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On Energy Efficiency Characteristics of Laser Erosion on Oxidic Surfaces
of Carbon Steels, Cast Iron and Low-alloy Non-ferrous Alloys
During Deoxidizing Cleaning

Part 11

0.G. Devoinol), AV. Gorbunovl), D. A. Shpackevitchl), A.S. Lapkovskyl), V. A. Gorbunoval),
V. A. Koval”, S. A. Kovaleva?

YBelarusian National Technical University (Minsk, Republic of Belarus),
?Joint Institute of Mechanical Engineering of the National Academy of Sciences of Belarus
(Minsk, Republic of Belarus)

Abstract. An analysis of the energy efficiency characteristics was performed for laser erosion cleaning (LC) processes deve-
loped last period for the application in metalworking sector for the wide group of carbon steels, cast iron and non-ferrous me-
tal alloys to remove surface oxidic layers. The consideration of some characteristics of the LC-processes (energy consump-
tion, energy criterion K,,;, et al.) gives the opportunity for the evaluation of the effects of different mechanisms of the surface
deoxidizing during the pulsed laser cleaning of MeO,-layers. Analysis of LC-processes taking into account the efficiency
characteristics was based on the massive of parameters of typical (in the field of LC of oxides) regimes of processing of samp-
les of carbon steels with surface oxide layers (including using data from our experiments) with use of various pulsed lasers,
as well as some samples of aluminum, copper and titanium alloys and cast iron with surface oxides. Our comparison of esti-
mated values of the parameters for a number of recent LC-variants demonstrates that it can be supposed with a sufficient reli-
ability that for the most typical LC-processing cases (preliminary studied in our experiments with cleaning steel samples from
mill scale and also described for LC-processes with removal of oxides from some non-ferrous alloys), the first, i.e. the most
energy-consuming (thermal ablation with heating to the melting temperature or even higher) of the cleaning mechanisms
is more probable. For this processing group the level of the energy criterion values achieved in our experimental series with
the LC of FeO,-scale (K,,;s = 4.4 and corresponding approximate value can, according to our kinetic estimates, be considered
close to the threshold level, below which not only the LC thermal ablation will be realized in parallel, but also partially
the other two deoxidizing mechanisms (not so high energy consumed ones). At the same time active realization of other,
i.e. non-ablative mechanisms is feasible in a rarer group of LC-operating cases (e.g. in the laser removal of TiO-film from
the titanium alloy, and also, possibly, in the regime of alumina removal from aluminium alloy for which the K,,;, level
is probably equivalent to the “transition zone” with substantial contribution of both non-ablative mechanisms and thermal
ablation).

Keywords: laser erosion, cleaning of metal parts, oxidated surface, steels, non-ferrous metal alloys, energy efficiency charac-
teristics, mechanisms of layer removal, oxides, surface deoxidizing, energy/power consumption
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Mamlmocmpoenue U MawiuHogeoeHue

O xapakTepucTHKaX 3Hepro3(peKTHBHOCTH JIA3ePHOI 3P0O3UH
NPHM OYMCTKE OT OKCH/0B MOBEPXHOCTEN yIIepPOAUCTBIX CTAJIeH, YyTyHa
¥ HU3KOJIETHPOBAHHBIX CIVIABOB METAJLIIOB

YacTtb 2

) )

, KaH/1. TeXH. HayK A. B. FOpﬁyHOBl y
)

, KaHJ1. XMM. HayK, jo1. B. A. Top6ynosa”,
)

JIoKT. TexH. Hayk, npod. O. I'. JIeoiino’
NI. A. MInakeBua”, A. C. JlankoBckmii”
KaH/I. TeXH. HayK, Jom. B. A. Kosaas", kana. Texu. nayk C. A. Kopaiepa®

1)Eenopyccm/n‘& HallMOHAIIBHBIA TeXHUYecKuil yHuBepcureT (MuHck, PeciyOinka benapycs),
?)O6beIMHeH I HHCTHTYT MAIIMHOCTPoeHHs HalmonansHoii akanemun Hayk Benapycu
(Mumnck, Pecrry6nmka benapycs)

Pedepar. [IpoBenen ananus nokasateneii sHeprodhHeKTUBHOCTH MPOLIECCOB Jia3epHOi 3po3uoHHol ounctku (JIO), paspaba-
THIBAEMBIX B TIOCIIEHEE BPEMsI ISl IPUMEHEHUSI B TEXHOJIOTMSIX METATIO00PabOTKH MHOTHX YTJIEPOJHUCTHIX CTajlel, YyTyHOB
U CIUIaBOB LIBETHBIX METAJUIOB, C IIEJIBI0 YAAICHHS C HUX TOBEPXHOCTHBIX OKCHIHBIX CIIOEB. YYeT HEKOTOPBIX XapaKTEPUCTUK
nmanHbIx JIO-miporieccoB (9HEPro3arpartsl, SHEPTETHYCCKUN KpUTEpUi K., ,, U Ip.) Aa€T BO3MOKHOCTh OLICHUTH BIHSAHUE Pa3-
JIMYHBIX MEXaHM3MOB IIOBEPXHOCTHOIO JCOKCUIMPOBAHUS NPH UMITYJIbCHOM Jla3epHOH ouuctke MeO,-cinoeB. Anamuz LC-mpo-
LIECCOB C YYETOM XapaKTepHCTUK 3()(HEKTUBHOCTH MPOBOIWIICS Ha OCHOBE MAacCHBA MapaMeTpPOB THIMHYHBIX (B obmactu JIO
OT OKCHJIOB) PEXKHUMOB 00paboTKM 00pa3LoB YITEPOAUCTHIX CTaleil ¢ MOBEPXHOCTHBIMU OKCHIHBIMH CJIOSMH (B TOM UHCIe
C MCMONB30BaHUEM JAHHBIX HAIIMX 3KCIEPHMEHTOB) C MPUMEHEHHEM Pa3IHUHBIX UMITYJILCHBIX Ja3€POB, a TAK)Ke HEKOTOPBIX
00pa3moB aTIOMHHHEBBIX, MEAHBIX ¥ THTAHOBBIX CIUIABOB M YyTYHA C IIOBEPXHOCTHBIMH okcunamu. [IpoBeneHHOE HaMu cpas-
HEHUE PACUeTHBIX 3HAYCHUH MapaMeTpoB Ul PsiZa COBPEMEHHBIX BapuaHToB JIO 1OKa3bIBaeT, 4To C JOCTATOYHOMN CTEIECHBIO
HAJIEKHOCTH MOYKHO MPEATNONIOKHUTh, YTO JJIs Hamboiee TUMHYHBIX ciydaeB JIO-o0paboTku (mpenBapuTEeNbHO W3yYCHHBIX
B HAIlIMX SKCIEPUMEHTAX 110 OYMCTKE CTAIBHBIX 00pa3LoB OT MPOKATHOH OKAJIMHBI, @ TaKXKe OMUcaHHBIX uisl JIO-mpoueccos
0 YIAJIEHHUIO OKCHJIOB C MTOBEPXHOCTH HEKOTOPHIX CIUIABOB IIBETHBIX CIUIABOB) Ooiiee BEPOSITCH MEPBLIH, T.e. Hanboiee sHep-
ro3aTpaTHBIA (TepMuYecKas abJIIIus ¢ HarpeBOM A0 TEMIEpaTyphl IUIABJICHUS U JlaKe BBIIE) U3 MEXaHW3MOB OYHCTKH.
st 3T0# TpymnIbl NPOLIECCOB YPOBEHD 3HAUEHUI SHEPreTUYECKOI0 KPUTEPHUS, JOCTUTHYTHIN B Hallled CEpUM KCIIEPUMEHTOB
¢ JIO FeOy-okamuusl co ctamu (K,,;; =~ 4,4) 1 COOTBETCTBYOIIEE €My MPUOIKEHHOEC 3HAYCHUE MOXKHO, COTJIACHO HAIIUM
KUHETHYECKUM OIIEHKaM, CIMTaTh OJIM3KUM K IOPOTOBOMY YPOBHIO, HHXKE KOTOPOTro OyZeT mapaiebHO Peai30BbIBATHCS HE
TonbKo JIO-TepMoaluIsAIusl, HO M YaCTUYHO [Ba APYTUX (MEHEe SHEepro3aTpaTHBIX) MEXaHHW3Ma EOKCHANpPOBaHUA. B To ke
BpeMst B Oosiee penkoil rpymme ciydaeB npoueccoB JIO (Hanpumep, npu jasepHoM ynaineHud IwieHKH TiOy ¢ TUTAaHOBOTO
CIIJIaBa, a TAKXKe, BO3MOXHO, B P&KUME yIaJICHHs OKCHa aJIOMUHUS C aTIOMHHHEBOTO CIUIaBa, TSI KOTOPOTO YPOBEHb K, /g,
BEPOSITHO, DKBHBAJICHTEH «IIEPEXOIHOI 30HE» C CYLIECTBEHHBIM BKJIQJIOM KaK HeaOJIIIIMOHHBIX MEXaHW3MOB, TaK M TEPMO-
a0nAIM) BO3MOXHA aKTHBHAS Pean3aliys UHBIX, T. €. He TEPMOAOIAIMOHHBIX MEXaHU3MOB.

KiroueBble cJ10Ba: j1a3epHast 9po3Hsi, OUHCTKA METAIUIOU3/IEIINIT, OKHCIICHHAs TIOBEPXHOCTb, CTaJIM, CIUIABBI IIBETHBIX MeTall-
JIOB, XapaKTEPUCTUKH 3HEPro3hPpeKTUBHOCTH, MEXAHH3MBI yIAICHHUS CIIOSI, OKCHIIBI, ICOKCHIUPOBAHUE TIOBEPXHOCTH, JHEP-
ro3arparsl

Jist nuTupoBanusi: O XapakTepHCTHKAX SHEProdhPeKTHBHOCTU JIa3ePHON SPO3HUHU IIPHU OYUCTKE OT OKCHJIOB IIOBEPXHOCTH
YIJIEPOJMCTHIX CTANICH, YyryHa M HU3KOJIICTUPOBAHHBIX cIuiaBoB MeTasuioB. Yacte 2 / O. I'. leBoitno [u np.] / Hayka u mex-
Huka. 2025. T. 24, Ne 4. C. 261-269. https://doi.org/10.21122/2227-1031-2025-24-4-261-269

Introduction and research objective

An important trend in current metalworking
sector is a modernization of outdated mechanical
and other processes for surface deoxidizing clean-
ing of various metal parts and structures from un-
wanted oxide layers (products of low-temperature
or hot corrosion degradation), such as rust and
scale on structural steels and oxidic layers (up
to >1 mm thickness) on different non-ferrous me-
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tal alloys, especially based on Al and Ti [1-9]. For
these objective a number of groups of advanced
technologies, such as laser-erosion ones (in pulse
or continuous wave variants) and some others, can
be applied, and these are actively designed last
period for different grades of steels, cast iron and
alloys (to remove the layers of FeOy, Al,O;, TiO,,
CuO, ZnO, Mg0O, WO,, PbO, Ag,0, etc.) [1-21]
and even partially commercialized for some indu-
strial facilities, especially in China.
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Consideration of some efficiency characteris-
tics (energy consumption, energy criterion, etc.)
gives the opportunity for the evaluation of poten-
tial of different mechanisms of the surface deoxi-
dizing during the pulsed laser cleaning (LC). Cor-
responding analysis of the LC-processes based on
this approach has recently been initiated using the
characteristics mentioned for the empirical data
massive of typical LC-regimes of processing of
structural steels, measured in the experiments with
the use of pulsed laser systems, as well as some
cast iron and non-ferrous metal alloy surfaces with
oxidic layers (including of iron oxides, alumina,
titania, copper oxides) [22]. The K., criterion (or
some other similar dimensionless parameters used
typically for engineering analysis of high tempera-
ture systems), in accordance with some estima-
tions (with use of experience of this criterion ap-
plication in thermal plasma engineering for inor-
ganic materials production, as was demonstrated
before [23, 24]), in some cases can be suitable for
modeling and technical scaling of the LC-pro-
cesses with phase transitions in the condensed sur-
face phase [22]. For the objective of our current
research, the special comparison of the efficiency
characteristics was chosen to estimate the effect of
main possible physical mechanisms of surface de-
oxidizing of different layers during the analyzed
group of LC-processes.

Research approach for the laser
deoxidizing erosion of surface layers
and data obtained

In our analysis of the LC-regimes for different
oxides such special variant of energy criterion
K..;s was used, which takes into account not only
the conductive heating of the oxidic surface in the
axial direction with laser beam, but also other
mechanisms of heat transfer which occur in all
directions in the laser removal/cleaning systems
under consideration [22]. For this case the simpli-
fied expression can be used, by analogy with the
energy efficiency parameter (the energy efficien-
cy) of plasma-chemical systems [25, 26]:

Ly, (1)

Ken Is — Q :
lw—ox
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Here E;, — total value of energy consumption
of the LC-processing (for such case of the pro-
cess as laser heating to melting point of the surface
layer) in units of J/(kg of removed material).

Additionally, the Peclet number Pe, chara-
cterized the surface rate of the laser cleaning of
the oxidic surfaces, can be used for estimations
of energy performance level of LC-processes [22];
in this the thermal diffusivity is used: a = k/(p-c,)
(where p u ¢, are the density and specific heat ca-
pacity for oxidic layer, averaged for specified
temperature range).

For the determination of K,,;, criterion the
enthalpy difference AH can be obtained for the
analyzed oxidic layer with the use for the case
of LC-process with thermal ablation (heating to
the level of evaporation or melting/fusion tem-
peratures — 7} or T,) standard expression:

Ty T,
AH, = 1€, dT + | €, AT +AH, +AH, (2)

(the variant for the heating with the oxidic layer
melting and next vaporization (AH, — is the heat of
vaporization)).

It is also significant that when calculating the
values of the specific heating power and the ener-
gy criterion for various laser processing regimes,
the value of the energy of the laser irradiation ab-
sorbed by the surface in general case should be
determined using an expression of the following

type [27]:
Q=1 -R)L(x, y, 04, )

here R — the coefficient of the radiation reflec-
tion from the heated surface, I,(x, y, f) — the distri-
bution of the laser beam energy (before contact
with the surface) in a 2D coordinate system (x, y)
and in time (¢), coefficient A (it is equal to 0.9
when modeling LC with a Ll-pulse duration
in different modes from 0.050 to 10.0 ms [27])
is the shielding coefficient of the surface from the
beam in zone of near-surface laser-induced plasma
(it is usually considered a quasi-spherical formati-
on [28] and has a characteristic size of 0.14—1.8 mm
on our estimations for the conditions of experi-
mental LC-regimes with various oxide layers
(with thickness of up to 330 um), including those
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given below in Table 1), and thus this value is the
degree of conservation of the laser beam energy
during its propagation/motion through the near-
surface plasma.

The complete group of parameters that was se-
lected to characterize the main physical me-
chanisms of removing oxide layers during LC of
the steels and alloys was presented before in the
paper [22], including the removing mechanisms
with shock wave generation in laser-induced plas-
ma zone near the irradiated oxidic surface.
As shown in [29], under LC conditions with pulsed
lasers, the “shock wave ejection mechanism” pre-
vails at high intensive laser plasma (in terms of the
dynamic effect on solid surfaces) rather than the
mechanism of photon pressure from the beam of LI.

A comparative description of the obtained ex-
perimental data, including energy consumption
parameters, for a number of typical variants of
laser removal of oxidic corrosion products from
steels and some alloys is briefly presented in [10],
including the case of the results of a series of our
experiments on lab-scale 30W LC-system from mill
scale layers (30—50 pm thickness (8)) on carbon steel
samples. Figure 1 shows, as an example, a micro-
graph of the cross-section of carbon steel sample
with oxidic scale layer before the scale removal with
the laser processing. In this case, the LC-processing
was carried out on experimental setup using the laser
with high-frequency nanosecond pulses (HFNP)
with single pulse energy <1 mJ and the pulse dura-
tion ¢p = 120-150 ns [10]. The rate of LC-removal
of the layer (containing mainly the magnetite
phase Fe;O4 with an admixture of hematite Fe,Os
(and small impurities of other phases) in accor-
dance with X-ray diffraction analysis performed
for samples with mill scale in the OIM of NASB
(laboratory of nanostructured and superhard mate-
rials), using the diffractometer from Bruker DS§
ADVANCE (Germany) with Cuk,-radiation (the
wavelength 0.15418 nm)) in the optimal regime is
at the level of no less than 0.005 dm’ of the scale
surface per second (at operating time-averaged
thermal power of the beam Py, = 28 W, emitting
in IR-region of spectrum, and at five passes of the
beam & ~ 32 um). Carbon steel of St3 grade (with
0.14-0.22 wt. % C, 0.15-0.3% Si, 0.4-0.65 % Mn,
~97 % Fe) was used as the sample material in our
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experiments on LC. The size of the plate samples
was 90x70 mm, thickness 6 = 4 mm.

50 um (x200)

Fig. 1. Micrograph of a cross-section of the sample made
of St3 carbon steel (light (left) part of the photo) with a layer
of oxidic mill scale with < 30.5 um thickness, taken before
the start of our experiment for laser cleaning. The scale
bar (bottom left) in this micrograph represents 50 um

The micrographs of the cross-sections of car-
bon steel samples with oxidic mill scale layer were
obtained with the use of the metallographic optical
inverted microscope ADF I350 (ADF Co. (China),
with a digital camera of Aksalit Soft Co. (Russia))
with a magnification of up to 2000 times.

A special analysis of the experimental results
obtained for laser surface deoxidizing [10] and
other published empirical data for the LC-proces-
ses on different metal samples (oxidated steels,
cast iron, alloys, — see the data for typical exam-
ples of the surface cleaning processes in Table 1)
was carried out, using systematized data on the
number of thermophysical and optical properties
of important group of metal oxides, which were
generalized by us in [22].

The obtained results on the parameters of la-
ser cleaning in different regimes. In general, as we
found, for comparative analysis of the efficiency
of different (by the composition of the layers)
laser processes it is advisable to use a group of
parameters affecting energy consumption of LC
processing: a) the criterion K,,;; b) surface ab-
sorbed power N, of irradiation from the laser beam
or/and the ratio of N, to the thermal conducti-
vity of layer; c) the amplitude of the shock
wave (SW) pressure in the laser plasma near the
surface (P,.,). In accordance with our preliminary
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data, it is possible to estimate the effect of main
mechanisms for removal of the irradiated layers
during the pulsed LC: 1) thermal ablation; 2) low
temperature thermoelastic stress in the oxidic layer
or at the “layer/substrate” interface (“exfoliation”
or “spallation” mechanism); 3) effect of the pres-
sure front of the laser induced SW on the oxidic
surface. Our approximated estimation of the LC
processes taking into account the data of the effi-
ciency characteristics (some of the analyzed LC
parameters are given below in a form of Table 1)
was based on the parameters of a number of re-
gimes of LC with pulsed lasers (with different
laser power and pulse energies up to £, = 100 mJ)

of samples from carbon steels, cast iron, and some
aluminum, copper, titanium and other alloys con-
taining surface oxides. Collation of levels of these
special characteristics for different variants of LC
allows us to select energy efficient regimes for
the removal surface oxides from various metal
substrates. It is also important, that for the regimes
of removing oxide layers from carbon steel,
the found value of such additional parameter cha-
racterizing the power efficiency of the LC-pro-
cess as Peclet number (in the surface variant of
the number) is at the level of Pe > 1500-2000
when optimal interval of the operating modes was
used.

Table 1

Comparison of parameters and energy consumption for recent technologies for laser surface deoxidizing
of some steels and low-alloy metal alloys

Type of laser processing system, operating and
Composition energy consumption parameters
Material of| Application area (radiation wavelength A, etc.); Technological features
of the layer removed S Ty
No processed | of the proc?sse.d during deoxidizing/ vah'le of tl'le.energy crlte.rlon for LC ' of the deo.xldlzmg process
metal products, objective cleaning: (assuming oxidic layer heating to the point (gas environment, etc.),
products | of laser processing . ’ of complete melting of irradiated layer); auxiliary effects
cleaning rate G . .
estimated parameter of possible laser
induced shock wave (SW)

1 2 3 4 5 6

1. |Structural |Metalworking Removal of oxidic  |Pilot system for pulsed laser processing (with  |Thickness of the removed
carbon industry; the pur- scale (FeOy) from single-mode (SM-L) and multimode (MM-L) ((by ablation with melting and
steel pose of LC is to the steel surface; lasers with A = 1064 nm with averaged thermal |partial (or complete) vaporiza-
(SCS), clean hot rolled G — from 0.0023 power of laser beam P = 0.1-0.5 kW (SM-L) |tion) film of the oxidic mill
plate-type |parts/products em’/(s*W) (for SM-L |and 1.0-2.0 kW (MM-L). scale 6 = 15.0 pm (with poro-
samples  |before further with power P = For the processing system with MM-L in sity on our estimation
(1] mechanical =0.5 kW) t0 0.0043 |the used operating regime: laser pulse duration |P = 0.20)

processing (for MM-L with tp = 85 ns, pulse repetition frequency /= 10 kHz,
(metalworking) P=1.0kW)and diameter of laser beam spot d; = 0.85 mm, beam
operations 0.0048 cm®/(sW) scanning speed v = 0.506 m/s; individual pulse’
(for MM-L with energy E, = 100.0 mJ, total energy
P=2.0kW) consumptions — £’ = 38.1 MJ/(kg of the layer)
and E* = 2.33 MJ/(m” of the layer).
Maximal pressure of a front of SW Py, <
<21.0 MPa. Criterion (approximate value)
Kenis=20.25 (1) ()

2. |SCS of Metalworking in-  |Rust films/layers Pulsed laser cleaning unit with P =350 W There is no data on
Q235 dustry; the purpose |(composed of at L = 1064 nm, maximal E, = 30-50 mJ, the thickness of the layer
grade, of LC —acleaning |FeOx-phases) from |ds = 0.7 mm, f=7-15 kHz, tp = 6 ns; removed from the surface
plate-type |of rusted parts/ prod- |piped/municipal E*=0.04 kWh per 1 m” of the oxidic layer
samples ucts (mainly sheets) |water and natural (assuming a single dose of the laser radiation
[4] before further me- soil; no data per surface area unit)

chanical processing  |for G presented
(metalworking)

3. |SCS of St3 [Metalworking Removal of oxidic  |Processing system with Ytterbium pulsed fiber |Thickness of the removed
grade, industry; the pur-  |mill scale (based laser RFL-P30QB (China) with A ~ 1070 nm.  |(by ablation with melting) part
plate-type [pose of LC is to on Fe304) from In used operating regime: f= 37 kHz, of the scale layer 8 = 6.5 um
samples  |clean hot rolled the steel surface; tp=120-150 ns; d; = 0.050 mm, v=2.0 m/s;  |(porosity p = 0.20),

(authors’  |parts/products G—up pulse energy E, = 0.81 mJ, £’ = 11.3 MJ/kg here total thickness
experi- before further t0 0.0045 dm’/s of the layer, £* = 0.300 MJ/m”.
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Continuation of Table 1

1 2 3 4 5 6
mental mechanical Pressure of the shock wave front Py,., <2.01 MPa. |of the layer was measured
data) processing Criterion Ko,s = (6.02)-0.815-0.9 =4.41 to be 8 < 30-50 um
(accurate value) (1) ()
4. = Maintenance and Rust layer formed  |Continuous wave (i.e. non pulsed) CO,-type The thickness of the removed
% &_j E‘ repair of automotive |during an operation |laser (A = 10.6 um) with maximal P =85 W; rust layer 8 < 330 um, the final
S ‘; X |equipment; the pur- |of transport d; = 0.71-1.69 mm; transverse moving speed  |roughness of cleaned cast iron
= = < |pose of the LC-pro- |equipment in humid |of laser beam v = 0.030-3.0 m/s; surface R, =~ 1 pum, its final
2 S ‘z cess is to remove air; G = 0.065 dm¥/s |E*>0.033 kWh/m’ (at the values microhardness is up
.§ »° o [rustfrom brake of operating parameters P =60 W, to 235-306 on the HV scale
% B 2 discs while rising ds=0.72 mm and v = 0.9 m/s) (while the hardness
i b % the strength charac- of the original rusty parts
g < £ teristics of the is 93 on the HV scale)
cleaned metal surface
5 g = Metalworking; Removal of A,Os- [Solid-state pulsed laser with A = 1064 nm Thickness of the removed
B o\° the process objec-  |based oxide film with P =40-100 W, laser beam scanning speed |(probably due to ablation
E S = |tive s to clean from the alloy plate |v=0-12 m/s. In used optimal regime: and at least partly due to other
A :‘: . |the surface of alu- |surface; /=120 kHz, tp =100 ns; d; = 0.050 mm, mechanisms (i.e. spallation,
E‘ \g %),_ minium sheet before |G < 0.06 dm?¥/s v=12.0 m/s; pulse energy £, = 0.833 mJ, SW)) part of the oxidic
= 5\: é welding to improve E’=20.9 MJ/kg of the layer, layer 8§ = 2.0 um
E 5 o |aqualityofthe E*~0.1667 MJ/m’.
g g %_ welding joints Pressure of the shock wave front Py, < 3.2 MPa.
_g :n Criterion (approximate value) K,s =
<= =6.13 () ()
6. = |Preparation Removal of oxide Solid-state YAG:Nd pulsed laser (IPG Photon- |The best surface properties
. § g of oxidized surfaces |film (from a mixture |ics, USA) with A = 1064 nm at beam scanning |were obtained in the optimal
2 z & |of parts for aero- of phases of anatase |speed 0—12 m/s. In optimal used operating LC-regime with ablative
g s (L space and medicine |and other oxides) regime: /=10 kHz, ¢ = 100 ns; d,; = 0.800 mm, |removal of the oxide film
B E = |applications for and traces of oil v =0.01 nvs; pulse energy £, =40.01 mJ, (at laser beam speed
.§ N E subsequent pro- stains from the sur- |E’ = 232.6 MJ/kg of the layer, £*~ 50.01 MJ/m” |of 0.005 m/s): the degree
E :‘t LE_ cessing, including |face of the alloy Pressure of the shock wave front Py,.,> 12.0 MPa. of oxidation and roughness
%- ‘i g welding; the cleaned |samples. Criterion (approximate value) Ke,zs ~ of resulted surface
5 ) é metal surface has  |At the LC-process |~ 108.2 (1) (V) were 2.08 wt. % and 37 pm,
% 3 S |better corrosion G =0,0008 dm”/s respectively. For removed
& B |resistance (most likely with thermal
= ablstion) film & = 50 pm
7. Metalworking; Removal of TiOy Solid-state pulsed laser with A = 1064 nm When the scanning speed at
S the purpose is to film to avoid such  |with average P =30 W, beam scanning speed  |the LC is 9.0 m/s, oxygen con-
¥ clean the surface undesirable effects as|0.5-10.0 m/s. In used optimal operating tent reaches its lowest value
@ o~ of the alloy parts porosity in the weld |regime: /= 500 kHz, #» =~ 5.0 ns; d; = 0.050 mm, [of 4.54 wt. % (i.e. the trans-
) before welding on products manu-  |v = 9.0 m/s; pulse energy £, = 0.06 mJ, formation of TiO,-phases
¢ g and other techno- factured from E’=5.19 + 1.04 MJ/kg of the layer, to ~Ti0g 25 was carried out).
';'_'3 E logical operations.  |the alloy, reduced  |E* = 0.067 MJ/m>. The oxide film was removed,
o 0I<I> mechanical proper- |Pressure of the shock wave front and substrate is exposed.
> .S ties, conductivity Py, <32 MPa. LC-process can improve
= E and weakened bon- | Criterion (approximate value) the hardness and corrosion
g 8 ding of the plating |k, ~2.41 (1) (M) resistance of metal surface.
'g g‘ with TC4-substrate. Exfoliated TiOx-fragments
E 8 At the LC-process were found after the LC
g g G <0.045 dm’/s at regimes with v>9 m/s.
’?, & For the removed (at parallel
E thermal ablation and other
< deoxodizing mechanisms
realization) film & = 2—4 pm
8. |Copper Restoration of mon- |Oxidized layer of  |The following systems were used for LC-pro- |The problem of undesirable
alloy (plate |uments containing |increased thickness, [cess: 1) pulsed YAG:Nd laser Smart Clean 2,  |changes in the oxidized copper
samples elements of copper |which contains cu- |and 2) ytterbium pulsed fiber laser Mini-Mar-  |surface layer with the transition
of museum |and its alloys, prite (Cu0) and ker2 M20 with maximum output power 20 W, |of the Cu,O phase to the CuO
storage, as well as cleaning |tenorite (CuO) phas |both lasers with A = 1064 nm. In the optimal phase of black or gray color
266 Hayka
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End of Table 1

1 2 3 4 5 6

consisting |of oxidized surfaces |es; G =0.003 dm%s |LC-regime (with use of the Mini-Marker2 M20 |(it is a by-effect during LC

of Cuwith |of industrial copper- laser) the energy consumption was: of the copper surfaces)

admixtu-  |based metal E*=0.132 MJ/m® in the mode with f'= 20 kHz, |is eliminated using

res of As, |products/parts tp=100 ns; d; = 0.050 mm, v = 0.60 m/s LC-processing in the

Pb, Fe and £, =0.20 m]J. conditions with protective

(~0.1 %)) Pressure of the shock nitrogen environment

[14] wave front Py,., < 1.6 MPa

9. |Thermally |Cleaning the surface |Oxidic layer (CuO  |System based on solid-state femtosecond-pulsed |Femtosecond LC is preferable
oxidized |of copper layers of |and Cu,O phases) laser with A = 800 nm; range of O = 1.7-4 kJ/m?|because it reduced the thick-

(in air) components of se-  |with thickness ~1 pm; |(optimal level — 3.1 kJ/m?” (it is threshold value |ness of the oxide layer by 99 %

copper miconductor mi- G=10"*cm%s (at |for complete removal of the oxidic layer)) in to ~20 nm without by-effects.

(99.99 % |croelectronic prod- |the LC with femto-  |pulsed regime with f=1 kHz, tp = 50 fs, square |LC-variant with nanosecond

pure), plate|ucts second pulse laser) |laser spot area of 100 um? E*~ 3.10 MJ/m’ laser either does not remove

samples (at the optimal total number of pulses the entire layer or has

[3] (n =1000) per unit surface area) a negative effect (formation

of secondary oxidic layer
of ~0.15 pum)

Nomenclature: K5 values are determined taking into account an absorptance value for the oxidic surface 4; () — the values are ob-
tained with taking into account the degree of conservation of the laser beam energy during its propagation/motion through the near-surface
plasma /4 (=0.90) [27]; 1 — calculated with the use of the enthalpy difference value AH, (at AH, = 1.88 MJ/kg — on energy consumption for
heating of the Fe;O4 phase (and 3.41 MJ/kg — on energy consumption for heating of a-Al,O3 phase and ~2.15 MJ/kg (for TiO, phases (at the
titania oxidic material with p = 4300 kg/m’ [27])) — up to melting temperature (including the phase transition).

Our comparison of estimated values of opera-
ting parameters (including the values of cleaning
rate G during the LC-process) and the energy con-
sumption levels for a number of recent technolo-
gies for laser surface deoxidizing of a few steels
and low-alloy metal alloys (based on the data
of Table 1) demonstrates that it can be sup-
posed with a sufficient reliability that for the most
typical LC-processing cases (preliminary studied
in our laser experiments with cleaning steel sam-
ples from mill scale and also described for LC-pro-
cesses with different oxides removal from metals,
for example in the data [1, 4, 5, 7, 8]), the first,
i.e. the most energy-consuming (ablation with
heating to the melting temperature or even higher)
of the cleaning mechanisms is more probable.
For this processing group the level of the energy
criterion values achieved in our experimental se-
ries with the LC of FeOy-scale (K,,;s = 4.4 (accu-
rate vale) and corresponding approximate value
(without taking into account the effect of the 4 and
A coefficients) can, according to our kinetic esti-
mates (based on the approach [30-32]), be consi-
dered close to the threshold level, below which
(according to the values of K,,;) not only the LC
thermal ablation will be realized in parallel, but
also the other two deoxidizing mechanisms with
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comparable intensity. At the same time active reali-
zation of other, i.e. non-ablative mechanisms is
feasible in a rarer group of LC-operating cases (for
example, in the published study of the authors [33]
on laser removal of TiO4-film from the corre-
sponding alloy, and also, possibly, in the regime of
alumina removal from aluminium alloy 5754 [11]
for which the K., level is probably equivalent to
the “transition zone” with substantial contribution
of both non-ablative mechanism(s) and thermal
ablation during laser cleaning process).

CONCLUSIONS

1. The values found for the specified group of the
efficiency parameters of laser erosion deoxidizing of
the analyzed group of surface oxidic layers on the
commercial grades of carbon steels and low-alloy
non-ferrous alloys gave an opportunity to estimate
the degree of prevalence of one of the possible
mechanisms of MeO,-layer removal during LC.

2. A comparison of estimated values of opera-
ting parameters (including the values of cleaning
rate during the LC-process) and the energy con-
sumption levels (K., etc.) for a number of recent
technologies for laser surface deoxidizing of a few
steels and low-alloy metal alloys shows that it can
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be supposed with a sufficient reliability that for
the most typical LC-processing cases (investi-
gated in our laser experiments with cleaning steel
samples from mill scale and also described for
LC-processes with different oxides removal from
metals, for example in the published data for LC
of the steels, cast iron, Ti- and Cu-based alloys),
the ablative, i.e. the most energy-consuming of the
cleaning mechanisms is more probable.

3. The realization of the non-ablative physical
mechanisms is probable in rarer cases of techno-
logical regimes, such as laser removal of some
TiOx- and ALOs-films [33, 11]. It is shown that
a collation of the levels of these special characte-
ristics for different LC variants allows to select
approximately the most energy-efficient pro-
cessing regimes for oxidized layer removal from
metal substrates, and there is some potential
for decreasing energy consumption for a number
of LC modes with decomposition of zones with
iron- and other metal oxides.
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HN3meHeHne TeKCTYpPbI 1e(pOPMHUPOBAHHON MeaH
IPH BO3eHCTBUM XO0J0AHOM IJIa3Mbl BO31yXa
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Pedepat. VccnenoBansl U3MEHEHHUST MUKPOCTPYKTYPbI M TEKCTyphl 00pa3noB Mmean M1 mocne mmactudeckoi nedopmannu
TIPOKATKON M BO3JACHCTBHA HU3KOTEMIIEPATypHOIl HEPaBHOBECHOH IJIa3Mbl BEICOKOYACTOTHOTO EMKOCTHOTO pa3psa, Bo30yxk-
nmaeMoro Ha vactote f = 5,28 MI' B Bo3ayxe npu HU3KoM aaBieHun (p ~ 1 Topp). Metonom metamiorpaduyeckoro aHamusa
[IOKA3aHO, YTO M3MEHECHUS MHUKPOCTPYKTYpbl HE3HAuMTeNIbHbI. Pa3Mep 3epHa He U3MEHSAETCS; YJIy4llaeTCs BU3YyaIU3aLus
CTPYKTYPBI, TIOBBIIIAETCSA YETKOCTh BBISBICHUS TPAHUI] 3€PEH MOCIE METAIIOrpaguuecKoro TpapneHus. Pe3ynbpraTel peHTre-
HOCTPYKTYPHOTO aHANIN3a CBHIECTEIBCTBYIOT O TOM, YTO BO3JEHCTBUE IUIa3Mbl HPHBOJHUT K U3MEHEHUIO OTHOCHTEIBHON WH-
TEHCUBHOCTH MHTEP()EpEHIIMOHHBIX JIMHUI peHTreHorpammsl. Ilocie nedopmarmu npeBaaupyromei siBiIsieTcss OpUSHTHPOB-
ka (011), 9To XapakTepHO IJISI TEKCTYpHI IPOKATKH MeAU. Bo3nelicTBue m1a3Mbl B TeUSHNE 5 MUH NPUBOINT K ITOBEIIICHHIO
uHTeHcuBHOCTH auHUi (200), (220) u (311). [Ipu o6padotke B Teuenue 10 MUH OTHOCHTENbHAS HHTEHCUBHOCTD JIMHUN TaKkKe
HE3HAYUTEIbHO Bo3pacTaeT. [lapamerp KpHCcTaIIMUecKol peleTKy nociae BO3ACUCTBUS MIa3Mbl HE U3MEHsIETCS. Y CTaHOBJIE-
HO, YTO U3MCHEHHE HHTEHCUBHOCTH JIMHUH PEHTI€HOTPaMMBI HE CBSI3aHO C JICHCTBHEM MHUKPOHANPSDKEHUH, H3MEHEHHEM pa3-
MepOB GJIOKOB KOI€pEHTHOIO paccesiHus. 3HaueHHe OTHOLIEHUs sind ;00y/sind 1) = 1,15 cBUmeTENLCTBYET O TOM, UTO Aeek-
T YNIAKOBKH B MpoIecce BO3AEHCTBHSA He 00pasyrorcs. PentreHoBckue 3((GeKTs Mpy BO3ACHCTBUM IIA3MBl AaHAIOTHIHBI
HaOMIOZaeMbIM TIPH OTITyCKE Je()OPMUPOBAHHBIX METAUIOB, KOIJla OCHOBHBIC OPHCHTHPOBKH TEKCTYpHI Je(QOpMaIlu WIH
COXPAHSIOTCS] Ha YPOBHE Ae(OPMHPOBAHHOIO MeTajUla, WK yCHInBaloTcs. [Ipy BO3AEHCTBUM IIa3Mbl pean3yeTcsl Hauallb-
HBIH TIpoIiecC penakcaliy HanpsDKEHUH, CBA3aHHBIN ¢ TIepeMeIleHHeEM aTOMOB Ha PacCTOSIHUS, MEHBIINE MEKaTOMHBIX, KOT1a
KpHCTAIIMIECKas pelieTka coBepuieHCTByeTcss. OCHOBHOW NMPUYMHONW M3MEHEHHUH SIBISIOTCS HANpsDKeHUs 3-ro poxa, o0y-
CJIOBJICHHBIE CMELIEHHSIMH aTOMOB U3 MOJIOKEHUH PaBHOBECHSI.

KroueBble ciioBa: 1miacTuieckas aedopmans, miasMeHHast 00paboTka, MHKPOCTPYKTYpa, TEKCTypa, BO3BpAT, HAIPSDKEHUS,
CTaTUYECKHE CMEIIEHHS aTOMOB
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Change in Texture of Deformed Copper Exposed to Cold Air Plasma
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Abstract. The changes in the microstructure and texture of M1 copper samples after plastic deformation by rolling and exposure
to low temperature non-equilibrium plasma of a high-frequency capacitive discharge excited at a frequency of f'= 5.28 MHz
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in air at low pressure (p ~ 1 Torr) have been studied in the paper. The metallographic analysis showed that changes in the
microstructure of samples are insignificant. The grain size does not change; the visualization of the structure is improved,
and the clarity of detection of grain boundaries is increased after metallographic etching. The results of X-ray structural analy-
sis showed that the effect of plasma treatment leads to a change in the relative intensity of the interference lines of the X-ray
diffraction pattern. After deformation, the prevailing orientation is (011), which is typical for the texture of copper rolling.
After exposure to plasma for 5 minutes, the intensity of lines (200), (220) and (311) increases. A slight increase in the relative
intensity of the lines is observed after plasma treatment for 10 minutes. The parameter of the crystal lattice does not change
after exposure to plasma. It was found that the change in the intensity of the X-ray lines is not associated with the action
of microstresses or a change in the size of coherent scattering blocks. The ratio sinyy/sinf; ;)= 1.15 indicates that stacking
faults are not formed during plasma treatment. X-ray effects under plasma exposure are similar to those observed during tem-
pering of deformed metals, when the main orientations of the deformation texture are either maintained at the level of
the deformed metal or are enhanced. Under plasma exposure, the initial process of stress relaxation is realized, associated with
the movement of atoms over distances smaller than interatomic distances, when the crystal lattice is improved. The main rea-

son of the changes is third-order stresses, caused by the displacement of atoms from their equilibrium positions.

Key words: plastic deformation, plasma treatment, microstructure, texture, recovery, stress, static displacements of atoms
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BBenenue

OpHuM 13 OBICTPOPa3BUBAIOIINXCS HaIpaBIIe-
HUN B TEXHUKE SIBIISIETCS UCIOJB30BAHUE BBICOKO-
SHEPreTUYECKUX BO3ACUCTBUNA I YIy4LIECHUS
CBOMCTB pPAa3IMYHBIX MaTEPUalOB. 3HAUUTEIHHOE
MECTO B 3TOM PsiY 3aHUMAIOT TEXHOJOTUHU Ha OC-
HOBE XOJOJHOM TIJa3Mbl C Ta30KMHETHYECKOU
temnepatypoi 10 350 K, akTuBHO npuMeHsIeMble
BO MHOTHX OTpacisiX, BKIIFOYas OMOTEXHOJIOTHIO,
OMOMeNIIMHY, TEKCTHJIBHYI0 M MHIIEBYIO IIPO-
MbiieHHOCTh  [1-3]. Ilmasmennas oOpaboTka
MO3BOJISIET OCYLIECTBIISITh HETEPMUUYECKYIO MOJH-
(huKannio CBOWCTB MaTEPHAJIOB, SBISETCS 3KOJO-
TUYECKU YMCTOM M 3KOHOMHUYECKH BBITOJHOM TEX-
HOJIOTHEH, YTO BaXKHO JJISI YCTOHYMBOIO Pa3BUTHS
3KOHOMUKH [1].

UccnenoBanust BIUSHUS XOJIOTHON IIa3MbI Ha
CTPYKTYpPY U CBOMCTBA MMOBEPXHOCTEN U MOKPHITUN
npeAcTaBleHbl B psne pabdor [4-6]. MHuorue uc-
CJIeIOBaHUS JOBEICHBI IO MPOMBIIUICHHBIX TEX-
HOJIOTHI W WCIIONB3YIOTCS, B 4aCTHOCTH, B 00pa-
0OTKE METa/UIOB I YIOPOYHEHUs paboumx
MOBEPXHOCTEN JIeTallel U HAHECEHUS] TOHKUX MO-
KPBITHH Pa3nuyHOro (yHKIHOHAIHFHOTO Ha3zHaue-
Hus [7]. B [8] mokazana Beicokas 3¢pGeKTHBHOCTH
BITUSIHUS TUTA3MEHHOTO BO3JICHCTBHUS HA W3MCHE-
HUE MOpQOJOTHM  TIOBEPXHOCTH  TalIbBaHU-
YECKUX MOKPBITHHA, B PE3yJIbTATE YET0 U3HOC CHU-
xkaetcq B 1,5-2 pasza. IlnasmMeHHbIE METOABI MPH-
MEHSIOTCS JUI (POPMHUPOBAHUSI 3aITUTHBIX TTOKPBI-
TUW, YOPOYHEHUS] HU3ACIUNA B MAIIUHOCTPOCHUHU.
B kadectBe mia3mMooOpasyrolero rasa, Kak mpa-
BUJIO, MCIOJB3YIOT AprOH, IENH, a30T WIU BO3-
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nyx. O6paboTka mIa3Moil H3MEHSIET CBOWCTBA TI0-
BEPXHOCTH, BO MHOTOM OIIPEACIIIONINe KadecT-
BO M3JENUil TpUOOTEXHHMYECKOro HazHadeHus [9].
[Tokazana mpuHIMNIHAIRHAS BO3MOKHOCTH YIIPaB-
JICHUS. CTPYKTYPOH M HANPSHKEHHBIM COCTOSHHUEM
NOKPBITHH, 00pabOTaHHBIX BO3AYIIHOW ILIa3-
moii [10]. BrITloNIHEH aHaNMW3 ONTHMAJBHBIX pPe-
JKUMOB YIIPOYHSIFOIIEeH 0OpaOOTKU [UIsl TIOBBIIIIE-
HUS SKCIUTyaTallMOHHBIX XapaKTEPUCTHK HHCTPY-
MEHTOB M3 OBICTPOPESKYIIUX CTane, Momaudu-
IUPOBAaHHBIX  IOTOKOM  HH3KO3HEPTEeTUIECKOMH
m1a3mbl [11]. BeIIBIEHBI U3MEHEHHS XapaKTepH-
CTHK TOBEPXHOCTHOTO CJIOS YIPOYHEHHBIX WH-
CTPYMEHTOB W YCTaHOBJIEHa 3aBUCHMOCTH BeEIH-
YHHBI MUKPOTBEPIOCTH OT PEKUMOB 00pabOTKH.

