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Cement-Based Materials Modified with Nanoscale Additives
E. N. Polonina®, S. N. Leonovich”, B. M. Khroustalev®, E. A. Sadovskaya®, N. A. Budrevich?
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Abstract. The most common and reliable material without which modern construction is indispensable is concrete. The deve-
lopment of construction production is pushing for new solutions to improve the quality of concrete mix and concrete.
The most demanded and significant indicators of a concrete mixture are the compressive strength and mobility of the concrete
mixture. Every year, the volume of research on nanomaterials as modifying components of concrete is significantly increa-
sing, and the results indicate the prospects for their use. Nanoparticles with a large specific surface are distinguished by
chemical activity, can accelerate hydration and increase strength characteristics due to nucleation and subsequent formation
of C-S-H and compaction of the material microstructure. Sol of nanosilica, which can be used instead of microsilica from
industrial enterprises, and carbon nanomaterial have a wide reproduction base. This paper presents studies of these types
of nanomaterials and the results of their application in cement concrete. Studies have shown that the effect is also observed
with the introduction of an additive containing only one type of nanoparticles. The dependence of the obtained characteristics
of cement concretes on the content of these nanomaterials has been established. It has been found that the best results were
obtained with an additive in which the above-mentioned nanomaterials were used together. Compressive strength of heavy
concrete samples, improved by the complex nanodispersed system, was 78.7 MPa, which exceeds the strength of the sample
containing the CNT additive in a pair with a super-plasticizer by 37 %. The paper proposes the mechanism for action of the
presented complex additive.

Keywords: water sol of nanosilica, carbon nanotubes, super-plasticizer, heavy concrete, strength

For citation: Polonina E. N., Leonovich S. N., Khroustalev B. M., Sadovskaya E. A., Budrevich N. A. (2021) Cement-Based
Materials Modified with Nanoscale Additives. Science and Technique. 20 (3), 189-194. https://doi.org/10.21122/2227-1031-
2021-20-3-189-194
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MOau(UUIMPOBAHHbIE HAHOPA3MEPHBIMH 100aBKAMU
E. H. Hononnnal), JIOKT. TeXH. HayK, npo¢. C. H. ﬂeOHOBI/I‘Il),
akagemuk HAH Benapycu, 10KT. TexH. HayK, npo¢. b. M. XpyCTanenl),
acn. E. A. CagoBekas ), nmak. H. A. ByupeBﬂql)

1)]3enopycc1<1/1171 HaIlMOHAJILHBIA TeXHUYECKU yHUBepcuTeT (MuHCK, Pecriybnmka bemapych)

Pedepart. CaMbIM pacrpOCTPaHEHHBIM U HAASKHBIM MaTePHaIoM, 63 KOTOPOro He 0OXOIUTCS COBPEMEHHOE CTPOUTEIIBCTBO,
siBysiercs: 6eToH. Pa3BUTHE CTPOHUTENBHOIO IPOU3BOCTBA MMOATAJIKUBACT K HOBBIM PCLICHUSIM B YIIy4YLICHUH KauyecTBa OCTOH-
HOIl cmecu u Gerona. Hambonee BocTpeOOBaHHBIC W 3HAYMMbIC IOKa3aTeld OCTOHHOW CMECH — IPOYHOCTH TIPU CIKATUH
1 MOJBWKHOCTH OeTOHHOM cMecu. C KaXIbIM FO0M HCCIICIOBAHIH HAHOMATEPUAJIOB B KA4€CTBE MOAU(DULUPYIOIINX KOMIIO-
HEHTOB OETOHA CTAaHOBHUTCS OOJBIIE, @ PE3y/IbTAThl YKAa3bIBAIOT Ha MEPCIEKTHBHOCT MX IpuMeHeHus. Hanouactuusl, o6ia-
Jarorue OOJBIIOH yASTPHONM MOBEPXHOCTBIO, OTIAMYAIOTCS XUMUYECKOH AKTHBHOCTBIO, MOTYT YCKODPSITH THAPATALIMIO
U MOBBIIATH IPOYHOCTHBIC MOKA3ATENH 32 CYET 3apOABILIc00pasoBanus U Hocaenyomero dpopmuposanus C-S—H, ymior-
HEHHsT MHKPOCTPYKTYpbl MaTtepuaia. I[Iupokyro 6a3y BOCIPOHM3BOACTBA MMEIOT 30Jb HAHOKPEMHE3eMa, KOTOPBIA MOXeET
OBITH HCIOJIB30BaH B3aMEH MHKPOKPEMHE3eMa C MHIYCTPUAJBHBIX MPEANPUITHH, U YIICPOAHbIH HaHOMarepuall. B crarbe
[PEJCTABICHBl HCCIICIOBAHMS JAHHBIX BHIOB HAHOMATEPHAIOB U PE3yJbTaThl MX HPUMEHEHHS B IIEMCHTHBIX OETOHax.
HccnenoBanus mokaszaiu, 4yTto 3¢ QekT HaOIoaaeTcsl Takke NPH BBEICHUH T00aBKH, COISpKaIlel TONBKO OJUH BHJ HAHO-
YacTUL. YCTaHOBJICHA 3aBUCHMOCTD MOJIYYaeMbIX XapaKTEPHCTHUK LEMEHTHBIX OSTOHOB OT KOJMYECTBA NAHHBIX HaHOMATe-
puanoB. BBIABICHO, YTO HaWIydLIde Pe3yJbTAThl OBUIM MONYYEHBI C HOOABKOH, B KOTOPOH COBMECTHO HCIIOJB30BAIICH
BBILIIETIEPEYHCIICHHBIE HaHOMaTephansl. [[pOYHOCTh Ha CkaThe OOpasloB TSDKENOTO OeTOHa, YIydYIIeHHAas KOMIUICKCHOM
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Cmpoumenvcmeo

HaHOJWCIEPCHOIT cucTeMol, coctaBmia 78,7 MlIla, 4To mpeBbInIaeT IpoYHOCTh 00pasiia, CoeprKaliero J00aBKy yriaepoaHbIX
HaHOTPYOOK B mape ¢ cynepruiactudukaropoM, Ha 37 %. M3ydeH MexaHW3M AEHCTBHS INPEACTABICHHONW KOMIUICKCHON

00aBKH.

KiroueBblie cjioBa: BOAHBIA 30JIb HAHOKPEMHE3€Ma, YIVICPOJAHbIE HAHOTPYOKH, CyHepIulacTU(MKATOp, TSDKEIbI OETOH,

MPOYHOCTH

Jlnst uuTupoBanus: Marepuaibl Ha OCHOBE LIEMEHTa, MoubHUIIpOBaHHbIe HaHOpa3MepHbiMu noOaBkamu / E. H. TonoHu-
Ha [u ap.] // Hayxa u mexnuxa. 2021. T. 20, Ne 3. C. 189-194. https://doi.org/10.21122/2227-1031-2021-20-3-189-194

Introduction

Currently, nanoscale materials have found their
application in industry, as modifying components.
Having very large values of the specific surface,
nanosized particles are capable of affecting the
physicomechanical characteristics of the new
material. Depending on the type of raw material
and the production method, the characteristics
of the obtained nanomaterials vary widely [1-8].
All this affects the results obtained when using
the same concrete mix formulations.

An analysis of the literature shows nanomateri-
als, such as carbon nanotubes and silica fume, were
initially used only as a means to increase
the strength characteristics of modified concrete.
A little later it became known that the use of these
nanomaterials together with plasticizing additives
provide an effective reduction in water and an
increase in the durability (frost resistance) of the
created concrete [9-25]. However, questions
regarding the compaction of the structure and the
filling of voids between cement particles and even
larger sand particles remain open at the moment.
The working hypothesis of the study is that a com-
plex nanodispersed system consisting of nanosi-
lica, multilayer carbon nanotubes (MCNT) and
a superplasticizer (SP) will allow to obtain a syn-
ergistic effect, i. e. summation of the positive
properties and qualities of each of the components.

Materials and methods
of experimental studies

The following materials were used in the work
as nanomaterials; water sol of nanosilica SiO,,
obtained from hydrothermal fluids, with characte-
ristics of a pH = 9.2, density p = 1075 g/dm®, solids
content of nanosilica SiO, = 120 g/dm3, total
salinity equal to 1720 mg/dm?® [26—28] and carbon
nanotubes obtained in a plasma of a high-voltage
atmospheric pressure discharge with the opti-
mal composition of the CH, gas mixture: air =
= 1:(2.4-2.5), followed by chemical treatment
with a mass fraction of solids of not less than 37 %,
pH = 7.0, p = 1.1 g/em® [29-36]. Superplasticizer
from a series of polycarboxylates highly effective
in water-reducing ability in the form of an aqueous
solution.
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Portland cement CEM | 42.5N was used as
a binder as a fine aggregate, quarry sand with
a fineness modulus M; = 3.8 with a true density p =
= 2572 kg/m® and bulk density p = 1540 kg/m’
was used. As a coarse aggregate, the fraction
is 5-20 mm thick, bulk density p = 1460 kg/m°.

The particle size distribution of water sols
of nanosilica was determined using the Analy-
sette 22 laser diffraction device, which is built on
the principle of “Inverse Fourier Optics” or a con-
verging laser beam (Fig. 1). Reverse Fourier
Optics also allow extremely high resolution mea-
surements. By automatically moving the measuring
cell supported by the computer in a converging
beam in the NanoTec model, it is possible to create
a supermatrix with a max 520 measuring channels
for calculating. In this case, the measurement range
is from 0.01 to 1000 pm.

Fig. 1. Laser analyzer Analysette 22 NanoTec

The results of determining the particle size of
nanosilica were given the following results: the
size of the solid particles of nanosilica contained
in aqueous ash is less than 10 nm, which is ex-
plained by the resolution of the device (from 10 nm
to 1000 pum).

The concentration and solids content of nano-
silica SiO, in the sol was determined by evapora-
tion of the initial water sol with a mass of Myt =
=100 cm? in an oven at a temperature of t = 150 °C.

Weight reduction according to studies:

1 day — m; =233 ml/g;

2 days —m, = 166 ml/g;
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3 days — ms; = 146 ml/g;

4 days — m, = 145 ml/g;

8 days — mg = 145 ml/g.

This indicates that the SiO, = 120 g/dm?® ap-
proximating value for the indicated solid particle
content is solid; the mass from the 4" day
remained unchanged due to the room humidity.
Upon evaporation, the sol particles stuck together.

The results of measuring the particle size dis-
tribution of the dispersed composition of carbon
nanomaterial are presented in Fig. 2.

80-
%_
60- -
50-
40-
30-
20~ |

10-
0 LALIHIN |
0.01 005 0.0 pm 0.50

Fig. 2. The size distribution of nanostructured carbon particles

In order to study the effect of nanomaterials on
the basic properties of cement concrete, an additive
was made and a series of laboratory studies was car-
ried out. The amount of added additive in all studied
compositions was 0.8 % by weight of cement.

To determine the effect of an aqueous sol of
SiO, (NS) silica on the strength characteristics of
concrete, it was preliminarily mixed with mixing
water, uniformly distributed throughout the vo-
lume, after which water was introduced into the
concrete mixture. The mixture filled the cube-
shaped nests (100x100 mm), which was mounted
on a vibrating table and compacted. After manu-
facture, the samples were unformed and stored in
bathtubs with water until they reached a certain

60

20 168
0 114

7.8

Age, days

age. Testing the samples for compressive strength
was carried out on the 1%, 7", 14" and 28" days.

The data obtained showed that when the sol con-
tent of nanosilica SiO, in the amount of 0.1 wt. % in
cement (NS 0.47) the increment in compressive
strength compared to the control (Control) was
+30 % on the first day, +20 % on the 28" (Fig. 3).

It was found that an increase in the concentration
of this nanosupplement NS 4.7 leads to a decrease in
strength by 1.2 times, which indicates the advisability
of using SP in this system.

A method of preparing a plasticizing additive
used hereinafter consists in dispersing a superplas-
ticizer and nanomaterial (nanosilica or nanocar-
bon) in a mixer for several minutes. After that,
concrete samples were manufactured and tested
according to the above methodology.

Tests of a plasticizing additive, including a na-
nosilica sol paired with a superplasticizer, were
carried out at W/C values from 0.2 to 0.3 (Fig. 4).

An additive containing a nanosilica sol with
a concentration of solid SiO, equal to 0.47 g/kg,
introduced into the superplasticizer in amounts
of 8, 4, and 1 g/t when determining the compressive
strength, showed the best result of 73.7 MPa when
solid SiO, 4 g was added per 1 t of superplasticizer.

At the same time, the introduction of NS
increased the strength of concrete to 30 % com-
pared to concrete containing only SP and to 40 %
compared to the control sample.

The effect of a complex additive containing
MCNT (MLCNT), NS and SP on the strength
characteristics of concrete are presented in Fig. 5.

The compressive strength of samples of heavy
concrete, improved by an integrated nanodisperse
system, was 78.7 MPa, which exceeds the strength
of a sample containing an MLCNT additive paired
with superplasticizer by 27 %.

56.1
s Control

44.4 == NS 4.70

374 NS 0.47

14 28

Fig. 3. The effect of nanosilica sol on the strength characteristics of heavy concrete

Hayka
urexHuka. T. 20, Ne 3 (2021)

191



Cmpoumenvcmeo

80
70 e C 0Nt Ol
50 NS 0.47 SP-8
£ 20 NS 0.47 SP-4
E m—NS 0.47 SP-8
& 30
20
10
0
1 7 14 28
Age, days
Fig. 4. The effect of nanosilica sol in combination with superplasticizer
on the strength characteristics of heavy concrete
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Fig. 5. The effect of complex additives on the strength characteristics of heavy concrete

It can be assumed that the mechanism of action
of the presented complex additive is as follows: the
introduction of a nanocarbon material into the ce-
ment system leads to the packing density of the
particles of the system, and when an even smaller
nanosilica is introduced, additional crystallization
centers of hydrated neoplasms are created. There-
fore, nanosilica acts as a nanofiller of this system,
which more actively affects the concentration of
Ca®* and OH™ and reduces the number of pores.

CONCLUSION

Based on the analysis of the test results, it can
be concluded that a complex nanodispersed sys-
tem, including multilayer carbon nanotubes, nano-
silica and superplasticizer, helps to bring together
particles, densify the structure and form inter-
growth contacts, which effectively affects the
structure of heavy concrete. Thus, this effect is
achieved by directed structural modification of the
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main components of the cement stone — calcium
hydrosilicates relative to the composition and mor-
phology of neoplasms.

List of accepted symbols and abbreviations

f. — compressive strength of concrete, MPa;
m; . g — Weight reduction, ml/g;

pH — pH value;

M; — size module;

p — density, kg/m?,

indexes:

€ — compression;

f — large-ness.
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Pedepat. [Ipou3BoacTBO GETOHHBIX U KENE300€TOHHBIX M3IENi B ycnoBusax PecnyOnuku benapyck u B cTpaHax ¢ aHajo-
THYHBIMH KITUMaTUYECKUMH YCIOBUSIMH TpeOyeT MPOBEAEHHs TEMIOBOIl 0OpabOTKM B TEIMIOTEXHOJIOTHYECKUX yCTaHOBKAaX
C LEJBI0 JOCTIKEHHS NMPOAYKIUEH 3aIaHHON IIPOYHOCTH B Ha3HAYCHHOE BpEMs, Ha YTO PacXoxyeTcs OOJbIIOe KOINIECTBO
TeIIoBOit sHepruu. HazHadeHne pexMMOB pabOTHl 000PYAOBAaHHS B 3TOM CIydae COIPSDKEHO C LENBIM PSIOM TPYAHOCTEH,
KOT/Ia Pe4b UAET O HOBBIX M3JEMUIX CI0XKHON MPOCTPAHCTBEHHON KOHGUIYpalluu U CTPYKTyphl. Kputepusmu ontuMaibHO-
CTH TaKMX PEXHMMOB BBICTYTAIOT, KaK MPABUIIO, MPOJOKUTENBHOCTE U TEMIIEpAaTypHbIE MpeieNbl 00paboTKH, obecreyrnBaro-
mue TpeOyeMyro IPOYHOCTh IPH MHUHHUMAJIBHOM HOTpPEOJICHNH PHEpruH. B ycroBmsxX cepuifHOro mpoW3BOJCTBA B ClIydae
KOHCTPYKTHBHO MPOCTBIX OOBEKTOB HAa3HAUCHHUE PEKUMOB TEIJIOBOH 00pabOTKU OCYIIECTBISIETCS] ONBITHRIM ImyTeM. Kak mo-
Ka3bIBACT aHAJIN3, MOTyYEHHBIE TAKUM 00pa30M PEXXUMbI HE OTBEYAIOT Ha3BaHHBIM BBIIIE KPUTEPHUSIM, OCOOEHHO C MO3MIHUI
sHeprocOepexeHus. B cratbe ¢ ucnonbs3oBaHneM paHee pa3paOOTaHHON aBTOpaMU MaTeMaTHYECKON MOJENH NpeAsaralTcs
3aBUCHMOCTH JUISl pacdeTa ONTHMAJIbHBIX PEXKUMOB TEIIOBOI 00paboTKM OETOHHBIX M3JEIHH, OTINYAIONIUXCS CII0XKHOMH Ipo-
CTPaHCTBEHHOH (opMOit 1 MHOTOKOMIIOHEHTHO# CTPYKTYpOii. MeTo1 OCHOBaH Ha TPEXMEPHBIX YPaBHEHHSX [IEpeHoca C yde-
TOM BHYTPEHHHX HCTOYHUKOB TEIUIOBBIIEIICHHUH, OOYCIOBICHHBIX MPOTEKAOMEH peakiueil TuapaTaluy aKTUBHEIX KOMIIO-
HEHTOB IIEMEHTHOTO KJIMHKepa, ¥ TPAaHUYHBIX YCIOBHI, COOTBETCTBYIOIINX CTPYKTYpe 00pabaThIBAEMOro M3MEINHs, a TAaKXKe
BHUJLy TETIOTEXHOJIIOTHYECKOTO YCTPOICTBA AJIsl yCKOPEHHOH runpaTanuu. [Ipennoskensl ypaBHeHUs s pacueTa KOJIM4ecTBa
MOABOIMMON K 00pabaThbIBaEMOMY H3JEIHIO TEIUIOBOM 3HEPTUH, 0OECIeunBaIOIEH 3aJaHHYIO NMPOYHOCTh B Ha3HAUEHHOE
Bpems. Ha npumepe BBITycKaeMOro IPOMBIIIIEHHOTO OETOHHOTO M3AENUS U JUIS YCIOBHI pealbHO NMPUMEHSIEMOT0 yCTpOii-
CTBa YCKOPEHHOM T'MApaTalliy BHIIOIHEHO CPaBHEHHE ABYX NPEIEIbHBIX PEXKUMOB TEIUIOBOH 00pabOTKH: C H30TePMHUYECKON
BBIJICPIKKOH 1 0e3 Hee. B pe3ynbpTaTe pacyeToB MoTy4eHbl 3aBUCHMOCTH 3HEPronoTpedIeHns, TeMIepaTypHbIX HoJel U cTe-
TICHU TUPATANN B M3JSIHU JI1 000MX PEeXXUMOB U pa3pabOTaH COOTBETCTBYIOLIMI pacCMaTPUBAEMOMY CIIydaro SHeproche-
peraromuii pexxuM TerroBoi o0paborku. [Toka3aHo, YTO MCTIOIB3yEeMBIH YHCICHHBIA METO]| IO3BOJISIET PeIlaTh 3aJaqd I10-
JOOHOTO THIIA ¥ J0OUBATHCSA IKOHOMHH TEILUIOBOH SHEPIHU.

