPOSE AND TASKS OF THE STADY

The purpose of the work is to study the occurrence of EMF in the Al — Al,O, —electrolyte
system and clarify the mechanism of space charge formation.

4 RESEARCH RESULTS

The paper studied aluminum oxide films obtained by electrochemical oxidation of
aluminum foil in a 3% aqueous solution of oxalic acid [6]. The non-oxidized part of the
aluminum foil was used as a contact. The second contact was a layer of SnO2 applied to the
oxide film by pyrolysis of SnCl4. The contact area was approximately 1 cm2. The SnO, layer

served as an ohmic contact, in addition, this layer has significant porosity and does not
prevent water vapor from the surrounding atmosphere from penetrating to the surface of the
micropores of the oxide film.

It was found that if the resulting Al — Al,O, —SnO, structure is placed in an atmosphere

containing water vapor, a potential difference of 0.4 - 0.8 V occurs between the electrodes.
The value of this potential difference and current depend on the technology of preparing the
oxide film, as well as on the concentration of water vapor and temperature. It is shown that
the EMF arises as a result of the dissociation of water molecules adsorbed on the surface of
micropores of the oxide and the spatial separation of the charge along the film thickness due
to the difference in the values of the diffusion coefficients of charged particles of the opposite
sign, which are formed during dissociation.

We further proposed that the occurrence of EMF should also be expected when
dissociation of water on the surface does not occur, and charged ions come from the external
environment, for example, the electrolyte. In this case, not neutral molecules, but charged ions
of the electrolyte of both signs, reach the surface of the film from the electrolyte. Charged
ions of the electrolyte interact with the surface of the oxide film. Negatively charged ions are
able to supply electrons to the film, which, due to their greater mobility compared to ions, are
able to charge the aluminum electrode negatively, leading to the emergence of EMF in the Al-
Al203-electrolyte system. Thus, the EMF should also appear when the oxide film is placed in
the electrolyte solution.

To confirm that EMF in aluminum oxide films occurs in contact with the electrolyte, we
performed measurements when the investigated films were immersed in aqueous solutions of
acids, salts, and bases, as well as non-aqueous electrolytes. Indeed, it was found that the EMF
appeared when the system of oxide films was immersed in these electrolytes, and the
magnitude of the EMF depended on the nature of the electrolyte. In all cases, the aluminum
electrode with an oxide film on it acquired a negative potential.

When using electrolytes containing strong acids, bases and salts, although the EMF value
was large, intense dissolution of the aluminum electrode was observed. Obviously, the oxide
film, due to the presence of micropores in it, is not able to fully protect the aluminum
electrode from its destruction, so the choice of electrolyte was determined by less active
substances, for example, salts of weak acids and bases. Aluminum was used as the second
counter electrode. In this case, due to the flow of electrochemical processes in the studied
system, one should expect either the absence of a potential difference, or the electrode without
a film should be negatively charged, since it should dissolve more strongly than the one
covered with an oxide film. In fact, the experiment observed the presence of a potential
difference, and the aluminum electrode with an oxide film is negatively charged. This speaks
in favor of the fact that the formation of EMF goes largely by the proposed mechanism.
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Measurements were made with aluminum oxide films immersed in a 3% solution of
ammonium sulfate salt. The area of the part of the oxide film immersed in the electrolyte was
3 cm2, and its mass was 93 g. Since the dissolution of the aluminum counter-electrode was
still observed during the operation of the system, a more chemically stable graphite rod was
used as the second counter-electrode. EMF was observed on all samples, the value of which
was 0.1-0.6 V. In fig. 1 shows typical dependences of the current strength in the
Al — Al,O, —electrolyte system from the time of testing (16 months) at a load resistance of 1
kQ.

After the tests, the samples were freed from the electrolyte, dried, and their weight loss
was determined, which is obviously related to the flow of electrochemical processes in the
system under study. Weight loss was determined by weighing and amounted to 3 mg for the
sample shown in Fig. 1, curve 1, and 7 mg for the sample shown in Fig. 1, curve 2.
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Fig. 1. Dependence of the current strength in the Al — Al,O, —system — electrolyte
from the time of testing (16 months) at a load resistance of 1 kQ.

The total amount of electricity passed through the system and the amount of electricity
passed due to electrolysis was evaluated. The total amount of electricity that passed through
the Al - AlO, —-electrolyte system was determined from Fig. 1 by the area under the curve
and was approximately 400-450 C for each sample. The amount of electricity passed due to
electrolysis was determined by the weight loss of the sample, taking into account the value of

the electrochemical equivalent, which for aluminum is equal to 9,3-10°g/C, and was 30 C

for sample 1, and 70 C for sample 2.

A comparison of the total amount of electricity passed through electrolysis shows that
electrolysis contributes much less than the total amount of electricity. This fact suggests that
electrolysis is not the main process responsible for the flow of current in the system.

It is obvious that the occurrence of EMF and the appearance of stationary current in the -
Al — Al,O, —electrolyte system occur in this way. Positively charged ions coming from the

electrolyte lead to charging as a result of adsorption of the surface of the oxide film adjacent
to the electrolyte. Negatively charged ions ensure the arrival of electrons to the film, which
then diffuse to the aluminum electrode, as a result of which it acquires a negative potential.
The neutral radicals formed at the same time leave the surface of the film, enabling the entry
of other ions to it, which ensures the stationary nature of the current flow when the circuit is
closed due to the resistance of the load. The recombination of ions coming from the
electrolyte to the surface of the oxide film leads to the appearance of luminescence, the
intensity of which also depends significantly on the concentration of certain substances in the
electrolyte [6].
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The value of EMF arising in the Al — Al,O, —- electrolyte system is the same as in the Al-

Al203- SnO; structures located in the atmosphere of water vapor, however, their internal
resistance is different, and therefore the currents that can be removed during the operation of
such structures on an order of magnitude higher than for Al-Al;O3- SnO, structures. It was

found that the specific capacity is 200300 44/ kg , the specific energy is 10 Wh/dm?®.

5 DISCUSSION OF THE RESULTS OF THE STUDY

The systems considered by us can obviously be used as primary elements of current
sources. Since the magnitude of the current depends significantly on the nature of the
electrolyte, aluminum oxide films have sensory properties and can be used to determine the
concentration of certain substances in the electrolyte. Also, these films can be used to create
sensors in aqueous solutions of some inorganic substances.

For the practical use of current sources, it is necessary that aluminum oxide films do not
break down during operation, that is, they should be able to function for a long time. One of
the ways to improve these elements of current sources is to replace the aqueous electrolyte
with a chemically less active, non-aqueous electrolyte.

6 CONCLUSIONS

The results of studies of aluminum oxide films obtained by electrochemical oxidation of
aluminum foil are given. It was found that if the resulting Al — Al,O, —electrolyte system is

placed in an electrolyte solution, a potential difference occurs between the electrodes. The
total amount of electricity passed through the system and the amount of electricity passed due
to electrolysis was evaluated. It is shown that electrolysis is not the main process responsible
for current flow in the system. The mechanism of formation of EMF in the studied system is
proposed. An important possibility of creating primary elements of current sources has been
established. It is shown that the Al — Al,O, —electrolyte system can be used to determine the

concentration of certain substances in the electrolyte. The resulting aluminum oxide films can
be used to create sensors for agueous solutions of some inorganic substances.
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V]IK 531

BI1JIUB MTOB3YUOCTI TA CTAPIHHSA HA CTIAKICTb
CTPU/KHIB

Bekiposa M. M.

Y00ecvra oepacasna axademis 6ydisnuymea ma apximexmypu

AHoTauisi: Bupimyerscst 3ama4a a1t OTHOPITHUX Ta HEOAHOPIAHUX CTPUXKHIB TP OMHCI KPUBUX
MOB3y4OCTi (DYHKIISIMA JOCHTH 3arajbHOr0 BUTIsAYy. [IpHiiHATO, 1IO TPaHWYHI YMOBH IOCTiHHI Y
BCHOMY ITPOMIKKY Hacy.

Posrnsimaerbess THyUKHi 3a1i300€TOHHUN CTPHXKEHBb 3 MOCTIHHUM TIONEPEYHUM MEpepizoM, IO
Mae JiBi oci cHMerpii. ApMyBaHHSI CHMETpUYHE, CTPHXKEHb CTUCHYTHH TOCTIHHOIO Yy Yaci CHJIOH0.
BBakaeTbcsl, MO HEJOCKOHANICTh y BHIVISAJI IMOYATKOBOTO BHKPHUBIIEHHS a00 EKCIEHTPHCUTETY
MPHU3BOAUTH JI0 BUTHHAHHS CTPYDKHS Y HANIPSMKY OHI€T oci.

OtpumaHo iHTErpo-audepeHIiatbHe PiBHIHHS, SIKE MOXXe OyTH BHUKOPUCTaHE TPH PO3TISLII
CTPHIXKHIB TIAPHIPHO-OMEpTUX Mo KiHsX. [licns moaBiiiHOro audepeHIifoBaHHS 1Ie PIBHSHHS CTa€
MPHIATHUM JUTS BUPINICHHS 33124 3 OyJb-SKOI0 YMOBOIO ONMUpPaHHS. Y TIOYaTKOBHH MOMEHT 4Yacy
iHTerpo-audepeHIliagbHe PIBHSHHS TIEPETBOPIOETHCS HA BifjloMe NUQepeHIianbHe PIBHSIHHS MPYKHO
MUTTEBOI 3371a4i.

3a mojaHHS MIpW TMOB3YYOCTi y BUTIISAL PSy THITY, 3amporioHoBaHoro ApytioHsHoM H.X.,
iHTerpo-audepeHIlianbHe PIBHIHHS 3BOJUTHCS 10 JU(epeHIiabHOro piBHAHHS CHOMOI'O TIOPSIKY 3
YaCTUHHUMH [TOX1THUMH.

Js CIPIKHIB K 3 IIOYaTKOBUM BHMKDUBIIEHHSM, TaK 1 3 IIO3aLlEHTPOBO HPUKIIAJECHUM
HaBaHTAKCHHSM OTPUMYBAJIOCS aOCOIFOTHO OHAKOBE PIBHAHHA. AJle 1€ HE O3HAYa€, M0 U PO3B’I3KH
OyIyTh OMHAKOBUMH, OCKIIBKH JUIS IIUX TBOX BHITAIKIB BIAPIZHIAIOTHCS SK TPAHWYHI, TaK 1 MOYaTKOBI
YMOBH.

Otpumane nudepeHItiaabHe PIBHIHHS - TI€ PIBHIHHS PyXy CTPHXKHSA. J[oCTIDKYIOUH 11 PIBHSIHHS
MOXXHa BCTAHOBUTHU TEHAEHII] B PO3BUTKY IIEPEMIIIECHb 3aJI€KHO BiJl BEIMUYMHU CTUCKAIOYO] CUIIH.

IIpu TpuBasioMy BIUIMBI HAaBaHTa)KEHHS KPUTHYHOKO CIIiJ BBAXKaTH CUJLYy, sIKA IPU daci, IO
MpSIMYy€ /10 HECKIHUEHHOCTI, BUKJIMKAE IMIBUIKICTh MEPEMIIleHb CTPHKHSI, MO0 MPSIMYE A0 CTajoi
BETMUMHHU, a caMi TEPEMIIEHHS - 10 HECKIHUYEHHOCTI. BHU3HaUYeHI XapaKTepUCTHUKHA TEPEMIITICHb
CrpaBeUIMBl Uil OyAb-sIKOIO Iepepi3y CTPIIKHSA B3JOBXK HOro MOBXKHHHU. TakuM UYHMHOM MOXKHA
BHU3HAYNTH BEINYMHY KPUTUYHOI CHUIM B YMOBaX MOB3Y4OCTI.

Dopmynu A PO3PAXyHKY KPUTHYHMX CHJI CHpPaBEUIMBI JUIA CTPUXKHIB 3 PI3HMMH yYMOBaMHU
onupanHs. JlochaiKyloud OTpuMaHe pIBHSAHHS, MOXKHAa BCTAHOBUTH TEHAEHLII y PO3BUTKY
TIEPEMIITIeHb 3aJIeKHO Bil BETMYNHN CTHCKAOYO] CHIIH.

KuarouoBi ciioBa: CTiliKiCTh, CTpIIKEHB, IOYAaTKOBAa HEIOCKOHAIICTh, ITOB3YUICTh JIiHIWMHA,
MOB3YyYiCTh HENiHIIHA, KDUTHYHA CUJIA, TIepEeMIIeHHS.

INFLUENCE OF DENSITY AND AGING ON ROD STRENGTH

M. Bekiroval
!0desa State Academy of Civil Engineering and Architecture

Abstract: The problem is solved for homogeneous and inhomogeneous rods when describing
creep curves by functions of a rather general form. It is assumed that the boundary conditions are
constant throughout the time interval.

A flexible reinforced concrete rod with a constant cross-section and two axes of symmetry is
considered. The reinforcement is symmetrical, the rod is compressed by a constant force in time. It is
assumed that an imperfection in the form of an initial curvature or eccentricity leads to bending of the
rod in the direction of one axis.
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An integro-differential equation is obtained that can be used when considering rods hingedly
supported at the ends. After double differentiation, this equation becomes suitable for solving
problems with any resistance condition. At the initial moment of time, the integro-differential equation
transforms into the well-known differential equation of the elastic instantaneous problem.

By representing the creep measure in the form of a series of the type proposed by N.H.
Arutyunyan, the integro-differential equation is reduced to a seventh-order differential equation with
partial derivatives.

For rods with both initial curvature and eccentrically applied load, the exact same equation was
obtained. But this does not mean that the solutions will be the same, since both the boundary and
initial conditions are different for these two cases.

The resulting differential equation is the equation of motion of the rod. By studying this equation,
it is possible to establish trends in the development of displacements depending on the magnitude of
the compressive force.

With prolonged exposure to the load, the critical force should be considered to be the force that,
with time tending to infinity, causes the velocity of the rod's movements to approach a constant value,
and the movements themselves to approach infinity. The determined displacement characteristics are
valid for any cross-section of the rod along its length. Thus, it is possible to determine the magnitude
of the critical force under creep conditions.

The formulas for calculating critical forces are valid for rods with different resistance conditions.
By studying the obtained equation, it is possible to establish trends in the development of
displacements depending on the magnitude of the compressive force.

Keywords: stability, rod, initial imperfection, eccentricity, linear creep, non-linear creep, critical
force, crack, critical displacement.
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1 BCTYI

VY nocnimkeHHsX 3 OyAiBeIbHOT MEXaHIKM MUTAHHS CTIMKOCTI 3aiiMalOTh BAXKIIUBE MiCIIE.
[Ipu nedopmyBaHHI CTHCIMX 1 CTHUCIO-BUTHYTHUX CTPIDKHIB piBHOBara MK 30BHIIIHIM
HABaHTAXXEHHSM 1 BHYTPINIHIMHU 3yCHJUIAMH MO>Ke OyTH CTiliKoto abo HecTiiikoro. B mepmomy
BUIAJIKY CTPUKEHb, BIIXWICHUH BiJ MOJIOKEHHSI PIBHOBAru Ha JOCTATHBO Mally BEIUYHHY,
MICJIl YCYHEHHS NMPUYMHY, [0 BUKIMKANA BIIXWJICHHS, NMOBEPTAETHCS B MOYATKOBUI CTaH
piBHOBaru. B npyromy BUMaaKy BiIXWJICHHS MICIS YCYHEHHs IPUYHMHU, IO HOTO BHKIIMKANIA,
HE 3HUKae, a, HaBMaKW, 3pocTtae. HaBaHTaXeHHS, NpPU TEPEBUIICHHI SKOTO HAaBiTh Ha
HECKIHYEHHO Majy BeJIMYMHY, BHUHUKA€ BTpaTa CTIMKOCTI JaHOro BUAYy Aedopmarlii,
HazuBaeTbcsd KpUTHUYHUM. [lopyiieHHs CTIHKOCTI Tina, fike AePOpMyeThCs, MPH SKOMY
NepBUHHA AegopMallisl MepexoJnuTh B IHIIMM, SKICHO HOBUH BMJ Jedopmallii, € BTPaTOO
cTiikocti mepmoro ponxy. llopymieHHst cTiikocTi Tina, sike aeQOPMYEThCS, NMPU SKOMY
NepBUHHA AedopMallis He NepexXoauTh B IHIIUN BUJ AedopMallii, a TOYUHAE 3pOCTATU NPH
MOCTIHHOMY HaBaHTa)KEHHI, a00, HaBITh, MPYU HABAHTAXEHHI, K€ 3MEHIIYEThCS, € BTPATOIO
CTIMKOCT1 Jpyroro poxy. Hampukian, BTparta CTIMKOCTI MEPIIOTO POAY XapaKTepHA s
LEHTPAJIBHO-CTUCHYTOTO MPYKHOTO CTPHXHS, BTpaTa CTIHKOCTI IPYroro poay — i CTUCIIO-
BUTHYTOTO CTPUXKHS, SIKUM Ma€e OYaTKOB1 HEJOCKOHAJIOCTI.

2 AHAJII3 JITEPATYPHUX JAHUX TA TIOCTAHOBKA ITPOBJIEMH

[lepmie TeopeTnuHe po3B'A3aHHS 337adyl MPO CTIMKICTE MPYKHOTO LEHTPaJIbHO-
CTUCHYTOTO CTpWXHs ojaepxkaHo B 1744 pomi Jleonapmom Eitnepom [3]. Lle poss'szanHs
HaBEJIECHO B YHCIICHHIN JIiTepaTypi 3 CTIMKOCTI CTPHIKHIB, 3 SIKOT 0COOIMBO Bia3Hauumo [5-6].
Ane BumpoOyBaHHS TMOKa3aId, IO 1€ PIIIEHHS HE MOXKHA 3aCTOCYBaTH JUIsl pealbHHUX
CTPWDKHIB, IO TIOB’S3aHO 3 HEMHUHYYIMH BHKPHBJICHHSIMU OCI €JIeMEHTa Yy Tpoleci
BUTOTOBJICHHSI 1 TPAHCIIOPTYBAHHS Ta HEJOCKOHAIOCTSAMHU LIEHTPOBKH B Mpolieci MOHTaxy. B
3B’SI3KY 3 MM OyJW OTpHUMAaHI Pi3HI PIMICHHS I CTPYOKHS I JI€I0 OChOBOT CTHCKAIOYO1
CWJIM, sSIKa TMPUKJIAJIeHa 3 eKCIeHTpucuTeToM. [6]. OmHa 3 mepmux myOurikaiiid, B sKii OyB
JOCIIIJDKEHUH BIUTMB MMOYATKOBUX HEJIOCKOHAJIOCTEH Ha CTIMKICTh, € MOHOTpadis PxaninuHa
O. P. [1]. TlouaTkoBi reoMeTpu4Hi HEIOCKOHAJIOCTI HAWOUIBII CYTTEBO BIUIMBAIOTh Ha
CTIMKICTh TOHKOCTIHHUX €JIEMEHTIB BiAKpHUTOTO repepidy [7]. Y crarti [8] npu omuci popmu
MOYAaTKOBUX  HEJIOCKOHAJIOCTe  BUKOPHUCTOBYIOTH  IOJIHOM  YETBEPTOTO  CTEIEHIO.
0. M. PabotnoB [10] Ta C. A. IllecrepikoB [11, 12] 3ampomoHyBaau HOBHM Mimxig —
3B’SI3QJIM MMUTAHHS CTIHKOCTI MPU MOB3YYOCTI 3 KJIACUYHUM BU3HAUYECHHSM CTiMKOCTi. B3sBim
3a OCHOBY 3aKOH 3MII[HEHHS, BOHM IPOBEIM HOTO JIIHEapU3allilo 3 ypaxXyBaHHIM He0ararbox
MPOTUHIB, a TOTIM BHUKOHAJIM aHalli3 pyXy CTPWXKHS mpu 1aii 30ypeHb. He moxHa He
Bi3HAYUTH poOoTH BYeHnX Opecbkoi mIKoiM Teopii moB3ydocti Ha dyomi 3 L.E.
[TpoxonoBuuem [13-15]. Yci poGoTH, y SIKUX PO3TISAAIOTHCS MUTAHHS CTIHKOCTI CTPUKHIB 3
ypaxyBaHHSIM TOB3y4OCTi, MOXHa po30UTH Ha JBa HampsaMKd. [Ipu mepuiomy, KIaCHYHOMY
MiAXO1 NMPHUMYCKAIOTh ICHYBAaHHS 3MIHM CTIMKHX 3MIH PIBHOBArd — IIICISA HPOXOKEHHS
JeSKOTr0 Yacy, 10 Ha3UBAa€ThCS KPUTUYHUM, BiOYBa€ThCs Mepexia MpsMoiiHiiHOI hopMu B
BUKpHUBIIEHY. BBakaeTbcs, 110 MpolEeC MOB3y4OCTI B CTPHKHI Bel€ /0 3MEHILIEHHs Horo
KOPCTKOCTI, BHACIIIZIOK YOTO Bi1I0YBa€ThCs BTpaTa CTIAKOCTI.

3 HIJb TA 3AJAYI JOCJIUKEHHS

MeTo1o AaHOTO JOCHI/KEHHS € OTPUMaHHS (GOPMYII Ul 3HAXOPKEHHS KPUTUYHUX CUJI
Ipu TpUBaNii Nii HaBaHTaXeHHS, GOpMy Ui OTPUMAaHHS NepeMillleHb (BUTHHIB) B Oy/b-
KM MOMEHT 4acy, BUpa3iB JJIsl BU3HAUEHHS HAIIPYKEHOTO CTaHy.
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4 PE3YJIBTATHU JOCJITKXEHb

VY po3paxyHKax Ha CTIHKICTp OpU TPUBAJIOMY BIUIMBI HABaHTAXXEHb HEOOXiTHO
BU3HAYATU CHJIY, 32 SKUX IIBUIKICTh NEpEMIllleHb MOHOTOHHO 3aryxa€. Po3B’s13aHHs 3a/1a4i B
Takii MOCTAHOBII € MPHUHATHUM JIi CHUCTEM, PO3BHTOK IE€PEMIIeHh SKHX Yy 4Yaci
MIPU3BOIUTH JI0 3MIHM HAIMIPYKEHOTO cTaHy. L{s yMoBa JiIsl CTHCHYTOTO CTPH)KHSI BUKOHYETBCS
3a HasBHOCTI MMOYAaTKOBUX HEIOCKOHAIOCTEHN (TI03alleHTPOBE MPUKJIIAIaHH CTUCKAIBHOT CHIIH,
MOYATKOBA BUKPHUBIICHICTH TOMIO).

Po3p’s3aHHs  3amadi  mpo  CTIMKICTH  OJHOPIAHMX 1 HEOAHOPITHHX  (30Kpema
3aJ1i300€TOHHUX) CTPHKHIB BUKOHAHO 32 MPUITYHICHHAM JIHIHHOT OB3Y4YOCTi 1 BiICYTHOCTI
TPIILIKH.

3a3BUyail MpW BHUBYEHHI BIUIMBY IIOB3YYOCTI Ha CTIMKICTb CTUCHYTUX CTPHIKHIB
PO3IIIAJal0Th CTPHUIKHI, HIAPHIPHO 3aKPIIJIEH] Ha KIHLAX, MIpa IOB3y4ocTi Matepiany C(t,z)
OMHCYETbCA HAWMPOCTIIUMU  (YHKIISIMU, 110 JO3BOJIAIOTH PO3B’SA3yBaTH BIANOBIAHI1
IHTErpaJibH1 PIBHSHHS B aHAIITUYHOMY BUIJISIL, ajieé HE 3aBXKIU JOCTaTHHO IIOBHO OIMUCYIOThH
€KCIIEpUMEHTaNIbHI KPUB1 OB3y4OCTI [13].

VY craTTi Taky 3aja4y po3B’SA3aHO JUISl OTHOPIAHUX 1 HEOAHOPIAHUX CTPUXKHIB MPU OMUCI
KpPUBHUX MOB3y4OCT1 (PYHKIIIMU TOCUTD 3arajbHOro BUrIsiay. [IpuitHATO, 10 TpaHU4HI YMOBHU
3aJIUIIAIOTHCS CTATUMU MPOTIATOM YChOTO PO3TJISTHYTOTO MPOMDKKY Hacy.

[IpuitHATO 3a7EXKHICTh

O'(t) 5(t 7) _ 1
“0=gy j = ~dr 87 =g +Ctn). )

PosrnsmaeTbcss THyYkHMid  3a71300€TOHHME CTPWKEHb 3 TOCTIMHUM  TOTIEPEUYHUM
nepepizoMm, 10 Mae ABi cUMeTpii Y u z. ApMmyBaHHsS cuMeTpuuHe. JloBKuHA CTpHKHS | .

CTpwKeHb CTUCHYTMH MOCTIMHOIO y 4aci cumoro F . Bakaerbcs, 1m0 HEZOCKOHANICTL Y
BUTJISAJI TIOYaTKOBOTO BUKPHBIEHHS a00 EKCEHTPUCHTETY MPHU3BOIUTH JO BUITUHAHHS
CTPUKHS y HAIPSIMKY OcCi Y . BUnuHanHs B HanmpsIMKy OC1 z BUKJIIOYA€THCS.

BukopucToByroun CIiBBiTHOIICHHS

1 _ &(x,1)—&,(x1)

px.D) h @
@[y -y, (9]
1 OX?
P | ay(x) (3)
oxz '

a TaKOXX PIBHSAHHSA pIBHOBard Ta 3alexHOCTI (1) oTpumaemo iHTErpo-audepeHiiaibHe
PIBHSIHHS MTOB3Y4YOCT1 OC1 CTPHIKHS

Lot )Gzy(x t) Vi) j{rE 82y(x 7)., F i )}85('[ D) 4,
T
) [1+ ES(tt,)] ;/;(x) (4)
—Yisé(t,to)

b

Tyr
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r =%, E(t) = E(t,) = E =Const,

A, - noma apmarypu,
|, - MomenT iHepuii GeTorHOT cKiagoBOT IEpEpizy,
h, - Bincrams Mix nenTpamu Baru mepepisy Ta apMarypu,

Yo(X) - mouarkosuit Hanpsam (BukpusneHHs),
S — EKCLCHTPHUCUTECT.
Bepxni Bupasu B (3) 1 (4) cTOCYIOTbCS CTPUXKHS 3 BUKPUBJICHHSIM, @ HU)KHI CTOCYIOThCS

CTPUYHS 3 NO3allEHTPOBUM HABAHTAKEHHSIM.

VY HaBeneHOMY BUIJISIL IHTETpoO-audepeHiiaabHe piBHAHHS (4) MOXE BUKOPUCTOBYBATHUCS
IIpY pO3IJIJaHH] CTPUKHIB, HIAPHIPHO OMEPTUX MO KIHIISIX.

[Ticnst moaBifiHOTO AMQEPEHIIIOBaHHS O X 1€ PIBHSAHHS CTa€ NPUIATHUM JJIsl BUPILICHHS
3ajad 3 Oy/b-sKOI0 YMOBOIO CIIUPAHHS.

4 2 t 4 2
a+06WyL%Fayqo_jmay%ﬂ+56w§ﬂéﬁ&ﬂ:
OX El, ox OX I, ox or

c

%U) (5)

[1+rES(t )] —5—=

0

Opu =1, inrerpo-mudepenmiansie piBusHEs (5) EPETBOPIOETbCS HA  BigoMe
mudepeHItiagbHe PIBHAHHS NPY)KHO MUTTEBOT 3a/1a4i. [6]

3a momaHHA Mipu moB3ydocTi C(t,z) y BUINISIAL pAny Tumy, 3ampornoHoBaHoro H. X.
ApyTioHsiHOM [16],

Ct) =30 (1-e 7],
a®i (T) )
or

(6)
<0, 6, (r)|

t—oo

i mpuitnstoro K =27, iarerpo-mudepennianeue piBHAHHA  (5)  3BOAUTBCA 10
nudepeHIiaTbHOTO PIBHSHHSI CBOMOTO TIOPSIIKY 3 YACTUHHUMHM MOXTHUMHU

o y(x,1) o° (x t) °y(x, t)
oK’ atox’ -
+B®§ﬂﬂ)80ﬁwwo Bmyw“)o.

B, (t) —2—~ Bm +B,() ————~

Bl (t), Bz (t), vy Be (t) - ¢yHKIii t, nos’szani 3 BimomMumu (YHKITISIMH Ta CTaJMIMH, 10 BXOIATH Y

(5), BKIIIOYAIOUN BENMUMHY CTHCKANBHOI cumn F

JUis CTpUXKHIB K 3 MOYATKOBMM BHMKPUBJICHHSM, TaK 1 3 MO3allEHTPOBO MNPHUKIAJEHUM
HaBaHTAXEHHSM OTPUMYBAIOCs aOCOIIOTHO OJHaKOBE PiBHAHHA (7). AJe 1ie He 03Hayae, 110
i po3B’s3ku OyAyTh OJHAKOBMMH, OCKUIBKH I IIMX JBOX BHIIAJKIB BIAPIZHAIOTHCS SIK
I'paHUYHI, TaK 1 TOYaTKOBI YMOBH.

Hudepenuianbae piBHSIHHA (7) - e piBHAHHS pyxy cTprkHA. [ocmimpkyroun (7), MOXKHA
BCTAaHOBUTHU TEHJEHIII B PO3BUTKY MEpEeMIll[eHb 3aJIe)KHO BiJ] BEIMYUHU CTUCKAIOYOi CHIIH.
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SIkmo nepemimenns nmpu { —> 00 mpAMYrOTH 10 KiHIEBOT BEJIMYMHHM, TO CTaH CTPYIKHS CIIif
BBQ)KATHU CTIMKHM, 1 HABIIAKH - SKIIO Hi, TO CTAH CTPUKHS € HECTIMKIM.