UccnemoBana Ttpancopmanus CTPYKTYpHI B
mwrazMe Tiaetomero paspsaa (He) m  wm3mene-
HUE TUIACTHYHOCTH CIUIABOB HAa OCHOBE AJIOMH-
Hus [12]. [IpuduHON MOBHIICHHS TUTACTHYHOCTH
CIUIABOB QIFOMHHUH—MArHUH SIBIIIETCS TIOBBIIIIC-
HUE OJIHOPOJHOCTH CTPYKTYPHI IOCIE BO3JCH-
cTtBusa TiasMbel. Ilocime Tepmudeckoir o0paboT-
KU CIUlaBa, MPeABapUTEIbHO 00pabOoTaHHOTO
IUTa3MOM, B aJIOMHHHUEBBIX CIUIaBaX pealin3yerT-
s pacraj] TBEpJOro pacTBOpa M M3MEHEHHE TTOPH-
CTOCTH.

ABtoper [13] paccMmaTpuBarOT IIA3MEHHYIO
00paboTky mpu HU3KoM nasieHuu (300 Ila, ras H,
opu 500 °C, AauTenbHOCTh 0OpabOTKH 5 ¥) Kak
METO/I, TO3BOJISIOIIUI CPOPMHPOBATH OJTHOCTHIO
IUIOTHBIA OOBEMHBIN AuOKcUA mHupKoHHS ZrO,
0e3 3HAYUTENBHBIX CTPYKTYPHBIX MOIU(DUKAIU.
[Ipuy 3TOM ¢ HCIONB30BaHUEM CIIEKTPOCKOITUH
muddysHoro orpakenus (DRS) oOHapyxkeHO Cy-
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IIECTBEHHOE yBEJIMYEHUE TIOTJIONMICHHUS] CBETa:
CcpeqHee yBeINWYEeHHE aOCOJIOTHOTO TOTJIOIMIEHHUS
coctaBisier 66,2 % u >65 % 1o BceMy CIEKT-
py (200-3000 uM). DTO CBUAETENBCTBYET O BO3-
MOJKHOCTH HCITOJIb30BaHUS TUTa3MEHHBIX METOJIOB
B IIpOlECCaX CO3JaHUS DKOJOTUYECKU HYHCTOTO
mpou3BojacTBa MatepuanoB ZrO, . CIEAYIOIEro
nokosienus. B [14] npenoxeHa HoBask METOLOJIO-
TUSl CTPYKTYPUPOBAHUS COCTaBA U MUKPOCTPYKTY-
PBI AMAJIEKTPUIECKIX TOHKOIUIEHOYHBIX MaTepHa-
JIOB C WCIIONIb30BaHUEM Ar Iia3Mmbl. B kadecTBe
OCHOBHOI'0 MEXaHH3Ma, OTBETCTBEHHOTO 3a TOSB-
JICHUE TOMEHOB C Pa3IMuyHON Mopdosiornet u Xu-
MHUYECKHM COCTaBOM, paccMmarpuBaercs (QOKy-
CHpOBAHHOE IIONAJAaHHE HOHOB Ar’ IIa3Mbl Ha
OTIpe/IeTICHHBIE YYACTKU TOJUIOKKH. Pe3ynbraTsl,
MoJTydeHHbIE B TOCIEJAHEE BpEeMs, Nal0T OCHO-
BaHUS YTBEPXKJaTh, YTO HCIIOJIIL30BAHUE BBICO-
KODHEPTeTHYCCKUX  (U3WUSCKUX  BO3ICHCTBUI
Ha HEMETaJUIMYEeCKHe MaTepuaibl, B YaCTHOCTH
MOJIUMEPHBIC KOMIIO3HUTHI, MOXET SBISATHCS (-
(heKTHBHBIM METOJOM YTPABICHHS WX CBOWCTBA-
Mmu [15].

HecMoTpst Ha TO 4YTO yXe€ HAKOIUICH 3HAYU-
TETBHBIA OIBIT WCCICAOBAHUM B 00JaCTH MpHUMeE-
HEHHs XOJIOJHOW BO3AYIIHOHN IUIa3Mbl U WU3Me-
HEHHUs CBOWMCTB METAIJIOB U CIIITaBOB, HMCIOTCA
mpoOsieMbl B HMHTEPIpETAlMA TOJIYYEHHBIX pe-
3yJbTATOB, TaK Kak HaOJrOgaeMble MHUKPOCTPYK-
TypHble 3((}eKThl BO3ACHCTBHS HE3HAYUTEIHHEI
WA HaXOAATCSA Ha TPAaHU YyBCTBUTEIHHOCTH Me-
tona. EcTh ocHOBaHWE monaraTh, 4YTO W3MEHEHUS
CBOWCTB MaT€pHajoB, BbI3BaHHBIE BO3JEHCTBUEM
XOJIOMHOW TIJIa3MBI, CBA3aHBI C MPOIECCAMH, MPO-
UCXOASIIUMH Ha YPOBHE KPHCTAJUTMYECKOH pe-
HIeTku oOopabaThIBacMbIX 00pa3IoB.

Lenpro maHHOW pabOTHI ABIAETCS HCCIIEIOBA-
HUE BIMSHHUS XOJIOAHOM BO3MYILIHOM IIa3Mbl Ha
M3MEHEHHE TeKCTYphl 1eOPMUPOBAHHON MEIH.

MaTepHaJ’lbI U METOAMKHU IKCIICPUMEHTA

B kagecTBe 00pa3IoB ISl UCCICIOBAHUN BBI-
Opana mens mMapku M1, sBisromascs Hawmbolee
pacrnpoCTpaHEHHBIM JIEKTPOTEXHUYECKUM Marte-
puamom. TpaHchopmanmst TEKCTYpH MEIU C FC-
MOJIb30BAHUEM PAa3JIUYHBIX METOJOB 00pabOTKU
M3y4deHa JOCTAaTOYHO MOAPOOHO, YTO MOBHINIACT
JIOCTOBEPHOCTDh WHTEPIPETANNN TIOIYICHHBIX pe-
3yJIbTATOB.
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[Mnactuueckyto apedopmanuio Memud ocymie-
CTBIISUIM XOJIOMHOW TMPOKATKOH CO CTENEeHBI0 00-
xatust 75 %. 3atem nedopMupoBaHHBIE 00pa3LBI
Memu o0pabaThIBaId HU3KOTEMIIEpaTypHOH He-
pPaBHOBECHOM IJIa3MOM BBICOKOYACTOTHOIO €M-
kocTHOro paspsnga 5 u 10 mun. [lompoOHas cxe-
Ma JKCIEpUMEHTAIHHONW YCTAHOBKH IIpeICTaBIIe-
Ha B [10].

MertannorpaduuecKkuii aHaaIu3 MPOBOJMICS Ha
WHBEPTHPOBAHHOM METAILIOTPapUUECKOM MHUKPO-
ckorie MU-1. IInudsr ans MerammorpadugecKux
HCCIIEIOBAaHUH M3TOTABIMBAIH MO OOIIEHPUHSITOMN
MeTtoquke. TpaBlieHHe Ha MUKPOCTPYKTYPY OCY-
MECTBIUIOCH peakTnBoM coctaBa: FeCl; — 20 T,
HCI — 6 mn, C,HsOH — 100 M. doTorpadupoa-
HUE ¥ KOJMYECTBEHHYIO 00pabOTKYy MHKpPOCTPYK-
Typ OCYIIECTBISUIM B MporpamMme oOpaboTKH
uzobpaxxenuss IMAGE SP. Jlns xapakTepucTHKH
pa3Mepa 3epHa HCIONb30BAaIN 3KBUBAJICHTHBIN
IUaMeTp (ImameTrp Kpyra, IUIOmAAb KOTOPOTO
paBHA IIOMIAIH 3EPHA).

PeHTreHoCTpyKTypHBIE HCCIENOBaHUS IPO-
BeZeHbl B u3nydenun Cug, Ha audpaxTomer-
pe HAPOH-3, ocHameHHOM amnmapaTHO-TPOTpaM-
MHBIM KOMIUIEKCOM Uil yOpaBieHHus Audpaxro-
MeTpoM H 00pabOTKH pe3ylNbTaTOB H3MEPEHUHU.
®Da30BbI aHAN3 MPOU3BOIWICS O OOIIETIPHHSI-
TOM MeToauKe. TeKCTypHBI aHalnu3 MpPOBEICH
METOJIOM OOPATHBIX MONIOCHBIX (BUTYD TIO METOIY
Moppuca [16]

1,/1
P1 — hkl hkl ' , (1)
" z Ahkl (Ihkl /Ihkl )
A

rae Py — moarocHas INIOTHOCTR; Iy i [, — UH-
TEHCUBHOCTH WHTEP(EPEHIIMOHHBIX JHHUNA TEeK-
CTYpOBaHHOTO 00pa3la W 3TajloHa COOTBETCTBCH-
HO; Apy — Qpakuusi KpUCTAJUIMTOB B OECTEKCTYp-
HOM oOpa3ie, pacceuBarolias pPEHTICHOBCKUE
aydu OT tiockoctu (hkl). Bemmuwsbl Ay nns
I'lIK-pemterku nassl B [16].

Onpeersiiay MOoNICHYIO TUIOTHOCTh MPU ChEM-
K€ C IUIOCKOCTH NPOKaTKH (P)) U C IUIOCKOCTH,
MIEPIICHNKYJISIPHOH IIOCKOCTH MpoKatku (P)).

Pe3yabTaThl U MX 00CyxKaeHUE

Crpykrypa Memu mocie aedopMaIuu, Tpea-
CTaBJI€HHas Ha puc. 1, XapakTepHa IS TUIACTHYE-
CKOW nedopMalii TPOKATKOW. 3epHa BBITSHYTHI
B HampaBlieHuH JeopMalluy, PU TPaBICHUU Tpa-
HUITBI 3¢PEH BBIABILIIOTCS HE MTOJHOCTHIO (pHC. 1a).
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ITocne Bo3meiicTBUS MIa3Mbl CTPYKTYpHBIE d(dek-
ThI aHAJIOTMYHBI HaOmonaBmumcs B [17]. Pasmep
3epHa CYyILECTBEHHO He m3Mensercs (puc. 1b; 2).
HaGmiogatoTcss HECKONBKO JIydinasi TPaBUMOCTB
CTPYKTYpbl U COOTBETCTBEHHO JIyulllas 4ETKOCTb
TPaHMI 3€PEH, YTO MOXKXET CUUTATHCS MPU3HAKOM
CTaOMITU3AIHN CTPYKTYPHI.

a

Puc. 1. CtpykTypa Mmequ: a — nocie gehopManiy IpOKaTKOH;
b — mocine Bo31eHCTBUS TUIA3MbI 5 MUH

Fig. 1. Copper structure: a — after deformation by rolling;
b — after exposure to plasma for 5 min
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Puc. 2. Pacnipesenenue 3epeH 1o pa3mepam:
1 — mocne nedopmanum; 2, 3 — OCIIE BO3JCHCTBHS TUIA3MBI
B TeueHue 5 u 10 MUH COOTBETCTBEHHO

Fig. 2. Distribution of grain sizes: 1 — after deformation;
2, 3 — after exposure to plasma for 5 min and 10 min,
respectively

Ha pentrenorpamme neopMUpOBaHHOW MeIu
MPUCYTCTBYIOT 5 OCHOBHBIX MHTEPPEPEHIIMOHHBIX
nuHui (puc. 3a, tabn. 1). M3 ananuza u3MeHe-
HUSl OTHOCHUTENbHON WHTEHCHUBHOCTU JMHUN BH[-
HO, 4TO NPEBAJMPYIOLICH SIBIAETCS OPUEHTHUPOB-
ka (011), 9To XapakTepHO IS TEKCTYPbI IPOKATKH
menu [18]. Ilocme BoO3meWcTBUS IUIa3MBI B TEUe-
HUE 5 MHUH HaOJII0JaeTcsl N3MEHEHNUE OTHOCUTENb-
HOW MHTEHCUBHOCTH WHTEP(PEPEHIIMOHHBIX JIMHUHA
(tabn. 1, puc. 3b). UntencuBnocth suuuit (200),
(220) u (311) nmoBsimaetca. Ilocme o6paboTku
1a3Moii B TeueHne 10 MuH HabmomaeTcs: He3Ha-
YUTETFHOE W3MEHEHHE OTHOCHUTENHFHOW WHTEH-
CHBHOCTH B CTOpOHY moBblmeHus (puc. 3c). Ila-
paMeTp KpHCTAUIMYECKOH pEelIeTKH IMOocie BO3-
JeCTBUSI [U1a3Mbl HE M3MEHSETCS.

V3MeHeHne HMHTEHCHBHOCTH WHTep(epeHIn-
OHHBIX JIMHUHA PEHTTEHOTPaMM METAILTHYECKUX
MaTepHaoB CBA3aHO C U3MEHEHHUEM YPOBHSA MUK-
pOHaNpPsHKEHUI U pa3MepoB 0JIOKOB KOT€PEHTHOTO
paccesiHusI, OOpa3zoBaHuEM AE(PEKTOB YMaKOBKU
W U3MEHEHHEM TeKCTyphl. B orcyTcTBHE AedekToB
ynakoBku mis I'LIK-pemieTky BeImosiHsAETCS COOT-
HOIIICHUE, HE 3aBUCSIIEE OT U3MEHEHUS MIEPHUOJIOB
KpUcTauIMueckoi pemerku [19]:

. 2 2 2
sm9(200) _ \/h +k*+1 (200)

sin@uiy R+ + 120

=1,155.  (3)

s oOpasuoB, 00paOOTaHHBIX —ILIa3MOH,
cootHouienue (3) He m3Mmensercsa (Tabin. 2), 4To
CBHIETEIBCTBYET 00 OTCYTCTBUHM OOpa30BaHHUS
ne(heKTOB YNAaKOBKM B IPOIIECCEe BO3ICHCTBHS
TUTa3MBl.

a b c

Puc. 3. dparMeHTHI pEHTTEHOTPaMM MeJH: a — rocie Aedopmanuu; b, ¢ — mociie S 1 10 MUH BO3IEHCTBYS I1a3MbI COOTBETCTBEHHO

Fig. 3. Fragments of X-ray diffraction patterns of copper: a — after deformation; b, ¢ — after 5 and 10 plasma exposure, respectively
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Tabnuya 1
PacmudpoBka peHTreHOrpaMmsl
nedopmupoBanHoii Meau (puc. 3)

Decoding the radiograph of deformed copper (Fig. 3)

Tabauunbie Tedopmats [lna3ma, | [1na3ma,

Ne | naHHBIC 5vun | 10 Mun
e noe | 29 L ad L | L | L%

rpai.

1| " 00 | 43,27 [ 2,089 | 100 | 100 | 190
2290 ] 46 | 5035 | 1,811 | 46 | 82 88
31220 ] 20 | 7405 | 1279 | 34 | a1 46
43| 17 | 89.80 | 1091 | 19 23 25
5122 5 |os16] 1,043 4 3 4

Tabauya 2

Vbl Audpakuuu ¥ olleHKA BepOSITHOCTH 00pa30BaHus
nedeKTOB YyNIaKOBKH
Diffraction angles and assessment of the probability
of formation of packing defects

VYron nudpakuun .
11\/?1 Bun 06paboTku 20, rpa. :ﬁgﬂ
111) | (200) am
1 | debopmanus 43,27 50,35 1,151
2 |Ilna3zma, 5 MuH 43,36 50,44 1,154
3 |IIna3ma, 10 mun 43,50 50,57 1,151

Panee ObLIO MOKa3aHO, YTO M3MEHEHHE UHTEH-
CHUBHOCTH JIMHAW PEHTTeHOTPAaMMBI HE CBS3aHO
C JeicTBHEM MUKpPOHANpsSKEHUH, H3MEHEHUEM
pa3MepoB OJOKOB KOTEPEHTHOTO PACCesHUS MPHU
BO3JECHCTBAN XOJIONHOM IUIa3MBI TICIOILErO pas-
psana (apron) [8]. U3MeHeHuEe HHTEHCUBHOCTH JIH-
HUIl Ha pEHTreHOrpaMMax CJEIyeT CBS3bIBaTh C
TpaHchopManue TeKCTyphl aedopmarun [20].
IIpyn BO3IEHCTBHM IUIA3Mbl XapakKTEP TEKCTYPhI
coxpansiercsi. OcHOBHBIM 3¢ dexkToM BO3AEHCTBUSA
Tra3mbl (Tabin. 3) sSBJseTCS YCHUJICHHE TIONFOCHOMN
IUIOTHOCTH opueHTHpoBKU (111) mpu HEKOTOpOM
CHIDKEHHUH TIOJMIOCHOW IUTOTHOCTH OPHEHTHPOB-
ku (110) mns P, ; ycuaeHHue MONFOCHON TIOTHOCTH
opueHTupoBok (200) u (220) mna P

H3MmeHeHne OpHMEHTHPOBOK TEKCTYpHI nedop-
MAaIi MOKHO OOBSCHHUTH CIEIYIOIIMM 00pazoMm.
B [21] Ob1u pa3BUTHI MIPEACTABICHUS O TOM, YTO

B OCHOBE TpaHC(OpPMALUU CTPYKTYPhl METAJJIOB U
CIUIABOB TIPYM BHEIIHUX BO3JCHCTBUAX JHOOOH
MIPUPOIBI JIEKAT «TETUIOBOW» M «JIehopMaIuoH-
HEIY» dddexTr. Jdedopmanmonusiii 3pdexT oT-
BETCTBCHECH 3a HAKOIUICHHE Ne()EKTOB KpHUCTAI-
JMYECKOTO CTPOEHUS W TIOBHIIICHWE YPOBHS Ha-
MIPSKEHUH, TEIIOBOM — OO0ECTIeYnBAacT Pa3BHUTHE
peNlaKCalMoOHHBIX TpoleccoB. [IpuMepom Termio-
BOro 3¢ eKra, TOMUMO COOCTBEHHO TEPMUYECKOMH
00pabOTKH, MOMET CIYXUTh TeIioBod 3ddext
IJIaCTUYeCKo nedopmanum — JTUHAMHYECKHMA
BO3BpaT. Briian TemioBoro unu aedopMaIrioHHO-
ro 3QQeKToB pa3Nmu4eH AJs Pa3HbIX BO3JEHCTBUN.
CooTHOIIEHNE TEIUIOBOH W JaedopMarmoHHON
KOMIIOHEHT B KOHEYHOM MTOTC OIpPEACsIeT BHUI
c(hOpMUPOBABIICHCS CTPYKTYPHI.

HaknenmanHelii MeTal TEPMOJMHAMHYECKH
HEYCTOWYMB Tpu JI000M Temmeparype [22]; ero
nepexos B OoJjiee yCTOWYMBOE COCTOSHUE TpeOyeT
OTIpE/IETICHHON SHEPTruu aKTHBAIMH, KOTOpas Iie-
pemaercst metamty. llpu HarpeBe aedopmmpoBaH-
HBIX METaJUIOB W CIUIABOB B MPOIECCE BO3BpaTa
WCKXEHHS KPUCTATNYECKON pelIeTKH YaCTUIHO
CHUMAIOTCS BCJIEJICTBHE TIPOIIECCOB pellaKca-
nuu [21]. U3MeHeHnid CTpYKTyphl METaJIa B MPO-
[lecce BO3BpaTa Ha MUKPOCKOIMUYECKOM YPOBHE
emle He HaOMogaeTcs, HO M3MEHEHHUS MOTYT OBITh
3aUKCUpOBaHbl peHTreHorpaduuecku. OCHOB-
HBIM HaOM0AaeMbIM 3P (EKTOM MPH ITOM SBISCT-
Csl YCWICHHE OPHEHTHPOBOK TEKCTYpHI nedop-
manmu [23, 24]. Ha peHTreHorpamMmax Takxke
HaO0JI0IaeTCs CYXKeHHE MHTEP(PEPEHIIMOHHBIX JIH-
HUH, YCUJICHHE WX WHTCHCUBHOCTU W TOHIKEHUE
(hoHa, 9TO ABISETCA MPU3HAKOM CHUKCHHS CTATH-
YECKUX HCKAXKEHUW KPUCTAINIMYECKOW PEIIETKH.
Ha »Tol cTaguu KpUCTAJUIMTHI NPUHUMAIOT WC-
XOqHYI0 HenedopMmupoBaHHYIO (opMy 3a cuer
CHSTHSI YIPYTMX HM3rMOOB KPHUCTAJIMYECKOH pe-
metku. CTaTHYeCKue MCKAXKCHHsS CBS3aHBI C OT-
KIIOHEHHEM aTOMOB W3 IOJIOKEHUI paBHOBECHS,
OTIpE/IETISIEMBIX Y3JIaMH KPHCTAILTMYECKOM perrer-
KM, U BO3HUKAIOT MPU HATHYUHU Je(PEKTOB — JHC-
JIOKaIWi, BHEIPSHHBIX aTOMOB M BaKaHCHUH.

Tabruya 3

IHorocHAs1 NJIOTHOCTH OPUEHTHPOBOK TEKCTYPbI

Pole density of texture orientations

OpueHTHpOBKa Jedopmanust [Tna3ma, o6paboTka 5 MUH [Ina3ma, o6paboTka 10 Mun

hkl Py P, Py P, Py P,
111) 9,3 12,6 7,1 16,1 6,8 17,8
(200) 6,7 6,1 8,2 6,2 8,6 6,3
(220) 5,0 5,5 6,1 4,1 6,1 2,8
311) 6,7 5,1 5,2 4,5 5,0 4,9
(222) 4.2 4,2 0 0 0 0
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B uccnenyemom ciywae miasma BO3TyXa MO-
JKET SABJATHCS MCTOYHMKOM DHEPTHH, 32 CUET KO-
TOPOH peamu3yroTcsl U3MEHEHUS B TEKCType Jie-
dhopmarn Meau. Ilpu BO3IEHCTBHH «TEIIOBOTO
a¢dexTay TUTa3MBl pean3yeTcsl HadalbHBIH MPO-
L[ECC peraKcaliy Hanps>KEHUH, CBSI3aHHBIN C Tie-
peMEeIeHueM aTOMOB Ha PACCTOSHHSA, MEHBIINE
ME)XaTOMHBIX, KOTJa KpPUCTAJUIMYecKas pelieTka
MeTalllla COBEPIICHCTBYETCS. JTO, MPEAIOIONKH-
TENhHO, COOTBETCTBYEeT | cramum BO3Bpara Impu
omxure [23, 25], yuuThiBasi, YTO HEMOCPEACTBEH-
HBI HarpeB B mpouecce oO0paboTKM IIa3MOi OT-
cyrcryer [10]. B [23] paccmarpuBanucey n3MeHe-
HUS B MEIM W JIaTyHH, BBI3BIBACMBIC BO3/ICHCTBH-
€M XOJIOHOW TUTa3Mbl, Ha Pa3IMIHBIX CTPYKTYPHBIX
YpOBHSX. BBIIO TMOKa3aHO, YTO XOJOJHAS IIa3Ma
HE BBI3BIBAET CYIIECTBEHHBIX W3MEHEHHH MHUKpPO-,
a TaKkKe CyOCTPYKTYpBHI (JHCIOKAIIMOHHOH CTPYK-
Typsl). JIBrKymenW cuiaoil mpouecca H3MEHEHHS
WHTEHCUBHOCTH JIMHUHA PEHTI€HOIpaMMBbI TIOf BO3-
JIEVCTBHEM TUTa3MBI MOYKET OBITH CMEIIEHHE aTOMOB
W3 TIOJIOKEHWH PaBHOBECHS (MJIM CTAaTHYECKHUX HC-
Ka)XEHU KPUCTAIUTMIECKOH PEIIeTKH), O0YCIOBIIH-
BaIOIIMX AEHCTBHE HANpsHKEHUH 3-To poaa.

B HacTodiee BpeMs BOIPOC O HaNPSKEHUSIX
3-ro pona paccMaTpHUBaeTcCs, MPEUMYIIECTBEHHO,
MIPUMEHUTENFHO K (OPMHUPOBAHUIO TBEPIBIX pac-
TBOPOB, BIHSHUIO TPHMECEd Ha CTPYKTypy H
CBOICTBa MaTepHANIOB, a TakkKe (a3oBBIX MPeBpa-
menuii [26, 27]. IlpencraBieHus 00 aTOMHBIX
CMEILEHUAX HCTONB3YIOTCA JUISl ONMUCAHUS MeXa-
HU3MOB MAapTEHCUTHOrO TMpeBpaiieHus [28, 29].
CraTudeckne aTOMHBIE CMEIIEHHS CBS3BIBAIOTCS
C HaJu4dueM BO30YKACHHBIX COCTOSHWH B CIUIa-
BaxX; pPacYEeTHbIM IIyTE€M YCTAaHOBIEHBI HaJIHIUE
U BEIMYMHA aTOMHBIX CMEIICHHN, U OOCYKIaeT-
Cs1 UX BO3MOXHOE BJIMSHUE Ha CBOMCTBA CIJIABOB.
[lo BenuumMHE CTaTWYeCKHE CMEIIEHHS aTOMOB
B KaTOAHOM HUKeJe, BBI3BAHHBIE BO3JEWCTBHUEM
Ia3MEl, cocTaBistoT mopsanka 0,03...0,09 A [30],
YTO IO TOPSIIKY BEJMYUHBI COTIACYETCS C PE3yIIb-
TaTaMy, MOJNYYEHHBIMU JUIsI TBEPIBIX paCTBO-
poB (0,04 A) [31]. B [18] a1 0TOXKKEHHOM Meu,
00paboTaHHOW TUIa3MOW BO3AyXa, OBUIM TMONTyYe-
el 3Hauenus ~0,075 A.

BbIBO/IbI

1. HUccnenoBaHo BIUSHUE XOJOIHOM BO3AyIL-
HOM TUIa3MBI Ha TpaHc(OpMaIHI0O MUKPOCTPYKTY-
PBL ¥ TEKCTYphI M€y, Ae(HOPMUPOBAHHON XO0JIO-
HOM mpokaTkoil Ha 75 %. YcTaHOBIEHO, YTO U3-
MEHEHUH MHKPOCTPYKTYpPHl HE HaOIogaercs.
[Tocne 0OpabOTKM HECKONMBKO yNy4IlaeTcsi BU3ya-
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JU3aIysl TPAHMI[ 3€PEH, YTO MOXKET CUYHMTAThCS
MIPU3HAKOM CTa0MIIM3AIUU CTPYKTYPHL.

2. Ilokazano, uro 3¢deKxT Bo3AeHCTBHS IIIa3-
MBI TIPOSIBIISIETCS, TPEUMYIIIECTBEHHO, B YCHUIICHUH
OpPUEHTHPOBOK TEKCTYpHI nedopmarun. [1pu atom
UCKITI0YaeTcss (OpMUPOBAHUE JCPEKTOB YITaKOB-
KM U U3MEJIbUCHUE O0JIACTEH KOTePEHTHOI'O pac-
CCsIHUA.

3. HabmomaeMsblit 3G deKT cieayer CBI3bIBaTh
C pa3BHUTHEM IIPOIIECCOB, AaHAJIOTHYHBIX BO3BpPATY
B JehOPMUPOBAHHBIX METalIaX MPU HX OTIKUTE.
OTBETCTBEHHBIMH MEXaHU3MaMU TIPU 3TOM SIBIIS-
IOTCS HampsOKeHHUsS 3-TO poja, BO3HHKAIOIIKE 3a
CUYCT U3MCHCHUSA CTAaTHYCCKUX CMeHleHI/Iﬁ aTOMOB
U3 TIOJIOKEHUM PaBHOBECHS.
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IHoBbiieHHe 3(PPEeKTHUBHOCTH JIA3EPHOM PE3KH CTAJBHbIX MATEPHATIOB
IyTeM NpeaBapuTeJbHOH 00pad0TKH rMAPoadpasuBHBIM CIIOCO0O0M

) 2)

JIoKT. TexH. HayK, npod. U. B. Kauanos' , KaH/I. TeXH. HayK A. B. ®winnmuuk”’,
uH:KkeHepsl U. M. HIaTaJmBl), J. M. I/IBaHOBZ), KaHJ. TexH. Hayk A. H. )I(ylcl)

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHHYeCKHi yHuBepcuTeT (MuHCK, Pecrrybnmka benapycs),
Y MesxIyHapOIHBI FOCY1apCTBEHHBII YKOIOrHuecKuit HHCTHTYT nmenn A. JI. Caxaposa
Bbenopycckoro rocygapctsenHoro ynusepcurera (Munck, Pecrrybnuka benapycs)

Pedepat. Bricokast 3¢GpeKTHBHOCTD COBPEMEHHBIX METO/OB H3rOTOBJICHHS JeTajell MallliH U MEXaHHU3MOB TECHO CBs3aHA
C KayeCTBOM IIPEABAPUTEILHON OYHCTKH METAUTMYECKUX ITOBEPXHOCTEH OT KOppo3uu. JI0OMTHCS HEOOXOMMMOTO YPOBHS
00paboTKH yaaeTcs Onaronapst MPUMEHEHHIO CTPYHHBIX TEXHOJIOTHUECKHUX PEIIeHUH, OCOOCHHO B YCIIOBHSX JIa3epHOI pe3KH,
HCTIONBb3YeMOH Ha MaIIMHOCTPOHUTENBHBIX NpeanpusaTusax Pecry6muku benapycs. OmHUM M3 KIIIOYEBBIX ITOKa3aTeleH, onpe-
JEISTIOIINX Pe3y/IbTaTHBHOCTD JIa3epHO 00pabOTKH METaluIoB, SIBISETCS CKOPOCTD JIa3epHOH pe3ku. B maHHOM crathe pac-
CMaTpPUBACTCSl NHHOBALIMOHHBINA MOAXOJA K CTPYHHOIH OYHMCTKE METAUIMYECKHX MaTepPHUalIOB OT KOPPO3HMHU C HOCIEIYIOIHM
IIPUMEHEHHEM B Ipolecce JazepHoil pe3ku. OTIn4uTensHas 0COOCHHOCTh IPEATI0KEHHOI0 MeTo1a IHApoadpa3suBHON o0pa-
OOTKM 3aKITIOYAeTCsl BO BBEACHHWH B BBICOKOHANOPHYIO CTPYIO BOJBI CIEIHAIBHBIX KOMIIOHEHTOB — OGHTOHHUTOBOH TJIMHEL,
KaJbIIMHIPOBAHHOM CONBI U CaXXH. JTO 0obOecrednBacT He TONBKO 3 (EKTHBHOE ynalleHHE KOPPO3HH, HO M (POPMHUPYET TO-
BEPXHOCTb, ONTHMAJBHYIO UIS JazepHOH pe3ku. C menplo aHanmm3a BIVSIHUS IIapaMeTpOB THIPOaOpasuBHOM 00pabOTKH
Ha CKOPOCTBH JIa3epHOH PE3KU IPOBEICHBI MPOMBIIUICHHBIC HCIBITAaHUS TPeX rpymn obpasuos u3 craieid mapok Cr3, C120
u Ct45. Pa3zmepst 00pa3uos cocrasisiu 200x200 MM npu ToIIKHE JUCTa B Auana3oHe S = 2—12 mm. Ha ocHoBe pe3ynbTaToB
SKCNIEPUMEHTANBHBIX HCCIEN0BaHUN Oblla pa3paboTaHa MOAEPHU3MPOBAHHAS TEXHOJOTUS T'MIAPOaOpa3sHBHONM OUHCTKH Me-
TaJUTMYECKUX MaTEPHAIOB, IIPeAHA3HAUCHHAS AT YAAICHHS KOPPO3HHU C TOCIEAyIomel nx 00paboTKoi METOAOM Ja3epHOH
pe3ku. B npensnioxeHHOM TeXHOIOTHU IIPUMEHSIeTCs] paboyast JKHIKOCTh, COoJeprKalias CleyIoIie KOMIOHEHTI: OEHTOHUTO-
ByIo TimHy (K5 = 1,5-2,5 %), xansuuaupoBannylo cony (K. = 1,8-2,2 %), caxy (K. = 11-13 %) u Boay. [Ipumenenue nan-
HOM paboyeil KHUIKOCTH MO3BOJIMIIO JOCTUYD MOBBIIIEHUSI CKOPOCTH JIa3epHOM pe3ku Ha 8—12 % 1o cpaBHEHHIO C pe3yJibTa-
TaMu, MOJTYyYEHHBIMHU TIPU HCHOJIb30BAaHUH aHATOTHYHON KUAKOCTH, COJEprKallel MOIHaKpuiIaMua BMECTO CaKH, IIPH 3TOM
6e3 He0OXOAMMOCTH BBEICHUS JOMOIHUTEIBHBIX TEXHOTOTHUECKUX OTEpalyii.

Knarwueble cioBa: Jla3€pHas pe€3Ka, CTpy:, OCHTOHHUTOBAS TJInHa, ME€TaJlJ1, MalllMHbI, MEXaHU3MbI, TEXHOJIOI'MS, MallIUHOCTPO-
C€HUE, MCXaHUKa, KOPPO3us, IIOKPBITUE, CKOPOCTh, OYUCTKA, MaTECpUal

Jos nurupoBanust: [ToBenmenne 3 GEeKTHBHOCTH JIa3epHOH PEe3KU CTaIbHBIX MAaTEpHAIOB ITyTeM IIpeIBapHUTENIbHON obpa-
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Improving the Efficiency of Laser Cutting of Steel Materials
by Pre-Treatment with Waterjet Method
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Abstract. The high performance of modern methods for manufacturing machine and mechanism components largely depends
on the effective removal of corrosion from metallic surfaces. The required surface quality is achieved through jet-based
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technological processes, particularly in laser cutting operations performed under industrial conditions at mechanical enginee-
ring enterprises in the Republic of Belarus. One of the key parameters used to assess the efficiency of laser treatment of metal-
lic surfaces is the laser cutting speed. This study presents an innovative method of jet-based corrosion removal for metallic
materials, followed by their utilization in the laser cutting operations. A distinctive feature of the proposed hydro-abrasive
technique is the introduction of special components — bentonite clay, calcined soda, and carbon black — into a high-pressure
water jet. This formulation not only ensures corrosion elimination but also conditions the surface for subsequent laser cutting.
To investigate the influence of various hydro-abrasive processing parameters on laser cutting speed, industrial tests were con-
ducted on three groups of samples made of steel grades St3, St20, and St45. The dimensions of each sample were 200%200 mm
with a sheet thickness in the range S = 2—-12 mm. Based on the results of experimental studies, an advanced hydro-abrasive
cleaning technology was developed for corrosion removal from metallic materials intended for laser cutting applications.
The proposed method uses a working fluid containing the following components: bentonite clay (C, = 1.5-2.5 %), calcined
soda (C.. = 1.8-2.2 %), carbon black (C., = 11-13 %), and water. The use of this working fluid made it possible to increase
the laser cutting speed by 8—12 % compared to the results obtained when using an alternative fluid containing polyacrylamide
instead of carbon black — without the need to introduce additional processing operations.

Keywords: laser cutting, jet, bentonite clay, metal, machinery, mechanisms, technology, mechanical engineering, mechanics,
corrosion, coating, speed, cleaning, material
For citation: Kachanov I. V., Filipchik A. V., Shatalov I. M., Ivanov D. M., Zyk A. N. (2025) Improving the Efficiency

of Laser Cutting of Steel Materials by Pre-Treatment with Waterjet Method. Science and Technique. 24 (4), 278-283.
https://doi.org/10.21122/2227-1031-2025-24-4-278-283 (in Russian)

BBenenue

Bricokoe KayecTBO COBPEMEHHBIX TEXHOJIOTUH
W3TOTOBJICHUS JieTalell MalliH U MEXaHW3MOB BO
MHOTOM 3aBHCHUT OT 3((EKTHBHOM OYHMCTKH Me-
TAUTMYECKUX TIOBEPXHOCTEH OT KOPPO3UH C TocIIe-
nyromedl mx 3ammroi. Tpebyemoe KadecTBO IIO-
BEPXHOCTH TIPH 3TOM JOCTHUTAETCS 33 CHET HCIIOJb-
30BaHUSl CTPYHHBIX TEXHOJIOTHYECKHX IIPOIIECCOB,
HampuMep Tipy Ja3epHoit peske (JIP) neraneii B mpo-
W3BOJICTBEHHBIX YCJIOBHUSIX MAIIMHOCTPOHUTEIHHBIX
npeanpusituii PecrryOmmku benapych [1-4].

BaxapiM mapamMeTpoM TS OeHKH 3 (EKTHBHO-
CTH JTa3epHON 00pabOTKH METAIUTMIECKUX IOBEPX-
HOCTEH CUUTAETCS CKOPOCTD JIA3ePHOU pe3kw [4].

Hambomnee mupoko pacnpocTpaHEHHBIMH Me-
TOIaMU CTPYHHOW OYHCTKH METAUTHYECKUX II0-
BEPXHOCTEH OT KOPPO3UHU C TOCIEIYIOIIMM HX
MIPUMEHEHNEM JIJIS JIa3epHOM PE3KH SIBIIIOTCS T1eC-
KO- W JpoOecTpyiiHas o0paborku. BosupelicTBue
STHX TMPOILECCOB HAa METal OCYIIECTBISETCS 3a
CUET KHHETHYECKOH SHEPrHH, KOTOPYIO CO3JaroT
CKaThI BO3IyX M abpa3WBHBIA MaTepuan — TaKue
KakK cTajbHasi MO0 YyryHHas ApoOb, a TaKxKe Iie-
COK, CTEKJSIHHbIC INAPUKH, aiMaszHas KpoOIIKa,
nem3a, kapouza 6opa u apyrue [4].

OpHaKko OYHMCTKA METaJUIOM3JENUH OT KOppo-
3Ud C TPUMEHEHHUEM IeCKO- U JIpoOecTpyHHBIX
TEXHOJIOTHH COTNPOBOXKIAETCS PSIIOM HETaTUBHBIX
(bakTOpOB, TaKkWX Kak TMOBTOpHAs KOPpPO3US Ha

Hayka
wrexHuka. T. 24, Ne 4 (2025)

OUHWIICHHOW ITOBEPXHOCTH 32 CYET BO3IEHCTBUS
KHCIIOpOJia W3 BO3IAYIIHOW Cpenbl, BO3pacTaHUE
TeMIepaTypsl B 30HE KOHTaKTa aOpa3WBHBIX 4Ya-
CTHI] C METAJUIMYECKOW MOBEPXHOCTHIO, MIPH ITOM
IECOK W Jpo0b OcTarTcs Ha 00paboTaHHOW TO-
BEPXHOCTH MaTepuaya, 9TO MPUBOIUT K IOTIOIHH-
TEJIbHBIM ONEPALMSIM IO OUUCTKE [4].

[ ycTpaHeHHs TTepeYUCIIEHHBIX BBIIIE HEJ0-
CTAaTKOB HMCIIOJIB3YIOTCS THAPABINYECKUE METOJBL,
KOTOpBIE TO3BOJIAIOT A(PPEKTHBHO PEIIUTEH TIPO-
OneMbl TBUIEOOPA30BaHMsl B BO3IyX€ U MOBBIIIeE-
HHS TEMIIepaTyphl B 30HEe 00paboTku. Takme me-
TOJBI BKITIOYAIOT THAPOAMHAMUYECKYIO, KaBUTAIIH-
OHHYIO U THIPOAOPa3UBHYIO OUHCTKY.

Tuopoounamuyeckue memoosvt OYUCKU 3a-
KIIIOYAIOTCSl B TOJade BOJBl HA OYHINACMYIO TO-
BEPXHOCTh METAJUTOM3AEIHS C Pa3TUIHBIMH TOKa-
3aTensaMu gaBueHus [1-3, 5]:

* HU3KUM ypoBeHb — 110 1 MIla;

* cpeaHuit ypoeHs — ot 1 1o 5 Mlla;

* BBICOKHH ypoBeHb — 0T 5 10 60 Mlla.

TexHomoruss THAPOAMHAMUYECKOH OYUCTKH
WCKJIIOYaeT MOBPEXIEHUS 00pabaThIBaeMBIX Me-
TANIOM3IENNiA W obecreuynBaeT Ooyiee BBICOKOE
Ka4eCcTBO MOBEPXHOCTEH MO CPaBHEHHUIO C TAKUMHU
METOAaMH MEXaHW9IeCKOW 00paboTkKu, Kak ¢pese-
poBaHue win mapouienue [1-3, 5].

OpmHako K HEAOCTaTKaM JaHHOTO METOAA OTHO-
CATCH:

e BBICOKAsI CTOMMOCTH 000pYI0BaHMUS,;

¢ 3HAYNTENFHOE TTOTPeOICHHE YHEPTHH;

279



Mamlmocmpoenue U MawiuHogeoeHue

® YCKOPEHHBII HM3HOC CTPYye(OPMHPYIOLINX
YCTPOMCTB;

¢ HEOOXOJUMOCTb TPUMEHEHUS JIOTOJTHHUTEIb-
HBIX METOJOB 3aIUTHl OT KOPPO3WH (3AILUTHEIC
MOKPBITHSI, aHTUKOPPO3UOHHBIE COCTABBI).

Kasumayuonnass ouucmxa WCNONB3YyeT dHEP-
THIO CXJIOTIBIBAHUSI TIAPOTa30BbIX IY3BIPHKOB IMPH
KOHTaKTE€ C OYHUINAEMON MOBEPXHOCTHIO, UTO IO3-
BOJISIET pa3pyliaTh 3arpsizHeHus. OJHAaKO 3TOT Me-
TOJ| TaK)Ke UMeeT HegocTaTku [1-3, 5]:

e TIOBBIIIEHHBIN PUCK TIOBTOPHOH KOPPO3UH;

® HEOOXOUMOCTb TIaCCHBHPOBAHHUS OYHIICH-
HBIX TOBEPXHOCTEH;

e YCUJIEHHBIN U3HOC 000PY0BaHHUSL.

Tuopoabpazusnasn oyucmxa [5] ¢ IpUMEHEHU-
€M B CTpye BOJbI OCHTOHHTOBOM TJIMHBI, KaNbLHU-
HUPOBAHHOH COJBI, TMOJMAKPUIAMUAA SIBISETCS
COBPEMEHHBIM CIOCOOOM [UIsl YCTpaHEHUs pPiKaB-
YHMHBI, Harapa v MpoYMX 3arpssHeHuii. B mpomecce
00paboTku yacTumbl abpa3wBa OEHTOHWUTOBOM
[JIMHBI ISHCTBYIOT B CTPYE BOJIbI, YBEIUYMBas (-
(DEeKTUBHOCTh OYHMCTKH U 00pasys 3allUTHOE ILie-
HOYHOE MOKPBITHE.