KiroueBble ciioBa: MaTeMaTHYeCKOE MOJCIMPOBAHKE, TEIUIOTEXHOJIOTHYSCKHE YCTAHOBKY, KHHETHKA THJpATAliH [IEMEHTa,
TEeMIIepaTypHOE I0JIe, HECTALHOHAPHOE YpPaBHEHHE TEILUIONPOBOJHOCTH, KOMIIO3UTHbIE MaTepHalbl, dHeprocoeperaromue
PEXKHUMBI, FHEProdhHEKTUBHOCTD
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Abstract. Production of concrete and reinforced concrete products in the conditions of the Republic of Belarus and in the
countries with similar climatic conditions requires heat treatment in heat-technological installations in order to achieve
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the desired strength of the products at the appointed time, which consumes a great amount of thermal energy. In this case,
the purpose of equipment operating modes is associated with a number of difficulties when it comes to new products of com-
plex spatial configuration and structure. The optimality criteria of such modes are, as a rule, the duration and temperature
limits of processing, providing the required strength with minimal energy consumption. In the conditions of serial production
in the case of structurally simple objects, the assignment of heat treatment modes is carried out empirically. As the analysis
shows, the modes obtained in this way do not meet the above criteria, especially from the standpoint of energy saving.
The paper, using a mathematical model previously developed by the authors, proposes dependencies for calculating the
optimal modes of heat treatment of concrete products that are distinguished by a complex spatial shape and multi-component
structure. The method is based on three-dimensional transfer equations, taking into account internal sources of heat release
due to the ongoing hydration reaction of the active components of the cement clinker, and the boundary conditions cor-
responding to the structure of the processed product, as well as the type of heat technology device for accelerated hydration.
Equations are proposed for calculating the amount of heat energy supplied to the processed product providing a given strength
at a specified time. On the example of a manufactured industrial concrete product and for the conditions of an actually used
device for accelerated hydration, a comparison has been made between two limiting modes of heat treatment: with isothermal
exposure and in its absence. As a result of the performed calculations, the dependences of energy consumption, temperature
fields and the degree of hydration in the product for both modes have been obtained and an energy-saving mode of heat treat-
ment corresponding to the case under consideration has been developed. It is shown that the used numerical method allows
to solve problems of this type and to achieve thermal energy savings.

Keywords: mathematical modelling, heat-technological installations, cement hydration Kkinetics, temperature field,
non-stationary heat conduction equation, composite materials, energy-saving modes, energy efficiency

For citation: Romaniuk V. N., Niyakovskii A. M., Chichko A. N., Yatskevich Yu. V. (2021) Development of Energy-
Efficient Modes of Installations for Heat Treatment of Concrete Products Using Numerical Calculation Methods. Science and
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BBenenne

IIpu mpom3BoOACTBE OETOHHBIX M KENe300€TOH-
HbIX M3JEIMA B KIMMATHYECKHX YCIOBHSIX Pec-
nyonuku bemapych TpeOyercst Temoas o0paboT-
ka (TO), xoTopas peamm3yeTcsi B YCTpOMCTBax
yckopeHHOU THuaparanuu. TO sBmusercss camoit
SHEPrOEMKOH CTaUEH TEXHOJIOIMYECKOrO IIpoLec-
ca TIPOM3BOJCTBA OCTOHHBIX W3IEHHHA. Y AETHHBINA
pacxon TterutoBoit sHeprum (TD) Ha Hyx)mbe1 TO
B pacyeTe Ha €IUHMIY oObeMa H3JeNuil cocTaB-
JSET B 3aBUCHMOCTH OT BHJA H3/ETUS W THIIA
TEIJIOTEXHOJIIOTMYECKOH ~ ycTaHOBKM  oT 314
710 2088 MJx/M°, Ha ee OCYIIECTBICHUE 3aTPadl-
Baercss 10 70 % ot oOmiel mpoIoIKUTETFHOCT
MPOM3BOACTBeHHOTO uKia [1-5]. B cunmy ykazan-
HBIX MIPUYHH OCOOYIO aKTyaJlbHOCTh MPUOOpETaroT
mpobjemMa CHIXEHHUS sHeproeMkoctd TO, paspa-
00TKa HOBBIX W COBEPIICHCTBOBAHHUE CYIIECTBYIO-
HIMX METOJIOB HMCCIIECOBAaHMH M PacyeToOB TeILIo-
SHEPTETHYECKOTO U TETUIOTEXHOJIOTHIECKOTO 000-
PYIOBaHUsI sl €€ OCYIICCTBICHHS, ONTUMH3ALINS
CXEM, [TapaMeTPOB U PEKUMOB €Tr0 PadOTHI.

B panee omyOaukoBaHHBIX padorax [6—13]
c(hopMyJIMPOBaHbI M OIHKCaHBl MaTeMaTHUYECKas
MOJIeNIb C TPOCTPAHCTBEHHO paclpeeeHHBIMH
napaMeTpaMH W allTOPUTM pacyera, OTIIHYaIoIIe-
CAd OT M3BCCTHBIX YUCTOM HEPABHOBCCHOCTHU IIPO-
[IECCOB HarpeBa M3JIeNMsl M THApATAlH [eMEeHTa
B HEM, YYETOM MPOCTPAHCTBEHHO PaCIpe/eIeHHO-
ro HCTOYHHMKA THApaTallM¥, YYE€TOM IPOCTpaH-
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CTBEHHOTrO pacmpezaeneHuss 3D-KOMIOHEHTOB W3-
nenusi (OeToH, omaixyOKa, NMEHONOJIMCTHPOJ, MH-
HepaJbHas BaTa), YYETOM CHCTEMbl HaYaIbHBIX
U TPaHUYHBIX YCJIOBHH, OTpa’KarolluX OCOOEHHO-
CTH TEIUIONEPEHOCa B TEIUIOTEXHOJIOTUYECKOH
YCTaHOBKE C IPOrpaMMHUPYEMBIM HarpeBaTelieM
W HaxoJIIUMCS BHYTPH Hee 0o0padaThIBaeMBIM
U3JIETTUEM.

Ilenp uccnenoBaHuii aBTOPOB — pa3BUTHE pa-
Hee TOJYyYeHHBIX MOJAENH M aJTOpPUTMA, 3aKIova-
fomeecss B (POPMUPOBAHMM MCXOAHBIX JTAHHBIX,
ajanTaldyd TPaHWYHBIX M HAYaJbHBIX YCIOBHUH
Y BBIIIOJIHEHWH PAcCYeTOB NMPUMEHHUTEIHHO K TIPO-
MBIIIJIEHHO HW3TOTaBIMBAEMBIM OETOHHBIM U3e-
JIUSIM CJI0KHOM MPOCTPAHCTBEHHOHM KOH(UTypaun
U CTPYKTYpBI, HA OCHOBE Yero pa3paboTaTb dHep-
rocoeperarmmmii pexkuM paboThl TEMIOTEXHOIOTH-
yeckoro obopynoBanui. B kadectBe wmcciemye-
MOTO 00BEKTa paccCMOTpeHa Hapy)KHas TPEeXCIIOu-
Hasi CTeHoBas maHenb cepuu 90-M, BBIMyCKae-
Mass OAO «CTpouTems,HO-MOHTKHBIH TpecT Ne 16,
r. HoBomomomnk» (manee — Hapy»Hasi CTEHOBas Ta-
Henb), 3D-reoMeTpust KOTOPOW MOCTPOCHA B Cpejie
SolidWorks u wumnoprupoBana B paspaboTaH-
Hyto cuctemy CAE nans TOCTpOCHHS KIETOY-
HO¥ 3D-Momenm.

Ha puc. 1 npencraeneHo pacnpeneneHue BXOJIs-
IIMX B HAPY)KHYIO CTEHOBYIO TaHENIb W HCIOJB30-
BaHHBIX NIPH [IPOBEICHUH pacdeToB obnacteit 21— g
Pa3IMYHBIX MAaTEepHajoB M AIIEMEHTOB KOHCTPYK-
LUK, COCTABISIOMINX OETOHHOE U3/IETIHE.
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Harpesarens
Puc. 1. Obnactu MOAEIUPYEMOTO IIPOCTPAHCTBA
UTS TETJIOBO#T 00paboTKH
MHOTOCJIOHHON HAapy>KHOW CTEHOBOM IaHeNIU
Fig. 1. Areas of simulated space
for heat treatment of multi-layer external wall panel

Kak BuaHO M3 puCyHKa, OOBEKT UMEET CIIOXK-
HbIE KOH(QUTYpAIHIO U CTPYKTYpY. B HEro BXOJsT
MIPOCTPaHCTBEHHBIE OOmacTH OeroHa (), meHO-
nonuctupona (Qs) u MuHepaidbHOW Bathl ((g).
TemnoBast 00paboTka u3AeNHUsS TPOBOAMIACE HA
00orpeBacMOM CTEHJIE TOPH3OHTAIHLHOTO (OPMO-
BaHUsI C YKPBITHEM IOBEPX CIICIMAIbHBIM PYJIOH-
HBIM TIOKPBIBAJIOM, TI07 KOTOPBIM (OPMHUPOBAIIACH
nmapoBo3ayimHas cpena (23). Ilo BHyTpeHHEH H
HapY>KHOH TOPLEBBIM MOBEPXHOCTSIM OOBEKT OBLI
OTpaHMYEH CTaJbHOW onamyOKoi (£y).

OTkimroyeHrne HarpeBaHus  (KOHTPOJIHPYEMOTO
MoNAICP KaHNST TEMIIEPATyphl) U TIepexoj 00opyIo-
BaHUS B PEKHM, KOTZa TEIrIoBas oO0paboTKa m3e-
THSL OCYIIECTBISICTCSl IEJMKOM 32 CUET TEeIUIOTHI
THJpaTaIii, MOJEIUPOBAINCH IyTEM IPHCBOSHHUS
aneMeHTaM obnactu HarpeBatens (();) uaeHTU(H-
Katopa obmactu onanyOku (2;) mMpu COXpaHEHHU
3Ha4YeHUN Temreparypbl. To €eCTh B MOMEHT BpeMe-
HU T, COOTBETCTBYIOIIUIA TMPEKPAIICHHIO TTOJICpIKa-
HHS [TOCTOSTHCTBA TEMIIEPATYPhI BBLICP)KKU W3/ICIHS
(HO TOcCTe 3aBeplIeHHs IMPEABAPUTEIFHOTO Harpe-
Ba), o0nacts ()4 MpeBpamanachk B 4acTb 00mactu ;.

TemriepaTypa Bo BceM MPOCTPAHCTBE Harpena-
tenst (€)4) U3MEHSUIach B COOTBETCTBUHU C PEKUMOM
TepMO0OOpadOTKU

aTW(’E) _ (Tmax _TO)/Tinc npu 0<t< Tinc>

ot 0 P Tine < T < Tigg»

1)
rae Tmax — MakcuMallbHas TeMmIepaTrypa B Ipo-

C’I‘paHCTBCHHOfI ob0mactu HarpeBaTeiisa (3a1:[aHHa$[

P Hayka
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CHOITOJIMCTHUOJT

TeMIepaTypa H30TEPMHUYECKOH  BBIIEPK-
kn), °C; Ty — HavanmpHasg Temreparypa mpo-
CTpaHCTBEHHON oOyacTu HarpeBateis, °C,
npunsiTa 36 °C; Ti,c — MOMEHT BPEMEHH TIpe-
KpalleHHs JTala MHOABEMa TEMIIEPaTyphl,
cuntas OT Haudama mponecca TO, 3amaH-
HBI pEXUMOM TEIUIOBOH 00paboTkh, c;
Tis, — MOMEHT OKOHYAHHS H30TEPMHUYECKON
BBIZICP)KKH, CIMTAst OT Havyasa npomecca TO,
3aJaHHBI PEXXUMOM TEIUIOBOH 00paboT-
K, C.

HauvanabHble u IrpaHU4YHbIC YC/JI0BUSA
U mapamMeTpbl MOAECIU

Hauvanbnbie ycinoBust Monenu (B MOMEHT
BpemeHH T = () 3a1aBaINCh COOTHOILCHHMS-
MH, ONHCBHIBAIOIIMMHU (DaKTHUECKHEe TeMIle-
paTypHBIE YCIOBUS POU3BOJICTBA!

T(X,Y,2,0)=25°C nmna
(Xy,2)eQUQ, U UQ;
T(X,Y,2,0)=24°C nus(X,Y,2) € Qg; )
T(x,Y,2,00=T,=36°C mus(X,Y,2) e Qy;
Q(x,y,2,0) =0 Ix/kr s (X,Y,2) €€y,

rae x, Y, Z — IeKapToBbl KOOpAUHATHI (OCh Y Ha-
mpaBjeHa BepTHKaiabHO); T(x, Y, Z, 0) — Temmepa-
Typa 6eTOHa B TOYKE ¢ KoopauHaTami (X, Y, ), °C,
B MoMenT BpeMmenu T = 0; Q(x, v, z, 0) — TermoBsine-
JieHus1 eMenTa, J[K/Kr, B MOMEHT BpemeHu T = 0.

C 1enbio0 MOJETUPOBAHUS TEILUIOBOM 00paboT-
KU TPAaHUYHBIC YCJIOBHUS ObLIM MPHBEIECHBI K YCIIO-
BUSIM 3aj1aud. Tak, Temreparypa 00JacTH Mapo-
BO3AYIIHON cpeanl (Q3) MEHsIACh IO CIIEAyIOIIe-
MY 3aKOHY:

P -P
T, (t+AT) =T, (1) + ——5= () = P, (1) AT, (3)
P, V..C

air * env ~air
T€ Cair, Pair — YZAENbHAS TEIJIOEMKOCTh M IUIOT-
HOCTh BJ@KHOTO HACBIIIEHHOTO BO3AyXa IpH
cpenHer Temmepatype B mporecce TO 40 °C;
Penv — MOIIHOCTH TEIUIOOTAAYM OMATYOKH U OT-
KPBITOH TOBEPXHOCTH OETOHA B MapOBO3AYIIHYIO
cpeny; Peoy — TO ke MapoBO3AYIIHOM Cpebl Ha T0-
BEpXHOCTh PYJIOHHOTO TOKpEIBana; Ve, — 00BEM
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obnactu Q3; AT — mar U3MEHEHHsI BPEMCHH TeTl-
JIOBOH 00paboTKH, C.

MoIHOCTh TEMIO0TAaYU MapOBO3AYILIHON Ccpe-
JIbl Ha TTOBEPXHOCTh MOKpBIBAJIA OMpEAeIsiiach Ha
OCHOBaHUH YPaBHEHUS

I:)cov (T) = Olgoy (Xmax ~ Xmin ) X

4

><(Zmax ~ Zpin )(Tenv (T) _Tcov)’ ( )

TA€ Oy — KOAPOHUIMEHT TEIUIOOTIAYH IIapOBO3-

OyITHOW  cpeasl K  TOBEPXHOCTH  YKPBITHA,

BT/(MZ'K); Xmin, Xmaxs Zmins Zmax — MHAHHAMAaJIbHAS

U MaKCHMAaJIbHasi COOTBETCTBYIOIIUE KOOPIWHATHI

MOJICTTUPYEMOTO TIPOCTPAHCTBA (JJI BBIYUCIICHUS

TUIOMIAJIA YKPBIBAGMOW MOBEPXHOCTH), M; lcoy —
TeMIeparypa nokpsiana, °C.

MoIHOCTh TEIIOOTAauN onayoku (£);) u 0OT-
KpBITOW TIOBepxHOCTH OeTroHa ({2;) B MapoBo3-
IymHyo cpeny (€23) BBEIYHCISIACH CIICTYIOIINM
oOpa3om:

Penv (T) = Z

(x,y,2)ey
(X,y+Ay,2)eQ

+ Y o AYAZ(T(x+AXY,2,7)-T(x,Y,2,7))+
Gy e,
+ Y agAYAZ(T(X-AX,Y,2,1)-T(X,Y,2,7))+
(x,y,2)<0, (5)
(x-Ax,y,2)eQ;
+ Y agMAY(T(X Y, 2+A2,7)-T(X,Y,2,1))+
(x,y.2)ey
(x,y,2+A7)eQ,

+ ) agMAY(T(X Y, 2-Az,1)-T(x,Y,2,7)),
(x,y,2)e
(x,y,2-A7)eQ,

0 AXAZ(T (X, Y +AY, 2,7) =T (X, Y,2,7)) +

TZIE Olyp, Olsg — KOIPQUIMEHTHI TEIUIOOTJAYH KOH-
BEKTHBHOTO TEITIOOOMEHA K MapOBO3IYITHOW Cpe-
Jle COOTBETCTBEHHO OT BEpXHEH (TOPHU30HTAITBHOMN)
U BepTUKAIbHON (OOKOBOW) ITOBEpXHOCTEH Oe-
torHoro magemms, Br/(M*K); AX, Ay, Az — war
M0 MPOCTPAHCTBY B HANPABICHUH COOTBETCTBYIO-
IIHUX OCCH, M.

[TapameTpsl MOJEIUPOBaHUS XapaKTEPU30Ba-
JIUCh CJICIYIOIUMHU 3HAYCHUSMU: pa3Mepbl CETOY-
HOM Mojenu coctaBmn 164x22x139 = 501512 ane-
MEHTOB; Iar mno npoctpanctBy 0,02 M; mar mo
Bpemenn 0,05 c; oOmiee BpeMss MOIEITHPOBAHUS
BapHaHTa TEIUIOBO 00pabOTKH HEe MeHee 22 .
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MopaenupoBanue pacnpeaeneHust
3HAYEeHUH TeMIepaTypbl
U KO3 PunueHTa rugpaTanuu

C wucnonp30BaHWEM MOJENH W YpaBHEHHH,
OMHUCaHHBIX B [6—13], BBHIMOJIHEHO CPABHUTEIHHOE
MOJICTTUPOBAHKE JBYX PEXKHUMOB TEIUIOBOW 00Opa-
OOTKH paccMaTpMBaeMOI0 HM3JAETHS: C H30TEPMHU-
YECKOW BBIJCPKKOHN (TMPU KOHTPOJIUPYEMOM TIOJ-
BOJIE TEIUIOTHI M TIOCTOSIHHOM TeMmeparype) u
sHeprocOeperaonero, Korna TemioBas oopadoT-
Ka W3MIEeNHUS OCYIIECTBISIETCS MPEUMYIIECTBEHHO
3a CYET TEIUIOTHI TUApaTanui (TIOABOJA TETUIOTHI
W3BHE BBITIOJIHACTCS TOJILKO B TEPHOA TIPEIBaApH-
TENBHOTO HarpeBa). Pexxum ¢ H30TepMHYECKON
BBIJICPIKKOM XapaKTEepU30BaJICs CICAYIOUIMMH Tia-
pamerpamu: Tma = 53 °C (Temmeparypa Harpepa
W BBIIEPKKH); T = Tipe = 3 9 (MOMEHT BpEeMEHH
3aBEpILECHHUS MIPEABAPUTEIHHOTO HATPEBA); T = Tisp =
= 10 u (MOMEHT BpEMEHM 3aBEpILEHHUS H30Tep-
MHYECKOW BBIIEPKKH). YKa3aHHBIE MOMEHTHI
BPEMEHH OTCUUTHIBAIUCH OT MPHUHATOTO 3a HYJIb
Havyanma TO. ®parMeHTH, WLIIOCTPUPYIOIINE pe-
3yJIBTAaThl MOJCIUPOBAHUS PACIIPEICICHUS TEMIIC-
patyp u kod(ddunmeHnta (CTerneHH) TUApATAIHAN
B BBIJICJIEHHBIX CEUEHUIX ISl 3TOTO PEKMMa Yepe3
6 4, MpoLICAINX OT Hayalla TETI0BOi 00paboTKH,
TIpeICTaBJICHbI Ha pHC. 2.