[Ipu TpUBaIOMY BILUIMBI HABAHTAKEHHs KPUTHYHOKO CIIijl BBAKATH CHUIY, sKa npu [ —> 00
BUKJIIMKAE MIBUJAKICTh TMEPEMINICHb CTPUXKHS, IO MPsMye 1O CTajnoi BEIMYMHH, a cami
MepeMIIIeHHs 10 HECKIHYEHHOCTI.

VYpaxoByroun 1€, a TaKoX Te, M0 TNPUIHATI B HaBEIECHOMY BHUIIEC BH3HAYCHI
XapaKTePUCTHUKH TEPEMIIIEHb CIIPaBeUINBI sl Oy/b-sIKOTO MEpepi3y CTPHIKHS B3IOBXK HOTO
JOB)XMHH, MOXXHA BU3HAYUTH BEIWYMHY KPUTHYHOI CHJIM B YMOBAxX IMOB3YYOCTi, BUXOAAYH 3

YMOB

y(Xx,t) > oo, Y — Const,
2 a (®)
0 éﬁ)z(’t) —0, 0 )g(t)s(’t) —0,
a TaKoX

Aa(t) = 1172 [1+r(1+c)], A&s(t) _)7172(1‘*‘(3)5,

6

ne C= E(Cl +C2) - TpaHUYHA XapaKTepUCTHKa HECTapito4oi, MOBHICTIO 3BOPOTHOI YaCTUHU

nedopmariii TOB3y4oCTi.
3a BUKOHaHHS YMOB (8) 3 piBHsSHHS (7) MOXHA OTpuUMaTH nudepeHIliaJbHe PIBHSIHHS B
3BAYAMHUX ITOXITHUX

d4y(x,t)+F 1+c dzy(x,t):O'
dx* El, 1+r(l+c) dt’

(9)

I3 po3p’s3ky piBHSIHHA (9), BpaxoByOUH, O NPH t —> 0o y(X,t) —> co, 3aBXKAU MOXKHA OTPUMATH
KPUTHYHI CHITH ITPH TPUBAJIOMY BIUIHBI HABAHTaKCHHI.

1)
S (B L) (10

ne Fmp - KpWUTHYHA CWJIa TpW TPHUBAJIA [il HaBaHTaXEHHA, ka - KpUTHYHA CHJa TpHU

KOPOTKOYACHi Jii HaBaHTa)KEeHHS, FE - EilnepoBa cuia a1 HeapMOBaHOI'O CTPHKHS.

ko cTpuwxeHb oqHopiaHuM, T0 =0,

3anexxnocti (10) copaBemmuBi A CTPUXKHIB 3 PIBHUMU YMOBAaMH OINMUpPaHHS. AHaii3
iHTerpo-audepeHuianbHoro piBHIHHSA (9) nokasye, mo Gopmynu (10) cnpaBeminBi He JUIe
npu K =2 vy pani (6), ane i npu Oyap-sKiii KUILKOCTI WIEHIB [BOrO psay. Y 3arajbHOMY
BUIAJIKY

cC= Eiik:Ci _
i=1

5 OBI'OBOPEHHA PE3VYJIBTATIB JOCJIIKEHHSA

B pesynbTari nocnimkeHas Oynu oTpuMani GopMynu Ui 3HAXOKEHHS KPUTUYHUX CHUIT
Ipu TpUBaNii Aii HaBaHTAXEHHsS 1 GOPMYNIM Ui MiApaxyBaHHS NepeMillleHb y Oylb-saKkuii
MOMEHT 4Yacy. 3ajaya Oyna pos3B'a3aHa JUIs OJHOPIAHMX Ta HEOJHOPIIHMX CTPHXKHIB NPHU
OMHUCI KPUBHUX MOB3YYOCT1 (PYHKIIISIMH JOCTaTHBO 3arajbHOTO BUIIIALY. B Takiii mocraHoBi
Oy0 OTpuUMaHO IHTErpo-AudepeHLianbHe PIBHAHHSA MOB3Y4OCTI OCi CcTpuxkHS (4), ske
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CTOCYETbCS CTPIDKHIB 3 BHUKPHBICHHSIM OCi, a TakKOXX CTPWXKHIB 3 IO3aIlEHTPOBUM
HAaBAaHTAKEHHSIM. Y HaBEJCHOMY BHIJISII IHTErpo-nudepeHIiajbHe pPIBHAHHSA MOXKE
BUKOPHUCTOBYBATUCS TPU PO3IJISIAHHI CTPIIKHIB IIAPHIPHO-ONEpTUX 1O KiHmax. Ilicms
MOJIBIHHOTO MU(EPEeHIIIOBaHHS M0 X 1€ PIBHSHHS CTa€ MPUIATHUM JUIS BUPIIIEHHS 3373y 3
Oy/b-sK0I0 yMOBOIO omnupaHHs (5). SIKmo 3poOUTH JesiKi 3MiHH, IHTETpO-auQepeHIiatbHe
piBHSHHS (5) 3BOAMTHCS N0 AUGEPEHIIaTbHOTO PIBHAHHS CHOMOTO TMOPSAIKY 3 YaCTHHHUMHU
noximaumu (7). Takum uYmHOM OyJa0 OTPUMAaHO pIBHSAHHA pyXy cTpwxkHs. [lpu ioro
JOCTIDKEHHI MO)KHAa BCTQHOBHUTH TEHJEHIII B PO3BUTKY IEPEMIIICHb B 3aJISKHOCTI BiX
BEJIMYMHHM CTUCKAIOYOl CHUJIM 1 OTPUMATH KPUTUYHY CHIY, SIKA 3QJIC)KHUTh BiJ MIBHIKOCTI
nepeMimensb. Y pe3ylnbTaTi JAOCHiIpKeHHS Oynmu onep:kaHi (GopMmynu, 3a JOTMOMOTOI0 SKHX
MOXXHA 3HAWTH SK MEpeMILEHHS, TaK 1 KPUTUYHI CWJIM 3a Oydb-SKMX yYMOB ONUPAHHA 1
MTOYATKOBHX HEJIOCKOHAJIOCTSIX.

6 BUCHOBKH

3 yChOTO CKa3aHOT0 OYEBHIHO, 110 OTPUMaHI BUCHOBKH € 3araJIbHUMH, 1 KPUTHYHA CHJIa
NPy TPUBAJIOMY BIUIMBI HaBaHTAXCHHS 3aJI©KUTh TUIBKM Bl HECTApilO40i YaCTUHU
negopmaniii mo3zydocti. OcCTaHHE MOB’SI3aHO 3 YMOBHICTIO MPUHHATOTO (HOPMYIIOBAHHS
MOHATTA KPUTUYHOI CWJIM, BIAMOBITHO JO SKOTO BEIMYMHA IIi€1 CHJIM BU3HAYAETHCS 3a
XapaKTEepPOM pPyXy CTpwKHS TIpu t—>o0o0, TOOTO KOJMM 3aBEPUIUTHCA TMPOIEC CTAPIHHSI
Marepiary.

3po3ymino, mo dopmymu (10) H03BONSAIOTH MEPEBIPATH TUIBKH CTIHKICTh CTPHUKHIB.
MiIHICTh CTPWXHIB, HABITH TPH P<Pnp(P<Pkp), MOBMHHA TIEPEBIPATHCS TOJAATKOBO, 3

ypaxyBaHHSIM PO3BUTKY MEPEMIIICHb y Yaci.
7 ETWYHI JEKJIAPALIL

ABTOp HE Mae BIiNOBITHUX (iHAHCOBUX YW HEPIHAHCOBUX IHTEpECIB, SKI CIIIJT
PO3KpHBaTH.
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YK 629.735.03:656.7

MMPOBJIEMU EKCILTYATALII AEPOCUCTEM

Kpapuenko O. B.}, Onnmenxko O. C.}
YQo0ecvra oepacasna axademis Hydisnuymea i apximexmypu

AHorauis: Haseneno anaii3 BapiaHTIB NPOEKTYBaHHsS aepOCHUCTEM Ui PyXy HOBIiTpsi abo
JMMOBHX Ta3iB €HEPreTHYHUX MIANPHEMCTB Ta KOPEKTHOCTI BUOOPY BEHTWIIATOPIB, a00 TUMOCOCIB.
HocnikeHHsT BHKOHAHO MJIS KUTBKOX BapiaHTIB TOZadi MOBITPS y JABOX THMAaX KOTEIEeHb 3
OJITHAKOBOIO TEIUIOBOIO IOTYXKHICTIO. AHAI3 SIKOCTI TMPOEKTYBAaHHS aepOCHUCTEM ChOTOMHI
BUKOHYETHCS 3 BHKOPUCTAaHHSM JHIle KoedimieHTa e(QeKTHBHOCTI OCHOBHHX €IIEMEHTIB —
BEHTHJISTOPIB UM JMMOCOCIB.

BusiBneHo mpoTupiuds Ta HEMONIKM SIK TPOEKTYBaHHS, TaK 1 eKCIUTyaTallii CHUCTEeM Iojadi
MOBITPS TPU BUKOPHUCTaHHI JUIs ONTUMIi3alii BHOOPY BEHTWISATOPIB KoedilieHTa edeKTHBHOCTI
Mo K OCHOBHOTO KPUTEPiIO NPABUIILHOCTI NPOEKTYBaHHs aepocucTeM. Hemponopuiiino Benuke

30UTBIIEHHS] BUTPAT €HEpril Ha MpPUBIJ BEHTHJISATOPIB MpPU TEPEBEACHHI BEHTHIISITOPIB Ha BEIHKY
IBUAKICTh 00EpPTaHHS 3 TMOPIBHSAHO MaydM 30UIBIICHHSIM II0[adi BXOIUTh y CYIEPEUHICTh
30epeKeHHs BHCOKHX 3HaueHb €()eKTUBHOCT BEHTHIISITOPIB.

[Nokazano, o 30UTBIIEHHS TO/Ia4i BEHTHIISATOPA 32 paXyHOK 3MEHIIEHHS OMOPIB y CUCTEMI Ja€e
CYTTEBE 3MEHIICHHS BHUTPAT ENEKTPOCHEPTii, alie NPHU3BOJUTH JO CYNEPEewIMBOIO 3HHKEHHS
koedimieHTa edekTHBHOCTI. NS YCYHEHHS TpPOTHPIY BUKOPHCTAHHs JUIIE KoedilieHTa
eeKTUBHOCTI K KPUTEPII0 ONTHUMAIBHOCTI MPOSKTYBaHHS 3alPOIIOHOBAHO BAapIaHT IOJNIMIIEHHS
rmapamerpiB poOOTH a€pOCHCTEM 3a PaxXyHOK 3HH)KEHHS OIOPIB IIPU PYCI MOBITPst a00 rasis.

3ampoIrtoHOBaHO BHKOPHCTOBYBATH IOHATTS «IWHAMI3M» y BITHOCHIM (opMi sk oOepHEHA
BETMYMHA CYMapHOTO OIOpY B eleMeHTax aepocucTeM. CIiTbHE BHUKOPHCTaHHS BiTHOCHOTO
KoedillieHTa TUHAMI3MYy 13 TIOPIBHSHHHUM BITHOCHUM KOE(IIiEHTOM «e(DEKTHBHICTB» 3a0€3MMeUnTh
CHUCTEMHUH aHai3 SKOCTI MPOEKTYBaHHs aepocrucTeM. J[OMiTbHO TaKOX 3aCTOCyBaHHS KoedillieHTa

IIMTOMHX BUTPAT €HEPrii Ha IPHUBIJ BEHTUIATOPIB 4 JUMOCOCIB K, sIKHMil MOKHA PO3IIIANATH SIK

CTUMYIIOIOUNH YMHHWK 3HIKEHHS BUTPAT €Heprii Ha BIAacHI MOTPeOH IiIITPHEMCTB.

KuarouoBi cioBa: aepocrcrema, BEHTHISTOP, MOTYXHICTh, €PEKTHBHICTh, OMOPH, BUTPATH
SIICKTPUYHOI eHeprii Ha BIaCHI OTPeOH.

PROBLEMS OF AEROSYSTEM OPERATION

0. Kravchenko!, O. Onishchenko?
'0desa State Academy of Civil Engineering and Architecture

Abstract: An analysis of design options for air systems for the movement of air or flue gases of
energy enterprises and the correctness of the choice of fans or smoke exhausters is presented. The
study was performed for several options for air supply in two types of boiler houses with the same
thermal power. Analysis of the quality of air system design is currently performed using only the
efficiency coefficient of the main elements - fans or smoke exhausters.

Contradictions and shortcomings of both the design and operation of air supply systems when

using the efficiency coefficient 7 as the main criterion for the correctness of the design of air

systems to optimize the choice of fans are revealed. A disproportionately large increase in energy
consumption for driving fans when switching fans to a high rotation speed with a relatively small
increase in supply is a contradiction in maintaining high fan efficiency values.

It is shown that increasing the fan supply by reducing resistance in the system gives a
significant reduction in electricity consumption, but leads to a contradictory decrease in the
efficiency coefficient. To eliminate the contradictions of using only the efficiency coefficient as a
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criterion for optimal design, a variant of improving the parameters of the operation of aerosystems
by reducing resistance to the movement of air or gases is proposed.

It is proposed to use the concept of "dynamism" in a relative form as the inverse of the total
resistance in the elements of aerosystems. The joint use of the relative dynamism coefficient with a
comparable relative "efficiency"” coefficient will provide a systematic analysis of the quality of the
design of aerosystems. It is also advisable to use the coefficient of specific energy consumption for

the drive of fans or smoke exhausters k, , which can be considered as a stimulating factor for
reducing energy consumption for the own needs of enterprises.

Keywords: aerosystem, fan, power, efficiency, supports, electricity consumption for own
needs.
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1 BCTYIl

Pyx moBitpss abo ra3iB € OCHOBHHUM a00 0a30BMM HpOLECOM 0araTboX Cy4acHHX
texnonorii. Ile aepocucremu (AC) BEHTHIIALIT Ta OXOJIOKEHHS OYy/iBENb, TEXHOJOTIUHE
OXOJIO/DKEHHSI KOMITTOTEpIB, a TAaKOK BEJIWKI CHCTEMH TOAa4l MOBITPS HAa €HEPreTUYHHUX,
METaypriiHUX Ta IHIIUX MiJIPUEMCTBAX.

Po3poOky mpoekriB Ha OymaiBHHITBO AC 3a3BMYail BUKOHYIOTH MPOEKTHI Tpymu 3a
CIelialbHUMU ~ METOJMKaMH: CTaHaapramMu a0o TpaBWJIaMd MpoeKTyBaHHs [1-7].
Cranga ptu CLIA Tta €Bpomneicbkoro coro3y BHU3HAYAIOTh ACHEKTH IPOEKTYBaHHS Ta
PO3pOOKH, KOHCTPYKTHUBHOTO BHKOHAHHS, METOJIIB ONTHMI3aIlil poOOTH Ha OCHOBI BIIOMUX
MOJIEJIe, 110 OMNHUCYIOTh 3aKOHM pPyXy pIOIUH 1 Ta3iB. 3a3HadyeHi CTaHAapTh a00pe
y3roJUKylThed 3 '"mpaBuiaamu a0o BUMOramu Jjsi HpoekTyBaHHs aepocuctem” JJCTY
10616-90 [13], mo Oymu 3atBepmkeHi 1990 poky Ta BuximodeHi 3 yxutky 2001 poky.
Binomo Takoxx Oararo METOIMYHOI JiTepaTypu 3 MpHUKIaJaMUd TUIOBUX IPOEKTIB
TEXHOJIOTTYHUX TMPOLECIB, y SKAX BHKOPHCTOBYIOTHCS BEHTWJIATOPH Ta JUMOCOCH ISt
dbopmyBaHHS pyxy HOBITps abo razis [19-21].

2 AHAJII3 JIITEPATYPHUX JAHHUX TA IOCTAHOBKA NPOBJIEMHA

B ocranHi poku, 3 pO3BUTKOM KOMII'IOTEPHOI TEXHIKH, BEJIMKY yBary HpUIUISIOTH
MPOEKTYBAaHHIO 3 YHCEIBHHM MOJIEIIOBAHHSIM TPOIECiB. BBakaroTh, 10 KOMITTOTEpHE
MozentoBaHHsS AC 3HHXKYe BHUTpaTH Ha pPO3pOOKY MPOEKTIB, OCKUIBKM KOMIT'IOTEpHI
CUMYJISLIi BHUKOHYIOTHCS IIBUALIE, HDK (i3udHi BUnpoOyBaHHSA. BukopuctoByroun
piBasiHHST Hap'e-CTokca Ta iHIIT MaTeMaTHYHI MOJIEl JUHAMIKHA PiUH 1 Ta3iB, BUKOHYIOTh
MOJICTIOBaHHSI Ta BHUBYCHHSI TOTOKIB TOBITPS 1 PIMWH Yy CKIAQTHUX yMOBaX, sIKI BaKKO
BIITBOPUTH B JTAOOpAaTOpHUX yMOBax. Takl PIBHAHHS BHU3HA4YalOTh 00JIACTI TOMIOHOCTI
MPOIIECIB PYXY PIAMH 1Tra3iB, M0 € OCHOBOIO HAYKOBUX Ta IHKEHEPHUX JTOCITIHKEHD Y PI3HUX
cdepax 3aCTOCYBaHHS.

Tak, JIxeopain Typkepi Ta Oner Kucenmuunuk (School of Engineering, The University
of Warwick, Coventry) [8] mnparmoBamd Haja MOJNIMIIEHHAM AMHAMIYHUX MOJEJCH
BEHTUJISITOPIB 1 HACOCIB, IHTErPOBAHUX 3 ACHHXPOHHUMU JABUTYHAMH, 32 JOMOMOTIOIO OIL[IHKU
HelipoHHoi Mepexi. ['enpik JlaBpuu (ta iH.) (Faculty of Electrical Engineering, University of
Ljubljana) [9], 3anponionyBanu MmeTou po3pooseHHs 2D-kapT epeKTUBHOCTI IJIsi IBUTYHIB 1
HacoCIB 13 BUKOPHUCTAHHSIM IIOJIIHOMIadbHOI MIATOHKH TOBEpXHI. [HXkeHepu (akylabTeTy
[TiBHiuHO-KuTaiicekkoro yHiBepcutety enekrpoenepretuku (Kurait) [10] po3pobunu
KOMILJIEKCHY MOJIENb Ui aHalli3y Ta y3aralbHEeHHS (aKTHUYHUX MPOoOIieM, 10 BUHUKAIOTh Y
IIOJICHHUX BHUPOOHUYMX OMEpallisfiX, MOB'I3aHUX 3 €KCIUIyaTalli€l0 HAcOCIB 1 BEHTUIISTOPIB.
Onexcannp Craninos (ta iH.), (Technical University, Sofia) [11] po3rasHynu ocoGiuBOCTi,
MOB's13aH1 3 MPOTHO3YBAHHSM IapaMeTpiB Hacoca Mif 4yac poOOTH AK TypOiHM, Tak 1 Mig 4ac
pobdotu B cucremi. Koctumun B.C., Kypmsx I1.0. (Ivano Frankivsk National Technical
University of Oil and Gas) [12] Bu3Haumnm MoJellb MaricTpajibHOTO BiIIEHTPOBOTO Hacoca
JUIs TIepeKavyBaHHs HadTH, 1m0 Oyna BUKOHAHA Ha OCHOBI METOMY €JIeKTPOTiIPOANHAMIYHOT
aHaJIOT1i Ta MpU3HAUEHA JJISl PO3paXyHKy poOOUHX XapaKTEPUCTHK aepo Ta TiAPOMAIIIHH.

HesBaxkatroun Ha BHKOHaHy pOOOTy, € aKTyaJdbHOI TMOTpeba aHamizy mpobieM
MPOEKTYBAaHHS aepPOCHUCTEM, CIPUUYMHEHUX HEIOCKOHATICTIO MOJENel, KOJU pe3ylbTaTh
npoekTyBaHHs AC CyTT€BO BIIpI3HAIOTHCA Bl HEOOXIIHMX MOKA3HMKIB €KCIUTyaTarii, sKi
MO>KHA MTO3HAYUTH SIK podiemu ekcrmyataiii AC.

2.1. Ilpobaemu pobomu aepocucmem

Po3po6nieHHsT MpOEKTiB A1 MOHTaxy abo OyAiBHMIITBA TaKUX CHCTEM BUKOHYIOTbH
MPOEKTHI TPymH 3a pO3pOONIEHUMHU METOJWKaMU. B ocTaHHI JecATHIITTA Jeaani
OUEBUJHIIIOI CTae MOTpeda aHaui3y cepilo3HMX MpoOsieM eKcIulyaTauii aepocucteMm. Y
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Oarathox AC, M0 eKCILTyaTyIOThCS, TOJIOBHOIO MPOOJIIEMOI0 MOKHA KOHCTaTYBaTH ICTOTHY
BIIMIHHICTh pe3ynbTaTiB mpoekTyBaHHS AC Big HEOOXiTHMX MOKAa3HUKIB EKCIUTyaTallii.
MacoBuM siBuIeM B YKpaiHi € "0OMeXeHHs MOTY>KHOCTI KOTJIB TO AYTTIO", KOJIU Mojaya
MOBITPSI BEHTUJISITOPOM HEJIOCTaTHA Ui 3a0€3MeueHHs] MaKCUMaJIbHOT MOTY)KHOCT1 KOTIIB.
Excruryaranito xotiaiB 3 noTtyxHicTio Ha 20-50% wmeHmoro 3a mpoekTHy Bxe 50 pokiB B
VYkpaiHi MOKHA BBa)KaTH JIUBHUM, aJle OUYEBUIHUM (DAKTOM, SKHI KEPIBHUKU €HEPreTUIHHX
MIAMPHEMCTB MIOPOKY MiATBEPKYIOTH 3TiAHO 3 0dimiiiHOI0 MeToaukoro "llomoskeHHs mpo
Y3TOJKEHHS Ta 3aTBEPHKEHHS 0OMEXEHb BCTAHOBJICHOT €IEKTPHYHOI MOTYKHOCTI TETITIOBHX
enektpocranmiit. PJ[153-34.1-09.312-99"» [15].

PexxuMHI KapTH IBOX THITIB KOTIIIB 3 OJJHAKOBOIO TEIJIOBOIO MOTYxHicTI0 KBI'M-58 (3
onHuM BeHTuisitopoM BJ/IH-15) ta kotiin [ITBM-58 (12 nyrreoBux BeHTHIIATOpIB BIIl-14-
46 Ned) neMOHCTPYIOTh, IO TPUUUHOIO OOMEXEHBb MOTY>KHOCTI KOTJIIB O(DIllIHHO BBAXKAIOTH
HEJO0CTaTHIO N0J1a4y BEHTHJIATOPIB.

100% KoTnu KBIM-50 KoTenbHsi KOkHa-2 100% Kotnu MTBM-50 KotensHs H0sHa-1

80%
80%
60%
60%
40%
40%
20%
20%
0, .
0% 2 3
50 50

HaBaHTaxeHHs, %

HaBaHTaxeHHA, %

1 4 9
0% 1 | 2 3 4
= Macnopthe | 50 | | | 50 = MacnopThe 50 50 50 50
= MakcumansHe 36,71 36,85 37,26 36,51 = MakcumansHe | 33 31,14 26,89 I 33

=MinimansHe | 2252 | 2296 | 2185 | 19.95 u Mikimansne 1787 | 1668 1728 | 1815

Puc 1. Jlani pexxumuux kapt koriiisB KBI'M-58MBTt i [ITBM-58 y M. Oneca

O6umactp, 110 3a0apBieHa B 3€JCHUI KOJIp HA puc. 1, MOKa3HUKA MOTYKHOCTI KOTJIB,
XapakTepu3dye OOMEKEHHsI TOTY)KHOCTI 4Yepe3 HEIOCTaTHIO TMOoJa4yy BEHTHJISTOPIB.
HeoOximHo Bim3HauMTH 1€ KiTbKa MpoOJeM, sKi TMOB's3aHI 3 HEJOCTATHHOKO IOJAYEIO;
BHCOKI BUTPATH €HEPrii Ha MPUBIJ (EIEKTPOIBUTYH BEHTHJIATOPA), IMiJBUIIEHA BiOparmis 1
myM (BEHTHJISATOPH 1 TUMOCOCH TPAIiooTh 13 rymoM moHaz 100 [16).

Taki HeraTWBHI SIBUIIA B €HEPIeTHINl Ta MPOMHUCIOBOCTI, MOB'A3aHl 3 TEXHOJOTISIMHU
pyXy rasiB, MpHIMalOTh K HeMHUHYyYe. Ha jkanb, HEraTuBHI SBUIIA B aCPOCHCTEMax HE
MOB'SI3YIOTh 13 CYNEPEYHOCTSIMH MOJICJICH TIPEICTaBJICHHsT TporeciB. Xo4a JO0CBia
PEKOHCTPYKIIiH, 3 METOI 30UIbIICHHS MOJayi BEHTWISITOPIB, 3HIKCHHS ITyMy, BiOpartii,
30UTBIIIEHHST TEPMIHY eKCIUTyaTallii IMOBITPONPOBOIIB, MOKA3aB IUIAX J0 BIOCKOHAJICHHS
mozenerd AC, 0 MOXKYTh BUKOPHCTOBYBATHUCS JIJISl PEAIbHOTO OLIHIOBAHHS SIKOCTI pOOOTH
SIK BEHTHJISITOPIB, TaK 1 CUCTEM 3arajoM Ta PO3BUTKY IHHOBAI[IHHUX METOJIB PO3B'SI3aHHS
nepeniueHux Buiie mpodiaem [16].

2.2. I[Ipasuna npoexmysanHs aepocucmem

AmnHauni3z npoTUpid MoJenei 1 mpobiieM eKcIuTyaTallii aepoCcrcTeM HalKpallle MmoJaT 3
MPEJCTaBICHHS OCHOBHUX BUMOT 200 mpaBuil poekTyBaHHs [ 13]. [ls 3a0e3neueHHs SKOCTI
MIPOEKTYBAaHHS a€pPOCUCTEM BHUAUISIIOTH TPU TOJOBHI BUMOTH (DOpMYBaHHS Ta ONTUMI3aIlii
€HEepreTHYHUX MapaMeTpiB:

1. HeoOxigHO 3a0e3me4uTH pO3paxyHKOBY mojpady Q Ha 10% Outpmy 3a

posp

HeO6Xi,Z[Hy Q 3a YMOBaMu TEXHIYHOTO 3aBJaHHA Ha IIPOCKTYBAHHA.

Heobx

QPo3p. = 1’1 QHeo6x (1)

2. 3a pobouy NUISHKY HAIIpPHOT XapaKTePUCTUKU BEHTHJIATOpA Ma€ MpUMaTucs Ta ii
4JacTHHA, Ha sKill 3HaueHHs epekrtuBHOCTI (KK/]) BenTHnsATOpa 17, MepedyBae B Alana3oHi

PV.PT = P(V) (neeum. 2 01 gnjuax.) (2)
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3. Burpatu eHeprii Ha npuBix BeHTUIATOPiB N, MaroTh OyTH MIHIMAIbHUMH.

(el en.min.) (3)

KirouoBUM MOKa3HUKOM ONTHMI3AIlil MapaMeTpiB aepOCHCTEM ITifl Yac MPOCKTYBAHHS
€ 3a0e3neveHHs] AOMYCTHMOTO Jiana3oHy KoedilieHTa egpekmuenocmi - 11 BEHTUISATOpPA

N —> N

el en.

(10% Bin 7, ) B obmacti pobouoi Touku (PT) rpadika eHepreTMyHuUX mapaMeTpiB

BEHTHJISATOPA.

PoGoua Touka moOKa3zye MEPETHH XapaKTePUCTUKH Mepexi (BIAMOBIiHaIbHHIA 3a
pPO3pOOKY - MPOEKTYBAJIbHHMK) 1 XapaKTEPUCTHKH BEHTHIIATOpA (BiAMOBINANBHUN - 3aBOX
BUPOOHMK). Y PT ToJIOBHMM NOKa3HUKOM BBAXKA€ThCSA MOBHHMU THCK P, abo cuia, AKy

MOBUHEH CTBOPIOBATH BEHTWJIATOP, 100 copmyBaTu HEoOXimHy mojauy Q 13 3amacom
10%. To6to, PT mnoka3ye xopucHi mapamerpu AC, Bu3HaueHi B . 1 - mogauy Q1 B 1. 2,
cuna - P, .

Po6oua Touka nmokasye 30ir BEIUYMHU THCKY BEHTHJISATOPA 3 BEJIMYMHOIO BTPAT TUCKY
B Mepexi. Lleit 30ir MokHa nmpencTaBuTH GOpMyIIoo, ska Bitodopaxae yMoBy popmyiu (2).

P,= P = RQ, ()

ne R — cyma omopiB y Mepexi, po3paxoBaHa BIIHOCHO IT0/1a4i BEHTHIIATOPA.

Oppazy MOXXHAa CTBEpIKYBaTH, IO BKpall pIOKO pe3yabTaTH MPOEKTYBaHHS
3a0e3neuyroTh 3amac nojadi, "oOMexeHHs MOTYXHOCTI" Bxke moHaJ 50 poKiB BBaXKAIOTHCS
aKTyaJIbHOIO, ajie BaXKKO po3B'si3yBaHol0 mpoosiemoro [15]. ¥V CIIA npo6iemy HeToCTaTHROT
MoJ1a4l BEHTHJIATOPIB HA3UBaIOTh "cucTeMHHM edekt” [2].