[IpenmymiecTBa ruapoadpa3suBHON 0OPAOOTKH:

e OTCYTCTBHE NbLICOOPA30BAHHUS;

¢ 5 PEKTHBHBIN TEIIOOTBOJ| 32 CUCT IUPKYJIS-
UM OXJIAXKTAIOIIEH KUIKOCTU (BOJIBI);

e 00pa3oBaHHEe 3AlUTHOTO TUICHOYHOTO TO-
KPBITHS.

Hemocratkom maHHOW THApOaOpasHMBHOW TeX-
HOJIOTHH CIIeyeT CUUTATh MPUMEHEHHE B COCTaBE
pabouelt KHIKOCTH TOJMHAKpUIaMHIa, KOTOPHIH
JIETKO TMOJIBEPTraeTcsl NECTPYKIIUK B COTUIC-KaBHUTa-
TOpE, 9TO MPUBOJNT K CHIDKCHHIO d()(PEKTHUBHOCTH
CHJIOBOTO BO3JICUCTBHSI CTPYH HA OYHUINAEMYIO TO-
BEPXHOCTb.

OcHoBHAasl YacTh

Ha xadenpe «['mapoTexHU4YecKOe U SHEPrETH-
YECKOE CTPOUTENHCTBO, BOJHBIN TPAaHCHIOPT U TUJ-
paBmuka» BHTY, B corpymHudecTBe ¢ kadenpoi
«3OHeproadHeKTHBHBIX TeXHOJoTHi» MI'OU mMe-
an A. J[. CaxapoBa, IpoOBeIeHBI HCCICIOBAHUS
HOBOT'O CITOCO0a OYMCTKH METAJUTMIECKIX MaTepu-
aJloB OT KOPPO3HH C TOCIEAYIOIIUM HCIIOIH30Ba-
HUEM MOJl Jla3epHyro pe3ky. [[aHHbI MeTon Tuji-
poabpazuBHOU 00padoTkn (I'AO) oTmgaercs Tem,
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YTO 3a CUeT JOOaBICHHUS CIICIHaTbHBIX KOMITOHEH-
TOB B BBICOKOHAIIOPHYIO CTPYIO BOJAbI (OCHTOHHT,
KaJBIIMHUPOBAHHAS COJa, caxka) oOecreuMBaeTCs
NPOIIECC OYUCTKU OT KOPPO3uH ¢ (HhOpMHUpPOBaHUEM
MOBEPXHOCTH TIOJ OTIEPAIIHIO JIa3epHOH pe3ku [6].
[Ipu 3TOM yKazaHHBIE KOMIIOHEHTHI B COCTaBe pa-
0ouel cTpyH pemany ciaeayone 3a1adm:

— 6entonut ('OCT 28177-89) ¢ koHICHTpa-
muert K= 1,5-2,5 % npou3Boaui yCHICHHE CHIIO-
BOT'O BO3JICHCTBUS;

— kanprHUpoBanHas coma (COCT 5100-85)
¢ xoHueHTpauuen K. = 1,8-2,2 % nonnepxxupaer
pabouunii pacTBOp ¢ OCHTOHHMTOBON TJIMHOW BO
B3BELICHHOM COCTOSTHHH;

—caxa (COCT 7885-86) ¢ KOHIEHTpaIMeH
K.« = 11-13 % cmocobcTByeT 60j1ee HHTEHCHBHO-
My WU OPEXICBPEMEHHOMY (OPMUPOBAHMIO KaBHU-
TAIlHOHHBIX Y(PPEKTOB, YTO, B CBOIO OYepellb, yCHU-
JMBaeT CHJIOBOE BO3IEHCTBHE CTPYHHOIO IMOTOKA
Ha OYHIIAEMYIO IOBEPXHOCTB;

—BOJIa HCKJIIOYAET 3albUIEHHOCTh BO3IyXa MU
CHIDKAeT TeMIepaTypy B 30HE 00paOOTKH.

[IpoMbInIeHHOE NCIIONIB30BaHKUE MpoIiecca Ja-
3€pHOI PE3KH METAJUIMYECKUX MaTepHajoB OIpe-
JeTsieTcsl TAKUMH XapaKTepUCTUKaMH, KaK BeJH-
YMHA CKOPOCTH PE3aHUS Vy,, a TAKKE YHCTOTA
00paboTaHHOW IOBEPXHOCTH, BBIpaXKAalOUIascs B
OTCYTCTBHU Tparta [4, 5].

B pamkax mOpoM3BOACTBEHHOH [eATEIBHOCTU
OPeanpusITus «ATpoIoKa» Ha BBICOKOTEXHOJO-
ruudoit ycranoBke HYPER GEAR 510 samnow-
ckoil xommanuu Yamazaki Mazak Optronic Corp
(puc. 1) ObBUTH BBIMOITHEHBI AKCIIEPUMEHTATHHBIC
paboThl, HanpaBIEeHHBIE Ha U3Y4YEeHUE BO3ACHCTBUS
poliecca TuApoadpa3suBHON OYHMCTKH, C IPUMEHE-
HUEeM pabodell JKUAKOCTH COTJIACHO COCTaBy [6],
Ha U3MEHEHHE CKOPOCTH Ja3epHOM pe3KH.

Ji1st u3ydeHust BIUSIHUSL Pa3IMYHbIX IapaMeTpoB
ruApoadpa3suBHON 00pabOTKU Ha CKOPOCTH JIa3epHOM
PE3KM METaUIMYECKUX IIOBEPXHOCTEH IpoBexe-
HBl TPOM3BOACTBEHHbIC HCHBITAHUS TPeX TPy
oOpasioB u3 cranedi mapok Ct3, C120 u Cr45.
O6pasubl umenn pazmepsl 200x200 MM H TOJILIH-
Hy S = 2—-12 MM. [laHHBIE MapKHu CTaleH IHUPOKO
NPUMEHSIOTCS. JUIS MPOM3BOJCTBA MAIUH, MeXa-
HU3MOB, CBAaPHBIX KOHCTPYKLHUH B MalIMHOCTPOU-
TEJILHOM TPOU3BOJCTBE, 001aaf0T BEICOKMMH TIO-

Hayka
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Kas3aTeJsIMU IMPOYHOCTHU, TBEPAOCTHU, a TAKKC HE-
BBICOKOH CTOMMOCTBIO.

Puc. 1. BHemHuil Bu KomIiexca Jla3epHOH pe3ku
HYPER GEAR 510: 1 — aBepb 3akpbITHSA paboyeii 30HbI;
2 — mannuera; 3 — MOJyJIb JIJA3€PHOTO CTaHKa

Fig. 1. External view of the HYPER-GEAR-510 laser
cutting complex: 1 — the door closing the work area;
2 — pallets; 3 — laser machine module

Ilepeyio epynny cocTaBisuii 00pa3Lbl, HE OYH-
LIEHHBIE OT TPOAYKTOB KOpPpO3uH. Pe3ynbraTsl
NIpe/ICTaBIEHbI Ha pUC. 2.
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Puc. 2. 3aBUCUMOCTb MaKCUMaJIbHOI CKOPOCTH
JIa3epHOM PEe3KH OT TOJIILIMHBI JTUCTA (OTCYTCTBHE OYHCTKU
MeTaJlia OT MPOIYKTOB KOPPO3UH) Ha KOMILICKCE
HYPER GEAR 510: 1 — C13; 2 — C120; 3 — C145

Fig. 2. Dependency of the maximum laser cutting speed
on the sheet thickness (no cleaning of the surface from
corrosion products) on the complex HYPER-GEAR-510:
1 —St3; 2 — St20; 3 — St45

Bmopyto epynny coctaBnsiau o0pasibl, OYH-
meHHpIe 10 R, = 5-20 MKM 1o runapoabpa3uBHOI
TexHoyoruu [5], pabodas KUIKOCTH KOTOPOH CO-
nepxana 6enrornt (Ks = 1,5-2,5 %), monmmakpu-
mamun (Ky, = 10°-10" %), xansuuHMpOBaHHYIO
cony (K. =1,8-2,2 %), ocrampHOe — Boma. Pac-

[ Hayka
wrexHuka. T. 24, Ne 4 (2025)

CTOSIHUE OT COIUIa JIO OYHIINAeMOH MOBEPXHOCTH
L =20-40 mmM, auameTp coruta d. =1 MM, CKOPOCTh
CTPYyH Ve, = 300 wm/c. PesynpTaThl mpejcrabiie-
HEI Ha puc. 3.
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Puc. 3. 3aBECUMOCTD MaKCHMAIILHOH CKOPOCTH
JIa3epHOU PE3KH OT TONIIMHEI JIUCTA (00pa3Ibl, OUHIICHHEIE
0 THAPOAOPA3UBHOM TEXHOJIOTUH [S]) HA KOMILICKCE
HYPER GEAR 510: 1 — Cr13; 2 - Cr120; 3 — C145

Fig: 3. Dependence of the maximum laser cutting speed
on the sheet thickness (samples cleaned using waterjet
technology [5]) on the complex HYPER-GEAR-510:
1 —St3; 2 — St20; 3 — St45

Tpemvlo epynny COCTAaBIISIM 0OO0pa3Ilbl, OYH-
mennple 10 R, = 5-20 MKM mo tuapoabpasuB-
HOH TexHOJoTuu [6], paboyast KUIKOCTH KOTOPOI
cojzieprkana OeHTOHUTOBYIO THHY (K5 =1,5-2,5 %),
KalbIUHUPOBaHHYIO cony (K. = 1,8-2,2 %), caxy
(Kex = 11-13 %), ocrampHOe — Boma. Paccros-
HUE OT COIUIa JI0 OYMWIIaeMO TMOBEpXHOCTH L =
= 20-40 mMm, nuametp coria d, = 1 MM, CKOPOCTb
CTPYH Verp, = 300 M/c. Pesynbrarsl uccnenoBaHuit
MIPUBENICHBI HA PUC. 4.

I'paduxu 1-3, mpencraBmeHHble Ha puc. 2—4,
ObUIM TIOCTPOEHBI HA OCHOBE AKCHEPUMEHTAIIb-
HBIX JaHHBIX, MOJYYCHHBIX JUIS CTaJbHBIX 3aro-
TOBOK pa3nuuHbelx Mapok (1 — Ct3; 2 — Cr20;
3 — C145) npu TonmuHe JUcTa OT 2 10 12 MMm.

VYcnoBueM NpoBEAEHUS] UCHBITAHUN SIBISIOCH
JOCTIDKEHHE MaKCHMAaJbHOM CKOPOCTH Ja3epHOM
pe3ku Ha ycranoBke HYPER GEAR 510 mipu most-
HOM OTCYTCTBHH TpaTa Ha JIMHUM pe3a. /s momy-
YEHUS TAaKUX pe3yJbTaTOB MPUMEHSIINCH TPE/I-
BapUTEIFHO OYHUIIEHHBIE OT KOPPO3HH 00pa3Ilbl
C [MapaMeTpaMH II€POXOBATOCTH TOBEPXHOCTU
B quamazone Ra = 5-20 MxM.
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Puc. 4. 3aBECHUMOCTP MaKCUMAIILHOH CKOPOCTH
JIa3epHOU PE3KH OT TOJILIMHEI JHUCTa (00pa3Lbl, OUHIICHHEIE
0 THAPOaOpa3UBHOM TEXHONOTUH [6]) Ha KOMILIEKCe
HYPER GEAR 510: 1 — Cr3; 2 - C120; 3 — C145

Fig. 4. Dependence of the maximum laser cutting speed
on the sheet thickness (samples cleaned using waterjet
technology [6]) on the complex HYPER-GEAR-510:

1 —St3; 2 — St20; 3 — St45

Pe3yabTaThl HcciIe10BaHUS
H UX 00CysKIeHne

B pesynbpTare aHanmu3a MpOBEICHHBIX UCIbBITA-
HUI YCTAHOBJICHO, YTO JUIsSl OTACNBHBIX TPyl 00-
pasioB, Takux Kak crainb Mapku Ct45 ¢ Tomu-
HOM jucrta S = 4 MM, HaOIIOJAIOCh 3HAYUTEIIb-
HOC TIOBBIIICHUE CKOPOCTH Ja3epHOM pPE3KH —
ot 0,26 M/MuH (corlacHO KpuBOH 3 Ha puc. 2)
mo 2,8 m/muH (kpuBas 3 Ha puc. 4). /lanHbie 3Ha-
YeHUs1 ObUIH TOJTyYSHBI MIPU YCIOBUU OTCYTCTBHSI
rpaTta Ha O0KOBOW TTOBEPXHOCTH JIMHHUH Pe3a.

CpaBHHTENBHBIN aHAMH3 00pAa3oOB BTOPOH W
TpeTbel rpynn Mo napameTpy CKOPOCTU Jla3epHOU
pPE3KU TIOKa3bIBAET, 4YTO HCIOJIb30BAHUE THPO-
abpa3MBHON OYHCTKM C TPUMEHEHHEM BOIHOTO
pacTBopa paboueil cMmecH, BKJIHOUAOIIEH OCHTO-
HUTOBYIO IVIMHY, KaJbIIMUHUPOBAHHYIO COLYy U ca-
Ky [6-10], B xadecTBe MpeaBapUTEIbHON 0Opa-
0OOTKM TIOBEPXHOCTH CIIOCOOCTBYET YBEIMYCHHIO
CKOPOCTH Ja3epHOU pe3Ku B cpeaHeM Ha 8—12 %.

[oBbIlIeHUE CKOPOCTH JIA3EPHON PE3KU MOYKHO
OOBSICHUTD TEM, YTO IIPpU HUCIHOJIL30BAHUH CaXH
B cocTaBe pabodyell KHIKOCTH 00eCIeunBaeTCs
HEOOXOIMOE CHJIOBOE BO3JICHCTBHE Ha OUMINAC-
MBbIii METAJUTMYECKUN MaTepual U OJHOBPEMEHHO
¢ 3TUM (OPMUPYETCS TMOBEPXHOCTH C ONTHMAIb-
HBIMU CBETOIOTJIOTUTEILHBIMU CBOMCTBAMH.
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2. JlaHHas TEXHOJOTHS, MpeIoNararomas Hc-
TOJTK30BaHNE paboueii KUIAKOCTH, TPUTOTOBICHHOMN
Ha OCHOBE OCHTOHUTOBOU TIUHEI (K= 1,5-2,5 %),
KaJIBIIMHAPOBAHHOU combl (K. = 1,8-2,2 %), caxu
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TENBHBIX TEXHOJIOTUIECKHX OTEPaIni.
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Abstract. In this article we proposed, an extensive investigation of environmentally friendly methods for machining titanium
alloy (Ti-6AL—4V), a vital component of the aerospace and biomedical sectors, is presented. The novelty of the proposed
work is to improve sustainability by applying various technologies, particularly carbide inserts made by Physical Vapour
Deposition (PVD) and Chemical Vapour Deposition (CVD). These components are essential for increasing machining
productivity and reducing environmental impact. Moreover, to optimise the entire process, the experimental inquiry entails
a methodical analysis of machining parameters, such as cutting speed, feed rate, and depth of cut. Apart from these we have
also provides the superior machining performance with lower energy use and good surface roughness is the novelty of the
work. Moreover, this work emphasizes the importance of feed rate, cutting speed, and depth of cut in obtaining greater energy
efficiency during titanium alloy machining. PVD and CVD carbide inserts provide consistent performance across a wide
range of tools, increasing their dependability and making them attractive options for energy-efficient and environmentally
friendly machining methods. Furthermore, compared to CVD-coated inserts, which achieve an optimal surface roughness
of 0.232 um under cutting parameters of 75 mm/min feed rate, 0.035 mm/rev feed, and a 0.5 mm depth of cut, PVD-coated inserts
exhibit an optimal surface roughness of 0.258 um under similar conditions. The consistent performance of both PVD and CVD car-
bide inserts across a range of tools enhances their reliability and usefulness in green manufacturing applications. The research takes
into account the environmental effects of PVD and CVD carbide insetts, in line with the ideas of green manufacturing.
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IoBbIneHHE YCTOMYMBOCTH 00Pa0OTKM TUTAHA:
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TaJIbHOE UCCIIEA0BAHNE BKIIIOYACT B ce0sl METOANYECKHI aHAIN3 ITapaMeTpoB 00pabOTKH, TaKUX KaK CKOPOCTh PE3aHMs, CKO-
pocTh nopaun W riyouHa pesanus. [Tomumo sTOro, odecrneunBaeTcsi NPEBOCXOAHAs IPOM3BOIUTEILHOCTL 00pabOTKH MpH
MEHBIIIEM MOTPEOIEHUN YHEPTUH U XOPOIast IMepoOX0oBaTOCTh MOBEPXHOCTH, UTO SIBIsICTCSI HOBU3HOM. Kpome Toro, B pabote
MOAYEPKHUBACTCS] BAXKHOCTh CKOPOCTH ITOJaYH, CKOPOCTH PE3aHUs M TITyOHHBI pe3aHus JUIsl MOBBIIICHHS YSHEProd(h(HeKTUBHO-
CTH TIpH 00pabOTKE TUTAHOBBIX CIUIABOB. TBEpIOCIUIaBHBIE IUIACTHHBI ¢ MOKpeITHEM PVD u CVD obecnieunBaroT cTaOUiIb-
HYIO TIPOU3BOAUTEIBHOCTD JUIA IIUPOKOIO CHEKTpa MHCTPYMEHTOB, MOBBIIIAS UX HAJEKHOCTb U Jejas UX MPHUBICKATEIbHbI-
MH BapHaHTaMH IJIsI 9HEProd(P(EKTUBHBIX M SKOJOTHYECKH YHCTHIX METOJ0B 00paboTku. [lo cpaBHEHMIO C IUTaCTHHAMH
¢ nokpeiTieM CVD, koTopble 00ecIeunBaOT ONTUMAIBHYIO HIEpOXOBATOCTh MoBepxHOCTH 0,232 MKM IIpH CKOPOCTH II0Ja-
un 75 mm/muH, ckopoctu pesanus 0,035 Mm/06 u riryoune pesanust 0,5 MM, IIacTHHBI ¢ TOKpbITHEM PVD uMeror ontumars-
HYIO IIEpOXOBaTOCTh moBepxHocTH 0,258 MKM Hpu aHAJOTMYHbIX ycioBusAX. CraOuibHas MPOU3BOAUTEIBHOCTH TBEPIO-
CIUIaBHBIX IIACTHH ¢ mokpeiTieM PVD n CVD mpu ncronb30BaHUH PA3NUYHBIX HHCTPYMEHTOB TTOBBINIAET UX HAAEKHOCTD
1 9 PEKTUBHOCTD B SKOJIOTMYECKH YHUCTBIX MPOU3BOJICTBEHHBIX YCIOBUSIX. B McclieoBaHNY yUUTBIBAETCSI BO3JICHCTBUE TBEP-
JIOCIUIABHBIX IUTACTHH C MOKPBITHEM, HaHeceHHBIM MeTos oM PVD u CVD, Ha okpy:kaiomiyto cpeiy B COOTBETCTBHH C TpeOO-
BaHMSIMHU SKOJIOTHYHOTO IPOU3BOACTBA.

KnarwueBbie cioBa: MeTaMarepuall, HallpaBJICHHOCTD, IIPUPOCT, Pa3pE3HOC KOJIBILO

Jist nurtupoBaHus: IloBbIICHNE YCTOHYMBOCTH OOpabOTKM THTaHA: MOJEIMPOBAHME M HKCHEPUMEHTAIBHOE H3y4YEHHE
NpUMEHeHHsT TBepaociuiaBHbIX iactud ¢ PVD- u CVD-nokpeituem / C. b. Ambekap [u np.] // Hayxa u mexnuxa. 2025.

T. 24, Ne 4. C. 284-291. https://doi.org/10.21122/2227-1031-2025-24-4-284-291

Introduction

Now a days, in the automobile and others in-
dustries work on the titanium alloy (Ti-6AL—4V).
Furthermore, because of its remarkable streng-
th-to-weight ratio, resistance to corrosion, and
biocompatibility, titanium alloy (Ti-6AL—4V) is
a key component in fields including aerospace and
biomedical engineering [1-6]. But machining tita-
nium alloys can be quite difficult, necessitating
the use of cutting-edge tools and techniques to
maximise productivity and minimise environmen-
tal damage. This research explores how to impro-
ve sustainability in titanium alloy machining by
applying experimental insights into the application
of Physical Vapour Deposition (PVD) and Chemi-
cal Vapour Deposition (CVD) carbide inserts [4].
This research is in response to the growing em-
phasis on sustainable manufacturing practices.

The investigation of environmentally friendly
solutions has been prompted by the high energy
consumption, significant material waste, and tool
wear associated with traditional machining proce-
dures. PVD and CVD carbide inserts are attractive
options for sustainable titanium alloy machi-
ning since they are state-of-the-art materials with
superior hardness and wear resistance [5, 7-9].
The objective of this research is to methodically
examine how the performance of PVD and CVD
carbide inserts is affected by machining fa-
ctors such as feed rate, depth of cut, and cutting
speed [10, 11].

This research aims to reconcile the goals of
high machining efficiency with green production
practices by assessing tool wear, surface polish,
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and environmental effects [12—16]. It is antici-
pated that the study's conclusions will offer in-
sightful information about how to best machi-
ne titanium alloys, adding to the growing body of
knowledge about environmentally conscious ma-
nufacturing practices and meeting the changing
demands of sectors that place a high priority
on environmenttal responsibility [17, 18]. Moreo-
ver, Author Bhvnesh Bharwdwaj et al. in [19],
presented a refined surface roughness prediction
model for EN 353 end milling using Box-Cox
transformation integrated with response surface
methodology (RSM). This analysis was con-
ducted in two phases. Initially, a quadratic model
was formulated using response surface methodo-
logy (RSM) based on a central composite rotatable
design (CCRD), considering feed rate, cutting
speed, depth of cut, and nose radius as input pa-
rameters [19]. Further, in [20], authors discussed
in this study, experimental investigations were
carried out to examine the influence of tool geo-
metry (radial rake angle and nose radius) and cut-
ting conditions (cutting speed and feed rate) on
machining performance during dry milling using
four-fluted solid carbide end mill cutters coated
with TiAIN. Moreover, Experimental Modeling of
Surface Finish and Material Removal Rate in CNC
Milling Processes reported in [21]. This study ex-
plores how various process parameters influence
the material removal rate and surface roughness
during the milling of SAE52100 tool steel [21].
Table 1 illustrates the Chemical composition
of Ti-6Al4V. In table 1 we mention the materails
and its percentage values. However, Table 2
provides the Mechanical Properties of Ti—6Al-4V
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materials. In Table 2 we gives the various
mechanical propertits and its values of theses
Ti—-6Al-4V materials.

Table 1
Chemical composition of Ti-6Al-4V
(Ezugwu and Wang, 1997)
Element % Element %

C <0.08 \Y 3.5-4.5

Al 5.5-6.75 N <0.05

Fe <0.4 H <0.01

(0] <0.2

Ti Balances
Table 2

Mechanical Properties of Ti-6A1-4V
(Machado and Wallbank, 1990)

Work | Tensile | Yield |Elonga- [Modulus of[Hardness|
piece ma- |strength | strength | tion % | Elasticity | (HRC)
terial (MPa) | (MPa) (GPa)

Ti-6Al-4V| 993 830 14 114 36

Table 3 illustrates the Thermal Properties
of Ti-6Al-4V composite materials. Table 3 gives
the properties and its values. Methodology and
Experimental Setup.

Table 3
Thermal Properties of Ti-6A1-4V
(Ezugwu and Wang, 1997)
Properties Values
Specific heat capacit 0.5263 J/g °C
Thermal conductivity 6.7 W/mk
Annealing temperature 700-785 °C

Melting point 1604-1660 °C
Solidus 1604 °C
Liquidus 1660 °C
Beta transus 980 °C

Figure 1 depicts the Methodology for execu-
tion of experimentation.

Find and collect specimens of Titanium Alloy
Ti—-6AL—4V for testing, making sure that the ma-
terial's characteristics are constant. Obtain carbide
inserts made for titanium machining, such as PVD
and CVD. Make sure the inserts fulfil the neces-
sary standards by conducting pre-testing evalua-
tions. Make use of a CNC machining centre that
has the right fixtures and cutting tools. Create
a controlled atmosphere to reduce outside influ-
ences on the results of machining. To establish
a matrix of test situations, systematically alter cut-
ting parameters such as depth of cut, feed rate,
and cutting speed. Use a factorial design to tho-
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roughly investigate the ways in which the para-
meters interact.

Selection Input
parameters
I

Machining
parameters cutting
speed, feed, and
depth of cut

Dry machining for
green manufacturing

Work piece material:
Ti-6AR4Y
Tool Material PVD,
CVD carbide inserts

Proper design of b
experimentation Connections of Power Quality ‘
Analyser with machine main supply

Surface roughness |

| Output Parameters ‘

Fig. 1. Methodology for execution of experimentation

Measurements of surface roughness and pro-
filometry are used to assess surface finish proper-
ties. Connect the machining settings to the surface
finish. Keep systematic records of surface finish,
and other pertinent metrics for every experimental
run. Repeatedly measure and record data to ensure
accuracy and dependability. Examine how ma-
chining techniques affect the environment by ta-
king waste production and energy usage into ac-
count. Examine and contrast the effects of PVD
and CVD carbide inserts on the environment.
Utilise statistical techniques, such as analysis of
variance (ANOVA), to pinpoint important varia-
bles and their interactions. Establish the ideal ma-
chining parameters to produce effective and las-
ting results. Keep detailed records of all experi-
mental setups, outcomes, and observations. Write
a thorough report including the results, conclu-
sions, and suggestions. By considering both per-
formance indicators and environmental effect, this
methodology seeks to offer a methodical and
rigorous way to investigating the sustainability
of titanium alloy machining utilising PVD and
CVD carbide inserts.

From the various literature review the re-
searchers used different sizes of titanium alloy
grade 5 i.e. Ti-6Al-4V for their experimental
work so in this study 20 mm diameter and 75 mm
length of material selected and PVD and CVD car-
bide inserts with cutting speed of 50, 75, 100 m/min,
feed rate of 0.035, 0.046, 0.069 mm/rev. and the
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depth of cut of 0.50, 0.75, 1.00 mm the machi-
ning parameters are used for the experimentation.
The experiments were conducted on CNC machi-
ne Smart turn/Smart Jr (FANUC Oi MATE TD)
Fanuc Simulation Controller, having the specifica-
tion of max turning diameter 250 mm, max turning
length 250 mm, spindle size 165 mm, capacity:
swing over bed 480 mm, chuck diameter: 165 mm,
machine size: front side 2275x1640 mm and ma-
chine weight: 2300 Kg with the power supply
of voltage: Ac 415 = 10 %, 3 Phase, frequency:
50 £ 1 and power of 15 kVA.

In the Taguchi L18 orthogonal array, the selec-
tion of machining parameters and their levels
for the turning operation of a 20 mm diameter
and 75 mm length using PVD and CVD carbide
inserts done as follows.

Table 4 illustrates the input response of the
various parameters. In this table we explore the
various parameters such as, cutting speed, feed,
depth of cut, and cutting tools.

effective in lowering the energy consumption du-
ring turning. Elevated feed rates combined with
moderate speeds and deep cutting depth were
ideal for optimising energy efficiency. The opti-
mal combination for power factor was high speed,
feed, and depth of cut.

Table 5 shows the experimental results and
S/N ratio values for Surface Roughness (Ra) with
various parameters such as cutting speed, feed,
depth of cut, SNRA and MEAN.

Table 5

Experimental results and S/N ratio values
for Surface Roughness (Ra)

Table 4
Input response parameters
Parameters Level 1 Level 2 Level 3
Low Medium High
Cutting Speed 50 m/min 75 m/min 100 m/min
Feed 0.035 mm/rev. |0.046 mm/rev.|0.069 mm/rev.
Depth of Cut 0.5 mm 0.75 mm 1.00 mm
Cutting Tools PVD Carbide |CVD Carbide
Inserts Inserts

With the Taguchi L18 orthogonal array, stud-
ies can be carried out with a small number of trials
and the effects of various parameter combinations
can still be recorded. Effectively investigate the
effects of many parameters on the turning ope-
ration and determine the ideal parameter settings
for better performance, such as reduced tool en-
hanced surface finish and energy efficiency (EE),
by employing this design of experiments (DOE)
approach.

In the Taguchi L18 array, every trial is a dis-
tinct set of parameter levels. Determine the prima-
ry impacts and interactions of the factors by car-
rying out the tests and evaluating the outcomes.
This will enable you to optimise the turning pro-
cess for the specified workpiece dimensions and
carbide insert selection for PVD and CVD. It was
discovered that a combination of greater feed,
lower spindle speed, and deep cut depth proved
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Expe- Type| Cutting Feed Depth
riment| of Spee'd (mm/rev.) of Cut.| Ra | SNRA |MEAN
No | Tool |(m/min) (mm)
1 |PVD| 50 0.069 0.5 10.422|7.493751| 0.422
2 |PVD| 50 0.046 | 0.75 ]0.327|9.719676| 0.3266
3 |PVD| 50 0.035 1 ]0.274{11.24499| 0.274
4 |PVD| 75 0.069 0.5 10.414{7.659993| 0.414
5 |PVD| 75 0.046 | 0.75 |0.337|9.444825| 0.3371
6 |PVD| 75 0.035 1 ]0.258|11.77603(0.25775
7 |PVD| 100 0.069 | 0.75 10.534|5.453242(0.53375
8 |PVD| 100 0.046 1 ]0.433|7.270242| 0.433
9 |PVD| 100 0.035 0.5 10.296(10.56683(0.29625
10 |CVD| 50 0.069 1 ]0.560(5.036239| 0.56
11 |CVD| 50 0.046 0.5 10.356|8.977102(0.35575
12 |[CVD| 50 0.035 | 0.75 10.320| 9.897 | 0.32
13 |CVD| 75 0.069 | 0.75 (0.499(6.037989| 0.499
14 [CVD| 75 0.046 1 ]0.430(7.340737| 0.4295
15 [CVD| 75 0.035 0.5 10.232{12.70898| 0.2315
16 |[CVD| 100 0.069 1 10.635/3.94179 | 0.6352
17 |CVD| 100 0.046 0.5 10.356(8.964903(0.35625
18 |[CVD| 100 0.035 | 0.75 ]0.328]9.695774| 0.3275

Experimental results for S/N ratio

Rank 1 (A: 5.044): Feed rate has the most
significant impact on the S/N ratio. Level 1 has
the highest S/N ratio among the feed rates. Rank 2
(A: 1.627): Depth of cut has a moderate impact on
the S/N ratio. Level 2 has the highest S/N ratio
among the depths of cut. Rank 3 (A: 1.513): Cut-
ting speed has a notable impact on the S/N ratio.
Level 3 has the highest S/N ratio, suggesting that
a specific cutting speed is associated with a better
surface finish (lower Ra). Rank 4 (A: 0.892):
There is little difference in the S/N ratio for diffe-
rent types of tools. All tools have similar S/N ra-
tios. Table 6 illustrates the response for S/N ratio
of surface roughness (Ra). While Table 7 discus-
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ses the response for means of surface rough-
ness (Ra).

Taguchi Analysis: Ra versus Type of Tool,
Cutting Speed (m/min), Feed (mm/rev.), Depth
of Cut (mm).

Table 6
Response table for S/N ratio of Surface Roughness (Ra)
Level Type of | Cutting Speed Feed Depth of
Tool (m/min) (mm/rev.) | Cut (mm)
1 8.959 8.728 10.982 9.395
2 8.067 9.161 8.620 8.375
3 7.649 5.937 7.768
A 0.892 1.513 5.044 1.627
Rank 4 3 1 2
Table 7
Response Table for Means of Surface Roughness (Ra)
Level Type of | Cutting Speed Feed Depth of
Tool (m/min) (mm/rev.) | Cut. (mm)
1 0.3660 0.3764 0.2845 0.3460
2 0.4127 0.3615 0.3730 0.3907
3 0.4303 0.5107 0.4316
A 0.0467 0.0689 0.2262 0.0856
Rank 4 3 1 2

Rank 1 (A: 0.2262): Feed rate has the most
significant impact on the means. Level 3 has
the highest mean among the feed rates. Rank 2
(A: 0.0856): Depth of cut has a moderate impact
on the means. Level 2 has the highest mean among
the depths of cut. Rank 3 (A: 0.0689): Cutting
speed has a minor impact on the means. Level 3
has the highest mean, indicating that a specific
cutting speed is associated with a slightly bet-
ter surface finish. Rank 4 (A: 0.0467): Similar
to the S/N ratio table, there is little difference in
the means for different types of tools. All tools
have similar means. Figure 2 shows the plot
of mean of S/N ratio vs Main Effects plot for S/N
ratio of Surface Roughness (Ra).

Feed rate appears to be the most critical factor,
affecting both S/N ratios and means significant-
ly (Tab. 8). Level 1 of feed rate is associated
with the highest S/N ratio and mean for achieving
a better surface finish (lower Ra). Cutting speed
and depth of cut also have noticeable impacts on
the S/N ratios, with specific levels associated with
better surface finish. Type of tool has little impact
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on both S/N ratios and means in this context.
Figure 3 illustrates the mean of means vs Main
Effects plot for Means of Surface Roughness (Ra).

Main Effects Plot for S/N ratios

Data Means
Type of Tool Cutting Speed {m/min] Feed {mm/rev,) Depth of Cut. (mm)
1
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Fig. 2. Main Effects plot for S/N ratio
of Surface Roughness (Ra)

Main Effects Plot for Means

Data Means
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Fig. 3 Main Effects plot for Means
of Surface Roughness (Ra)

Response Table for Signal to Noise Ratios EE
versus Type of Tool, Cutting Speed (m/min), Feed
(mm/rev.), Depth of Cut (mm) (Tab. 9).

Rank 1 (A: 5.03): Feed rate has the most
significant impact on the S/N ratio. Level 1 has
the highest S/N ratio among the feed rates. Rank 2
(A: 3.75): Cutting speed has a notable impact
on the S/N ratio. Level 3 has the highest S/N ratio,
suggesting that a specific cutting speed is associated
with better energy efficiency. Rank 3 (A: 0.83):
Depth of cut has a moderate impact on the S/N
ratio. Level 2 has the highest S/N ratio among the
depths of cut. Rank 4 (A: 0.24): There is little dif-
ference in the S/N ratio for different types of tools.
All tools have similar S/N ratios.
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Table 8
Experimental results and S/N ratio values for Energy Efficiency
Expt. No | Type of Tool Cutting Speed Feed (mm/rev.) Depth of Cut. EE SNRA4 MEAN4
(m/min) (mm)
1 PVD 50 0.069 0.5 29.6716 —29.4468 29.6716
2 PVD 50 0.046 0.75 58.16422 -35.2931 58.16422
3 PVD 50 0.035 1 58.93 —35.4067 58.93
4 PVD 75 0.069 0.5 26.89199 —28.5925 26.89199
5 PVD 75 0.046 0.75 34.52036 -30.7615 34.52036
6 PVD 75 0.035 1 42.1406 —32.494 42.1406
7 PVD 100 0.069 0.75 22.581 -27.0749 22.581
8 PVD 100 0.046 1 27.40027 —28.7551 27.40027
9 PVD 100 0.035 0.5 30.97206 -29.8194 30.97206
10 CVD 50 0.069 1 26.60415 —28.499 26.60415
11 CVD 50 0.046 0.5 47.85885 —33.5992 47.85885
12 CVD 50 0.035 0.75 58.38051 -35.3254 58.38051
13 CVD 75 0.069 0.75 24.98615 —27.954 24.98615
14 CVD 75 0.046 1 36.40623 -31.2235 36.40623
15 CVD 75 0.035 0.5 48.8224 -33.7724 48.8224
16 CVD 100 0.069 1 22.89598 —27.1952 22.89598
17 CVD 100 0.046 0.5 31.92944 -30.0838 31.92944
18 CVD 100 0.035 0.75 40.36242 -32.1195 40.36242
Table 9 (A: 17.24): Cutting speed has a substantial impact
Signal to Noise Ratios for Energy Efficiency (EE) on the means. Level 1 has the highest mean, indi-
Lovel| Typeof [Cutting Speed Feed Depth of cqting 'that a specific cqtting speed is associated
eve Tool (m/min) (mm/rev.) | Cut. (mm) with higher energy efficiency. Rank 3 (A: 4.10):
1 23085 ~32.03 33,16 -30.89 Depth of cut has a moderate impact on the means.
5 | -31.09 23080 3162 3142 Level 1 has the highest mean among the de':pths
3 2017 3813 30,60 of cut. Ra.nk'4 (A:.0.77): Slmllar to the S/N rgtlo ta-
A 024 375 5.03 0.83 ble, there is little difference in Fhe‘ means for dl'fferent
types of tools. All tools have similar means. Figure 4
Rank 4 2 1 3 . . .
discussed the mean of S/N ratio vs main effect plot
Table 10 for S/N ratio of Energy Efficiency (EE). However,
Response Table for Means Figure 5 shows the mean of means vs Main Effects
for Energy Efficiency (EE) plot for Means of Energy Efficiency (EE).
Cuttin Feed rate appears to be the most critical factor,
Type & Feed Depth of ~ ~ L
Level f}%p . Speed (mmfrev)) | Cut, (mm) affecting both S/N ratios and means significantly.
(6) 00 . mm/rev. ut. (mm . . . .
(m/min) Level 1 of feed rate is associated with the hig-
1 36.81 46.60 46.60 36.02 hest S/N ratio and mean for energy efficien-
2 37.58 35.63 39.38 39.83 cy (Tab. 10). Cutting speed also has a notable
3 29.36 25.61 35.73 impact, with Level 3 being associated with the
A 0.77 17.24 21.00 4.10 . . . .
highest S/N ratio and Level 1 being associated
Rank 4 2 1 3

Rank 1 (A: 21.00): Feed rate has the most
significant impact on the means. Level 3 has
the highest mean among the feed rates. Rank 2

Hayka
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with the highest mean. Depth of cut has a moder-
ate impact on both S/N ratios and means. Type of
tool has little impact on both S/N ratios and means
in this context.
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Main Effects Plot for S/N ratios
Data Means
Type of Taal Curting Speed (m/min) Feed (mm/rev) Depth af Cut. {mm]
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Mean of S/N ratios
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Fig. 4. Main Effects plot for S/N ratio
of Energy Efficiency (EE)

Main Effects Plot for Means

Data Means
Type of Taal Cutting Speed (m/min) Feed {mmj/rev) Depth af Cut. (mm)
"
a
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Fig. 5. Main Effects plot for Means
of Energy Efficiency (EE)
CONCLUSION

In the work we proposed the significance of
feed rate, depth of cut, and cutting speed in en-
hancing surface polish and sustainability in titani-
um alloy machining is underscored by the study.
Surface roughness values for both cutting inserts
varied in the experiment, and the CVD carbide
insert has less value than the PVD carbide insert,
according to the experimental data. In contrast to
the CVD coated inserts, which have an optimal
surface roughness of 0.232 when cutting parame-
ters of 75 millimeter/minutes, feed 0.035 millime-
ter/rev, and depth of cut of 0.5 millimeter are ob-
served, the PVD coated inserts have an optimal
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surface roughness of 0.258 when cutting parame-
ters. The consistent performance of PVD and
CVD carbide inserts across a range of tools further
bolsters their dependability and utility in green
production processes. In terms of energy efficien-
cy (EE), once more, the feed rate for turning ope-
rations for the chosen material has the greatest
influence on the S/N ratio. This is followed by
the spindle's cutting speed, which has a noticeable
influence on the S/N ratio and suggests that a par-
ticular cutting speed is associated with better ener-
gy efficiency. The depth of cut also has a mode-
rate influence on the S/N ratio, and lastly, there is
minimal variation in the S/N ratio for different
types of tools. These findings support the deve-
lopment of environmentally friendly titanium alloy
machining methods by offering vital information
for improving tool selection and machining pa-
rameter selection. This investigation highlights the
significance of feed rate, cutting speed, and depth
of cut in achieving enhanced energy efficiency
during titanium alloy machining. PVD and CVD
carbide inserts provide uniform performance ac-
ross a variety of tools, so augmenting their de-
pendability and making them appealing alter-
natives for energy-conserving and ecologically
sustainable machining procedures. These findings
are consistent with green manufacturing concepts
and aid in the development of energy-efficient
titanium alloy machining methods. Additionally,
they provide vital information for optimising ma-
chining parameter.
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DBenopycckuii HalHoOHANbHbIH TeXHHUecKnit yHuBepenter (MuHCK, PecrryGnnka benapych)

Pedepat. B mpexncraBnennol paboTe aHAINTHYECKH ONPENCISIOTCS BEPTHKAIBHBIE IIepEMENIeHHs] BepXHEH IrpaHu yIpyron
MOJIYIOJOCH ¢ HWXHEH IIapHUPHO ONEPTOH IpaHblO OT JEHCTBUS BEPTUKAIBHOW COCPEOTOUCHHOM CHIIBI, MPUI0KEHHOMH
K BepxHell rpaHu. [Ipy 3TOM HCHONB3yeTCss METO CIELHAIBHOM anmpoKcuManuu, panee 3p(exTHo npuMeHseMblii B pabotax
. Cuennona u nozauee B. M. AnexcannpoBa. Ha HibkHEH rpaHy OTyIIOIOCH IPHHUMAIOTCS] pAaBHBIMU HYJIIO BEPTUKAJIBHBIE
TIepeMeIeHUs] U KacaTelbHbIe HaNpsHKeHHs. VIckoMoe BBIpaKeHHE AN TepeMEIIeHNi CKIIaAbIBAacTCs U3 MepeMeIeHni Oec-
KOHEYHOH IOJIOCH OT AeHCTBUS ABYX CUMMETPUYHO IIPUIIOKCHHBIX BEPTUKAIBHBIX CUJI U CAMOYPABHOBELICHHON HOpMAaIbHOM
TOPHU30HTAIHON HArpy3Ku, IPUIIOKEHHOU K TOPIY MOIYIONIOCH U paBHOH HOPMaJIbHBIM TOPU30HTAIBHBIM HAIPSKECHUAM OT
JEUCTBUS IBYyX CUMMETPHYHO IPHIOKCHHBIM CHJIaM K OECKOHEYHOMH I1oJioce ¢ oOpaTHBIM 3HaKoM. IlepemerieHus oT camo-
YPaBHOBEILIEHHOH HArpy3KH MO MeToAy PuTua mpeacTaBisioTcs B BHIE ABOMHOIO psijia MO KIACCHYECKHM OPTOrOHAIBHBIM
GYHKLIMAM — IOJIMHOMAaM DpMuTa ¢ BecoM U Jlexanapa ¢ HeonpeleneHHbIMI KO3 QUIHEeHTaMH, KOTOPBIE ONpPEeNeIsIOTCs
13 YCIOBUSI MHHHMyMa (DYHKIMOHAJIA MOJHOH 3Hepruu AedopManuii moIymnoaockl ¥ paboTHl TOPIIEBOH caMOYypaBHOBEIICH-
HOU TOpu3OHTaNbHOI Harpysku. [lomydeHHOe BEIpakKeHHE Ul NEPEeMEINCHUI CONEPKHUT dJIeMEHTapHble (YHKINH, MMEET
Jorapu(pMUUECKyI0 0OCOOCHHOCTh B TOYKE NMPUJIOXKEHHsI CHJIBI U yObIBaeT Ha OeckoHeyHOCTH. IIpuBonsTcsl rpauku BepTH-
KaJbHBIX IepeMeIleHUI BepXHel I'paHM MOJIYHOJIOCH IPU PAa3IMYHBIX MOJOXKEHUSIX BHEIIHEH BepTUKAIBbHON CHibl. Taxke
rpadM4ecKu MoKa3aHa TOYHOCTDH IPUHATON CHELHAIBHON ammpokcuMaryu. [ToayueHHbIe pe3ynbTaThl MOTYT HAHTH IpHMe-
HEHHE TIPH PEIICHNN Pa3INIHBIX KOHTAKTHBIX 3aJa4 IS yIPyToH MOTyTOI0CH], Harpy>KEHHOH 110 BEpXHEH I'paHu.