Ha puc. 3 noka3ansl U3MEHEHHsI BO BPEMEHH CO-
OTBETCTBEHHO TEMITEpATyphl ¥ KOA(PPHUIIUCHTA THJI-
patalnyu B paziM4HBIX Toukax mzfemusa. M3 puc. 3
CJelyeT, 4YTO MaKCHUMallbHasl TeMIlepaTypa HWX-
HEero cjost 0eTOHa MOCTHTaeT B TOYKE 3 3Hadye-
Hus 56,3 °C Ha MOMEHT BpeMeHHU ~5 4. JTo mpe-
BBIINIACT 33/IaHHYIO TeMIiepaTypy Harpesa Ha 3,3 °C.
MakcuManbHas TeMmiepaTypa HapyXHOW IpaHHU
BepxHero ciosi OeToHa (KpuBas 5) mocTura-
er ~54,7 °C, uro toinpko Ha 1,7 °C BpIlllle TEM-
mepaTtypbl B MPOCTPAHCTBEHHOW OOJAcTH Harpe-
Barens. Pa3Hbie TemmepaTypHbIe YCIIOBHUS B BEpX-
HEM W HWXKHEM CIOSX OeToHa OOYyCIOBIHBAIOT
Y pa3UYHYIO CTeNeHb THApaTaluyd B HUX. Benw-
9uHBl KO3 (UIHMEeHTa THIpaTalk I[eMEeHTa
B Oerone H B paccmarpuBaeMbIX TOUYKax Ha MO-
MeHT BpemeHH T = 15 4 cocraBumu: 53,5 % —
B HWkHeM; 51,6 % — B BepxHeM OETOHHOM CJIO€
U3
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42°C 56 °C
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x=05 x=1,95

42°C 48 °C

25% 355%

Puc. 2. PactipesieneHue temreparypsl (a), crenenu (kodddunuenra) ruapararuu (D) B BBIICICHHBIX CCUCHHUAX U3ACITHS
[PY U30TEPMUYECKOM PEXKUME TEIIOBOM 00pabOTKH M0 HCTEYSHHH 6 4

Fig. 2. Distribution of temperature (a), degree (coefficient) of hydration (b)
in the selected sections of the product in the isothermal heat treatment mode after 6 h

PacueTrsl pacnpezneneHust Temmneparyp IpH 3a-
JAHHOM DPEXHME C H30TEPMHYCCKON BBIICPIKKOMN
(KOTOpHBIN Yalle BCEro HCMOJB3YETCS B YCIOBHSIX
MIPOU3BOJICTBA) TIOKA3aJIH, YTO TeMmIeparypa 0eTo-
Ha TPEBBIACT TEMIIEPATypy H30TEPMHUIECCKOM
BBIICPXKKU. B UTOTE YacTh TEIIOTHI PEAKIIUU THI-
paranuu, eciid TeMIepaTrypa B IMpPOCTPAaHCTBEHHOM
o0acTi HarpeBaTelsl MOJJICPKUBACTCS MOCTOSH-
HOW, OTBOJUTCS OT M3JIENHsS B 3Ty 00IacTh U pac-
cerBaeTcs 3a IMpelenbl u3fenus. B cBsi3um ¢ yem
JUTSL Pa3pabdOTKH DHEProcOeperaroniux peXruMOB
TO nenecoobpa3Ho pacCMOTPETh UCTIONB30BAHUE B
KauecTBe 0a30BOTO PEXKHUM, UCKITIOYAIOIHA aKTHB-
HBII OTBOJ TEIIOTHI OT W3/ENHS B 00JIACTh Harpe-
BaTeNs B IEPHOJ] BHEIIHETO noaBoaa TO.

B kauectBe 06a30BOro IUIsi IpOBEJCHUSI pacue-
TOB HCIIOJIb30BaH TEIUIOBOM PEXUM, XapaKTepU3ylo-
IIUIACS CIIEAYIONMMHA TIapaMeTpaMu: Tmx = 53 °C;
Tine = 3 4 NPU COKPAIIEHHOHW TPOIOIDKUTEILHOCTH
HM30TEPMUYECKON BBIACPIKKY (J1aiee — sHeprocoepe-
rarommii pexuM). OT IPUMEHSEMOT0 B TIPOU3BO/I-
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ctBe pexxuma TO, OMM3KOrO K H30TEPMHUYECKOMY
(maee — M3OTEPMHUYECKHIA PEXHUM), OH OTIMIAICS
3HAYEHHEM TapaMeTpa, CBSI3aHHOTO CO BPEMEHEM
M30TEPMUIECKON BBIACPIKKH Tiso! BMECTO Tio = 10 1
MIPUHSATO Tigo = Tine = 3 4. DHEprocOeperaroimuii pe-
KUM TIPEJCTAaBIIET COOOM TpenenbHBIN CITyJai,
OTJIMYAIOIINICS OT paHee PaCCMOTPEHHOTO PEeXH-
Ma 3HAUYCHUEM MapaMeTpa, CBSI3aHHOTO CO BpeMe-
HEM HM30TEPMHUYECKON BBIICPKKU Tis, U C OOIIUM
BpEMEHEM TMOJBOJA TEIJIOTHl HArpeBaTelsiMU K
u3genuio. B MoMeHT BpeMeHH T = Tj,; Harpesare-
mu oTkirodeHsl, 1 TO wu3nenus ocymecTBiseTcs
3a CYeT TEIUIOTHI PeaKIUy TUAPATAIHIH.
CpaBHHUTENBEHBIE PE3YNIBTATHl  MOJEIHPOBAHUS
JIMHAMHKHA TEMIIEPaTypbl B 00JIaCTH HArpeBaTels Ui
peXUMa ¢ M30TEPMUIECKOHN BBIIEPIKKOH (M30TEpMU-
YeCKOTr0) M BHEpProcOeperaromero pexxuMoB Ipes-
CTaBleHBl Ha puc. 4. Pe3ynpTaThl MOJETMPOBAHMSA
JUHAMUKH TeMIlepaTyp W Kod(duimenTta ruapara-
IIMM B BBIICIICHHBIX TOYKaxX u3nenus (puc. 3a) juis
YKa3aHHBIX PEKHUMOB TpHBeIeHbI Ha puc. 5—10.
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Puc. 3. CpaBHenue usmenenuii remmneparyp (b) u crenenu (kosdduipenta) ruaparannn (C) B BBIICICHHBIX TOYKaX (a):
uzaenust (Touku 2, 3, 4, 5), narpearens (Touka 1) u cpensl (Touka 6) IpHu H30TEPMHYECKOM PEKHME TEIUIOBOH 00paboTKH

Fig. 3. Comparison of temperature changes (b) and degree (coefficient) of hydration (c) at the selected points (a):
products (points 2, 3, 4, 5), heater (point 1) and medium (point 6) in the isothermal heat treatment mode
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Puc. 4. CpaBHUTENBHBIN aHATM3 U3MEHEHHI TeMIiepaTyp B o0aacTu HarpeBaTens (Touka 1)
IIPY H30TEPMHUYECKOM U SHEprocOeperaromeM pexxuMax TeIIoBoi 00paboTku

Fig. 4. Comparative analysis of temperature changes in the heater area (point 1)
in isothermal and energy-saving heat treatment modes

Kax BugnO U3 puc. 4, B X0/1e peaqu3aun dHep- MeHHu T ~ 8,0 4, uto Ha 7,8 °C mpeBBIIaeT COOT-
rocOeperarInero pexxuMa TeMIeparypa B o01acTu BETCTBYIOIIYIO TEMIIepatypy NpH H30TEepMUYe-
HarpeBartens pocturaer 60,8 °C Ha MOMEHT Bpe- ckoM pexxume (53,0 °C). Puc. 5, 6 orpaxator pas-
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JUYre TeMIlepaTtyp B HIDKHEM ciioe O6eToHa (Tod-
Ka 2, 3) mpH ABYX paccMaTpHBAaEMBIX PEKUMAX
TETUTOBOM 00paboTKH.

U3 puc. 5, 6 cnexyet, 94TO Temmneparypa B HHXK-
HeM ciioe OeToHa I dHeprocOeperaroiero pe-
J)KMMa JOCTUTaeT 3HadyeHus okojo 62,4 °C Ha Mo-

T.oC
65

MEHT BpeMeHH ~8 4, uTo nmpumepHo Ha 6,1 °C mpe-
BBIIIAET MAKCHMAJbHYIO TEMIIEpaTypy Harpesa
UL m30TepMudeckoro pexxuma (56,3 °C).
Paznuumst Temmepatyp B BepXxHeM cioe OeToHa
(touku 4 m 5) mIs paccMaTpUBaeMBIX PEKUMOB
TEIUIOBOM 00pabOTKY NpeICTaBlIeHBI Ha PUC. 7.
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Puc. 5. CpaBHUTENBHBIH aHAN3 N3MEHEHHH TEMIIEpaTyp B TOUKE 2 U3IEIns
[PH U30TEPMUUYECKOM H 3HEprocOeperaroieM pexxuMax TeIoBoii 00padoTku

Fig. 5. Comparative analysis of temperature changes at point 2 of the product
in isothermal and energy-saving heat treatment modes
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Puc. 6. CpaBHUTENBHBIN aHAH3 U3MEHEHHH TEMIIepaTyp B TOUKE 3 H3IENUS IIPU H30TCPMUIECKOM
U 9HeprocOeperalieM pexxuMax TeIoBold 00paboTku

Fig. 6. Comparative analysis of temperature changes at point 3 of the product in isothermal
and energy-saving heat treatment modes
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Puc. 7. CpaBHUTENBHBIH aHAIN3 N3MEHEHUH TEMIIEpaTyp B TOUKax 4, 5 n3genus
IIPY H30TEPMHUYECKOM H DHEProcOEperaromeM pexxuMax TeIIoBoi 00paboTki

Fig. 7. Comparative analysis of temperature changes at points 4, 5 of the product
in isothermal and energy-saving heat treatment modes
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N3 puc. 7 cienyer, 4To TeMIepaTypsl B BEpX-
HeM clioe OeToHa (Touku 4, 5) sl 000UX PEKUMOB
MPaKTHYECKH COBIAAAIOT. Temmeparypa B Touke 4
nmocturaet ~56 °C, T. e. Ha 3 °C BpIIIIe TeMIepary-
PBI B IPOCTPAHCTBEHHON 00JIaCTH HarpeBareds, a B
Touke S5 cocraBnser ~54,7 °C. biau3kue 3HaUYCHUS
TEeMIIepaTyp B 000MX peXHMax OOYCIIOBJICHBI I10-
TEPSIMH TEIUIOTHI B OKPYXKAIOIIYIO CpEay 4Yepes
CIIOH PYJIOHHOTO MOKpPHIBANA, KOTOPBIM YKPBITO
uznenue npu nposeacaun TO.

Ha puc. 8, 9 BumHO, 4TO CTENEHb TUApPATAIIIN
IIEMEHTa B HIDKHEM ciioe OeroHa (Toukd 2, 3) st
3HEpProcOEPeramwIero peXxxuMa Ha MOMEHT BpeMe-
HU 15 4 oka3wiBaeTcs Oonee 55 %. D10 yyuriie, yem
MIPY U30TEPMUYECKOM PEXHIME TIPUMEPHO Ha 2 %o.

CreneHb THIpATAIUHU IIEMEHTA B BEPXHEM CIIOC
OcToHa i1 000MX PEKUMOB MPAKTUYCCKU COBIIA-

H,%
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naeT, pocturas ~52 % K KOHIy IMKJIAa TEIIOBON
o0Opabotku. JlmHaMuka n3mMeHeHns K03 QuimenTta
THIIpaTaliy 110 Mepe TeryIoBoi 00paboTKu moka-
3aHa Ha puc. 10 Ha mpuMepe TOUKW 5 (BEpXHsIS
MIOBEPXHOCTh U3EIHS).

TakumM 00pa3oM, BBHIMOJHEHHBIN C HCIOIh30Ba-
HHUEM MaTeMaTu4eckoil monenu [6—13] u c yuetom
ypaBuenuii (1)—(5) uuciennsiii ananus (puc. 3—10)
MO3BOJIIET CJAENaTh BBIBOJ, YTO PACCMOTPEHHBIN
sHeprocOeperanmil peKUM B CPaBHEHUU C TPH-
MEHSIEeMbIM B TPOHM3BOJACTBEHHBIX YCIOBHSIX pe-
XKUMOM, OJIM3KUM K U30TEpPMHUUECKOMY, oOecrieun-
BaeT npu ocymectsieHnn TO HapyKHOM Tpex-
CIIOMHOW CTEHOBOM MaHeNu 0oJiee BHICOKHE TEMITe-
patypy HarpeBa cjioeB O€TOHA W CTeleHb THpaTa-
UM IIEMEHTa B HUX (B OCOOCHHOCTH B HI)KHEM
cioe OeToHa).
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Puc. 8. CpaBHUTENBHBIN aHATH3 U3MEHEHHH K03 uIenTa ruapaTaniy B TOUKe 2 U31eIHs
IIPY H30TEPMHUYECKOM U SHEprocOeperaromeM pexxuMax TeIIoBoi 00paboTku

Fig. 8. Comparative analysis of changes in the hydration coefficient at point 2 of the product
in the isothermal and energy-saving heat treatment modes
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Puc. 9. CpaBHUTEIBHBII aHAIM3 U3MEHEHHUH KO3 dULHeHTa ruipaTaliy B TOUKe 3 U3AeIHs
IIPU U30TEPMHUUYECKOM U 3HEProcOeperaroneM pexxumax TerioBoii 00paboTKu

Fig. 9. Comparative analysis of changes in the hydration coefficient at point 3 of the product
in the isothermal and energy-saving heat treatment modes
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—— HMaoTepnmuuecknii

= =  DHeprocoeperamnil

000 100 2:00 3:00 400 500 600 700 500 900 10000 11:00 12:00 13:00 14:00 15:00 T, 9

Puc. 10. CpaBHUTEIBHBIN aHAIN3 U3MCHEHHI K02 (UIIMEHTA THAPATAIIN B TOYKE 5 M3eus
IIPU U30TEPMHUUYECKOM U 3HEProcOeperaonieM pexxumax TeroBoii 00paboTKu

Fig. 10. Comparative analysis of changes in the hydration coefficient at point 5 of the product
in the isothermal and energy-saving heat treatment modes

AHaan3 3Hepro3ppeKTHBHOCTH
paccMaTpUBaeMbIX PeKIMOB
TenJI0BoH 00padoTKN

Jns omnenku 3HEProdhPEeKTUBHOCTH HCCIIENO-
BaHHBIX BBILIE PEXHMOB TEIIOBOM 0OpaboTku Oe-
TOHHBIX U3AEJIUNA B YCTPOKMCTBAX YCKOPEHHOM T'MII-
paTanny BBEIEM JHEPreTHYECKYIO XapaKTepUCTH-
Ky, OTPa)KaloIllyl0 COBOKYIHbIE 3aTpaTbl TO Ha
OCYIIECTBICHNE PA3INYHBIX 3JIEMEHTOB TEXHOJIO-
THYECKOTO IpoIlecca, CBS3aHHBIE C HAarpeBOM
onayyOKu, OETOHHOIO Tejla, BCEX MPOYMX 3Jie-
MEHTOB KOHCTPYKLHMH HW3JENHs, BKIOYas IEHO-
HNOJMCTHPOI W MHUHEPAJIbHYIO BaTy, a TaKxke
9HEpPro3arpaThl, CBsI3aHHBIE C PACCESHUEM TEIUIo-
THI B TIpOIlecCe TEIIOBOW 0OpadOTKH B OKpYKa-
IOMIYIO Cpeay. DTa XapaKTepPHCTHKA MTPECTaBIseT
coboif konmmuecTBo TJ, mepegaHHOH W3 MPOCT-

PaHCTBEHHOW 00JIaCTH HarpeBaTeisi, ¥ BBIYHCIS-
eTcs o hopmyie

erc (tN ) = z Z

=0..ty (X,y,2)eQ,
(x,y+Ay,2)eQ, (6)

-T(x,y+4y,z,7)),

o, AXAZAT(T(X,Y,2,7) -

T/ Oy — KO3 QUIMEHT TEeIUIO0TJa4uu OT TEIIOHO-
CUTEISI K TPEIoNell MOBEPXHOCTH TEIIOTEXHOJIO-
TUYECKOHN YCTaHOBKH.

Ha ocHoBe ykazaHHOH BbIIIEe MaTeMaTHYECKOM
MOJCIIH C YYETOM TPAHHUYHBIX YCIOBUH IS pa3-
JUIHBIX PEKUMOB TEIIOBOH 00pabOTKM paccMar-
pUBAEMOTO W3JENIMS B COOTBETCTBUH C YypaBHe-
HueM (6) OBLIH BBITIONHEHBI PACYETHI IT0IBEICHHON
m3pHe TDO mnarpesatenss (Qgc) M €ro MOIIHO-
ct (Pge = 0Qg/OT) B 3aBHCHMOCTH OT BpPEMEHH
TerioBo 00pabotku. Ha puc. 11, 12 mokazana
SBOJIIOIUS ATHX BEITUYHH.
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Puc. 11. CpaBHeHHEe CyMMapHBIX HEPro3arpar Ha TEINIOBYIO 00paboTKy M3IeIHs
HPH U30TEPMUYECKOM M 3HEprocOeperaroieM pexxuMax TeroBoit 00paboTku

Fig. 11. Comparison of total energy consumption for heat treatment of the product
in isothermal and energy-saving heat treatment modes
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Puc. 12. CpaBHeHHE MOIIIHOCTH HAarpeBaTels IPU M30TEPMUYECKOM M SHEeprocOeperaroieM pexxumax
TEIIOBOI 00pabOTKY U3EIHS

Fig. 12. Comparison of heater power in isothermal and energy-saving modes
of product heat treatment

Kak Bumao w3 puc. 11, mzoTepmMuueckuit
pexuM okKas3biBaeTcs Oojee dHeprosarpart-
HBIM (~57,1 M]/IX) 1Mo cpaBHEHHIO ¢ dHEprocoepe-
ratormmM (~55,7 MJIx). Kpome Toro, B mporiecce
M30TEPMUYECKOH BBIIEPKKH YacTh TEIJIOTHI 3a0u-
paeTcs TEIJIOHOCHTEIeM M3 O00JacTH MpOTeKa-
HUSl peakIuy TUApaTanuu M pacceuBaetcs. Kpu-
Bast Qqc(t) omyckaercs ot 3Hauenus 57,1 MJ[x
mpu T =4 1 g0 50,1 MIx mipu T = 9 4. Pa3zHoCTh
MEXIY 3THMHU 3HAYCHUSIMH (3aIITPUXOBaHHAs 00-
nacte Ha puc. 11) mpexacraBnsier coOoll HOTepU
TEIIOBOI SHEPIUu.

U3 puc. 12 cnegyer, 4To B TE€YEHHE MepuUoaa
BpeMEHH Habopa TeMIepaTypbl TOTpeOHas TerIo-
Bas MOIIHOCTb, TOJBOIWMAs M3 MPOCTPAHCTBEH-
HOH obnactu HarpeBateneil B 30Hy TO GeToHHOTrO
M3IETHsI, IPH 000MX peXUMax TeIIoBol 00paboT-
ku coBragaer. OMHAKO B MEPHO] N30TEPMUIECKON
BBIIEP)KKH TIPU U30TEPMHUUECKOM PEKUME B CHILY
ABTOMAaTHYECKOTO IOAJEPKAHUS  TeMIepaTyphl
MOLIHOCTh HarpeBaTelsl 1Mo ucreueHun 4 4 obpa-
OOTKH CTaHOBUTCS OTPHUIATEIHHOW, T. €. HMMEEeT

MECTO OTBOJl TEIUIOTHl M3 OETOHa B MPOCTPAHCT-
BEHHYIO 00JIaCTh HarpeBaTeseH.