3 IIJb TA 3AJAYI JOCJIKEHHS

lomoBHOIO MeTOrO 1i€T  poOOTH  SIBISETHCSA aHAN3 TpoOjeM  eKcIuryaTarlii
TEXHOJIOTYHUX MPOIIECIB, TIOB'SI3aHUX 13 PyXOM Ta30BUX CEPEIOBHUII a00 MOBITPS, Y paMKax
MIPABHJI POEKTYBAHHS aCPOCUCTEM.

4 PE3YJIBTATHU JOCJIIIKEHb
4. 1. Ilpoexmui ma excniyamayitii napamempu aepocucmem

[lpaBmia MPOEKTYBaHHS BCTaHOBIIOIOTH BUMOTH /IO (OPMYBaHHS OCHOBHHUX
napameTpiB  podotu aepocuctemMu. JlaHa CTarT € MPOJOBKEHHAM JIOCTIIDKEHb 3
ynockoHanenus wmonemi AC [16], ge Oymno oOrpyHTOBaHO BIAMOBY Bl CKJIQJHOTO
PO3paxyHKOBOTO MOKA3HHKA IMOBHUN HAaTHCK Pv K cymMu m'e30- Ta JUHAMIYHOI CKIIaIOBOi
eHeprii. [lami, 3amicTh pPO3PaxyHKOBOTO MOKAa3HMKAa IMOBHUUN HaMip IOCIIHKYBAaTUMEMO
TUIBKM I'€30 IapaMeTpH - BEIMYUHHM THCKY 1 po3psukeHHs B AC, sKi MOYKHA BU3HAYMTH
BUMIPIOBAJIbHUMHU NPWJIaJaMi 1| BUKOPUCTOBYBAaTH PO3PAaXyHKOBI METOJM IPOTHO3YBAHHS
Takoro pony mnapamerpiB. To6to, mapamerpamu AC OygeMo BBaXaTH IOKa3aHHSA
BUMIPIOBAJIbHUX MPHJIAAIB 1 pe3ylbTaTH PO3PaxyHKIB, IO MIATBEP/KYIOTh 3HAUEHHS LUX
napaMeTpiB y BCTaHOBJIEHHX (BU3HaueHUX MeToauuHo) Toukax AC. Ha puc. 2 mokazaHo
cxemy AC, siKy MOXHa pO3JIUIMTH Ha 3 AUISIHKM BIANOBIIHO 1O BCTAHOBJIEHHS II'€30
npuiaznis: B - Bakyymmerp i M — manomerp.
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APC[P] PHPEJ ’ APH APc[_—” s PT
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A S
RP RPE r
P e

B
\ 1AP
H[P]

Puc. 2 I'padiuna cxema Moieni MpeACTaBICHHs TapaMeTpiB a€pOCUCTEMHU

3a MICIIeM BCTaHOBJICHHSI BUMIPIOBAJILHUX MPUJIa/IiB MOKHA BUAUIMTU TPU JIUISHKU: 1
- NUISIHKA PO3PSAUKEHHS; 2 - BEHTWIATOP; 3 - AUIsHKa Tucky. Haifuactime 1-my 1 3-Tio
IUISHKY B pO3paxyHKax 00'e JHYIOTh Yy MOHSTTS ""Mepexa'.

[IpoextyBanHss AC yMOBHO MOXHa pO3/UTUTH Ha JIBA €TAIU:

1-it eran - popmye Mepexy, Jie pO3paxoBYIOTh CyMapHi BTpaTu THCKYy AP, .. B 30HI
pospsypxenns (0 — 1) i 30Hi THCKY (2 — 3);

2-ii eranm - BUOIp BEHTWIATOpA, SKUH Mae CTBOPHTH CHIIy — THCK P JUIs

BEHM

KOMIIEHcallll BTpaT TUCKY AP, B MEpexi.

wepesica
Jo xopuchHux mapameTrpiB pob6otu AC noTpiOHO BITHOCUTH AaepOAUHAMIYHY
MOTYXKHICTh BeHTHIsITopa N [Bm], K TOOYTOK IBOX TapameTpiB: MoTeHmiany - I7 i

TUHAMIKHA /] .
N = 177 . )

[Torenmian [I7 —1'e30 mapaMeTpu: THCK 1 PO3PSHKEHHS P, sSKi BHMIPIOIOTHCS
MaHOMETPOM 1 BAKyYMMETPOM;
JluHamika /[ — 3aJWIIaeThcs IMapaMeTpoM, IO MoTpedye yroyHeHHs. ChOrojHi

Ba)KKO BUMIPATH IIBUAKICTb MOTOKY V,, siKa 3MIHIO€ BEJIMUUHY 31 3MIHOIO PO3MIpIB KaHaNIB.

Jlermie nuHaMiKy MPEJCTABJIATH K BUMIPIOBaAaHUH MapamMeTp 1mojaadi abo Butpatu Q, akuil y

MPOCTI aepoCHCTEMi 3aIMIIAETHCS BEIWYMHOIO MOCTIHHOI0. J[0OyTOK moTeHIiany i
JMHAMIKU TI0Ka3ye pPO3paxXyHKOBUN KOPHCHUH €HepreTWYHuil nokasznuk podotn AC —

notyxuicte N, = P Q [Bm] SIK IHTeHCUBHICTB eHepril E /¢ [ﬂofc/ c].
Jns ananizy mapamerpiB AC BHUKOPHUCTOBYIOTh €HEPreTHYHY MOJIENIb Y BHIJISI

piBHsiHHA bepnymmi (uis imeanbHOT piTUHU), SIKE MPEACTaBISE CyMYy 3 TPbOX CKJIQI0OBUX
MUTOMO{ €Heprii HOTOKY:

P,=e =pgz+ B+pV?12 =pgz,+ B+ pV," 12 + DP= const |Pa| (6)
ne: P — moTeHlianbHa CKIIAJ0Ba eHEeprii (MUTOMUN THCK);
Uz, —reoMeTpUYHA CKJIaJ0Ba EHEPTii, AKOI0 MOKHA 3HEXTYBAaTH;

2 . e

pV.° | 2— nuHamiuHa CKIIaJ0Ba CHEPTii.
JUist cpoIleHHs aHaji3y LUIKOM MPHUITYCTUMO BIIMOBHUTHCH BiJ] MOKa3HHKA MUTOMOT
EHEPTii TIONOKEHHS. PYZ,) , OCKIUIbKK Maca abo Bara MOBITPs YK Ta3iB y COTHI pa3iB MEHIIA,

HiK y piauH. ['onoBHa ckmanHicTh HasBHOI moneni AC moB'a3aHa 3 BUKOPUCTAHHSAM
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PO3paxyHKOBOIO MOKa3HUKA "NOBHUM Hamip" - P, . Y paHillle BUKOHAHUX JIOCIIKEHHAX

cynepeunocteir AC po3po0sieHo rpadiuHy Mojeib mapamerpiB acpocucremu (puc. 2) [16],
A€ OOIPYHTOBaHO Iepexill Bil pO3paxyHKOBOIO IOKa3HHKAa P, 10 BUMIPIOBaHHUX H'€30

napaMeTpiB  aepoCHUCTEMH, SKI MOXHA BH3HAUUTH BUMIPIOBAIBHHMH TpuianamMu. B
pe3yibTari 30Ir MOKa3aHb MpUJIANiB 3 JAHUMH PO3PAaXyHKIB MOXe OyTH HalKpamum
MOKa3HUKOM SIKOCTi ipoekTyBaHHs AC .

Jnst 3a0e3meyeHHs TOYHOCTI Ta OJHO3HAYHOCTI PO3paxyHKIB 3a MOKa3aHHAMHU I'€30
NpuiIaaiB HeoOXiTHO BCTAaHOBHUTH NpaBHJIa BCTAHOBJEHHS IT'€30 MPWIATIB B aepOCHCTEMI
BIJTHOCHO €JIEMEHTIB OCHOBHOTO 00JIaTHAHHS — BEHTHJISATOPIB.

IIpoextyBanns AC 3akiHUyeThecsi (Opyruii eram) BUOOPOM BEHTHIIATOpa (OCHOBHHUI
eneMeHT AC) 3 onrTuMmizaiiero napameTrpiB poOoTH 3a koediuieHToM "edeKTHBHICTB"
BEHTUJISITOPA (A€ HE CUCTEMH).

[lepmnii etam MpoeKTyBaHHsS MOJSArae y BHOOpI Ta poO3TallyBaHHI JOTIOMIXHOTO
o0nasiHaHHA B 30H1 PO3PAKEHHS 1 30H1 TUCKY. Pe3yapTaToM HepIioro eramy € po3paxyHoK
BTpar TUCKY B "Mepexi" AP, =AP, , +AP, ; —ToOTO CymMa BTpaT THCKY y JIBOX YaCTHHAX

AC : y 30H1 pO3psPKEHHS 1 30H1 THCKY.

Ilpoexmyeanns aepocucmem YMOBHO MOKHA PO3AUIMTH Ha 2 eTtanu. l-ii eman
npoekmyeanna monsrae 'y (GopmyBaHHS Mepexi (30HH PpO3PSKEHHS Ta 30HU THUCKY).
ITinCyMKOM TMEpIIOro eTamy € po3paxyHOK BTpaT THCKy AP = RV".. Onrtumizaiis Ha
MepluIoMy eTani BHUKOHYEThCS 3a JOMYCTUMUM Jiala30HOM 3HAu€Hb HIBUAKOCTI MOTOKY

V = Q/(bh) m/c; (y moGyrosux cucremax V = 2—5m/c; Ha NpoMHCIOBHX 06'€kTax

V=5-10m/c), tomy mo BTpard mpomopmidni mo0 mBuakocti V". Ceorommi
BHUKOPHUCTOBYIOTh N =2, Xo04Ya 3HA4YCHHS CTYINEHsS HEOOXimHO yrounuTH! BTpatm THCKY
MOB's3aH1 3 OTIOpaMU €JeMEHTIB cucteMu R — A;&, ki o0uparTh 13 H0BiTHUKIB. Benuka
KUIBKICTh CKJIQJHUX JIOBIIHUKIB CTaja MPUYMHOIO BTPATH IHTEPECY JI0 3HIKCHHS OIOPIB
enemeHTiB AC.

2 eman npoexmyeanns - BuGip ronosHoro eixementa AC - BEeHTUIISATOpA.

BeHTHIIATOp BBaXXa€ThCs TOJIOBHUM €IIEMEHTOM CHUCTEMH, OCKUIBKH BIH CTBOPIOE
MOBHUH THCK P —cuny mis mojonaHHsS omopiB 1 ¢GopMyBaHHS 3amaHoi mojmadyi — Q
(mB. ¢.(2) 1 ¢.(4)). OnTumizaiis BUOOPY BEHTHUJISATOPA BHKOHYETHCSA 3a IOKA3HUKOM
"eeKTUBHICTE" BEHTUJIATOPA, SK BITHOIICHHS KIHIICBOTO PE3YJIbTATy - CHEPrii MOTOKY
noBITps abo aeponoTyxkHocTi Bentwisropa N, = PO [Bm] JI0 BUX1IHOT a00 BUTpaueHOI

eHeprii E, ., — €JIEeKTPUYHOI MOTYKHOCTI €IEKTPOJBUIYHA, TOOTO MPHUBOAY BEHTUIIATOPA:

BUXL

N,, = Ul [Bm].

suxio

Neerm. = EKiH. / = Naepo / Nen [Bm]/[Bm] (7)

Jlns poOOTH BEHTHIIATOpA MOTPIOEH MPUBIN - JBUTYH, SKUH CIIOKUBA€E EIEKTPUKY.
CporosHi 3 MyHKT MpaBUII Mijl 4ac IPOEKTYBAaHHS HE BUKOHYETHCS.

[lepimii 1 [pyruii MyHKTH MPaBUII MPOEKTYBaHHS BIIMOBIIAIOTH 32 (POPMYyBaHHS ABOX
cknaioBux aeponoTykuocti N, ., = Q... P, 10 BU3HAYaE KiHIEBY EHEPTIIO MOTOKY.

aepo

3a mepmuM TYHKTOM HeoOXigHo 3abe3neuntn momady Q ~wHa 10% Oimpmy 3a

po3p.
HeoOXxigHy. O/HaK Ha €HepreTUYHUX MIANpPUEMCTBAX YKpaiHu (0COOIMBO B Temodikartii)
4acTor MpobiaeMor0 € "OOMEXKEHHS MOTYKHOCTI KOTJIIB MO AyTTI0O abo Ts3i", KOJIu
BEHTHJIATOPH KOTEJILHUX YCTAHOBOK HE 3a0€3MeuyloTh HEOOX1AHY 1oAaqy.
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Jpyruii myHKT BianoBinae 3a GpopmyBannsa cwim - Tucky P B AC. Came neil myHKT
MOB'SI3YIOTh 3 ONTHUMI3Ali€l0 SHEPTeTUYHUX NapaMeTpiB aepOCUCTEMH 3 BUKOPUCTAHHSIM
KoediienTa e(eKTUBHOCTI - 77 .

l'onoBHUM, MDKHAapOJHO BH3HAHUM, KOE(QIIEHTOM, IO XapaKTepHU3ye SKICTh
TexHoJoriuHuX nponeciB B AC, K Ha cTalil MPOeKTyBaHHs, TaK 1 ]l Yac eKCIuTyaTamii €
epekmuenicms. "JlupextuBa €Bponeiicbkoro mnapiamenty i Pagu mono edexkruBHOCTI"
[14] Bu3Hauae po3paxyHKOBHH Koe(]ilmieHT "eQeKTHBHICTH" SK BITHOLICHHS KiHYEB02O0

pesynbTary BupoOienoi emeprii £, (@00 NOTYKHOCTI) 10 6uxiOHOi ab0 BUTpa4eHO]

eneprii £, (@00 MOTY)KHOCTI).

ToOTo, BHIEBKAa3aHUI JTOKYMEHT PEKOMEHJIYE BUKIIOYATH MPOMDKHI €HEepreTHyHi
CTaHM 3 aHAII3Y SIKOCT1 POOOTH TEXHOJIOTTYHMX IMPOIECiB. AHAII3YEThCSA CIIBBIIHOIIECHHS
TUIBKM KOPUCHOT (KIHIIEBO1) €Heprii, SKy MU OTPUMAJIA Ta BUXIIHUX €HEPreTUUYHUX BUTpaT,
SIK1 € MIPOIO BUTpAT.

n = | E

kmu 8uxio

0O<n<l

[Bm] / [Bm]

Koedimient "edexTHBHICTE" 7 Bil HU3bKMX 3HAYEHD JUIS HAPOBO3A 77,000, < 0,1 HA

no4yatky XX CTOJNITTS A0 cepeluHu XX CTONITTS JOCATIM €(eKTUBHOCTI BUKOPHUCTAHHS
SHepril maJnBa Ha TEIUIOBHUX eNEKTPOCTAHIIIX 77, = 0,4/0,6.

3a OCTaHHE CTOJITTS BIOCKOHAJEHHS BEHTHJIATOPIB A0 3MOTY 30UIBIIUTH iXHIO
"edexTuBHICTE" 10 77,,, >0,85. Skmo BBaxkaTH e(pEKTUBHICTp BEHTHIIATOPA €IUHHM

MOKa3HUKOM SIKOCT1 MpoeKTyBaHHA 1 podotu AC 1 Te, 110 3TiAHO 13 3aKOHOM 30€peKEHHS
€Heprii MakcUMalbHE 3Ha4eHHS e(EeKTHBHOCTI Moxe Oytn 77, <1, To MoxHa AiiTH

BHCHOBKY, III0 JI0 BU3HAHOT MAKCUMAJILHOI SIKOCTI eKcruryaTaitii jgumie 15%.

VY dpopmyii (4) BUKOPHUCTOBYETHCS KOSDIIIEHT CyMapHOi BETUYHHH OMopiB R, skuit He
BUKOPHUCTOBYEThCS v dopmynax (1 — 3) IlpaBun mnpoekryBanus. lle cBiguuth mpo
BHUBEJICHHS 3 ONTHMI3allii 3Ha4eHb omopiB. Hacammepen 1e moB'si3aHO 3 BIIHOCHOIO 1
0€3pO3MIpHOI0 BEIIMYMHOIO KoedimieHTa e(eKTHBHICTh BiamoBigHO 10 ¢opmynu (7). Y
po6oti (16) 3ampomoHOBaHO KoedillieHT mpomnopmiiHocTi MK J(uHamikoro - J[ i1
noteHiiajgoM I, sik 3BoOpoTHA BeTMUMHA OTIOPIB.

m=1/R = J/1I
0<m<1

(8)

Toni uis CUCTEMHOTO aHali3y MOKAa3HMKIB SIKOCTI pOOOTH MOXHA BUKOPHCTOBYBATH
koediieHT "nmuHamMizM" y BigHOCHIN (opmi, sikui nmoAiOHui koedinieHTy "edeKTuBHICTH"
(ame He ToTOXKHMHU Momy). lle nmacTe 3MOry po3paxoByBaTH CHCTEMHHH IOKa3HUK
e(EeKTUBHOCTI, [J€ BpPAXOBYEThCSA SAKICTh TpaHchopmamii pi3HUX BHUIIB  e€Heprii
(ETEKTPOCHEPreTUYHOT ~ MOTY)KHOCTI ~ NPUBOJIAa 1  aepPOCHEPreTHYHOI  MOTY)KHOCTI
BEHTUJISATOPA), & TAKOXK SIKOCTI BUKOPUCTAHHS MOTEHIIANY - TUCKY s (GOpMYyBaHHS MO1aqi
BEHTUJISTOPA.

Ty () (syst) 0 = perm M 9)

CucremHnii mokasHuMK sKOCTi pobotm  ACn,  XapakTepusye MOBHHMM LMK

NEPETBOPEHHSI eHeprii a00 MOTYKHOCTI €JIeKTPOABUTYHA B KOPUCHUI MPOIYKT a€pOCUCTEMH
- nogauy Q.
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Ananiz napamempie pooomu AC Komiie Ha 0CHOBI npasi NPOEKmy8aHHs

Amnani3 BIUIMBY BHUMOT IMPaBHJI MPOEKTYBaHHS a€pOCHUCTEM BHKOHAEMO Ha MPHUKIA[L
JEeKITbKOX BapiaHTIB 3a0€3MEUYeHHs 10Javl MOBITPS y ABOX THUMAaX KOTEIHHHX YCTaHOBOK
TeIIoBolo noTyxHicTio N, = 58MBm . JInd aHanizy BUKOPUCTAEMO JiBa TUIM KOTJIB
KBI'M-58 i IITBM-58, mo 30ynoBani moHaa 50 pokiB TOMy Ha OCHOBI TUIIOBHUX IPOEKTIB i
MacoBO EKCIUTYaTyIOThCS B YKpaiHi Ta iHmux kpainax [19]. Tumbku B Ojeci Takux KOTIIB
nonay 40. Mera aHani3y - BCTAHOBUTH BIUIHB 1 SIKICTh BUKOHAHHS TPHOX OCHOBHUX ITYHKTIB
MpaBUJI IPOEKTYBAHHS aepocucteM (IuB. puc. 1).

1 BapiaHT - BCTAaHOBJICHHS OJTHOTO BEIMKOTO BEHTUIIATOPA.

Y nyrreoBoMy TpakTi koTiia KBI'M-58 pekomenmoBano oawH BeHTusTop BJIH-15
(miameTp poboyoro koneca D, = 1,5 m ), skuii Mae 3a0e3n€4nTH U TOPIHHA NaIKMBA, IIPH

HOMiHAJIBHIH TeroBii moryxHocTi, mogauy Q =70 muc. m® /200 mnosirps. Ha puc. 3 y
MOJII €HepreTMYHUX XapaKTepUCTUK BeHTUisTopa BJlH-15 mokasaHo AB1 po3paxyHKOBI
toukn PT1 anst meuakocti N = 980 » ™ i PT, st mBuakocti N, = 1480 .

B/lu-15 BAul12,5
1000 | | F,. dalla N. xBm
o = o T —_—
Fﬁ% Nl(,,,,,,‘(j__:w, 8o | 3 5 l ‘ N (npu AGe=0 el L
900 1 400 4. \ - | § 8 7, Iy 20,-0°) s
' : { 8 A »
‘\\"\‘ \\Q =% Fw 200 2| mlt )/,P,OT[ w0 [
$00 T bl BN £ 3004 Rer 760 14 pm. cm Lis
J 1 =0 6003 0
)\)/ \\\ \ 100 20 \\C T
700 o X o 550 -20
- 204 - —20_ |.
RN RE\ Wy
600 07 [\ \ o \ A \\0 \\ g é
\ N J i A g &
4 \ A v\l\& 20 50 S \ &
500 \ § - [ 801 400 \ \ Es
o AN A U ANANAN
$ 20 - N
400 \ M\ i i \ xrs.\/
4 \ b3 300 < % X \
S L[t o AP
X U = W20 30 40 S0 1500 muw
PEBENEE CES g a muc. w¥y
0 2 40 o 80 100 n=1500 o6/mun 0 Fi} 2 0 01000 mun'

Puc. 3 EHepreTrdHi XapakTepUCTHKK BEHTWIATOPIB THITY B/IH

butbmy wactuny yacy (monan 4000 roauH 3a IOMIPHO HU3BKO1 TEMIIEPATYpH) KOTIIH
KBI'M mpaioroTe 13 HaBaHTaxeHHsAM MeHme 60% Big HomiHambHOTO. Tomy, IS

notyxkHocti N < 40MBm Bentunsatop BJIH-15 mnpamoe Ha MIBHAKOCTI OOepTaHHS

K.m

pobouoro komeca N, = 980m~" 3 momauero Q. , =50 muc. m*/200. Bentunarop y

pobouiil Touni P7) 3abe3neuye eGeKTUBHICTD 7]

eeHm

= 0,85 (3a10BOJIbHSIE BUMOTH JIPYTOTO

= 60xBm .

VY nepion mikoBux xonofiB (He Oinbmie 300 roauH) MOTPIOHO 3OUTBIIMTH TETUIOBE
HABAaHTAXKCHHS KOTJIB JI0 MaKCUMaJbHUX 3HaueHb S8MBT. [ls 30uiblieHHs mojavi

nyHKTy [1I1) Ta BUTpaTH eHeprii Ha IpUBiA CTAaHOBIATH 10 N

en. 08

BeHTHIIATOpA 10 Q,,, , = 70muc.m® /200 . HEOBXiIHO TEPEMKHYTH BEHTHJIATOpP HA APYTY
mBHAKiCT, N, = 1480x¢™". 306epiraloun  MaKCUMalbHE 3HAYeHHS  e()EKTHBHOCTI
Mgy = 0,85, Mosmaua 36imbuyerhes 10 Qg , = 70 muc. m* [ 200. Burtpatn eweprii Ha

poboTy enekTpoABUTyHa 30ibmaThcs 70 N = 180xBm . To6T0, mpu 30UIBIIEHH] TOAaY1

en. 06
B 1,4 pa3a, BUTpaTu eHeprii Ha NPUBiJ 30UIbIIYIOTHCA B 3 pasi.

JIBOUIBU/KICHMI BapiaHT peryiioBaHHSA TOJayi B3STO 3 JIOCBIAY eKcIuTyaTarfii
teroBux enekrpocranuiii (TEC), ne Outbmry yactuny dacy (Outbmie 70%) BEHTUISTOPU
MPALOIOTh Ha JPYrii - OUIbLII IIBHJIKOCTI, 1 TUIBKM B pa3l 3MEHIIEHHS EJIeKTPUYHOTO
HaBaHTAXEHHS eHeproo6iyokiB (MeHme HiK 30% wyacy) BEHTHJIATOPH IEPEMUKAIOTH Ha
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MEHIITy MIBUJKICTh, IO 3a0e3meuye iCTOTHY €KOHOMIIO €Heprii Ha poOOTy BEHTHIISTOPIB.
Henpomnopuiiine 30iIbIIeHHS BUTPAT SHEPrii Ha MPUBIA MOPIBHAHO 3 MAJIUM 30UIbIIEHHSIM
mojaui BXOOUTh Y TPOTUPIYYs 3 30EpeKEHHSIM BHUCOKMX 3HAuYeHb e()eKTHBHOCTI
BEHTHJIATOPIB. Y 0OaraTbox KoTedbHsX 3 Koraamu KBI'M-58 BomilOTP BHKOPHUCTOBYBATH
BEHTHJIATOPH 3 OJHIEI0 MAaJOK IIBHIKICTIO JBHUTyHa. Yepe3 e KOTIM HE MOXKYTh
3a0e3reuyBaTd MaKCHMajbHE HAaBAaHTAXECHHS (IUB. pHC. 1) 1 MIOPOKY KEPIBHUKH MICHKUX
KOTeJIeHb OOTPYHTOBYIOTh NPHUYMHY "OOMEKEHb MOTY)KHOCTI KOTJIIB MO JYTTIO abo Ts3i"
[15,24].

JuBHO, o i kotaiB KBI'M-58 ne BukopuctoByoTh 2 BerTUiasTopu BAH-12,5 (10
OJTHOMY BEHTWJIATOPY Ha KOKCH MAJIbHUK). 3TITHO 3 APYrUM IMYHKTOM [7/] e(eKTHUBHICTH
B/[n—-12,5 n,,,, = 0,83 3a ymoBu nogadi nosirps Q =76 muc. M3/ 200 . 3rigHo 3 TpeTiM

nyHkToM /711 BuTpaty eHeprii Ha npuBig MoxHa Oyno 6 3MenmmT 10 N, ,, < 150xBm .

2 BapiaHT - BCTAHOBJICHHS JIEKUIbKOX BEHTUJISTOPIB MEHILIUX PO3MIPIB.

BapianT BcTaHOBNIEHHS AEKUIBKOX BEHTHJIATOPIB MEHIIMX PO3MIpPIB peali3oBaHO Ha
tumoBux Kotmax IITBM-58. Jlns 3abesmedenns mopadi mositps Q =70 muc. m° | 200
BCTaHOBMIOIOTh 12 BeHTUisATOpIB BII-14-46 Ne4 nnst 12 manpHukiB. BeHTmisitopu MaroTh
3ar”yTi BIiepes; poOoyUi JIOMaTKi, TOMy MakcuManbHa epekruBHicTh 77, = 0,71. CymapHi

6€Hm

BUTPATH €HEpPrii Ha NpuBoIU 12-Th BeHTHIATOPIB 3MeHIytoThess 10 N, = 80xBm . Ha puc.

4 moKa3zaHO EHEepPreTUyHl XapaKTepUCTUKW [JBOX TUMIB BeHTwiIATOpiB: BI[-14-46 3
epexruBrictio 77, = 0,71 i GTLB-1-0,63 3 edextusnictio 77, = 0,83.

BEHM 6€EHM

1900

1000

00

\
[GTLB-1-083 |

BI] -14-46 Q = 6 muc. m° | 200 GTLB-1-0,63Q = 11 muc. m*/ 200
Noorm = O, 71 N(e.7) = 6 kBm I 0,83 N(e,7) = BxBm

Puc. 4 Eneprernuni xapakrepuctuku Bentmwistopis BI[-14-46 1 GTLB-1-0,63

Hna xornie [ITBM-58 moxHna BukopucroByBatu 6 Bentwistopis GTLB. 3rimxo 3
apyrum myrktoM I117 edextuBnicts GTLB 3a momaum nositps Q = 76 muc. m° | 200
nopiBHIOE 77, = 0,83. 3rimHo 3 tperiMm nmynkrom IIII, BuTpaTn eHeprii Ha NpHBIA
3meHmatbes 10 N, < 40kBm .

Bunukae nuTaHHA TPO CYNEPEUHICTh OIIHKH sKkocTi mapamerpiB AC y pasi
BUKOPUCTAHHS Ul ONTUMI3allii BUOOPY BEHTHIATOPIB KoedilieHTa epeKTUuBHOCTI 77, 5K

6€EHM
KpUTEpiI0 MpaBWIBHOCTI MpoekTyBaHHS AC 13 pI3HUMH [apaMeTpamMud  poOOTH
BEHTHJIATOPIB.
bararo pokiB TpeTii MyHKT NpaBUJ MPOEKTYBaHHSA NPO MiHIMI3alil0 BHUTpaT

enekTpoeHeprii N, Ha NpUBiA BEHTWIATOPIB CHpHUIIMaBCs K AeKIapallis, TOMy 10 HE MaB

KoeIIieHTIB, sIKi 6 XapaKTepU30BaIN Ta CTUMYITIOBAIN 3HUKEHHS BUTPAT €HEPTii Ha BJIacH1

notpebu. HemonaBHo moyaiu BUKOPHCTOBYBATH KOE(QILIEHT MUTOMUX BUTPAT Ha IMOJAUY
[16].
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K,,=AN, ;1 Q < 1xBm/ a* (10)
Tabanns 1
Koraun KBI'M-58 Kotnu I[ITBM-58
[ToTyXHICTh KOTJIA MBT 58 58 58 58
12*BILI-14-
Bentunstopu BJu-15 | 2*Bn-12,5 16 6*GTLB-0,63
Honata moBITpa B | 443 3/ | g5 70 72 72
KOTell
Burparn
eNIeKTPUYHOT kBT 180 <150 75 <40
eHeprii
EdextuBHicTh
n - 0,85 0,85 0,71 0,83
[Tut. BUTp. eHeprii 3
K kBT/M 2,77 2,1 1,05 0,7

Amnaniz nmapametpiBs po6otu AC HaBiThb y MeXaX HAasBHUX IPaBHJ NMPOEKTYBaHHS
MOKa3ye, U0 BUKOHAHHA 2-TO MYyHKTY MpaBWJ MPOEKTYBaHHS (€(EKTUBHICTh BEHTUJISATOPA)
MPU3BOAUTH [0 CYNEPEYHOCTeH BUKOHAHHS sIK 1-ro, Tak 1 3-ro myHkTy mnpaBui. Came
KOe(DilliEHT MUTOMUX BUTPAT Ha MOfauy K,, MOXHA PO3IJIANATH SK CTUMYJTIOIOUUH (akTop

skocTi mpoextyBanHs AC .