KuroueBrble ciioBa: IoJrymoJioca, (I)YHKI_II/ISI FpI/IHa, MCTO PI/ITI_Ia, BEPTUKAJIbHBIC NIEPEMEIICHN A, OPTOIOHAJIBHBIC [TOJIMHOMBI

Jas uutupoBanus: bocakos, C. B. ®@ynkimu ['puna mis ynpyroit momymosnocs: / C. B. Bocakos, M. A. MensHiok // Hayka u
mexnuxa. 2025. T. 24, Ne 4. C. 292-296. https://doi.org/10.21122/2227-1031-2025-24-4-292-296

Green’s Function for Elastic Half-Strip
S. V. Bosakov", M. A. Melyanyuk"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. In the presented work, vertical displacements of the upper face of an elastic half-strip with a hinged lower face
are analytically determined under the action of a vertical concentrated force applied vertically to the upper face. In this case,
the method of special approximation is used, previously effectively used in the works of I. Sneddon and, later, V. M. Alexan-
drov. On the lower face of the half-strip, vertical displacements and tangential stresses are assumed to be equal to zero.
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The desired expression for the displacements consists of the displacements of the infinite strip under the action of two sym-
metrically applied vertical forces and a self-balanced normal horizontal load applied to the end of the half-strip and equal
to the normal horizontal stresses under the action of two symmetrically applied forces to the infinite strip with the opposite
sign. The displacements under a self-balanced load according to the Ritz method are presented as a double series in classical
orthogonal functions — Hermite poly-nomials with weight and Legendre polynomials with undetermined coefficients, which
are determined under the condition of the minimum of the functional of the total energy of deformations of the half-strip and
the work of the end self-balanced horizontal load. The obtained expression for displacements contains elementary functions,
has a logarithmic singularity at the point of application of the force and decreases at infinity. Graphs of vertical displacements
of the upper face of the half-strip are given for different positions of the external vertical force. The accuracy of the adopted
special approximation is also shown graphically. The obtained results can be used to solve various contact problems for

an elastic half-strip loaded along the upper face.

Key words: half-strip, Green's function, Ritz method, vertical displacements, orthogonal polynomials

For citation: Bosakov S. V., Melyanyuk M. A. (2025) Green’s Function for Elastic Half-Strip. Science and Technique.
24 (4), 292-296. https://doi.org/10.21122/2227-1031-2025-24-4-292-296 (in Russian)

BBenenue

B crarpbe [1] mpuBenena oOmmpHas OuUOIHO-
rpadusi TO HCCIEAOBAHUIO HAMPsKEHHO-AehOop-
MHUPOBAHHOTO COCTOSIHUSL YIPYTOW TIONYIOJIOCH.
ABTOpEI [2-5] paccMmaTpWBaNM pa3TUYHBIE KOH-
TaKTHBIE 3aJaul U NoIynoiocsl. Huke momyde-
HO aHAMTUYECKOE BBIpAKEHUE Ul OIpeselie-
HUsI BEPTHUKAJbHBIX IIEpEeMEIIeHUI BEepXHEH rpa-
HHU TIOJIYIIOJIOCH OT AEHCTBHSA COCPENOTOYEHHOM
cwsl (puc. 1).

1 \LP

a

Puc. 1. Tlonynonoca noxa neicTBUeM cOCpeJOTOUEHHON CHITB

Fig. 1. Half-strip under concentrated force

OcHOBHAA YACTh

PaccmoTpuM OecKOHEUHYIO MOJIOCY, CUMMET-
pUYHO HarpyXeHHyio JByMs cuiamu P. Ilo ocu
CUMMETPHUH TOJIOCHl OyAyT [eHCTBOBaTh CaMo-
YPaBHOBCIICHHBIC HOPMAaJIbHBIC HAIIPSKCHUSA, BbI-
paxkeHue ISl KOTOPBIX MOXKHO ONPEJEeNUTh 10 pe-
synbraram . C. Ydnsauna [6]:

_ 4P

(¢
X h\/ﬂ

(ncoshp —sinh u)coshlu - plsinh ul sinh p
XJ‘“’ h h h y

0 2u+sink2p
(1)

X

a
xCOS— U d L.
hM u
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TlpunoxuB K TOPUEBOW T'paHU MOJYIOJIOCHI
HOpMaJIbHBIE HampspkeHus (1) ¢ 0OpaTHBEIM 3HAKOM
" OMpeACIMB OT HUX BEPTUKAJIIBHBIC IICPEMEILICHUSA
BEpXHEH I'paHH MOJYTOJIOCKHI, BMECTE C IepeMelle-
HUSMU TIOJIOCHI OT JICHCTBUS ABYX CHJI P MOy4uM
nckomyro pyunkuuto ['puna.

Ilepemenienuss BepXHEeil TpaHH MOJOCH OT
cun P uzBecTHbI [7]

2P(1-v?)
V=
nE
xijl(u) cosu>—2 + cosu X8 ﬂ, )
0 h h u

L (u) = cosh®u—1
' 2u +sinh 2u

rne v, £ — xoapdunment [lyaccona u momyns
YOPYTOCTH MaTepHalia OTYIIOJIOCH.

OmpenenuM TmiepeMelieHUs BEpXHEH TpaHu
MOJYTOJIOCKl OT CaMOYpPaBHOBEUIEHHOW TOPIEBOU
Harpy3ku (1). Ilpexme Bcero 3ameTuM, 9TO CO-
rmacao npuHNuy CeH-Benana [8] atu mepeme-
mieHust OyayT OBICTpO yOBIBaTH OT MECTa MPHIIO-
JKeHusl Harpy3ku. [loaToMy mpeacTaBuM mepeme-
IICHUS B BUJE JBOWHBIX PSAAOB IO MOJIWHOMAaM
Opmura ¢ Becom u Jlexanapa [9]:

U(x,y) = exP(_;_zJiiAzm,anzm (%jpzn [%ja

m=0 n=0
3)
2 © o0
V(x?y) = exp[_%jzzBZm,ZnﬂHZm (%jgnﬂ [%)’
m=0 n=0

rane H(z),P(z)-nomuoml Opmura u Jle-

JKaHpa.
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Haiinem osHepruto pedopmanuii Mmoyrymnoso-
¢l [8] mo Beipaxkenusm (3)

el g aUY (ov U ov
2”[2(1#)[(5} +[8y] o 55}
00 (4)
N EZ[aUJraVUdd
40-vH)L oy ox

PaboTa HOpMasbHBIX HAPSKEHUH G, pu X = 0

W= ch ol (5)

IIpu yuere mepBBIX BOCBMH YJIEHOB JIBOMHBIX
psnoB (3) ans (5) momydaem:

o
P = 3P\/%_[L2 (1)(4, —24,,)cosh (%pjdu,

(6)
2+2u® —2cosh2p + ps1nh2p
L
z(u) (2u+smh2p)

[ BBIYMCIIEHHS HECOOCTBEHHBIX HHTETpa-
noB (2) u (6) wcmonb3yeM crocod CHeruaabHON
aImpoOKCUMAITUH. DTOT CII0C00, BUANMO, BIICPBBIC,
ucnons3oBann M. CHemmoH TpH CUMMETPUYIHOMN
nedopmanuu TosncTol miactusbl [10], mo3aHee —
B. M. AnekcanapoB [7] mpu pelIEHHMH KOHTAaKT-
HBIX 33/1a4 7 1MoJIockl M KnuHa. [losToMy Ha oc-
HOBaHMM AaCHUMITOTHYECKUX CBOMCTB MOJBIHTE-

rpajbHbIX QyHKIMHA L, (u), L, (u) MIPUHUMAEM:

3

u
L = tanh _
1( ) tan 2+4cosh2u

tanh” 0 41|.L
4,2+

(7
L,(1)=0,71

TouHOCTh anmnpokcuManuu (7) MOXKHO OLECHUTh
o rpadukam puc. 2 u 3.

Hanee ucnonbzyeM (OpMYJIbI pa3IOKEHHH U
uHrerpanos [9, 11]:

jw tanh ox cosmxdx =In cthn—m;
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A 1V 2 An2,02
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(KpacHbIi UBeT) BeIpaKeHUH 11 L(u)

Puc. 2. CpaBHEeHUE TOUHOT'O U alIIPOKCUMHPOBAHHOTO
(KpacHBIH LBET) BBIpaKeHUH 1is L (u)
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Puc. 3. CpaBHeHHE TOYHOI'O U allIPOKCUMHUPOBAHHOIO
(KpacHBIH LBET) BBIpOKEHUH 11 Lo(u)

Fig. 3. Comparison of exact and approximate (red)
expressions for L,(u)
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Haxoaunace sHeprus aedopmanuii (4) u pabo-
Ta BHEIIHEH Harpy3ku (6) C UCIOIb30BaHUEM
npeacTaBieHuil s nepememienuit  (3), ¢op-
Myn (8) mns mepBBIX BOCBMH YJICHOB JBOWHOTO
psAga. 3areM MONy4YeHHOE BbIpaxkeHue audde-
PEHIIMPOBANIOCH 10 KaXIIOMy W3 HEU3BECTHBIX
B

2m,2n+1

ko3 duruenros 4, U, COIJIACHO Me-

m,2n?>
tony Putna [8], nmpupaBHuBanock Hym 0. Pemenne
00pa3oBaHHOM CHCTEMBl JMHEHHBIX anreOpaunye-
CKUX ypaBHEHW M03BOJsIeT HaTh (yHKIuio ['pu-
Ha JUIS ONpEACICHUS] BEPTHKAIBHBIX IE€peMelie-
HUN BEpXHEU I'paHu MOJYIMOJOCH OT IEUCTBUS CO-
CPEIOTOUYEHHON CHIIBI B CIEYIOIIEM BUE:

P(1-v* —
V(x,h)z—M In| cth RM +
1923 2h
3 —
+ In| cth nM ~ T | 3+cosh M -
2h 512 2h
L Tc3 _3 + COShL_a) Sech3 M —_
512 2h 4h
R Y (€ S A R CE XA
512 2h 4h

+ e_ﬁ i i BZm,2n+1H2m (%j ‘

m=0 n=0
OtMernM, 49TO GopMyIasl Il Kodhdummen-

T0B 4,,,,, B UMEIOT TPOMO3JKHMK BUJ W B

2m,2n+1
CTaThe HE MPUBOASITCS.

Ha puc. 4 nokaszansl rpadukn nepemMenieHui
BEpXHEH IpaHW MOJYNOJIOCH MPH Pa3IMYHBIX IO-
JIOKEHUSIX BHEIIHeH cuibl 1 koddunuente [lyac-
COHa MaTepuaJa nomymnosocs! v = 0,167.

BBIBO/I

B pabote mpuBeneHO aHATUTHYECKOE BBIpaXke-
HUE Ui BEPTUKAJIBHBIX TEpPEMELICHUN BepXHel
IpaHd yNOPYroil MOJYIOJIOCEl C 3aKpEeIUICHHOH
HUKHEH TpaHblO OT ACUCTBUS BEPTUKAIBHOM CO-
CPEIOTOYEHHON CUIIbI, MPUIOKEHHON K BEpXHEU
rpaHd. BbIpaxeHne coIepXHUT 3JEMEHTapHbIC
(YHKUUHU ¥ MOXET OBITh MCIIOJIB30BAHO VIS pelle-
HUSI pa3HOOOPAa3HBIX KOHTAKTHBIX 33134 ATl YIIpy-
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roif moaymnoaockl. [10100HBINH MOAX0 MOXKET OBITH
WCIIONB30BaH JUISL OIpPEACNICHUS BEPTUKATBHBIX
MEPEMEIICHUN TOITYIIONOCH C WHBIMUA TPaHUYHBI-
MU yCIIOBUSIMH TI0 €€ HIDKHEH TpaHu.

o [
[\S]
(U8)
o~
wn
T =

Puc. 4. T'padukn BepTUKAIbHBIX IEPEMEIICHUIT BepXHel

TpaHy MOJIYTIONIOCH OT ICHCTBUS COCPEXOTOYECHHON CHIIBI

st a = 0,5h; a = h; a=2h npu kodddurrente [Tyaccona
MaTepuana noxymonocs 0,167

Fig. 4. Graphs of vertical displacements of the upper face
of the half-strip under the action of a concentrated force
for a = 0,5h; a = h; a = 2h for the Poisson’s ratio
of the half-strip material of 0.167
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Pedepat. PazpaGoTanbl aropuTMBl YHCICHHOTO PELICHHs AMHAMHYECKHUX 3a7a4 MoOAeNeil 30aHui ¢ CelCMOM30IMPYIOIIIM
MIOSICOM IIPU PACHOI0KEHUH IJIOCKOCTH CKOJIBXKEHUS Ha Pa3IMYHbIX YPOBHAX. ANFOPUTMBI YUUTHIBAIOT HEJIMHEHHOE IIOBEe-
HHE KOHCTPYKIMH, CBSI3aHHOE C NEPEeMEIICHUSIMU B 00JIaCTH CKOJIB3SILIETO CJIOs, U MO3BOJIIIOT IPOBOJNUTH MOJICIMPOBAaHHE
C YYETOM pa3iIMYHbIX IapaMeTpoB U30JsiLuu. PazpaboTaHa KOMIbIOTEpPHAs NPOrpaMMa, Pealn3yIolas IPeAIoKEHHbIC aro-
putMbl. OHa MO3BOJISIET PACCUNTHIBATH AMHAMHYIECKHH OTKIIUK 3aHUH MPH Pa3INYHBIX CEHCMUUECKUX BO3ACHCTBUAX, YIUThI-
Basi FTEOMETPUIECKHE 1 MEXaHHYECKHE XapaKTePUCTUKH KOHCTPYKIMH. B mporpaMMe peann3oBaHbl YUCIEHHBIE METObI HHTE-
IPUPOBAHUS YPaBHEHHH ABIXKEHMS, YTO 00ECHEeYMBACT TOYHOCTb M yCTOHYMBOCTb BhIYMCIeHHMIt. [IpoBeneHbI pacueTsl Mosie-
el 3MaHui ¢ ceficMOoM30NIALMEeN MPU pa3IUyYHbIX [apaMeTpax CHUCTEMbI, BKIIIOYAs BBICOTY PAaCHOJIOXKEHHs IUIOCKOCTU
CKOJBXKEHHSI, KECTKOCTh HAJ3eMHON YaCTH M XapaKTEPHCTHKU JeMIpupoBaHUA. [lodydeHbI pe3yibTaThl, ITOKA3hIBAIOIIHE
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Modeling of the System “Platform — Building Model”
with a Seismic Isolation Belt

D. N. Nizomov", I. K. Kalandarbekov?”, I. I. Kalandarbekov®

Dnstitute of Geology, Earthquake Engineering and Seismology of the National Academy of Sciences of Tajikistan
(Dushanbe, Republic of Tajikistan),

Y Academician M. S. Osimi Tajik Technical University (Dushanbe, Republic of Tajikistan),

Belarusian National Technical University — Tajik Technical University named after Academician M. S. Osimi
(Dushanbe, Republic of Tajikistan).

Abstract. Algorithms for the numerical solution of dynamic problems of building models with a seismic-isolating belts when
the sliding plane is located at different levels have been developed. The algorithms take into account the nonlinear behavior of
the structure associated with displacements in the area of the sliding layer, and allow for modeling taking into account various
insulation parameters. A computer program implementing the proposed algorithms has been developed. It allows to calculate
the dynamic response of buildings under various seismic effects, taking into account the geometrical and mechanical charac-
teristics of the structure. The program implements numerical methods for integrating equations of motion, which ensures the
accuracy and stability of calculations. Calculations of seismic-insulated building models with different system parameters,
including the height of the sliding plane location, stiffness of the above-ground part and damping characteristics, have been
carried out. The results showing the influence of these factors on the behavior of the structure under seismic loads have been
obtained. The analysis of the results showed that the location of the sliding plane has a significant effect on the dynamic re-
sponse of the building. In particular, the lower location of the sliding layer contributes to the reduction of accelerations trans-
mitted to the above-ground part, which leads to a decrease in internal forces and an increase in the overall seismic resistance
of the structure. The proposed algorithms and program can be used in the design of buildings with seismic insulation, as well
as in the assessment of their reliability under various seismic effects.

Keywords: building model, sliding belt, friction force, mathematical modelling, stiffness coefficient, sliding plane, damping
coefficient

For citation: Nizomov D. N., Kalandarbekov 1. K., Kalandarbekov I. I. (2025) Modeling of the System “Platform — Building
Model” with a Seismic Isolation Belt. Science and Technique. 24 (4), 297-306. https://doi.org/10.21122/2227-1031-2025-24-

4-297-306 (in Russian)

BBenenue

CelicMOHM30IMPYIOIIAE OMOPHBIE KOHCTPYKIIUU
CKOJIB3SIIIIETO THMA 3a CYET CHJI CyXOro TpPEHUs
00€ecTeunBalOT KECTKYI0 KMHEMAaTHYECKYIO CBA3b
COOPYKEHHS C KOJIEONMIOUIMMCS OCHOBAaHHEM JI0
TeX TOop, MOoKa CyMMapHas WHEpIMOHHAas cuja B
CHCTEME HE TPEBBICUT ONPEAEICHHOTO YPOBHS —
nopora cpabaThIBaHUs, BeTMYWHA KOTOPOTO 3aBU-
CUT OT KO3(duIHeHTa TpeHUs W KOHPUTyparuit
MMOBEPXHOCTEH CKONbKeHus pyHaamenTa [1-8].

Pa3paboTKoif ¥ HCCIeTOBaHUSIMU CEHCMOM30IS-
UM 3JaHU U coopyxeHuil 3anuManuch b. M. A6-
pamoB [9], A. M. Amnekcee [10], I'. A. JlxwuH-
ypenamBwin [11], O. A. CaBunos [12, 13] u mHo-
rue apyrue. Bompocsl celicMOU30ISINE ¢ PE3UHO-
METAJUTMYECKUMHU OTIOPaMH PacCMOTpPEHBI B paboTax
A. M. KypzanoBa, O. B. Mxpteuesa, /. H. Hu-
30MOBa U JIp.

IloBpIIeHnEe ceificMuYecKoi 0e30macHOCTH U
CHIDKEHHE 3aTpaT Ha aHTHCEHCMHYeCKHe Mepo-
MIPUATHS BO3MOXKHBI B CIlydae WHTEHCHBHOTO CO-
BEPLICHCTBOBAHUS METOJIOB, CIIOCOOOB U TEXHUYE-
CKUX CpEJICTB 3alUThI 3JaHU U COOPY>KEHHH OT
CEeMCMHYECKNX BO3JACHCTBHH W SBISIETCS Ba)KHOM
MpoOJIeMOM, pelIeHne KOTOpOH HWMeeT OOIBIIoe
HAYYHO-TIPAaKTHYECKOE 3HAYCHHE.

298

MOXHO OTMETHTh, HYTO HamOOJIee BaXHBIM
HamnpaBJICHHEM COBPEMEHHON HAayKu O CeHcMo-
CTOWKOM CTPOHUTEIHCTBE CTAaHOBHUTCS pa3paboTka
CITOCOOOB CEMCMO3AITUTHI M PACUCTHOMN OIEHKH UX
3¢ (EeKTUBHOCTA Ha OCHOBE Pa3IMYHBIX JUHAMH-
YECKUX MOJeNell CHUCTEM «COOPYXEHHE — H30JIs-
us — GyHJAMEHT — OCHOBaHME» C y49eTOM Xapak-
Tepa CEHCMHYECKOTO BO3JCHCTBUS B (opMe WH-
CTPYMEHTAJIbHBIX 3alUCEN 3eMIIETPACEHUH.

®opMuUpOBaHHME PACYETHON MOJeJIH

PaccmarpuBaeTcss MHOromaccoBas pacdeTHas
MOJENb 3IaHUsl C DJJIEMEHTaMH CyXOro TpEHHUS,
IZIe TUIOCKOCTh CKOJIBKEHUS! PACIIONIOKEHA MEXKIY
MaccaM™ m; U m,. Macca m, pacloyoKeHa Hemo-
CPEICTBEHHO HaJa CKOJIB3SmuM mosdcoMm. Ilpen-
MoJjlaraeTcsi, YTo MOJEeNb 3/aHusl B OOIIeM BU-
JIeé HCIBITBIBAET KUHEMAaTHYECKOE BO3MYILECHUE
B OIOPHOM 4acTH z,(¢) M NEHUCTBHE TOPHU3OHTAIIb-
HOI BUOpPAaLMOHHOM HAarpy3ku p(f), MPHI0KESHHOM
K Macce m;. Mexay MaccaMu m; | m; CyIECTBYET
CBSI3b B BHUJIE CHJ CyXOrO TPEHHUS NPH CMEIIECHUU
MAaccChl 71, OTHOCUTEIIBHO Macc m; B Ipejenax 3a-
3opa A; (puc. 1a).
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Puc. 1. Monens 31aH1S ¢ CEHCMOM30IUPYIOIINM MOSCOM (2) U CHJIa TPEHHS CKOIbKeHHUs (b)
Fig. 1. Model of a building with a seismic-isolating belt (a) and the sliding friction force (b)
B MomeHT BpeMeHH, KoT/ia aOCONIOTHAs BENH- Vo =2, — 25
YrMHa OTHOCHUTCJIBHOTO CMCIICHUS MNPU CKOJIbXKE-
HUU |z, — z, | CTAHOBUTCS O0JbIIE A;, HO IPU ITOM .. L vy, >0
sgn(z; —z)) =sgn(vy ) =9 0, vy =0;  (7)
0CTaeTCs MEHBIIE Ay, B pad0OTy BKIIIOYAIOTCS YIIPY- -1, v, <0;
9 2

rue geMideps! ¢ KOIGPUIUEHTOM KECTKOCTU ki, .

CrnenmoBarenibHO, TpPU  BBIOJIHEHHH — YCIIO-
BUU A, <|z, —z |<£A, B ypaBHCHUAX PaBHOBECHUS
Macc m; U m,, IOMHMO CHJ MHepuuHu F,, 3aTyXa-
Husa F., ynpyroctu Fy, TpeHus F,, BXOOUT CUia

ynpyroctu orpaHuuutens Fsp,. Wcxoas u3 ycio-
BUH JMHAMHUYECKOTO PAaBHOBECHS Macc mj W My
pH  CKOJMBXeHWH (puc. 1b) B COOTBETCTBUU C
npuHImnoM Jlanamoepa momyduM:

—Fp = Foy = Fg+ Fp + Fg + p(0)=0; (1)
—Fjy = Fey = Fgy = Fy = F5y, =0, ()
rne Fy=m(Z +%,); Foy=cz; Fg=rz; ()
Fy=my(Z, +2));  Foy =032y

Fgy =12y + 153233 “4)

F, =F, =Fpsgn(z, —z)); Fp=uN;
N=Mg, M=m,+my+..+m, 5)
Fyp = Fop = k(|2 =2 [ -A))sgn(z, —z) = ©)

= Fpsgn(z, — z,);
Fr=hky(z, =z [-A);
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Y — ko3 OUIMEHT TpeHHS CKONbKeHUs; N — cuia
pEaKIMy ONOPBL; ¢; — KOIPPUIMEHTHI 3aTyXaHUs;
Fr — cuna TpeHusa ckoibxkeHusd; M — cymMmapHas
Macca 37aHusi; V,, — pasHOCTh CKOPOCTEH JIBUIKE-

HUSI MacChl 1, U M.

Jlns ocTanpbHBIX CTETeHEeW CBOOOIBI ypaBHE-
HUS UHAMHYECKOTO PAaBHOBECHS 3allMCHIBAIOTCS
B BUJIC:

Fi3+ Fey+ Fgy =0; )

F[n+FCn+FSn:0‘ (9)

Brocsa (3)—(7) B (1), (2), (8) u (9), nomydaem
cucteMy nuddepeHInaTsHbIX yPaBHCHHH:

mZ + ¢z + 1y zp - Fpsgn(vy) —

. (10)
—Fysgn(zy)=-mZz,(¢) + p(1);
MyZy 4+ CyZy + FypZy + Fyyzy + Frosgn(vy) + (11)
+F, sgn(z,,) = —m,Z,(t);
mz, + ¢z, + Zrijzj =-m;(Z, +Z,),
=2
i=3,4,..,n (12)
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Vou =2y =2 21T Zp T2

Fp = kg, (| ) |—A1),
rae
HOBHOW CHCTEMBI METOJa NIEpEMEIICHUN NpU eau-
HUYHOM IE€PEMEIIEHHN CBS3H j; ¢; — KO3 DULUEHT

3aTyXaHHMs.
OueBUAHO, YTO NPU YCIOBUH |z, —z; |< A, pe-

— PpcaKuud, BO3HUKAOMas B i-i CBSI3U OC-

aKUuys yIOpyroro OrpaHUYUTENS PABHSETCS HYIIO
Fp, =0, a npu ycnoBuu |z, —z |=A, B pabory
BKJIIOYAIOTCS KECTKHE YNOPbI U JIBHKEHHE CHCTE-
MBI [IPEKPAILAETCS.

Ecnn  Monynb  OTHOCHTENBHOIO — CMELLECHHUS
|z,,|#0, TO CKOJIbKCHHE HAI3E€MHBIX KOHCTPYK-

I OTHOCHUTEIHHO (PYHIAMEHTa BO3MOXKHO B TOM
ciydae, KOrJa cymMMma CHJl, JeHCTBYIONIMX Ha Mac-
Cbl m,,m,,...,m,, OOIBIIE CHIbl TPEHHUS CKOIb-

no

skenus [1]:
| Fs | —Fp 2 Fj; (13)

Fy =F) + Fj + Frsgn(zy));

Fy =m0+ Ym [2,0+50]
=3

n
Frivan = my + zmj Zy(t+ Av);

=3
Fo=pu(my+my+...+m,)g,

rae F| — 3aJaHHOC MHUHHMAaJIbHOE 3HAUCHHE CHUIBI
HWHEPINH, TIPU KOTOPOH MPOUCXOAUT CKOJIBKCHHE
MACCHI 71, OTHOCUTEINIBHO M.

[Ipumensis MeTOJI MOCJEN0BATENHLHON anmpoK-
cumanmu 1o Bpemenu (Huzomos, 2000), roe ycko-
pEeHHE U CKOPOCTh B MOMEHT BPEMEHH f; Ompeje-
JSIOTCS 110 (hopMyJiam:

1

. al 0,2 . .
z, =T—2(Z,' _Zi—l)_TZi—l —03Z; (14)

Z :%(Zi =2i) =BaZiy = sz, (15)

u3 (10)~(12) momyumm cucrteMmy anreOpanvecKux
YPaBHEHUN:

”1*121 =mu, + vy + Fsgn(v,y,) +
+ Fpsgn(zy,) —mZy(¢) + p(2);
*
FyyZy +y3Z3 = Mylly + 0V, — Fipsgn(vy) —

— Fpsgn(z,,) —m,Z,(2);

300

*
I3pZy) + 13323 T 13424 = (16)

=mylty + C3vy —my (2 + Z,);

* .. ..
TiZy T2y +TysZs = My g +Cq Vg =y (Z) + 2,);

rn,n—IZn—l +rnnZn :mn 'un +Cn .vn _mn (ZO +22)’
. o B
_ Y Pr .
rjj—(mj > t+¢; +rjjj’ (17)
T T
o o
__1 2 - [T
Uy =—z,+—=2,+03Z; (18)
T T
B . .
vj—sz+Bzzj+[33rzj, (19)
j=L2,..,n
Ecimm mepememenus z,...,z, B JIEBOW 4YacTH

cucteMbl (16) COOTBETCTBYIOT MOMEHTY BpeMe-
HHU lj, TO U, V; — YCKOPEHHS U CKOPOCTb MACCHI /1;

COOTBETCTBYIOT MpPEBbIAYIIEMY MOMEHTY BpeMe-
HU ¢, —T. DTOMY K€ MOMEHTY BPEMEHH COOTBET-
CTBYIOT CHJIa TPEHUS U CHJIA YIPYTOCTH OTPaHUYU-
TeJs, BXOJAIIME B IPaBYI0 4acTh IEPBBIX IOBYX
ypaBHeHuit cuctemsl (16). Ilpu sTOM 3amaHHBIC
Gynkuuu Z, (1) u p(f) COOTBETCTBYIOT MOMEHTY
BPEMCHHU /.

B cnydae, xorjga cKonb3sias IOCKOCTh Pacro-
JIOKeHa Ha ypoBHE (DYHIAMEHTHOM IUIMTHI (puC. 2),
WIN €CIH NPEAINOIOXKHUTh, YTO KECTKOCTU CTOEK
BuOpomathopmer (puc. 1) crpemsarcs K Oecko-
HEYHOCTH, YpPaBHEHHE AMHAMHYECKOTO paBHOBE-
cus Macchl m, (puc. 2b) npeacTaBiseTcs B BUIE

—F) = Fey = Fg = Fy = Fyo + p()=0,  (20)
e Fy =m(Z,+%); Foy=cz; Fyy =12 + 2,3
Fy = Fpsgn(v);
Fgo1 =k (I 2 [—A))sgn(z)) = Fp sgn(z,);
Fp = uMg; 21
Frp=ko (|2 -4,
V| — CKOPOCTb JBHXKEHHSI MaCChI 71;.
Vpasuenne (20) ¢ yuetom (21) mpuoOpetaet
BUT
Mz + 2y + 1,2 + 1y 2y + Fpsgn(vy) +

(22)
+ Fpsgn(z)) =—-mZ,(¢) + p(2).
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Puc. 2. Mozenb 31aH1s CO CKONB3SIIIM IT0SICOM Ha YPOBHE (YHIAMEHTHO IUTHTHI

Fig. 2. Model of a building with a sliding belt at the level of the foundation slab

YpaBHEeHUSI IBUKEHUN OCTAIBHBIX MacC MOJe-
7, TIpEeACTaBIECHHOM Ha pHUC. 2a, 3alUCHIBAIOTCA
B 00I1IeM BHUJIC:

ijj-l‘Cij+I"j’j_le_l+l”~Z»+I"« '+lzj+1:

Lol (23)
=-m;(Z, +Z));
]:2’3’ ,]’l—l;

m,z, +c,z, +r,

n,

w1 Zpo Y1z, =—m, (Z) + Z)). (24)

nn—n

[oncrasus (14) u (15) B (22)—~(24), nmomydum
CHCTEMY YpaBHEHH, KOTOpas IMpeICTaBIsSIeTCS B
BUJIC:

”1*121 + Razy = myuy + vy — pvy — pzy —mZ, () + p(2);
pv, = Fpsgn(v)); pz, = Fysgn(z);

* . ..
312y F I Zy + P32y = Mylly + GV, =, (25 + Z));
* . .
TyZy + P32y + 1yy2y = Myl + C3vy —my (2, + Z)); (25)

* .. .
TyaZ3 +IgyZy + TysZs = Myly + v, —my(Zy + Z));

* . .
s ,n—lZn—l + rnnzn = mnun +cnvn - mn(ZO + Zl)‘

n

[To u3BECTHBIM 3HAYEHUSIM U, V, PV, PZ B MO-
MEHT BPEMEHH ¢, | =(n—1)T ¥ 3aJaHHBIM 3Haye-
HUSAM Z,, p B MOMEHT BPEMCHH {, = nt, U3 pelie-

Hayka
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HUS CUCTEMBI ypaBHEHUH (25) ompenemnsiorcs Bek-
TOp HepeMelIeHUuH, COOTBETCTBYIOIIMM MOMEHTY
BPEMEHHM f, =NT, 4 3aTEM I OTOrO K€ MOMEHTA

BpemeH:u 1o Qopmymam (14), (15) BeUHCHSIOTCS
CKOPOCTH Z WM YCKOPEHHH Z.

[Io HalieHHBIM 3HAYEHUSIM [EPEMEIICHUMN,
CKOpPOCTEH W yCKOPEHHU (OPMHUPYIOTCS BEKTOPHI
MIpaBOi 4aCTU C KOMIOHEHTAMHU U, V, PV, PZ, COOT-
BETCTBYIOIIUE MOMEHTY BpeMeHu ¢, =nt. [lanee
pellaeTcsi CUCTEMa YpPaBHEHUN U ONPEAENIAIOTCS
MEPEMEIICHNs, COOTBETCTBYIOIINE MOMEHTY Bpe-
MeHH ¢, =(n+1)T U T. I

VYpasuenusa (16) u (25) MOXHO TpPEICTaBUTH
B MaTpUYHOH (opme:

R'Z, =B,; (26)

R =R+ R;; R,=diag(x, x, K,);
K; zoclmj/r2+Blcj/t, (27)
B, =MU, , +CV,_ +F_ -MZ,, +P,; (28)
U =27, +27 vz, s (29)

R T
. B . .

Vi :TIZk—l B2y +1B3Zy (30)
Z,, =G 4): P,={p, p P G
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Fo=F,;  +FK,;

BekTopbl CcHIIBI TPEHUS-CKONBKEHUS IS MO-
Jlernel, moka3aHHbIX Ha puc. 1, 2, COOTBETCTBEHHO
3aITUCHIBAIOTCS B BUJC:

Fl,k—IZHQI{Sgn(VZI) —-sgn(vy) 0 0 .. O}Z,l;
(32)
F ., =n0,{-sgn(v) 0 0 0 0l . (33)

II€ V, =V, —V, — Pa3HOCTb CKOPOCTEH IBMKEHHS
Macc m, U m;, HaOpuMmep, eciu v, >0, To
sgn(v,,)=1. U3 (32) cnemyer, 4To Ha Macchl m,
W m; TIpH JPYTHUX DPaBHBIX YCIOBUSX [EHCTBY-
I0T pPaBHBIC CHJIBI, HO TMPOTHUBOIOJIOXKCHHBIC IO
Hanpasieruto. Cuna TpeHus B (33), COOTBETCTBY-
olasi MOJICNH, MPEACTABICHHON Ha pHC. 2, 3aBU-
CHUT TOJIKO OT CKOPOCTH JBW)KCHUS MacChl ni; OT-
HOCHUTEIIbHO OCHOBaHHS — v, . BeKTOpBI cuibl ympy-
roll peakuuud OrpaHUYUTENEeH g MoOAeNeH,
MIPEJICTABIICHHBIX Ha puc. | U 2, 3amuchIBarOTCS B
BUJIE:

Fy, =5 {sen(z,) —sgn(zy) 00 .0} ;5 (34)

K, = 10-{—sgn(zl) 0 00 O}T (35)

k-1
Fy=hky(lz, =2 [=4); Fo=ky(z -4,

rae 221 = 22 - Z1 — Pa3HOCTb OTHOCUTCIIBHBIX

MIEPEMEIIEHNN MacC my U m) U1 MOJENH 3/1aHus,
ycTaHOBJIEHHOW Ha BuOpomardopme (puc. 1), mpu
YCIOBHH |z, [SA}; F,, =0.

Cuna ympyroit peakuuu £, B (35) mozenn,
NpeACTaBICHHON Ha puC. 2, Takke OyAeT paBHATH-
ca Hymo, ecnu |z [<A,. CrnenoBaTensHO, B CIIy-
yae, KOTAa MOXYIHU zp3 U z; CTaHOBSTCS OoJblie
3aIaHHOM BEIMYMHBI Aj, B MPaBOil YaCTH CUCTEMBI
YPaBHEHUH MOSABIAETCS JOMOIHUTENBHAS CHIA.

BeKkTopbl OTHOCUTENBHBIX YCKOPEHUM U CKOPO-
CTe, MONY4YEeHHBIX MTyTEeM IOCJIEOBATENbHBIX all-
MIPOKCHUMAIIUH, IPEICTaBIAI0TCA B BUIE:

o (0.
U, =T—2‘(Zk —Z,{_I)JFTZZ,(_1 +o,Z, 5 (36)
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B o
VB2 -z )ep eBZ . o)

k=1, 2,3, .., K.

BexTop moMHBIX yCKOPEHUN OmpenesieTcsl Kak
CyMMa BEKTOPOB

W, =U, +IZ,, (38)

rae I — equHuyHBIl BekTOp-cTONOEL; Z,, — YCKO-

peHHe OCHOBaHHs, COOTBETCTBYIOIIEE MOMEHTY
BPEMEHH 1, .

BekTophI-cTONOLB MHEPLUUOHHBIX M YHPYTHX
CHJI, & TAaKXK€ M3TUOAOLINH MOMEHT U TOIepeyHast
CHJIa B OLIOPHOM YacTH MOJENH, COOTBETCTBYIOIUE
MOMEHTY BPEMEHH ?,, MOTYT OBITh IIPEACTABICHBI

TakK:
S, =MU,; Q,=RZ,; MO,k =XS,; Qo,k =eS;;
(39)

X=(x x x)$ e=1 1 .. 1),
rae X — BEeKTOP-CTPOKa KOOPAMHAT TOYEK MPHIIO-
JKEHHSI COCPEIOTOYCHHBIX Mace; € — CIUHHYHBIN
BEKTOP-CTPOKA.

Anroput™m (26)—(39) peanm3oBaH Ha pa3IU4-
HBIX IMPUMEpax II0 pacueTy MOJIENU 3IaHUN CO
CKOJIB3SIIINM ITOSICOM.

Ilpumep 1. ViccnenoBaHue CBOOOIHBIX KOJIe-
OaHuit cucreMbl «BHOpoIIaTPopMa — MOJIEINb 31a-
HUs». PaccMOTpUM cHCTEMY € YeTBIPbMS CTETICHS-
MU CBOOOJIBI ITPU OTCYTCTBHU CKOJIBXKEHUS (pHC. 3),

*
rac m; =m; COCTOUT U3 CYMMBbI JIBYX MACC — Mac-

CBI cTONIa BHOPOIUTAT(OPMBI U MAacChl KOHCTPYK-
IIUU OTOPHOM YaCTH MOJICIIH. DTH MacChl HAXOJIAT-
Cs B COCTOSTHUY «GaJMITaHus». BUOpocTor Maccoi
1,223 1¢*/M ommpaercs Ha HETHIPE CTOMKH BBICO-
toit by = 0,435 M, ceuenuem 10X5 cMm, MomyIb
ynpyroctu Matepuana E, =2,1-10" t/m°. Monens
(hparmMeHTa KapKacHOTO 3/IaHHs COCTOHMT W3 CETKU
konoHH d x 3d, tae d = 1,5 M, u cneqyronmx aaH-
HBIX: ceueHwe KojoHH 10x10 cMm; cedenmwe pure-
nert 10X5 cM; ToNIMHA ININTEL 4 ¢M; BBICOTA dTaXKeH
hy=h, =h, =0,75 M; MOIyJIb YIPYTOCTH MaTepHana

E, =0,5-10°1/M". Kod(hHIMEHT KeCTKOCTH CTO-
ex Bubpocrona k, =4-12E1 /i =0,13-10° 1/m.

KoapurmenTsl KECTKOCTH CTOGK MOICTH 37a-

Hayka
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uus k, =k, =k, =8-12E,1, / I} =0,95-10°. Cocpeno-
TOYCHHBIC MACChl UMCIOT CIICAYIOIINC 3HAYCHUSA: M =
=m, =1,256, my=m;=0,103, m, =0,096 1c*/m.
[Mapamerp 3aryxanusi mpunsat paBHbiM & =0,05.

[ITar mo BpeMenu mpuHAT paBHBIM T =0,002c.

zA a
€S o
h N R
goe |
H| hy ] = W "-
§ s | : 3d |b
h 2 ¢ B S
o ! '
R
: : >V
odo

Puc. 3. Cuctema «Bubporuiatgopma — MOJEIIb 3AaHHD)

Fig. 3. The “vibration platform — building model” system

Ha puc. 4 nmpuenensl rpaduku CBOOOTHBIX
Koje0aHnii CHCTEMBI OT IEHCTBHS MIHOBEHHOI'O

umnynbsca. Ilpu 3ToM mpennonaraercs, 4To BCeE
Macchl HcclelyeMoro o0BeKTa MpuoOpeTarT
OJIMHAKOBYI0 HA4YaJIbHYI0 CKOPOCTb, PaBHYIO
Vo; =...=Vyy =0,1 M/c. MOXHO 3aMETHUTh, UTO I'pa-

¢uk xonebanuss BUOpOIIaTHOpMBI UMEET MPOCTOH
3aTyXaroluil TapMOHUYECKUI XapakTep ¢ HepHo-
mom T'=0,063 c. Komebanus Mojenu, Harpwu-
Mep z4, MPOUCXOJAT CO 3HAYUTENBHO OOJbIIEH
aMIUTUTYI0OH W OCHOBHBIM TEPHOJIOM CBOOOHBIX
konebanmnit T =0,128 c. [To-Bugumomy, 310 00B-
SCHAETCA TeM, 4YTO paccMaTpuBaeMas CHCTEMa
COCTOUT W3 JKECTKOW M MAaCCHBHOM IUTAT(QOPMBI
¥ OTHOCHUTEJIFHO THOKOH MOJISITH.

Ha puc. 5 npencraBiensl rpadyKu U3MEHEHUS
YCKOPEHUI M CHJI MHEPLHH, TTOJyYSHHBIX OT JAeH-
CTBUSI MTHOBEHHOTO MMITyJIbca. BuaHO, 4TO yCKO-
peHHsI Macc m4 U M HE3HAUYUTEIbHO OTINYAIOTCS
IOpyr OT JApyra, HO CHJbl MHEPLMH B HUX 3HAYHU-
TEJILHO OTJIMYAIOTCSl.