OCHOBHBIC Pe3yJbTaThl BBITIOJHCHHBIX YHC-
JICHHBIX KCIIEPIMEHTOB MPEACTaBICHBI B Ta0MI. 1.
W3 ananm3a maHHBIX TaOu. 1 ciiemyer BBIBOM, 9TO
sHeprocOeperatommii pexkum TO ¢ sHepreruue-
CKOIl TOYKHM 3peHus sABIsETCS Oojee MpPeArnovTH-
TEJIHHBIM 110 CPABHEHUIO C MPUMEHSCMBIM B yCIIO-
BHSAX DPAacCMaTPUBAEMOTO IPOHM3BOJICTBA, OOeEcTe-
YHBasi SKOHOMHUIO TEXHOJIOTHYECKH HEOOXOIMMOT0
muHumyMa TO B oO0beme 1,4 Mk B pacuere Ha
OTHO TIPOMBINIUIEHHOE u3Aenue. JlomomHuTeTsHO
Ha 7,0 MJx cHmwkaercs motpednenue TO B pe-
3yJIbTaTeé YMEHBIICHHUS TEMJIO0TBO/A U3 MPOCTPaH-
CTBEHHOW 0OnacTh OETOHHOTO W3AETHS B IIPO-
CTPaHCTBEHHYIO 00JIacTh HarpeBaTessi, UMEIOIETO
MECTO IpPU H30TEPMUYECKON BbLAEpKKE. Takum
o0pasom, notpediienue TO, HEMOCPENCTBEHHO TOA-
BOIUMOH B Tpelenax TemIoTeXHOJIOIHIEeCKO
YCTaHOBKH K O€TOHHOMY u3zienuro B npomecce TO,
yYMEHbIIIaeTcs B 11e7ioM Ha 8,4 M/[x, v Ha 14,7 %.
[Ipu »TOM cTemneHp rUapaTaluy eMeHTa B OeToHe
n3nenus ypennduiachk Ha 1,2 %.

Tabruya 1
JHepro3aTpaThl VISl H30TEPMHYECKOr0 H IHEProcheperaroiiero TemioBbIX pe;KHMOB
TeII0OBOM 00pad0oTKH paccMaTPHUBAEMOr0 M3/ e1us
Energy consumption for isothermal and energy-saving thermal modes
of heat treatment of product in question
MakcumansHas | Bpems Harpesa BoimenuBmasicsi|  Cpennee CoxparieHne
3arpaycHHas
. TeMIeparypa Ting> 9, T CkopocTb TEII0Ta 3HAQUCHHE | TEIUIOOTBOAA
Pexxum temnoBoit TEII0Bast .
B KOHIIE dTamna + Bpems Harpesa, THIpaTaluy | JOCTUTHYTOH 13 30HBI
00paboTKH v aHeprus Qgc
Harpesa Tay, |M30TEpMHYECKON Cla Qhniar (15 4), | cTenenu rua- |pacroIoKeHUs
o, (4 LI), Mﬂ)l( o
C BBIICPIKKH Tigo, U MIx parauuu, % |u3penus, MJDx
M3orepmuueckuit 53 3+7 9,3 57,1 115,4 52,8 -
DHeprocbeperaroruit 53 3+0 9,3 55,7 116,5 54,0 7,0
DHeprocbeperarouit apdext, MIx 14 7,0
Hayka
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BbIBO/bI

1. Ha ocHoBe pa3paboTaHHOW aBTOpaMu
[6—13] maremarmdeckoit Momenu, ¢ yaerom 3D-reo-
METPUHU U3AETUS U MPOCTPAHCTBEHHOTO pacrpee-
JeHus: OeTOHa, TEHOTOJIMCTHPOJIA, MUHEpPAbHON
BaThl MPOBEICHO UYUCIEHHOE HCCIEAOBAaHUE IPO-
mecca TerioBol oO0pabOTKKM MPOMBIIUIEHHO H3IO-
taBnuBaemMoro B ycioBusx OAO «CrpoutenbHo-
MoOHTaxHbIN TpecT Ne 16, r. HoBonomnouk» usne-
TSl «HApY)KHAS TPEXCIOWHAs CTEHOBAas MAaHEIb.
Iloka3zaHa NPpUMEHUMOCTh MaTEMaTUYECKOU MOJie-
TU UL pacdeTa PeKUMOB TEIUIOBOM 00pabOTKH
peabHBIX MPOMBIIIICHHBIX OOBEKTOB CIOXKHOU
CTPYKTYpBI U TEOMETPHH.

2. IlpennokeHa WHTErpalibHas SHEPreTHIecKas
xapaktepuctuka Qq(T), BBIpaXKaromas cymmap-
HBIE 3aTpaThl TEIUIOBOW SHEPIHMH HA Peau3aIlfio
TEXHOJIOTHYECKOr0 MpoLecca TeMI0BOH 00padoTKU
OCTOHHOTO H3JENUS CIOXHBIX T'€OMETPUYECKOH
(GhopMBI U CTPYKTYpbl B YCTaHOBKE YCKOPEHHOM
TUApaTally, BbIUMCIsIEMas B COOTBETCTBHUU C MO-
JeTbI0 M QJTOPUTMOM, ONHCaHHBIMH B [6-13],
C YYETOM TPOBEJIEHHBIX B HACTOsIIEH padoTe mc-
CJeI0BaHMN. BBINONHEH pacyeT yka3aHHOHN Xapak-
TEPUCTHKH, & TaKkKe MOIIHOCTH HarpeBaTens A
IBYX PAacCMOTPEHHBIX DPEXHMOB TEIJIOBOM 0Opa-
oorku. [lokazaHo, 4TO 3HEpProcOeperaroumii pe-
KHUM TETUIOBOH 00pabOTKH, MO CPaBHEHHUIO C HC-
MOJIb3yeMBIM Ha MPENNpPUSITHH, OOeCIeYrBaeT
SKOHOMHIO TEIUIOBOW JHEpPruu B oOBEeME HE Me-
Hee 2,45 %. [IpousBeneHHble pacdeTsl KO3QUIu-
enra ruaparaud H(X, Yy, z, T) u Temmneparypsl B
Toukax wmagenus T1(X, Y, Z, T) CBHIACTEIBCTBYIOT,
YTO 3HEprocOeperarInil pexxuM TEIoBol 00pa-
0otk obecrieunBaeT 0oJee IOJHOE MPOTEKAHUE
Mpoliecca rupaTalyy 1Mo CPaBHEHUIO C U30TEPMHU-
YECKUM PEKHMOM.

3. Ilomy4eHHBIE METOA M MOJENH MOTYT OBITh
WCTIONB30BaHbl TPH HCCIEOBAHUAX, pacueTe, OIl-
TUMH3ALUHU CXEM, IAPaMETPOB M PEKUMOB pabOTHI
MIPOMBIIIUIEHHOTO TEIUIOTEXHOJIOTHIECKOTO 000py-
JIOBaHWSA, TMPEeIHA3HAYEHHOTO IS TIPOBEACHUS
YCKOPEHHOM T'HJIpaTalliy [IEeMEHTa B KOMIIO3UTHBIX
OCTOHHBIX M3JICIUSIX CIIOKHOW T'€OMETPUYCCKON
(OpPMBI C TIETIHIO MOBHIIIEHHS €r0 SHEPTeTHIECKOMH
s dexkTnBHOCTH W oOecmeueHus: palruoHaIbLHON
JKCIITyaTally, a TakKe MPHU CO3JaHUM aBTOMAaTH-
3UPOBAHHBIX CHUCTEM YIIPAaBIEHHUS TEXHOJOTHYE-
CKMMH TIPOIECCAMH TIPH TPOMBIIINIEHHOM TPOU3-
BOJICTBE OCTOHHBIX M3/CIHH B TEIUIOTEXHOJIOTHYC-
CKHX YCTaHOBKaX.
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OuneHKa TePpMOHATNIPSKEHHOI0 COCTOSIHUA 0ETOHHOT0 MAaCCHUBA
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unx. C. B. Fymnﬂl)

1)Ben0pyccxnﬁ HAIIMOHAJIFHBIN TeXHUYeCKui yHuBepcuTeT (MuHCck, Pecriyonuka benapycs)

© Benopycckuii HalMOHAIBHBIA TEXHUYECKUil yHuBepcureT, 2021
Belarusian National Technical University, 2021

Pedepat. B crarbe n3noskeHa MeTOUKA OLIEHKN TEPMOHAIPSIKEHHOTO COCTOSHHSI OETOHHOTO MaccuBa (hyHIaMEHTHOH IUH-
ThI, U3TOTOBJICHHON M3 CaMOYIUIOTHsIOIIElcs OeToHHOH cMmecu. [Ipennaraemas MeToquKa 3aKII0YAETCs] B IPEABAPUTEILHOM
pacyere TeMIepaTypHbIX MOJIeH B TBepAetomeM OeToHe. OObeKTaMU HCCIEIOBAaHUHN SBISUIMCH CaMOYIUIOTHAIOIIASACS OETOH-
Hasi CMECh ¥ KOHCTPYKI[OHHBIH O€TOH B MaccuBe KOHCTpyKuuH. [IpuBeneH u 000CHOBaH BBIOOpP MAaTEpHANIOB IS IIPHTOTOB-
neHuss OETOHHOHM cMecH. [l OIEHKH TepMOHAIPSHKEHHOTO COCTOSHHMS HCIIOJIB30BaH COCTaB CaMOYILUIOTHSIOMIErocs OeToHa.
C uenblo CHIKEHUS BEIMYMHBI Camopa3orpeBa OETOHA NMPUMEHSUIM BsDKYIee ¢ MOHKEHHOH 5K30TepMueil. BhinoiHeHb!
HCCIIEI0OBaHUS IO OLIEHKE YAENbHOTO TEIUIOBBIAEICHUS] PEKOMEHI0BAHHOTO [IEMEHTA B 3aBUCHMOCTH OT HAa4aJIbHOTO BOJIOIIE-
MEHTHOTO OTHOILIECHUS. M3ydeHO BIHMSHHE XMMHYECKOH 100aBKM HA CKOPOCTh M BEIWYMHY YJEIBHOTO TEIUIOBBIACICHHUS Iie-
MCHTA. anBe}leHbI OCHOBHBIE€ TEOPETUYCCKUE IMOJOKEHUA U AJITOPUTM pacue€Ta TEPMOHAIIPSIKEHHOI'O COCTOSAHUA OETOHHOTO
MaccuBa. [y pacuera 0)KHMIaeMbIX TEMIIEPATyp U HX PACIpe/ie/ieHNs] B MAaCCHBE KOHCTPYKIIMHU HCIIOIB30BaIi METO KOHEU-
HBIX pa3HOCTEH, a IJISI OLEHKH TEPMOHANPSDKEHHOTO COCTOSHHS PACcCUUTHIBAN TEMIIEpaTypHBIE HANPSDKEHUS B CEUCHHUSIX
0eTOHHOTO MaccHBa. BEIOTHEHHBIE pacdeTsl TEMITEPATyPHBIX ITOJIeH MO3BOIMIN OIEHUTh MAKCHMAIFHO BO3MOXKHBIE TEMITe-
paTypsl U TeMIepaTypHble Iepenajbl 0 CeYeHUsIM OETOHHOTO MaccuBa B 3aBHCUMOCTH OT HauyaJIbHON TeMIepaTypbl OeTOH-
HOM CMECH M CpeIHECYTOYHOU TeMIIepaTyphl HApY)KHOTO BO31yXa. AHAlM3 paclpelelieHus TeMIepaTyp BbISBHI Hauboiee
OTIacHBIE CeUeHHsI OETOHHOTO MaccuBa. Ha OCHOBaHHMHM pe3ynbTaToOB pacdeTa TeMIIepaTypHBIX MOJel MPOBEIeHa OLEHKA Tep-
MOHAIPSHKEHHOTO COCTOSHUSI OETOHHOTO MAaccHBa. BEHINMOIHEH pacdeT TeMIepaTypHBIX HalpsOKEHHH B HauOoJee OMacHBIX
ceyeHHsx OeToHHOro maccua. [Ioka3zaHoO, 4TO XapaKTEPUCTUKON TEPMOHANPSHKEHHOTO COCTOSIHUSI OETOHHOTO MaccHBa MO-
JKET CIy)KHTh pacdeTHasl BEIMYMHA TEMIIepaTypHOro HamnpspkeHus. OOpa3oBaHHe TeMIEpaTypHBIX TPEIIUH B OETOHHOM Mac-
CHBE BO3MOXKHO IIPH IPEBBINICHNHM PACUCTHOTO 3HAYCHHS TEMIEPaTypHOTO HAMPSDKEHMS Han (aKTHIECKOH IPOYHOCTHIO
OeroHa Ha pacTshkeHne. CpaBHEHHE PAaCcUeTHBIX W (aKTHYECKUX 3HAYCHUM TeMIepaTyp B CeYCHHSX (yHAaMEHTHOW ILIHTHI
IMO3BOJIMJIO CAECIaTh BBIBOJ O IPABUJIBHOCTH BBIIIOJIHEHHBIX PAaCuC€TOB TEMIICPATYPHBIX oJiei H, KaK CJICaCTBHUEC, O BO3MOX-
HBIX TEMIIepaTypHBIX Ae(OpPMaLUIX.

KiroueBbie cjioBa: OETOH, 5K30TEpPMHUS, TEMIIEpaTypa, CaMOPa3orpeB, yACIbHOE TEIUIOBBIIEICHNE, TEMIEPATyPHBIE OIS
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Assessment of Thermally Stressed State of Concrete Massif
S. N. Kovshar?, P. V. Ryabchikov?, S. V. Gushchin®

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper describes a technique for assessing the thermally stressed state of a concrete massif of a foundation slab
made of a self-compacting concrete mixture. The proposed method consists in a preliminary calculation of temperature fields
in hardening concrete. The objects of research have been self-compacting concrete mix and structural concrete in the structure
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mass. The choice of materials for the preparation of a concrete mixture is given and substantiated. The composition of self-
compacting concrete has been used to assess the thermally stressed state. A binder with a reduced exotherm has been used
in order to reduce the self-heating of concrete. Studies have been carried out to assess the specific heat release of the recom-
mended cement depending on the initial water-cement ratio. The effect of a chemical additive on the rate and magnitude of the
specific heat release of cement has been studied. The paper presents the main theoretical provisions and an algorithm
for calculating the thermal stress state of a concrete massif. The finite difference method has been used to calculate the
expected temperatures and their distribution in the structure mass, and the temperature stresses in the sections of the concrete
mass have been calculated to assess the thermally stressed state. The performed calculations of the temperature fields have
made it possible to estimate the maximum possible temperatures and temperature differences over the sections of the conc-
rete massif depending on the initial temperature of the concrete mixture and the average daily temperature of the outside air.
Analysis of the temperature distribution has revealed the most dangerous sections of the concrete mass. An assessment of the
thermal stress state of the concrete mass has been made on the basis of the results pertaining to calculation of temperature
fields. The calculation of temperature stresses in the most dangerous sections of the concrete massif has been performed.
It is shown that the calculated value of the temperature stress can serve as a characteristic of the thermally stressed state of the
concrete mass. The formation of temperature cracks in a concrete mass is possible when the calculated value of the tempera-
ture stress exceeds the actual tensile strength of concrete. Comparison of the calculated and actual values of temperatures
in the sections of the foundation slab has made it possible to conclude that the calculations of the temperature fields and,
as a consequence, possible temperature deformations are correct.

Keywords: concrete, exotherm, temperature, self-heating, specific heat release, temperature fields
For citation: Kovshar S. N., Ryabchikov P. V., Gushchin S. V. (2021) Assessment of Thermally Stressed State of Concrete

Massif. Science and Technique. 20 (3), 207-215. https://doi.org/10.21122/2227-1031-2021-20-3-207-215 (in Russian)

BBenenne

TemnepaTypHoe BO3JEHCTBHUE BBI3HIBAET HU3ME-
HEHHE HaNpsHKeHHO-Ie(OPMUPOBAHHOTO COCTOSA-
HUSl COOPYXEHMH Kak B CTPOMTENbHBIA, TaK U B
3KCILTyaTallMOHHBIN niepuonsl [1, 2].

TeMrepaTypHBIiA peXUM OETOHHOTO MaCCHBHO-
ro Omoka Qopmupyercss moa BO3ACUCTBHEM MHO-
rux (akropoB. K HUM OTHOCATCS: DK30TEpMUS Lie-
MEHTa, cocTaB OeToHa (pacxol LEMEHTa, BOJoLe-
MEHTHOE OTHOILIEHHE, HaJIN4Yhe XUMHUYECKHX U
MUHEpaJbHBIX 100aBOK, BIMSIOMIMX Ha 3K30TEp-
MHUIO [IEMEHTA) U BHELIHUE (PaKTOPHI (TeMIieparypa
BO3/yXa, TeMIlepaTypa OCHOBAaHHSA W OIAIyOKH,
BO3/IEICTBHE WHCOJIALIMM, HaJIW4YHE BETpa U €ro
HanpasieHue). Kpome Toro, Ha ¢opmupoBaHue
TEMIIEPATypPHOTO MO BIUSIOT MHO)KECTBO TEXHO-
JIOTHYECKUX (DaKTOpOB: cxema OeTOHMPOBAHUS,
TEeMIepaTypa YyKJIaJplBaeMOro O€TOHa, TOJIIIMHA
YKJIabIBaEMbIX OETOHHBIX CJIOEB, MHTEHCHBHOCTD
OeTOHMPOBAHMS, MCIIONB30BAHNE HCKYCCTBEHHOTO
OXJIaXKJIeHUs OETOHHOT'O MacCUBa U T. JI.

B mpouecce Bo3BeAeHHS MaccuBa M HHTEH-
CHUBHOTO TEIJIOBBIACIECHUS LIEMEHTa MPOUCXOIUT
3HAYUTEJIbHBI HArpEeB BHYTPEHHEW 30HBI MacCH-
Ba. B pe3ympTaTe 3TOr0 MOTYT BO3HHKATH 0O0JIb-
IIMe TeMIEpaTypHbIE Mepenajsl, KOTOPbIE BBI3BI-
BaIOT CYIIECTBEHHBIE PACTITHMBAIOIINE HampsKe-
HUS U MIPUBOJAT K TPEIIMHOOOpa30BaHMIO0 OeTOHA
Hapy>XHBIX CJI0€B KOHCTpyKnuu [3]. BosHukHO-
BEHHE TEMIIEPAaTyPHBIX TPEUIUH CBSI3aHO C TEMIIe-
paTypHBIMH TiepenajaMyd MeXAy UEHTpPaIbHOI

208

4acThl0 KOHCTPYKLHMHM W CIOAMU OeTOHa ee Ha-
pPY)XHOH TMOBepXHOCTH. JlomycTumasi pa3HOCTb
TEMIIEpaTyp MOXET OBITh MPUHATA MEXAY SAPOM
MaccuBa U GOKOBbIMHU TOoBepxHOCTsME 15-25 °C,
MEXAY SAPOM M OTKPBITOM MOBEPXHOCTHIO KOH-
crpykuud — 10 20 °C [4]. Tounsle 3HaYCHHS
Pa3HOCTU TEeMIEpaTyp MOTYT OBITh MOJyYEHBI
B pe3ylbTaTe pacdeTa TeMIepaTypHBIX Moyei
U TEpPMOHAMPSHKEHHOTO COCTOSIHUS OETOHHOTO
MaccuBa. JlJisg OLeHKH BEPOSTHOCTH 0Opa30BaHHUS
TpeIMH B OETOHHOM MacCHBE MOXHO TakKXe HC-
M0JIb30BaTh BEIMUYMHY FpajiMeHTa TEMIEPATyp IO
CEYEeHHIO KOHCTPYKIINH, KOTOpas HE JOJDKHA Tpe-
Boimath 50 °C/m [5].

MaTepI/laJ'II)I U COCTaB 0eToOHa

B kxadecTBe BsDKYIIETO ISl TPUTOTOBIIECHUS Oe-
TOHHOW cMecH ObUT BhIOpaH NUIAKOTOPTIIAHIIIC-
MeHT (Tabin. 1). Beibop maHHOro BSXKYIIETO 00Y-
CIIOBJICH yMEHBIICHHEM BO3MOXXHOH BEIMYHHBI
camopaszorpeBa O€TOHa 3a CYET HCIOJIB30BaHUS
IIEMEHTA C TIOHIKCHHOH 2K30TepMHUEH [6].