InnoBaniiinuii BapiaHT MiABUINEHHS MOJa4yl BEHTUJISATOPIB 3 ICTOTHUM 3HHMIKEHHSIM
BHUTpAT €HEPrii Ha MPHUBIJ 32 paXyHOK 3HUKEHHS OIMOPIB MPOTOYHUX YACTHH.

Y 2006 pomi B M. YopHomopchk (Omecbka 0051acTh) IUIaHYBJIM BCTAaHOBHUTH
JOTaTKOBUH KOTEJ, OCKUIBKM TEIJIOBOiI TOTYXXKHOCTI aBox kotiaiB KBI'M-58, mo
MpalioBajid, HE BUCTAYAJO0 Ui TEIUIOTIOCTaYaHHS MicTa, sKe 3pocTtano. TeruioBa
MOTY)XHICTh Mpauodux KoTiiB Oyna Ha 40% MeHIIO 3a HOMIHAJBHY 1 CTaHOBHIIA
N = 40MBm 4yepe3 "0OMeXeHHS TEIUIOBOI MOTY)KHOCTI KOTJIIB IO AYTTIO" 3 OISy Ha

xm.
HEJIOCTATHIO TIojauy BeHTHsiTopa B/IH-15.

Sk iHHOBAIfHMII BapiaHT moJinmieHHs mnapamerpiB podotn AC Oyno BHUKOHAHO
PEKOHCTPYKIIIFO aepOCUCTEMH 3 METOI TOJIMIICHHS MapaMeTpiB poOOTH 3aBISKU
3HI)KEHHIO OTOPIB K Y BEHTUJISATOPI, TaK 1 B aepocucteMi. Jlo peKOHCTPyKIIii mapameTpu

poGotn BentunaTopa BIIu-15 y touni Ay, (mepexa 1): 3a obepris n, = 980 x6™" mojada

Quon = 45 muc. m® 1200,  edexrupnicts 7, .= 0,82, BuTpaTM Ha  TpuBin
N,, = 55«Bm .

PexoHcTpyKilisa mossiranga y 3MeHIIeHHI onopiB y Mepesxi. [lanbHuKM 3aMiHEHO Ha HOBI
CHT (M. KwuiB), omip sikux y 3 pa3u MEHIIMH, a TaKoX BUKOHAaHO 3MIHY MOBOPOTIB 3i
3MEHIIEHHSM OMOpIB Yy 5 pa3iB.

MakcuMaibHy TEMJIOBY MOTYXHICTh KOTJIa 30utblieHo a0 52 MBT 3a paxyHok
noyinmenHs napamerpie B/Iu-15 y Toumi C. He 3MmiHoouum 00epTH BEHTWISATOpA

n = 980x6", momauy 36imbmeno mo Q,,, = 70 muc.m’/200, BuUTpaTH Ha mHpUBIA
3mermeHo 10 N, = 70xBm (nopiBHsHO 3 180kBT - nuB. Bapiant 1). ITapagoxc y Tomy,

110 e(heKTUBHICTh BEHTUJISITOPA 3MEHILIUIACS JI0 77 = 0,77.

eenm.A.0
Ha w™an.6 mnpencraBieHoO pe3ylnbTaTH PEKOHCTPYKIIl aepocucTeMu (IyTTHOBOTO
TpakTy) koTia KBI'M-58 y M. YopHOMOPCEK.
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Puc. 6. [HHOBawiiiHMIT BapiaHT - 30ibIIeHHS Moaavi BeHTuisiTopa B/[i-15 3a paxyHOK 3MeHIIIeHHS
OTOPIB €IEMEHTIB IyTTHOBOTO TPAKTY KOTJIA

3HWKEHHS OTMOPIB aepOCHUCTEM 3a0e3MeUnsIo MiABUINECHHS TM0jJa4dl BEHTUIISATOPIB Ha
40%. ButpaTu enekTpu4HOi eHeprii Ha MpUBiI 3HIKEH1 y 2,5 pa3za. OqHak, epeKTUBHICTh
BEHTUJISITOpA MapajoKcalbHO 3MEHIIWIACA JI0 7] = 0,77. 3a tperim nynkrom [I111 -

eenm. 52

BUTpATH €HEeprii Ha MpUBLA Oy 3HMXKEHI 3TiIHO 3 KOe(IIIEHTOM MUTOMUX BUTpAT €HEeprii

BeHTHIIATOpa 10 K = 68/70 = 0,95 Bm/m° mopiBHAHO 3 BHTpaTaMH 3a OLUTBIIOI

n.6. iHH

mBHAKOCTI BentmnaTopa K,  munie = 180/70 = 2,77 Bm/ m°. KoedilienT nuromMmx

BHUTpAT eHeprii BeHTuisatopa s ontumizantii 3. [1I1 BukopucToByeThCsl BKpal pinko, ajie
OUTBIIICTh  KOTEJICHh BHKOPHCTOBYIOTH  OJHOIIBUIKICHI ~BEHTHUJISITOPH 1 IIOPOKY
OOTPYHTOBYIOTh TPUYMHY OOMEXEHb IMOTY)KHOCTI KOTJIB MO AyTTI0. B iHTEpHETI Tema
00MEXEeHb MOTY)KHOCTI TPAKTUYHO BIJACYTHS.

VY Ttabmuii 2 MOpIBHAEMO JIBa BapiaHTH MOKa3HUKIB poOOTH BeHTWsATOpa B/IH-15 3a
MJICYMKaMH PEKOHCTPYKITIT

Taoanmsa 2
Hassa On. BUM. Bentunsarop | Bewrusrop BJIu-15
BJIn-15-2ck (smere in)
Crapi [111 3MEHIIICHHS OTIOPiB
Tennosa MBr 40 58 40 58
MOTYXHICTh KOTJIa
ITongaua moBiTps B "13"1/10. 45 75 45 75
KOTEIl M°/ron
BHTpaTI/I eIIeKTPOeHeprii Ha
JBUTYHH kBt 55 180 39 70
BEHTHJISATOPIB
EdexrusHicts 77,,,, - 0,85 0,85 0,55 0,75
ITuT. BUTp. eHeprii 3
K 1xB1t/™m 1,22 2.77 0,87 0,95

[Toni6ui pesyneratn orpumano Ha TEC bpam (Komopamo, CIHA, 1997 p.), Ha
Kpusopizekiit TEC (2011 1 2013 p.), Monaascekiit [PEC (2011 p.). Ane pekoHCTpyKIIii 3
METOI0 MOJIMIIEHHS SIKOCTI pOOOTH aepoCHCTEM 3a PAaXyHOK 3HIKEHHS aepoJMHAMIYHUX
OTIOPIB MOKHM 10 HE OTPUMAJIU HAJIEKHOI yBaru.
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MokHa 3amporoHyBaTH 3MiHY OCHOBHHUX BHMMOT il 4ac HPOEKTYBAaHHS CHCTEM
TPaHCIOPTYBaHHS MOBITPs a00 rasiB.

1. HeoOxigno 3a6e3neuntu nogauy Q
onapax =11 Qmp66 Qpa3pax =13Q nompe6
2. OnTuMizallis eHepreTHIHNX MapaMeTpiB aePOCHCTEM
P(v) (PT) — P(V) o) > 0, 977W) Qpr = Q> Q77
P, —>PF, . —>PVW RR,,—
Hunamism 0 < u =1/ R <1
EdextuBHicTh 2 eran E¢dexTuBHICTD
0 <Py <1 0 <Ty < 1
3. ButpaTu eHeprii Ha IpUB1 BEHTWISATOPIB MOBUHHI OYTH MIHIMAJILHUMU
N, — N, x& x,, < Bml m®

5 OBI'OBOPEHHA PE3VJIBTATIB JOCJI ) KEHHS

OOrpyHTOBaHO HAasIBHICTb IpoOJIeM eKCITyaTalli TeXHOJIOTIH, MOB'A3aHUX 3 PyXOM
ra3oBUX CEPENIOBUII Yy paMKax MpaBUjl NIPOEKTYBaHHS aepoAMHAMIYHUX CUCTeM. Bxke Kinbka
JECSITUIIITh PEe3yJIbTaTH TUIOBUX MPOEKTIB AYTHOBUX Ta TATOBUX TPAKTIB KOTEIbHUX
YCTaHOBOK CYTT€BO BIAPI3HSIIOTHCS BiJ] 3a3HAYEHHUX y MAaCMOPTHUX MOKAa3HUKAX eKCIUTyaTalii
HIAPUEMCTB KOMYHAJIbHOI €HEPIreTHKH.

6 BUCHOBKU

PosrnssHyTO iHHOBAIIMHME BapiaHT MoOJENl MPOCKTYBaHHS aepPOCHCTEM, JHe IS
ONTHMI3allii TapaMeTpiB BUKOPHUCTOBYETHCS IPUHOM 3HIDKEHHS aepooriopiB. PekoHCTpyKiItii
3 METOI0 30UIBIICHHS MOJa4yi BEHTHISATOPIB 3a PaxXyHOK 3HWKEHHS OTOpPIB 3a0€3MedyroTh
3MEHIIICHHSI BUTPAT €HEPrii Ha MPHUBIA, a TAaKOX 3HIKYIOTH IIyM 1 BiOpaIllito, 30UIbIIYIOTh
TEPMIiH HaJIIHHOT eKCITyaTallii BEHTUISATOPIB 1 aCPOCUCTEMH B IJIOMY.

BukopucTtanHs MOHATTSA «IMHAMI3M» Y BITHOCHIA (opMi, SKHH MOXHA TMOPIBHATH 3
KoediieHTOM «e()EeKTUBHICTB», J03BOJIMTh PO3PaXOBYBATH CHUCTEMHHH TMOKA3HUK SKOCTI
poOOTH aepocHCTeM Ta ONTUMI3YBAaTH HE TUIBKH SKICTh TpaHchopMmallii pi3HUX BHUIIB
eHeprii, a i 3abe3neuyBaTi OUIBIIY MPOIYKTUBHICTh BEHTUIISTOPIB 3 MEHIIMMHU BUTPAaTaMU
€Heprii Ha BJIaCHI MOTPeOH.

7 ETWYHI JEKJIAPALIL

ABTOpH HE MarOTh BIiINOBITHUX (DIHAHCOBUX YW HE(PIHAHCOBHUX IHTEpECIB, SKI CIi
PO3KpHBaTH.

Jliteparypa

1. Related AMCA Standards and Publications / Publication 200 AIR SYSTEMS / System Pressure
Losses, Fan Performance Characteristics, System Effect, System Design Tolerances.

2. Publication 201 FANS AND SYSTEMS / Fan Testing and Rating, The Fan "Laws" Air Systems,
Fan and System Interaction, System Effect Factors.

3. Publication 202 TROUBLESHOOTING / System Checklist, Fan Manufacturer's Analysis,
Master Troubleshooting Appendices.\

Kpasuenko O. B., Onnmienko O.C.
https://doi.org/10.31650/2618-0650-2026-8-1-125-140 137




MexaHika Ta MaremMaTHuHi meromu / | ‘ VI111/1/2026
Mechanics and mathematical methods e N Crop. 125-140 / Page 125-140

4. Publication 203 FIELD PERFORMANCE MEASUREMENTS OF FAN SYSTEMS ./ Acceptance
Tests/Test Methods and Instruments, Precautions, Limitations and Expected Accuracies
Calculations.

5. Improving Fan System Performance a sourcebook for industry / U.S. Department of Energy /
sourcebook for industry /2003. https://www.nrel.gov/docs/fy 030sti/29166.pdf.

6. ASHRAE. 1999. ANSI/ASHRAE Standard 51-1999 (ANSI/ AMCA Standard 210-99),
Laboratory Methods of Testing Fans for Aerodynamic Performance Rating. Atlanta: American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.

7. ASHRAE. 2000. 2000 ASHRAE Handbook—HVAC Systems and Equipment, Chapter 18,
Fans. Atlanta: American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.

8. Dynamical Modelling of a Centrifugal Fan Driven by an Induction Motor and Experimental
Validation. Cebrail Turkeri. Oleh Kiselychnyk. School of Engineering, The University of
Warwick, Coventry CVv4 TAL, UK. Energies 2023, 16(18),
6658; https://doi.org/10.3390/en16186658.

9. Model-Based Assessment of Energy Efficiency in Industrial Pump Systems: A Case Study
Approach. Henrik Lavri¢. Klemen Drobni¢. Rastko Fiser. Faculty of Electrical Engineering,
University of Ljubljana, Trzaska cesta 25, 1000 Ljubljana,
Slovenia. https://doi.org/10.3390/app142210430.

10. Discussion on Energy Saving Technology of Pumps and Fans in Thermal Power Plants Hao
Bian * School of North China Electric Power University, Baoding, China. doi:10.1088/1755-
1315/450/1/012082.

11. Experimental study of a pump in turbine mode, energy characteristics, selection methods and
operation in a system. Anexcauap Cranumnos. doi:10.1088/1755-1315/1234/1/012008.

12. DEVELOPMENT OF A MATHEMATICAL MODEL FOR ENERGY EFFICIENCY OF A
CENTRIFUGAL PUMP.lIvano-Frankivsk National Technical University of Oil and Gas. Andrii
Lahoida. Andrii. https://doi.org/10.30888/2663-5712.2023-21-01-039.

13. IlpaBuna wnu TpeOOBaHMS JUIA MPOSKTUPOBaHUs a’3po cucteM (BeHT cucteMm) ['OCT 10616-90
Bentunstopu pafiaiasHi Ta ockoBi. Posmipu i mapamerpu (CT COB 4483-84)

14. upextuBa 3 eneproedexrupHocTi (€C) 2023/1791 https://enefcities.org.ua/novyny/dyrektyva-
z-energoefektyvnosti-yes-2023-1791-nabula-chynnosti/ 23 okr. 2023 .

15. Arsiri V. Reconstruction of turbomachines on the basis of the flow structure visual diagnostics.
Arsiri Vasyl, Kravchenko Oleg. Mechanics and Mechanical Engineering, Volume 22, Issue 2,
Pages 405-414, elSSN 2354-0192, DOI: https://doi.org/10.2478/mme-2018-0032.

16. Predicting the Performance of an Industrial Centrifugal Fan Incorporating Cambered Plate
Impeller Blades / Lucio Cardillo, Alessandro Corsini, Giovanni Delibra, Franco Rispoli,
Anthony G. Sheard, Paolo Venturini/ Periodica Polytechnica Mechanical Engineering / 58(1),
pp. 15-25, 2014 DOI:10.3311/PPme.7397.

17. Lee Y.-T., Impact of fan gap flow on the centrifugal impeller aerodynamics / Journal of Fluids
Engineering, 132(9), 1-7 (2010). DOI: 10.1115/1.4002450.

18. bysuukoB VY.®., Pammatnc K.®., bepsunpm 3.5. IIpon3BOACTBEHHBIE W OTONMHUTEIHHBIE
KoTenpHBIe / - M DHepromammsaar, 1984,

19. TOCT 1616-90 Bentumstopsl paauaibHbBlE W OCeBble. Pa3Mepbl u mapamerpel. M.:
W3parenscTBO cranmaptos, 1990 .

20. AppoaMHaMHYEeCKHH pacdeT KOTENbHBIX YCTaHOBOK (HOpMaTWBHBIN Meronm). mon pen. C.H.
Mosguana. JI., Oueprus.1977.

21. Tlar. PST 5.812.423 USA Method of determining for working media motion and designing flow
structures for same // Maisotsenko V. S., Arsiri V. A.. % Publ. 22.09.1998.

22. Yepuoycenko O.}O. Cran eneprervkn YKpaiHM Ta pe3yiabTaTH MOJEpHi3alii eHeprodioKiB
TEC/ IIpobnemu 3aranshoi enepreruxy, 2014, sun. 4 (39) C. 20-28.

23. TTIPABUJIA TexHiuHOi eKcIUIyaTallii CHCTEM TEIUIONOCTAaYaHHS KOMYHAIBHOI EHEPreTHKU
Vkpainn / 3rimHo Hakasy JlepkaBHOro KOMITETY 3 NHUTaHb XWTJIOBO — KOMYHAaJIBHOIO
rocnogapcrsa Ne234 (v0234508-04) Bix 29.12. 2004.

24. U.S. Department of Energy (2004) Improving Fan System Performance /
https://www.nrel.gov/docs/fy3osti/29166.pd.

Kpasuenko O. B., Onnmienko O.C.
https://doi.org/10.31650/2618-0650-2026-8-1-125-140 138



https://www.nrel.gov/docs/fy%2003osti/29166.pdf
https://doi.org/10.3390/en16186658
https://doi.org/10.3390/app142210430
https://doi.org/10.30888/2663-5712.2023-21-01-039
Директива%20з%20енергоефективності%20(ЄС)%202023/1791%20https:/enefcities.org.ua/novyny/dyrektyva-z-energoefektyvnosti-yes-2023-1791-nabula-chynnosti/
Директива%20з%20енергоефективності%20(ЄС)%202023/1791%20https:/enefcities.org.ua/novyny/dyrektyva-z-energoefektyvnosti-yes-2023-1791-nabula-chynnosti/
https://doi.org/10.2478/mme-2018-0032
https://www.nrel.gov/docs/fy3osti/29166.pd

MexaHika Ta MaremMaTHuHi meromu / VI111/1/2026
Mechanics and mathematical methods Crop. 125-140 / Page 125-140

25. U.S. Department of Energy (2013a). Energy Efficiency Program for Commercial and Industrial
Equipment: Public Meeting and Availability of the Framework Document for Commercial and
Industrial Fans and Blowers. Federal Register, 78/22: 7387, 1 February.

26. U.S. Department of Energy (2013b). Presentation slides: Energy Conservation Standards for
Commercial & Industrial Fans and Blowers: Framework Public Meeting. Docket number
EERE-2013-BTSTD-0006, 15 February

References

1. Related AMCA Standards and Publications / Publication 200 AIR SYSTEMS / System Pressure
Losses, Fan Performance Characteristics, System Effect, System Design Tolerances.

2. Publication 201 FANS AND SYSTEMS / Fan Testing and Rating, The Fan "Laws" Air Systems,
Fan and System Interaction, System Effect Factors.

3. Publication 202 TROUBLESHOOQOTING / System Checklist, Fan Manufacturer's Analysis,
Master Troubleshooting Appendices.\

4. Publication 203 FIELD PERFORMANCE MEASUREMENTS OF FAN SYSTEMS ./ Acceptance
Tests/Test Methods and Instruments, Precautions, Limitations and Expected Accuracies
Calculations.

5. Improving Fan System Performance a sourcebook for industry / U.S. Department of Energy /
sourcebook for industry /2003. https://www.nrel.gov/docs/fy 030sti/29166.pdf.

6. ASHRAE. 1999. ANSI/ASHRAE Standard 51-1999 (ANSI/ AMCA Standard 210-99),
Laboratory Methods of Testing Fans for Aerodynamic Performance Rating. Atlanta: American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.

7. ASHRAE. 2000. 2000 ASHRAE Handbook—HVAC Systems and Equipment, Chapter 18,
Fans. Atlanta: American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.

8. Dynamical Modelling of a Centrifugal Fan Driven by an Induction Motor and Experimental
Validation. Cebrail Turkeri. Oleh Kiselychnyk. School of Engineering, The University of
Warwick, Coventry Cv4 TAL, UK. Energies 2023, 16(18),
6658; https://doi.org/10.3390/en16186658.

9. Model-Based Assessment of Energy Efficiency in Industrial Pump Systems: A Case Study
Approach. Henrik Lavri¢. Klemen Drobni¢. Rastko Fiser. Faculty of Electrical Engineering,
University of Ljubljana, Trzaska cesta 25, 1000 Ljubljana,
Slovenia. https://doi.org/10.3390/app142210430.

10. Discussion on Energy Saving Technology of Pumps and Fans in Thermal Power Plants Hao
Bian * School of North China Electric Power University, Baoding, China. doi:10.1088/1755-
1315/450/1/012082.

11. Experimental study of a pump in turbine mode, energy characteristics, selection methods and
operation in a system. Anekcauap Cranmmos. doi:10.1088/1755-1315/1234/1/012008.

12. DEVELOPMENT OF A MATHEMATICAL MODEL FOR ENERGY EFFICIENCY OF A
CENTRIFUGAL PUMP.Ivano-Frankivsk National Technical University of Oil and Gas. Andrii
Lahoida. Andrii. https://doi.org/10.30888/2663-5712.2023-21-01-039.

13. Pravyla yly trebovanyia dlia proektyrovanyia asro system (vent system) HOST 10616-90
Ventyliatory radialni ta osovi. Rozmiry i parametry (ST SOV 4483-84).

14. Dyrektyva z enerhoefektyvnosti (YeS) 2023/1791 https://enefcities.org.ua/novyny/dyrektyva-z-
energoefektyvnosti-yes-2023-1791-nabula-chynnosti/ 23 okt. 2023 h.

15. Arsiri V. Reconstruction of turbomachines on the basis of the flow structure visual diagnostics.
Arsiri Vasyl, Kravchenko Oleg. Mechanics and Mechanical Engineering, Volume 22, Issue 2,
Pages 405-414, elSSN 2354-0192, DOI: https://doi.org/10.2478/mme-2018-0032.

16. Predicting the Performance of an Industrial Centrifugal Fan Incorporating Cambered Plate
Impeller Blades / Lucio Cardillo, Alessandro Corsini, Giovanni Delibra, Franco Rispoli,
Anthony G. Sheard, Paolo Venturini/ Periodica Polytechnica Mechanical Engineering / 58(1),
pp. 15-25, 2014 DOI:10.3311/PPme.7397.

17. Lee Y.-T., Impact of fan gap flow on the centrifugal impeller aerodynamics / Journal of Fluids
Engineering, 132(9), 1-7 (2010). DOI: 10.1115/1.4002450.

18. Buznykov U.F., Raddatys K.F., Berzynsh 3.Ya. Proyzvodstvennsie y otopytelnsie kotelnsie / -
M Bnerhomashyzdat, 1984.

Kpasuenko O. B., Onnmienko O.C.
https://doi.org/10.31650/2618-0650-2026-8-1-125-140 139



https://www.nrel.gov/docs/fy%2003osti/29166.pdf
https://doi.org/10.3390/en16186658
https://doi.org/10.3390/app142210430
https://doi.org/10.30888/2663-5712.2023-21-01-039
https://doi.org/10.2478/mme-2018-0032

VI11/1/2026
Crop. 125-140 / Page 125-140

MexaHnika Ta MareMaTtdyHi Meromgu [
Mechanics and mathematical methods

19. HOST 1616-90 Ventyliatorsr radyalneie y oseveie. Razmersl y parametrsl. M.: Yzdatelstvo
standartov, 1990 .

20. Aerodynamycheskyi raschet kotelneikh ustanovok (normatyvneii metod). pod red. S.Y.
Movchana. L., Onerhyia.1977.

21. TIlar. PST 5.812.423 USA Method of determining for working media motion and designing flow
structures for same // Maisotsenko V. S., Arsiri V. A.. % Publ. 22.09.1998.

22. Chernousenko O.Yu. Stan enerhetyky Ukrainy ta rezultaty modernizatsii enerhoblokiv TES/
Problemy zahalnoi enerhetyky, 2014, vyp. 4 (39) S. 20-28.

23. PRAVYLA tekhnichnoi ekspluatatsii system teplopostachannia komunalnoi enerhetyky
Ukrainy / zghidno Nakazu Derzhavnoho komitetu z pytan zhytlovo — komunalnoho
hospodarstva Ne234 (v0234508-04) vid 29.12. 2004.

24. US. Department of Energy (2004) Improving Fan System Performance /
https://www.nrel.gov/docs/fy30sti/29166.pd.

25. U.S. Department of Energy (2013a). Energy Efficiency Program for Commercial and Industrial
Equipment: Public Meeting and Availability of the Framework Document for Commercial and
Industrial Fans and Blowers. Federal Register, 78/22: 7387, 1 February.

26. U.S. Department of Energy (2013b). Presentation slides: Energy Conservation Standards for
Commercial & Industrial Fans and Blowers: Framework Public Meeting. Docket number
EERE-2013-BTSTD-0006, 15 February

Crarrsa Hamiinia 1o penakiii 02.09.2025
Crarts npuitasaTa g0 apyky 05.12.2025
[ara myOuikariii cratti 26.03.2026

Kpaguenko Ouer Bosogumuposuy

Opnechbka nep)kaBHa akajeMisi OyIiBHUIITBA Ta apXiTEKTypH,
K.T.H, ZOLEHT

Bya. [inpixcona, 4, Oneca, Ykpaina, 65029
sir.Kravchenko777@gmail.com

ORCID: 0000-0001-9765-2344

Onumenko Oaexcanap CepriiioBuy

Opnechbka nep)xaBHa akajeMisi OyIiBHUIITBA Ta apXITEKTypH,
acIipaHT,

Byx. [inpixcona, 4, Oneca, Ykpaina, 65029
alexander.cyclon@gmail.com

ORCID: 0009-0000-4729-2993

Jlna nocunans:
Kpasuenko O. B., Onumenko O. C. IIpobiemu excroryaTariii aepocucteM. MexaHika Ta MATEeMaTHIHI METO/IH,
2026. T. VIIIL. Ne. 1. c. 125-140.

For references:
O. Kravchenko, O. Onishchenko. (2026). Problems of aerosystem operation. Mechanics and Mathematical
Methods. VIII (2). 125-140.

[pobremu ekcruryarariii aepocrcrem © 2026 by Kpasuenko O. B., Onwierko O. C. is licensed under CC BY
4.0

Kpasuenko O. B., Onnmienko O.C.
https://doi.org/10.31650/2618-0650-2026-8-1-125-140 140



https://www.nrel.gov/docs/fy3osti/29166.pd
mailto:sir.Kravchenko777@gmail.com
https://mmm-journal.com.ua/journals/15/11.pdf
https://example.com/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

v, i

MexaHnika Ta MareMaTtdyHi Meromgu [ ] ; VI11/1/2026
Mechanics and mathematical methods e N Crop. 141-150/ Page 141-150

UDC 624.012.41

DETERMINATION OF THE INFLUENCE OF TECHNOLOGICAL
DAMAGE TO CONCRETE ON ITS PRISM STRENGTH

N. Oliynyk!
!Odesa State Academy of Civil Engineering and Architecture

Abstract: Despite almost two hundred years of experience in use and significant volumes of use,
which no composite material can match, reinforced concrete is still far from being fully studied. It is
necessary to clarify the calculation of structures in order to fully take into account the factors that
affect their operation under load.

Due to the peculiarities of its structure, concrete is a multicomponent and multiphase
polycrystalline formation that has a developed system of macro- and microdefects that arise in the
structure during molding.

Since concrete as a structural material is formed directly in the structure or product itself, it is
practically possible to control its quantitative and qualitative parameters only after receiving the
finished product or structure.

Since the composition of concrete affects the structure, strength characteristics and deformation
properties of reinforced concrete structures operating under the influence of external influences, there
is a need for a more thorough study of it and the determination of optimal components in order to
ensure the operational reliability of structures.

During the technological processing of concrete, technological cracks appear in products at all
levels of structural inhomogeneities in the material, which, being structural parameters of concrete,
determine damage to structures, and thereby their operational reliability.

A directed change in technological damage allows you to change the nature of crack formation
and structural failure. The use of mineral filler in certain quantities and a certain dispersion allows you
to control the processes of organizing the structure of concrete and regulate its initial volumetric
changes, and therefore, technological damage in order to obtain building structures with the necessary
properties.

The results of the research revealed the influence of fillers on the initial damage of concrete and
on its prismatic strength. Since technological damage significantly affects the strength properties of
concrete, this allows you to assign concrete compositions with specified characteristics.

Keywords: reinforced concrete, cracks, technological damage, prismatic strength.

BU3HAYEHHA BIIVIMBY TEXHOJOI'MTYHUX ITOIKOAKEHb
BETOHY HA UOT'O IPUBMATHUYHY MILHHICTD

Ouiiinnk H. B.!
Y0o0ecvra oepacasna axademis 6ydienuymea ma apximexmypu

AHoranisg: He3Bakaroum Ha Maibke BOXCOTPIUYHWH OCBil 3aCTOCYBaHHS Ta 3HA4YHI OOCATH
BHKOPHCTaHHS, 3 TKUMHU HE MOXE 3PIBHATHUCS KOJEH 1HIINK KOMITO3UIIIMHUN MaTepiai, 3a1i300eToH 1
J0CI  3QMIIAETHCS HEJOCTaTHHO BUBYCHMM. HeEOoOXiJHO yTOYHIOBATH METOAH PO3PaxyHKY
KOHCTPYKI[If 3 METOI IOBHOI'O BpaxyBaHHA (aKTOpiB, IO BIUIMBAIOTH HA IXHIO pOOOTY Mia
HaBaHTAKECHHSM.

Uepe3z o0co0nMMBOCTI CBOET CTPYKTypH O€TOH € 0araTOKOMIIOHEHTHHM 1 OaratodazHuM
MOJIIKPUCTANIIYHAM yTBOPEHHSM, IO Ma€ pPO3BHHEHY CHCTEMY Makpo- Ta MikpoaedekTiB, sKi
BHHUKAIOThH y TpoIleci pOopMyBaHHS.