Z,cM X4m, v
0.4 ‘ m =1,256 Tk =0,13-10° i : o
« > 4 T,
0,3 °'1228° my = 0,103 -k =0,95.10° : Vs
0,2~ : % m, = 0,103 ks =0,95-10° b _:ml‘ —> Vs
'/Zz m, =0,096 k =095.10° k Do -
0,14 ’ 47T 2 KLY Vo
Y _— >
WY [
0,17 \J B =0,435u
| \ T, = 0,063 ¢ Mepevemenns pace
—0,2+ OT JIeiicTBHS MIHOBEHHOIO hy =hy =h,=0,75m
Z. HMITYIBCA
03 l ) .
0 0,2 0,4 0,6 t,c 0,8

Puc. 4. CBoOoaHBIE KOJICOAHMS CHCTEMBI

Fig. 4. Free oscillations of the system

15 m, =1,256 ___k =0,13-10° Xim
e 2 . ' 04
Poae; US, “"/c m=0103 | k=09510 k| im,
10 A E— my=0103 "k 095100 T
5- / my =0,096 |k, =0,95-10° > Vi
0 A /M k, m;: 2:
- ‘ v
5 7> Z
UJS1  Cunel uHepiuu U ycKOpeHHUs h=0,435m
~10 3 OT JIeHCTBHUSL MTHOBEHHOI'O hy=hy=h,=0,75Mm
vyi : UMITyJIbCa
—15 PS1 . J |
0 0,2 0,4 0,6 t,e 08

Puc. 5. T'padukn u3MeHeHNs] yCKOPSHUH U CHJI MHEPLHU B CHCTEME

Fig. 5. Graphs of changes in accelerations and inertial forces in the system
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IlIpumep 2. ViccrepoBanue CBOOOIHBIX KoJie-
Oannii cucrteMsl «BHOpoIuTaThopMa — MOAETH 3/1a-
HUS» C YYETOM CKOJIBKEHHS MpPU HCXOAHBIX
JAHHBIX, pUBeAeHHBIX B npumepe 1. [Ipeamona-
raercsi, 4YTo IUIOCKOCTb CKOJIBKEHMs PacIOJIoXxKe-
Ha MEXIy MaccaMu m; U m,, tae m; =1,223;
m, =0,0331c’/M. B oToif Momemm Takke pac-
CMaTpHUBAIOTCSl JEWCTBUSI MIHOBEHHOTO HMITYJIb-
ca, B pe3yibTaTe KOTOPOTO BCE MAcChl MOJyda-
0T OJIMHAKOBYIO HayaJbHYI0 CKOpPOCTb, paB-
Hy!0 Vv, =0,1 M/c, HE3aBUCHMO OT BEJIMYUH COCpe-
JIOTO4YeHHBIX Macc. Ha puc. 6 npuBeneHs! rpaduku
CBOOOJHBIX KOJICOaHUH CUCTEMBI, TIOITY4YEHHBIX OT
HavaJbLHOH CKOpPOCTHU HPpH Pa3IMYHBIX 3HAYCHUAX
Macchl 1aT@opMel. Pe3ynpTaTel mogydyeHbl NpHU
ko3 ¢urmente tpenus | = 0,1 u napamerpe 3aryxa-
Hus £ =0,05. Kpussie 1, 2, 3 momy4eHs! mpu Macce

miatdopmsr m; =1,223 tc*/M, a KpuBble 4, 5, 6 —
npu m, =0,1223 t¢*/M. 3nech BUJIHO, YTO IIAT-

(dopma (kpuBbie 1 u 4) KoneONeTCS MPAKTHYECKU
TaKkKe, Kak B nepBoii mojenu (mpumep 1). Uro ka-
caercsi KojaeOaHHusl MOJEIH, TO OHA IepeMeIaeTcs
BIIPAaBO Ha BENUUYMHY Ooyiee 6 MM, a 3aTe€M COBEp-
maet KojeOaTelbHbIe MBMKEHHS C TaKOH ke da-
CTOTOM, KaK 1 Tuatdopma.

Ha puc. 7 mnokazansl TpaQuKe H3MEHEHHUs
YCKOPEHUM MAaccChl mj, M, U Ms CUCTEMBI, IOJy-
YEHHBIE OT 33JJaHHOM HadaJbHOHW CKOPOCTH, I/e
BeC TIATQOPMEI 0,=12T AHanornyHsle pe3yiib-

Tatel moiy4densl u mpu O, =12t (puc. 8). Cpas-

HEHUE TI0Ka3bIBa€T, YTO YMEHBIIEHHE MAacChl
1aThOpPMBI IPUBOJNUT K 3HAYUTEILHOMY H3MCEHE-
HUIO YCKOPEHUH MIaT(hOopMBbl 1 MOJEIH.

X Ay

Z, CM 1-2z(1),2-2(2),3-2(5), Q,=121 > Vos
1,0 4-2(1),5-2(2),6-2(5, 0, = 121 Lm,
3 > Vi,
0,8 ~ 12~ | | x i
> 4 L my
0.6 '\ m =1,223 |k =0,13-10° o —> Vo3
5 6 m, =0,033 |k, =0 oim|
0,4 ) 3 i
> / m, =0,103 |k, =0,95-10 .
0.2 m, =0,103 |k, =0,95- 10374,”WWJM,—»
1 m, = 0,096 k =0,95-10° /4 =0,435m
0 ‘4, o \JA . — hz -0
—02 hy=h,=h;,=0,75m
70 0,1 0,2 03 04 e 05
Puc. 6. I'padukn n3MeHEHNS ITepeMeICHUH
Fig. 6. Graphs of changes in displacements
U, m/c?
25
20 r
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Puc. 7. T'padyky yCKOpPEHHIA U CHII HHEPLUH

Fig. 7. Acceleration and inertial force graphs
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U, m/c?
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Puc. 8. I'padukn ycKOpeHUI ¥ CHIT HHEPIUN

Fig. 8. Acceleration and inertial force graphs
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AHAJIN3 re0JIOTHYeCKUX U THAPOreoJIOri4eCKuX yCJa0Buid
NPHU NPOBEJeHUN PEKOHCTPYKINH HAOEPEe:KHOM
HMixkeBCKOro BOAOXpPAHUIMIIA

) )

JlOKT. 3KOH. HayK, npod. B. II. l“paxon1 ,acm. M. A. Kucasikos' s

KaH/. TeXH. HAaYK, Aol. A. A. Kuciasikos

YdenepanbHoe rocynapcTBeHHOE GFOKETHOE 06Pa30BaTEILHOE YUPEKIECHHE BBICIIEr0 0OPa30BaHUs
«xeBckuil rocy1apcTBEHHbIN TexHuueckuil yausepcureT umenu M. T. Kanamnukosay
(xeBck, Poccuiickas @eneparius)

Pedepat. [lanHast cTaThst MOCBSIICHA OCOOCHHOCTSM T'EOJOTHYECKUX U THIPOTEOIOTHIECKUX YCIOBHH MpU pa3paboTke mpo-
eKTa PEeKOHCTPYKIUH HabepexHol IDkeBckoro BomoxpaHwanma. MccnenoBanue mpoBefeHO Ha JieBoOepexkbe MikeBckoro
Bojoxpanmwmima (Habepexxnas 3omuero [lynuHa), B rpaHuIax HaOepeXHON OT JIECTHUYHOTO CXOAa MOHyMeHTa «J[pyx0a
HapoioB» JI0 ycThs pedku ITogbopeHKr M 4acTHYHO NMPHUMBIKAIONIETO K HEH KOPEHHOTO CKIJIOHA A0 YIHIBI MUITHIHOHHON
¢ nepeynkoM IIupokuii. OTCHIIaHHBIN y4acTOK HaOepeKHOH mupuHOil 10 30 M paHee SBISIICSA YaCThIO aKBATOPUH BOJOXpa-
Hunuima. dopmuposanue Tepputopuu nposoguiock B 20102011 rr. nperMyiecTBEHHO ITyTE€M OTCBINKH [IECYaHbIX TPYHTOB
BbICOTOM 110 5,0 M 1 Oosiee, IpU 3TOM OT BOJOXPAHMIJIMIIA YIaCTOK OTAEJICH IIITYHTOBOM cTeHKOH. [loBepxHOCTH HOBOI Habe-
PEXHON POBHASsI M MPAKTUIECKH IUIOCKAsl, ¢ HE3HAYMTEIBHBIM YKIOHOM B CTOPOHY BoAOXpaHMIMINa. I'maporeonormdaeckue
YCIIOBHS JaHHOW TEPPUTOPHH XapaKTEPH3YIOTCsl HAIMINEM TPYHTOBBIX BOJ, BEIIBIICHHBIX B IIpe/esiaX HaIIIOWMEHHOH Teppa-
CHl M Yy MOJHOXHS KOPEHHOTO CKJIOHA JONWHBI peku VDbk. Boxabl BBIXOAAT Ha MOBEPXHOCTh B BHJE MHOXKECTBA MOYAXKHH
U HUCXOJSIIIMX POJHUKOB y MOJHOXMS CKIOHA. B mpenenax mccnemayeMoro ydqacTtka 4eThIpe MECTa KOHLIEHTPAIMU BBIXOJ0B
BOJIBI 000pyIOBaHEI KanTakeM. B Xofe mccieoBaHns MPpOBEAEH AETadbHBIN aHaMnM3 (U3HKO-MEXaHNYECKUX CBOMCTB TPYH-
TOB M KOPPO3HOHHOI aKTHBHOCTH TPYHTOBBIX BOJX K OCHOBHBIM CTPOUTENBHBIM MaTepuayiaM. Pe3ynbTaToM HCCIIeTOBaHHS
SIBJISIETCSL OL[CHKA TeOJIOTMYECKUX U THUIPOTeOJIOTMYECKUX YCIOBHH IO CTPYKTYpE 3aJleTaHus [€OJIOTHYECKHUX CIIOEB TPYHTAa,
(U3NKO-MEXaHUUECKIM CBOHCTBAM IPYHTOB, INIyOMHAM M XapaKTepe 3aJleraHus TPYHTOBBIX BOJ, UX KOPPO3HOHHOI aKTHBHO-
ctr. [IpemnoskeHsl MEpONpUATHS 10 COXPAHEHHIO M YKPEIUIEHHIO CKJIOHOB, OTBOAY I'PYHTOBBEIX BOJ| C TEPPHTOPUH CKJIOHOB
1 HaOepeIKHO NPH NPOBEJICHUH PAOOT IO PEKOHCTPYKIIUH.

KnroueBble c10Ba: peKOHCTPYKLUS 34aHHH, T€0JOT0-IUTOJIOTHUECKOE CTPOCHHS Y4acTKa, T'MAPOTeOoNOrHYecKUe yCIOBUS,
(I3UKO-MEXaHIMIECKUE CBOMCTBA IPYHTOB, KOPPO3HOHHAS aKTHBHOCTH CPEIbl K OCHOBHBIM CTPOHUTEIBHBIM MaTepHaiaM, Moj-
3eMHbIE BOABI, POAHUKH, MOYaXXHHEI, APEHaXKHAS! CHCTEMA, KallTa)KHbIE KOJIOIIE

Jas nutupoBanus: ['paxos, B. II. AHanu3 reosornyeckux ¥ TUAPOr€OJIOTHYECKUX YCIOBUM NPH MPOBEACHUH PEKOHCTPYK-
unn HabepexxHo# MoxeBckoro Bomoxpanmiunia / B. I1. I'paxos, M. A. Kucmnsaxos, A. A. Kucnsikos / Hayka u mexuuxa. 2025.
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Analysis of Geological and Hydrogeological Conditions
during the Reconstruction of the Embankment of the Izhevsk Reservoir
V. P. Grakhov", M. A. Kislyakov", A. A. Kislyakov

YKalashnikov Izhevsk State Technical University (Izhevsk, Russian Federation)

Abstract. This article is devoted to the peculiarities of geological and hydrogeological conditions during the development of
the Izhevsk Reservoir embankment reconstruction project. The study was carried out on the left bank of the Izhevsk Reservoir
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(Embankment of architect Dudin), within the boundaries of the embankment from the stairway of the ‘Friendship of Peoples’
monument to the mouth of the Podborenka River and the partially adjacent root slope to Militsionnaya Street with
Shirokiy Lane. The filled-in section of the embankment with a width of up to 30 m was previously part of the water area of
the reservoir. The area was formed in 2010-2011, mainly by dumping sandy soils up to 5.0 m thick and more, with a sheet
pile wall separating the area from the reservoir. The surface of the new embankment is smooth and practically flat, with
a slight slope towards the reservoir. The hydrogeological conditions of the area are characterized by the presence of ground-
water, identified within the overflow terrace and at the foot of the bedrock slope of the Izh River valley. The water comes to
the surface in the form of numerous cesspools and downward-flowing springs at the foot of the slope. Within the study area,
four locations of water outlet concentrations are equipped with captage. In the course of the study, a detailed analysis of phy-
sical and mechanical properties of soils and corrosivity of groundwater to the basic construction materials was carried out.
The result of the study is an assessment of geological and hydrogeological conditions in terms of the structure of occurrence
of geological soil layers, physical and mechanical properties of soils, depths and nature of groundwater occurrence, their cor-
rosivity. Measures to preserve and strengthen the slopes, groundwater drainage from the territory of slopes and embankment
during reconstruction works are proposed.

Keywords: reconstruction of buildings, geological and lithological structure of the site, hydrogeological conditions, physical
and mechanical properties of soils. corrosivity of the environment to the main building materials
For citation: Grakhov V. P., Kislyakov M. A., Kislyakov A. A. (2025) Analysis of Geological and Hydrogeological Condi-

tions during the Reconstruction of the Embankment of the Izhevsk Reservoir. Science and Technique. 24 (4), 307-316.
https://doi.org/10.21122/2227-1031-2025-24-4-307-316 (in Russian)

BBenenue

Y4acToK TPOEKTHPYEMOrO0  CTPOHTEIHCTBA
Haxoautcss B OKTAOphCKOM paiioHe T. MkeBcka,
Ha JieBoOepekbe VDKEBCKOTO BOJOXpaHUIHINA
(Habepexxnas 3omuero ynuHa), B rpaHHIlaX Ha-
OCepeXHOM OT JIECTHUYHOTO CXOJa MOHYMEHTa
«Jlpyx0a HapoaoB» 10 ycThs peuku [logdopeHkn
U YaCTUYHO NPUMBIKAIOMIET0 K HEW KOPEHHOTO
CKJIOHa JI0 yJHIBI MUJIMIIMOHHON C MepeyiIKoM
[upoxwuii [1].

Teppuropusi TPOSKTUPYEMOTO CTPOHUTEIHCTBA
XapaKTepU3yeTcsl JIOCTaTOYHO XOpOUIeH WHXKe-
HEPHO-T€OJIOTUUECKOW H3yYEHHOCThIO, paHee
3/1eCh, HEMTOCPEACTBEHHO B IMpeaeax Hcciemye-
MOU TUIOIIAJKKA M Ha MpHUJIEralpllell Teppuro-
pUH, HUMEIOMEH OOIIyI0 TeOMOP(OIOTHISCKYIO
MIPUBS3KY U aHAJIOTHYHBIE HHXCHEPHO-T€0I0rHYe-
CKHE YCJIOBUS, BBHITIONHSIINCH HM3BICKAHUS B TIE-
puoa 1967-2011 rr. u3bicKaTeILCKUMHU TOpa3fe-
JIEHUSMU TIPOEKTHOTO HHCTHUTYTa «YIMYPTIpax-
JAHTIPOCKT.

B reomopdonoruueckoM OTHOIICHWU HCCIIe-
JlyeMBIil yJaCTOK PacIoJIOXKeH Ha JIEBOOEepeKHOM
KOPEHHOM CKJIOHE M aJUTIOBHAJIbHON HAIANONMEH-
HOHM Teppace pomuHbBl p. Wx [2]. OTchmaHHBINA
y4acTOK HaOepeKHOW BIOJIb OeperoBoid JHMHUU
mupuHON 10 30 M paHee IMpeCcTaBIsI aKBATOPHIO
BojoxpaHmnuiia. OTCHINKa MPOU3BOUIACE B Te-
geauu 2010-2011 rr. mpeuMyIiecTBEHHO Iecya-
HBIMH TPYHTaMH MOIITHOCTEIO 110 5,0 M u Goiree, OT
BOJOXPAHUWIIKIIA OHA OTICOPOXKEHA IIIMTYHTOBOMU
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cteHkod. [loBepXHOCTh HOBOW HaOEepe HOW POB-
Has, MPaKTHYECKH IUIOCKasi, ¢ OoOIMM He3Hauu-
TEJIbHBIM YKJIOHOM B CTOPOHY BOJOXPAaHHJIMILA,
a0CONIOTHBIE OTMETKU MOBEPXHOCTH COCTaBIISIFOT
100,8-100,9 m.

[ToBepXHOCTh KOPEHHOTO CKJIOHa UMEET HaBa-
JIBI HACHIITHBIX TPYHTOB, MECTaMHU Cpe€3aHa, Ha OT-
JEeNbHBIX Y4YacTKax TeppacUpoBaHa CTapbIMU
¢poHTaNbHEIMU OTION3HIMHU. [louTH Ha BceM mpo-
TSDKEHUU B TIOJHOKUU KOPEHHOTO CKJIOHA UMEHOT-
Cs BBIXOJBI MOJ3EMHBIX BOJ B BHJE MOYaKUH
1 HUCXOJSIIUX POIHUKOB. TeppuTOpus CKIOHA B
OCHOBHOM CBOOOJIHAa OT 3aCTPOMKH, 32 HUCKIIOYe-
HHMEM yyacTka B paiione nep. lllupoxuit, KoTopbii
3aHAT 1-2-3Ta)XHOU AepeBSIHHOW ycaneOHOW 3a-
CTPOUKOHM C XO035HCTBEHHO-OBITOBBIMH TTOCTPOH-
KamH, calaMy 1 oropogami [3].

Ha nepuon mnpoBeneHus MONEBBIX WHMKEHEP-
HBIX W3bICKaHuil (HOsIOpb 2011 T.) CKIIOH B LeJIOM
HaxXOAWJICS B YCTOWYMBOM COCTOSIHMH, IPOSIBIIE-
HUH aKTHBHU3AINH OTOJI3HEN He HaOIromaeTcs.

CKJIOH TTOBCEMECTHO 3apOC KIIEHOM, TOMOJISIMHU
U MEJIKMM KYCTapHHUKOM, KOTOpBIE CBOEH KOpHE-
BOM CHUCTEMOH CYIECTBEHHO 3alllMIIAIOT MOBEPX-
HOCTb OT pa3BUTHUSL COBPEMEHHBIX 3PO3HUOHHBIX
MPOLIECCOB.

[lo pesymprataM pEeKOTHOCIIPOBOYHOTO 00-
cnenoBanus tepputopun B 2017 r., mpousoren-
IUX W3MEHEHMH penbeda, TUAPOreosornye-
CKHX YCJIOBUA M TEXHOTEHHBIX BO3JEUCTBHU CO
BpeMeHH mocnenHux usbickanuii 2011 r. He ot-
MedJaeTcs.
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Ha ocHoBe aHanmm3a MPOCTPAHCTBEHHOH u3-
MEHYHMBOCTH YaCTHBIX 3HAYEHHUH TOKa3aTenei (u-
3UKO-MEXaHUYECKUX CBOWCTB TPYHTOB, OIpeEe-
JICHHBIX JIA0OPATOPHBEIMH METOIAMH, C YUYETOM
UHGOPMAITMH O TEOJOTHYSCKOM CTPOCHHUU U JTUTO-
JIOTHYECKOM COCTaBE MICCIEAyEMOT0 pa3pesa ObLTH
BBIICNICHBI CJCAYIOIIUME WHXKEHEPHO-T€OJIOTHYC-
ckue dnemMeHTsl (UI'):

Ne la — HachIlHBIE TPYHTHI, TIPECTaBICHHBIC
neckamu, tQ;

Ne 1 — HachImHBIE TPYHTHI, MpPEJCTaBICHHBIC
CyTJIMHKaMH, (Q;

Ne 2 — ammoBuanbHbIe TIecKU a(;

Ne 3 — ammrOBHANIbHBIC CYTJIMHKH MSTKOILIA-
ctuaHble a(;

Ne 4 — ammroBMaNbHBIC CYTJIMHKH TEKy4Yerlia-
cTuuHble aQ;

Ne 5 — nemoBHaNbHbBIE TIECKU dQ;

No 6 — cpeaHenIepMCKIE TIIMHEI DTIOBUAPOBaH-
HBIC eP»;

No 7 — cpenHenepMcKye TIIMHBI IIIOTHBIE Ps;

No 8 — cpemHenepMcKre TIeCKH P,.

[Mupporeonoruueckue yclIOBUS HCCIETyEMOM
TEPPUTOPHH XapaKTEPHU3YIOTCS pPa3BUTHEM TPYH-
TOBBIX BOJI, BCKPBITHIX B MpeesiaX HaAIOHMEHHON
TEeppachkl W TMOJHOXHUSI KOPEHHOTO CKJIOHA JIOJH-
HBI peku k.

YpoBeHbr HUX 1O pe3yJbTaTaM HW3BICKAHHHA
(ocerp—3muma 2011 1., ocenr 2008 r., oceHp—3UMAa
2007 r.) uamenserca B mpeneiax 0,0-4,9 m ot
THEBHON TOBEPXHOCTH, YTO COOTBETCTBYET a0CO-
JIIOTHBIM oTMeTKaM 98,9—104,5 M.

Bonbl UMEIOT BBIXONBI HAa JHEBHYIO TOBEpX-
HOCTh B BHJIE MHOTOYHCIICHHBIX MOYa)KUH M HHC-
XONAIINX POJHUKOB B TIOMHOXKHH KOPEHHOTO
CcKkIoHa. B mpenemax uccriemyemMoil TeppUTOPUU
KOHIICHTPUPOBAHHBIC BBIXOJBI B YETHIPEX MECTax
00yCTPOCHBI KalTaKEeM.

B paiioHe ceBepHOM 4acTU B IOJHOXHUHU KO-
PEHHOTO CKJIOHA Y TIIOBOPOTa MPOE3KEH YacTh
yi. HaGepexHo# pOMCXOMUT BBIXO[] TTOJI3EMHBIX
BOJ B BUje HHUcxonsmero poxauka (Ne 1). Hyme-
panusi pOJHUKOB Ha HCCIEIyeMON TEepPUTOPUN
MpHUBEAeHa C ceBepa Ha ror. POIHUK KanTHUpOBaH
JKEJIe300€TOHHBIM OTPAKICHHEM W MeTalInde-
ckoit TpyOoit nuamerpom 50 mm. Pacxon BojbI, 3a-
MEpEHHBIN Ha Teproi u3bickanuii (HosOps 2011 1.)
00beMHBIM criocoboM, coctaBua 0,3 1/c, Boxa
CcTeKkaeT B OCTOHHBIN JIOTOK. PsSgoM ¢ pomaHHKOM,
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C BOCTOYHOH CTOPOHBI CO CKJIOHA IO TaJbBery
CITa0OBBIPAKEHHON B penbede JOMUHBI, CTeKaeT
pyueit. lllupuna moroka Bomsl 0,30 M, rinyOu-
Ha 0,05 M, ckopocts Teuenus 0,20 m/c, mHO Tec-
4aHoe.

B 30 M Bmomp mpoe3xeit gactu yi. Habepex-
HOH K rOry oT pojgHuka Ne 1 HaxXOIUTCS BBIXOJ
MOJ3€MHBIX BOJ| B BUJE pojaHuka Ne 2. PomHuk
KalTHPOBaH JKEJNe30-0ETOHHBIM OTPaXKICHHEM U
MeTalnueckoit Tpy6oii auamerpom 30 mm. Pac-
XOJl BOJBI, 3aMEPEHHBI OOBEMHBIM CIIOCOOOM,
coctasun 0.4 n/c.

B oropone mo mep. lllumpoxuit, n. 4, Takxke
B TaJbBere IMOJOTOW JIONUHBI HUMEIOTCS BBIXO-
IIBI TIOJI3EMHBIX BOJI B BUJE HUCXOZSIIETO POIHH-
ka Ne 3 u MovakuH. PoJTHUK KanTHPOBaH KEJIe30-
OCTOHHBIM OTpPaXKICHUEM W HMMECT BOJOCJIMB II0
MeTalaeckoil Tpyoe. Pacxonm Bompl, 3aMepeH-
HBIH B 3TOT MepHo] OOBEMHBIM CIOCOOOM, CO-
crasister 0,18 n/c.

W3 cnuBa, 000pyaoBaHHOTO Ha poaHHUKEe Ne 3,
BBITEKaeT pyueid mupuraoi 0,5 M, riryounoi 0,1 M,
TEYEeT B FO)KHOM HAIpPABICHHUH, JaJice YXOJUT B
crtampHy0 TpyOy JI 600 u cTekaeT B aKBaTOPHIO
BOJIOXPaHIITHUIIA.

B 30 M x ceBepo-BOCTOKY OT 3maHus Kade
«Kopabmuk» y mpoesxeit yactu yin. HaGepexxnoit
HAXOJUTCS KOHIICHTPUPOBAHHBIN BBIXOJ MOI3EM-
HBIX BOJA B BHJIE HUCXOAAImETo pomHmka Ne 4.
PonHuk kanTupoBaH KeJIE300€TOHHBIM OTpak-
JIEHUEM M METAUIMYecko TpyOoil muaMerpom
50 mm. Pacxom BOnbI, 3aMEpeHHBIN OOBEMHBIM
crrocobom, cocrasun 0.6 j1/c.

Y4acTok MOJHOXHS CKIIOHA B paiioHEe HCCIe-
JIOBAaHUI XapaKTEepPU3yeTCs] MaNIOACOUTHBEIMU BBI-
XO0JIaMH TTO/I3EMHBIX BOJI B BUJIC MOYaXKHH.

B mepuom akTUBHOTO BECCHHETO CHETOTasi-
HUS pacxXxojabl B POAHHUKAX YBEIMYUBAIOTCS II0Y-
TH B 22,5 pasza.

T'eosornueckoe crpoenue

B reonoro-autonoruyeckoM CTPOCHHH IPH-
HUMAIOT YYaCcTUE TEXHOTCHHBIC TPYHTHI (HACHII-
HBle 1()), amOBHANBHEIE (a()) W NEMIOBHATLHBIC
(dQ) otnoxeHUS YETBEPTUYHOTO BO3pacTa, MO/I-
ctwraemple Ha Tiyomae 0,5-14,1 M mopona-
MH YpKYMCKOTO sipyca cpeaned mnepmu (P,,).
Ha kpyThIX ydYacTkax CKJIOHA, IPHIICTAIOIINX
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K TEppUTOpUU MOHYMeHTa «Jlpyx0a HapomaoB»,
CPEIOHENEPMCKHE OTJIOXKEHUSI BBIXOIAT HA IIHEB-
HYIO TIOBEPXHOCTH [4].

TexHorennsle rpyHTHl (#(J)) TpeACTaBICHBI
NPaKTUYECKH ITOBCEMECTHO B MpejesiaXx Habepex-
HOH U NpUJIETaOIIEN YaCTH CKIIOHA.

ITo BpemeHnu u crocoOy OTCBHIIKM OHU pasje-
JISIOTCSL Ha TUIAHOMEPHO BO3BEACHHYIO HACHINb U
CBaJIKH TPYHTOB U OTXOJIOB ITPOU3BOJCTB.

IlepBbie TPYHTBI, IPUBE3EHHBIE C Kapbepa, OT-
CBIMIAHbI C YIUIOTHEHHEM IPH NpPOBEACHUU padoT
M0 pacIIUPEeHHI0 HaOepeHON B CTOPOHY aKBaTO-
puu B teueHue 2010-2011 rr. JJas OTCHIIKU HC-
[10JIb30BaHbl B OCHOBHOM IIE€CKHM NEPMCKOI'0 BO3-
pacra. [lo uBeTy mecku 3eneHOBaTO-OyphIe, KO-
pUYHEBBIE, IO TPaHYJIOMETPHUUYECKOMY COCTaBYy
Pa3HO3EPHUCTBIE, OT MBUIEBATBIX JO CpeAHel
KpynHOCTH. HaxoasTcst OHM B OCHOBHOM B BOJIO-
HACBHIILIEHHOM COCTOSIHUM, COZIEpKaT THe3/1a Kpac-
HO-OypbIX TiMH. ['pyHTHI cnexaBmmecs. Mou-
HOCTh uX cocTtasisier 3,0-5,3 M.

I'pyHTBI BTOpOH Pa3sHOBUAHOCTH, CIlararoliye
OTCBINIKY TNpeKHEeH HaOepeHOH M 3acTPOCHHOU
YacTH HCCIENyeMOHW TEPPUTOPHUH, NPENCTABICHBI
TaKKe€ HEOAHOPOIHO NEPEeMELIAHHBIMH MEXIy
co0OH CYITMHKaMH, Pa3sHO3EPHUCTBIMH MECKaMu
CO CTPOUTENHHBIM U OBITOBBIM MycOpOM (00J0M-
KU KHpIu4el, OyIbDKHUKA, eOHs, IuTaka u ap.).
[lo BpeMeHM caMOYIUIOTHEHUS XapaKTepU3YIOTCS
Kak ciexapmmecs (6omee 30 met). Bcekpritas
MOIITHOCTE UX cocTasigeT ot 0,3 1o 2,4 m.

HacwimHple TpyHTBI, TpeICTaBICHHBIE IIpe-
UMYIIECTBEHHO II€CKaMM, CJIAralolIMMU  TEJo
pacmupeHHo HaOepexxHoW, BbimeneHsl B UI'D
Ne la, a HacbImHBIE TPYHTHI, MpPEACTABICHHBIE
MIPEUMYIIECTBEHHO CYTIMHKaMH (TpexHss Hale-
pesxHas), Beiienersl B M1I'D Ne 1.

AnmroBuanehbeie (a()) OTIOXEHHUS, BCKPBITHIC
BJIOJIb OEperoBoil JINHWU BOJOXPAHIIIUINA Y TOJ-
HOXMWs KOPEHHOTO CKJIOHA, CIAararT HaAllOWMeEH-
HyI0 Teppacy peku k. OHu 3aneraror Hemocpen-
CTBEHHO Ha IOBEPXHOCTU CPEAHENEPMCKHUX OTJIO-
JKEHHUH, MpEICTaBIE€Hbl NMECKaMHU U CYTJIIMHKAMU.
Bes Tomma aymumroBHANBHBIX OTJIOKEHHH MOJHO-
CTbIO OOBOJIHEHA.

Ileckn KoOpUYHEBBIE, CEPOBATO-KOPUYHEBBIE,
cepble, MbUIEBAaThble M MENKHE, HAChIIEHHbIE BO-
JIO¥, B KPOBJIE CJIOS CpeIHEH IIOTHOCTH, C TITyOH-
HOW Oojee mMIOTHBIE. BckphiTas MOLIHOCTB cCoO-
crasisgeT ot 0,7 1o 7,5 M u Goutee.
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AnmroBuanbHble eCKU BbiaeneHsl B MTD Ne 2.

CyrimuHKM KOpPHYHEBBIE, CEpble M CepoBaToO-
KOPHYHEBBIC, IO COCTOSHHUIO TIPEUMYIIECTBECH-
HO TEKYYCIUIACTHYHBIC, PEKE MATKOIUIACTHYHBIC,
C OTHENBHBIMH TPOCIOWKAMU TYTOILIACTHYHBIX
pa3HOCTEH B TOJONIBE CYTJIUHKOB WIIH TICCKOB.
[To uMciay MIACTUYHOCTH CYTJIMHKA B OCHOBHOM
JIETKWe, TeCYaHNUCThIe, WHOTAA TPOCIOUKAMHU TS-
JKENble C TPUMEChI0 OpPraHUYECKUX BEIIECTB.
CyrIMHKH TIepecilanBarOTCs € OIHOBO3PACTHEI-
MH TIeCKaMHM HWJIM 3aJIeraloT B TOJIIIE ITECKOB.
Bcxkpritas momrHocTh cyrmuakoB ot 0,4 10 9,2 M
u boree.

AJTIOBHANIBHBIE CYTIIUHKH MATKOTUIACTHYHBIC
BBIJICTICHBI B HHXCHEPHO-TEOJIOTHYSCKUI IIEMEHT
Ne 3 BckpbITO# MOTTHOCTBIO ctost 0,6—3,0 M.

AJTIOBHANTBHBIE  CYTJIMHKH — TEKy4erlIacTH-
HBIC, B OCHOBHOM JICTKHE, TICCUaHUCTHIC, BBIICIIC-
Hbl HHXXCHEPHO-T€OJIOTUYCCKHI 3meMeHT No 4,
MOITHOCTE ciost 0,4-9,2 M.

Jemopuanbabie (d(Q) OTIOXKEHUS 3aJIeTaloT Ha
CKJIOHE W B €T0 IOJHOXKHH B BHIEC MAJIOMOIIHOTO
yexJjia Ha MOBEPXHOCTU CPEIHENEPMCKHX OTIIOXKE-
Huil. OHU BCKPBITHI OJ HACBITHBIMUA TPYHTAMHU
¢ rryounst 0,5 M. B muTomornaeckoM OTHOIIEHUH
OTJIOKEHHSI ITPEJICTABICHBI IECKaMHU.

Ileckn cBeTO-Oypeie, MO TpaHyJIOMETpUUe-
CKOMY COCTaBY MEIIKHE, CpEIHEH ITUIOTHOCTH, Ma-
JOM  CTENMEeHW BOAOHACHIIICHHS, TJIMHHUCTEIC.
MOoIITHOCTE ECKOB cocTaBiseT 1,7 M.

JemoBuanabHbIe TIecKH BhIAeIeHbI B 1T Ne 5.

Cpennenepmckue (eP,, P,) OTIOXeHUs 3aie-
raroT MO/ BBIIIEOMUCAHHBIMH HACHITHBIMHM, aJlII0-
BHAJILHBIMU U JIETIOBHALHBEIMH 00pa30BaHUSIMH,
JUTOJIOTHMYECKH TIPEJICTABICHBl TIMHAMH W TIeC-
KaMu.

I'muHBl KpacHOIBETHBIC, B KPOBJIC TOJIIH
CJI0€M BCKPBITOM MolIHOCTHIO OT 0,3 10 2,9 M He-
OJHOPOJHO BBIBETpENbIC, JSIIOBUUPOBAHHEIE,
OT TYTOILIACTHYHBIX O TBEPIBIX, HUKE TBEPIbIC
u Oonee 1oTHBIC. [ JTMHBI M3BECTKOBEIC, aJICB-
PUTHCTBIC, C MPOCIOSIMHU TOJyOOBATO-CEPBIX
aJeBPUTOB, HA OTIEIBHBIX YYacTKaX C PEIKUM
mebHeM W ApecBOW HM3BECTHSIKOB. BckpwiTas
MOIITHOCTh TJIMH cocTaBuia oT 0,3 mo 7,4 ™
u Oonee.

DNMIOBUUPOBaHHBIC TIWHBI BhICIeHb B U
Ne 6, utoTHBIE TIIHHBI BIIeTeHb B UT'D Ne 7.

Ileckn 3eMeHOBATO-KOPUYHEBEIE, CEpPOBATO-
3€JIeHble, MO TPAHCOCTaBY pPAa3HO3EPHUCTHIE, OT
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MBIJICBATBIX W MEJIKUX 10 CpPEAHEW KPYITHOCTH,
B OCHOBHOM CpEIHEW CTENeHH BOJOHACKHIIIECHUS
Y HACBHIIICHHBIC BOJIOM, c1a00CIIEeMEHTUPOBAHHBIE.
[Tecku 3ayieraroT B TOJIIIE TJIUH B BUJIC JIUH30BUI-
HBIX CIIOEB. BCKpBITass MOIIHOCTh WX COCTaBIIS-
er 2,6-5,3 M u Oonee.

Cpennenepmckue niecku BeieneHsl B UTD Ne 8.

YcaoBus 3aJeTaHds JINTOJIOTO-TCHETHUECKHX
BUJIOB U Pa3HOBHIHOCTEH TPYHTOB IPHBEICHBI Ha
WH)KEHEPHO-TEOJIOTHIECKOM paspese (puc. 1).

[lo cremeHn BOIONPOHHUIIAEMOCTH, COTIACHO
1. B.7 'OCT 25100-2011 [5], rpyater LT3 Ne 1a,
2, 5, 8 — HaCHITHBIC TPYHTHI IMECYaHBIC, YETBEP-
TUYHbIE U cpeanenepMckue necku (Ky = 1,2, 0,9,
1,5 m/cyT.), sBisiroTcst Bogonponunaempivu, UMD
Ne 1, 4, 6 u 7 — HachIHBIE TPYHTHl TJIMHUCTHIE,
YETBEPTUYHBIC CYIJIMHKA W CPEIHETIEPMCKUE
TJIMHBL, OTHOCSTCS K CJIa0OBOJONPOHUIIAEMBIM
(Ky=0,18,0,1, 0,14 u 0,02 m/cyT.).

DU3MKO-MEXaHUYECKUE XapaKTCPUCTUKU TPYH-
TOB MPUBEACHHI B Ta0II. 1.

Ilo crenenn MOpO3HOM MYyYHHHUCTOCTH, CO-
rmacHo 1. 2.137 IMocobus xk CHull 2.02.01.83 [6],
rpyHTel MI'D Ne la HacwimHble mecuansie u Ne 2
MIECKH OTHOCSTCS K CpPeOHENMyYHHUCTHIM, Ne 5
MECKH — K CIab0MyYnHUCTHIM, COMIacHO 1. 6.8.3,
6.8.8 CII 22-13330-2011 «OcHOoBaHusA 31aHUH U

COOPY’KEHU» TIIMHUCTBIE TPYHTHI B 3aBUCUMOCTH
ot mapamerpa Rf otHocarcs: UI'D Ne 1, 3, 4 — k
cuibHOyYuHUCTBIM, UI'D Ne 6 — k cpenHemnyuu-
HuCTEIM, UT'D Ne 7 1 8 — K TIpakTHYEeCKH HEIydIH-
HUCTBIM.

HopmarusHas rimyOnHa npoMep3aHus TPYHTOB,
10 JAaHHBIM TEIJIOTEXHUYECKUX PacdyeTOB COIJIAC-
HO m. 5.5.3 CII 22.13330.2011 «OcHoBanus 3na-
HUHI U COOPY)KEHUI», IPH CYMME CpPEAHEMECSUHBIX
OTpULIATENBHBIX TeMmeparyp 3a 3umy Mt = 46.6
(r. Mxesck, mo CII 131.13330.2012 «CrpouTtens-
Hasl KJIMMaTOJIOTHDY) PaBHA ISl TIIMHUCTHIX TPYH-
TOB — 1,57 M, 17T IECKOB MBIIECBATHIX U MEIKHX —
1,91 M, s eckoB cpemHel KpYyIMHOCTH W TpaBe-
JTUCTHIX — 2,05 M.

I'naporeosioruyeckue ycJioBus

l'unporeonoruyeckue ycioBHsl HCCIEAyeMOU
TEPPUTOPUH XaPAKTEPHU3YIOTCSl Pa3BUTHEM TPYyH-
TOBBIX BOJI, BCKPBITBIX B Ipeeax HaAONMEHHON
Teppacsl M MOJHOXKHUSA KOPEHHOTO CKIIOHA JOJTHUHBI
peku Ix.

YpoBeHb WX Ha TEPUOJ HACTOSIIUX H3BICKA-
Hu#t (3uma 2017 1.) U npeapaymux (OCeHb—3uMa
2011 1. [7] m3mensiercs B npenenax 0,0-3,2 M ot
JTHEBHOW TIOBEPXHOCTH, YTO COOTBETCTBYIOT a0CO-
JIOTHBIM oTMeTKaM 98,9—-105,1 m.
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Puc. 1. XapakTepHblil HH)XEHEPHO-IeOJIOTHYECKUN pa3pe3 CKIOHA OT OCHOBaHUS A0 yJl. MIWINIIMOHHON

Fig. 1. Characteristic engineering-geological section of the slope from the base to Militsionnaya Street
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Tabauya 1
Du3HK0-MeXaHHYeCKHe XapaAKTePUCTUKH TPYHTOB
Physical and mechanical characteristics of soils
s g gy [ oo [Formmmen S v [ 5
o S = = 3 > > - S
Ne 5 2 3 ;‘3 S & E r/oM rpaj. k[la Aepop S5 E o
M | 2= 0| E2 |25 MalluH, gt 55
o
S 5 E =8 | S5¢ 0,85 0,95 0,85 0,95 0,85 0,95 MIla S EES
la tQ 0,63 1,90 1,88 41 37 8 5 1,20
1,92 1,90
1 tQ 0,74 1.08 2.00 0,18
1,95 1,92
2 aQ 0,63 2,01 2.04 29 27 5 4 10 0,90
1.88 1.84
3 aQ 0,57 0,75 200 2.04 13 12 12 10 6 0,10
4 aQ 0,79 0,88 i gg %% 13 12 9 8 4 0,10
5 dQ 0,68 1,76 1,73 29 28 4 2 11 1,50
6 eP, 0,24 0,70 % %‘% 18 14 52 41 18 0,14
7 P, 0,21 0,49 %‘% %‘% 28 27 90 83 24 0,02
8 P, 0,65 1,88 1,86 30 28 7 6 22 1,5

Boapr mMeroT BBIXOIBI Ha THEBHYIO MOBEpX-
HOCTh B BHJIC MHOTOYHUCJICHHBIX MOYaXUH U HUC-
XOIIINX POJHUKOB B IIOJHOKHU KOPEHHOTO
ckloHa. B mpenenax wuccriemyemoil TeppUTOpUU
KOHIIEHTPUPOBAHHBIE BBIXOZBI B YETHIPEX MECTax
00yCTpPOCHBI KanTaxeM. Brilie 1Mo yKkiIoHy KOpeH-
HOTO CKJIOHa CKBOXKHHAMHU TIIYOMHOW 10 3—6 M
(mo yn. MWIMIIMOHHOHM) TPYHTOBBIE BOJBI HE
BCKPBITHI.

BopoBmemaromumu nopogamMyd B Mpenesiax
BCKPBITOTO pa3pe3a CIy)KaT MPEeUMYIIECTBEHHO
YETBEPTUUHBIC AJLTIOBHAILHBIC TIECKU U CYTJIMHKH,
a TaKKe CpPeTHETIePMCKUE TMTECKH U DITIOBUNPOBAH-

WHKeHepHO-reonormyeckunin paspes no anuum -l

HbIE TJIMHBI, BOJOYIIOPOM B OCHOBHOM CIIyXaT
IUIOTHBIE CpPEIHENEpPMCKUE TIHHBL. [pyHTOBBIC
BOABI PA3HOBO3PACTHBIX OTIIOKEHHH CBOOOIHO
cooOMIaloTCsl ApYyr € JAPYroM, AelNpecCHOHHAs
KpHWBas X YPOBHS, IJIAaBHO M3TU0ASICh, IEPEXOIUT
W3 OJHHUX OTJIOXKEeHUH B Apyrue. Boxer Ge3Hamop-
HbIE, TUTaHUE TTPOUCXOINT 33 CUET aTMOC(EPHBIX
ocankoB [8]. OOmiee HampaBICHUE JBHKESHUS
TPYHTOBOIr'O MOTOKA MNPOUCXOAUT B IOr0-3alaHOM
HaIpaBJIeHUH, B CTOPOHY BOAOXPAHMINIIA.

XapakTep U3MEHEHUs] YPOBHS T'PYHTOBBIX BOJ
OT OCHOBAHHS CKJIOHA [0 LIIIYHTOBOI'O OIpaxe-
HUs HaOepeKHOH MpUBEICH Ha puc. 2.

Macwrtab: rop. 1:200
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Puc. 2. XapaKTep HU3MCEHCHHS YPOBHS 'PYHTOBBIX BOJ] OT OCHOBAHUS CKJIOHA A0 MIITYHTOBOI'O OIrpaKACHU Ha6epe)KH0171

Fig. 2. Character of groundwater level change from the base of the slope to the sheet piling embankment fence
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Jng mepexBara u 0TBOA TPYHTOBBIX BOJ MPO-
€KTOM DPEKOHCTPYKLUUHU MpelyCMaTpUBACTCS Ipe-
HaXHasi CeTb C YCTPOMCTBOM KaNTaXHBIX KOJIOA-
LEB B MecTax BbIXoAa Mouaxud. [Ipumep npe-
Ha)KHOH ceTu MOoKa3aH Ha puc. 3.

/

Puc. 3. TlpumMep ApeHAKHOM CETH [T IIepexBaTa
U OTBOJIa PYHTOBBIX BOJL

Fig. 3. Example of a drainage network for interception
and drainage of groundwater

KOHCTpYKTHBHOE pEIIeHHE KaNTaXHOTO KO-
JIOMIIIa TIPEICTaBICHO HA pUC. 4.

Hoprum
TY 21-29-81-81

Bodonpuemieie
ambepcmua & = 30 me
5 wm.