B kxadecTBe KpymHOTO 3armomHUTENS ia OeTo-
Ha MPHUMEHSIM TPAHUTHBIA 1eOeHb MPOU3BOJCT-
Ba PYIIII «I'panut» ¢pakuuun 5-20 mm 1-if rpyn-
MBI C MPOYHOCTHIO, COOTBETCTBYIOIIEH MapKe IO
npobumoctu >1400 [6]. 3anonHUTENs — NPUPOI-
Held  (MbITBIH) mecok mo I'OCT 8736-2014
¢ MoxyieM KpymHocTH oT 2,0 mo 2,5 u ¢ comepxa-
HUEM TBUIEBUAHBIX ¥ TIUHHUCTBIX dacTHi a0 2 %
o macce [6].
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Tabauya 1
XapakTepuCTHKH LiEMEHTA
Cement characteristics
AKTHBHOCTH LIEMEHTA, BemectBennslii cocraB
o, %
3aBOJ-U3TOTOBUTEIL Mapxka (k1acc) nemeHTa Mlla HeMeRTa, % - Kir Hex
Knunkepnas JlomeHHBIi MHUH
2 cyT. 28 cyT. *
4acTh [IaK
OAO «benopycckuii L(EM II/B-11I 42,5H 153 44,7 60-65 35-40 0,275 | 230
LIEMEHTHBIH 3aBO1»
“KIHHKEpHAs 4acTh C YUETOM cofepkanus 3—4 % rumca.

ITockonmbKy KOHCTPYKITUIO TIAHUPOBAIOCH Oe-
TOHHUPOBATh C HCIOJIB30BAHHEM CAMOYIUIOTHSIO-
mieicss OETOHHOM CMECH, B COCTaBe IIOCIIEIHEH
MPEeTyCMOTPETH MPUMEHEHHE MHUHEPATbHONW U XH-
MHUYeCKOM J00aBok. B KkadectBe Takmx ObUTH
BBIOpPaHBl COOTBETCTBEHHO MHKPOKPEMHE3EeM 10
CThb EN 13263-1-2012 [6] c conepxaHuem
aMop¢HOTro AMOKCHIA KpeMHHUsT He MeHee 85 % 1o
Mmacce u cynepruiactudukatop «JIlmHamuke [TK».
Jis BBINOJHEHHWs] PacdyeToB IO PaclpeesICHHIO
TEeMIIepaTypHbBIX TOJIeH MPUHUMAIN COCTaB OETOH-
HOM CMeCH, MpeICTaBIEHHBIN B Ta0M. 2.

Tabauya 2
CocTaB 0eTOHHOIT cMecH

Concrete mix composition

Pacxox COCTABISIOLINX, KT Ha 1 M° GETOHHOMH cMecH

MumnepanbHas | XuMuueckas
Ilemenr | [Tecok | LlleOeHb o06aBKa o6aBKa Bona
400 930 930 44 10,36 170

OuneHka yiejabLHOro
TeIUIOBbIIeJIeHUS] IeMEeHTa

Jlns BBIMOJTHEHHS PAcUeTOB IO BO3MOXKHOMY
pacIpeneNeHAI0 TeMIIepaTypHbIX IMojJeld B OeTOH-
HOM MAacCHBE HEOOXOIHMMBI JIaHHBIE O BEIINYH-
HE Y/CIBHOTO TEIUIOBBIICIICHNS ieMeHTa. J[i1s ero
OIIpeAeNeHHs  MCHONB30BATH  pa3paboTaHHYIO
B BHTY ycranoBky (puc. 1).

[MpuHIMT MpoBeneHUST UCTIBITAHUIA B YCTAHOB-
K€ B OCHOBHOM aHAJIOTHYCH OIPEICICHHIO TEILIO-
ThI TUJIPATAIINH [[EMEHTA TEPMOCHBIM METOI0M [7].
OnmHaKo OT KIIACCHUYECKOW YCTAaHOBKH OCTaeTCs
TOJBKO OJWH MPUHIUI — HW3MEPCHHEC KHUHETH-
KA HW3MEHCHHS TEeMIepaTypbl, BHadajie OOBIYHO
BO3pacTamouield, a 3aTeM IUIAaBHO CHIDKAIOUICHCS.
Jns ¢pukcanmy M3MEHSIOMICHCS] TeMIIepaTypbl HC-
NOJIb30BaJIM MajorabapuTHbIC OECIIPOBOIHBIC JaT-
gk DS 1921 cuctemsr «Tepmoxpon», moka3as-
mue CBOK A(P(EKTUBHOCTh NPH HCCIICIOBAHUH
TETUTOBBIX Tiporieccos [8—10].
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ITenorutact

|

I'nezno Kpeimka OcHoBanue
Ay L] i

Puc. 1. Cxema yCTaHOBKHM ISl OTIpE/ICTICHUS] KHHETUKU
HU3MEHEHUs TEMIIEpaTyphl TBEPICIOLIET0 LIEMEHTHOI'O TecTa

Fig. 1. Installation diagram for determining kinetics
temperature changes of hardening cement paste

BrusiHue HawampHOTO BOOCOACPKAHUS U TIIa-
CTUUIUPYIOMEH M00aBKM Ha KHHETHKY TEILIO-
BBICTICHHS [IEMEHTa OIIEHWBAJIM Ha IIEMEHTHOM
TECTE€ C BOJOLEMEHTHBIM OTHoIeHueM ot 0,275
10 0,500, 4TO COOTBETCTBYET BOJOCOACPKAHUIO X
ot 1,0 mo 1,8.

JIis  OlleHKW BIMSHHS IHIACTU(UIIAPYIOIICH
m00aBKM Ha TEMEHTHOE TecTo (TpH YKa3aHHBIX
BBIIIE BOJOIEMEHTHBIX OTHOIICHUSAX) BBOIWIA
no0aBky B KoimuecTBe 1 % OT Macchl IieMeHTa 10
cyxoMy BemlecTBy. Komu4ecTBo BOJBI IpU 3TOM
OCTaBaJIOCh MTOCTOSIHHBIM. Ha puc. 2, 3 nmpuBeneHs
pe3ynbTaThl OIIEHKW M3MEHEHUS! TeMIIepaTyphl Iie-
MEHTHOTO TEeCTa, TBEPACIOIIEr0 B KallOpUMETpe
B TeueHue 40 4.

AHanu3 JaHHBIX pHC. 2, 3 MOKa3bIBAET, YTO C
YBEIMYEHHEM BOJOIIEMEHTHOTO OTHOIIEHHUS MaK-
CUMallbHasl TeMIlepaTypa caMopa3orpeBa IeMeHT-
HOTO TecTa 3aKOHOMEPHO CHIDKAETCS. DTO CBSI3aHO
C YMEHBIIICHUEM KOJIMYECTBA BSIKYIIETO B 00BEMe
LEMEeHTHOro Tecta npu yBenndenuu B/L[. Beene-
HUE TIacTU(OUIUPYIOIIEeH 100aBKH MO3BOISIET: BO-
MEPBBIX, CHU3UTh MaKCHMAIBHYIO TEMIIEpaTypy
camopas3orpeBa, M TeM OOJbIlle, YeM BHIIIE BO-
JIOIIEMEHTHOE OTHOIIICHUE, ¥, BO-BTOPBIX, CYIIIE-
CTBEHHO 3aME/UIUTh BpPEMS JIOCTHKCHHS MaKCH-
MaJbHON TeMIIepaTypbl CaMOpa3oTrpeBa.
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Puc. 2. VI3meHeHue TemMniepaTypbl IPH TBEPACHUU
LIEMEHTHOT'O TECTa C BOJAOIIEMEHTHBIM OTHOIIeHneM 0,275
u 0,36 6e3 mo6aBKH U ¢ 100aBKOI IIIacTUPHKATOpa

Fig. 2. Temperature change during hardening
of cement paste with water-cement ratio of 0.275
and 0.36 without and with addition of plasticizer
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Puc. 3. I3meHeHue TemMnepaTypbl IPH TBEPACHUU
LIEMEHTHOTO TECTa C BOJOILIEMEHTHBIM OTHOIIeHHeM 0,4
u 0,5 6e3 106aBKku u ¢ 1006aBKOH MIacTuduKaTopa

Fig. 3. Temperature change during hardening
of cement paste with water-cement ratio of 0.4
and 0.5 without and with addition of plasticizer

[Tocne 00pabOTKH SKCHEPHUMEHTAIBHBIX aH-
HBIX HOCTPOCHBI KPHUBBIC YJEIBHOTO TEIJIOBBIIE-
JICHUsI [IEMEHTA, NIPE/ICTaBICHHbIC Ha puc. 4, 5.
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Puc. 4. Y nenpHOE TEIUIOBBIACICHUE IEMEHTA BO BPEMCHH
IIJISL IEMEHTHOI'O TECTa C BOJOIEMEHTHBIM oTHoIeHueM 0,275
u 0,36 6e3 nobaBku u ¢ 10OaBKOH ruacthdukaropa

Fig. 4. Specific heat release of cement over time
for cement paste with water-cement ratio of 0.275
and 0.36 without and with addition of plasticizer
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Puc. 5. YenpHOe TEIUIOBBIIENICHUE IIEMEHTA BO BPEMCHI
JUISL LIEMEHTHOTO TECTa C BOJIOLIEMEHTHBIM OTHoLIeHueM 0,4
u 0,5 6e3 nobaBku u ¢ 106aBKoil mnacTupukaTopa

Fig. 5. Specific heat release of cement over time
for cement paste with water-cement ratio of 0.4
and 0.5 without and with addition of plasticizer

AHanmu3 maHHBIX puC. 4, 5 TOKAa3bIBAaeT, UYTO
BBEJICHUE TIacTUUIMpYIOomeld 100aBKU B KOJIU-
gecTBe 1 % OT Macchl IIEMEHTa IO3BOJISET CyIIe-
CTBEHHO 3aMEJINTH TEIUIOBBIICICHHUE IIEMEHTa B
nepBble CyTKH TBepAeHus. B manbHeimem (mociue
TOPMOJKCHHS) BEIMYHMHA TETUIOBBIJCTICHUS IIEMEH-
Ta ¢ m00aBKOW NMOO paBHA, MO0 TMPEBOCXOAMT
BEJIMYHMHY TETUIOBBIIEICHUs LleMeHTa 0e3 100aBKu.

OcHoBHbIE TEOPETUHYECCKUEC TTOJTOKCHUA
U AJITOPUTM pacueTa TEPMOHANPHIKCHHOT 0
COCTOSIHUSI B 0€TOHHOM MacCHBe

B pacuerax TepMOHamnpsKEHHOTO COCTOSHUSA
MacCCHUBHBIX O€TOHHBIX KOHCTPYKLMH IOCIIENOBa-
TEJIBHO PELIAIOTCS JIBE 3a/1a4u:

— onpezereHue TeMIepaTypHBIX MoJei (Tep-
MHUUECKas 3a/1a4a);

— YCTaHOBJICHHE HAaINpsDKeHUH B O€TOHE, BO3-
HUKAIOIIUX OT U3MEHEHUs TeMIepaTypbl U €€ He-
PaBHOMEPHOI'O paclpee/eHHUs.

Jis pacuera TemIiepaTypHBIX IOJIEH B TBep-
JerolmeM OeTOHEe 3a OCHOBY MPHHUMAIOT AuQ-
(depeHIManbHOE ypaBHEHUE TEIUIONPOBOIHOCTH
@Dypbe 1 CUCTEM C BHYTPEHHUMH PaBHOMEPHO
pacnpeieieHHBIMU HCTOYHUKAMH TeTUIoThI [11]

dt_ av2t+i-@, (1)
dt cy Ot
rae a — kodQQUIUeHT TeMnepaTypornpoBOIHOCTH;
V2 - onepatop Jlamnaca; ¢ — ynenbHas TEIUIOEM-
KOCTB; Y — IUIOTHOCTb.
PacueTsl TemnepaTypHbBIX MOJIEH TPOU3BOINIIN
10 METOTy KOHEUHBIX Pa3HOCTEH.
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YaenpHOE TEIUTOBBIICICHHUE TIeMeHTa (6eToHa),
OTNpE/ICIICHHOE 3KCIEPUMEHTAIbHO, IePECUNUTHI-
BAIM Ha HM30TEPMHUUYECKOE TEIUIOBBIIENECHUE (TIpH
MOCTOSIHHOW TeMIeparype), Moiydas ypaBHEHUE
crnenyrortero Buma [11]:

Q=Quae[1-(L+ Axt) ] @

rre Q — Tekymiee TEIUIOBBIICICHHE IIEMEHTA;
Qmax — MAaKCUMaJIbHOE TEIUIOBBIJCIICHUE [IEMEHTA;
Az — k03D (QUIMEHT TeMIa TeIUIOBBIACTICHUS 1ie-
MEHTa TIPH TIOCTOSHHOW TemIlepaType TBeple-
aus 20 °C, cyr.™

W3menenne Temma (CKOpPOCTH) TEIJIOBBIIENE-
HUS B 3aBHCHMOCTH OT M3MEHEHHUS TeMIIepaTyphl
0eToHa y4MTBIBAIN KOd(QQHULIUEHTOM A;, KOTOPBIHA
omnpenessuu 1o ¢popmyie [11]

t-20

A=hAy20. 3)

IloBbIIeHNEe TeMOepaTypbl B 3aJaHHOM ceye-
HUU 32 UHTEPBAJI BPEMEHU AT BCJIEICTBHE TEIIO-
BBIJICJICHUS OIIpeesuin cornacHo [11]

A%:%%&, ()

rae Ae — xK03(pPHUIMEHT TeMIa TEIUIOBBIACICHUS
OcToHa TNpH TIOCTOSHHOM TemIlepaTtype TBepJe-
aus 20 °C, cyt.™

B (4) Ae — npuparieHre OTHOCUTEILHOTO TeTl-

JIOBBIJIENIEHNsT OETOHA 3a WHTEpBAJl BPEMEHH AT,
KOTOpoe omnpeessuin 1o ¢opmyne [11]

Ae=¢ . —¢_,., ®)

TJIe €& — OTHOCUTEIILHOE TEIIOBBIACICHE OCTOHA
K MOMEHTY BPEMEHH T, onpezensemMoe kak [11]

e = (6)

BreinonHuB pacyeTsl TeMIepaTypHBIX TMOJIEH B
OCTOHHOM MacCHBE, IEPEXOJANM K PacueTy TepPMO-
HaMpPsHKEHHOTO COCTOsTHUSA. {1 3TOr0o ompeaennum
TeMIepaTypHbIe HanpsoKeHHs [ 1]

o = EaAt, @)

rae £ — moxyns ynpyroctu 6etona, Mlla; a — ko-
s dunmenHT auHeliHoro pacmupenus 6etona, 1/°C;
At — nepenag Temneparypsl, °C.

Hayka
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W3menenne ™Moayns ymnpyroctd OeTOHA IO
BpeMmenu [11]

E(t)=E,(1-9e ™), (8)

rae Ey — 3HaueHrne MOAYJIS YIPYTroCTH O€TOHA TpU
MIPOYHOCTH, COOTBETCTBYIOIICH MPOSKTHOMY KJilac-
cy, Mlla; 9, B — mapametpsl, 3aBUCSIINAE OT BHIA
0eToHa, MOT'YT OBITh IIPHHATHI PABHBIMH COOTBET-
ctBeHHo 1,0 u 0,0086; T — BpeMs TBepACHUS, U.

Pacuyer TemMnepaTypHBbIX moJiei
IIPU TBEP/IeHUH OeTOHa
MACCHBHON KOHCTPYKIIMHU

O0beM OeTOHMpPYEeMOUW KOHCTPYKIIMH COCTaB-
mut 9000 M°. Pacder TeMIepaTypHBIX IONEH B
TBEpICIOIIEM OeTOHE MPOBOAMIN METOJOM KOHEY-
HBIX pasHocted [11] ¢ umcmons3oBannem I19BM.
[Ipy BBITOTHEHWH pacyETOB BBHICOTA OCTOHHOTO
MaccuBa Oblla NPUHATA 110 MPOEKTHOM JOKyMEH-
TaMu U cocTaBisia 3,5 M. Mcxonad u3 3amaHHON
BBICOTHI KOHCTPYKIIMH, MHHUMAIIbHOE KOJIMUYECTBO
ceueHHi Al TpeOyeMOl TOUHOCTH PacyeToB TEM-
NEepaTyPHBIX MOJIEH TOJDKHO COCTAaBISITH HE MEHeEe
cemu. Takke, UCXoAs U3 MpEANOIaraeMoi CXeMbl
0eTOHMpPOBaHMS KOHCTPYKUUHU (HempepbiBHOE Oe-
TOHHPOBaHHE TOPU3OHTAIBHBIMU CIIOSIMH CO CKO-
pocThio 1 M/CYT.), KOJIMYECTBO CEUECHHUH LIEIec000-
pasHo TMpuHATH He MeHee cemu. OKOHYATEIHHO
IPU BBIIIOJHEHUH PAcueTOB KOJMYECTBO CEUCHUI
OBLIO IPUHATO PAaBHBIM CEMH C PACCTOSHHEM MEXK-
ny cedernnsimu 500 mm. Ilpu pacuere Temmepartyp
BTOPOT'O M TOCIIEAYIOIMX CEUEHUH 32 HavalbHYIO
Temreparypy OeToHa MPUHUMAIHN CPEIHIO TeM-
nepaTypy HWKEJIEKAILEro CEYEeHUs] K MOMEHTY
Hadana OCTOHHPOBAHMS CJIOS, B KOTOPOM pacro-
JIOXKEHO cedeHue. PacueTbl MpOM3BOOWINCH ISt
JIBYX BapUAHTOB IPH CPEAHECYTOYHOMN TeMIepaTy-
pe HapykHoro Bo3ayxa 15 u 20 °C. Pacuer Temrie-
parypsl BeimonHsin it 10 cyT. TBepueHus Oe-
TOHHOI'O MacCHBa.

PesynpTaThl pacueToB pacrpenesieHHs TeMIle-
patyp mo cedyeHHsIM OETOHHOTO MAaccHBa Npe-
CTaBJICHBI Ha pucC. 6, 7.

BeImosHeHHBIE pacyeThl TeMITEpaTyPHBIX M0-
nert (puc. 6, 7) MOKa3bIBAIOT, YTO MaKCHUMAJILHBII
nepemnaj temreparyp He npesbimiaet 17 u 24 °C
IPU CPEIHECYTOUHON TEeMIIepaType HapyKHOTO
BO3/yXxa cootBeTcTBeHHO 15 1 20 °C.
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Puc. 6. PacueTHOe H3MEHEHUE TEMIIEPATYPHI 110 CEUCHHUSIM
OETOHHOT'O MacCHBa pU TBepJeHUHU B TeueHue 10 cyT.
IIPU CPEAHECYTOYHON TeMIlepaType Hapy>KHOTO BO3/IyXa
U Temneparype 6eronHoi cmecu 15 °C

Fig. 6. Calculated temperature change over sections
of concrete massif during hardening for 10 days
at average daily temperature of outside air
and temperature of concrete mixture 15 °C
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Puc. 7. PacueTHOE U3MEHEHHUE TEMIIEPATYPhI 10 CEUCHUSIM
0OETOHHOTO MaccuBa IIPH TBepAcHUH B TedeHnue 10 cyr.
IIpU CPEAHECYTOUHON TeMIepaType Hapy:KHOIO BO3yXa
u temneparype 6etonHoit cmecu 20 °C

Fig. 7. Calculated temperature change over sections
of concrete massif during hardening for 10 days
at average daily outside air temperature
and concrete mixture temperature of 20 °C

I[To pesynpraTaM pacdyeTa MaKCHUMabHas
TeMIleparypa camopa3orpeBa BO3MOXKHA B ceue-
Huu 2,75 M u coctapnsiet 51 u 75 °C npu cpen-
HECYTOYHOW TeMIiepaType HapyKHOTO BO3IyXa
cootBeTcTBeHHO 15 1 20 °C. Amanu3 pacmpene-
JICHUS TEeMIIEPaTyp MOKa3bIBAET, YTO MaKCUMAaIh-
HBI WX TIeperaj; BO3MOXXEH MEXIy CEUYCHHSI-
mu 2,75-3,25 mu 1,75-2,75 m (puc. 8). Hetpyn-
HO MPEATMONIOXKHUTh, YTO B ATUX CECUCHHIX TeMIle-
paTypHBIe HaNpsDKEHUS OyAyT HMETh MAaKCH-
MaJbHbIC 3HAYCHHS.