Ockinbku O€TOH K KOHCTPYKUIIHHUE MaTepian GopMyeTbesi 6e310cepeIHbO B CaMiil KOHCTPYKIi
a00 BUPOOi, MPAKTUYHO MOXJIMBUM € KOHTPOJIb HOTO KUNBbKICHUX 1 SIKICHUX MapaMerpiB JIMIIE Micis
OTPUMaHHS TOTOBOI'0 BUPOOY UM KOHCTPYKIII.
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Ockinpku ckiaZi OETOHY BIUIMBAE HA CTPYKTYpPY, MILHICHI XapaKTEpHUCTUKU Ta Nedopmaliiini
BJIACTUBOCTI 3al1i300€TOHHUX KOHCTPYKLIH, 10 MPALIOIOTh MiJ Ii€I0 30BHIIIHIX BIUTUBIB, BHHUKAE
HEOOXiHICTh HOro OiNbII TPYHTOBHOTO JOCHIKEHHS Ta BU3HAUCHHS ONTHMAIBHUX KOMIIOHEHTIB 3
MeTO10 3a0e3MeueHHs eKCILTyaTalliiHol HaAiHOCTI KOHCTPYKIIIH.

[lix wac TexHoMOriuHOi 0OPOOKM OETOHY Y BUpOOAaX BUHUKAIOTH TEXHOJOTIUHI TPIIIMHU HA BCIX
PIBHSX CTPYKTYpHHX HEOIHOPIAHOCTEH MaTepiaiy, sKi, OyAydu CTPYKTYpHHUMH MapaMeTpaMu OETOHY,
BH3HAYAIOTH MMOIIKO/PKYBAHICTh KOHCTPYKIIiH, 8 0T)Ke — IXHIO eKCIUTyaTaliifHy HaTiiHICTb.

CropsiMoBaHa 3MiHa TEXHOJOTIYHOI IIOIIKOMKEHOCTi JIO3BOJSE 3MIHIOBATH  XapakTep
TPIIMHOYTBOPEHHS Ta PyHHYBaHHS CTPYKTYpH. BukopucTaHHS MiHEepaIbHOTO HANIOBHIOBAYA Y TIEBHIH
KUTBKOCTi Ta 3 BU3HAYEHOIO AMCIEPCHICTIO JIa€ 3MOry KepyBaTH IMpouecamu (OPMYBaHHS CTPYKTYPH
OCTOHY Ta PEryJoBaTH HOro MOYaTKOBI 00’€MHI 3MIHH, 8 OTXKE — TEXHOJIOTTYHY TMOIIKOKEHICTb, 3
METOI0 OTPUMAaHHS Oy/IiBEIbHUX KOHCTPYKIIIH i3 3aJJAHUMH BIIACTUBOCTSIMH.

PesynbTatn gocnijpkeHHs BUSBWIN BIUIMB HATIOBHIOBAUiB Ha MOYATKOBY IOIIKO/KEHICTh OETOHY
Ta Ha HOro MpU3MATUYHY MIIHICTh. OCKUIBKA TEXHOJOTIYHA MOIIKOKEHICTh CYTTEBO BIUIMBAE Ha
MIIHICHI ~ BJIACTUBOCTI O€TOHYy, 1II¢ JI03BOJISIE NpPHU3HAYATH CKJIAAM OCTOHY 13 3aJaHUMU
XapaKTePUCTUKAMHL.

KarouoBi cyioBa: 3amiz00€TOH, TPINIMHKM, TEXHOJIOTIYHA IOIIKOPKEHICTh, TMPU3MaTHYHA
MILHICTB.

N. Oliynyk
https://doi.org/10.31650/2618-0650-2026-8-1-141-150
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1 INTRODUCTION

The quality and operational reliability of a structure largely depend on the materials from
which it is made. The load-bearing capacity of a structure is determined by the ability of the
material to continue performing its functions under new conditions. Therefore, the task of
obtaining construction materials and equipment with specified quality parameters while
reducing material consumption remains relevant. One of the ways to reduce the material
consumption of structural building materials is the use of fillers.

Fillers are defined as particles of arbitrary shape and surface activity, the size of which
does not allow them to create fields of deformation and stress in the surrounding binder, but
instead causes their participation in the processes of organizing the structure of the elementary
structural elements of the binder.

2 ANALYSIS OF LITERARY DATA AND RESOLVING THE PROBLEM

The properties of a structure are determined both by the individual properties of all its
subsystems (concrete, reinforcement) and by changes in these properties during internal
structural interactions. In turn, the material of the structure (concrete) is itself a subsystem
consisting of characteristic structural inhomogeneities. Therefore, when considering
composite building materials (CBMSs), it is advisable to represent them as complex organized
systems arranged according to the principle of “structure within a structure” or “composite
within a composite.” This makes it possible to view CBMs as complex self-organizing
systems with a hierarchical subordination of different levels of structural inhomogeneities and
qualitatively different mechanisms of structure formation.

Operational loads acting on a structure cause deformations and stresses, which the
material perceives and redistributes among its structural elements. The load-bearing capacity
of a structure is determined by the ability of the material to continue performing its functions
under new conditions.

Thus, the structure of a construction can be represented by various models, the type of
which depends on the purpose of the analysis and the study of its behavior under operational
loads. Describing the structure of a construction makes it possible to identify the most
important elements that determine the load-bearing capacity of its individual parts and of the
entire structure within similar systems, to reveal the role of the material in its performance,
and to determine ways for the targeted design of materials for a specific structure.

In composite materials and structures, in the general case, several characteristic types of
damage can be distinguished, differing in their mechanisms of formation [1-2]:

— damage of individual components introduced with them into the material and the
structure (initial);

— damage arising during the technological processing of the initial components into the
material and its incorporation into the structure (technological);

— damage occurring under the action of operational loads on the structural material
(operational).

3 PURPOSE AND TASKS OF THE STADY

Since the composition of concrete affects the structure, strength characteristics, and
deformation properties of reinforced concrete structures operating under external influences,
there is a need for more in-depth study and determination of optimal components in order to
ensure the operational reliability of structures. During the technological processing of
concrete into products, technological cracks arise at all levels of structural inhomogeneities in
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the material. Being structural parameters of concrete, these cracks determine the damage level
of structures and, consequently, their operational reliability. The use of fillers optimized in
type, quantity, and dispersion makes it possible to control technological damage in concrete
and reinforced concrete structures, thereby improving their physical and technical
characteristics.

Operational loads acting on a structure cause deformations and stresses, which the
material perceives and redistributes among its structural elements. The load-bearing capacity
of a structure is determined by the ability of the material to continue performing its functions
under new conditions. The failure of concrete is always associated with the accumulation of
damage in its initial structure at different levels and with the absorption of deformation
energy, followed by its release on the surfaces of newly formed failure cracks [1, 2].

The object of analysis is defects that arise during the technological processing involved
in the production of construction materials and structures. Such defects are classified as
technological, initial, or inherent (hereditary) defects. According to [1, 2], technological
(inherent) defects include pores, capillaries, cracks of various types, etc., which appear during
material and structure formation and are present before the application of operational loads.
Since the mechanical characteristics of composite materials, including construction materials,
are largely determined by cracks, in what follows technological defects are understood as
cracks that arise in the material of building structures during structure formation and exist
prior to the application of external loads. It is assumed that cracks formed in the material
automatically become cracks of the structure, thereby determining its crack resistance,
deformability, and load-bearing capacity. For example, in precast reinforced concrete
elements, the share of technologically induced cracks among all defects reaches about 60%
[1].

Experimental studies have confirmed that operational cracks develop from technological
ones. Since concrete is a material of the “structure within a structure” type, where each larger
block consists of a combination of smaller ones, it can be assumed that volumetric
deformations of each such block may lead to its fragmentation into sub-blocks. In this case,
the crack pattern within a block reproduces the crack pattern at a higher scale level. Such
fragmentation of structural blocks leads to the intensive development of operational cracks.
Since the mechanical characteristics of composite materials are largely determined by cracks,
it is assumed that cracks define the level of damage in the material and, consequently, in the
structure.

A directed change in technological damage makes it possible to alter the nature of crack
formation and structural failure. The use of mineral fillers in specific amounts and with a
certain dispersion allows control over the processes of concrete structure formation and
regulation of its initial volumetric changes, and thus technological damage, in order to obtain
building structures with the required properties.

Mineral fillers, influencing the physical and mechanical properties of cement paste,
determine its material consumption, which depends on the efficiency of using the clinker
component of cement. Fillers are particles of arbitrary shape and surface activity, whose size
does not allow them to create deformation and stress fields in the surrounding viscous
medium but ensures their participation in the processes of structuring a material with specified
properties. Fillers that do not contain chemically active components (low-activity mineral
fillers) do not enter into chemical reactions with other components of the cement binder and
mixing water. However, by influencing the physical and mechanical properties of cement
paste, they determine its material consumption, which depends on how efficiently the clinker
component is utilized. The more fully the potential properties of the most expensive and
energy-intensive component of cement composites are used, the lower the material
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consumption. It has been proven that material consumption can be reduced by 15-21%
through the use of fillers optimized in type and qualitative composition.

4 BASIC RESULTS

To obtain experimental data for the study of bending reinforced concrete elements and
concrete specimens, an experiment consisting of nine tests was conducted. Portland cement
with a specific surface area close to 300 m?/kg, produced by co-grinding clinker and dihydrate
gypsum, was used as the binder. Fine quartz sand with specific surface areas of Sy = 100,
200, and 300 m?/kg, previously ground in a ball mill, was used as the filler. The sand was
added to the binder in amounts of 8, 10, and 12% by mass. The specific surface area and
quantity of the filler, depending on the concrete composition, are presented in Table 1. The
filler was introduced directly into the concrete mix during its preparation.

The concrete composition per 1 m3 was as follows: crushed stone — 1100 kg, sand — 171
kg, water — 140 kg, cement — 350 kg. Experimental studies were carried out on prism
specimens with dimensions of 10 x 10 x 40 cm.

To study the initial (technological) damage of concrete prisms, attention was focused on
the network of surface cracks. For a more accurate assessment of the technological damage of
the specimens, crack manifestation was observed after the specimens had reached an age of
200220 days, following carbonation—that is, the development of physical and chemical
processes under the influence of atmospheric CO: in the presence of moisture, during which
the concrete surface became covered with a network of fine cracks. Surface cracks were
revealed by immersing the specimens in tannin solutions for 30—40 minutes and then dried in
the laboratory for two days. Changes in the alkalinity of the concrete around the cracks altered
the color of the tannin, thereby revealing and recording the cracks.

As a result of the studies on the lateral faces of the prisms, the crack lengths (To, cm) and the
following average characteristics were obtained: the coefficient of technological damage by area, and
the coefficients of technological damage in characteristic sections of the prisms (longitudinal and
transverse), which are presented in Table 1.

Table 1

Coefficients of technological damage (XL, K,S) and lengths of technological cracks (7o)

determined for the prisms

Longitudinal Transverse Buinena
section section Ioma
N 1o | Sy | (L =40sm) (L,=10sm) | (S=100sm?)
composition m“/xg Kn Kp T X
T,,sm T, em L o s,
sm/cm cm/cm cM cm/cm
1 100 100,3 0,399 27,3 0,367 136 1,36
2 8 200 113 0,354 29,3 0,341 125 1,25
3 300 135,7 0,295 35,3 0,283 78 0,78
4 100 127 0,315 32,2 0,311 88 0,88
5 10 200 120,6 0,332 32,5 0,308 99 0,99
6 300 142 0,282 38,5 0,260 65 0,65
7 100 112 0,357 30,8 0,325 116 1,16
8 12 200 110,3 0,363 31,4 0,318 106 1,06
9 300 129,8 0,308 33,5 0,299 73 0,73

Analyzing the influence of the amount and dispersion of the filler on the technological
damage of concrete prisms, it was found that the maximum value of the technological damage
coefficient of concrete, determined from the transverse section of prism specimens, is
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achieved at a filler content of H = 8% by mass of the binder and a dispersion of
Sy = 100 m2/kg (0.367), while the minimum value is observed at a filler content of H = 10%
and a dispersion of Sy = 300 m2/kg (0.26).

The maximum value of the technological damage coefficient of concrete, determined
from the longitudinal section of prism specimens, is achieved at a filler content of H = 8% by
mass of the binder and a dispersion of Sy = 100 m#kg (0.399), while the minimum value is
observed at a filler content of H = 10% and a dispersion of Sy = 300 m#/kg (0.282).

The maximum value of the technological damage coefficient of concrete, determined
over the area of prism specimens, is achieved at a filler content of H = 8% by mass of the
binder and a dispersion of Sy = 100 m?kg (1.36), while the minimum value is observed at a
filler content of H = 10% and a dispersion of Sy = 300 m2/kg (0.65).

To assess the influence of technological damage in concrete, nine series of concrete
prisms with different compositions were tested, and the prismatic strength of concrete (R,),
presented in Table 2, was determined. The value of the prismatic strength of concrete,
depending on the quantity and quality of the filler, varies within the range from 27.14 to 34.35
MPa (by 26.6%).

Table 2
Values of prismatic strength
CompJ(\)rjsition H, % Sy , M?/kg Rp, MPa
1 100 27,14
2 8 200 29,12
3 300 33,58
4 100 31,95
5 10 200 32,07
6 300 34,34
7 100 29,58
8 12 200 31,00
9 300 32,67

The influence of filler content on the prismatic strength of concrete is shown in Fig. la.
The maximum change in prismatic strength (17.7%) is achieved when increasing H from 8%
to 10% at Sy = 100 m?/kg. The minimum change in R(b) is observed when varying H from 8%
to 10% at Sy = 300 m#kg.

The influence of filler dispersion on the prismatic strength of concrete is shown in Fig.

1b.

a) Rz, Mma 0) Ry, MIla

35 35

30 30 : E

H., %
25 25 .
Sy MY/KT
4 8 10 12 100 200 300 ==
—e—Sy=100 ——Sy=200 —&—Sy=300 ——H=8% ——H=10% —#—-H=12%
Fig. 1. Influence on the prismatic strength of concrete of the following factors:
(a) filler content; (b) filler dispersion
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The maximum value of the prismatic strength of concrete is observed at a filler content of
H = 10% by mass of the binder and a dispersion of Sy = 300 m#/kg (34.35 MPa), while the
minimum value of R, is recorded at a filler content of H = 8% and a dispersion of
Sy =100 m#kg (27.14 MPa).

Analyzing the values of prismatic strength (Table 1) and the coefficients of technological
damage of prism specimens (Table 2), it can be noted that the minimum strength value of
27.14 MPa (H = 8%; Sy = 100 m?/kg) corresponds to the maximum value of the coefficient
K,.S = 1.36 cm/cm? over the selected area. Similarly, for K,L along both directions, the values
are 0.399 in the transverse section and 0.367 in the longitudinal section.

Conversely, the maximum strength value of 34.34 MPa (H = 10%; Sy = 300 m#kg)
corresponds to the minimum value of the coefficient K,S = 0.65 cm/cm? The values of K,L
for both considered directions are also minimal (0.282 and 0.260, respectively) in the same
sections of the prisms. This relationship is clearly illustrated in Figs. 2 and 3.

0) Ry, Mlla
35

-

33 .
\

31 s

29 \‘“

27 \ Ens. aav'em?
0,60 0,80 1.00 1.20 1.40

Fig. 2. Influence of technological damage, determined over the selected area of prism specimens, on
prismatic strength
The influence of technological damage on the prismatic strength of concrete has been
established. For R, , the minimum value of 27.14 MPa (H = 8%; Sy = 100 m?/kg) corresponds

to the maximum value of the coefficient K, S=1.36sm/sm* over the selected area.
Conversely, the maximum value of 34.34 MPa (H = 10%; Sy = 300 m#kg) corresponds to the
minimum value of the coefficient K S =0,65sm/sm?.

Figure 4a presents the relationship between the prismatic strength of concrete and
technological damage determined from the transverse section of the prism and expressed
through the technological damage coefficient K L in the form

R, = —22535K,L*> + 69.24 K L + 31.833.

As can be seen from the graph, with an increase in K,L, the strength decreases from 34.7 to
27.05 MPa (by 28.28%). The largest deviation from the graph (1.49%) is observed at a filler
content of H = 12% and a dispersion of Sy = 100 m#kg; the smallest deviation (0.06%) is
observed in other cases. In general, the deviations range from 1.6% to 0.08%.

Figure 3b shows the relationship between the prismatic strength of concrete and
technological damage determined from the longitudinal section of the prism and expressed
through the technological damage coefficient K,L in the form

R, = —57.727 K L2 — 19.449 K L + 44.274.

As follows from the graph, with an increase in K,L, the strength decreases from 34.25 to
27.39 MPa (by 25.05%). The maximum deviation from the graph (2.89%) is observed at a
filler content of H = 12% and a dispersion of Sy = 200 m?/kg; the minimum deviation (0.05%)
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is observed at H = 10% and H = 12% with Sy = 300 m?/kg. In other cases, the deviations
range from 0.12% to 1.39%.

a) Ry, Mlla 0) Ry, Mlla
35
36 \
d\ 33 N
35 X
3 \Ke ‘t\.\ .
31 S 31 *
285 R\ 29 AN
% N Ky, em/em \ Kny.. cM/eM
2 27
0240 0275 0310 0345 0380 028 030 032 034 036 038 040

Fig. 3. Influence of technological damage on prismatic strength, determined from: (a) the transverse section of
prism specimens; (b) the longitudinal section of prism specimens.

5 DISCUSSION OF THE RESULTS OF THE STUDY

The study confirmed that the composition of concrete significantly affects its structure,
strength, and deformation properties of reinforced concrete structures. During the
technological processing of concrete into products, technological cracks form at all levels of
structural heterogeneity, determining the initial damage of the material and, consequently, the
operational reliability of the structures. Experimental data showed that most service cracks
develop from technological ones, highlighting the role of initial defects in the behavior of
structures under load.

The analysis indicated that technological cracks forming in the concrete before the
application of service loads automatically become structural defects of the construction,
influencing its crack resistance, deformability, and load-bearing capacity. In precast
reinforced concrete elements, the proportion of technological cracks reaches approximately
60% of the total defects. Due to the “structure-in-structure” nature of concrete, volumetric
deformations of large blocks can lead to their fragmentation into sub-blocks, reproducing the
crack pattern at a larger scale and contributing to the intensive development of service cracks.

The use of mineral fillers with optimal type, quantity, and dispersion allows control over
the concrete structure formation, regulation of its initial volumetric changes, and
technological damage, thereby enhancing the physical and mechanical properties of concrete
and reinforced concrete structures. Mineral fillers, affecting the properties of the cement
stone, determine the material consumption of the concrete mix, which depends on the
efficiency of clinker utilization. Experimental results confirmed the possibility of reducing
material consumption by 15-21% through the optimal selection of fillers by type and
dispersion, simultaneously improving the operational reliability of structures.

Thus, the results emphasize the critical role of technological cracks in determining the
strength and durability of concrete structures and demonstrate the effectiveness of using
optimized fillers to control technological damage.

6 CONCLUSIONS

The conducted studies allow us to conclude that as the damage of concrete increases, its
strength decreases, whereas a reduction in damage leads to an increase in strength. The
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mechanical characteristics of composite materials are largely determined by cracks; therefore,
cracks define the damage of the material and, consequently, of the structure.

Such an influence of fillers on the initial damage allows for the design of concrete mixes
with specified properties and highlights the need for further research, particularly regarding
the deformation properties of concrete.
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AHAJII3 MYJbTUMHOXKHWHHOI PO3MIPHOCTI B HEUITKHUX
I'PAOAX JIVIBHUKIB HYJIA, IOB’A3AHUX 3
KOMYTATHUBHUMMU KIUVIbIIAMHU

Craxis P. 10.!

YIpuxapnamevkuii nayionanvhuii ynieepcumem imeni Bacuns Cmeganuxa

AHoTauisi: Y cTarTi NpoBeieHO IPYHTOBHUI aHali3 KOHIEMii MyJIbTUMHOKUHHOI PO3MIpHOCTI
y HEUiTKuX rpadax AUIBHUKIB HYJISI, IO MOJEIIOIOTh BHYTPIIIHIO CTPYKTYPY KOMYTaTHBHUX KiJ€lb.
Po3riissHyTO SIK KilacHuHI miaxoau /10 moOynoBu rpadiB AUIBHUKIB HYJIS, TaK 1 CydacHi Moaudikaii,
IO BPaxOBYIOTh SIK MYJIbTHILTIKATHBHY, TaK 1 aJUTUBHY CTPYKTYpYy Kiiellb. BBeneHo dopmanbHi
O3Ha4YeHHS MYJbTHMHOXHHHOI PO3MIpPHOCTI Y HEWIiTKMX rpadax, moOy/lIoBaHUX Ha OCHOBI (QYHKIIiH
HEYITKOI HAJIOKHOCTI, 10 JO3BOJSIOTH BIOOpaXkaTh CTYMIHBb 3B’S3KYy MDK JUIBHHUKAMH HYJIS Y
npo6OoBiii popmi. HaBeneHno npuxiiaaym o0YHCIeHHS MyJIbTUMHOXKUHHOT PO3MIPHOCTI JIJIsl KOHKPETHUX
KJIaciB Kilelb, 30KpeMa Jisi KUTbIS 3aUIIKIB 32 MOJYJIeM J00YTKY MPOCTUX YUCEN, IO JEMOHCTPYE
3aJIeKHICTh [BOTO 1HBapiaHTa BiJl QyHIAMEHTAIRHUX ajredpaidHux XapakTepucTuk. [lokazaHo, 1m0
MYJIBTUMHOXHHHA PO3MIPHICTh MOXKE OYTH BUKOpHCTaHA SIK KUJIbKICHA XapaKTepHCTHKAa CKJIaJHOCTI
HeuiTkoro rpada IiIbHUKIB HyIs Ta sK 3acid g kiacudikallii Kijelb 3a TOMOJOTIYHUMHU
BIIACTUBOCTSIMU IXHIX Tpa)OBUX MOJIEIEH.

Oco0nuBYy yBary npuaiIeHO aHalli3y HasiBHUX ITIIXO/IB Y CBITOBIM JIiTEepaTypi, 30KpemMa podboram,
MPHUCBSYCHUM CTHCHEHUM TpadaM [IUILHUKIB HYJIS Ta HEYITKAM 3ipKOBUM a00 JBOYaCTKOBHM
CTPYKTypaM UIA KiTelb 13 MpOCTAUMH TapaMmerpamMu. Ha 1iif OoCHOBI OOIpYHTOBaHO MIOILIBHICTH
y3araJbHEHHS METPUK MYJIBTHMHOXXHHHOI PO3MIPHOCTI ISl OUTBIN CKIATHUX anreOpaidHuX 00’ €KTiB,
30KpeMa JUIsl MOAYJIbHUX CTPYKTYP, (GaKTOP-MOAYIIIB Ta HECKIHUEHHHUX JIAHIIFOTIB iJMOIYIIB.

Y poboTi OKpecIeHo MEPCIEKTHBU 3aCTOCYBAHHS OTPUMAHUX Pe3yIbTaTiB y JOCITIHKECHHSAX HE
JIUIIE KOMYTATHBHHUX, & W HEKOMYTaTHBHHUX KUIElb, IO BIIKPUBAE MOXIHMBOCTI Uil (HOpMYyBaHHS
YHIBEpCAIbHOI METOAMKH OIMCY BHYTPIITHIX B3a€MO3B’SI3KiB €JIEMEHTIB aireOpaidHUX CHCTEM 3a
JIOTIOMOT0I0 HEWITKHX rpad)oBUX Mojeield. Pe3ynmpTatn MoXXyTh OyTH BHKOPUCTaHI Yy MOJAIBIINX
TEOPETHUYHUX JOCTIKEHHSAX 3 anreOph, KOMOIHATOPHKH Ta TeOpil HEUITKUX CTPYKTYp, a TaKOX
CIIYTYBaTH MIAIPYHTAM IS MPAKTHYHUX 3aCTOCYBaHb Y Kpurrorpadii, Teopii KoiB Ta IHIINX Tary3sx,
Jie BaXKJINBA XapaKTePUCTHKA CKIIAJHOCTI anreOpaidHux CTPYKTYD.

3 ormsimy Ha OTpUMaHI pe3ylbTaTd, poOOTa BIOKPUBAE TMEPCIEKTHBH IS TOCITIKEHHS
B32€EMO3B’SI3KIB MDK HEUITKUMHU TpadaMu IITPHWUKIB HYIS Ta IHIIMMH TpadOBHUMH I1HBapiaHTaMH
KOMYTAaTUBHUX 1 HEKOMYTaTHBHUX Killelb, IO MOXE CTaTH MIiATPYHTSIM A TOOYIOBH OLIBII
3araibHAX MOJETeH aHali3y anreOpaidHuX CTPYKTYp y CYMDKHUX Tady3sX, TaKHX SK KpunTorpadis,
Teopis iHopmaIii Ta Tormonoriyaa anredpa.

KuarouoBi cioBa: QyHKIlS HaIEKHOCTI, HEUiTKa MHOXXMHA, PO3KJIAIAHHS, HEYITKA MaTpUIIA,
11ealt Kb,

ANALYSIS OF MULTISET DIMENSION IN FUZZY ZERO-
DIVISOR GRAPHS ASSOCIATED WITH COMMUTATIVE RINGS

R. Stakhiv!
vasyl Stefanyk Precarpathian National University

Abstract: The article provides a thorough analysis of the concept of multiset dimension in fuzzy
graphs of zero divisors that model the internal structure of commutative rings. Both classical
approaches to constructing zero divisor graphs and modern modifications that take into account both
the multiplicative and additive structures of rings are considered. Formal definitions of multi-set
dimension in fuzzy graphs constructed on the basis of fuzzy membership functions are introduced,
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allowing the degree of connection between zero divisors to be represented in fractional form.
Examples of calculating multi-set dimension for specific classes of rings are given, in particular for the
ring of residues modulo the product of prime numbers, which demonstrates the dependence of this
invariant on fundamental algebraic characteristics. It is shown that multiset dimension can be used as a
quantitative characteristic of the complexity of a fuzzy graph of zero divisors and as a means for
classifying rings according to the topological properties of their graph models.

Particular attention is paid to the analysis of existing approaches in the world literature, in
particular to works devoted to compressed graphs of zero divisors and fuzzy star or bipartite structures
for rings with simple parameters. On this basis, the feasibility of generalizing multi-set dimension
metrics for more complex algebraic objects, in particular for modular structures, factor modules, and
infinite chains of submodules, is justified.

The paper outlines the prospects for applying the obtained results in the study of not only
commutative but also noncommutative rings, which opens up opportunities for the formation of a
universal methodology for describing the internal relationships between elements of algebraic systems
using fuzzy graph models. The results can be used in further theoretical research in algebra,
combinatorics, and fuzzy structure theory, as well as serve as a basis for practical applications in
cryptography, code theory, and other fields where the complexity of algebraic structures is important.

Given the results obtained, the work opens up prospects for studying the relationships between
fuzzy graphs of zero divisors and other graph invariants of commutative and noncommutative rings,
which may become the basis for constructing more general models for analyzing algebraic structures
in related fields such as cryptography, information theory, and topological algebra.

Keywords: membership function, fuzzy set, decomposition, fuzzy matrix, ring ideal.
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1 BCTYIl

B Mexax CTpyKTypH KOMYTAQTHBHHX KUICHb AUTBHUKM HYJS BiirparoTh LEHTPAIbHY
POJIb, OCKUIBKM BOHH BiOoOpaXkaloTh iH(OpMAIliI0 MpO BHYTPIIHINA PO3KIaz 1 B3a€MO IO
€JIEMEHTIB BCEepEeUHi anreOpaiuHoi cTpyKTypu. EneMeHT X MeBHOTr0 KOMYTaTHMBHOTO KUTBIIS
R € Toxi AUTBHUKOM HYJS, KOJIM BiH NMPUHAWMHI Ma€ OJWH HEHYIbOBHH €IEMEHT Y , TOOTO

o6 Oyio giicaum Xy =0
Z(R)={xeR3y=0:xy=0} (1)

AHanmiz MHOXWHHU BCIX AUTPHUKIB HYJS 3a0e3ledye pO3YMIHHS OCHOBOTIOJOKHUX
BJIACTUBOCTEN KLI€Ilb, 0COOJUBO Y KOHTEKCTI KOHIIETIII 1/JeaIbHUX CTPYKTYp Ta PO3KIaJaHHs
Ha MHOKHUKH.

3ans 3a0e3Me4eHHs] HAOYHOCTI KOMITJIEKCHUX B3a€EMOBIIHOIIEHb MK JUIbHUKAMH HYJIS,
y Meax MOTOYHOrO JIOCHIIKEHHSI BBOJATHCS HEUiTKI rpadu y poii moaeni. Ha BiaMiny Big
KJIACUYHUX TpadiB, HEUITKI rpady yMOXIIMBIIIOIOTH MOCTYNOBE 3BAKYBAHHS 3aJIeKHOCTEHN
MDK MapaMy JUIBHUKIB HYyJs, TaKUM YHUHOM MaTeMaTHMYHO (DIKCYIOUM KOHLENTYaJbHY
HEYITKICTh 1HMX B3a€MOBIJHOILIEHb. [HIMMMH CIOBaMH, SKIIO Y KJIaCMYHOTO Trpada MIK
BEpIIMHAMHU (IUIBHUKaMH HYIsA) abo € 3B 530K, a00 Horo Hemae, HediTKui rpad X J03BOJISE
CKa3aTH, M0 3B’SI30K MDK JBOMa BEpIIMHAMU MOXK€ OYyTH YacTKOBUM, TOOTO 3 TEBHUM
«ctynenem» cuid. Hampuxkman, mo nBa enemeHnTd noB’sizani Ha 70%, abo 1m0 ixHIM 3B’ 30K
cuIbHIIMK 4yu cnabmmid. [lelt cryminp 3B’s3Ky BUpakaeTbes dyucioM Bim 0 g0 1, 1 1e €
«3BaKyBaHHSM» 3aJI€KHOCTI.