T'pabui 020-28mm
rocT 5z67-93*

Mpofud a5-Tum
rocT s267-93°

HDCHHKQ KDHHHUBEFIHUEH’IMH
neckar [OCT G736-201%

3ocunka cpedHeIeprUCMEIM

neckomM ¢ Kda=bmogm
Mo e s b/ o

[pafud o5 -Trm
rocT &267-93*

nubucmel zpusm
nAomHo ympomdabasHel

e

Jnst tpeHupoBaHus IPyHTOBOW BOJABI B KOJIO-
IieT] ycTpanBaeTcs nepdoparus O6ETOHHON CTEHKH,
MIPOCBEPIIMBAIOTCS OTBEpCTUs AuameTpoM 30 MM
c marom 150 Ha 150 mm (puc. 5).

['pyHTOBBIE BOABI MO MUHEpPAIU3AIMH Tpec-
veie (0,70 mr/m). [lo aHMOHHOMY cCOCTaBy OHH
XJIOPUIHO-TUAPOKAPOOHATHBIE, IO KAaTHOHHOMY
COCTaBy KaJlbLIMEBBIE M HATPUEBO-KAIBLHUEBBIC,
OYEHB )KECTKHUE, KUCIIbIC ¥ HEHUTpaIbHEIE.

Koppo3noHHast arpeccuBHOCTb BOJ II0 OTHO-
LICHUIO K CBHHLIOBOI 000JI0uKe Kabemsl OlleHUBa-
eTcs Kak HM3Kas, K aJIOMHHHUEBOH 00OJIOUKe Ka-
0ens — kak Boicokast (mo 'OCT 9.602-2005).

Ilo orHOmEeHuro k OeroHy HopMambHOU (W4)
MIPOHUIIAEMOCTH BO/IbI poAHUKOB Ne 1 u 4 obmana-
10T C1a00i CTENEHBIO YIIIEKUCIOTHON arpecCHBHO-
ctu (o CI128.13330.2012 «3ammra CTpOUTEIBHBIX
KOHCTPYKIIMHA OT KOppo3um»). Bce Bomwl cpemHe-
arpecCcUBHBI K METAJTIMYECKIM KOHCTPYKLIHUSIM.

Hn:xeHepHO-Te0JI0rHYECKHE MPOLECcChH

K xapcroBoMy paifoHy TeppUTOpHUS HCCIENO-
BaHUs HE OTHOCHTCA. DU3MKO-T€0IOTHYECKUE
MpoIecchl Ha HCCICAyeMOW TEpPUTOPHH Ipen-
CTaBJIEHbl BOJHO-CKJIOHOBBIMH M BOJHO-TPaBHTAa-
LIMOHHBIMH TTPOLIECCAMH.

—
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hParxednos mpulin
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Puc. 4. YcTpoiicTBO KanTaXHOT0 KOJIOALA: a — IUiaH; b — pa3pe3 (OKOHYaHUE pUC. cM. Ha cTp. 314)

Fig. 4. Construction of a drip well: a — Plan of the drip well; b — Sectional view (end of figure see on page 314)
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Puc. 5. BogonpueMHble OTBEPCTHS B CTEHKE KalTaKHOIO KOJIOALA

Fig. 5. Water inlet openings in the wall of the drip well

IlepBble CBsi3aHBI C NPOSIBICHHEM ILIOCKOCT-
HOTO CMBIBa pa3pylICHHEM IOBEPXHOCTH CKIIO-
Ha MEJIKHMHU CTPYSMHM JOXKJIEBBIX M TalbIX BOI.
B pesynbrare Ha ckIOHaX 00pa3yrOTCsl PHITBUHBI
Y TIPOMOUHBI, a Y MOAHOXHA — aKKyMYJISITUBHBIE
IUICH(BI OSTIOBUATBHBIX OTIIOKESHUH [9].

Bropsie xapakTepusyroTcs cMelleHHeM TpyH-
TOB IO CKJIOHY IIPH €r0 yBIAXXKHEHWH. B HacTod-
miee BpeMsl MPOSBISIFOTCS JIMIIb B 0Opa3oBaHUM
CIUIBIBOB HE3HAYUTENBHBIX CMELIEHHM, 3aXBaThl-
BAIOIIHUX TOJBKO CaMblil MOBEPXHOCTHBIM MOKPOB
Ha r1yOuHy He Oonee 1 M.

JlanHbIe Tporiecchl HE UMEIOT aKTHBHOTO pa3-
BUTHS, UX TPOSIBIIEHUS HE3HAUUTEIbHBI U OTMEYE-
HBI JIMIIb Ha KPYTOM KOPEHHOM CKJIOHE. DTOMY
B JOCTaTOYHOH Mepe CHOCOOCTBYeT JpeBec-
Has paCTUTEIBHOCTb, MEXAHUYECKH 3aKperisis
CBOEH KOPHEBOW CUCTEMON MOBEPXHOCTH CKIIO-

314

Ha OT pa3MbIBa U CMBIBA JOKJIEBBIMH H TalbIMU
BojgaMu. BripyOka [epeBbeB M KyCTapHHUKOB
B COBOKYMHOCTH C MPOTEKAIOIIUMU MpoIeccaMu
OOBOIHEHHS TPYHTOB 30HBI ad’paliil MOXKET
MPUBECTH K HAPYIICHUIO TPABUTALIMOHHOTO PaB-
HOBECHSI W MOTEpe YCTOWYHMBOCTH TPYyHTOBOTO
maccuBa [10]. Kpome Toro, mpu 3ToM 0XHUIAET-
Csl pa3BUTHE JIMHEWMHOW 3PO3UM CKJIOHA IOXJe-
BBIMU U TaJIbIMH BOJAaMH.

ITo xpuTepusM THIIM3ANUW TIO MOATOILIIEMO-
CTH UCCIIeyeMasi TEPPUTOPHUSI pa3ACIAETCS HaA JBa
y4acTKa, MPUYpPOUYSHHBIX K Pa3IUIHBIM TE€OMOpP-
¢donornyeckum popmam penbeda:

a) yJacToK HaOepeXHOW B mpejierax HaJIon-
MEHHOH Teppachkl U MOJHOXKHS CKIOHA OTHOCHTCA
K paiioHy IMOJATOIUICHHBIX B €CTECTBEHHBIX YCIIO-
BHSIX (TIOCTOSTHHO TIOITOTUICHHEIX, I-A-1 cormacHo
npuinoxenuto U CII 11-105-97, gacts II) [11].
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OCHOBHBIM HCTOYHHMKOM IIOATOIIJICHUS Ha-
OepexHoil M>keBCKOro BOJOXpaHUIIUIIA CIYKAT
HOJA3EMHBIE BOABI, IPCHUPYIOLIUECS CO CTOPO-
HbI KOPEHHOT'0 CKJIOHA B €T0 MOJHOXHUH, B YCIIO-
BUAX IOJAIOPA UX IOA3EMHOIO CTOKAa OT HOBOH
MOJMOPHONW CTeHKH HabepexHod. B manHOM
ClIy4yae peKOMEHAYETCS CO3JaHue TOPU30HTAIb-
HOTO JpeHa)ka, BKJIIOYAIOIIEr0 TOJIOBHOW Jpe-
HaX MO0 JUHUU HOJHOXHS KOPEHHOI'O CKIJIOHA
u OeperoBoil JpeHa)k y MOAMOPHOW CTEHKHU.
Kpome Toro, B MecTtax MHTEHCHBHOI'O BBIXOJa
MOA3EMHBIX BOJ (POJHUKH, MOYAXUHBI) JJIS UX
OTBOJa PEKOMEHAYIOTCS JIMHEWHbIE JPEHBI-
BpEe3bl OT T'OJIOBHOTO ApeHa)xa B CTOPOHY CKJIO-
Ha (B CTOPOHY BBIXOOB);

0) yyacTOK CKJIOHA BJIIOJIb €ro OpOBKHU 3amaj-
Hee Y. MUIMIMOHHON OTHOCUTCS K HEHOATOILIS-
€MBIM B CHJIy €CTECTBEHHBIX MPUYMH (E€CTECTBEH-
HBIA npeHax), [1I-A-1, moaromneHue 31ech OTCYT-
CTBYET U HE POTHO3UPYETCs B Oy IyIIeM.

OpHako B NEpUOIbl BECEHHEI'O CHErOTAsHUS
Y CUJIBHBIX JIMBHEBBIX U OCCHHUX HPOJOJDKUTEIb-
HBIX JOXJAEW BEpXHAsS YacThb CKJIOHA MOXXET HH-
TEHCUBHO OOBOJHSATHCS BOJAMU BEPXOBOJKH,
0COOCHHO HA YYacTKax C HACBHIMTHBIMH TPYHTaMHU
(3acpimKa TpaHIICH MOA3EMHBIX WH)XEHEPHBIX
KOMMYHMKALUH, BBIPABHUBAHUE CKJIOHA IIPU €rO
OnmaroycTpoicTBE IpyHTamH, 0e3 HaleXHOro HX
3akperuieHus). OOBOIHEHUE HECIekKABIINXCS (HE-
YKPEIUIEHHBIX) HACBHIMHBIX TPYHTOB MPH OTTauBa-
HUM MOXET MPHUBECTH K HMX CIOJ3aHUIO HA OT-
JENbHBIX HACBHIMHBIX Y4YacTKax CKJIOHA. Takxe
TpeOyeTcs 3alluTa CKJIOHA OT pa3MbIBa PEryIHpPO-
BaHHEM IIOBEPXHOCTHOT'O CTOKA.

[IposiBneHre MOPO3HOrO Iy4YEHUs] TPYHTOB CBS-
3aHO C CE30HHBIM IPOMEpP3aHHEM U OTTaUBaHHEM
rpyHroB. HopmaruBHas miiyOMHa TmpoMep3aHus
IPYHTOB, MO JaHHBIM TEIJIOTEXHUYECKHX PacyeTOB
cormacHo 1. 5.5.3 CII 22.13330.2011 «OcHoBanust
30aHUKA U COOPY>KEHHUI», TIPH CyMME CpeAaHEeMecsd-
HBIX OTPUIATENIBHBIX TEMIIEpaTyp 3a 3uMy Mt = 46,6
(r. Wxesck, mo CII 131.13330.2012 «CtpouTtens-
Hasg KJIMMAaTOJIOTHS») paBHA: S TJIMHHUCTBIX
rpyHTOB — 1,57 M, AJisl IECKOB MbLIEBAThIX U MEJI-
kux — 1.91 M, nns meckoB cpenHel KpyHMHOCTH
U IpaBenucThix — 2.05 M.

Hayka
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BbIBO/IbI

1. IIpakTudeckn Ha BCEM MPOTSHKCHUU B TOJI-
HOKHH KOPEHHOTO CKJIOHA UMEIOTCS BBIXOJBI MO/I-
3eMHBIX BOJX B BHUAEC MOYQXHH W HHUCXOIAIINX
POJHUKOB.

2. HaceinHble TpyHTHI, cllaraminie HaOepex-
Hy10, 0OBO/THEHBI. Y POBEHb IPYHTOBBIX BOJ] H3MeE-
HAETCS OT IOBEPXHOCTH Y IMOJHOXKHUS CKIOHOB
JI0 OTMETKH YpOBHsI MKEBCKOTO BOJOXPaHUIHUIIA
y MIMYHTOBOTO OTPaKACHUS HAOEPEKHOM.

3. PexkoMeHayeTcsl MpenyCMOTPETh CO3/IaHue
TOPU3OHTAIHHOTO JpPEHaXka, BKIIOYAIOIIErO TO-
JIOBHOH JApEHaX IO JIMHUW TTOJHOXKHUS KOPEHHOTO
CKJIOHA U OEperoBoil JIpeHax y MOAIOPHON CTEH-
k. Kpome Toro, B MecTax MHTEHCHUBHOTO BBIXOJ1a
MOJI3EMHBIX BOX (POJHUKH, MOYQXXKMHBI) I WX
OTBOJIa PEKOMEHIYIOTCS JIMHEHHBIC NPEHBI-BPE3bl
OT TOJIOBHOTO JIpEHa)ka B CTOPOHY CKJIOHA (B CTO-
POHY BBIXOJIOB).

4. T'pyHTOBBIII MacCUB Ha CKJIOHE HAXOAMTCS
B OTHOCUTEIHHOM paBHOBecHH. I[IposiBieHus ak-
THUBU3ALUM OIIOJI3HEH He HaOMromaercs. Y CToilun-
BOMY COCTOSTHUIO CIIOCOOCTBYIOT KOPHH JICPEBBHCB
1 KyCTapHHUKOB.

5. Ilpu mpoBeaernn paboT MO TUTAHUPOBKE OT-
KOCOB, I MCKJIFOUEHHUS OOBOJHECHHS TPYHTOB
30HBl a’pallil W Pa3BUTUA JIMHEHHON 3po3uu
CKJIOHA JTOKJEBBIMU W TAllLIMH BOJIaMH, PEKOMEH-
JIyeTcs MPeayCMOTPETh YKPEIICHUE CKIOHOB I'eo-
CEeTKaMH B COYETAaHWH C YKJIAJKOW PYJIOHHBIX Ta-
30HOB U NIOCAJIKOW pacTUTENbHOCTH [12].

6. TpeOyeTcs mpoBeneHUE MEPONPUATUH 10
HaJIe)KHOW MHKEHEPHOM 3alllMTe ydacTKa B BepX-
HEH YacTH CKJIOHA OT BOJ BEPXOBOKH, a TAKXKE IT0
pPEryJIUpPOBAHUIO TTOBEPXHOCTHOTO CTOKA. YUHTHI-
Basi, YTO 371eCh OyAyT pactpoCTpaHEeHBI WA o0pa-
30BaHbl HEYCTOHYMBEHIE HACHIIHBIE TPYHTHI (3a-
CBIIIKA TPAHIICH IMOJ3EMHBIX WHXCHEPHBIX KOM-
MyHHKAIMi, BbIpaBHUBAHHEC CKJIOHA IIPH €ro
OaroycTporcTBe TpyHTaMH 0e3 HaIe)KHOTO WX
3aKpEIUICHUs), OOBOJHCHHE MOXET MPUBECTH K
Pa3KIKEHUIO TPYHTOB, K CHIKEHHIO MX (PHU3HKO-
MEXaHHYEeCKUX CBOMCTB M, KaK CIIEJICTBHE, K CIIOJ-
3aHUIO TPYHTOBOI'O MacCHBa BHU3 IO CKJIOHY.
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MogaeaupoBanue TPAHCHOPTHBIX MOTOKOB IPH IMOMOILIM HEHPOHHBIX ceTel

Kanauagarsl TexH. HayK, AoueHThI B. B. MopoaoBI), E. M. Unkumes”

DTromenckuii upycTpuansHeii yausepeutet (Tromens, Poccniickas deneparus)

Pedepat. O0BEKTOM HCCIETOBAHUS SBISETCS IPOLECC JIBIKCHHS TPAHCIOPTHBIX TOTOKOB Ha TOPOJICKOH YJINYHO-TOPOKHON
CeTH Meramnojinca. B cBsi3u ¢ Bo3pacTaromeil ypOaHu3aIyeil yBeININBAIOTCS M HETaTUBHEIE €€ ITOCIIEACTBHS, B UHCIIE KOTO-
PBIX — CHIDKCHHE CKOPOCTH COOOLIEHUS BIUIOTH 0 00pa3oBaHus 3aTOpoB. Llens paboTer — pa3paboTka MaTeMaTHYECKOTO arl-
napara Ajs YIpaBJICHUS HAarpy>KCHHbIMH TPAHCIIOPTHBIMU IIOTOKaMH Ha YJIMYHO-ZOPOKHOH CETH TOPOJOB IPH ITOMOLIM
HEHpOHHBIX ceTeil. Pe3ysbTaThl HCCIEOBAHUS HAPABICHBI HA PElICHHE NPoOieMbl (HOPMHUPOBAHMS TPAHCIIOPTHBIX 3aTOPOB
B ropojax, ocOOGHHO B KpynHeWImmx. Meromonorudeckas 0aza HCCIICJOBAaHMS BKJIIOYACT B ceOs CHCTEMHBIH IOIXOZ,
CHCTEMHBIH aHaJM3, CHHTE3, TEOPHU TPAHCIOPTHBIX ITOTOKOB, CUCTEM, AMHAMHYECKUX CHCTEM, CIOXKHBIX CHCTEM M Xaoca.
IeneBoii yHKIMel Hccnen0BaHUs ONpe/ie/ieHa MAKCUMU3anysl KHHETHYECKOH SHepriy TPaHCIOPTHOTO MOToKa. B xadecTBe
ONITHMH3AI[IOHHOTO KPUTEPUsI NPEATIOKEHO HCIOJIB30BaTh MEPY Xaoca IOPOXKHOTO IBHMKEHHS — SHTPOIHUIO TPAHCIIOPTHBIX
oTOKOB. I10 pe3ynbraraM MCCIEIOBaHHsS MOJTy4YeHa MaTeMaTHuecKas MOJCTb M3MEHEHMS KHHETHYECKOH SHEPrHU TpPaHC-
MOPTHOTO TIOTOKA II0J] BIMSHUEM OTHOCHUTENILHOM DHTPONHMH 3aHATOCTH I10JOC JOPOXXHBIM IBI)KCHHEM HA PETyJIMPYEMBIX
nepekpecTkax. [ MOHHUTOPUHIa TPAHCHOPTHBIX IIOTOKOB HPEJIOKEHO HCHOJIb30BaTh yJIWYHbIE (JIOPOXKHbBIE) KaMepbl BHU-
neoHabmoaeHus. s aToro pa3paboTaHbl MaTEMAaTHYECKUE MOJEIH, HO3BOJISIOIINE U3MEPSATh 3aHATOCTb MOJIOC JIBHKEHUEM
Ha KOHKPETHBIX PETYJINPYEMbIX IIePEeCeYEeHHsIX OCPEICTBOM 00pabOTKH BHIEOM300paKeHNsT HEHPOHHBIMH CETSMH B PEXUME
peansHOro BpeMeHu. [l MoATBep)KACHHS pa3pab0TaHHOIO MaTEeMaTHYECKOTO almapara MpoBOISTCS COOTBETCTBYIOIIUE IKC-
TIepHMEHTaIbHbIE NCCIIEOBaHUs. B maHHON cTaThe MpenCcTaBICHBI TEKYIIUE Pe3yIbTaThl IKCIEPHMEHTA, KOTOPBIE MOATBEp-
KIAI0T NpeJyiaracMble aBTOPAaMH MaTeMaTHYeCKue MozeaH. I1omydeHHble pe3ysbTaThl HCCIECA0BAHUS CIIPABEIMBBI TOJIBKO
C y4eToM cobmroieHnss 0003HaYeHHBIX OTpaHMYCHUI U TpeOOBaHU K TpaHCTIOPTHOMY MOTOKY. C OTHOH CTOpPOHBI, 3TO 3HAYH-
TEJBHO CYXaeT BO3MOXKHOCTb IIPUMEHEHNUS PE3yJIbTaTOB Ha IIPAKTHKE, C APYroil — MO3BOJISAET MOBBICUTH TOYHOCTb U YUCTOTY
9KCIEPUMEHTAIbHbIX UCCIICI0BAHNH.

Knrwuebie cioBa: MOJCIIMPOBAHUE TPAHCIIOPTHBLIX IMOTOKOB, OpraHusanus NOPOKHOI'0 ABUKCHUA, HeﬁpOCGTeBBIe TCXHO-
JIOTUH

Jas uutupoBanus: Moposos, B. B. (2025) MonenmupoBaHue TpaHCIIOPTHBIX MOTOKOB IPH IIOMOIINM HEHPOHHBIX ceTe /
B. B. Mopo3os, E. M. Uukumies // Hayxa u mexuuxa. 2025. T. 24, Ne 4. C. 317-326. https://doi.org/10. 21122/2227-1031-
2025-24-4-317-326

Modeling Traffic Flows Using Neural Networks
V. V. Morozov", E. M. Chikishev",
YIndustrial University of Tyumen (Tyumen, Russian Federation),

Abstract. The object of the study is the process of traffic flows on the urban street and road network of a metropolis. Due to
increasing urbanization, its negative consequences are also increasing, including a decrease in the speed of communication,
leading to the formation of traffic congestion. The aim of the work is to develop a mathematical apparatus for controlling
congested traffic flows on the urban road network using neural networks. The results of the study are aimed at sol-
ving the problem of traffic congestion in cities, especially in the largest ones. The methodological basis of the research
includes a systematic approach, systems analysis, synthesis, theories of traffic flows, systems, dynamic systems, com-
plex systems and chaos. The objective function of the study is to maximize the kinetic energy of the transport flow.
As an optimization criterion, it is proposed to use a measure of traffic chaos — the entropy of traffic flows. According
to the results of the study, a mathematical model was obtained for changing the kinetic energy of the traffic flow under
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Tpancnopm

the influence of the relative entropy of the lane occupancy by traffic at controlled intersections. It is proposed to use
street (road) video surveillance cameras to monitor traffic flows. For this purpose, mathematical models have been
developed that allow measuring the occupancy of traffic lanes at specific controlled intersections by processing video
images with neural networks in real time. Experimental studies are conducted to confirm the developed mathematical
apparatus. The article presents the current results of the experiment, which confirm the proposed mathematical models.
The obtained research results are valid only taking into account the specified restrictions and requirements for traffic
flow. On the one hand, this significantly narrows the possibility of applying the results in practice, on the other hand,
it allows to increase the accuracy and purity of experimental research.

Keywords: traffic flow modeling, traffic management, neural network technologies

For citation. Morozov V. V., Chikishev E. M. (2025) Modeling Traffic Flows Using Neural Networks. Science and Tech-
nique. 24 (4), 317-326. https://doi.org/10.21122/2227-1031-2025-24-4-317-326 (in Russian)

BBenenue

B Hacrosiiee BpeMst BO MHOTHX TOpPOJax MHpa
MPOOJDKASTCS POCT aBTOMOOMIM3aIuu. [1ocTosH-
HO YBEITHYHBAIOIEECS KOJIMYECTBO TPAHCIIOPTHEIX
CPEICTB Ha TOPOACKHX YJIHIAX BJedeT 3a coOoit
PSI CIIOKHBIX U HEpeIeHHBIX pobnem. OmHOM U3
Takux HanOollee 3HAYMMBIX TIpo0ieM, 0e3yCIIOBHO,
siByisieTCsl (DOPMUPOBAHUE TPAHCIOPTHBIX 3aTOPOB
[1-2].

[lepBbIfi B3pBIBHOW POCT aBTOMOOMIN3AIIUU
npomsomen B 1930-e rr. B CIIA u B 1950-¢ rT.
B 3amannoii EBpore. [1o o0men3BecTHBIM MPUYIH-
HaM TEeMITbl IpUpOCTa aBToMoOuel B Poccuiickoit
Oenepanuu He HAOMOJAIMCHL 10 Havanma 90-x IT.
nporutoro cronetust [1-2]. Ognako B Hawame
XXI B. BO MHOrMX peruoHax Poccum npowmsomen
B3PBIB aBTOMOOMIHM3AIIMH. TIOMEHCKas 00JacTh,
SBIIAIOMIASCS OIHUM HW3 CaMbIX 3KOHOMHYECKU
Pa3BUTHIX PETHOHOB, TAKXKE HE UCKIIOYeHHeE [3].

PerpeccuoHHbIi aHanmu3 mokasal, 4To MpoLecc
W3MCHEHHS YPOBHS aBTOMOOWIM3anuu B T. Trome-
HU MOYET OBbITh OMHMCaH MOJIMHOMHHAILHON (DyHK-
IIUEH BTOPOTO TOPsKa ¢ KOI(D(HUITMEHTOM JETePMHU-
HALIMH, PABHBIM NPUOMI3HTENEHO R~ 0,92 (puc. 1).

CnenoBaTenbHO, NPOTHO3MPOBAHUE TAKKE MOXKET
ObITh OCHOBAaHO Ha MPOIODKCHWU JIMHUM TPEHAA.
Takum 00pa3oMm, BO3HMKAIOT OOOCHOBaHHBIE IIPE-
MOJIOKEHUA, YTO 3TOT nokaszarenb K 2030 r. npubiu-
3urca K otMetke B 1000 aBT./ThIC. Uel. DTo 03HAYAET,
YTO B CPEJHEM Y KaKIOro >KUTels ropoxga Oyner
JIMYHBIH aBTOMOOWITB.

BMmecTe ¢ TeM yCTaHOBIEHO, YTO CTaOMIBbHBIN
MIPUPOCT TPAHCIOPTHBIX CPEACTB IMOMHUMO TpaHC-
MOPTHBIX 3aTOPOB TPOBOLIUPYET POCT AOPOXKHO-
TPAHCTIOPTHBIX MPOUCIIECTBUN Pa3IMUHON CTere-
HU TspKecTH. JlJsl moBbILIEHUs YPOBHS Oe30macHo-
CTH JOpPOKHOTO JBMXEHHA W pEIIeHHA IaHHOH
npobiiemsl B Poccuiickoit Deneparnuu, bemapycu
U MHUpE 3a4acTyl0 NMpHUMEHseTcsi cBeTodOopHOE pe-
rynmupoBanue. C 0IHOH CTOPOHBI, 3TO SIBISIETCS (-
(beKTHBHBIM CHIOCOOOM CHI)KEHHS YPOBHS aBapHid-
HOCTH, C JPYroil — OZHUM U3 (PAaKTOPOB CHHKCHUS
MIPOITYCKHON CHOCOOHOCTH YJIMYHBIX MEPECeUCHHH,
YTO JIOMOJHUTENBHO YCyryOmser mpobiemy. AHa-
JIN3 CTaTHCTUYECKUX IAHHBIX TaKXKe IMOKa3all, YTo
B TEYEHHE JCCATHIETHETO IEpUOAa KOINYECTBO
PETYIHUPYEMBIX YYAaCTKOB YIMYHO-IOPOKHOH CeTH
B I. Tromenu BoIpocio Ha 28 % (puc. 2).
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Puc. 1. TIporao3upoBaHue JanbHEHIIET0 N3MEHECHHS aBTOMOOMIH3AIH B T. TIOMEHH

Fig. 1. Forecasting further changes in motorization in Tyumen
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Puc. 2. ]lunaMuka U3MEHEHHUsI KOJTMIECTBA CBETO(POPHBIX 00BEKTOB Ha TeppUTOpHH T. TIoMEHH

Fig. 2. Dynamics of changes in the number of traffic lights in the city of Tyumen

[TocpencTBoM peryjiMpyemMbIX IepeceueHUit
BO3MOXKHO YIIPABIIATH JOPOKHBIM JIBUKCHHUECM.
CoBpeMeHHBIE CBETO(OPHBIE CHCTEMBI HCIIONb-
3YIOT JE€TEKTOPBI, KOTOPHIC HEMPEPBIBHO OTCIIE-
JKUBAIOT TOTOKM TpaduKa IO CETH B PEKHUME
pealbHOTO BpPEMEHH W PETYIUPYIOT BpPEMEHHBIC
WHTEPBaJIbI, CMEIICHUS U BpEMs LIUKJIA, YTOOBI OIl-
THUMU3HAPOBATh CBOIO padOTy U COKPATHUTH 3a/IePK-
Kd. DTO TO3BOJSET KOHTPOJIMPOBATH JTOPOXKHYIO
CUTYaIlIO W YIPABIATH HENBIM PAIOM CBETO(hOp-
HBIX 00BEKTOB (OOBIYHO JJIst 6—12 CMEXHBIX TIepe-
KpecTKOB). D(h(PEKTUBHOCTh TAKHUX CHCTEM, pearu-
PYIOIIUX Ha W3MEHEHWE TPAHCIIOPTHOTO CIIpOCa,
HAMHOT'O BBIIIE, Ye€M B cUCTeMaX ¢ ()MKCUPOBaH-
HBIM BpeMeHeM paOotel. [Iponeaypsl onTuMmu-
3anuu  (PQPEKTUBHBI TOJILKO B PErHOHAX CETH
B YCIIOBHUSX HEJOCTATOYHOTO WU OJM3KOTrO K Ha-
CBIIICHHOMY Tpa(uKy, TA¢ O4YepeaH HaKalllhBa-
IOTCSL BO BpeMsl KpacHOW (pa3bl M paccenBaroTCs
BO BpeMs 3eineHoW. OHU Takke MOTYT coXpa-
HATHCS Ha 0O0Jiee IJIMHHBIX JUHHUSIX CBSA3H B CETH
MyTeM COOTBETCTBYIOIEH PEryJIUPOBKH CMelle-
HUH, BpEMEHU LIUKJIA WK Pa30UeHUH.

K coxaneHuto, B yCIOBUSX MEPEHACHIIICHHOTO
JIBUKEHUS OHU HE B COCTOSHUH CIPABUTHCS C pe3-
KAMH CKadKaM{d W BO3MYIIEHUSMH B TPAHCIIOPT-
HBIX MOTOKaX HJIM MPOMYCKHOW CITIOCOOHOCTH, KO-
TOPBIE OCTAIOTCS HE3aMEUYCHHBIMH. JTO CIIOXKHAS
npobiieMa, ¥ OHa JIO CHX TIOpP OTHOCHUTCS ISl Opra-
HU3aTOPOB JTIOPOKHOTO JIBIKEHHSI K YHCITY CaMBIX
cepbe3nbiXx. COBpeMeHHasl MpaKTHKa YIPaBJICHHUS
JIOPOKHBIM JIBUKCHHUEM OCHOBaHAa Ha pa3padOTKe
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Y BHEJPEHUH YNPABICHYECKUX PEIIEHUH, KOTOPbIE
YCTPaHSIOT HEONAronpHsTHBIE CETEBbIE YCIOBHS
TOJIBKO MOCIIE WX BO3HUKHOBEHHS, BMECTO TOTO
YTOOBl 3apaHee MPEeAyNpexaaTb Meperpy3Ky
YIUYHO-A0POKHOM ceTH [4].

Kpome Toro, 3a mocieaHue BOCEMB JIET Cpell-
HS CTOMMOCTH JI€TEKTOPOB (HampuMep, BUAEOMAE-
TekTopoB Traficam), To pa3NUYHBIM OLIEHKaM,
BO3pocia Ooyiee 4eM B 2 pasza U NpUOIIKaeTcs K
ormetke 1 muH poc. py6. 3a 1 mrt. Ilpu 3tom on-
HUX JIMIIb JETeKTOPOB HEAOCTATOYHO, YTOOBI MOJI-
HOLIEHHO peaau30BaTh Inpouecc ympasiaeHus. Kax
MUHHUMYM TpeOyIOTCs MPOKJIaAKa JTUHUH CBSI3H IS
nepeadyn JaHHBIX OT JAETEKTOpa K CepBepy, 3a-
KyIllka M HAcTpoOMKa cepBepa, CIeUUaIu3upOBaAH-
HOE IIPOrpaMMHOE 00ecIIeUeHHUE.

B COBOKYNMHOCTH 3TO CYyIIECTBEHHO MOBBILIAET
[IEpBOHAYAIBHBIE 3aTPaThl W YBEIMYUBAET CPOK
OKYIA€MOCTH TEXHUYECKUX pemieHuil [1-2, 5-06].
Taxoxe Ha HAHHBIIT MOMEHT OOJIBIIIMHCTBO HIETEK-
TOPOB H3TOTAaBJIMBACTCS 3apyOCKHBIMH KOMIIAHU-
sMH. Bo-mepBbIX, 3TO cO37a€T HEKENaTeNbHYIO
3aBUCUMOCTh Poccuiickoit ®enepanu OT HM-
HOPTHBIX POU3BOAUTENECH. BO-BTOPBIX, B CBSI3U CO
CJIIOKHOM cHUTyalMeil B MUpE 3TO B IIPUHIUIIE CTa-
BUT I10/1 BOTIPOC JaNbHEHIIyI0 paboTOCIOCOOHOCTD
POCCHHCKHX HWHTEIUIEKTYANbHBIX TPAHCIIOPTHBIX
cucreM. B ciydae mojgomku Kakoro-iubo w3 sie-
MEHTOB WJIM OTKa3a B OOHOBJIEHHU HPOTPaMMHOIO
obecriedeHNsl BO3HUKAIOT PealbHble PUCKH IIOJIHOTO
npeKpaeHust X QyHKIIMOHUPOBAHMSI.
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B xoHEYHOM WTOre BO3HHMKAECT HEOOXOAMMOCTH
pa3paboTKM HOBOH, Oojee HaIeKHOHW, MeHee 3a-
TpaTHOM W HE3aBHCUMOM OTEHYECTBEHHON CHCTEMBI
MOHHMTOPHHIA U YIIPABJICHUS TPAHCTIOPTHBIMH IIOTO-
KaMH Ha YJIM4HO-I0pPOXKHOM ceTH ropoioB. Bo MHo-
I'HX XK€ OTHOCHUTENBbHO HEOONBIINX IOpoJax Bce-
r7la ecTb KaMepbl YIMYHOTo HaOJIOAEHHS, KOTOpBIE
MOTYT OBITH HWCITOJBE30BAHBI I cOOpa JTaHHBIX.
B TakoM ciydae MOHUTOPHHI TPAaHCHOPTHBIX MOTO-
KOB MOXKET TNPOU3BOJUTECS B PEKUME PEATBHOTO
BpPEMEHH TOCPEICTBOM 00pabOTKH BUIEON300paxe-
HUSI HEPOCETEBBIMHU TEXHOJIOTHUSIMH.

B cBs3u ¢ 3THM aBTOpHI ONpPEHCTHIN LEJIBIO
JAHHOM CTaThU pa3pabOTKy MaTeMaTH4YECKOTro arl-
napara Juis yrpaBieHHs TPaHCIOPTHBIMH IOTOKA-
MH Ha YJIWYHO-JOPOXXKHOM CeTH TOpOJOB IpHU IO-
MOIIY HEUPOHHBIX CETEH.

MeToa0J10rusi MCCAEeT0BAHUM

MeTtopmonornueckold OCHOBOH BBIOpaH CHCTEM-
HBIA TIOAX0x, Oojlee YaCTHBIMH WHCTPYMEHTaMHU
B paMKaXx JJaHHOTO MOJAXO0Ja — CUCTEMHBIN aHamu3
u cuHTe3. Takke mccienoBanne 0a3upoBaioCh Ha
TEOpUH TPAHCHOPTHHIX NOTOKOB, TEOPHH BEPOST-
HOCTH M MaTeMaTU4ecKou craructuke. [Ipu nanb-
HeleM (GOPMHPOBAHIH METOIOJIOTHYECKON Oa3bl
UCCJIEIOBAaHUS YUUTHIBATIOCH CIOKHOE U HEJIMHEH-
HOE€ TIOBEJICHHE TPAHCIIOPTHBIX NMOTOKOB KakK 00b-
ekrta ynpaiaeHus. CI0KHOCTh YIpaBiIeHUs, ¢ TOU-
KA 3peHHUs] pAda OTEYECTBEHHBIX M 3apyOe:KHBIX
ucciuenopareneii, 00yciIoBIMBacTCA HeleTEPMUHU-
POBaHHOW M XaOTUYHOM MPUPOJON TPaAHCIOPTHBIX
moTokoB [1-2, 7-9].

CoBpeMCEHHBIIT MHPOBOH OIBIT ITOKa3bIBACT,
YTO TJaBHBIM MHCTPYMEHTOM YIPAaBJICHUSA TpPaHC-
MOPTHBIMU NOTOKAMHM B TOpOJax SBJSIOTCS pas-
JIMYHBIE aBTOMAaTH3MPOBAHHBIE U WHTEJUIEKTYallb-
HbIE TpaHcnopTHele cucteMsl (nanee — UTC). bna-
romapss wuaTerpanun WTC ¢ mporpaMMHBIMH
KOMILJIEKCAMH HMUTALMOHHOTO MOJEIUPOBAHUS,
Hanpumep cemeiictBa PTV, Aimsun u ap., moss-
JSIeTCS. BO3MOXHOCTH IMPOTHO3UPOBATh Pa3BUTHE
Pa3IMUHBIX CUTYallMii M MPUHHMATh HaWIyd4llIne
pemienus B yacT ynpasinenus [3]. Taxxe B yactu
cOopa, aHamm3a OOJBIIOTO KOJMYECTBA JAHHBIX U
OPUHATHS PELICHUS CHOCOOCTBYIOT pa3iHYHbIC
TEXHOJIOTUM UCKYCCTBEHHOIO HMHTEIJIEKTA: MaIlMH-
Hoe oOyd4eHue, riyOOKHe HEWpOHHBIE CETH U T.1.
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OOmrast TEHIEHIIUS Pa3BUTHS O0O3HAYCHHBIX CH-
CTEeM 3aKJIIo4aeTcs B TOM, YTO MX MPUHLMUN pado-
THI BCce OOJIbIIE yAaNsSeTcsl OT KECTKHX PEXHMOB
B TOJIB3Yy OoJiee aJanTHBHBIX M TMOKUX alTOPUT-
MOB [2].

B cBsi3u ¢ 3THM NIPHHATO pElIeHUe ITOTOTHUTH
METOAOJIOTHYECKYI0 0a3y MCCIelOBaHUS M BKIIIO-
YUTh B HEE TEOPUIO CHUCTEM, TEOPHUIO CIIOKHBIX
CUCTEM, TEOpHI0 AWHAMHUYECKHX CHCTEM H TEOo-
puto xaoca. IloaToMy manmpHe#mue uccieqoBaHUs
Takke OyIyT OCHOBBIBaTHCSI Ha pe3yJibTaTrax pa-
6ot [10-17].

Js pa3paboOTKM MaTeMaTHYeCKUX MOJENeH
yIpaBJIeHHUS TPAHCIIOPTHBIMU MTOTOKAMHU B TOPOIax
MpoBeieH aHanu3 [7-9] u apyrux paboT aBTOPOB,
WCCIIEIOBAHNA KOTOPBIX CBS3aHBI C MaTeMaTude-
CKHM MOJIENIUPOBaHNEM TPAHCIIOPTHBIX TTOTOKOB.

JanpHeliee uccienoBaHue TaKkKe MPOBOJUIOCH
C Y4YeTOM psijia OTPaHHUYCHHUI: OTCYTCTBUS BIWSIHUS
HETaTUBHBIX (DaKTOPOB OKPY’KAIOIIEH Cpesl; OIHO-
POIHOCTH TPaHCIIOPTHOTO TIOTOKA; OTCYTCTBHUS CMe-
MIAHHBIX HAIMPaBJICHUN ABMKEHUS 1 KOHPIMKTHOCTH
C JIPYTUMHU TPaHCIIOPTHBIMU CPENICTBAMHU /WU Tie-
pexomaamMu.

B kauecTBe OCHOBHOTO KpPHUTEpHs ONTHUMH3A-
LUK KCIIONB30Bajlach SHTPOIUS JABMKEHHUS TPaHC-
MOPTHBIX TMOTOKOB. llocKoNbKy mepBOHadYaIbHOE
MIOHSITHE SHTPOIUH CBA3aHO C Mepeaadeii TEeruIoTh
u suepruu [10—17], aBTOpHI 00paTHIINCH K Ta30]IH-
HAMHYECKHM W Ta30KUHETUYCCKUM MOJICISIM —
aHaJioraM TPaHCHOPTHBIX NMOToKOB [7, 18]. B ¢yn-
JaMEHTalbHOM TEOPHH TPAHCIOPTHBIX ITOTOKOB
OTMEUAeTCs, YTO CyMMAapHasi HEPrHs, KOTOPOii
o0yagaeT TPaHCIIOPTHBIH MOTOK, MOXKET OBITH OIH-
caHa TIpY TOMOIIM 3aKOHA COXpPAHEHHs DHEPTHUH.
[Ipu sTom B pabote [7] ompeneneHo, 4yTo B AeH-
CTBUTEIFHOCTH JHEprus He Tepsercs. OHa mpocTo
MpeBpamaeTcss M3 KHHETHYECKOW OHEPTHH BO
BHYTpeHHIOI. V3 BTOpOro 3akoHa TepMOIWHAMU-
KM W3BECTHO, YTO KHHETHYECKas dHeprusi Ooiee
MOJIe3Ha, YeM SKBHMBAJICHTHOE KOJIWYECTBO BHYT-
peHHell sHepruu. D10, 0€3yCIOBHO, CIPaBEIINBO
U B Cllydae TPaHCIOPTHBIX MOTOKOB. TakuM oOpa-
30M, MOXXHO CKa3aTb, YTO CHIBI TpeHUs (HEyIo-
BIIETBOPUTENbHBIE TEOMETPHUYECKHE XapaKTepH-
CTUKHA M B3aUMOJICHCTBHE MEXITY aBTOMOOWIISIMH)
MpeBpaIIaroT JKenaTeabHble (OPMBbI SHEPTUU (IBU-
JKCHUE TPAHCIIOPTa) B MEHEE IOJIE3HbIC (POPMEI.

Kpome Ttoro, aBTop [7] Takke oTMeyaer, 4TO
MPUMEHHUTENBEHO K TpaHcnopTHeIM notokam (TII)
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KMHETHYECKas U BHYTPEHHSS dHEPTUs UMEIOT pas-
MEPHOCTH YCKOpeHUs [7]

T=E+], (1)

rae T — cymmapHas 3Heprus TII, m/c%; E — kuHe-
TUYECKas SHEPrusd TPAHCIOPTHOrO MOTOKA, m/c?;
I — BHYTpeHHsA SHEPrus TPAHCIOPTHOTO IOTO-
Ka, M/c’.

OOBsiCHAETCS 3TO TEeM, YTO €CIM B TpaHC-
MOPTHOM TOTOKE MPOUCXOIUT MOTEPS BHYTPCH-
HEW SHepruu, TOo OHa JOJIKHA BBIPAXKAThCS YEpe3
MOTEPI0 ABIDKCHUS WM OMMOOYHOE IBUKCHUE
BCJIEJICTBUE HEYJOBJIETBOPUTEIBHBIX T€OMETPHU-
YECKUX XaPaKTEPUCTUK JOPOTH WU HEOIaromnpu-
STHBIX B3aUMOJICHCTBUU MEXIY aBTOMOOMIISIMU
B moToke [7].

B cBowo ouepeap, KHUHETHYECKas JHEPTUS
TPAHCIIOPTHOTO TOTOKAa ompesensercs 1mo Qop-
myie [7]

E = aku’, )

rne k — morHocts TII, aBT./M; u — ckopocTh
TII, m/c; oo — O6e3pa3mepHblil ko3 duiueHt.
Beenenue xoaddunmenta o 00yCIOBINBACTCS
crenyromuM. Ha mpakTrke dare BCeTro TUIOTHOCTh
U CKOPOCTh TPaHCHOPTHOTO IIOTOKAa H3MEPSIOT-
cs B aBT./KM W KM/4. COOTBETCTBEHHO TpeOyercs
npeoOpa3oBaTh 3HAYCHHUS K HEOOXOAUMBIM €IMHU-
1aM HM3MepeHus: aBT./M u m/c. Mcxomst ux 3TOoro

3Ha4YCHHE KOAPPHUIMEHTA O = (3,62 -1000)_1.

IlokazaTenmeM HEPaBHOMEPHOCTH JABIDKEHUS
SIBJISIETCSI BHYTPEHHSA SHEPTUs, KoTopas mpen-
CTaBsIeT coOol mryM yckopenus. [loatomy nan-
HBIA TIOKa3aTelb MOXHO WHTEPIPETUPOBATH Kak
BHYTPEHHHE IIOTEPU DHEPTUH B CUCTEME:

1%, 3)

“4)

e & — IIyM YCKOPEHHs, M/C’; X; — 3HAYCHHE YCKO-
pEHHUs Ha UCCIEIyEMOM Y4YacTKE YJIUYHO-IOPOK-
HOH ceTu B MOMEHT BPEMEHHU I, M/t X — cpenHee
3HAYCHHE YCKOPEHHS, M/C’.