212

85

75
&)
°, 05 —e-1,75m-15°C
& 55 — - 1,75M-20°C
% 45 g ——2,75m-15°C
E / — 275m-20°C
S 35

4
15‘ .. -— -

0 2 4 6 8 10
Bpewms TBepaeHUs, CYT.

Puc. 8. PacueTHOe H3MEHEHHE TeMIIEpaTyphl
B ceueHusx 1,75 u 2,75 M OETOHHOrO MaccuBa
Ipu cpenHecyToyHOH Temmeparype 15 u 20 °C

Fig. 8. Calculated temperature change
in sections 1.75 and 2.75 m of concrete massif
at average daily temperature of 15 and 20 °C

OneHka TepMOHANIPSIZKEHHOT O
COCTOSIHHSI 0ETOHHOT0 MaccuBa

CornacHO pAacyYCTHBIM JIJaHHBIM, TIPUBEICH-
HBIM Ha puc. 6, 7, MAaKCUMaJIBHBIN TIEpera TeM-
mepaTypbl BO3MOXEH MEXIy CeueHusMu 2,75
n 3,25 m, 1,75 u 2,75 M cootrBeTcTBeHHO. [lepemna-
JIOM TEMIIepaTyp MEeXIy cedeHusiMu 2,75 u 3,25 M
MOKHO YIPAaBISATh TEXHOJIOTHYECKUMHU MPHEMaMH,
M3MEHsIs (CHIDKAsl) BEJIMYKMHY TEIUIOOTIAYM BEpX-
HEro CIIOosl KOHCTPYKINH. Takum 00pa3om, OLeHKyY
TEMIIEPATYPHBIX HATPSHKEHUIA MPOBOJIUIN JUIS CE-
yeHuii 0eTonHOro MaccuBa (1,75 u 2,75 m), Mmexay
KOTOPBHIMH Ha OCHOBAaHWH pacdeTa BO3MOXEH MakK-
CUMAJIBHBIH TIepenaj] TeMIepaTyp U BIUATH Ha KO-
TOpBIC TEXHOJOTHICCKH HE TPEICTABISAETCS BO3-
MOXHEIM. Pe3ynbraTel pacueTa cBesieHbI B Ta0M. 3.

AHanmu3 MaHHBIX, IPUBEICHHBIX B Ta0I. 3, T0-
Ka3bIBaCT, YTO MAaKCUMAIILHOE 3HAUCHHUE TeMIIepa-
TYpHBIX HAIPsDKEHUH HaONIONaeTcsl TPH CpeHe-
CyTOYHOH TemIriepatype HapyxHoro Bo3ayxa 20 °C
B BO3pacTe OKOJIO 3 CyT. TBEPICHHUSA, a TIPH CpPeIi-
HECYTOYHOM TeMIlepaType HapyKHOTO BO3yXa
15°C - okoro0 4 cyT. TBEpACHUS.

Jis OTICHKW BEpPOSTHOCTH OOpa3oBaHUS Tpe-
IMH B OETOHHOM MacCHBE B Haubojee ormac-
HBIX ceueHusax 1,75 u 2,75 M HeoOXOOUMO HMMETH
3HAYCHHE TIPOYHOCTH OETOHA HAa OCEBOE pacTs-
JKEHHE. YCIIOBUE OTCYTCTBUS TPCUIMH B OETOHHOM
MacCHUBe

f,>o0. 9
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Tabauya 3
PacueTHble 3HaYeHUS TeMIepaTypHbIX Hanpﬂme}mﬁ 0EeTOHHOI0 MacCuBa
Calculated values of temperature stresses of concrete massif
I/ICXOIIHI)IG JIaHHBIC U PACUCTHBIC TEMIICPATYPHBIC HAIIPSKCHUSA B 6eTOHHOM MacCCHUBC
Bpewms MIpU TEMIEPAType TBEPACHUS
TBe‘fyf‘””’ 15 °C 20 °C
At, °C Eo, MITa | E(r), MIla | o, MIla At, °C Eo,MIla | E(t),MIla | o, MIla

0 — — - - - - - -

05 - - - - - - - -
1 12 37000 6900 0,69 18 37000 6900 1,24
2 16 37000 12514 2,00 24 37000 12514 3,00
3 17 37000 17080 2,90 20 37000 17080 3,42
4 15 37000 20795 3,11 16 37000 20795 3,33
5 11 37000 23817 2,62 12 37000 23817 2,85

C mocTaToyHOU AJIs MPAKTHUYECKUX Lieieil Tod-
HOCTBIO TIPOYHOCTH OCTOHA Ha OCEBOE PACTSHKCHUC
MOJKHO OTIPEENIUTH 110 (hopMyIIe

0,6
cube !

f, =0,29f (10)

rae fob

Jlnis ompeneneHus 3HaUeHHS MPOYHOCTH OeTo-
HA Ha CXKATHE B SKBHBAJECHTHOM BO3PacTe HCIIOJNb-
30BAJIM PaHee MONTYYEHHBIE Pe3yNbTAThI 10 OLCHKE
KWHETHKW TBepaeHus OetoHa [6]. IIpouHocTs Oe-
TOHA Ha CXKATUC OMNPEACUIM WHTEPIONALIUCH B
3aBHCUMOCTH OT BO3pPacTa W CpPEJHEH TeMIiepaty-
pBI TBEpJCHHST OETOHA, KOTOPYIO, B CBOIO OYepelb,
TaK)Ke ONPEICIISIA WHTEPIOJAIUCH M0 pe3yibTa-

— IPOYHOCTH OeToHa Ha cxxaTtue, MIla.

TaM pacueTa TeMIEepaTypHBIX Mojeld B OETOHHOM
MaccHBe.

B Ttabn. 4 npuBemeHsl pe3ydbTATHl pacdera
MPOYHOCTH Ha OCEBOE PACTsDKEHHME OETOHA U TeM-
mepatypHeIx Aedopmanuii B ABYX CeUeHHSIX Oe-
TOHHOTO MaccuBa MpPHU TBEPICHUHM CO CpeaHen
TeMIepaTypoit Hapy»Horo Bo3ayxa 15 u 20 °C.

AHanu3 DaHHBIX, IPUBEJCHHBIX B Ta0JI. 4, 1O-
Ka3bIBaeT, YTO BO3pacT 2—4 CyT. ABIAETCS KPUTHU-
YeckuM U1t 6eToHa. B 3TOT mepuon BbICOKa BEpo-
ATHOCTh OOpPa30BaHMsI TEMIIEPATYpPHBIX TPEIIHH.
Taxke ciemyer OTMETUTh, YTO CHIKCHUE TeMIIe-
paTypbl Hapy:KHOTO Bo3ayxa Ha 5 °C yMeHbIIaeT
BEPOSITHOCTh 00pa3oBaHUsl TPEIIMH B OETOHHOM
MAacCHBe.

Tabauya 4
PacueTHble 3HaUeHHs] MPOYHOCTH 0eTOHA HA OCeBOe PacTsKeHHe
U TeMIIepaTypPHBIX Jedopmanuii 6eTOHHOro MaccuBa B ceyeHusx «1,75 m» u «2,75 m»
Calculated values of concrete axial tensile strength and thermal deformations
of concrete massif in sections “1.75 m” and “2.75 m”
PacuerHble 3HAUCHUS HNPOYHOCTH Ha OCEBOEC PACTSIKCHUE U TEMIICPATYPHBIX IIe(i)OpMaHI/Iﬁ OeroHa
(yHIIaMEHTHOH! IUTUTHI IPH TEMIIEPaType TBEPICHUS
Bpems 15 °C B ceuenusnx 20 °C B ceuenusx
TBEPACHUS,
CyT. 1,75 m 2,75 M 1,75 ™ 2,75 ™
fctl o, fCt -G, fCtr o, fct -0, fctl G, fct -G, fCtl G, fCt -0,
MIla | MIla MlIla Mlla MIla MIla MIIa MIla MIla MIIa MIla MlIla

0 - _ _ _ _ _ - - - - - -
0,5 - - - - - - - - - - - -

1 1,6 0,7 0,9 2,3 0,7 1,6 2,3 1,2 11 2,9 1,2 1,7

2 2,3 2,0 0,3 31 2,0 11 3,1 3,0 0,1 3,3 3,0 0,3

3 3,0 2,9 0,1 34 2,9 0,5 3,4 3,4 0 3,5 3,4 0,1

4 3,3 31 0,2 35 31 0,4 3,5 3,3 0,2 3,5 3,3 0,2

5 3,4 2,6 0,8 3,5 2,6 0,9 3,5 2,8 0,7 3,6 2,8 0,8
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CpaBHeHHe pacyeTHBIX
U paKTHYEeCKUX 3HAYeHUIl TeMnepaTyp
B CeYeHMAX (PyHIaMEHTHOM MJIUTHI

BeronnpoBanue (yHIaMEHTHOM TUIUTHI IPOU3-
BOAMIIOCE B miepuof ¢ 14 mo 16 cenrsops 2020 r.
CymMmapHO ObUTO yIokeHO 9063 M° GeToHHOl
cMecd. s KOHTpOJISL TeMIlepaTyp B Ipoliecce
TBEpJACHUS (PYHIAMEHTHOHW TUIMTHI HCIOIH30BAIIN
PE3UCTUBHBIC JAaTYMKU TEMIEpPaTyphl (TEPMOMET-
PBI COTIPOTHBIIEHHS), KOTOPHIE yCTAaHABIMBAIN Ha
TpeX BbICOTHBIX oTMmeTKax (100, 1750 u 3400 mm
OT OCHOBaHHWS IUIUTHI). TemmepaTypHble JaTIYUKA
KPENWINCh K apMaTypHOMY CTEp)KHIO IMPOBOJIOY-
HBIMH CKPYTKaMH W YCTaHABIMBAJINCH B apMaryp-
HBI Kapkac (QYHIAaMEHTHOH IUIMTHI HEMOCpe.l-
CTBEHHO Tiepenl OeToHMpoBaHWeM. [laTumkwm, ycra-
HOBJIEHHBIE TI0 TIEPUMETPY (PYHIAMEHTHOW TUTHTHI,
pa3Menianuce Ha pacctosHuu He meHee 1000 mm
ot onanyoku. Temrieparypy KOHTpoJupoBaiu B 99
TOYKaX IO CEYCHUIO TUIUTHI.

Ha puc. 9 npencraBiieH rpaguk H3MEHEHUS
pacyeTHbIX U (aKTUYCCKUX 3HAUYCHUN MaKCHMallb-
HBIX TEMIIEPATyp caMopa3orpeBa OETOHA IO BBICO-
Te (YHIAMEHTHOMH TTUTHI.

90

80 —
70

60 /

50

40

30
20

MakcuMarbHast TeMIepaTypa
camopasorpea 0eTona, °C

| | |
0 1000 2000 3000
BeicoTa (yHIaMEHTHO# IUTHTHL, MM

Puc. 9. PacueTHble 1 pakTHIECKHE 3HAUCHUS
MAaKCUMAJIGHBIX TEMITEpaTyp caMopa3orpeBa OETOHa MO BBICOTE
(yHIIaMEHTHO}! IUTNTHI. —@— — pacueT; —#— — (akT

Fig. 9. Calculated and actual values
of maximum temperatures of concrete self-heating in height
of foundation slab: —e— — calculation; —=— — actual

AHanu3 TEHAEHIMM U3MEHEHMs pPacueTHbIX U
(aKTUYEeCKNX 3HAYCHUI MaKCHMAaJIbHBIX TeMIlepa-
Typ caMopa3orpeBa 0ETOHHOIO MacCHBa 110 BBICOTE
¢byHIamMeHTHOH mKTHL (puc. 9) MO3BOMIAET CHCIATH
BBIBOA O BO3MOXHBIX HPHYMHAX PACXOKACHUH
pacueTHbIX U (aKTHUECKUX 3HAYCHUH TeMIepaTyp:

— pacueT BBIMOJHSUICS Ul CpeAHEH TemIepa-
Typsl HapyxHoro Bosayxa 20 °C. dakruyeckas
TeMIeparypa BO3AyXa NpH OCTOHMPOBAHHM IIECH-
TpaJdbHOM YacTH TUIMTHI (B oTMeTKax oT —11950
no —10950) wusMmeHsnack B jauama3oHe or 22
10 24 °C (noBblIEHHE TEMIIEpaTypsl Bo3ayxa Ha 5 °C
IOPUBOJIUT K IIOBBIIEHUIO TEMIEpaTyphl camopa-
3orpesa 6erona Ha (15-20) °C);

214

Cpenusist TeMeparypa
camopasorpeBa 6etona, °C

— B pacyerax CKOpPOCTb OCTOHMPOBaHUs IpH-
HuManack 3000 m%/cyt. Ilo dakTy ckopocTh Geto-
HUpOBaHHUs cocTaBuma 5170 m%/cyr. VBemuueHue
CKOpPOCTH OETOHHMPOBAHUS MOIJIO NPHUBECTH K IIO-
BBHIILICHUIO TEMIIEPaTypbl caMopa3orpeBa OeToHa
Ha (5-10) °C;

— TIpU BBINOJIHEHUH pacyeTa TeryIoNnorionar-
mas CoCOOHOCTh OCHOBaHUS MPHUHUMAJach Mak-
CUMaJbHOW (Kak HamOojee HeOIaronpHusTHHINA Ba-
PHAaHT C TO3MLHUH Mepenana TeMIepaTyp MEXAy
HIDKHUM CEUCHMEM IUIMTHI U €€ LeHTpoM). DakTu-
YecKHe 3HaueHHs TEeMIIEPaTyp B HIDKHEM CEUYCHUH
TUIUTBl CBUJCTENBCTBYIOT O JOCTaTOYHO HHU3KOH
TEIUIONOTJIOIIAOIIEH CIIOCOOHOCTH  OCHOBAHUS,
YTO CYIIECTBEHHO CHHU3WIIO TEepenaj TeMIepaTyp
U, CIIEIOBATENbHO, BEIUYNHY TEMIEpaTypHBIX ne-
(dhopmarmii.

Ha puc. 10 moxa3aHbl KpuBblE H3MEHEHUS
CpeaHel TemImeparypsl camopas3orpeBa O€TOHa IO
ceueHHAM (HyHIAMEHTHOH IJIMTHI B 3aBHCUMOCTH
OT NPOJOJKUTEIBLHOCTU TBEPIEHHUS, IIOCTPOCHHbIE
Ha OCHOBaHWH JIAaHHBIX KOHTPOJS (MOHHTOPHHTA)
TeMIeparyp.

80
70
60 T I STy
50 ‘

40
30
20
10

—@— Hu3z
—e Cepenuna

—i + Bepx
A= A— A— 4

01 2 3 4 5 6 7 8 9 10

HpOZ[OJ'DKI/ITBHI)HOCTL TBEPACHUS, CYT.

Puc. 10. I3meneHne cpeqHel TeMnepaTypsl
camopasorpesa 0eToHa 10 CeYeHUAM (YHAAMEHTHON IUIHTHI
B 3aBHCHMOCTH OT HPOAODKUTEILHOCTH TBEPACHUS

Fig. 10. Average temperature change
in concrete self-heating along sections
of foundation slab depending on duration of hardening

BbIBO/IbI

1. XapakTepuCTUKONH TEPMOHAIPSKEHHOTO CO-
CTOSIHUSL OETOHHOTO MacCHBa MOXET CITY)KUTh pac-
YeTHasl BEJMYMHA TEMIIEPAaTypHOTO HaIPSHKCHUS.
BrinonHeHHble pacyeThl TEMIEPATYPHBIX TOJNEH
JUISL TBEpJEIONIero OSTOHA 3aJaHHOTO0 COCTaBa Ha
LIEMEHTE C MOHUXXEHHOU 3K30TEPMUEN MO3BOIMIHN
OMPECTUTh BEIMYUHBI TEMIICPATYPHBIX HAIPSIKE-
HUIi B HamOojee ONACHBIX CEYEHMSIX OETOHHOIO
MaccuBa. M3 pacueTHBIX MaHHBIX CIEAYeT, YTO
KPUTHYCCKHUM JJIsS TBEPJICIOIICTO OSTOHA SIBJISCTCS

Hayka
urexHuka. T. 20, Ne 3 (2021)



Civil and Industrial Engineering

BO3pacT 2—4 cyT. B 3TOT mepuos BEICOKA BEpPOSIT-
HOCTh 00pa30BaHUs TEMIIEPATYPHBIX TPEIUIUH.

2. CHKeHHE TeMIlepaTypbl HapyKHOTO BO3-

nyxa Ha 5 °C yMeHbIIaeT BEPOSTHOCTh 00pa3oBa-
HUS TpemMH B OeToHHOM MaccuBe. CpaBHEHHE
(hakTHYECKUX 3HAYCHUH TEMIEpaTyp C PacUeTHBI-
MU TOKa3aJI0 NMPAaBUILHOCTh MPUHATONH METOIHMKH
pacdera TeMIiepaTypHbIX mnonei. He3HaunTenbHbIe
OTKJIOHEHHSI PaCUETHBIX 3HAYCHUU TeMIlepaTyp OT
(hakTHYECKUX CBSI3aHBI C YCIIOBUSIMH BelCHUS Oe-
TOHHBIX PaboT.

10.
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IIporHo3upoBanre pOBHOCTH JOPOKHBIX NOKPbLITHI

Hux. 10. B. Byprl.m,l), M. I. Cooaxasn”,

JOKT. TeXH. HayK, mpod. 5. H. Kopanen”
l)Eenopyccm/n?l HAIIMOHAJIFHBIN TeXHUYeCKui yHuBepcuTeT (MuHCK, Pecriyonuka benapycs)

© benopycckuil HallMOHAIBHBIA TeXHUYECKUH yHuBepcurer, 2021
Belarusian National Technical University, 2021

Pedepar. IIpu npoekTupoBaHUU JOPOKHBIX OJAESKA IPHUMEHSIETCS CI0KHAsI CUCTEMa allfOPUTMOB, OCHOBAHHBIX HA MaTeMaTH-
YECKUX BEIYHCIICHUSX U HH)KEHEPHBIX PEIICHUSIX, C PACUCTOM OIIEHOYHBIX KpUTepueB. FIMEHHO coOIIoieHe HOPMUPOBAHHBIX
TpeOoBaHMii IO pacYEeTHBIM KPUTEPHUSIM MO3BOJISIET CUMTATh KOHCTPYKILIUIO JOPOKHOM OJIEXK /bl HAJIEAKHON, @ aBTOMOOHIIBHYIO
Jopory Ge3omacHOi U ymXoOHOH ISl ABMDKSHUsI TPAHCIIOPTA B T€UEHHE IPHHATOTO cpoka ciyxObl. IIpu pacuere Ha mpou-
HOCTb, HCXO/Sl U3 IPOTHO3HOM MHTEHCHBHOCTU ABMKEHUS M COCTaBa MOTOKA TPAHCHOPTHBIX CPEJCTB, MIPOBOAUTCS PACUET MO
OCHOBHBIM KPHTEPHSM: JOIyCKaeMOMY YIPYroMy IpOrudy, CABUTY B CIIOSX U3 HEYKPEIUIEHHBIX MaTepPHAIOB U B ac(hasbTo-
6eToHe, a TaKXKe MO MpeIeTbHBIM PAaCTATUBAIOIINM HANPSUKEHUSIM B MOHOJIUTHBIX MaTepHaiax C 3aaHHBIM yPOBHEM HalEXK-
HocTu. OfIHAaKO B MPUHATHIX KOHIEMIUSIX pacyeTa MPOYHOCTU U HAAEKHOCTH JOPOXKHBIX OJIEXK] HEMOCPEICTBEHHO yIUTHIBA-
eTcsl TOJIBKO CHIIOBOE Bo3nelcTBue. s yuera (haKTopoB OKpYIKAIOIIEH cpeibl He0OX0AUMO pa3paboTaTh KOMIUIEKCHBIH 1T0-
Ka3aTenb pe3yJbTHPYIOLIEro BoszeiicTBus Bcex (akropoB. B craree mnpuBeneH KomIuleKe (akTopoB, BIMAIOLIMX Ha
0€301acHOCTb JBIDKCHUS TPAHCIIOPTA, HA JOPOXKHEIE JleopMauy U BEICOTY HEPOBHOCTH, B YaCTHOCTU HA YBEIWYCHHE JH-
HAMHYECKOTO BO3AEHCTBHS Ha JOPOry M aMILUTUTYyIy KoyieOaHuUs Kojieca aBTOMOOHIISI Ha JOPOTre C HEPOBHOM MOBEPXHOCTHIO
(IpH OTpBIBE OT HOBEPXHOCTH JOPOTH), COBHAJCHHE YacTOTHI KoJeOaHHi aBTOMOOMIIS C COOCTBEHHBIMH YacTOTaMH Kojeba-
HHUI JOPOKHOM OIEXIbI U, KaK CIEICTBUE, HA MOBEICHIECKHE 0COOEHHOCTH BOXKAEHHs. OOOCHOBAaHBI JOBOJBI O TOM, YTO B
MIPOTHO3HBIX MOJIEIISIX HE YUUTHIBAETCS psifl (PaKTOPOB, OKA3bIBAIOIINX CYIECTBEHHOE BIHMSHHE Ha IPOIECCH (hOpMHUPOBaHHUS
HeoOpaTuMoii ieopMalu B CIOAX MATEPHAIOB JOPOXKHBIX KOHCTPYKLIMH.