OCHOBHOIO 337a4€l0 MTOTOYHOI POOOTH € BBEICHHS MYJIbTHUMHOXXHHHOI PO3MIPHOCTI B
SKOCTI KJIFOUOBOI CKJIQJOBOi, SIKA YHCEJIbHO BH3HAUYA€ CKIAJHICTh B3a€MO3B’S3KY y TaKUX
HeuiTKuX rpadax. 3a JOMOMOTOI0 IIi€i BEIMYMHH BHMIPIOETHCS HEOOXiJHA KUIBKICTh
XapakTepHUX pedepeHTHUX E€IEMEHTIB I BHSABJICHHS PI3HUIII MDK yciMa BEpIIMHAMHU Ha
0a3i 4iTKMX MaTepHIB IXHIX B3aEMO3B’s3KIB 3 ITUMH ejeMeHTaMu. Cami pedepeHTHI eJIeMEHTH
SIBJISIIOTH  COOOI0 CIelianbHO BUOpaHi BepmvHU y rpadi, sSKi BUKOHYIOTH POJIb OTOPHUX
TOYOK, 3 SKUMH TIOPIBHIOIOTHCS BC1 1HIII BEPIIUHH.

OTxe, TOJIOBHUM MUTAHHSM, SIKE TOCIIIKYBAaTUMEThCSA Y 111l poOOTI, MOJSATae y TOMY, K
B3a€EMO3aJIeKaTh MYJIBTUMHOXXHWHHA PO3MIPHICTH HEYITKOTO Tpada AUTbHHKA HYJIS Ta
anredpaiuHa CTPYKTypa KOMYTaTUBHOTO KUIbIIS, SIKE JIEKHUTH B OCHOBI LIbOTO Tpada.

2 AHAJI3 JITEPATYPHUX JAHHUX TA IIOCTAHOBKA ITPOBJIEMUA

JloCmiDKeHHST CTPYKTYPH KOMYTaTUBHUX KUJIEIb 3a JIOTIOMOTO0 TpadoBUX MOJCICH Ma€e
rIIHOOKI TEOPETHYHI BUTOKU U MOCTIMHO PO3BUBAETHCS 3aBMISIKM BHECKY HU3KU HAYKOBIIB, SIK1
MOCIIZOBHO PO3MIKMPIOIOTH KIACHYHI MiAX0AU Ta (GopMyIorTh HOBI KoHuemnii. Tak, y po6oTi
A. Yeppabi, X. Eccanyni, E. [I)xa00ypi ta A. Yandens [4] 3anponoHOBaHO HOBHIA HANPSMOK
y BUBYEHHI rpadiB AUTBHUKIB HYJS, 1€ BEPIIMHAMU BUCTYNAIOTh HEHYNIbOBI NUIbHUKU HYIS
kimpig R. Lleit migxin goriyHo mpoAoBxkye kinacuuHi mpari [[. Angepcona ta A. bagasi [3],y
SKMX OCHOBHA yBara 3ocepeKyBajiacsi Ha moOy/oBi rpada AUIbHUKIB HYJIS, JI€ 3B SI3KU MK
BEpIIMHAMU BCTAaHOBIIOIOTHCS 32 YMOBH, IO JOOYTOK BIAMOBIIHUX €JIEMEHTIB JTOPIBHIOE
Hymaro. Ha BiIMIHY Bill LUX TpaJuliiHUX KOHCTpYyKIii, A. Yeppabi pa3om 3i criBaBTOpaMu
PO3IIMPIOIOTh TIOHATTS 3B’SI3HOCTI, BBOJASAYU KPUTEPi CHOTy4EHHS BEPIIMH HE JIMIIE Yepes
HYIBOBUN MOOYTOK, a i uepe3 HaJIEeKHICTh CyMHU BIAMOBITHUX €IEMEHTIB MHOXKHHI JTUTbHHUKIB
Hyns. lle HOBOBBEJCHHS /03BOJISIE BOJHOYAC BPAXOBYBATHU SK MYJIbTHILIIKATUBHY, TakK 1
aJIMTUBHY CTPYKTYPY KUIBIS, IO BIJKPUBAE LIMPII MOXJIMBOCTI JUIS aHaJi3y BHYTPILIHBOI
Oprasizaiii KiUTbIIeBUX €JIeMEHTIB.

Jns imrocTpanii BiAMIHHOCTEH MDK KJIAaCHYHMM Ta PO3IIMPEHUMM BapiaHTamMH Tpada

Craxis P. 1O.
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aBTOPH JEMOHCTPYIOTh MpPUKIAaAM A KOHKPETHMX Kilenb, 30kpema Z, i Z,xZ,,

MOKa3ylo4H, K 3MIHIOETHCS IHIYyKOBaHWHU minrpad 3araimpHOro rpada kiabist. OcoOnuBy
yBary y mboMy KOHTEKCTI MPHIUIEHO METPUYHUM XapaKTEPUCTHKAM: IOBEACHO, IO HOBHH
TUN Tpada 3aBXKAM € 3B SI3HUM, Mae jaiaMeTp He OUIbIIMI 3a /Ba, a MPUHAKWMHI 32 TPHOX
BepIIMHAX OOXBaT JOPIBHIOE TPHOM, IO 3aCBiqUy€ TapaHTOBAHY HASBHICTh TPUKYTHHKIB Y
fioro cTpykTypi. Takok BCTaHOBIIEHO YMOBH, 3a SIKMX po3mIMpeHuid rpad 30iraerscs 3
KJACHYHMMH BapiaHTaMH, 30KpeMa Ul CKIHYEHHUX KOMYTAaTHBHUX KiIelb MOBHOTa rpada
BHSIBJISIETHCSL TICHO TIOB’SI3aHOIO 3 JIOKAJIBHICTIO UM 3 OYJ0BOIO KUTBIIS SIK JTOOYTKY TiN, a JIjIs
KUIeb IUTMX YMCET 32 MOJAYJEM — i3 MPOCTHMH CTETECHSMHU a00 JOOYTKaMH JBOX MPOCTHUX
gucen. Cepen IHIIMX BaKJIUBUX AacIleKTIB BapTO BII3HAYUTH PO3IISA  3iPKOIMOAIOHOT
MIACTPYKTYPH, 1110 BUHUKAE 3aBISIKM HAsSBHOCTI BEPIINH, 3’ €IHAHUX 3 yCIMa 1HIIUMH, a TAKOXK
aHaJI3 TIIOTPIAHTYJIbOBAHOCTI K HACHIKY ICHYBaHHS TPUKYTHHUKIB 1 KBAJpaTiB y TOMOJIOTI{
rpada.

[Hmmii HanpsAMOK PO3BUTKY Ili€l TEMHU MOB’S3aHUNA 3 HEUITKUMM TpadaMu AUTbHUKIB
nyna. Tak, A. Kynman ta [[x. PaBi Cankap [7] 3ampomoHyBajgud KOHIICTIIIO HEYITKOi
BEPIIMHHOI Ta HEYITKOI peOpoBOi MHOXKMHHU Ui KUIbIA 3alIMILKIB 1O MOIyato N. Y ixHIA
po0OoTi HaBeneHO OOYAOBY rpada s BUMAIKiB, KoJiu N HaOyBae BUTIIILY 2P,3P,5p, 7p2p, 3p,
S5p, 7p abo pg, me p i q — mpocTi ymciaa. [ KOKHOTO 3 IHMX CIIEHApIiB aBTOPH CTPOTO
JOBOJISITh, IO BIANOBIIHA HEYITKa CTPYKTypa HaOyBae ¢dopmu abo 3ipku, ab0 MOBHOTO
JIBOYACTKOBOTO Tpada B HeuiTKid iHTeprperaiii. KitoyoBuM TyT € moAaul BepIIMH Ha Bl
HEYITK] TIJIMHOXUWHH, /1€ 3B’SI3KH 3a/Ial0ThCSI MHOKMHAMH HEUITKMX pedep 3 Baramu, IO
BHU3HAYAIOTHCS MPOCTUMU JAUTbHUKAMU. Takuil miaxig 103BOJISIE MOJETIOBATH CTYMIHb yJacTi
KOJKHOTO €JIEMEHTa 4epe3 ApoOOBi 3HAYEHHS HAJIEKHOCTI, 30KpeMa IUIBIXOM BHOKPEMJICHHS
MIZIMHOKMH KPAaTHUX MIPOCTOMY YHUCIy. SIK HACIiOK, Ui CTPYKTYp BULY Z,  YTBOPIOETHCA

4

3 KUTBKICTIO BEPIITHH, III0 BU3HAYAETHCS MPOCTHMH MTapaMeTpamMHu.

VY oMy KOHTEKCTI AOpEYHO 3rajgaTu Takoxx pochimkeHHs J[. Jlomkana [5], sxuit
aKIICHTYE yBary Ha METPHUYHIA pPO3MIPHOCTI TpadiB AUIBHHUKIB HYJIS Ui MaTPUYHHUX
HaIiBKUICIb, MOOYJOBaHMX  HaJ  KOMYTaTUBHUMH  IOBHICTIO  aHTHHETaTHBHUMH
HaITIBKUIBIIMHA. ABTOP pO3poOsisie KOMOIHAIIMHMA TIAXIA Ui 3HAXO/HKEHHS TOYHOI

2p

HEYITKUN 31pKOBHi rpad, Toml sk mist Z Z,,iZ,, — HEYITKi MOBHI JIBOYACTKOBI rpadu

3p?*=5p

dbopMya METpUYHOI pPO3MIpHOCTI Tpada F(M N (B)) , ne B — OymeBe HamiBKiIbIIE.
BukopucroByroun MHOKMHHM T, |, 10 331al0Th MaTPHUIli 3 BU3HAYEHHMH HYJILOBHMH PsIIKAMH

ta ctoBrismu, 1. JlookaH IEMOHCTpPYE, IO BCi TaKi MaTPHIll MalOTh OJTHAKOBE CYCIZICTBO Y
rpadi Ta CTaHOBJATH KJIACH OJIM3HIOKIB. 3aCTOCYBaHHS NPHUHIIMITY BKIIFOYCHb-BUKIIOYCHD
JI03BOJISIE TOUHO MiIpaxyBaTH KUIbKICTh YHIKaJIbHUX IIA0JOHIB MaTPHILIb 1 TOBECTH, 110 OY/Ab-
sKa PO3B’sI3yl0ua MHOKMHA TOBUHHA MICTUTH BCi, KpPIM IIOHANOUIbIIIE OJHOTO MPECTaBHUKA
KOKHOTO KJIacy OJIM3HIOKIB. BaJIMBUM pe3ynbTaroM IBOTO MiIXO0Ay € (GOpMYIIFOBaHHS
y3arajabHeHOI KOMOIHAIiiHOi1 GopMylnu IJii METPUYHOI PO3MIPHOCTI Ui TOBUIBHOTO N 3
MOJKJIMBICTIO TIEPEHECEHHSI BUCHOBKIB Ha 3arajJbHUN BHIIAJ0K CKIHYCHHUX KOMYTaTHMBHHX
MMOBHICTIO aHTUHETATUBHUX HAITIBKIIEIb.

Oco0nuBe MicIle y Cy4acHUX JOCIIKEHHAX MOCIIa€e TaK0X MOHSATTS MYIbTUMHOKUHHOT
posmipHocTi, sike po3suBaroTh H. Ami, X. M. A. Cinikki, M. 1. Kypemi ta inmi [2; 1].
3okpema, H. Ani 3 kojeramu JOCIIKYIOTh BIACTUBOCTI CTUCHEHUX IpadiB AUIBHUKIB HYISA
(Compressed Zero-Divisor Graphs, CZDG), siki BiApi3HSIOTBCS Bill KJIACHYHHX THM, IO
BpPaXOBYIOTh €KBIBAJICHTHICTh €IEMEHTIB KUTBIIA 32 1X aHTUIATOpaMu. Takuii maxia J03BOJsE
3HAYHO 3MEHIIUTH KUIBKICTh BEpIIMH 0€3 BTpaTH iH(pOpMaIlii PO CTPYKTYPY AUIbHUKIB HYJIS,
IO CIpOINYye aHali3 Ta Kiacudikaiio Kinenb 3a gornomoroio iHeapiantiB CZDG. V nux
poboTax HaBeneHO YMOBH s BU3HadueHHs po3MmipHOocTi CZDG, HaBeaeHo MpHKIATU Ui

Craxis P. 1O.
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CKIHUEHHHMX JIOKAJbHHUX KUIelb, KUICHb LUIMX YUCEN MO0 MOJIYII0 P2, IMUKIIYHUAX KUIelb i
KUIelb MHOTOYWICHIB, IO IAKPECITIOE YHIBEPCAIBHICTh 3aCTOCYBAHHS IIOTO TIOHSTTS.
Boanouac y moganpmux gociikeHHsX aBTop [1; 10] po3muproioTh 10 KOHIICMINI Ha
HEYiTKi rpadu AUTPHUKIB HYJS, 1€ MYJbTHMHOXHHHA PO3MIPHICTh PO3TJISIAETHCS SIK 3aci0
TJIMOIIOTO OMHKCY BHYTPINTHBOT TOIOJIOTI] 3B’ I3KiB y HEHITKUX CTPYKTypax.

OTxe, HasBHUU aHaNI3 JnTepaTypan JoKEpet 3aCBiUy€e SIK CTaJICTh 1HTepecy bi (6]
BUBYCHHS TrpadiB IUTBHUKIB HYJS, TaK 1 MOCTITOBHUNA PO3BHUTOK HOBHUX INJIXOMIB — BiA
kinacuyHux KoHcTpykuid [. bexa Ta JI. ®. AnaepcoHa a0 CydyaCHUX JIOCIIKEHb
MYJbTHMHOKMHHOI PO3MIPHOCTI B HEUITKUX Ta cTucHeHuX rpadax. lLle crBOproe
OOTpyHTOBaHE MAIPYHTS Ui IIOCTAHOBKM 33Ja4i IMOJAJBIIOrO JIOCHIDKEHHS, 5K
CHPSIMOBAaHE Ha KOMIUIEKCHUIN aHa/I3 MYJIbTUMHOXKHHHOI PO3MIPHOCTI B HEUITKHX rpadax
TITPHUKIB HYJIS JUISL [IUPHOIOTO KJIAcy KOMYTAaTHBHHMX Kilelb, a TaKOXX Ha TOMNIYK
YVHIBEpCAJbHUX IHBApiaHTIB, 3JaTHHUX ONMCATU CTPYKTYpHY CKJIAQJHICTh Takux rpadi 1
BCTAaHOBUTH HOBI 3B’SI3KM MK BJIACTUBOCTSMH KUICIIh Ta iX TpaOBUX MOJIEIIEH.

3 HOUJIb TA 3AJAYI JOCJI/KEHHS

KomyratuBHe Kinblle (R, +, ) ABII€ CO00I0 anrebpaiduHy CTPYKTYpY, SIKa YTBOPIOE
AGeneBy (KOMyTaTUBHY) TPYIy (R, +) , B SIKIiA oriepartisi MHOXXEHHS € aCOI[IaTUBHOIO, MICTSYH

omuangHuA enemedT 1#01. Inean | C R sBase coboro aguTuBHY MiATpyIy, sKa 3aMKHEHA
BITHOCHO MHOKEHHS Ha Oy/Ib-SKHI eeMeHT Kbl (2)

VreR,Vael:rael, (2)

npuuoMy eneMeHT Xe€R € Tilbku TOAl AUIBHUKOM HyJNs, KOJU Jl€ yMoOBa
dyeR, y=0, xy =0, B pe3yabTaTi 4oro BUIIMBac (3):

Vx,yeR,xy=0—>xeZ(R)abo yeZ(R). (3)
Jlnst OUnbIIOi HAOYHOCTI KOHIENIlT MUIbHUKIB HYJS HaBEACHO MPHUKIATN JEKUTBKOX
KOMYTAaTUBHHX KiICIIb:
— KUIplle 3aluIIKOBOro kmacy Z,: Z (Zn)= {k eZ) gcd(k, n) =1k = O} , nhe, y
Hanpukiax Z,, Takl ykciaa BUCTYAKOTh B poJll AUIBHUKIB HYyIA: 2,3,4,6,8,9,10;
— (akrop-KiibLe Z[X] / (X2 ) , AKe MICTUTh yci eqeMeHTHi gopmu a+bx, me x*=0;
TaKKM YMHOM KOXHE DX siBjisie COO00 MUTbHUK HYJIS,

— TMpOCTe JOKaJIbHE KUIbLIE 3 TOJIOBHHM ifcaioM, TOOTO Te, SKE€ Ma€ YITKUH
MakCHMaJIbHUH i1eai1, To0To Z ok 1€ P € TIPOCTUM YHCIIOM.

OCHOBHMMH BIACTHBOCTSIMU TaKHX KUICLb BUCTYIAIOTh: TOW (DakT, 1m0 B pe3yibTari
psMoro 1o0yTKY ABOX Kijelb ai€ (4):

Z(RxR,)=(Z (R)xR,)U(RxZ(R,)); (4)

Ta TOH (akT, mo y (akTOp-KUIbII AUIBHUK HYJs 30epiraeThbcs, SKIIO ieal, 3a sSIKUM
3MIIIICHIOETBCS PO3KIAJCHHS, caM € JIUIbHUKOM HyJs. MHOXHHA AUTBHUKIB HYIIS Z(R) K

MPaBWJIO HE YTBOPIOE JKOJHOTO i/1eany, OCKUIbKM BOHA 3a3BHYail HE € 3aMKHEHOIO0 BITHOCHO
OJAaBaHHS.

Buxonsumn 3 Z(R), Oynyerbcst rpad, sKuil QopMarbHO MOXXe OyTH ONMCaHWH 3a

nomnomoroto (5):

Craxis P. 1O.
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G((Z(R))=(V.E.n), (5)

ne V:Z(R), {0} BigmoBimac MHOXWHI BepumH, E € MHOXHMHOIWO pebep, a

1V xV —)[0, 1] € (QyHKII€0 HAJEKHOCTI, sIKa MPU3HAYAE CTYMIHb HEYITKOCTI KOXKHIN mapi

BepinH. MHOXWHA BEPIINH CTBOPIOETHCS 3 YCIX HEHYIBOBUX AUTPHHUKIB HYJS. SIK Bxke OyIo
3a3HAYCHO Y BCTYIII, JIBA PI3HUX IUIBHUKIB HYIS X,Y €V 00’€IHYIOThCS 32 paXyHOK peoep,
CHJIM SIKHX PO3TJISIAIOTHCS HE MPOCTO B SAKOCTI OIHAPHOI XapaKTEPUCTHKH, a OI[IHIOIOTHCS 3
TOYKH 30pYy HEYITKOCTi 3a mocepeanuurBa (yHkmii HamexHocti g4 Mix 0 Tta 1, TOOTO
1V xV —)[0,1] .

JI71st IBOX €IEMEHTIB X, Y 3acTOCOBYeEThCs (6):

| X+ yl
1—, saxuo xy =0,
u(xy)=1" IRI g (6)
0, 8 THUIOMY BUNAOKY.

Tyt, | XI € HaNeXHOIO HOPMOIO, a00 OIIIHKOIO, KA BiIOOpaXkae€ BIMHOCHUU PO3MIP Y
KUTbLIEBI cTpykTypi. lle Bu3HaueHHs mnependayae, 10 HAJIEKHICTH ,u(x, y) KUTBKICHO

BU3HAUYaTUME CTYMIHb B3a€EMOJIi MDK €JIeMEHTaMH, TOOTO 4YHMM “MEHIIUMHU’ € 3aaydeHi
€JIEMEHTH, TUM CUJIbHIIIIE MOKE 3Ba)KyBaTHUCS IXHE BIIHOIIECHHS B rpadi.

Takum ynHOM, (hOpMaNTBEHO MOBHA CTPYKTypa HEUITKOro rpada MOKe BUPAXKATUCT TAKUM
(7) ynHOM:

G((Z(R))=(V.E, 1), u:VxV —[0,1] (7)

Otxe, micis moOynoBu GOopMaIbHOT MOJIE1 HEYITKOTO Tpada AUTEHUKIB HYJIS HA OCHOBI
MHOXHWHU Z(R), Tl TOIUTBHO 30CEPEIUTUC Ha KUIBKICHIM XapaKTEPUCTHIl CKIATHOCTI

TaKOi CTPYKTYPH, IO 3JIIHCHIOETHCS 32 JIOTIOMOTOI MYJbTHUMHOKHHHOT PO3MIPHOCTI B SIKOCTI
YUCJIOBOTO TMOKAa3HWKA, IO JO3BOJISE OIIHUTH MIHIMAJIbHY KUIBKICTh OIIOPHHUX BEPIIHH,
HEOOXITHUX ISl TIOBHOTO PO3PI3HEHHS BCIX BEPIIMH Tpada Ha OCHOBI YHIKaJIbHUX ITA0JIOHIB
IXHIX HEYITKHX B3a€EMO3B’SI3KiB.

4  PE3YJBbBTATHU JOCJIIKXEHb

BpaxoByrouw, 1o 11t HewiTkoro rpada AuibHUKIB Hyns G = (V, E, ,u) BUKOHY€EThCA (8):
dim,,(G):=min{kaW ={w,,...,w,} =V,vu eV :r(ul W) — nonapso (8)
ne i1eHTrdIKaTop HEYITKOCTI (MpoPLTbHUNM BEKTOP) BU3HAYAETHCS K
r(ulW) = (z(u,w),... 1 (u,w,)),
BiH 30Mpa€ HEYiTKI BITHOMIEHHS MK BepiiHamMu U 10 BCix enementis W [1].
B sxocTi npukiiagy HeoOXiHO pO3ISHYTH Manuii rpa¢ 3 3 BepmuHamu V = {vl,vz,v3}
Ta JAHO HEYITKOIO MATPUIIEIO HAIEKHOCTI

1-6i+j, sxwoi=j,
)= e
, AKWOL = j.

Craxis P. 1O.
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Sxmo obpatun W = {Vl,vz}, TOJ1i PO iIbHI BEKTOPH BiANOBIIAIOTH!

r(VJW):(Oyﬂ(Vsz))’
r(vy W):(y(vz,vl),o),
r(v;W)=(y(v3,v1),y(v3,v2)).

BUIIA/IKY BUSBJICHHS, IO 1i BEKTOPH € TIOMIAPHO PI3HUMH, 3’ SBISETHCS MOXKIIUBICTD MTEPEBIPKU
Toro, un € W umHHOIO inenTHikauiiiHo MHOXuHOW. Skmo Tak, Tom dim,,(G)<2.

BusHaueHHs MIHIMaJIbHOI MYJIBTUMHOXUHHOI perpecii rpada 3iiCHIOETbCS 3a paxyHOK
MOKPOKOBOi 1eHTU(diKalil minxoxoi miaMHOkMHM W V', ska poOUTh KOXKHY BEpIIMHY
OJIHO3HAYHO BIIMIHHOIO 3a IXHIMH MpodimsHUMEU BekTopamu [10].
3arajaom, Ipolec BKIKOYAE TaKl HTOKPOKOBI IPOLIETYPHU:
— CTBOpeHHA HeuiTkoi Matpuili M :M = [ y(vi,v i )] ~, IKa MICTUTh BIIMOBIIHUM KOXKHIN
i
napi BepiuuH (V;,V;) CTyIiHb HAJIEKHOCTI,
— TOIIyK KaHAuAaTiB s omopHoi Bepmuan W W = {Wl,...,Wk} cV, ne k mokpokoBo

30uTBIIyeThCs. [IpHu IIbOMY MeTa ToJIATae y TOMY, 1110 3HAHTH HaliMEHIIIe MOXJIHBE K ;
— o0uyMcleHHS NpOQUIBHUX BEKTOPIB A KOKHOi BepmmHM VeV BIZHOCHO

Wor (VW) = (2 (VW) (Vi W)
— TepeBipKa PO3PI3HEHOCTI: r(vj W): r(vj I W),Vi =]j. Skmo Taka MHOXuHa W
3HAXOAMTHCS, BUKOHyeThes dim,, (G)=k .

Ha npuknani TpuBepmmHAOTO rpada, MaTpUIlsi CYMDKHOCTI (9) sikoro 300pakeHa HIKYE:

0 /u(VZ'Vl) /u(VS'Vl)
V ={v,V,, vy}, M =| (v,,V,) 0 1(Vy,V, ) | (9)
,U(V11V3) ,U(V2’V3) 0

Ao obupaerbea W = {VZL VZ} , TOJIi JUISl KOYKHOT BEpLIMHU Vi ;T (VI W ) = (,u (Vi, vl) U (Vi, VZ)) .
B pesynbTaTi ymoBa HaOyBae Takoi (10) dopmu:

r(W)=r(vyW)=r(vyW)=r(vJW). (10)

SIKIo po3ryiggaTH TOMOJOTIYHY CKJIQIHICTh Trpady y KOHTEKCTI Li€l PO3MIPHOCTI, TO
31e01IBIIOr0, PO3MIp, CTPYKTypa ifeaiiB Ta MOKJIMBI PO3KIAJACHHA HAa MPsIMi MHOXHHUKHU
HaWCHUIIBbHIIIE BIUIMBAaIOTh Ha Hei. Hampukian, mo mipi 30UIbIIeHHS Kbl R, MHOXHHA
JOUIBHUKIB HYJS CTa€ SIK MPaBWIO TaKOX OUIbII OOIMPHOIO. Y 3B’SI3Ky 3 LHUM MOXeE
30UTBIIYBAaTHCS KUIBKICTh BEpUIMH Yy Tpadi, 110 PO3LIMPIOE KUIbKICTh MOTEHLIHHUX Map
BEPIIMH 1 TAKUM YHWHOM 3'€JJHYBaJbHY PI3HOMaHITHICTh NMPO(IIBHUX BEKTOPIB. Y Oaratbox
BUIAJKaX, I[€ CHOpHUsA€ TMiABUIIEHHIO HEOOXiTHOI YHUCENBHOCTI OIMOPHUX BEpIIMH 3ajsl
TOYHOTO 320€3MeUeHHs 0THO3HAYHOCTI.

3 TOYKM 30py PO3KJIAJaHHsS Ha MPsAMi MHOXHHKH, SKIIO KUIbIIe R TpencTaBiseTbes B
akocTi 100yTky R =RxR, , Toai 11 MHOXHMHU IUIBHUKIB HYJIsl BUKOHY€eThCs (11):

Z(R)=(Z(R)xR,)U(RxZ(R,)). (11)

Craxis P. 1O.
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Buximna crpykrypa rpada mnpu IbOMY MOXE IHTEPIPETYBAaTHCS SK pPO3’€IHAHE
CTOJy4eHHs rpadiB MHOKHUKIB, 3 YOTO BUIUIMBAE aJUTUBHE BiiHOIIEHHS (12):

dim,,(G(Z (RxR,)))=dim,,(G(Z (R,)))+dimy(G(Z(R,))). (12)

[Ipu oMy BapTO BpaxOBYBAaTH TEHJCHIIII, SKi € PI3HUMH y BHIIAJKy 3aCTOCYBAaHHS
OKpeMUX BapiaTHBHOCTEH rpadis:
— s pocTHX (pakTop-Kineup sk Z o » MHOXKHHA TUTHHUKIB HYJIS 3a3BUYal € “TipocTo”

CTPYKTYPOBAHOIO, IO CIIPHSIE MEHIIIH PO3MIPHOCTI;
— Yy BHUINAAKY JOOYTKOBMX Kulelb sK Hanpukinany Z,=Z,xZ,, Ji€ aAuTUBHE

30UIBbIIEHHS, 3TIHO 3 SKUM MYJbTUMHOXKMHHA PO3MIPHICTh BHUXOJUTH 13 CYMH
PO3MIPHOCTEH YaCTKOBUX KUIEIIb;

— IMOAO KUIeHb 13 “pO3raly’kKeHOI0” CTPYKTYpOIO inmeasniB, TOOTO THX, € HasBHI
MOMYJIIpHI KUIbLIA 3 JIeKUIbKOMa IMPOCTUMU MHOKHHMKaMH, BOHHM MOXYTh 3HA4HO
30UIBIIYBAaTH KUIBKICTh BIAMIHHMX BIJHOLIEHb MDK JAUIBHUKaMU HyJAsS. [HIIMMU
CIIOBaMH, YMM OUIbIIIE MPOCTUX MHOXHMKIB Ma€ Kulblle (po3raiyXeHa CTPYKTypa),
TUM OLUIbIIE PI3HUX KOMOIHALI HYJbOBUX 1 HEHYJIBOBUX YacTHH icHye. Lle cTBoproe
06araTo pI3HHUX Map €JIEMEHTIB, fKI MEPEMHOXKYIOThCSA 1 Jal0Th HYJIb, TOOTO Oararo
PI3HUX BIJHOIIECHbD.

5 OBI'OBOPEHHA PE3YJBbTATIB JOCJIIKEHHSA

3aisi TOBEIEHHS NPAKTUYHO! I[IHHOCTI HaBEIEHWX BHINE TEOPSTUYHUX HaI0aHb
HEOOXiJTHO ~ 3pa3KoBO  TPOJEMOHCTPYBATH TPOILEC BHU3HAYCHHS  MYJIBTHUMHOKHUHHOI
PO3MIPHOCTI HA KOHKPETHUX KOMYTAaTHBHUX KIUTBIISX.

Hpuknan 1: Z,,, B AkoMy A1 KOXHOI Iapu (X, y) BH3HAYAETHCS TpOCcTa (YKITiS
HeuiTkocTi (13):

1—%(| X| +| yI), axuoxy =0;

u(xy)= (13)

0, 8 IHUWOMY BUNAOKY.