CrnenoBaTtenbHO, KOAPGUIMEHT TOJIE3HOW pa-
0OTHI TPAHCTIOPTHOTO TIOTOKA MOXHO BBIPA3HUTH
CIIeyrOIuM 00pazoM [7]:
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E
== (5)

rae 1 — Ko3(h(QUIMEHT TMOJIE3HON paboThl TpaHC-
MOPTHOT'O MOTOKA.

Hcxons U3 BBIIEONMMCAHHOTO ISl MOBBIILICHHUS
ko3 duimeHTa nojae3Hoi paboThl TPAaHCIIOPTHOTO
MIOTOKA TPOLECC T0JDKEH OBITh HAIIPaBJICH HAa MakK-
CHUMHM3ALUIO €r0 KHHETUYECKOH SHEeprun £

E — max. (6)

[anHoe BbIpakeHue OyAeT MPEACTaBIATH CO-
00l1 meneByr0 (QYHKUUIO NAIBHEHIIEro HCCIeno-
BaHUsI.

@opmynst (1)—(5) pa3paboranbl MO aHAIOTHUH
C MEXaHUKOU ABMJXCHHA MOJICKYJ I'a3da U JXHUAKO-
cti. OIHAKO TPAHCIOPTHBIA TMOTOK KaK OOBEKT
yIpaBJiIeHUs HE 001a1aeT CKUMAEMOCThIO. DTO CBU-
JIETENECTBYET O PUCKE BO3MOXKHBIX JIOPOKHO-TPAHC-
MOPTHBIX MpoucumecTBuid. M 11 TOro YToOHI
MIPEIOTBPATUTh CTOJIKHOBEHUS, YYACTHUKH JTOPOXK-
HOTO [IBWKCHHS BBIHYXKICHBI BapbUPOBATH CKO-
pocTh aBTOMOOMIIEH [7].

Takum 00pa3oM, yxe Ha JTaHHOM 3Tare padoTh
(hopmMupyeTcs pencTaBIeHne O TOM, YTO KHHETH-
YgecKast SQHEpPTrus Takke OymeT WMeTh HEeTWHEHHBIN
XapakTep 3aBUCUMOCTH OT TOKa3aTeJel CKOpOCTH
Y TUTOTHOCTH TPAHCIIOPTHOTO MOTOKA.

Pe3yabTaTthl ncciaegoBanmni

B mepByro odepenp aBTOPHI MOCYUTAIN HEOO-
XOIUMBIM MOIH(HUITpOBaTh hopmyny (2) ¢ yde-
TOM WMHTEHCHUBHOCTH JABIDKEHHUS TPaHCIOPTHOTO
motoka. [l 3TOoro 1enecooOpa3HO BOCHOIB30-
BaTbCAd TUIPOJAMHAMUYECKOW Mojenbto JlaWTxui-
na—Ywu3ema—Pugapnca [2, 7, 9, 19, 20]:

u'(p)<0;

7
O(p) = pu(p), @)

I # — CKOPOCTb TPAHCIIOPTHOTO MOTOKA, KM/4;
p — IUIOTHOCTh TPAHCHOPTHOTO TIOTOKA, aBT./KM;

Q — HHTCHCHUBHOCTL [IBWXCHUA TPAHCIIOPTHOI'O
MoTOKa, aBT./4; u(p) — (YHKIHA 3aBHCHMOCTH

CKOPOCTH TPAHCIIOPTHOTO MOTOKA OT €r0 IIOTHO-
cru; Q(p) — GyHKIUS 3aBUCUMOCTH HHTCHCHBHO-

321



Tpancnopm

CTH JABWKCHHS TPAHCIOPTHOTO IIOTOKA OT €ro
TUTOTHOCTH.

C yueroM cuctembl ypaBHeHuit (7) dopmyina
KAHETUYEeCKOH HSHEPTUu TPAHCIOPTHOTO MOTOKA
(2) npuauMaet Buj

E=0(p)pu(p). (8)

PesymeraTer mccmenoanuit [2, 7, 9, 19, 20]
MOKa3alld, YTO B COBPEMEHHBIX YCIOBHUAX IS
OIICHKM KOHIIEHTPAIIMM TPAHCIIOPTHOTO TIOTOKA
MEPCTIICKTUBHEE HKCIIOIh30BaTh IIOKAa3aTeH Bpe-
MEHHOW KOHIIEHTpalud. TakuM IoKa3aTejeM SB-
JIIETCS 3aHATOCTD MOJOCKL. MoJiellb BIUSHUS 3aHS-
TOCTH IIOJIOCBI HA HWHTCHCHUBHOCTH JABHMXKXCHUS
TPAHCIIOPTHOTO TOTOKA pa3paboTaHa W IKCIEPH-
MCHTAJIbHO IIOATBEPKACHA Ha MPEABIAYIIUX 3Ta-
max uccienoanus [2, 19, 20]:

0)= b1e - a162 > ©

rie a,, b, — mapameTpsl MOJENH, aBT./4; O — 3aHs-

TOCTB TOJIOCHI.

HenocpencTBeHHO caMa 3aHATOCTh MOJIOCHI SIB-
JsieTCsl  JoJied WM TIPOLCHTHBIM BBIPAKCHUEM
BpPEMCHH, B TEUCHHE KOTOPOTrO B KOHTPOJIBHOI
30HE Ha TOJOCE JBIKCHHS HAXOIMJINCh TpaHC-
MOpTHEIE cpencTra [2, 19, 20]:

n

D (L +d)/u,
e:%, (10)

rae O — 3anarocTh nmonocsl; L, — amuHa i-ro TC,

IIPOXOJAILErO Yepe3 KOHTPOJBHYIO 30HY JETEKTO-
pa, M; d — TO )€ KOHTPOJIbHO-U3MEPUTENBHOMN 30-
HBI JETEKTOPA, M; U; — CKOPOCTb i-I'0 TPAHCIIOPTHO-
ro cpencTBa B MOTOKe, M/c; T — MPOIOIIKUATENb-
HOCTb U3MEPEHUS, C.

BenmnmumHa d KOHTPOJBHOW 30HBI W3MEpPEHUS
B paMKax KOHKPETHOM MOJOCHI ABMXKCHHUSI SIBIISICT-
¢4 NOCTOAHHOW. J{J11 OTHOPOJIHOTO TPAHCTIOPTHOTO
MOTOKa JJMHA TPAHCIIOPTHOTO CpeacTBa Oynaer
MOCTOSIHHON BeAW4YMHOM L. i1 TeTepOreHHoro
TPaHCIIOPTHOTO TOTOKAa JUIMHA TPAaHCIOPTHOIO
CpEeICTBa MOXKET OBITh pacCCMOTpPEHa KakK IpOU3Be-
JIEHUE CPEAHEr0 3HAYCHUS JIMHBI TPAHCIOPTHOTO

cpeacTBa L Ha KOJNMYECTBO MPOU3BEICHHBIX HU3-
Mepenuil i. IckoMoe BbIpaKeHUE CKOPOCTH U TaK-
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’&Ke HeoOXOJUMO paccMaTpuBaTh KakK Cpe/iHee 3Ha-
YEeHUE MPOCTPAHCTBEHHOM CKOpocTH u#. B coBo-
KyIHOCTH 3TO IO3BOJIAET NpeoOpa3oBaTh HCXOI-
Hy10 hopmyay (10) B BelparkeHHH

e:%. (11)

MoskHO 3aMeTuTh, 9T0 B (hopmyne (11) oTHo-
[ICHHE KOJUYECTBA U3MEPCHHI K MEPHOAY HaOII0-

1 o
JCHUA F IpeEACTaBIACT co00i He 4To HWHOC, KaK

MHTEHCUBHOCThH [IBIDKCHHUSI TPAHCIOPTHOTO IOTO-
ka. CnenoBatensHO, dopmyna (11) mMoxer OBITH
Hpe/ICTaBIeHa

e:(L+d)g. (12)
u
Taxkum 00pa3oM, CKOPOCTb IBIIKEHHUS TpPaHC-
MIOPTHOTO TIOTOKA MOXET OBITh ompeseneHa QpyHK-
HI/IGﬁ 3aBUCUMOCTHU OT 3aHATOCTHU IT1OJIOCHI

u(® =k, 20, (13)
0
rae kg — KOX(h(UIHEHT B3aUMOCBSI3H CKOPOCTH
JBIDKEHHS TPAHCIIOPTHOTO TOTOKA M 3aHATOCTH
MOJIOCHI.

B xoHeyHOM uTOre ObINIAa MOMyYeHA MaTeMaTH-
Yyeckas MOJENIh KWHETHYECKOM SHEPruu TpaHC-
MOPTHOTO TIOTOKA C YYETOM WHTEHCHUBHOCTH JIBHU-
JKESHHUS ¥ 3aHATOCTH TIOJOCHI

2
E =k, Q— (14)

0
Ha ocHoBanuu chopMHUpOBaHHON METONOJIOTH-
4yecKoil 0a3pl McclenoBaHus paHee ObLIO TMPUHSTO
pelleHne UCIO0Ib30BaTh YHTPOIIMIO TPAHCIIOPTHBIX
MIOTOKOB B Ka4€CTBE ONTUMHU3ALMOHHOTO KPUTEPHS
yhpaBlieHHs TOPOXKHBIM ABWKEeHUEM. B cBoio oue-
pellb SHTPOIHS TPAHCIIOPTHOTO MOTOKA OT 3aHATO-
CTH TIOJIOCBI MOXET OBIThb MpPEACTaBICHA Kak

(bYHKLUS 3aBUCUMOCTH

H(©) ==Y w, In(w)), (15)

rne H(0) — GyHKIMS 3aBUCHMOCTH 3HTPOIHH

TPAHCIIOPTHOI'O IIOTOKa OT 3aHATOCTU II0JIOCHI;
w, — y,[[eJ'IbHLII\/'I BEC 3aHATOCTH -1 MOJIOCHI HA pac-
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CMAaTPUBAaEMOM PETYIUPYEMOM IEPECEYECHUH; N —
KOJIMYECTBO TMOJIOC HA PEryJIUpPyeMOM Iepece-
YECHUU.

IIpu 3TOM yJenbHBIA BEC 3aHATOCTH KaXAOU
HOJIOCHl OyJEeT OHpPEeAEssATHCS CICHYIOLUIMM OTHO-
HICHHEM:

w, = (16)

Jlnst mepexoja K yAelbHBIM U Ge3pa3MepHbIM
HOKa3aTeNsaM ya00Hee UCIOIb30BaTh OTHOCHTENb-
HYIO SHTPOIHIO. OTHOCI/ITCHBHaH OHTPOIIUA TPaHC-
HOPTHOTO MOTOKA OT 3aHATOCTHU IMOJIOC HA PEryJiu-
PYEMOM TIEPECEYCHUH OIPEACIIACTCS CIEAYIOIIHM
oOpa3zom:

H
H,0)=1O (17)

Inn
Mogens (9) mo3BONSAET BHIPAa3UTh POPMY-
ay (14) uepe3 3aHATOCTB MONOCHI
k (b6-a,6")’ _
0

EF=a

202 3., 204
:keble 2algle +a,0 _ (18)

= a’k,0° — 2a,b,k,0" + bk,

rae aj, by, c; — mapameTpsl B3aUMOCBA3H OTHOCH-
TEJIbHOW 3HTPOIMHU 3aHATOCTHU II0JIOC U KUHETH4Ye-
CKO#i 3HEPIHH TPAHCIIOPTHOTO HOTOKA, M/C’.
Dopmyisr (14)—(18) mo3BonmiIM NOTYUYUTH Ma-
TEMaTHYECKyI0 MOJIENb BIHSHUS OTHOCHUTEIHHOU
SHTPONMHM 3aHATOCTU mojoc H, (0) Ha cymmap-

HyI0 KuHeTtndeckyto sHepruto TII £ Ha perynupy-
€MOM IIepeceveHUN

Y=aX’-bX*+cX +d, (19)

rae Y — (yHKOMS 3aBUCUMOCTH KHHETHYECKOM
SHEPTrUM TPAHCIOPTHOIO TOTOKa £ OT OTHOCH-
TEJILHOM YHTPOIIUH 3aHATOCTH nojuoc H (0), M/c%;

X — OTHOCHTENbHAss OSHTPOMHUS 3aHATOCTH TIO-
aoc H,(0); a, b, ¢, d — mapameTpsl B3aUMOCBS3U

OTHOCHTEIILHOM SHTPOIUH 3aHATOCTH TOJOC U KU-
HETHYECKOi SHEpPriH TPAHCIIOPTHOIO MOTOKa, M/C.

B pamkax naHHOTO HCCIEIOBaHUS OBLIO MPEJ-
JI0)KEHO MPOU3BOJAUTH MOHUTOPUHT TPAHCTOPTHBIX
MMOTOKOB TIOCPEACTBOM OOpabOTKH BHACOM300pa-
JKEHUsI KaMep YIUYHOTO HAONIOJCHUS HEHPOHHEBI-

Hayka
wrexHuka. T. 24, Ne 4 (2025)

MU ceTsaMu. B cBs3m ¢ O9THM, YTOOBI HU3MCPUTH 3a-
HATOCTDb TOJOCHL AN KaKIOr0 TPAHCIOPTHOTO
CpencTBa, HEOOXOJMMO BBIUMCIUTEH OOIIee Bpems
€ro HaxOXKJIEHUS B KOHTPOJBHOH 30HE. {151 3TOrO
B Ka)XIOM BPEMEHHOM HHTEpBaje ONpereNseTCs
HaXOXKJIeHNe TPAHCIIOPTHOTO CpPEACTBA B KOH-
TPOJILHOM 30HEe. Ecnmu Texymas (x;, y;) ¥ Ipeabiy-
mast (x, ,, y,,) KOOpAUHATBI HAXOJITCS B 30HE,

TO BpeMsl HaXOXJCHHUS B HEH MPUHUMAETCS paB-
HBIM BPEMEHU MEX]y KaJpaMHu #; U yUUTHIBACTCS B
obmem Bpemenu. Eciau ogHa w3 xoopauHat (X;, ;)
umv (x,_,, y,,) HaxoOUTCS BHE KOHTPOJIBHOH 30-
HBI, TO BBIUUCIISAETCS CKOPOCTD i-I'0 TPAHCHOPTHOTO
CpencTBa Ha JaHHOM yvactke [20]

AN ) G n)t

= ;

1

i (20)

B cBowo ouepenb BpeMsi HAaXOXICHHUSA TpaHC-
IOPTHOI'O CPEJICTBA B KOHTPOJIbHOM 30HE U3Mepe-
HUS TPEACTaBIISCTCS BO3MOXKHBIM BBIYUCIHUTDH T10

thopmyite [20]

—x, )+ =y )
t': \/(xl xl—l) (yl yl—l) , (21)
u.

1

rae x/, y, — U3MepsAeMoe pAacCTOSHHE KOOPIH-

HATBl TEPECCUCHHS TPACKTOPUH JBHIKCHUS [ -TO
TPaHCIIOPTHOTO CPEJICTBA U KOHTPOJHLHOW 3O0HBI
U3MEPEHUS.

B kOHEYHOM HTOre MOSBISIETCS BO3MOKHOCTH
OTPEIENIUTh 3aHATOCTh MOJIOCHI IO CIEIYHOIICH

dhopmyme [20]:

="~ (22)

IJIe 77 — KOJIUYECTBO KaJPOB, B TEUCHHE KOTOPHIX
00OHapyKEHHOE TPAHCIOPTHOE CPEJCTBO HAXOJU-
JIOCh B KOHTPOJIBHOM 30HE M3MEPEHHsI YaCTUYHO
WM TIOJHOCTBIO; kK — TO K€ KaJIpOB, B TEYCHUE KO-
TopeIx oOHapyxeHHoe TC HaxXoamioch B KOH-
TPOJBHON 30HE M3MEPEHHS YaCTHYHO, #; — BpeMs
MEXIy KaJpamH, C; {; — BPEMs, B T€YEHUE KOTO-

pPOTO TPAHCIIOPTHOE CPEACTBO HaXOAWJIOCH B KOH-
TPOJIbHOUM 30HE MEXIy Kaapamu, ¢; I — Ipomod-
KUTEIFHOCTh U3MEPEHUS, C.

IlpennoxxeHHsle  MaTeMaTHYECKHE  MOJe-
1 (20)~(22) mO3BOJSAIOT OMPEICIUTh 3aHATOCTH
IOJIOCHI TTOCPEACTBOM 00pabOTKU TMOTOKA BHJIEO-
n300pakeHUsT HEHPOHHOH CETHIO.
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B HacTosiiiee Bpemst JUis TOATBEPXKACHUS Ma-
TemaTnueckoil mogenu (19) nmpoBoasTca sKcnepu-
MEHTaJIbHBIE uccienoBanus. COOp UCXOTHBIX JaH-
HBIX O 3aHATOCTH TIOJOCHI TPOHU3BOJUTCS TOCPE-
CTBOM 00paOOTKH BHJICOM300paXKCHHUS Kamep
ymmaaoro Habmomenns 00O «Pycckas Kom-
MaHus», KOTOPBIE PACIIONIOKEHBI TMPAKTHUECKU
BO Bcex Hambosiee MPOOJIEMHBIX YYacTKax yIIN4Y-
HO-JIopokHOM cetu T. Tromenu. OOpaboTka BH-
JIEON300paKeHNs  OCYIIECTBIISIETCS  aBTOPCKUM
MPOTPpaMMHBIM ~ OO€cCIiedeHHeM, pa3padOTaHHBIM
Ha 0aze monenu HeiiponHoi cetn YOLOvS [21].
[Ipu 3amycke mnporpammbl KOHTPOJLHO-U3MEPH-
TEeJbHBIE 30HBI IJIs1 MOHUTOPHHTA 3aJaf0TCSI TTOJTb-

30BaresieM BpyuHylo. OmpenesneHre WHTCHCUBHO-
CTH BBITIOJIHSIETCS C YYETOM HAIlpPaBIICHUS JBHKE-
HUS U KJIacca TPAHCIIOPTHOTO cpeacTra (puc. 3).
O0paboTka HCXOIHBIX 3KCIIEPUMEHTATBHBIX
JAHHBIX OCYILIECTBISIETCS C HUCIIOJIb30BaHUE MPO-
rpammHoro xomrekca STATISTICA 12 mpu mo-
MOIM METOoJa TPYIIHMPOBKH MO CPEIHUM 3Hade-
HUSIM. Pe3ynbTaThl perpecCHOHHOTO aHAIN3a TIOKa-
3aJM, YTO TEOPETHYECKas KpHUBas OIKCHIBACT
pacCCUuBAHUC DKCIICPUMCHTAJIBHBIX OaHHBIX C KO-

s¢dummentom nerepmuHamuu R = 0,93 (puc. 4),

YTO MOATBEPKIAET BHICOKYIO JIOCTOBEPHOCTH pas-
paboTanHO# MaTeMaTHueckoi Mmoaenn (19).

Puc. 3. Ilpumep 00paboTKH BUACON300pAKECHUS YINIHOU KaMephl HaOII0ACHNS pa3paboTaHHBIM IPOTPaMMHBIM 00eCIICUeHIEM
Ha OCHOBE HEHPOHHBIX ceTei

Fig. 3. Example of processing a video image of a street surveillance camera by developed software based on neural networks

14

—_
[3S]

—_
o

Kunetmaeckas sueprims
TPaHCIOPTHOIO II0TOKA £, M/c?
=)}

0.60 0,65 0,70 0,75

0,80 0.85 0,90

o E=-617,98 H,(0)" +1567,3 H,(0)" —1323,6 H,(0) +375,2

R*=0,931

0,95 1.00

OTHOCHTEIbHAS SHTPOIHMSI 3aHATOCTH 1TosI0c aBrogoporu H, (0)

Puc. 4. I3MeHeHNe KUHETHYECKOH SHEPTUH TPAHCIIOPTHOTO MOTOKA £ Ha peryanpyeMoM nepeceueHnn

T0J] BIIMSTHHEM OTHOCHTENBHO SHTPONHH 3anstoctu nonoc H, (0)

Fig. 4. Change in kinetic energy of traffic flow at a controlled intersection under the influence

of relative entropy of lane occupancy H ,(0)
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BbIBO/IbI

1. B xone npoBeneHus: HCCIEAOBAaHUA LIETIEBOM
(hyHKIMEH ompeneieHa MaKCHMH3AIHI KHHETHYe-
CKOW PHEPTruH TPAaHCIOPTHOTO MOTOKA, BBIPaKEH-
Has Yepe3 MHTEHCUBHOCTH JBIKEHUS M 3aHATOCTh
noJjocel. B kauecTBe KpuTepHsi ONTHMHU3AINH 000-
3HaueHa OTHOCHTEIbHASI DHTPOIHUS 3aHATOCTH TIO-
JIOC Ha PETyJIMPYyEeMOM IEPECCUCHHH.

2. B pesympraTe MOJENMPOBaHUS IIOJyYeHA
MaTreMaTH4yecKas MOJENb HM3MCHEHHs KHHETHYe-
CKOIl SHEpPruu TPAHCIOPTHOTO TIOTOKA IIOJ BIHUS-
HUEM OTHOCHTEIHHON SHTPOIHH 3aHSITOCTH TIOJIOC.
Hannas Mopenp mpencTaBisier co0OOW MOJMHOM
TpPEThEN CTENEHHU.

3. PazpaboTan MaremaTHuyecKuil ammapar s
MOHHTOpPWHTA TPAHCIIOPTHBIX IIOTOKOB TIOCPE/I-
CTBOM OOpPa0OTKM M300pakKeHUs] YIMYHBIX Kamep
BHJICOHAOIIOICHUS MTOCPEACTBOM HEHPOHHBIX Ce-
Teil. Pe3ynbTaThl SKCIEPUMEHTA MOATBEPKIAAIOT
JIOCTOBEPHOCTh  Pa3pabOTaHHBIX TEOPETUYECKHUX
MOJIOKEHUS €  KOA(PGDUIIMEHTOM JCTEPMHHAIIUU

R*>~0,93 (puc. 3).

CtaTbsl MoAroToBfieHa B paMKax BbIMOSHEHUS
npoekta rpaHta PH® Ne 23-79-01021 «Wccneposa-
HMEe npouecca ynpaBrneHuss TPaHCMOPTHLIMU MOTOKa-
MW B ropofax Ha OCHOBE HEMpPOCETEBbLIX TEXHOMO-
iy, 2023-2025.
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MHoroypoBHeBasi cTpaTerusi pasMelieHusi U3MEpPHUTEeIbHbIX YCTPOMCTB
B UHKEHEPHBIX CHCTEMAX C pacnpeaeeHHON HArpy3Kou
HAa OCHOBE MEPAPXHYECKOI0 U KJIACTEPHOI0 AaHAJIU3A

KaH. TexH. HayK, o, A. A. Kananckuii”, 10k. Texu. Hayk., npog. H. B. ['pynrosuu"

DI oMenbekmii Tocy1apcTBeH b TexHuueckuii yauBepcuteT umern I1. O. Cyxoro
(I'omens, Peciybnmka benapycs)

Pedepart. IToctpoenne nnudpoBoii MOJEIN «yMHOTO TOpPOJa» B YCIOBHUSX CTPEMUTENBEHOTO PAa3BUTHS TEXHHUYECKOH MH(pa-
CTPYKTYpHI TpeOyeT 3 (PeKTHBHBIX METOI0B MOHUTOPHHTA W YIPABICHHUS HIKCHEPHBIMH cucTeMamMu. OIHOHN M3 KITFOUEBBIX
3a/1a4 SBJISETCS ONTHMM3ALHUs Pa3MELICHHSI N3MEPUTENbHBIX YCTPOHCTB B TAKUX CHCTEMaX, KaK BOJO- M SHEProcHaOXEHHUE,
BKJIIOYAsI Ta3, JICKTPUYECTBO U TEIUIOTY. B yCIOBHSAX OrpaHUYCHHBIX (PMHAHCOBBIX PECYPCOB U HEOOXOAMMOCTH 00ECTICUCHHS
BBICOKOW TOYHOCTH MOHHUTOPHMHIA BaXKHO YUUTBIBATH HE TOJBKO reorpauueckoe pacrpeieneHue noTpeduTeneii, Ho 1 MHTeH-
CHBHOCTb X Harpy3ku. ITO OCOOEHHO aKTyaJIbHO JUIsl YIIPABJICHHs PACIIPEAEICHHbIMI TEXHHYECKHMH CHCTEMaMH, I/ie Heo0-
XOIMMO MHHHMH3HPOBATh 3aTpaThl Ha 000pyJOBaHUe, obecrieynBasi IpH 3TOM IOJHBII OXBaT CETH U CBOCBPEMEHHOE BBISB-
nenue anoManui. Llenplo TaHHOTO MCCIenoBaHMS SIBISIETCS pa3paboTKa METOIOJIOTHH ONTHMAIBHOTO Pa3MELICHUs M3MEpH-
TEIBHBIX YCTPONCTB B MH)KEHEPHBIX CHCTEMaX, YUUTHIBAIONIEH KaK IPOCTPAHCTBEHHOE ITOJIOXKEHHE MOTpeOuTeNnel, Tak U ux
3arpysKky. B pabote ucrons3yercs MHOTOYPOBHEBAsI CTpaTerHs aHAJIM3a ¢ IPUMEHEHHEM MeTola Yopa Ui HepapXu4ecKon
KJIaCTepH3allMKM U alNroputMma k-cpeHux. Ha ocHOBe HpeJIOKeHHOW METONONIOTHH Ha IPUMEPE CHCTEMbI BOJOCHAGKEHHS
I'oMers BBIIENCHBI YeThIpe TEPPUTOPUAIBHBIX KJIacTepa, Ha OCHOBE KOTOPBIX IPONOPLHOHAIBEHO BKJIALY MOTPEOICHUS pac-
npeznenensl 20 1aTYMKOB JaBieHUs. B craThe NMokazaHoO, Kak ¢ IMOMOIIBIO MHOTOIIAPAMETPUYECKON KJIACTEPU3ALMH MOXKHO
OIIPE/ICNIUTh ONTUMAJIBHBIE LEHTPHI Pa3MEIICHNST H3MEPUTENBHBIX YCTPOUCTB, KOTOPBIE OPHEHTUPYIOTCS Ha 0oJiee MOIIHBIX
noTpeOHuTeNeH, TP 3TOM YUUTHIBasi Teorpaduueckoe pacrpeiesieHne 00beKTOB B 1eIoM. Pa3paboTaHHBIiN OIX0 TO3BOJISIET
3¢ dexTHBHO pacnpenensaTs U3MEpUTENEHBIE YCTPOUCTBA ¢ yUETOM peallbHON 3arpy3Ku OOBEKTOB B CHCTEME M HX Treorpadu-
YECKOTr'0 MOJIOKEHHUS, YTO 00ecreyrBaeT HAMIY I OXBAaT TEPPUTOPUH B YCIOBHAX OrPaHUYEHHOTO KOJIMYECTBAa 000pPYI0-
BaHuA. [IpUBEICHHBIH B CTaThe MOJXO/ MOXKET OBITh aaNTHPOBAH I PA3IMYHBIX TEXHUYECKHX CHCTEM, o0ecreunBas yHU-
BEPCAILHOCTh U TMOKOCTb IPUMEHCHHS.
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npeesieHHas Harpy3ka, reorpauyeckoe pacupeeieHue, IeHTPOUIbI, aTOPUTM k-CPEIHUX, NHKCHEPHbIE CUCTEMbI, MOHU-
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Multi-Level Strategy for Placement of Measuring Devices in Engineering Systems
with Distributed Loads Based on Hierarchical and Cluster Analysis

A. A. Kapanski”, N. V. Hruntovich
YGomel State Technical University named after P. O. Sukhoi (Gomel, Republic of Belarus)

Abstract. Building a digital model of a “smart city” in the context of rapid development of technical infrastructure requires
effective methods for monitoring and managing engineering systems. One of the key tasks is to optimize the placement
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of measuring devices in systems such as water and energy supply, including gas, electricity and heat. In conditions of limited
financial resources and the need to ensure high monitoring accuracy, it is important to take into account not only the geo-
graphical distribution of consumers, but also the intensity of their load. This is especially important for managing distributed
technical systems, where it is necessary to minimize equipment costs, while ensuring full network coverage and timely detec-
tion of anomalies. The purpose of this study is to develop a methodology for the optimal placement of measuring devices
in engineering systems that takes into account both the spatial location of consumers and their load. The paper uses a multi-
level analysis strategy using Ward’s method for hierarchical clustering and the k-means algorithm. Based on the proposed me-
thodology, four territorial clusters were identified using the example of the Gomel water supply system, on the basis of
which 20 pressure sensors were distributed proportionally to the contribution of consumption. The article shows how multipa-
rameter clustering can be used to determine optimal centers for placing measuring devices that are focused on more powerful
consumers, while taking into account the geographic distribution of objects as a whole. The developed approach allows for
the efficient distribution of measuring devices taking into account the actual load of objects in the system and their geographic
location, which ensures the best coverage of the territory under conditions of a limited amount of equipment. The approach
presented in the article can be adapted for various technical systems, ensuring universality and flexibility of application.

Keywords: multi-parameter clustering, placement optimization, measuring devices, distributed load, geographic distribution,
centroids, k-means algorithm, engineering systems, monitoring, digital model

For citation: Kapanski A. A., Hruntovich N. V. (2025) Multi-Level Strategy for Placement of Measuring Devices in Engi-
neering Systems with Distributed Loads Based on Hierarchical and Cluster Analysis. Science and Technique. 24 (4), 327-338.
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BBenenune

B coBpeMeHHBIX MHXCHEPHBIX cHUcTeMax (BO-
JI0- ¥ DHEProcHAa0XKEHWs, CHCTEMaX «YMHOTO TO-
poma» u 1p.) 3¢(EeKTUBHBIA MOHUTOPHHT KITFOYe-
BBIX MapaMeTpoB (AaBIIEHUS, pacXoda | Ip.) Tpe-
OyeT ONTUMAaJIbHOTO pa3MELIeHUs] OrPaHUYCHHOTO
YyHUClla M3MEpPUTENbHBIX YCTpOMCTB. 3ajmada pas-
MEIIEeHUsI AaTYMKOB IPEACTaBIseT cOO0i CroX-
HYI0 KOMOWHAITMOHHYIO TpoOIeMy: dake MpH He-
OOJBIIOM YHCJIE TOTEHIHAIBHBIX Y3JI0B YHCIO
BapHAaHTOB YCTAaHOBKU DKCIIOHEHIIMAIHHO BEIHU-
ko [1]. Kpome Toro, MOHUTOPUHT MOXET Mpecie-
JIOBaTh pa3lIU4yHbIE LI — OT OIEPaLHOHHOTO
KOHTPOJISL 32 COCTOSIHHEM CHCTEMBI 10 OOHapyXe-
HUS yTeUeK, KATMOPOBKY THUAPABIMYECKAX MOJIE-
neit u cozmanus MuppoBbIX ABOHHUKOB [2]. C ox-
HOW CTOPOHBI, TATYUKH JOJDKHBI TIOKPBHIBATH BCIO
CeTh JJIS HAJICKHOTO OOHApYXKCHHS aHOMAlMH U
cOopa JaHHBIX, C JPYroi — OIOKET U IKCILTyaTa-
UOHHBIE 3aTPaThl OIPAHUYHBAIOT MX KOJIUYECT-
Bo [3]. IlpaBmibHOE paCIOIOKEHHE CEHCOPOB
B CBS3aHHOI cHcTeMe OCOOCHHO Ba)KHO C YYETOM
HEPaBHOMEPHOTO TPOCTPAHCTBEHHOTO pacrpese-
JeHusi motpeOuTeneil M WX Harpy3ok. To ecTb
KpYyNHbIE TOTPEOMTENH WM Y376l C BBICOKOH
Harpys3koi TpeOyroT Oosiee 1eTalbHOr0 KOHTPOJIS,
YeM MaJIOHarpy>KeHHBIE Y9acTKH. B To ke Bpems,
HampuMep, sl TUAPABIMYECKAX CUCTEM OTIEINb-
HO BBIACIISIOT Hanbolee yaaleHHbIe (IUKTYIOIIHE)
OT UCTOYHHMKOB MUTAHUS TOYKH, ITAPAMETPhI B KO-
TOPBIX HAaXOAATCS B 30HE PUCKA OTKIOHEHHS OT
HOpPMAaTHUBHBIX 3HaUYE€HUI. OTH 0COOEHHOCTH HEO0O-
XOJUMO YYUTBIBATh MPHU Pa3MEMICHUH yCTPOHUCTB
MOHHTOPHHTAa B PEaJbHBIX YCJIOBHAX DKCILTyaTa-
LMW CIIOKHBIX CHUCTEM PECYPCOCHAOKEHUS pa3BH-
BaIOIINXCSA TOPOJIOB.

328

B cBs13u ¢ 3TUM LieNbI0 HACTOSILErO UCCIEN0-
BaHUS SBISUIACH Pa3pa0bOTKa CTPATETHH pa3Mellie-
HUSA HU3MEPUTENBHBIX YCTPOWCTB B HHXEHEPHBIX
CHUCTeMax C paclpeJie]IeHHON Harpy3KoM, y4HThI-
BAIOIIEH KaK MPOCTPAHCTBEHHOE IOJIOXKEHHUE IIO-
TpebuTenell, Tak U UX pecypcoeMKocTh. s pe-
IIeHUA TIOCTAaBJIEHHOW 3aladd B HCCIEIOBaHUU
PAaCKpBIBAETCS MHOTOYPOBHEBBIN MOJXOJ Ha IpU-
Mepe MH(PPaCTPyKTYpHOU CHUCTEMBI BOJIOCHA0Xe-
Hua ropojga ['omensa. OcHoBa METONOJNOTHH 3a-
KJIIOYAeTCA B COYCTAHUHU HEPAPXUUECKOr0 METOAa
KJIacTepu3anuu (B YacTHOCTH, MeTona Yopnaa)
C QITOPUTMAMH METPHUYECKON KIIacTepu3anuu (ai-
roput™ k-cpenuanx). OObeIUHEHHE 3THX METOIOB
O3BOIIIET (hOPMUPOBATH TEPPUTOPHAIBHBIE Tpa-
HHULBI U IPOMOPLUHOHANBHO pa3MEIIaTh B HUX U3-
MepuTenbHble ycTpolicTBa. IIpaktnueckas 3Ha-
YUMOCTh IOJIXOJa 3aKJII0OYAeTCs] B BO3MOXHOCTH
ONTHUMAJILHOTO PacHpelieliCHUs] OTPaHUYCHHOT'O
YHUCJIa CEHCOPOB C OMOPOW Ha peajbHbIC JaHHBIC
0 TPOCTPAHCTBEHHON CTPYKType U HHTEHCHBHO-
CTH Harpy3okK, 4TO OCOOEHHO Ba)XKHO B YCJIOBHSX
nepunmra obopymoBanus. Haydnas HOBH3Ha wWcC-
CIIEIOBAHNSA COCTOWT B NPUMEHEHHWH THOPUIAHOM
KJIACTEPHOW METOMOJIOTUH 7Sl TUIAHUPOBAHUS CU-
CTeM MOHHTOPWHTA TIPHU CO3JaHWH ITHPPOBBIX
JIBOMHHMKOB, aJallTUPOBAHHOW MOJI HWH)KEHEPHbIE
00BEKTHI C HEpPaBHOMEPHOH 3arpy3koi. Hactos-
masi paboTa ABISCTCS JIOTHYECKUM IPOJIOJIKCHH-
€M paHee OMmyOJIMKOBAaHHOTO UCCIIEAOBaHUs, B KO-
TOpOM OBbUT BHEPBBIC MPEAJIOKECH IPUHIIUI
TeOMPOCTPAHCTBEHHON KiIacTepH3all IOTpeOH-
TeJel KaKk OCHOBBI ISl ONTHUMH3ALUU PECYpCo-
cHaOkarome nHPpacTpyKTypsI [4].

Hayka
uTexHuka. T. 24, Ne 4 (2025)



Power Engineering

0O030p cymecTByIOUIUX MOAXO0/10B
K pa3MelleHuI0 U3MEPUTEIbHBIX YCTPOHCTB

Psig Hay4yHBIX pabOT CBOIUT 3ajady pa3mMelie-
HUSl U3MEPUTENBHBIX YCTPOWCTB K KIIACCHYECKOH
3a/laue JUCKPETHOTO pa3MelleHUs 00beKTOB. Tak,
B CTaTbe [5] 3amaya ONTHMAIBLHOTO pacmpesee-
HUSl JaTYNKOB MOHUTOPHHTA (hOpMaIn30BaHa Kak
0000IICHHAs p-MeIMaHHasl 3aj1a4a Pa3MeIeHUs B
MPOU3BOJILHOW METpUKE. ABTOpaMH IPEIJIONKEH
ITOPUTM pElICHUs, OCHOBaHHBIH Ha METO/aax
CIIy4YaiiHOTO TOWCKA, JIJIsi HaXOXJCHHS KOH(UTY-
palMy aTYMKOB, MHHUMHU3HPYIOUIEH IIeNEBYIO
(hyHKIMIO (HarpuMep, CyMMapHO€ PacCTOSHHUE OT
notpeduTeneld 10 OnmKallIero yCTpOHWCTBa HIIH
nHOU Kputepui). [lomoOHbIE MOIENTN YIHTHIBAIOT
MIPOCTPAaHCTBEHHBIE KOOPAWHATHI OTpeOuTENeH U
MIO3BOJISIOT HANPSMYK BKIIIOYaTh BECOBBIE KOA(-
(bUITMEeHTHI, OTpaXKaroIIre Harpy3Ky WM BaXXHOCTh
y310B. OJTHAKO TOYHOE pElICHUE 3a/la4d pa3Me-
uieHus (TIOCpeICTBOM Iepedopa WK LEeI0UHCIIeH-
HOTO TMPOTPaMMHUPOBAHUS) BBIYUCIUTENBHO 3a-
TPaTHO AJISL CIOXKHBIX CHUCTEM, OCOOEHHO B YyCIIO-
BUSX HEJOCTATOYHOrO o0bemMa HHGOpPMAIUK O
peanbHON KoH(pUTyparuu cetu [1]. UMeHHO TI0-
ATOMY Ha MPaKTHUKE IIMPOKO MPUMEHSIOTCS IBPH-
CTHUYECKUE METOJIbI ONTUMH3AIMY — FTEHETHYECKUE
anroput™bl [6], umuTauus otrxkura [7], MOMCK
¢ 3amperamu [8] 1 zp.

Tak, B uccnemnoBanuu [9] mcmoab3oBaics re-
Hetndeckuit amroput™M (['A) k onTHMaIbLHOMY
pa3MEIIeHUI0 JaTYUKOB JIIsl ONPENEICHUS MECTO-
HAXOXKJICHUS YTCUEK B BOJONPOBOAHBIX CETSX.
UcnonmpzoBanHast meneBas (GyHKIUS MHUHUMHA-
3WpoBalla YHCIO HEePa3IUYMMBIX (HEU30JHpYye-
MBIX) YTEUYEK MpPU 3aJaHHOM KOJUYECTBE JaTUH-
KOB. Perrenune 3amaun onTUMu3amu odecrednBa-
710 3((HEeKTUBHYIO YCTAHOBKY CEHCOPOB JaBJICHUS
B y3JlaX, MaKCUMH3HUPYS CIIOCOOHOCTh CHUCTEMBbI
pa3nuuaTh pa3Hble MecTa yTedek. B mocnemyro-
IIMX WUCCIEAOBAaHUSAX MPEAJIarainch yCOBEPIICH-
CTBOBaHHbIE MeTO/bI ['A /IS TOBBIIIEHUSI TOYHO-
CTH U CKOpPOCTH paboTHl Ha Oompmux ceTsx [10],
a TaKXKe albTEPHATUBHBIC AITOPUTMEL. Hampumep,
B [11] mns pemieHus 3aavd ONTUMU3AINH TIPH-
MEHEH aJIrOPUTM HMHUTAIIMOHHOTO OTXKUTa, ITOKa-
3aBINUH COKpAIllECHUE BPEMCHH BBIUUCIICHUH 110
cpaBHenuio ¢ 'A. Tem He MeHee MPSAMBIE ONTHMHU-
3allMOHHBIE W DJBOJIOIMWOHHBIE METOABl YacTo
HAaI[CJICHbI HA SAMHUYHBIC KPUTEPUH (PaCIIONOKE-
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HUE 00BEKTOB, YTEUKH HIIH JP.) ¥ HESIBHO YUUTHI-
BalOT reorpaduuecKyro CTPyKTypy 00BeKTOB [4].
[IpakTyeckue 3amaun MOHUTOPUHTA TPEOYIOT
KOMIUIEKCHOTO TIO/X0J1a, MPH KOTOPOM MOTYT
YUHTBHIBATbCA Cpa3y HECKONBKO (DaKTOpPOB: CKO-
POCTh OOHAPYKECHHUSI AaBAPUHHBIX CUTYALHid, OXBAT
KITFOYEBBIX YYaCTKOB CETH, TOYHOCTH THIPABINYE-
CKOTO MOJIEIMPOBAHUSA U CTOMMOCTH YCTAHOBKH
obopynoBanus. B 3Tol CBsI3u B HaydHOW JHTe-
paType IIHPOKOE pPACIPOCTPAHEHUE MOIYUYWIN
MHOTOKPHUTEPHAIbHBIE METOAbl  ONTHMHU3ALUU.
Hanpumep, B [1] npeayioxxeH noaxoa K pa3Melne-
HUIO JTaTYMKOB B BOJOPACIPEICIUTENBHON CETH,
OCHOBaHHBII Ha TPEX OCHOBHBIX KpPHUTEpHUAX (Be-
POSITHOCTDh YCHEUIHON HIeHTU(UKALMKU aBapuw,
BpeMs ee OOHapy>KeHHMS M KOJIMYECTBO Hacese-
HUS, TOTEHIHAIbHO TIOJBEPKEHHOIO BO3ZACH-
ctBu0). UYUTOOBI COKpaTHTh BBIYMCIUTEIBHBIC
3aTparsl, aBTOPBI IPUMEHHUIIN KJIACTEPU3ALUI0 Me-
TOJOM Kk-CpEAHUX, CEIMEHTHPYS Y3Jbl CETH IO
CXOXECTH pEaKUUi Ha PA3NIUYHbIE aBapUilHbIE
cuenapuu. Ilocne 3TOro U3 Kaxkaoro Kiacrepa otT-
Oupanucy HamOolee pENpPE3CHTATHUBHbBIC Y3JIbI,
U JanbHelIas ONTUMHU3alYs BBIIOIHSUIACH TOJb-
KO cpeau HuX. TakodW MOAXOJ TO3BOJIMII 3HA-
YUTENBHO COKPAaTUTh Pa3MEPHOCTb 3ajaun 0e3
norepu kadecrsa peweHuid. Ilo pesyiasraram mo-
JETMPOBAaHUS OBTIO TIONYYEHO BIBOE OOJBINIE
KOH(UTYypaluii, yIOBIETBOPSIOMINX KOMIIPOMHC-
Cy MEXAy KPUTEPHSIMH, YEM IIPH MPSMOU ONTHMH-
3anuu 6e3 MpenBapuTeIbHON KIIaCTepPHU3aLUH.
Hdpyrum > QeKkTuBHBIM MOIXOAOM K pasMe-
LICHUIO JAATYMKOB SBJSUIOCH MCTOJIB30BAaHHE Mart-
pHI] 9yBCTBUTEIBHOCTH Y3JI0B K M3MEHEHHSAM I1a-
pamerpoB cetu. B [12] npennoxken meron, coB-
MEIIAOMNI JiBa HANpaBJIeHHUA: OOHapyKeHHE
yT€UeK M KaIMOPOBKY THAPABIMYECKONW MOJEIH.
JUIst 3TOr0 CTPOMWJIMCH MATpULbl JIOKAJIbHOW 4yB-
CTBUTENFHOCTH JABJIEHUS K pacxomamM (Ui aHa-
JU3a yTeueK) W TJI00adbHOM YyBCTBUTEIBHO-
ctu (merogom CoOoiist) — ISl OICHKU BIUSHUS
rapaMeTpoB Ha IMOBENECHUE CHUCTEMBI. Y3IIbI CETH
ObUIM CTPYIIIMPOBAHBI C ITOMOILBI0 MHOXECTBEH-
HOW KJIaCTEepH3alliH, YUYHMThIBalomeld obe MaTpu-
mpl. M3 Kaxaoro kiactepa B KadecTBE TOYKH
pa3MeIIeHns CEHCopa BRIOUpaJICS y3€ell ¢ HanOOIb-
meld rao0anbHON YYBCTBUTEIBHOCTHIO M MaKCH-
MaJbHOW CHOCOOHOCTHIO K JCTEKTHPOBAHUIO yTE-
yek. Takodl mOAXOJ TMO3BOJMI OJHOBPEMEHHO
NOBBICUTh TOYHOCTh KaJHOPOBKH, YBEIUYHTH (-
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(eKTHBHOCTh OOHAapyXEHUsl yTE4eK II0 CpaBHe-
HUIO C TPAJAWLMOHHBEIMH METOJIAMH, OJHAKO Tpe-
0OBaJI IPEABAPUTENBHBIX U3MEPEHUH ISl OLICHKH
YyBCTBUTEIBHOCTEN CETH.