KiroueBble c€jI0Ba: aBTOMOOWIBbHBIC JOPOTH, IIPOYHOCTh, MEXKIYHAPOIHBI HHIEKC POBHOCTH, IOKPbITHA, Xedopma-
II1, MOJEINb, )KECTKOCTh KOHCTPYKIIMH, TPAHCIIOPTHAsI Harpy3Ka, yCIOBUS JKCIUTyaTallly, H3MEpeHus, KodpuImenT ruHa-
MHYHOCTH

Jns nurupoBanus: byprteuis, 10. B. IIpornozuposanune poBHocTH A0poXkHBIX MOoKkpbIThii / FO. B. Bypteuts, M. I'. Conoakas,
S1. H. Kosases // Hayxa u mexnuxa. 2021. T. 20, Ne 3. C. 216-223. https://doi.org/10.21122/2227-1031-2021-20-3-216-223

Predicting the Evenness of Road Surfaces
Yu. V. Burtyl”, M. G. Salodkaya®, Ya. N. Kovalev"”

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The design of road surfaces involves application of a sophisticated algorithm system based on mathematical calcu-
lations and engineering solutions, with the calculation of evaluation criteria. It is precisely the observance of the standar-
dized requirements in terms of design criteria that makes it possible to consider the design of the pavement as reliable, and the
road as safe and convenient for traffic during the specified service life. When calculating the strength, based on the predicted
traffic intensity and the composition of the traffic flow, calculations are carried out according to the main criteria: admissible
elastic deflection, shear in layers of non-reinforced materials and in asphalt concrete, as well as the ultimate tensile stresses
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in cast-in-situ materials with the specified reliability level. However, in the accepted concepts for calculating the strength and
reliability of road pavements, only the force effect is directly taken into account. To take into account environmental factors,
it is necessary to develop a comprehensive indicator of the resulting impact of all factors. The paper presents a complex
of factors influencing on traffic safety, road deformations and irregularities the height of unevenness, in particular, an increase
in the dynamic impact on the road and the amplitude of vibration of a car wheel on a road with an uneven surface (when
detached from the road surface), the coincidence of the vibration frequency of the car with the natural frequencies of vibration
of the road surface, and as a consequence, on the behavioral features of driving. The arguments have been substantiated that
the predictive models do not take into account a number of factors that have a significant impact on the formation of irrever-
sible deformation in the layers of materials of road structures.

Keywords: highways, strength, international evenness index, road surfaces, deformations, model, structural rigidity, transport
load, operating conditions, measurements, dynamic coefficient

For citation: Burtyl Yu. V., Salodkaya M. G., Kovalev Ya. N. (2021) Predicting the Evenness of Road Surfaces. Science and

Technique. 20 (3), 216-223. https://doi.org/10.21122/2227-1031-2021-20-3-216-223 (in Russian)

BBenenne

Hedopmanuu B cHosx JOPOKHOM OIEXIBI
XapakTepU3yloT oOllee CHIKECHHUE IPOYHOCTH
KOHCTPYKIMH, CONPOBOXKIAAEMOE  JaJbHEHIINM
pazpyuieHHMeM M pPa3yIUIOTHEHHEM MAaTepHalioB.
HepoBHocTu 00pasyrorcs mo NnpuyMHaM BO3HUK-
HOBEHHS HEOOpaTHMBIX JedopMaIiii B OKPHITUH
W HWKHHUX CIOSAX JOPOKHOM ONEXIBI TOJ Jei-
CTBHEM TPAHCIOPTHBIX HArpy30K W IMOTOJHO-KIIN-
MaTtudeckux (aktopos. [lpu 3kcmryatanuu aBTO-
MOOMJIBHOH JIOPOTH yBEJIMYEHHE HEPOBHOCTEH
HEMOCPEJCTBEHHO CBS3aHO C HpUpPOCTOM Jedop-
Mainuil. AHanu3 npouecca HakKOIUIEHHS HEPOBHO-
CTEH MOPOXKHBIX IOKPBITUN I103BOJISIET IPOTHO-
3UpOBaTh CHIDKEHHE MTPOYHOCTH JOPOKHON KOHCT-
PYKILIUH.

[IprurHaMu BO3HUKHOBEHHS HEPOBHOCTEH [10-
POXHBIX MOKPHITUI MOTYT OBITH paziauyHble (ak-
TOPBI: YBIIQXXHEHHE TPYHTOB M HECBSA3HBIX CJIOCB
OCHOBAHUSI, Pa3yIIOTHEHHUE CJIOEB W3 MUHEpaJIb-
HBIX MaTEepHaJiOB, MPOLECCH 3aMOPAXHUBAHUS H
OTTaMBaHUs, BBICOKHE MOJOXHUTEIbHBIE TeMIlepa-
TYpBl, UBMEHEHHE BS3KOCTH OMTYMHBIX COCTaBIIsi-
IONIMX, a TaKKe CPOK CIIYyKOBI JOPOKHOW KOH-
CTPYKIMH M TMPHUPOCT MHTEHCHUBHOCTU ABMKEHUS
aBromoOmelt. Bee atu dakTopsr popMupYIOT He-
POBHOCTH C DPa3IUYHON NEPHOAMYHOCTBIO M WH-
TE€HCUBHOCTBIO, HO YYHUTBIBATh MX IPH NPOTHO3U-
POBaHMM HEOOXOIMMO B KOMIIJIEKCE.

HccnenoBanne nmpomneccos 00pa3oBaHust
nedopManuii 1 HEPOBHOCTEH
JOPOKHBIX MOKPBITHH

PaccmarpuBast mpoliecc mpOTrHO3UPOBAHUS He-
0o0paTuMBIX AeopMaliii, Hy>KHO OJHOBPEMEHHO
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paccMaTpuBaTh Ipoliecc 00pa30BaHUS HEPOBHO-
CTEW JOPOXKHBIX MOKPHITHHA. MOXXHO yTBEpXkAaTh,
YTO 3TH JIBa MPOLIECCa B3aUMOCBS3aHbl U OTpaXKe-
HUe aedopMalry MaTepHalioB 3aBUCHUT OT OOl
KECTKOCTH JTOPOKHOM KOHCTPYKIUH:

Al =gR, (1)

rae Al — HepOBHOCTD MOKPBITHS, MM; £y — CyMMap-
Has HeoOpaTtuMast eopMaIys B CIOSX JOPOKHOM
oIeXKIbl, MM; R — KO3 (QUIMEHT, yYNTHIBAIOIIUHA
JKECTKOCTh JTOPOKHOM KOHCTPYKINH, R < 1.

Jedopmariuun 1 HEPOBHOCTU BIUSIOT Ha 0e3-
OTMACHOCTh JIBWKEHUS TpaHCIIOpTa M JIOJTOBEY-
HOCTBH aBTOMOOMILHOM JJOPOTH:

a) nedopmanuu, oTpakaeMble Ha MOKPHITHH B
BHJIE HEPOBHOCTEH, YBEIIMYMBAIOT IMHAMUYECKOE
BO3JICHCTBHE HA JOPOTY U aMIUTUTYAY KoJeOaHUs
KoJjieca, YTO TPUBOJUT K CKOPEHIIEMYy pa3pylie-
HUIO KaK JOPOXHOTO TOKPBITUS, TaK U TIOJBECKU
aBTOMOOMIIs [1];

0) TIpH COBMAJIEHUH YacTOTHl KOJIEOAHUN aBTO-
MOOWISI ¢ COOCTBEHHBIMH YacTOTaMH KOJeOaHHI
JIOPOTH MPHU IBHKCHUU 10 HEPOBHOCTSIM BO3HHKA-
€T Pe3KOe BO3pPACTaHUE AMILTUTYIbI, YTO MOXKET
MPUBECTH K OINPOKHJIBIBAHUIO aBTOMOOWJIS, OCO-
OCHHO TIpU JajbHEHIIIEM TOPMOXKEHHHU JJISl MOra-
IICHHS PE30HAHCA;

B) NPH JBWKCHUM ABTOMOOWIIS 1O HEPOBHO-
CTSIM BO3MOXEH OTPBIB KOJEC OT MOKPBITUS, YTO
MOJXKET CIIPOBOIIMPOBATh KPATKOBPEMEHHYIO IMOTE-
pIO yIpaBleHHsS aBTOMOOHWIIEM TPU BBICOKHMX CKO-
pocTsix (0coOEHHO HAa MOKPOM IMOKPBITHH) B PE3KO
YBEIUYUTh JUHAMUYECKUE HArpPy3KW OT HEro Ha
zopory [2];

I') CHWKEHUE CKOPOCTH JIBHXKCHHS TPAHCIIOPT-
HOTO IMOTOKA BCIIEJICTBHE NIMPOKOro pasdpoca ya-
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CTOT KOJIeOaHUIl aBTOMOOWIISI, BRI3BAHHBIX HEPOB-
HOCTSIMH, TIPUBOJUT K YXYAIIECHHIO TOTPEOUTEID-
CKUX KauyecTB JIOPOTHU: MPOITYCKHOH CIIOCOOHOCTH,
YPOBHSL 3arpy3Kd JIBIDKEHHEM, DKOJIOTUYECKOU
0e3omacHOCTH;

Jl) HECTaOWIbHOE IBWKCHHUE aBTOMOOWIS TIO
HEPOBHOCTSIM TPWUBOJIUT K JUIMTEIHHOMY IIOBBI-
[NIGHHOMY BHUMAHHUIO U HAINPSDKESHHUIO BOJUTEIS,
YTO B CBOKO OYEpEeIb BEIET K OOIIEH yToMIIIeMo-
CTH M CHW)KCHUIO OOBEKTUBHOW OIICHKH CHUTYaIluU
Ha Jiopore.

CTpyKTypa JOPOXKHO-CTPOUTEIBHBIX MaTepHa-
JIOB TIPEJICTABIISET COOON CUCTEMY YIIPYTHX H BSI3-
KOIUTACTUYHBIX CBsized. [Ipu srom obmias medop-
MaIus JTIOPOXKHBIX MOKPBITHH OTPEACIIACTCS UCXO-
I U3 ee COCTaBISIOMINX: OO0paTHUMOH (ympyroi)
1 HeoOpaTUMO# (TIaCTHIECKOMH).

B 3apy0ekHBIX UCCIICAOBAHUSAX JJIs POTHO3M-
poBanus aedopmanuii pa3padOTaHbl MOJACIH, YIH-
TBHIBAIOIIME TAKHE MAPAMETPhI, KaK HAMPSIKCHUS,
HavajgpHas JedopMmalks B MaTepuanax, KOJH-
YECTBO MPUIOKEHHBIX HArpy30K, 3MITUPUYCCKUE
napaMeTpbl ypaBHEHHH DPETPEecCHH, IMOydeHHBIC
B pe3ynbTaTe WCHbITaHuil. B Tabn. 1 mpuBeneHs
HEKOTOpBIE MOJICNIM pacuera HeOOpaTUMBIX Jie-
(dopmanuit gy B 3apyOCIKHBIX UCTOUHUKAX.

[IpencraBieHHBIC MOJEIM COPUCHTHPOBAHEI B
OCHOBHOM Ha CWJIOBBIC (DaKTOpPBI: MPOYHOCTH JO-
POXKHOI KOHCTPYKIIMHM W BEJIMYHHY Harpysku (Ha-

npsbkenus). HeoOpaTumelie nedopmanuu Haudoee
WHTEHCUBHO (OPMUPYIOTCS TIPH YCIOBUU TIPEBbI-
meHns (HaKTUIECKOro KOJIMYEeCTBa HAarpy3oK Haj
pacueTHBIM 3HaueHHeM. OOIMas cxema pa3BUTH
neopManyu Mpyu NPUIOKEHUH HArpy3KH TMpUBe-
JieHa Ha puc. 1.

JlomycTuMEIi ypoBeHb HEOOPATHMBIX Ae(OopManuii en

R ———

- €i

HeobOpatumas nedopmarus
€i, MM

KonnyectBo nukiion Harpy>xeHus

Puc. 1. I3meHeHne HEOOpaTHMOH (OCTATOYHOM) IeopMaIiu
MIPH TIOBTOPHBIX Harpy3kax N

Fig. 1. Change in irreversible (permanent) deformation
under repeated loads N

Jns mOopokHOW OAekABl MPOYHOCTh U Ha-
JEKHOCTh OYyIyT OOECIedeHBI TPU BBIMTOTHECHUH
YCIIOBHS

igN >1, )

rae t — pacueTHBINA NEPUOJI MPUIIOKEHHUS HArPY3KH,
JIET; €, € — MOIMYCTUMBIN U (DAKTUIECKUH YPOBHHU
HeoOpaTUMBIX JedopmMariuii 3a roJI, MM.

Tabruya 1

Dopmy.Ibl I pacyeTa HeoOpPaTUMBIX JedopManuii IPU BO3/1EHCTBUN NOBTOPHBIX HATPY30K

Formulas for calculating irreversible deformations when exposed to repeated loads

Dopmyna

IMapamerp dopmysr

Pa3paboT4rk, HICTOYHHK

ey =a+ bigN

N — KONMYECTBO MPUIIOKEHHBIX PACYETHBIX HATPY30K, ex.; |Barksdale R. D., University
a, b — mapamerp mMozmenu

of Michigan (Aursus) [3]

en = & + algN + b(IgN)?

MOJICITH

€1 — OCTaTOYHAs HavYanbHas aeopMaLys, BOZHUKAIOMAs
TIpH NIepBOM MPUJIOKEeHHH Harpysku, MM; N — konmaectso  |State University (CLLIA) [4]
TIPHJIOKEHHBIX PACYETHBIX HATPY30K, ejl.; &, b — mapametp

Leng J., North Carolina

en = A((01 - 03)/05)°(B + IgN)

A, b, B — mapamerps! Mozenu, siBistroriecs nocrosuasiva - |Cheung L. W.,
JUISL pa3IIMYHBIX MAaTEPUAIIOB; G, G3 — HOPMAJbHOE
HanpsbkeHue 1o miomankam, MIla; 6 — npenenbHbIin
JeBuaTop Hanpspkenuid, MIla

the University
of Nottingham
(Benuko6putanus) [5]

en = e6(NE/L0%)°[E (10 -c)/E (15 «c)]**kekiks  |€6 — medpopmarmst mpu mpoxoskaermn 108 wuxnos marpys-  |Petit C., Diakhaté M.,
Kk, MM; NE — KOJIM4ECTBO MPUIOKEHHI HATPY3KH, €11.;
E(10°c), E(15c) — Momynb ynpyroctu mpu 10 u 15 °C;
K. — K03 GUILMEHT 115 pa3IuYHbIX TUIIOB acdanbTo-
6erona (1,0-1,5); k;— koadduunent BepostHoCcTH;

Ks — TO 5Ke HEOAHOPOHOCTH TPYHTOB

Université de Limoges
(®panrus) [6]

en = (4 + mN)(1 - exp[-BN])

N — KONMYECTBO MPHUIIOKEHHBIX PACYETHBIX HArPY30K, ex.; |WOIff H., Visser A. [7]
m, A, B — mapameTpbl ypaBHEHHS PETPECCUU
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(I)Ole/IPOBaHI/le MOJ€/JIU U3MCHCHUA
nmoxkasartejiss pOBHOCTH
AOPOKHOI'0 MOKPLITUHA

BeiiBuraercst Tunore3a 0 CyIIeCTBOBAaHUH JIH-
HEHHOW 3aBUCUMOCTU MEXIY CPOKOM CIIYXOBI J0-
POXKHOUM ONEXIbl W TOKa3aTeJeM POBHOCTH JI0-
poxkaoro mokpeITHS (IRI) HexecTKHX MOPOKHBIX
onexa. Jlys TOATBEPXKACHUS JaHHOW THUITOTE3bI
npoBeieHs! n3MepeHust Ha 30 OMBITHBIX y9acTKax
1OCJIe  BBITIOJHEHUS PEMOHTHBIX MEPOIPUSTHIA
M0 YCTPOWCTBY CJIOS ac(haabTOOETOHHOTO TOKPHI-
Tus [8]. ExxeromHbpie 3HAaUCHHS TTOKa3aTellsT POBHO-
CTH Ha OIBITHBIX y4acTKax 00pa0aThIBAIKCh C HC-
MOJIb30BAHUEM CTATHCTUYECKOTO aHanmu3a (METO
HAMMEHBIIUX KBAJIPATOB), U TIO CPETHUM T'OJIOBBIM
3HAYCHHSIM CTPOWJIACh 3aBUCUMOCTh BUA

IRI = TR + B, ©)

rae IRl — cpemneromoBoe 3HadeHHME MOKAa3aTEIS
POBHOCTH Ha OIBITHOM y4acTke, M/kM; T’ — miepuon
HaOmonenus, Jiet; R — koadummenT exeromHo-
ro TpPHUPOCTa HEPOBHOCTEH IOPOKHOTO TMOKPHI-
tus, M/(kM-Tox); B — HavanbHast BeNMYMHA TIOKa3a-
TEJsl POBHOCTH, M/KM.

B kauyecTBe OMNBITHBIX NPUHUMAINCH y4acT-
KH JIOPOKHBIX KOHCTPYKIIMA Ha pecHyOJIMKaH-
CKOM CeTH J0por ¢ pa3IuyHON HHTEHCHBHOCTHIO
JIBIKEHUS W HAYaJIbHOM BEJIMYMHOW IOKa3aTens
poBHOcTH jgoporu. OCHOBHBIM KPUTEPUEM TIOA-
TBEPXKJIEHUSI B3aWMO3aBUCHIMOCTH [JIBYX BEJH-
YiH (BPEMEHU U HEPOBHOCTH TIOKPBITHS) SIBJISCTCS
K03 PULIMEHT KOppETALNH.