Toxai maTpuis HeditkocTi M ISl TIAMHOXUHU {2,6,8} YaCTKOBO BIAMOBIIA€ TAaKOMY

(14) bopmynroBaHHIO:
0 ,u(6,2) ,u(8,2)
M ,u(2,6) 0 ,u(8,6). (14)
,u(2,8) /1(6,8) 0

SAxio obupaerbes W = {2, 6} , PE3YNBTaTH Ul V, € {2, 6,8} BizmoBinarTh (15):

r(VIW) =(u(v,,2)i, u(v;,6)). (15)
VY mifcyMKy MpOBOAMTHCS MEPEBIpPKa, UM € Il BEKTOPHU MOMAPHO BIIMIHHUMH. SIKIIO Tak,
| W|=2 € nocraraim.
Hpuxaanx 2: dakrop-Kiible Z[X] (XZ), Jie MO>KJIMBa (DYHKIIISI HEUITKOCTI HaBeleHa Y
(16):

Craxis P. 1O.
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2/1 saxuouv =0,
p(u,v)= 0, u=v; (16)

HeMae 36" A3Ky 8 IHUOMY BUNAOKY.

Slkmo obpatu 3 emementa U=X,U,=1+X,u,=2+3X T1a BuzHaumtn W = {X} , Tomi

BUKOHY€eTheA (17):
r(ulW)=(u(u,x)). (17)

B pesynpraTi mokasaHo, m0 Ui MEBHUX Ul MOXYTh BHHHMKATH OJHAKOBI MPOQUIbHI
3HAYEHHS, 1110 O3HAYA€ HEOOXITHICTh HACTYITHOTO PeEPEHTHOTO EJIEMEHTA.
Hpuxknan 3: goOyrkose kimbue Z,xZ,, 7A€ [JUIBHAKA HyIsS BIINOBINAIOTH

Z(2,x2,)=(2(2,)x2,)u(2x2(2,)).
Ockinbkun Z, B SKOCTI JUIbHUKA Hyls Mae Tulbku 0, Z, Mae {2} B SKOCTI HBLOTO,

BuruiiBac (18):

2(R)={(0.0),(01),(0,2),(0.3),(1.2)}, (19)

ne gyHkuis HeuiTkocTi (19):

0.7, ﬂkmo(xl,yl) =0a60(x2,y2)=0; (19)

ﬂ((xv Xz)’(YP yz)):{

0, 8 IHUOMY BUNAOKY.

Martpuiist He4UiTKoCTi Ta mpo(iTbHI BEKTOPH Pe3ynbTyOTh (20) 3 IIbOTO aHAJOTTIHUM
YHHOM:

M =[y(vi,vj)],r(vjW)=(y(vi,wl),...,y(vi,wk)). (20)

[Ipote, He3Baxaroun Ha YITKO CHOPMYIBOBAHE TEOPETHYHE MIATPYHTS IIOJIO
MYJIbTUMHOKHHHOT PO3MIPHOCTI, €pEKTUBHO 3aCTOCOBYBAHE Ha IIPAKTHIll, BOHO MA€ JCKLIbKa
MPUPOTHUX OOMEKEHB, SIKi BUMAraroTh I101aJIbIIOT0 OTPAIFOBAHHS.

Onwucane y MOTOYHOMY JOCITIIDKCHHI aMTUBHE PO3KIIAJaHHS € JIHIIe Oe3TOoCepeaHbO
TOJI MIMCHUM, KOJM CTPYKTypa KUIBIS HacmpaBil sBisi€ cOO0I0 MpsMe TOOYTKOBE KiIbIIE.
Jlnst 3araibHUA MOJYJIB, SIKI XapaKTePH3YIOThCS JIMIIEC MPSIMHUM PO3KIAJIaHHSIM CyMH, a0o
OIHCYIOTHCS 3aBJISIKU IHIIUX BUIIB POK3JIAJIaHHs, SK HAPUKIIA IPOCTE, LIS aJJUTUBHICTh HE €
rapaHTOBaHOIO.

Kpim Toro, BHKJIaJICHUH Matepian Mepil 3a BCce 30CEpPEIDKYBABCS Ha 3acTOCYBaHHI 10
ckinuennux (finite) komyraruBHux Kineis. IIpote y Bumamky Heckindenuux (infinite), mo

SIKUX HAPHUKJIAJ BXOIATh Z,Q[X] a0o0 moJIiHOMIiaNIbHI Ipo0OH, sKi repeadadaroTh HECKIHUEHH 1
MHO>KMHHU BEpILWH, BUHUKA€E CUTYaIlisl, KOJU HE ICHYE KOAHOI CKiHUeHHOT MHOXUHU W , sika
0 yce Ie A03BOJISUIa OJHO3HAYHO PO3PI3HATH KOXHY BepiinHy. Lle ocobmmBo HMOBIpHO,

AKIO Trpad IUIBHUKIB HYNIS Ma€ HECKIHYEHHY KUIbKICTh KOMIIOHEHT a00 HECKIHYEHHY
IIUTBHICT.

6 BHCHOBKH

OTxe, mnpoBeleHI OOYUCIEHHS Yy TPUKIAJHUX BHIAAKaX JAEMOHCTPYIOTb, IO
MYJIbTUMHOKMHHA PO3MIPHICTh CTOITh Yy MPsAMIH 3aleXHOCTI Bin (yHIaMEHTaIbHUX
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napameTpiB Kinelb. TakuM YHHOM, YITKO CTPYKTYPOBaHi KIS XapaKTEPU3YIOTh SIK MIPABHIIO
HEBEJIMKOIO PO3MIPHICTIO, B TOW 4ac, sSIK po3rallyxeHi, abo Ti, 10 CKIIAJar0ThCs 3 PO3KIIadaHb
MHO>KHHKIB, 37€01TBIIOT0 KOPEIIOIOTH 13 BUIIOK KOMITJIEKCHICTIO.

JUist o JanbIIuX JOCTIKeHb, OCHOBHUM IMUTAHHSAM BUCTYIIA€ MOXJIUBICTD 3aCTOCYBaHHS
TEOPETHYHHNX HAJ0aHb JI0 3arajlbHUX MOIYJIBHHX CTPYKTYp, NI€ AOCIIDKYETHCS B3aEMOIS
iIMOAYIIB, (hakTop-MoIymiB a00 HECKIHYCHHUX MOIYJIBHUX JAHIIOTIB. Jlo TOTO K, € CeHC
PO3MIMPEHHS MPEACTABICHOT METOAUKH IO HEKOMYHITaTUBHUX K1ICI[b.

7 ETHUYHI JEKJAPAIIIL

ABTOp He Mae€ BIAMOBIAHUX (DIHAHCOBUX UM HE(PIHAHCOBUX IHTEPECIB 1I0J0 MaTepiais,
SIK1 CIT1J] pO3KPUBATH.
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YK 512.816.1+517.53+519.21

NIACHI CYNIEPCUMETPUYHI AHAJITUYHI ®YHKIII TA iX
3ACTOCYBAHHS 1O CUMETPUYHUX PO3MOALTIB

Slceanchbkuii A. P!
YIpuxapnamevruii nayionanvhuii ynieepcumem imeni Bacuns Cmeganuxa

AHoTanisi: Y craTTi JOCHi/KEHO MilCHI CcymepcUMETpHyHi aHamiTH4Hi ¢QyHKOil Ta iX
3aCTOCYBAHHS JIO CAMETPHUYHHUX PO3MOALIIB, 1[0 MAOTh BayKIIMBE 3HAUCHHSI JIJI1 MATEMATHIHOI (i3UKH
Ta Teopii #MoBipHOCcTel. OCHOBHY YyBary 30Cepe/PKeHO Ha moOyJoBi Takux QYHKIIH, sKi
3aJMIIAIOTHCS 1HBApIaHTHUMHU BiJIHOCHO CYNEPCHMETPHYHHX MEPETBOPEHBb, a TAKOXX HA BH3HAYCHHI
iXHIX XapaKTepHCTHK Ta BIacTHBOCTe. OOTPYHTOBAHO JOIIIBHICTh 3aCTOCYBaHHS CYNEPIPOCTOPY K
MaTeMaTHYHOI CTPYKTYpH, IO JIO3BOJISIE TMOEAHATH OO030HHI Ta (EepMiOHHI 3MiHHI B €IMHOMY
¢dopmanizmi. Ile cTBoproe mepemymoBH Uisl yHidikalii aHaimily CHMETPHYHHMX PO3MOJLUIIB, SIKi
BUHUKAIOTh y CTATUCTHYHINA MEXaHilli, KBAHTOBIH TeOpii MOJisl Ta IHIIMX 00JIACTAX Cy4acHOT (Pi3UKH.

[IpencraBieHo HU3KY MPUKIAJIB, SKi JEMOHCTPYIOTh, K CYMEepCUMETPUYHI aHANITHYHI QyHKIIi
MOXYTh OyTH BUKOPHCTaHI JUISl ONIKCY ¥ MOJIENIOBAHHS CTPYKTYp 13 BOYJIIOBAHUMHU CHUMETPISIMH, 11O
MalOTh SIK TEOPETUYHE, TaK 1 NMpHKIaJHE 3HadeHHS. [lokazaHO, MO0 B KOHTEKCTI WMOBIPHICHUX
Mojened i (QYHKIIT JO3BOJISIIOTH TOUHilIEe (opMaii3yBaTH IOBEIIHKY CHCTEM, SKi 30epiraroth
CHMETPII0 NPH MEBHUX MEPETBOPEHHSIX, 30KpEMa B yMOBaxX CTOXACTHYHOI JWHAMIKK ab0 KBaHTOBHX
daykryariid. OkpeMa yBara NpUAUISETHCS aHANI3y YMOB aHAJITHUHOCTI JIHCHUX CYIEpCUMETPUYHMX
¢GyHKIIIH, TOOYIOBaHUX Y paMKax y3araJlbHeHOro CYNEPMHOKHHHOTO aHalli3y, Ta BH3HAYEHHIO IiX
B32€MO3B’SI3KY 3 KIIACHYHUMH JTIHCHHUMHU aHAITHIYHAUMHU (QYHKIISIMU. Y pOOOTI TaKOX PO3TIISIAI0THCS
MMATAHHS y3araIbHCHHS] CHMETPUYHHUX PO3IOALUTB HAa CYIEPIPOCTIp, MO BIAKPUBAE HOBI MOMITHBOCTI
JUTA MOJENMIOBaHHS CKJIQJHUX CHCTEM 3 BHCOKMM pIBHEM CTpyKTypoBaHOCTi. J[loBermeHo, 1m0
3aIPOIIOHOBAHMN TIAXIJ CIpPHSE PO3MHUPEHHIO KJIACy MaTeMaTHYHHX 3ac00iB, 3aCTOCOBYBAHUX Y
CyJacHOMY aHalli3i po3MOLIIB, OCOOJUBO B KOHTEKCTI BUBUCHHS CKIAQIHUX CTOXACTUIHHX IPOIIECIB,
10 BOJIOMIIOTh BHYTPINTHBOIO cHMeTpicro. OTpuMaHi pe3yabTaTH MOXKYTh OyTH BHKOPHCTAHI SK IS
MTOANTBIIIOT0 PO3BUTKY TCOPETHYHHUX ACIEKTIB CYNEPCHUMETPIi, TaK 1 IS MPAaKTHIHOTO PO3B’SI3aHHS
3amad  MaTeMaTW4Hoi (I3WKW, TIOB’SI3aHUX 3 CHMETPUYHHMH CTPYKTypaMH pO3MOAUIIB Y
HagmpocTopax. Y MIACYMKY 3pOOJIEHO BHCHOBOK, IO BHKOPWUCTAHHS IIHCHHUX CYyIEPCHMETPHYHUX
AHAMITHYHUX (QYHKIIH € MEepCIeKTUBHUM HAIPSMOM AOCTIIKEHB SK 3 TOUYKH 30py (yHIaMEeHTaIbHOI
HayKH, TaK 1 IPUKIAJHAX MDKAUCIUATUTIHAPHAX TTIXOIB 10 BUBYEHHS CKIAIHUX CHCTEM.

KurouoBi ciioBa: cymeprpoctip, GyHKIiS TYCTHHH, CYIIEPTapMOHIYHHA OCIHIITOP, TOMOJIOT,
0o30HHa Ta (hepMiOHHA KOMITOHEHTH.

REAL SUPERSYMMETRIC ANALYTIC FUNCTIONS AND
THEIR APPLICATIONS TO SYMMETRIC DISTRIBUTIONS

A. Yaselskyi'
vasyl Stefanyk Precarpathian National University

Abstract: The article investigates real supersymmetric analytic functions and their applications
to symmetric distributions, which are of great importance for mathematical physics and probability
theory. The main attention is focused on the construction of such functions that remain invariant under
supersymmetric transformations, as well as on the determination of their characteristics and properties.
The feasibility of using superspace as a mathematical structure that allows combining bosonic and
fermionic variables in a single formalism is substantiated. This creates the prerequisites for the
unification of the analysis of symmetric distributions that arise in statistical mechanics, quantum field
theory, and other areas of modern physics.

A number of examples are presented that demonstrate how supersymmetric analytic functions

Slcenbepkuii A. P.
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can be used to describe and model structures with built-in symmetries that have both theoretical and
applied significance. It is shown that in the context of probabilistic models, these functions allow for a
more accurate formalization of the behavior of systems that preserve symmetry under certain
transformations, in particular under conditions of stochastic dynamics or quantum fluctuations. Special
attention is paid to the analysis of the conditions for analyticity of real supersymmetric functions
constructed within the framework of generalized superset analysis and to the determination of their
relationship with classical real analytic functions. The paper also considers the issues of generalizing
symmetric distributions to superspace, which opens up new opportunities for modeling complex
systems with a high level of structuring. It is proven that the proposed approach contributes to the
expansion of the class of mathematical tools used in modern distribution analysis, especially in the
context of studying complex stochastic processes with internal symmetry. The results obtained can be
used both for the further development of theoretical aspects of supersymmetry and for the practical
solution of problems in mathematical physics related to symmetric structures of distributions in
superspaces. As a result, it is concluded that the use of real supersymmetric analytic functions is a
promising area of research both from the point of view of fundamental science and applied
interdisciplinary approaches to the study of complex systems.

Keywords: superspace, density function, superharmonic oscillator, topology, bosonic and
fermionic components.
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1 BCTYIl

VY (doxyci 1aHOTO AOCTIIKEHHSI 3HAXOAUTHCS PO3TIISIN MIHCHUX aHATITHYHUX (QYHKIIH,
SKi BU3HAYAIOTHCS HAJ CYMEPIPOCTOPAMH Ta CKIAJAIOTHCS SIK 31 3BHUAHHUX, TOOTO OO30HHHX,
TaK 1 3 aHTUKOMYTAaTUBHUX, TOOTO (hepMiOHHMX KOMITOHEHTIB. HaTomicTh, B Mexax Teopii
HMOBIPHOCTI CHUMETPHYHI PO3MOJUTH BiIrparoTh (QyHIAMEHTabHY pOJIb, OCKUIBKH BOHHU
MOJICIIOITh TpoIiecH B (PI3BMUHUX, OIOJOTIYHUX Ta €KOHOMIYHUX CHCTeMaX. Sk mpaBwuio,
BOHHM AHAJITUYHO OMUCYIOTHCA 3aBISKM (DYHKIISIM TYCTHHH, SKi € HE3MIHHHUMHU BiJIHOCHO
HEHTpaJIbHOT TOUKH, ToOTO BiAmosigawts f(X) = f(—Xx).

3am1s TOYHOTO BHU3HAYEHHS TOTO, HACKUIBKM MAIMCHI CYNEpPCHUMETPUYHI aHaJTITHYH1
GbyHKIIT € MIXOKUMH JUIsl anmpoKcuMallii, abo HaBiTh I CTBOPEHHS CHMETPUYHHUX
WMOBIPHICHUX pO3MOALIIB, HEOOXITHO TMPOBECTH OTrJLA (PyHIAMEHTAIbHUX KOHIIEMIIIH
cynepcuMeTpuuHoro aHaiizy. IlouaTkoBuM (QyHIAaMEHTaTbHUM €JIEeMEHTOM BHCTYIAE

CYyIepIpocTip R

, SKUW CKJIAJA€ThCcsl 3 OJHIET MIMCHOI, TOOTO KOMYTaTMBHO1 3MIHHOI
X € R*, Ta antuKkoMyTaTuBHOI 3MiHHOT I'paccMana, 110 IO CYTi € PO3IMIMPEHHIM KJIACHYHOTO
OJTHOPO3MIPHOTO TPOCTOPY 3 «hepMIOHHUM HampaBieHHIM». DyHKIIT y IbOMY TPOCTOPI,

T00TO cymepdyHkitii, BupaxaroThcs sk F(X,6)= f(x)+60g9(x),ne fra ¢ BigmoBigaroTh

TUMOBUM JilicHuM fedepeHiiiioBannM QyHKIisM. 3MiHEa @ 3a10BOIBHSAE yMOBY 6° =0, 1m0
nependayae JIiHIHHY CTPYKTYPY Y CYHEpIPOCTOPi.

LenTpanpHy poJib y CyepCUMETPUYHOMY aHaJli31 BiAIrpa€e CynepcuMETpUYHUIN pO3I0ail
D=0,+@,,3acrocyBanns sikoro Ha F(X,f) Bkmowae He TUIBKH U(EPEHIIIOBAHHS

BIJNOBIJHO /10 ¢, a TaKOX OJHOYAcCHO BigoOpaxae Ait0 omeparopa O, Yy 3MIHEHIH (opmi.
TakuMm uMHOM, Iel po3moAin iMmiikye BinHomenns D®=0,, mo BinoOpaxkae CTPyKTypHHit

3B’S130K MK (pepMIOHHOIO Ta 0030HHOIO KOMITOHEHTaMHU.
JlilicHa CTpyKTypa CymepCUMETpUYHUX (YHKIIH Mae TakoX TependadaTtd JT0JaTKOBI
ymoBH ctocoBHO f Ta ¢, mo6 F(X,0) moxknHa Oyino po3risgaTH SK AIHCHY (YHKIIO y

PO3MIMPEHOMY MPOCTOpi. Y 0ararboX 3aCTOCYBaHHSAX I1€ € HACTUIBKH X HEOOXITHUM, SIK 1
ymoBa, mo f(X) Ta g(X) € milicHuMH Ta IpH 3aCTOCYBaHHI MOKYTh 3aJ0BOJILHATH IEBHI

YMOBH HapUTETHOCTI Ta CUMETPHUYHOCTI.

3 TOUYKH 30py HMOBIPHICHOTO aHali3y, HEOOXIJHO pO3MNISAATH JIMCHI HMOBIPHICHI
¢byukuii ryctuan T (X), gxi 3amoBoabHs0Th yMOBY f(X) = f (—X) . Kmacuunum npukiagom
1
N
PO3IOALIH XapaKTePU3YIOThCS MepeTBOPeHHAM Dyp’e, IpU YOMY CHMETPUYHICTh IPU3BOIUTH

710 TIMCHOCTI y XapaKTepUCTUYHIN QyHKIII.
Hapermrri, cynepiHTerpa npencTaBiise 3aKiI0YHY JAaHKY Y CYyIIEpCUMETPUIHOMY aHali31,
0asyrounch Ha inTerpani bepesina. Takum uuroM, 1i1st cynepdynkiii F (X, 0) inrerpan mo 6

o . _x2/2 . .
BUCTYIIAIOTh HOPMAJIBHUH PO3IIOAIT f(X): € X ) abo pO31o a1 Jlarmnaca. Taki

BHU3HAYAETHCA SIK jd@F(X,@)zg(X), ne 30epiraetbcsi Jsuine @-miHifiHa dYacTuHa. B

pe3yibTaTi, KOMOIHaIA cynepiHTerpamii 3 €0 omeparopa D yMOXXIUBIIOE CTBOPEHHS
CYHNEepCUMETPUYHUX HE3MIHHUX UMOBIPHICHUX CTPYKTYD.

OnHak 3aMuIIA€TbCs BIAKPUTUM MUTAHHS: YU MOXYTh AIMCHI CylepcUMeTprudHi (yHKIIi
e(EeKTUBHO alpOKCUMYBAaTH CHUMETpPHYHI (QYHKIII T'YCTUHH Ta $KOI MIPOIO CTPYKTypa
CYMEpIpPOCTOPY BIUIMBAE HA TOYHICTH 1 CTAOUIBHICTh TaKOi apoKCUMAIlil y IMOBIPHICHOMY
CEHCI.
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2 AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA ITPOBJIEMHA

Y  nmocmimkenni JI. Amap’e-Besinu, O. biaonno-®@ypube [1] po3ropHyro Teopiro
cuMmeTpuuHuX (yHKUiH y cyneprpoctopi. OCHOBOIO KOMOIHATOPHOI CTPYKTYpPH CIIYTYIOThH
CyNeppo30UTTS. — BIOPSIKOBAHI MapW MAPTHIINA, SKI 3a7af0Th 1HJACKCAIII0 HAMOJIHOMIB.
[ToOynoBano pi3Hi 0a3ucu CHUMETPUYHUX CyHepyHKIIH, 30KpeMa MOHOMIaIbHHUH,
CTCTICHEBH, CJIEMEHTApHUH, OTHOPITHUIM, a TaKOXK JeopMoBaHUi O0a3uc GyHKii J>xeka Ta
Maxknonanpaa. BusHaueHO BIAMOBIMHI CKAISApHI MOOYTKM (BKJIIOYHO 3 MapaMeTPUIHO
3ajmexxHuM Bim o, ( 1 t), sgpo Komi ta aBTOMOpdizM ®, sKi 30epiratroTh CTPYKTYpHI
BIacTUBOCTI Haampocropy. Cymeprnoninomu Jhkeka Ta MaknoHaigbia MOJAHO SIK BIIACHI
(GyHKIIT BIAMOBIOHO CHEKTPAJbHUX Ta AePopMoOBaHMX omeparopiB UepHikoBa, 30epekeHo
TPUKYTHICTh BIIHOCHO MOHOMIaJbHOTO 0a3UCy Ta OPTOTOHAJBHICTh Yy BIAMOBIIHOMY
CKalsipHOMY J100yTKy. /[Ins mnomiHOMIB MakoHanb/la BHU3HAUEHO JyalbHICTh 4epe3
CTIPSKCHHS CYyNeppo30UTTiB 1 mapamerpuuHne Bimoopakenus (Q,t) <> (t— 1,9- 1).

VY po6oTi [2] pO3MISIHYTO PO3MIMPEHHS TEOpii PO3MOJUIIB y CYNEPIPOCTOPI 3 METOIO
MoOY/I0OBH 3arajbHOi TEOpii IHTErpyBaHHS HaJ JOMEHAMH Ta TIOBEPXHSMH, BU3HAYCHUMU SIK
1o 0030HHUX, TaK 1 10 (GepMIOHHUX KoopauHaTax. OCHOBHA yBara MpualieHa 3aCTOCYBaHHIO
y3aranbHeHuX (yHKIiM — posmosautie ['eBicaiima ta Jlipaka, 10 BU3HAYEHHS IHTETpaIIB HAJ
cynepoOiacTsMu i cymepnoBepxHsMU. [IponoHyeThCS aHATITHYHA METOIMKA, 3aCHOBaHA Ha
¢da3zoBux (QYHKIIAX, KA J03BOJISE MPEICTABUTH IHTEIPYBaHHS depe3 T100aabHI PO3MOIUIH.
3anponoHOBaHI BH3HAYEHHS IHTETpalliB BUSBISIOTHCA HE3aJCKHUMU BiJl KOHKPETHOTO
BHOOPY azoBoi (yHKIIl, MmO 3amae JoMeH ab0 TOBEPXHIO, 1 y3arajJbHIOIOTH KIJIACHYHI
dbopmynu iHTerpyBaHHs, 30kpemMa Gopmynu Komri-ITommero ta Ilinmmerri. ¥ po6oTi HaBeaeHO
MPUKIAAA 00YUCIIEHHS 00 €MIB 1 IUIOII TIOBEPXOHB cymeprnapaboioina Ta cymeprinep6osoina
o0epTaHHs, SKI PO3MHUPIOIOTh KIACHYHI PE3YJbTaTH A0 HAANPOCTOPY JOBUIBHOT
cymeppo3MipHocTi. Hapemiri, moBeneHo y3araiabHeHy aucTpuOyTuBHY (opmymny Komri-
[Tommero s cynmepaHamiTHYHUX (QYHKIINA, 10 OXOIUTIOE SIK KJIACHYHHUM, TakK 1
CyMEepCUMETPUYHUI BUMAIOK.

JI. ®pecra posrasgae  CyNmepCUMETPUYHICTh Yy KOHTEKCTI aHalidy CHCTeM 31
CTOXacCTUYHUM Oe3iag0M, 30kpema mojaeni Anumepcona [3]. Ilicins BBeneHHS HOPMOBaHHX
IpacCMaHOBUX anreOp Ta cynepdyHKIiH (HOpPMYIIOIOTECS TPU OCHOBHI TBEP/UKEHHS, IO €
(dbyHIaMeHTAIbHUMH TSI TOAANBIINX OIIHOK. [IpencTaBieHo iHTerpyBaHHs MO IpacCMaHOBHX
3MIHHHUX 13 BHUKOPHUCTAHHSM BIAMOBITHUX HOPM, IO JO3BOJISiE€ €PEKTHUBHO KOHTPOJIOBATH
iHTerpanu 6e3 HeoOX1MHOCTI iX TOYHOTO OOYMCIICHHs. BBeneHo cynmepBeKTOpH, Cymeprios i
cynepdyHkIIii sk koMOiHaIii 6030HHUX Ta (hepMIOHHUX 3MIHHUX. OMKUCAaHO CyNEpiHTErpa K
omepanio Haja MPOCTOPOM cCynepdyHKIIii, 30KpeMa B paMKax CyINepueTHOI cUMeTpii, nie
BUKOPUCTOBYIOThCSI ~ omepatopu  cymepcumerpii  (Q-omepaTopu) Ta  peanizyeTbcs
JokanizainiiiHa ¢opmyna. 3anponoHOBaHO JABa mIpenctaBieHHs ¢yHkil ['pina 3 Ge3namzom
(ycepenneHoi mo aHcaMOIl0): TpsiME CyMEpiHTEerpajlibHEe MPEICTaBICHHS Ta HOBE, TOOTO
nyaiabHe, 10 BUSBISETHCS OCOONHMBO €(EKTUBHUM Yy pexuMi cradkoro Oesnmamy. OOuasa
migxoau Oa3yrorbest Ha cynepdopmyni  [lmanmepenss 1 meperBopenHi @Dyp’e Ha
IpacCMaHOBOMY MPOCTOpPi. B momanemmx po3ainax CTaTTi BUKIAACHO TEXHIKY KIACTEPHOTO
po3knaxy st 000X MpeICTaBieHb (MpU CHIBHOMY Ta cliabkomy Oe3naji), 3aCHOBaHy Ha
BBF-popmyni  (Battle-Brydges-Federbush),  mo  mo3Bonse  oTpuMard  OLIHKA
eKCIOHEHI[IHHOTO craxy cepenHboi (yHKuii I'piHa. Takok J0BEAEHO aHATITUYHICTD
nokanbHol ryctuau craniB (LDOS — Local Density of States) ta omiHeHo ii aCHMITOTHKY
tumy «xsict Jlipmmiay.

VY cBoto yepry A. Bampaponom, C. Yarrepmxki ta K. €1Mmimorny [4] 3ampomnoHOBaHO
T€OMETPHUYHY TEOPil0 BUMIPIOBAHHS IS KIACHYHUX JUHAMIYHUX CUCTEM SIK 3 TUCKPETHHUMH,
TaKk 1 3 HEMEePEePBHUMH CTYNEHSIMHU CBOOOIU, B MEXaxX CYyHepreoMeTpii. 3ampoBaKyeThCs
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KOBapiaHTHA MOOYA0Ba 30BHIIIHBOTO TU(EPEHINIATBHOTO OIlepaTopa Ha CYIEpMHOTOBHIAX 13
BUKOPUCTaHHAM 3B’A3HOCTI JleBi-UuBiTH, 1m0 103BOJIsIE CPOPMYITIOBATH HAJICHMILICKTHUHY
nBodopMy, sika BKIIOYAE€ CTAaHJAPTHY CHMIUICKTHUHY CTPYKTYpPY, (epmioHHI 3MiHHI Ta
TEH30p KpHBHU3HH. [l0BEJEHO, 10 3aMKHEHICTH IIi€1 HAJCUMIUIEKTUYHOI ()OPMU MPU3BOAUTH
70 po3kiany tumy ['ojpka, ne BUAUIAIOTECS 0030HHI Ta pepMioHHI KOMIOHEHTH. Po3pobiieHo
BHYTPIIIHII JOOYTOK Ha MPOCTOPi cynepdyHKIIH, sIKU 0a3yeThesi Ha aHAJIOTIi 3 TOOYI0BOIO
l'omka Ta OB A3YEThCS 3 HAaJIBEPCIi€r 31ipkoBOTO N00YTKY Mosuis. BusnaueHo cymepol’emHy
dopmy 3a momomororo bepesnHOBOro iHTerpany, MmO BKIOYAa€ KAHOHIYHO BHU3HAUCHE
BEepPTUKAIBHE T0JIe 00’ eMy O(L2), 1 3 ii JomoMorow chopMyIL0BaHO MO3UTHBHO BU3HAYCHUI
BHYTpIlIHIK 100yTOK. [ToOynoBaHO WMOBIPHICHUH KOHYC, CIIEMEHTH SIKOTO € 3IpOYKOBHUMH
KBaJpaTaMM TE€PMITOBUX CYIEpPIOiB, a CIOCTEpeXyBaHI BHU3HAUAIOTHCA SK TE€PMITOBI
cyneppyHKIii. Y Mexax AMHaMIKM Ha cynepga3oBOMYy MpPOCTOPl BBEACHO MOHSTTS
CUMIUIEKTUYHOTO  CYNEPBEKTOPHOIO IIOJIA, SIK€ TEHEpPYE EBOJIOLII0, Y3TOJKEHY 3
CYNEepPCUMILIEKTUYHOIO (hopMoto. JIMHaMIYH1 CUCTEMH PO3risHyTO sK Tpiiiku (M, Q, L), ne L
— JIHIAHE NIAPO3MIapyBaHHS 13 CUMIUIEKTHYHUX CYNEpBEKTOpiB. Po3risiHyro wacoBy
€BOJIIOIII0 MMOBIPHICHUX PO3MOAUIIB Yepe3 CYNEepPCUMIUIEKTUYHY CTPYKTYpY Ha TNpHUKIaal
BOOITOBOT CHUCTEMH, Ji¢ MOKa3aHo, [0 JWHaMIKa BIANOBIIAE MEPIOJUUYHOMY PYXY B MeEKax
eJIINCOiNaIbHOr0 MpOoCcTOpy WMOBIpHOCTEH. B migcymKy ¢gopmyeThcs 3ipkoBUN T0OYTOK Ha
cyrodpepmionnomy mpocropi ROIm, ne #MOBIpHICHI cTaHU MPEACTaBICHO Yepe3 CYIepITos,
nmoB’si3adl 3 MarpuisiMu Kimigdopaa, mo 103Bossie OTpUMaTH HOPMalli30BaH1 WMOBIPHICH
PO3MOAUTH, MO Y3TOKYIOTHCS 3 (DI3SMYHMMH BUMOTAaMHU JI0 KJIACHYHOTO BUMIPIOBAHHS B
CyInepreomeTpii.