OnHUM W3 [EHTPATBHBIX HANpaBICHUH, TOTY-
yuBmuX pazsutue B 2010-e rr., cTamo ucmnosib3o-
BaHHME KJIACTepU3allMy JIJIs PEleHUs 3ajad pas-
MEIICHUs] U3MEPUTENBHBIX ycTpoiicTB. [losBser-
Csl BO3MOXKHOCTb TPYNIHAPOBATh CX0XKHE OOBEKTHI
(y3mBl ceTH WM TOTpeOWTENei) B KIACTEPHI T10
MaKCHMaJbHOH BHYTPHUKIACTEPHOW OJHOPOHO-
CTH. HpI/I OINNTUMAJIBHOM pasMCIICHUU JaTYUKOB
TaKOW IOAXOM peanu3yeTcs B ABa dTama: 1) s
JIEKOMITO3UIIMU OOJBINION 3aaud Ha TOJ3a7adu
(pa3bueHue ceTH Ha 30HBI C MOCIEIYIOIUM BBIOO-
POM Vy37I0B B KaXIOHW 30HE); 2) IS BBISBICHUS
CTUTIUYHBIX»  Y3JIOB-TIPEACTABUTENCH, KOTOPHIE
000pyAyIOTCS AaTYMKaMH. BriepBble B KOHTEKCTE
yTeueK B PECYPCHBIX CHCTEMax MOJOOHBINA MOIX0T
omucaH B cTarbe [13]. ABTOpBI NIpPEIOKHIN
,Z[ByXE)TaHHbII\/'I AJI'OpUTM, € CHadalla Ha OCHOBC
KIIaCTepHU3aI[M CHIDKAETCSl pa3Mep MCXOMHOH 3a-
Jladd, a 3aTeM Ha CY)KEHHOM MHOXXECTBE KaH/IH-
JAaTHBIX Y3JI0OB BBINOJHACTCA TOYHBIA ITOMCK pe-
meHus. DPGEeKTHBHOCTD MOIX01a TOATBEPKICHA
Ha TIpUMepe KIacTepu3aliil BEKTOPOB YYyBCTBU-
TCJIIBHOCTHU JAaBJICHUA K YTC€UKaM C HMCIIOJIb30BaHH-
eM anroputMma Evidential C-means (ECM). Meton
MO3BOJIMJ aBTOMATHYECKH ONpPENeNUTh ONTH-
MaJIbHOE YHCJIO KJIACTEPOB M BBIICIHUTH U3 KaXKIO-
ro Hamboyiee WH(MOOPMATHBHBIC Y3IBI — OMKAaii-
mue K ueHtpouaaM. [lomydeHHOE MHOXECTBO
OBUIO MCIONB30BAHO JUIA TOYHOTO Tepedopa KOH-
¢urypanuii pazMemeHusi JaTINKOB, YTO 3HAYH-
TEHHO CHU3WJIO BBIYUCIIUTENBHYIO CJIOXKHOCTh 3a-
Jlau¥ TP COXPAHEHWHU BBICOKOTO KadyecTBa JIOKa-
nmu3anuu yTedek. [loxoxxnm oo6pazom B crathe [10]
NPUMEHEH alTrOPUTM k-means AJisl KJIacTepu3alun
Y3JI0B 110 YyBCTBUTEIBHOCTH.

OFpaHI/I‘leHI/IH CYIIECTBYOIIUX IMOAXO0/10B
1 npeajiaraemMoro Meroaa

JlutepaTypHbIii 0030p MOKa3bIBAET IBOIIOIUIO
MOJXO0/IOB K ONTUMAJIbHOMY Pa3MEIICHUIO H3Me-
PUTENBHBIX YCTPOHCTB B HH)KCHEPHBIX CETSIX OT
KJIACCUYECCKUX ONTUMHU3ALUOHHBIX K MHTEJUICKTY-
aTpbHBIM METOJIaM aHaJh3a JAaHHBIX. 3a TMEePHOJ
2013-2024 rr. MOSBWINCH PEIICHHS, OOBEIHHSI-
IOIME PA3IMYHBIE METOMBI, TaKUE KaK IreHETHYE-
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CKHE aJrOPUTMBI MM METOIbl KIIACTCPU3aIlUU.
Bwmecre ¢ TeM B X0/le IPOBE/ICHHOTO aHAJN3a BBI-
SIBJICH Psii OTPAHWYCHUN TPAJUIMOHHBIX TOAXO-
noB. Bo MHOTHX paboTax aenaroTcs yIpoIIanme
JIOITYIIIEHUs, HAIIPUMEP W3BECTHBI BCE CICHAPUU
aBapuil WK yTeYeK U UX BEPOSTHOCTH. DTO Orpa-
HUYHMBACT NMPUMEHUMOCTh DPE3YJIbTaTOB B peaib-
HBIX YCIOBHSX C JAWHAMHUYECKH MEHSIOIIEHCS
Harpy3koil Wi pa3BHBaromieiicss HHPPaCTPyKTy-
poi. MeTojibl, OCHOBaHHbIE Ha aHAJIU3€ YyBCTBU-
TENBHOCTH, TMPEAIONIATal0T HaJM4re KauOpOBaH-
HOM MOJIENIN CETH, YTO BO MHOTHX CJIy4asiX HEBO3-
MOXXKHO. B TO ke Bpemsi KiacTtepu3amus Y3JIOB
TOJILKO TI0 MATPHIIC YyBCTBUTEIHHOCTH HE Y4YH-
THIBAeT JIOKANbHBIE KOJICOAHWS TOTPEONCHUS W
MOXET PpAaCHpeJe/IUTh JAaTYUKU, HAMPUMEp, II0
nepudepun cetu, UTHOPUPYS Y3Ibl ¢ OOJBIIUMU
pacxomamu.

[Ipenaraemas B HACTOSIIEM HCCIICIOBAHUN
IIBYXATAIHAs METOJINKA TaK)Ke UMEET PSJl OTPaHH-
yeHuid. B mepByro ouepen OHA UCXOIUT U3 MPEJ-
TOJIO’KEHUS], YTO B MHXKEHEPHOW CHCTEME MPHUCYT-
CTBYET €CTECTBEHHAs IMPOCTPAaHCTBEHHAS CTPYK-
Typa, TTO3BOJISIONIAs BBIIEIUTh TEPPUTOPHATIHLHBIE
30HBI Ha OCHOBE KJIACTepH3alHd NOTpeOuTeneit
no reorpaduyeckoMy mosioxeHuo. Ha mnepBom
JTare arjioMepaThBHAas KJIacTepHU3allysl MO3BOJISIET
HE TOJIBKO CIPYNIHUPOBATh OJM3KO PACIOJIOKEH-
HbIE O0BEKTHI, HO U OIEHUTh CYMMapHYIO Harpy3-
Ky BHYTPHU KaXXJIOW 30HBI, YTO JIa€T BO3MOXHOCTh
MIPOTIOPITUOHANIBHO PACTIPEICTNTh 33/JaHHOE KO-
JIUYECTBO HM3MEPHUTEIILHBIX YCTPOUCTB MEWKIY
KJIACTepaMH B COOTBETCTBUH C UX MOTPEOICHUEM.
Ha Bropom stame B Kaxoi 30He MPUMEHSETCS ai-
TOPUTM B3BEIICHHBIX K-CpelHUX, O0OCCIICUnBaIO-
MK ONTUMAIEHOE TO3WIMOHUPOBAHUE YCTPOICTB
C YYETOM BHYTPHUKIACTEPHOTO pacHpeeiieHUs
BojomnoTpeOiaeHns. MeTox MMeeT [Ba CYIIEeCT-
BEHHBIX OTPaHUYCHHS: BO-TIEPBBIX, OH TpeOyeT
MPEIBAPUTEILHOIO 3aJaHusl OOIIEro KOJHUYECTBa
M3MEPHUTENBHBIX YCTPONCTB; BO-BTOPHIX, ITOTYYCH-
HbIC B pe3yJibTaTe KOOPAUHATHI IICHTPOB YCTaHOB-
KM JTaTYMKOB HEOOXOJIUMO KOPPEKTHPOBATH, MPH-
BOAS HMX K ONMKAWIIUM JTOCTYIHBIM TOYKAM
TpyOOTIPOBOAHON CETH (3TO OCOOCHHO 3aTpyIHH-
TENBHO TPU OrPAHUYCHHOM JOCTyNe K WH(pa-
CcTpykType). B Tabn. 1 mpuBemeH cpaBHUTEIHHBIN
aHaIlM3 MPEAIaraéMoro MeTo/a C CYIIEeCTBYIOIIN-
MU MOAX01aMHU.

Hayka
uTexHuka. T. 24, Ne 4 (2025)



Power Engineering

Tabnuya 1
Io3nuoHNpoOBaHKeE MPeEIAraeMoro MeToa Cpeay CyIeCTBYIOINUX PeleHui
Positioning the proposed method among existing solutions
VYuer npoctpan- Merton
Hccnenoa- Kirouessie pocTp VYuer
CTBEHHOTO pa3MeneH s IMpenmymectBa | OrpaHndeHHs
HUE METOIbI NoTpeOIeHNs
TIOJTOKCHUST JATINKOB
ABTOMaTHYECKHH
OtcyTcTBUE
Sarrate of al Knacrepuzanus Her, ¢okyc Ha Bri6op eHTpo- | BBIOOp YKcIIa Kiia- weta
ECM 1o 4yBCcTBH- |9yBCTBHTEIBHOCTH Her H7IOB KJIACTEPOB + | CTEPOB, CHIDKCHHUE Y
(ECM, 2014) N . | morpebneHus
TEJILHOCTH JABJICHUS K yTeuKaM + TIOJTHBIH TTepebop | BHIYUCIUTEIBHON
u reorpaduu
CJIOKHOCTH
MHorokpuTepuaib-
3aBUCUMOCTH
Has ONTUMH3AIHS + Kocsenno, CHmxeHue pas-
[a, uepes kpure-| OnTumuzanus OT BBIOOpA CIIe-
Gautam et al. | + knactepuzanus yepes Mecra MEPHOCTH, THOKas
pHU 3aTPOHYTOTO| II0 OTOOPAHHBIM . HapwueB, ciabast
(2022) k-cpenHuX 1o Kap- HaXOKACHUS HacTpoiiKa
N HaceJeHUs y3nam reorpaduueckas
TaM OOHApPYKECHHS aBapuit KpHTEpHEB
MpPUBSI3Ka
yTedeK
Y4er HeCKOIBKHUX
Bri6op y3ioB . Bricokas
Kocenno — . HETbIX (QyHKIIH
Lo Knactepuzaumsi mo | Her, ¢pokyc Ha ¢ HauOoNbIIeH 3aBUCHMOCTh
Rajabi & yepes3 4yBCTBU- (yreukn, kanuo-
MAaTpUIaM YyBCTBH- |1yBCTBUTEILHOCTH qyBCTBUTEIILHO- OT KayecTBa
Tabesh (2024) TENBHOCTD POBKa Ir'MIpO- .
TEITBHOCTH Mozenm CTBIO B KQ)KIOM THIPaBIMIECKON
K pacxogam MOJIENN), BBICOKAsI
KJacTepe MOZENH
TOYHOCTD
AriiomMepaTuBHas
IIpennarae- IIpocrora IIpennonaraercs
o KJIacTepu3anus LenTtpounsr kna-
MBI METOJ [a, Hanpsimyto | [la, siBHO 4epe3 peannzanuy, HaJIM4IHe TeppH-
(meton Yopna) + CTEpOB, C yU4ETOM o
(nByxoTan- . |4epe3 koopauHaThl| 00BEM BOAOIO- . | yuer reorpadun TOpHAJILHOM
N + B3BEIICHHBIN . Beca ¥ IPUBSI3KOM
HBI: Yopaa + notpebuTene TpebiaeHus U Harpys3KH, Mac- CTPYKTYPBI
k-cpennux K HH(paCTPYKType
k-cpenHux) mTabupyemMocTh Harpys3ku
10 HAaTrpy3Ke

Onucanue HHPPACTPYKTYPHI 00BEKTA
HCCJIeOBAHUS H HCTOYHUKOB HHpOpMaIun

Hacrosiee uccnemoBaHre OCHOBBIBAETCS Ha
JAHHBIX PEXUMOB Boomnorpedbnenus ['omens, ox-
HOTO U3 KPYIMHEHIIUX MPOMBIIUICHHBIX HEHTPOB
PecnyOnuku Benapych. Cucrema BogoCHa0KEHUS
ropojia BKJIFOYACT TISITh KIFOUEBBIX BOJ103200pOB:
Cox, Unyts, KopeneBckuid, IOro-3amanueiii u
IleHTpanbHBIN, KOTOPHIE COBMECTHO (yHKIIMOHH-
pYIOT B €IMHOW THUJIPABINYECKON CETH ISl MOJ-
JICpKaHusl JaBJICHUsT U 00ECIIeUeHUs] BOJIbI TIOTPE-
outensaMm. B pamkax mepBoro srama uccleI0BaHUS
chopMupoBaHa reonH(oOpMaIMoHHas 0a3a, BKITIO-
garomas 6osee 240 HanboJee KPYIMHBIX 0OHEKTOB
BOJIONOTpEOIeHU B cHCTeMe (TPOMBIIIJICHHBIE
MIPENPUITUS, YIPSKICHUS U OpraHu3aimu), Gop-
MHUPYIOIMX B COBOKYMHOCTH mopsanaka 60-70 %
TpeOyeMoil moTpeOHOCTH BOAKI B Topose. s Kaxk-
Joro o0bekTa B xone BoImonaHeHnss HUP cobpanbt
JIAaHHBIC, BKJIFOYAIOIINE YHUKAJIBHBIA HIICHTU(HKA-
TOp 00BEKTa, HAMMEHOBAHUE TIOTPEOUTENS, €ro aj-
pec ¥ CpeHET0IOBOM 00hEM MOTPEOIICHHS BOIBI.

[lepBuuHble MaHHBIE OBLIM TPEAOCTABICHHI B
TabmmuHON popmMe aOOHEHTCKUMHU CITy)kOaMu BO-

Hayka
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JIOKaHajla ¥ HE COJIepKaiu reorpauyecKux Ko-
OpAWHAT, HEOOXOAWMBIX [UIS TPOBENEHHUS MpPO-
CTPAHCTBEHHOTO aHanu3a. J{Js1 yCTpaHeHus! 3TOro
OrpaHU4YCHUA B XOAC HCCICIOBAHUA PCATIM30BaAH
dTam TEOKOIUPOBAaHUS, B pPe3ylbTaTe KOTOPOTO
azpeca BceX OOBEKTOB aBTOMATHYECKH Ipeodpa-
30BaHBl B KOOPAWHATHI IIHPOTHI M JONTOTHI C HC-
none3oBanueM API cepBuca «Sunexc I'eokonepy.
DTOoT npoiiecc ObUT MOJHOCThIO aBTOMATU3UPOBaH,
YTO TO3BOJIIO MCKIIOYUTH PYYHOUW BBOJ W 3HA-
YUTENBHO YCKOPHUTH cOop wmHpopmanmu. [locrme
IMOJIY4YCHUSA KOOpAMWHAT BBIIIOJIHEHO arperupo-
BaHME JAaHHBIX HA YPOBHE 3JaHUN W YJHI], YTO
MO3BOJIMJIO YMEHBIINTh Pa3MEPHOCTh BHIOOPKH,
COXPaHHUTh HPOCTPAHCTBEHHYIO TOYHOCTh U MOJ-
TOTOBUTH JaHHbBIE JUI MePapXUIECKON KilacTepu3a-
mun [4]. B obmem Buae B MpOBOAMMOM HCCIIEA0BA-
HHUM aJITOPUTM aHAJIN3a BKITIOYAN B ce0sl IOCTIe0Ba-
TENbHBIE IIaru: aBTOMATH3UPOBAHHBIN COOpP JaHHBIX
00 aboHEHTaX, TEOKOAMPOBAHHE aqPECOB U CO3MIa-
HHE TPOCTPAHCTBEHHOW 0a3bl JAaHHBIX, arperario
00BEMOB TMOTPEOJICHUS TI0 TeorpagUIecKuM JIOKa-
LM, a TAKKe KapTorpadryecKuid aHamu3 IJisl BbI-
JieJIeHNs] TEPPUTOPUATIBHBIX 30H (puc. 1).
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Duepzemuka

ABTOMAaTH3HPOBAHHBIH ArperupoBasue
cOop abOHEeHTCKIX TIOTpeONIeHNs 110
JTAHHBIX JIOKAIHsAM 00BeKTOB

O O

T'eokoanpoBaHme agpecos
H IOCTPOEHHe
IIPOCTPAaHCTBEHHOI 0a3bI
JTAHHBIX

O O

Kaprorpadugeckmii
aHAIH3 U
[pe/[BapHTeIbHOE
BBIJICTICHHE 30H

Puc. 1. Anroput™ nepBUYHO# reonH()OPMAIMOHHOM MOATOTOBKH TaHHBIX

Fig. 1. Algorithm for primary geoinformation data preparation

Takasi mocnenoBaTeIbHOCTh OOpPaOOTKH J1aH-
HBIX HEOOXOaUMa ISl PEIBAPUTEIBHOTO TTOCTPO-
€HUs TEIUIOBOM KapThl MHTEHCUBHOCTH Harpy3KH,
BU3YATU3UPYIOIIEH YPOBHU BOMOMOTPEONICHUS Ha
Pa3NUYHBIX y4YacTKaX TOPOJCKOW TEPPUTOPHH.
IMonyueHHast kKapTa Jieria B OCHOBY HepapXuue-
CKOH Kiacrepu3anuu OOBEKTOB IO Teorpaduye-
CKOMY MpPU3HAKY, YTO MO3BOJHUIIO BBIACIUTH TEp-
pHUTOpHANBHBIC 30HBI C BBICOKOH IJIOTHOCTHIO
U OJHOPOJHOCTHIO pa3MeEIIeHHs NOTpeOuTeneii.
Jlns aHanmM3a ¥ BU3yalU3allid MPOCTPAHCTBEHHO-
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Puc. 2. TernoBas kapTa BOJOMOTPEOICHHS M HCTOUHUKOB BOJJOCHA0KEHHS
Fig. 2. Heat map of water consumption and water supply sources
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IIpocTpancTBeHHasi cerMeHTAIMS
TEPPUTOPHH METO0OM HEPAPXUIECKOI
KJIacTepu3anuu

MeTtononoruueckass OCHOBa HACTOAILIETO HC-
cienoBanus Oazupyercs Ha paHee pa3padOTaHHON
CHCTEMe MPOCTPAHCTBEHHOH KiIacTepu3aluu 00b-
eKTOB BojponorpeOienus B r. ['omene [4]. B yka-
3aHHOM paboTe TOCPEACTBOM HepapXU4eCKOi
KJIacTepu3ali OOOCHOBAHO JAEJICHUE T'OPOJICKON
UHQPaACTPYKTYpBl Ha YEThIpe KiacTepa, yIuThIBa-
IOIIMX Kak reorpaguyeckoe MOJOXKEHHE, TaK H
00beMbl TOTpeONeHHsT pecypcoB. B Hacrosmiei
CTaTbe JaHHas KJIACTEPH3alHd HCIOJIB3YETCS B
KayecTBE OCHOBBI Ul MOCIEAYIOMEN ONTUMHU3a-
UM pasMeIleHUs] H3MEPHUTEIbHBIX YCTPOWCTB.
st Beigenenus rpynn oOBbeKTOB Ha KapTe ropoa
npuMeHeH MeTon Yopaa. OObequHeHUe KiacTe-
POB B paMKax JaHHOTO ITOAXO0Ja OCYIIECTBIIICTCS
M0 KPUTEPHUI0O MHUHUMAJIBHOTO NMPUPOCTa BHYTpPH-
KJIACTEPHOW JTUCIEPCHH, PACCUUTHIBAEMON IO
clenyroleMy BeipaxeHuto [14]:

A=305F  Z (v + X (5-8))

xjeAd x;eB

rae X; — KOOpAHWHATHI i-ro 00BeKTa (H_II/IpOTa n

monrota); a, b, X — TEHTpH KiactepoB A, B
" ux O6T>G,Z[I/IHGHI/I$I COOTBETCTBCHHO.

(19)

(20)
®)
3)
(7

JanpHelmas — rpynmupoBKa  MOTPEOHTENEH
OCYIIECTBIISIIACH METOJIOM OTCEYEHUs, IIPU KOTO-
POM TOpH30HTaJIbHAS JIMHHUS MPOBOAWIIACH Yepes3
JeHaporpammy (puc. 1) Ha ypoBHE BBIPQKEHHOTO
pa3pbiBa MEXIy BETBAMH. 11 JOMOJHHUTEIBHOM
OLICHKH Ka4ecTBa pa3feiieHUsl JaHHBIX HCIOJB30-
BaH CHIy3THBIN K03 dunmenT [14, 15]:

o b(D)-a(i)
() rnax(b(i),a(i))’

TIe a(i) — cpelHee PacCTOSHUE MEXIy i-M 00b-

€KTOM U BCEMHM JPYTMMH 00BEKTaMH €ro KIacTepa
(BHyTpHKIAcTepHas auctanius); b(i) — MuHH-

MaJIbHOE CpeJHee pacCTOSHUE MEXKAY i-M 00BeK-
TOM W BCEMH O00BEKTaMHU IPYTUX KIACTEPOB (MEXK-
KJIacTepHAas TUCTAHIINSA).

Ha puc. 4 nokazaHo M3MEHEHHE CHIYITHOTO
ko3¢ UIMeHTa B 3aBUCUMOCTH OT MIPUHSITOTO Me-
cTa pasfeneHHs OOBEKTOB Ha JeHApOrpaMMe.
MOXHO OTMETHTh, YTO MAaKCHMAIIbHOE 3HAYCHHC
ko3 durmenta (=0,5) gocruramock TpH pa3due-
HUM JIaHHBIX Ha 4YeThIpe KiacTepa. Takum oOpa-
30M, pe3yNbTaT METOJa OTCEUCHHUS COracyercs
C METPUKOM BHYTPEHHEW KIIACTEPHOM CTPYKTYpBI,
YTO TOXTBEP)KAAaeT OOOCHOBAaHHOCTH  BBIJENe-
HHUS TPOCTPAaHCTBEHHBIX TPYMI IS AaIbHEHIIEro
aHaIM3a.

----- Orceuenue (k=4)

O e
(14)

(11)
)

CrpynmupoBaHHble TOTpeOUTEH

0,00 0,10 0,20 0,30

0,40 0,50 0,60 0,70

EBKIMI0BO pacCTOsHUE

Puc. 3. leagporpamma 00bEKTOB BOIOMIOTPEOICHHS ATl KJIACTEpU3aIMU JaHHBIX 110 TeorpagpuyeckuM KOopAnHaTaM

Fig. 3. Dendrogram of water consumption objects for clustering data by geographic coordinates
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KomidecTtBo KI1acTepos

Puc. 4. IsmeHeHune cury>THOTO Ko durmenta
IPY yBEINYEHUH KOJIMYECTBA KJIaCTEPOB
JUISL IPOCTPAHCTBEHHON KIIaCTepPH3aINU

Fig. 4. Change in silhouette coefficient with increasing
number of clusters for spatial clustering

VYrayOneHHOe HCCIeOBaHHE CTPYKTYPBI MO-
JY4EHHBIX TPYI 110 WHTEHCHBHOCTU 3arpy3Ku
JIEMOHCTPHUPYET BBIpaKeHHYI0 IrddepeHInaImio
MEXIy pa3Nnu4yHbIMU paiioHamu ropozaa. Kiac-
Tep 1, OXBaTHIBAOIINI FOTO-3aMaHYI0 YacTh I'O-
pona (CoBerckuii paiion), obecreunBaer 29 %
cyMmmapHoro mnotpebienusi. Knacrep 2, pacmosno-
JKEHHBIN B 10)kHOU dactu (HoBoOemuikmii paiion),
dhopmupyet 14 %. Kinacrep 3 oxBaThIBaeT ceBepo-
BOCTOUHble Tepputopun  (JKene3HOZOpOXKHBIH
paiion) ¢ momerr 16 %. HanbGonmpmmii BkIam mpu-
xoaurcsi Ha kmactep 4, oxsareiBatommid LleH-
TpaibHbIi paiion ['omens — 41 % ot obmero 06b-
emMa. [Jns  oroOpakeHHsT MPOCTPAHCTBEHHOW
KOH(QUTIYpalul KaKIOH TPYIIBI HOCTPOEHBI BbI-
MyKIble OOOJIOYKH C MCIOJB30BaHHEM (DYHK-
uu ConvexHull u3 6ubnuorexku SciPy B Python.
DTO TO3BOJMIO BU3YAIH3UPOBATH TEPPUTOPHAIIB-
HBIE TPAHHIIBI KJIACTEPOB M MOATOTOBUTH OCHOBY
JUIS TIOCTIENYIOLIEro 3Tala ONTHMHU3AIUH pa3Me-
IIEHUs] YCTPOHCTB MeToJIoM k-cpenuux. Ha puc. 5
[BETHBIMU TOYKAMH ITOKa3aHbI IIOTPEOUTENH,

52,53

BKIIIOYCHHBIE B aHANM3, a MyHKTUPHbBIE JIMHUU
0TOOpakaroT TPAaHWIBI COOTBETCTBYIOIIUX KJIa-
CTEPOB.

OnrumMu3zanys pacnosoKeHus
H3MEpPHUTEIbHBIX YCTPOICTB
MeT00M k-cpeHUuX

Jna BeiOopa cTparermu ONTHMAJIBHOTO paz-
MEIICHUST H3MEPUTEIILHBIX YCTPOWCTB B paMKax
KaXJ0r0 KJIacTepa MCIOJIb30BANICA METOJ A-Cpej-
HUX. OCOOCHHOCTBIO TMPEIaraeMoro IMojaxojia
SIBIISUTOCH TO, YTO MPH PacueTax YYUTHIBATIHCH KaKk
reorpadudecKoe IMOJOKEHNE MOTPEOUTENeH, Tak
Y WHTEHCHBHOCTh MX HArpy3KH, YTO 0OecIie4nBa-
7o Oonee cOamaHCHPOBaHHOE W OOOCHOBaHHOE
pasMerieHre 000pya0BaHUs. 3ajada CBOJIUIACH
K OIpeNeICHnI0 Hanbojee OOOCHOBAHHBIX MECT
TTOJIOXKEHUS Ha KapTe A pacupenenenus 20 mat-
YUKOB JABJIEHUS IO 4YeTbIpeM KiacrepaM. llpu
3TOM KOJUYECTBO YCTPOMCTB B KAXKJIOM KIIACTEPE
OMpeAesIOCH MIPOIOPIMOHATIBHO BECY MOTpebdIie-
HUS B TEPPUTOPUAIBHOM CETMEHTE (BHYTPH Kax-
JIOW 30HBI PUC. 5) B COOTBETCTBHHU CO CIIETYHOIIUM
COOTHOIIIEHHUEM:

NWk
n, =———

b
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i ygle

TA€ 7, — KOJIMYECTBO yCTPOMUCTB, Pa3MEIIEHHBIX B
kimacrepe k; N — oOiee KOJTUIeCTBO YCTPOUCTB;
W, — UHTEHCHBHOCTb IOTpeOIeHUsl B KIacTepe K;

K
Z W, — CyMMapHOe IIOTpeOIeHHe B KJIacTepe.
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Fig. 5. Results of spatial clustering of consumers with visualization of convex hulls for each cluster
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B pesynbrare ycTpoiicTBa pacnpeneauinuch mo
KJIacTepaM B CJIeIyIONINX COOTHOIICHHAX: 6 enu-
HUIl B Kjactepe 1, mo 3 equHUIBl B Kiactepax 2
u 3 u 8 enunun B kiactepe 4. Jlanee anroputm
k-cpeqHux OBLT ananTHPOBaH JUII MHOTOIIApaMeT-
PUYECKOTO aHanu3a, B KOTOPOM KaxJIblii OOBEKT B
KJIacTepe TMPEACTABICH BEKTOPOM IPU3HAKOB,
BKITIOYAIOIIMM TPU KIIFOUEBBIE KOMITOHEHTHI: T'€0-
rpaduueckyro MmMUpPOTy X, MOITOTY X, M WHTEH-
CHBHOCTb HAarpy3ku mnorpeduteneit x;. Taxum
o0pa3om, 11t KaKI0ro i-ro 00beKkTa OBl onpese-
JICH BEKTOP MPHU3HAKOB (xl, Xy, x3). Ha puc. 6
MpHUBeJicHa OJIOK-CXeMa aJrOpUTMa pacIpeselie-
HUSI U3MEPUTENBHBIX YCTPOHCTB METOAOM k-Cpe/l-
HUX, B KOTOPO! KOOPAWHATHI BHIYHCICHHBIX IICHT-
POUAOB OMNPENCISAIOT MPEANOoJiaracMble TOYKHU
pasMereHus 000pyI0BaHU.

/ HcxonHble JaHHbIE /

Ilenrpounast
HULM T3 UPOBAHbI)

Her

v

Nanmmanmsanms
LEHTPOUI0B

v

o | IIpucBauBanue Touex k
7| Gmmkaitmemy neHTpom Iy

Tlepecuer nenTponn

W3menunuch
ITOJIOKCHHU S
LeHTPOU10B?

Jlar

Komnern anropurma

Puc. 6. Anroputm pacipenencHus U3MepUTeIbHbBIX
YCTPOHCTB METOZIOM Kk-CpeIHUX

Fig. 6. Algorithm for distributing measuring devices using
the k-means method
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PaccMoTpuM mocienoBaTENbHOCTh JAEHCTBUM
peann3anny NpeayiaraéMoro MeToa.

1. AIrOopuT™M HadMHaeTCs C 3aJaHusl Hadalb-
HBIX IIO3ULUH YCTPOWCTB, KOTOpBIE CIly4ailHbIM
00pa3oM HMHUIHMAIM3UPYIOTCS Ha OCHOBE IMIpPO-
CTPAHCTBEHHOT'O paclpeliesieHus MoTpeOuTeneid u
WX Harpy304YHON XapaKTEePHUCTHKH.

2. lanee xaxmnmas Touyka (TOTpeOWTENh) MpH-
CBaMBAaeTCs K OJIDKaieMy LIEHTPOUIY Ha OCHOBE
MeTpHUKH EBKIINAAa B MHOTOMEPHOM IIPOCTPAHCTBE

d(x,¢;)= \/(xl _Ci1)2 +(x, _Ci2)2 +(x3 _Ci3)2 =

c 2
= Z('x}_cl]) >
j=l1

rae x =(x;,x,,X;) — KOOPJIHHATHI TOUKH JAHHBIX;

X; — KOOpIMHATA j TOUKH X; ¢; =(C;1,C;p.C13)

KOOPJAUHATHI i-i LIEHTPOUIBI; ¢y

IUIsl -l LEHTPOUABI ¢;; n — KOJIHMYECTBO HU3MeEpe-

— KOOpAMHATa j

HU (TPU3HAKOB) JAHHBIX.

3. Ilocne pacnpeneneHust TOUYEK U1 KaKIOIO
KJIacTepa pacCUUTHIBAIOTCS HOBBIE LIEHTPOU B KaKk
CpeIHEB3BEUICHHBIE 3HAYCHUSI KOOPAMHAT U 00B-
€MOB IIOTPeOIEHHUs] BCEX TOYEK, IONABLIMX B JaH-
HBIU KJIACTEP:

ZieSkxli ZieSkXZi ZieSkx3i
ISel 7 18K S|

>

Cp =

IJe C; — HOBBIE KOOPJMHATHI LIEHTPOHMIA B KJla-
crepe k; S, — MHOXECTBO TOUYEK B KJlacTepe k.

[Iponecc mepecuera HEHTPOUIOB U MOCIEIY-
IOLIEero MepeHa3HaueHus] TOYeK K Kiactepam Io-
BTOPSIETCS. UTEPATUBHO 10 JOCTHXKEHUS CXOIUMO-
CTH, TO €CTh JI0 T€X MOp, [TOKa UX MOJOXKECHUE HE
cTa0uIM3NpyTcs. B otnuure ot nByx¢akTopHO-
IO MOJAXO0Aa, YYUTHIBAIOILETO TOJIBKO reorpaduue-
CKHE KOOPAMHATHI, MIPEJIOKCHHBIH alNrOpUTM JI0-
MOJIHUTCJIbHO IMPUHUMACT BO BHUMAHUC BEC KaXK-
JIOTO MOTPEOUTENS, OTPAKAIOUINN HHTEHCHUBHOCTH
€ro Harpy3kH, 4TO II03BOJISIeT Oojee TOYHO cOa-
JIAaHCUPOBATh pACIIpE/IeNIeHne YCTPONCTB B pac-
npeaeneHHoil cucreme. Ha puc. 7 npuBeneHbl
JIByX- U TPEXMepHas CTPYKTYphl pacHpeieseHus
JaHHBIX s reorpaduueckoro knacrepa 4 (Llen-
TpaJbHBIA pallOH TOpOJa) C YKa3aHUEM pPe3yIbTH-
PYIOILETro MOJOXKEHHS IEHTPOUIOB.
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Fig. 7. Spatial clustering and visualization based on consumption volume and geographic location of objects

B pesynbpTare mpuMeHEHHsT MHOTOIIAPaMETPH-
YEeCKON KJTaCTepH3allui PACTION0KEHHE LEHTPOU-
JIOB YUHTHIBAE€T WX CMEIIECHUE B CTOPOHY OoJiee
MOIIHBIX TMOTPEOUTENCH, YTO 0OOCHOBAHO OOJIb-
MM BECOM WX BO3JICHCTBHSI HAa U3MCHEHUS TH/I-
paBJIMYECKUX TpolueccoB B cucreme. llpu 0Tob-
paXeHWH LIEHTPOUIOB Ha KapTe A AajbHEHIIEro
pasMCUICHUA U3MEPUTCIIBHBIX YCTpOI‘/‘ICTB HUCIIO0JIb-
3yeTcsl TOJBKO reorpauyueckoe MOI0KEHHE: X —
JIOJITOTA; X, — IUPOTa. BaKHO OTMETUTH, YTO TPU
pacuere UEHTPOWAOB KOOpPIMHATA, OTPasKarolas
UHTEHCUBHOCTb Harpy3ku X3 (Hampumep, BOJO-

roTpeOiIeHNe), He y9acTBYEeT B Iporiecce oToOpa-
JKEHHS, TaK Kak Ha OJTOM OJTafe IUIAaHUPOBa-
HUS JTATYUKH PasMENaroTCs HCKIIOYUTENFHO Ha
OCHOBE Teorpaduyeckoil JoKaau3aiu 00bEKTOB.
Ha puc. 8 mpencraBieHa cxema pacrpenesiCHHs
TEPPUTOPHATBHBIX KJIACTEPOB, IJIe B paMKax Kax-
JIOTO CEKTOpa C Y4eTOM IMPOMOPLUH BKIaga I0-
TpeOJieHHs pa3HeceHbl TICHTPhl BO3MOXKHBIX yCTa-
HOBOK M3MEPHUTENBHBIX YCTPOUCTB. 1IeHTphI MOTEH-
[UATBHBIX YCTAHOBOK TIOMEUEHBI 3BE3/I0YKAMHU,
a Bomo3abopel (Water Stations) 0003Ha4eHBI COOT-
BETCTBYIOIIIMMHU Mapkepamu WS.

Puc. 8. Cxema onTuManbHOTO PacCnoIOKEHHUS NaTYMKOB 1aBJICHUS Ha OCHOBE MHOI‘OHapaMCTpPI‘IeCKOﬁ KjlacTeépusaliun

Fig. 8. Optimal arrangement of pressure sensors based on multiparameter clustering
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Janee Ha dTane IUIAHUPOBAHUS TIPOBOJHTCS
aHaI3 BO3MOXHBIX MECT YCTaHOBKH YCTPOMCTB
BOJIM3M PACCUNUTAHHBIX IIEHTPOHJIOB C YYETOM TeX-
HUYECKUX OCOOCHHOCTEH YYacCTKOB WM (DH3HIECKOM
JIOCTYITHOCTH MOHTaKa H3MEPHUTEIbHBIX YCTPONCTB.

BbBIBO/IbI

1. IlpennoxxeHa METOAONOTHS I ONTUMHU3A-
UM pasMEUICHUS W3MEPUTENbHBIX YCTPOKHCTB
B HMHXCHEPHBIX CHUCTEMaX C YYETOM IPOCTpaH-
CTBEHHOTO paclpeaelieHnss OOBEeKTOB IOTpedIe-
HUS M HHTEHCUBHOCTH HX 3arpy3ku. Mcmonp3oBa-
HHE MHOTOIIapaMETPUYECKOTO aHalIHM3a C IpHMe-
HEHHEM MeToga Yopaa sl HepapXudecKou
KJIaCTepU3aIMU U AJITOPUTMA k-CPeTHIX MO3BOJIH-
JO Pa3AeIuTh OOBEKTHI, PACIIOIIOKECHHBIE HA Tep-
PUTOpPHH TOpOJIa W OOCITyXKHBAaEeMble B EIUHON
THIIPAaBIMYECKONH CHUCTEME, Ha YeThIpe Kiacrepa.
O(h(HeKTUBHOCTh TaKOTo pa3lelieHuss CHUCTEMBI
NOATBEPKICHA PAacueTOM CHIYITHOro Koadduiu-
€HTa, KOTOpbIi nuMen HaubOosnbiiee 3Hauenue (0,5)
IpH YeThIpeX KJIacTepax Cpeiu ocTalbHbIX. Ha oc-
HOBE TOJYYEHHBIX JAaHHBIX MPOHM3BEACHO MPOTOp-
MOHAIBLHOE pacrpe/ieieHie JaTYHKOB M0 KKIOMY
BBIJICJICHHOMY TEPPUTOPUATIEHOMY CEKTOpY C yde-
TOM BOZIOTIOTPEOIIEHHS B KXKIOH TPyIIIIe.

2. B pesymnprare nmpeuiokeHHOTO TTOX0a pac-
HpesIeNieHIe TaTYMKOB I10 YeThIpeM KJlacTepaM BbI-
TIOJTHEHO C YYETOM HPOTIOPLIMHU TTOTPEOICHNS B KaXkK-
JIOM KIJIaCTepe, 4TO TMO3BOIMIO Oosee 3(h(heKTUBHO
OXBaTUTh YYacTKM C HauOOJbIIEH Harpy3kod Ha
cructeMy. KonmuecTBo JaTYMKOB B KaXKOM Ki1acTepe
MPOMOPLUHOHAIBHO 00beMy MOTpeOJICHUs: IIECTh
naTauKoB B kiactepe 1 (29 % ot obmiero notpebdie-
HUA), TP Jartuuka B knactepe 2 (14 %), Tpu gaTuu-
ka B kiactepe 3 (16 %) u BoceMb TaTYMKOB B Kia-
crepe 4 (41 %). Beibop Touek pa3melieHus aat-
YHKOB BHYTPH KaKAOTO KiacTtepa OMNpeAersuics
C WCIOJIB30BaHUEM METO/Ia K-CPEJJHUX, KOTOPBIH
TIO3BOJIMJT yYECTh KaK reorpaueckoe pacrosioxkKe-
HHUE TIOTpeOHTeNel, TaKk ¥ WHTEHCUBHOCTh HMX IIO-
TpeOieHusI. DTOT MeTo 00ECTIeUIT TOYHOE PACIo-
JIO)KEHHE IEHTPOHIOB B T€X 30HaX, IJIe¢ HAarpy3ka Ha
cucTeMy ObLIa HAaOOIBIIIESH.

3. Ha 3aximro4nTeNIbHOM dTare pa3sMeIleHus eH-
TPBl  KJIaCTEPOB  JIOJDKHBI ~ OBITH  COOTHECEHHI
C pealbHOH CEeThIO C y4eTOM (PU3MUECKON BO3MOXK-
HOCTM MOHTa)Ka JATYMKOB, & TaKKe TEXHHYECKHX
OrpaHUYEHUM, TAKUX KaK JOCTYII K TPyOOIPOBOAHOI
CHCTEME M YAOOCTBO YCTaHOBKH OOOPYIOBAHWSI.
[NoyyeHHbIe 1aHHBIE W METOJBI MOTYT OBIThH aJiarl-
THPOBAHBI M UCIIONB30BaHbI ISl ONITHMH3AIMN pa3-
MEIIEHHUsT M3MEPHUTENHHBIX YCTPOHCTB HE TOJIBKO
B BOZIOCHAOXKAIOIINX, HO U B IPYI'UX HMHKCHEPHBIX
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CHCTEMaX, TAaKMX KaK TeIIo- WM 3JIeKTpocHalke-
HHE, C Y4YETOM COOTBETCTBYIOIINX OCOOCHHOCTEH
Harpy3kd W TPOCTPAHCTBEHHOTO paclpeieieHHs
rmoTpeduTenei. IT0 AeaeT MPENIOKEHAYI0 METO-
JIOJIOTHIO YHHUBEPCAJILHOW U MPUMEHUMON B IIUPO-
KOM JIMaria30He TEXHMYECKUX 3a/1a4.

Hacrosiliee nccnegoBaHue BbINMOMHEHO B paMKax
Hay4Ho-uccnegosartensckon paboTbl «CoBepLueH-
CTBOBaHME METOOOB HenapaMeTpuyeCcKon Knacrtepu-
3aumun 4ns onTUMM3auum ynpasreHus U NoBbILLEHNS
3HeproaPEKTMBHOCTN  rOPOACKOr0  BOAOCHabxe-
HMAY, MHaAHCUPYEMON 3a cyeT cpeacTB pecnyonu-
KaHckoro Otomxeta Pecnybnvkn Benapycb B COOT-
BETCTBMU C rpaHToM MuHucTepcTBa o06pasoBaHus
Ha 2025 rop.
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