3  LJIb TA 3AJIAUI JOCJLKEHHS

dopmanibHa TIOCTAaHOBKA 3a7a4l ampoKCHUMallli CHMETpUYHMX GYHKIIH TYCTHHH B
KOHTEKCTI CYNMEePCUMETPUYHOT0 aHaI3y (DOPMYIIOETHCS HACTYIMTHMM 4WHOM. Hexail 3amaHo

oyukmiro f(X) e C”(R), ska 3agoBonbnsie ymoBy cumerpii f(X) = f(—X), Ta mos’s3any 3
Hero  cymeppyukmiro  F(x,0)=f(X)+09(x), me g(x)=—Ff'(x), mo 3abe3neuye
cynepcumerpuuny ymoBy DF =0, ne oneparop D =0,+ &0, .

3amaya ampoKCHMMAIlll TIOJIATae Yy 3HAXO/PKEHHI TIOCHITOBHOCTI  CymepdyHKIIIH
F,(x,0)= f (X)+69,(X) , ixa 3aJ0BOJBHSE HACTYITHI YMOBH:

- f,(x)eC?(R), f,(X)=f,(—X) — koxHa ampokcumyrouya (YHKIisI € MapHOK Ta
AHATITUYHOIO;

- 9,(x)=-1/(x), opke DF,=0 — 3abe3neuyerbcsi CynepCUMETPHYHICTh KOXKHOTO

YyjIeHa MOCIII0BHOCTI;

1
loc

— 30bkuicte f— f B mpocropi C,.(R) abo B anamitmuniii nopmi C“(K) Ha
KOoMHakTHHX MHOkHHaX K — R, To6TO:!
sup, . f.(x)—f(x)I—0,sup,_d 9,(X)+ ' (X)[—>0;

— BiANOBiAHA 30DKHICT cynepdyHKUiM y 3mimanii rtomonori: F—>F y
CH(K)®6OC°(K) abo C°(K,A,), me A, € MOPO/KEHHM TpagyHOBaHUM aireOpaldHUM
npoctopom Haxg €, a C?(K,A;) — mpocropom anamitnunux cynepdyskuiii Ha K 3
(epMiIOHHUM PO3LIUPEHHSM.

Mertoro € moOyz0Ba TakUX MOCHITOBHOCTEH {Fn} , Kl peani3yloTh TOYHE CHUMETpPUYHE

HaOmmkeHHs: fAaHoi ryctuad f(X) He nmumme y G030HHOMY HAmpsiMKy, ajie i y MOBHOMY

. 1
cyneprpoctopi RY, 3 ypaxyBaHHAM CTPYKTYpHHMX BUMOT CyIEPCHMETPIi.
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4 PE3YJIBTATHU JOCJITXKXEHb

Bingrenep, icHye MOXJIMBICTh (DOPMYITIOBaHHS LIEHTPAIILHUX MaTeMaTHYHUX Pe3yIbTaTiB
Ha 0a3l BBEICHHX CTPYKTYPHMX KOHLEMIIH, $SKi TOYHO BiIOOpaXKalOTh 3B’SI30K MDK
CYHNepCUMETPUYHUMH (QYHKIIIMH Ta CHMETPUYHUMH WMOBIpHICHUMH posmoaitamu. Lli
pe3yIbTaTH  30CEPEIKYIOTHCS  3ACOUIBIION0 HA IMHTAaHHI, SKAM YHHOM aHATITHYHI
cynep(dyHKIIiT XapaKTepH3yIOThCS 3a JIOTIOMOTOI0 KOHKPETHHX alreOpaidyHnX Ta aHATITHYHUX

YMOB.
Teopema 1 (XapakrepucTuka IICHUX CYNEPCUMETPUYHHX AHATITUYHUX (DYHKITIH):

®yukuis F(x,0) = f(X)+60g(X) B mexax cynepnpocropy R' e Tinbkm Toni mificHoI0 Ta
cynepcumerpuuHo-anamituanoto, komu f(X) e C“(R),g(x)=xf'(X), a F 3amoBosbHSE
ymoBy DF =0 3 ypaxyBanusam Jii cynepcumerpuaHoro orneparopa D [5].
JoBenennsi: YmoBa DF =0 BuUKOHYeTbCS Ipu Oe3MOCEpPeIHbOMY 3aCTOCYBaHHI
cynepnoxianoi (1):
DF =0, f (x)+ &, f(x)+0,(69(x)) + &0, (09(x)) = 9(x) +01'(x) 1)

110 € TUIBKK TOi piBHOO HYIH0, Koy §(X) =—f'(X)g(X)=—f'(X)g(x) =—f'(X).

Ockinbku B 0-po3Kmafi Hemae BinbHOTO mogaHKy (m1sa 6°) i koedimieHT mpu @ TakoX
Mae 3HUKATH, OOW Ba JIOJJaHKH TIOBHHHI JIOPIBHIOBATH HYJIIO. 3BOPOTHHUI HAIIPSIM JOBEICHHS
€ oueBuaHNM, OCKiTBKH ko g(X) =—f'(x)g(x) =—f'(X)g(x) =—f'(x), To DF=0.

Teopema 2 (Anpokcumalliss CAMETPUYHUX PO3MOJALIIB 32 JTIOMOMOTO0 CynepdyHKIIiH):
Skmo f(X) e cumerpuunoro HmoBipHicHOIO (yHKIi€o ryctunu, ae f(X)= f(-x), Toxi
BOHa € 1 JIHCHOIO CyNMepCHUMETPUYHOI0 (YHKIIIE€I0, sKa 30epirac OJHAKOBY CHUMETPUUYHY
BJIACTUBICTh Y 0030HHIA YacTHHI Ta 3a0e3medye MpOCTOPOBE MEPETBOPEHHS 3a JOMOMOTOIO
cyrnepinTerpyBanss (2):

j dOF(x,0) = f'(X) (2)

JIst  MigXoXKWMX KIAaciB CUMETPUYHUX (YHKIIM TYCTHHH ICHYIOTH IIOCJIIOBHOCTI
F.(x,0)=f (xX)+6f/(x), ne f, > f e piBHOMIpHEM Ha meBHiil obmacti (HanpuKIax, Ha

koMrakTHiH MHOXHHI B R). lle o3nauae, mo sup,| f,(X)—f(x)| >0 npu n—oo. Toni

. . ! . . . o . .
noximui f, — f' takox 36irarotbest piBHOMIpHO (32 ymoBH, mo f, rmamki i 36iratoTecs

. . . . . 1 - . 1 .
PIBHOMIPHO pa3oM 3i cBoimMu noxinHumu, T00to f, € C* i306iratorecs B C™ -HOpMi) [6].
Takum ynHOM ailicHe popmymtoBanHs (3), 3T1IHO 3 SIKUM:

F.(x,0)=f (X)+0f./(x) > f(X)+0f'(x)=F(x,6) (3)

10 BUCTYIIAE€ B POJIi SIK MOTOYKOBOT 30DKHOCTI /il KOXKHOT mapu (X, €), Tak i 30DKHOCTI y
cynpeMyM-Tomonorii, To6to Sup,,l F (x,0)-F(x,0)l -0, tox F, —F € ne nume
dbopManbHUM, a i y CTPOTOMY TOTIOJIOTIYHOMY CEHC1 — SIBJsiE cO0010 30DKHICTh y MPOCTOPi
cyneppyHkiii i3 BianmoBigHoto C” -CTpyKTyporo, TOOTO Haj CYEpMHOTOBHIAMH B 3ajaHii
TomnoJorii [7].

V wMmexkax audepeHiiaabHOl TeoMeTpii CylmepMHOTOBHIIB, cyrnepkapta (Superchart)
(U,0Q,) BuzHavaerbes sk nmapa Binkpuroi MHokuHn U < R i ctpykrypu O, sika € 3B’S3K010
CYNEepKOMYTaTHUBHMX aiure0p, 10 BigoOpaxkae HasBHICTh 000X THUMIB 3MiHHUX. Lle n03BoIsE
BU3Ha4atH raaaki cynepdynkiii sk enementu O, (U)=C*(U)® A(9).
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IIlono0 MeTpHYHOI CTPYKTypH, cymepmpocTip RY Mosxe GyTM BH3HAUYEHHM pa3oM i3
CYNEpPMETPUKOIO, SIKa 3aJa€ThCsl y BHUIJISAAI cuMeTpuunoi Z°-rpamyiioBaHoi 2-dopmu
ds’=dx*+adfdfd, ne a € GopMalbHUM HapaMETPOM 3  AHTUCHMETPUYHHMH
BJIACTUBOCTAMHM, XO4Ya B HAWIPOCTINIOMY BHIIAQAKy METPUYHI CTPYKTYpU YacTo HE
BHKOPHUCTOBYIOThCS Oe3mocepenano [8]. HaToMiCTh IIEHTpaIbHy pOJIb BiAirpae cynep3B’si30K
(superconnection), Bu3HaueHHii Yepe3 cymepiepuBalii (superderivations), To6To omeparop
D =0,+ 60X BucTynae y poji KOBapiaHTHOI'O HMOXIZHOTO B3J0BX (D)EPMIOHHOIO HAlpsMy, a
TaKOX TeHEPYE CYMEePCUMETPUYHI BEKTOPHI ITOJISL.

Hosenennsi: cumerpis f(—x)= f(x) mepenbauae, mo f'(—x)=—-F(x), ne 6f'(X) €
ACHMETPUYHHM, IIO 3arajjoM € YMOBOIO, SiKa 30Ira€Tbcsi 3 KOHIENTYaJbHUMH BHUMOTAMHU
CYNMEePCUMETPUYHOCTI. 30DKHICTh III€T MOCTIAOBHOCTI TOXOIUTh 31 CTAHAAPTHUX OLIHOK IS
AQHAIITUYHUX AaNpOKCHMAalll, J€ KOHTPOJb 3a (YHKUIIMH Ta iXHIMH TOXIIHUMU
3MIACHIOETHCS PIBHOMIPHO.

Teopema 3 (oTpumanHs cumerpii B ymoBax cyneptpanchopmanii Dyp’e): L
TpaHcpopMallis, sika BUpaKaeThes y (4):

F[F](k,x) = [ dxdge ™ (x,0) (4)

3abe3mneuye 110 BIAcTUBiCTH it 0030HHOT wactuau f(X)= f(—X), sxmo Qg(X) €
ACUMETPUIHHM. Oco0nuBo JUTST F(x,0)=f(x)+6f'(x) € JUHCHAM
F[F](-k &) = F[F](k, k), Tox cumerpist BixoGpakaeTscs B 4aCTOTHOMY TpocTopi [9].

JloBeieHHs: 3a MOCEPETHUIITBA PO3AUICHHS TaKOro THUITY TpaHchopmMarlii, y 0030HHIH Ta
(dhepMioHHII YacTHHAX OTPUMYETHCA (5):

F[F](k,x) = [ dxe ™ f (x) + [ dxe ™™g (x) (5)

ockinbku f(X) € mapuum, a g(X) HemapHUM, BiInoBiaHi oOpasu Dyp’e € miicHUMHU, TOOTO
CyTO YSIBHUMH 3 BIIIOBIJHHM ITAPUTETOM. 3 IIbOTO BUIUIMBAE OTPHUMAaHHS CHMETPHYHOCTI
3arajibHOTO neperBopeHHs [10].

ITepexin Bim abcTpakTHHX cCynep@yHKIIH 10 MOJICIBHUX BHpPa3iB BUKOHYETHCS 3a
JIOTIOMOTOI0 CYyIEpiHTErpaly, iKW OJHOYACHO BPaxOBYE sSK aHAJITHYHI BIACTUBOCTI, TaK i
BJIACTUBOCTI 30epekeHHS cuMeTpii. LleHTpanbHHMil NpuKIany BiToOpakaeTbcs 3a pPaxyHOK
TaKoi (6) GyHKITIi:

F(x,0)=eX"?+0-xe" (6)
yusi 6030HHA YaCTUHA TOYHO BiANOBinae GyHKINIT TYCTHHH HOPMaJIbHO PO3MOILTY 3 HYJIbOBUM
Cepe/HIM 3HAUCHHSIM Ta OJMHUYHOIO JIUCIepciero. BiamoBigHa CTpykTypa MHOXCHHS B
cyneprnpoctopi  F(X,0)F(X,60) = e +20xe* OpU3BOJUTHL 32 YMOB IHTerpamii o
J'dxd OF (x,0)° = 2J- dxxe ™ ,JJI€ PE3yabTaT JIOPIBHIOE HYIIO, IO (AKTUYHO € BUPAKCHHSIM

CHUMETpii Ta aHTUCUMETpHuYHOi yacTuHU cynepdyHkuii. Lledl npukmax nemMoHCTpye, sk
cynepdyHKIIisl LUIECHpIMOBaHO BimoOpaskae KIacH4yHI pPO3MOJUIA 3a PaxyHOK CBO€I
CTPYKTYpH, OCOOIMBO B KOHTEKCT1 CUMETPil BII3epKaIeHHS.

AHaNOTIYHO 3 MM, PI3HOBUIM TaKOi KOHCTPYKIIT MOXYTh 3aCTOCOBYBATHCS A0 IHIIHUX
CUMETpUYHUX po3noaitiB. Hampuknan, ans posmoainy Jlammaca 3 (YyHKILIE TyCTHHH

1 . .
f(x)= EE“ MO>K€ 3aCTOCOBYBATHCS cyneppyHkiis y dhopmi (7):
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F(x,e):%e*”+6-sgn (x)%e“. (7)

VY npomy BUMNanKy, (hepMioHHa YacTMHA Ja€ PO3MOAUIbHY (y3arajJbHEHY) MOXIAHY Bij
T'YCTHHH, 110, Y CBOIO YEePry, BCTAHOBIIIOE 3B’ S30K 13 CTPYKTYPOIO, ONTUcaHoo B Teopemi 2.
Hle Oimpm audepeHniioBanuii miaxia nepeadadae 3acTocyBaHHs 10 posmoairy Komri
1

f(X):ﬂ'(TXZ)’

pPO3LIMpPEHHS]  SKOTO B  paMKax CYNEPCUMETPUYHOTO  aHAII3y

YMOJKJIMBIIFOETBCS 3 JIONOMOTor0 Takoi cynepdynkuii: F(x,0) = f(x)+6 o

2
7z(1+ X2 )
LbOMY BIAHOLIEHHI, MOXiHA (PYHKIIS T'YCTUHH BHUCTYNA€E B SKOCTI (EpMIOHHOI YaCTUHH, 11O
JI03BOJISIE Y3TOJUTH CYNIEPCTPYKTYPY 13 BIACTUBICTIO PO3IIOILTY.

SIK110 3acTOCOBYBATH 111 KOHKPETHI MOJENI B SKOCTI BUXIAHOTO 3aco0y Ul CTBOPEHHS
HOBUX PO3MOALUIIB, HEOOXITHO BU3HAUUTHU IMOHATTS CYNEPCUMETPUYHHUX T€HepaTopiB, TOOTO
TU(EepeHIHHUX ONepaTopiB Ha CYNEPNpocTopl, (QYHKI[IS SKOrO MOJSArae y NepeTBOPEHHI
TPUBIAIBHUX MOYATKOBUX (YHKIIN HAa CTPYKTypl Ta CUMETPUYHI Cynep(yHKIIi I'yCTHHHU.
Tunosuii onepaTop Moxe BUpakaTucs y Takiii popmi (8):

G=D*-x*+@, (8)

3a paxyHok gucnepcii TepmMiB 'y G, MOXyTb OyTH CTBOpEHI MapaMeTpU4Hl TIpynu
CYIMEPCUMETPUYHUX PO3IMOIUTIB, OO030HHI YAaCTUHHM SKHX ONHUCYIOTh Bigomi, ab0 HOBI
CTaTUCTUYHI MoJienl. 3aasisl KOHKpeTu3alii IbOro NMPUHIUITY PO3TISIAeThCs rpyna IpoCTUX
3pa3KOBHUX OMEpaTopiB (CymEepPrapMOHIYHMX OCIHUJISTOPHHX OINEpPaTopiB), sIKi MAaloTh
y3aranbHeHy Gopmy (9):

GA=D’-Ax*+ 0, 9)

ne AeR e poBiutbHUM mapamerpoM. lleit omeparop BigoOpakae KOHTPOJIbOBAHY
negopMalilo rapMOHIYHOTO CYNEPCUMETPUYHOIO TIeHepaTopa Ta J03BOJSE 3[IHCHIOBATH
itecnpsiMoBany Moaudikaiiro aii GA Ha many cynepdynkuio F(X,6).

Bubip A 0co6inBO BIUIMBAE Ha pIBHOBAry MibK IU(y3i€l0 Ta KOHLEHTPALIEI0 B MEXKax
6030HHOT1 yactuHu. [Ipu A >0, BUHHMKae CuibHIINIA LEHTpaizalid (QYyHKIIi T'yCTUHHU, SKY
MOHa TIOPIBHATH 3 HOPMAJIBHUM PO3IMOJUIOM 3 HU3BKOIO JUCHEPCi€r0, B TOM 4ac, sk A <0
BiI0OpakaeThCsl y BUMIISIAL PO3IMIUPEHHS po3noainy. JlomaTkoBuil (pepMiOHHHI KOMIIOHEHT
@0 Bimirpae poib orneparopa MigpaxyHKy, KU 3A1HCHIOE 3BaXXyBaHHS (EpMIOHHUX TEPMIB
BIIMOBIAHO JI0 IXHBOTO YIOPSAKYBaHHS, TaKMM UYHMHOM BUKOHYIOUM (DUIbTpalil0 MEBHUX
CUMETPI B MeXKaxX CyNepCTPYKTYpPH.

ax?

Hampuknan, sxmo BuOparu F(X,tﬁ’):e"”Xz +0xe™™ B gaxocTi (GyHKIII BBEACHHS,
3actocyBaHHs GA Juid PI3HMX 3Ha4eHb A CTBOPIOE XapaKTepHI CIIOTBOPEHHS (YHKIIIT
I'YCTHHHU Yy LIEHTp1, a00 Mo Kpasx. Bike nmpu Manux BIAXWIEHHSX Bl A= CHOCTEpIraeThCs,
K 3MIHIOETbCA (opMa O030HHOT YACTUHHM 3 PaXyHOK OTPUMaHHS TIJIOOQIbHOI CHMETPIi.
OnHOYacHO 3 IIMM, OIEpaTop Pperyiaoe 3BaXyBaHHS (EpMIOHHOI YAaCTHHHU, MAIOYHM SK
CHEKTpaJIbHUH (UIBTP: BIH MIACHIIIOE a00 MPUrHIYYye BKIaA (PepMIOHHUX TEPMIB 3aJIEKHO Bif
iXHBOTO MOpPSAKY Ta 3HAKOBOI CTPYKTypH. lle 103Bossie KOHTpOJOBAaTH OajaHC MK
0030HHOIO Ta (PEPMIOHHOIO CKIIQJIOBUMH (PYHKIII], a OT)KE, — BIUIMBATH HA 3arajbHy CUMETPIIO
i Gi3uUHy IHTEepIpeTalito cynepod’exra.

s cTpykTypHa BapiaTHBHICTh JO3BOJISIE peaji3yBaTW IUJIaBHI TEPEXOId  MDK
PI3HOMAHITHUMHU TUIIAMHU PO3IMOJALTIB B MEXaX €IMHOI aHAITUYHOI Tpynu. 3a paxyHOK TOTO,
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mo mapaMmerp A pO3rISAaeThCs HE sSK (DIKCOBaHE 3HAYCHHS, HATOMICTh SIK JUHAMIidHA
BapiaTMBHA BEJIMYMHA, HANPUKJIIAJ, 3aJ€KHA BiJ 30BHIIIHIX CUCTEMHHUX MapaMeTpiB, abo sK
GyHKLI TpoLecy ympaBiiHHS, (yHIaMEHTanbHI (YHKIIT TYCTHHH MOXYTh OyTH
MJIAIITOBAHAMHA JI0 3MIHHMX YMOB. Taka MOXIHBICTH € OCOOJMBO pEJICBAHTHOIO Y
CTOXAaCTHYHUX MOJETSAX, B SIKUX CUMETPHYHI CTAHHM PIBHOBArd MOCTYIOBO 3MIHIOIOTHCS Iif
BIUTMBOM 30BHIIIHIX TOJEH, abo 3riaKyBalbHUX e(eKTiB, 30epiraroun (QyHIaMEHTaIbHY
HE3MIHHY CTPYKTYpY.

5 OBI'OBOPEHHS PE3YJBTATIB JOCJILIKEHHSA

CynepcuMeTpuyHUIl aHali3 BHUCTYNA€ €QPEKTUBHOIO MAaTEMaTUYHOIO OCHOBOIO IS
MOJIEJIIOBAHHSI CUMETPUYHUX MMOBIPHICHUX PO3MOJUIIB 3aBISKU BBEACHHIO CYNEPIPOCTOPY,
KU 1oenHye 0030HHI Ta ¢epMioHH1 3MiHHI. KilFou0BOIO YMOBOIO € CyNepCUMETPUYHICTb,
3TiHO 3 KO0 (pepMIOHHA KOMIIOHEHTa (PYHKIII € MOXITHOIO BiJl OO30HHOI 3 MPOTHIIEKHUM
3HaKOM, IO 3a0e3neuye BHYTPIIHIA 3B’SI30K MDK CHMETPIEI (QYHKIII TYCTHHM Ta il
T'PaIIEHTHOIO CTPYKTYPOIO.

JloBeneHO  MOXJIMBICT  ampOKCHMallli ~ TaKWX  PO3MOJAUIIB  TOCIIIOBHOCTSIMU
cynepdyHKI[IM, K1 30iraloTbcsl K y 3BHYalHIA, Tak 1 B CYNEPCHUMETPUYHIA TOMOJOTI],
30epiratoun napHicTs. Kpim Toro, nepersoperns Oyp’e miaTBEpKYy€e 30€peKEeHHS CUMETPIi y
9aCTOTHOMY IPOCTOPI, IO Y3TOKYETHCS 3 TAPUTETOM KOMITOHEHT.

[TpoBeneHe MOCHIHKEHHS TO3BOJIMIIO BUSBUTH HHU3KY (DyHIAMEHTaIbHHUX BIACTHBOCTEH
JTIMCHUX CYNEpCUMETPUYHUX AaHATITUUHUX (YHKIIN, SKI MOXYTh OyTH IHTEPIpPETOBaHI SK
MIPUPOJIHE PO3IMHUPEHHS KIACHYHUX aHATITHYHUX (PYHKII Ha TPOCTOPH, IO JOIMYCKAIOTh
CyMepCUMETpPUYH1 CTPYKTypu. DopmyntoBaHHS O3HAYEHHSI MIHCHUX CYNEPCUMETPUYHUX
aHAMITHYHUX (PYHKI(I SK TakuWX, IO € PO3B’sI3KaMH cyrnepAndepeHIlIaTbHUX PIBHSIHB 13
3aIaHUMH  CUMETPISIMU, BIJKPUBA€ HOBI MOXJIMBOCTI IS TMOOYIOBU (DYHKIIIOHAIBHHX
MPOCTOPIB, aJANTOBAHUX J0 33/1a4 MaTeMaTHIHOI (i3MKK Ta cTaTUCTUKU. OMHUM 13 0a30BHX
pe3ynbpTaTiB  poOOTH € BCTAHOBICHHS 3B’SA3Ky MDK MIMCHUMHU CYNEPCHMETPHUYHUMH
GYHKIISIME Ta KJIaCOM CHUMETPHUYHUX PO3MOJUTIB, IO XapaKTePHU3YIOThCS I1HBApiaHTHICTIO
BIIHOCHO TIIEpEeCTaHOBOK Ta IHBepcid. 30Kpema, JoBeAeHO, 1o (¢yHKIi, moOymoBaHi Ha
OCHOBI CYIepCUMETPUYHUX 3MIHHUX, MOXKYTh MOJICIIOBATH TaKi pO3MOIUTH 03 HeOOXiTHOCTI
KOPCTKOTO MapaMeTpUYHOTO 3a/IaHHSI.

Y KOHTEKCTI y3arajgbHEHHS Teopii QYHKIIH Ha CyNepHpoCTOPH, OTPUMaH1 pe3yJabTaTh
JOMOBHIOIOTH BIIOMI KOHCTPYKIi B cymepmareMaTHin (Supermathematics) i rapmoHiiiHO
IHTETPYEThCSA Yy 3arajbHi MIAXOAW JO CYINEPrpyn Ta CYNEPCUMETPUYHUX IHTETpaIiB.
BcranoBieni B po60Ti B1acTUBOCTI QYHKIIIM, 30KpeMa iXHs 1HBapiaHTHICTh Ta 3JaTHICTH JO
KOMIIO3UIIiii, 3a0e3MeuyloTh MaTeMaTU4Hy CTpPOTiCTb, HEOOXiAHY JUid iX 3aCTOCYBaHHS B
AQHAIITUYHUX 1 YHCENbHUX JOCHDKeHHsX. [lopiBHAHHA pe3ynbTaTiB 13 KIACHYHUMU
QHAITUYHUMH ~ (QYHKUIAMH  (HAOpHUKIA[,  TMOJIHOMAaMH,  CTEHNEHEBUMH  psdamH,
€KCMOHEHIIIaTbHUMU (YHKIIISIMH ) BUSIBUIIO, 10 AIACHI cynepcuMeTpruHi (GyHKIIT 30epiratoth
OCHOBHI CTPYKTYpHI MepeBaru (aHaJITUYHICTh, MOKJIUBICTh PO3KIAAy B pAmd). Y TOM ke yac
iM BiacTUBa OUTBLI BUCOKA THYUKICThY BiIOOpaK€HHI CUMETPUYHUX BJIACTUBOCTEH.

OpnepxaHi pe3ynbTaTH MOXYTh OyTH Oe€3MOocepeHbO 3aCTOCOBAHI /10 MOJICNIOBAHHS
pO3MOALIIB 3 LEHTPAIbHOK CHMETPIEI0, 30KpeMa HOPMAaJbHOIO, JaljaciBChbKOTo Ta
JIOTiICTUYHOTO THIIB, @ TAKOX JJIi OOYAOBHU HOBUX THIIB (DYHKIIOHAIBHUX NEPETBOPEHD Y
CyHeprpocTopax.
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6 BUCHOBKHU

Omneparopuuii migxig 13 BHUKOpUCTaHHAM moxigHoi D ta rTeneparopiB Tuiy
GA=D?-Ax*+60, nosBonse OyayBaTM HOBi TpYNH CYyNEPCUMETPMUHMX (DYHKIIiM,

3MIHIOIOYHM BJIACTUBOCTI PO3MOJLUTY uepe3 mapamerp A. TakuMm 4uHOM, CynmepCHMETpHYHI
¢GbyHKIIi HE JHIIE Yy3araJbHIOITH KIACHYHI PO3MOALUIM, a ¥ TPEACTaBISIOTHCA B SKOCTI
IHCTpYMEHTY [UIi CTBOPEHHS HOBHUX CTOXaCTHYHHX Mojeneld 31 30epexeHHAM
(byHIaMEHTaIbHOT CUMETPII.

[TepcrieKTHBY TONANBININAX JIOCTIDKCHb OXOIUTIOIOTh PO3IMIMPEHHS IIi€el Teopili Ha
0araTOBUMIpHI CYIEpPIPOCTOPH, ¢ BUHUKAE TMOTpeda B y3araJbHCHHI YMOB CHUMETpii Ta
IHTerpauii Ha CKJIAQJHIMINX CYNEpMHOTroBHJaX. TakoXX aKTyaJbHUM € BUBYEHHS JUHAMIKH
CYNEepCUMETPHYHUX CHCTEM y CTOXaCTHYHUX MpOIecax, 30KpeMa no0yaoBa PiBHIHb €BOJIOIIT
JUI TYCTUH HMOBIPHOCTI y CYHEpIIPOCTOPI.
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