IIpounmomerpruecknii ~ METO  TO3BOJISIET
OTIPENIENIATE POBHOCTH JIOPOTH IIHPOKOTO JUara-
30HA, a U3MEPHUTEIbHASI CHCTEMAa, OCHOBY KOTOPOH
COCTABIISIIOT JIa3€PHBIC JATYUKH BHICOKOW YacTOTHI,
UMeEeT YCTOMYHMBYIO CUCTEMY OTCYeTa IpH MpOBe-
neann mMepenuit [9, 10]. UnTterpupyrommm mo-
Ka3zaTelleM HM3MEPEHUs] HEPOBHOCTEH MOXKET Ciy-
JKUTh NoKazarens poBHocTH IRI, npeacrasmsroniunit
co00l OTHOIIEHUE BEJIMYMHBI CyMMAapHOTO BEPTHU-
KaJbHOTO IEpeMEeIeHHs] dTaJJOHHOH MacChl aBTO-
MOOWJIS K JUTHHE y4acTKa (M/KM AT MM/M).

B kauectBe mapameTpa, OIEHHBAIOIIETO BEJIH-
YUHY HEPOBHOCTEW, MPUHUMAIN MEXTyHApPOTHBIN
ungexkc poBHoctu IRI. Ilpornosnas monens (3)
B MIPAKTHYECKUX UCCIICOBAHUSAX OyIeT UMETh BUJ

IRI, =TR+IRI,, (4)

rae IRI; — 3HaueHue mokasarelsisi pOBHOCTH K KOH-
Iy pacdeTHoro cpoka, M/km; IRy — To sxe B Havaie
Pac4eTHOro CPOKa, M/KM.

Hayka
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JlormycTUMBIi PUPOCT HEPOBHOCTEN JIOPOKHOTO
TOKPBITHS R 3aBUCUT OT THIA TOPOKHONH KOHCTPYK-
UM ¥ TIOTOAHO-KIIUMAaTHIecKuX ¢akTopoB [11].
B 3aBucuMocTH OT HANMUYMS U XapPaKTEPUCTUKU HC-
TOYHHUKOB YBJIAKHEHUSI YUACTKH JOPOTU Pa3IENsOT-
Csl IO TUIYy MECTHOCTH U THUITY JOPOKHOM OZEXbI,
B COOTBETCTBUM C HOPMATHBHBIMH TpeOOBaHUsI-
mu [12]. [IpoBeneHHBIE TIONEBBIE WCTIBITAHUS MOA-
TBEPKAAIOT MPUPOCT HEPOBHOCTEM OPOKHOIO IO-
KPBITHS, OTPAKAEMBIX Ha TIOKPHITHU IO AIpPOKCH-
MUPOBaHHOM JINHEWHOH 3aBUCUMOCTH (4).

Tun nopoXHON OAEKAbl MO KAMUTaIbHOCTH
COOTBETCTBYET HHTEHCHUBHOCTH [BHXKEHUS U Ha
HanOoJiee TPOYHBIX KOHCTPYKIIUAX, TPHU CYIIe-
CTBYIOIIEHT HMHTEHCUBHOCTH JIBIDKCHHUS IIPUPOCT
HEPOBHOCTEW TIOKPHITHA HAOIOJAeTCS MEHBIIIE,
9eM Ha KOHCTPYKIMSX OOJErdeHHOTO THUIA C
MEHbIIEH MHTEHCUBHOCTBIO ABMKEHUS. THUll MecT-
HOCTH TIO YBJIQKHCHHWIO BIFSIET HA MPUPOCT He-
POBHOCTEU MpHU TNIMHUCTBIX U CYIJIMHUCTBIX TPYH-
Tax Ha J0porax HU3KUX Kateropuii (tadi. 2).

Tabauya 2
Pe3yabTaThl H3MepeHHii exerogHoro NpupocTa

HEPOBHOCTEi Ha Joporax
€ Pa3JIMYHBIMH YCJIOBHAMH IKCILTYaTAllUH

Results of measurements of annual increase

in irregularities on roads
with different operating conditions

Unren- Tun Tun Esxeroaubiin
MECTHOCTH N MIPUPOCT
CHBHOCTb, JIOPOXKHOI .
pace. asT./cyT. 0 YBJIaXK- N HEPOBHOCTEH,
HEHHUIO MM/M
Bonee 2000 1,2,3 Kanuraneasbrii 0,03
1500-2000 211 3 KanuransHbrit 8:82
1000-1500 211 3 KanuransHbrit 8:23
1,2, 3 Kanuransasrii 0,12
1 0,08
800-100 2 OO6eryeHubIi 0,11
3 0,13
1,2, 3 Kanuransasrii 0,06
400-800 ! OO0eryeHHbIi 0,01
2,3 0,12
1 0,15
200-400 2 OO0seryeHHbIN 0,18
3 0,21

VYcranapnuBasgs HOPMAaTHBHOEC 3HAUYCHHE IIPU-
pocTa HEPOBHOCTEH TOKPBITUS MAJI1 YYacTKOB
JIOPOT OJHOW KJIACCHU(PHUKAIHNHA 10 YCIOBHSIM JKC-

219



Cmpoumenvcmeo

ITyaTalyyd, MOXHO OTPEICNISITh HAIAS)KHOCTh JI0-
POKHOU OEKIBI [0 YCIOBHIO
R

_ %
Ky = 221 )

H

riae K, — KodhQUIMEHT Ha/IeKHOCTH JOPOKHOIO
nokpeiTus; Ry, Ry — paktudyeckoe u HOpMaTUBHOE
3HAYCHUE EXKEroJHOr0 IPHPOCTa HEPOBHOCTEH
JIOPOXKHOTO TIOKPBITUS JIJISL TIOPOT OJIHOM KIIACCH-
(ukaruu, M/(KM-TOX).

Omnpeneaenne ko3gpunuenTa
AUHAMMYHOCTH B 3aBHCHMOCTH
OT BeJIMYMHBI HEPOBHOCTH
JAOPOKHOT0 MOKPBITUS

HccnenoBanue B3auMOJENCTBUSI TPAHCIIOPTHO-
r'O CPEeICTBa U aBTOMOOMIBHON OPOTH — IMpOIecc,
TpeOyrommid TIyOOKOT0 aHanM3a Mmokasaresnel au-
HaMHUYECKOT0 BO3JEHCTBUS TPAHCIOPTHOTO MOTOKA
Ha KOHCTPYKUHMIO aBTOMOOHMJIBHON AOPOTH, a Tak-
)K€ y4eTra CTeNeHH BIUSHUS HEPOBHOCTH [0-
POKHOTO TIOKPBHITHS Ha KOJIEOaHHWA KOHCTPYKIHUH
TpaHCIIOPTHOTO cpeacTra [13].

W3ydeHne yBenwueHUs AMHAMUYECKOTO BO3-
JIEUCTBYSI HATPY3KH U, KAK CJIEJICTBUE, HAKOTUICHUS
HEPOBHOCTEH HEOOXOIMMO IPH pacdeTax IMpoeK-
TUPOBaHUS M 3KCILTyaTallid aBTOMOOWIBHBIX J0-
por, HampuUMep B pacyeTax MaTepHajbHOro yIIep-
0a mpu mpoe3ne THKEIOBECHOTO W KpyrHorada-
puTtHOTO TpaHcmopTa [12].

B pabotax A. K. bupyns u A. B. CmupHoBa
MOKa3aHo, YTO MPU TIOBBIIICHUH CKOPOCTH JIBHKE-
HUsI HaOMIoaeTcss pocT AMHAMHYECKON COCTaBIIsi-
IOLIeH BO3ACUCTBHA, KOTOPAs pacTeT C YBEIUUCHU-
€M BEJIUYMHBI HEPOBHOCTH TOPOXKHOTO MOKPBITHUSI.
Ilpu 3TOM moOKa3areiab JUHAMHUYECKOTO BO3ACH-
CTBHS YBEIIMYMBACTCS U MOXKET B J[Ba U OoJiee pasza
MPEBBICUTh CTATUYECKYIO HATPY3KY OT TPaHCIIOPT-
HOT'O CpeACTBA. AMIUTUTYABI KOJNEOaHHH M HUX
YaCTOTHBINA JMAna3oH 3aBUCIT OT BBICOTHl HEPOB-
HOCTEH, a Takke OT uX GopMbl U AmuHbBL. s paz-
JUYHBIX MHUKPONpPOGMIed MOBEPXHOCTH aBTOMO-
OMIIBHBIX JIOPOT B 3aBUCHMOCTH OT TMpeoldna-
JTAIONIVX JUTHH HEPOBHOCTEH IPH Pa3IMYHBIX CKO-
POCTHBIX pEXHUMax MOXKET HaOII0JaThCsl 3HAYH-
TEJIbHOE yBEJIMYCHUE TWHAMUYHOCTH BO3JEHCTBUS
TPAHCIOPTHOT'O CPEICTBA HA KOHCTPYKIIMIO aBTO-
MOOMIIBHOM goporu [14].
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[Iporecc nBMXKEHUS aBTOMOOWIS IO JIOpOTe
COIIPOBOXKIACTCS BO3JACUCTBUEM €0 KOJISC Ha J0-
POKHOE TIOKPHITHC B 00JIACTH, MPEACTABIAIONICH
0 CBOEW KOH(MWUTYpaluyd OBaN IIWH Pa3NAIHON
(hopMBI, 3aBHCAINEH OT THIIA U TPY30MOIBEMHO-
CTH TpaHCHOPTHOrO cpencrea. HccnemoBanus
MOKa3ajy, YTO BEIWYMHBI MPOTHOOB HEBEIUKU
" ONIPCACTAIOTCA ACCATBIMU JOJIAMHU MUWUIMMETPA.
HpI/I OTOM 4Y€M BbIIIC CKOPOCTH JABWXCHUSA, TEM
MEHbIIIEe JeOPMUPYETCS JOPOKHAS OJCIKIA, ITPH-
YeM OTKOChI TPOTrHba HEPOBHOCTH JOPOMKHOTO
MTOKPBITUS. MOYKHO pPacCMaTpyUBaTh KakK MPSMO-
JINHEHBIE.

KacarenbHble 1 BepTUKAJIbHBIE BO3ACHCTBUS OT
KOJIEC TPaHCIOPTHBIX CPEICTB Ha ITOPOKHOE TIO-
KphITHE TIPU JBHXXCHUM HWMEIOT JTUHAMHYCCKUN
XapakTep W NMEPEeMEHHBI 10 BEJIMYMHE, HaIpaBie-
HUIO U CTaTUCTHYCECKUM TOKazarenasMm. JluHamude-
CKHC HArpy3KH aBTOMOOWIS Ha JIOPOTY YBEIWYH-
BafOTCA MPH JBHKEHHUH IO HEPOBHOM MMOBEPXHOCTH
JIOPOKHOTO TIOKPBITHS M COTIPOBOXKAAIOTCS yaapa-
MU W KOJEOaHWSIMH KOJeCc W Ky30Ba aBTOMOOW-
ns1. KoapunuenT TuHaAMAIHOCTH HArpy3Ku Ky
OTpa)kaeT YBEJIHUCHHE HArpy3ku (aedopmarivin)
MpH IWHAMUYECKOM BO3JEHCTBUU IO CPaBHEHUIO
co crarnyeckuMm. Koadpduuuent K, peKOMEHIy-
€TCS OTIPEEISITH 10 (hOpMyIIe

Km/mi = P_I ) (6)

cri

rae Ky — K03QOUIHECHT AMHAMUYHOCTH i-H, OT-
pakaomuii Harpy3Ky OCH aBTOMOOWIS Ha J0-
POXHOE TOKPBITHE TPHU IBMKCHHH aBTOMOOWIIS;
P; — nuHamuveckasi Harpyska koseca i-ii ocu aB-
TOMOOWIISL Ha JTJOPOKHOE TOKPHITHE TIPU JBHKCHUN
aBTomoOmis, H; P.,j— craTiueckas Harpyska Koe-
ca I-ii ocM aBTOMOOWIS Ha OPOXKHOE TMOKPHI-
e, H.

MaxkcuManbHbIN K03()OUIIMEHT TUHAMHUYHOCTH
Ky max  OTIpEZIeNIeTCSl OTHOIIEHHEM MaKCHMallb-
HOM NWHAMHYECKOW Harpy3Kd Ha 3aIHIOI0 OCh 0a-
30BOTO I'PY30BOTO aBTOMOOWJISI K €r0 CTaTUIEeCKON
Harpyske

Fioc ™

IMH max P '
cr

e Prax — MakcHMManbHOE 3HAYCHHUE THHAMHUC-
CKOW Harpy3kd Koyieca Ha JOPOKHOE MOKPBITHE
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pH ABMXKeHUU aBTroMoowmrs, H; P, — cratnueckast
Harpyska KoJieca Ha mokpeitue, H.

[Ipu pacyerax HCHONB3YIOT 3HAYEHHWE MAKCH-
MaJIbHOT'0 KOA(GUIMEHTa JUHAMUYHOCTH MIPU JIU-
HaMUYE€CKOM BO3JICHCTBUU TPY30BOT0 aBTOMOOWIIS
Ha 3a/laHHOM YYacTKEe aBTOMOOWIBHON JOPOTH.
Jlis y9acTKOB aBTOMOOWJIBHBIX JIOPOT C Pa3ind-
HOHM BBICOTOH HEPOBHOCTH KO3(PPHUITMEHTHI THHA-
MUYHOCTH CJEIyeT PACCYUTHIBATH HA OCHOBE MO-
JISIA CUCTEMBI «TPAHCIIOPTHOE CPENICTBO — JIOPO-
ra», Tak KaKk Ha 3THX YydYacTKax HaOmoIaeT-
Csl 3HAUMTENBHBIN paz0Opoc BeIMYMH KOAPQHULIHU-
eHta muHamuaHoctH (oT 1,2 mo 2,5) B 3aBHUCH-
MOCTA OT HEPOBHOCTH JIOPOKHOTO TIOKPBITHS,
OCEBOW HArpy3Kd M CKOPOCTH JBIDKEHHUS aBTO-
MOOMIIS.

B HOPMATUBHLIX JOKYMCHTax IO ITPOCKTHUPO-
BaHUIO JOPOXHBIX ONEXI Kod(pdummeHT muHa-
MHUYHOCTH BEpTHKAJIBHOH Harpy3ku K, ompene-
JseTcsl KaK OTHOIICHWE 3HAYEHHWS BEpTUKAIbHOU
HArpy3Ku aBTOMOOWJIS, Iepe/laBaeMoil Ha TIOBEPX-
HOCTh JIOPOXXHOT'O TOKPBITHSI TPU CKOPOCTU €ro
JIBKCHHS 110 TOPU30HTAIBHOMY YYacTKy JOPOTH,
K BEpPTHUKAIBHON Harpyske, InepeaaBacMoOd KoJie-
COM Ha TIOBEPXHOCTh TOKPBITHS OT HEMOJABIYKHOTO
aBromoOwis. [Ipu 3HAYUTENHHBIX HEPOBHOCTSX
TUHAMHYECKHE HArpy3Kd aBTOMOOWIIS Ha JOPOTY
pPE3KO BO3pacTalOT: C YBEIHMYEHHEM CKOpPOCTH
nerxeHus 10 80 kM/4 K03 PUIMEHT TUHAMUYHO-
CTH MOXeT moBbeImaThcs M0 3,0. Bemwmumnaa K,
3aBUCHT OT MAaCChl U 3arpy>KCHHOCTH aBTOMOOWIIS:
JUTSL TPY30BBIX TPAHCIOPTHBIX CPEICTB MPH TOIHON
(HOMHUHAIBHOW) Harpy3Kke ero 3HaveHue paBHO 2,0.
VYBenuueHne CKOPOCTH JIBHXKEHHUS COMPOBOXK/IA-
eTcsl BHadaje OBICTPHIM pOCTOM Kod(duItmeHTa
JUHAMUYHOCTH, 3aTeM pocT Ky, 3ameamnsercs.
Tak, mpu BBICOKMX CKOPOCTAX OH MPAaKTUYECKH HE
MEHSIETCSL.

JI1sl OLlEHKH JMHAMUYECKOTO BO3JEHCTBUS HC-
TOJIB3YETCSl KPUTEPHUH, OMNpEAesSIomMni OTHOIIIe-
HUE JAWHAMUAYECKNX YCWIINH, BO3HHUKAIOMIWX MpPH
Mpoe3/ie TPAHCIIOPTHOTO CPEJNICTBA, K €r0 CTaThde-
ckomy Becy. lIpu pacuere Harpy3ku Ha TOPOKHYIO
KOHCTPYKIIMIO B OTEYECTBEHHBIX HOPMAaTHBHBIX
IOKyMEHTaX KOX(PQUINEHT AWHAMUYHOCTH IPH-
Humaetcs pasabpM 1,3. Ilpu K, > 1,3 Harpysku
CUMTAIOTCS JUHAMUYCCKHMH TIEPErpy3KaMHU.

Hayka
urexHuka. T. 20, Ne 3 (2021)

J1g y4acTKOB aBTOMOOHMIBHBIX AOPOT C HEYIO-
BJICTBOPHUTEIIbHBIM ~TIOKa3aTeneM poBHOCTH Ko,
HE00XOMMO PacCUYHUTHIBATD B 3aBUCUMOCTH OT Be-
JUYUHBI HEPOBHOCTH JOPOKHOTO TOKPBITUS, OCe-
BOM Harpy3Ku aBTOMOOWJISI M CKOPOCTH €ro JIBH-
KEHUS, TaK KaK UX BEJIMYMHBI OUY€Hb Pa3InYaloTCs.
B kxadecTBe mokasarens pacyeTHOro K03 uIreH-
Ta JWHAMAYHOCTH HAa JIKCIUTyaTHPYEMBIX aBTOMO-
OWJIBHBIX JOpOrax HYKHO HCIONB30BAaTh 3Haue-
HUE Kyymax TPH IBWKCHHH MO TUIAHHPYEMOMY
y4acTKy cO CKOPOCTBIO 85 KM/4.

[lo wroraMm MomeNUpPOBaHUS IUHAMHUYECKOTO
BO3ICHUCTBHA aBTOMOOWIISI C YYETOM HEPOBHOCTEH
TTOBEPXHOCTH TTOPOKHOTO TIOKPHITHS OBUTH OOHa-
PYXXEHBI CIEYIOINE 3aKOHOMEPHOCTH:

— C MOMOIIBI0 KO3 (HUIMEHTa TUHAMUYHOCTH
Ha BBIOPAaHHOM YYacTKe JOPOTH MOXXKHO IPOBECTH
CPaBHHUTENBHBIN aHaJ W3 1O YPOBHIO TWHAMHYeE-
CKOT'0 BO3/IEHCTBHUS aBTOMOOMIISI HAa IOPOTY;

— Ha JOCTaTOYHO POBHBIX y4acTKax (C HOpMa-
THBHBIM TIOKa3aTeJIeM POBHOCTH) CPEHHHM KO-
(UIMEHT AMHAMUYHOCTH TPH JKCIUTyaTallHOHHBIX
CKOPOCTHBIX pekmMax aBmwkeHus 60-100 km/da
He npesblmaeT 1,3;

— Ha HEPOBHBIX yYaCTKax IOPOT Ko3pduimeHT
IUHAMHUYHOCTH JOCTHraeT 3Hayenui 1,3-2,0.

PacueTsl mO3BONMIIM OTIPENETUTH TIOJIE MAaKCH-
MaJbHBIX (KPUTHYECKHX) IWHAMHYECKHX Harpy-
30K, K03 unmentoB quHaMuIHOCTH KWy (pHC. 2)
B 3aBUCHMOCTH OT Pa3lMYHBIX 3HAYCHHUH MOKa3a-
TeJs POBHOCTU JOPOXHOro MOKpeITHS IRl 1 cko-
pOCTH IBIKEHHS aBTOMOOMIeH V,. Kpurepuit K,
KOMIUTEKCHO XapaKTepU3yeT KadecTBO (CTaOMITh-
HOCTB) TIpoIiecca MEPEBO3KH TPY30B C yUETOM BO3-
MOJKHOTO BHJa TOBPEXICHHH IOPOTH H aBTO-
MOOWIIAL.

Ha ocnoBanum aHanm3a MpoBEICHHBIX JKCIIe-
PUMEHTOB (pHUC. 2) yCTaHOBIEHO, YTO BEIMYMHA
MaKCUMaNbHOTO KO3 (UIUEHTa AUHAMUYHOCTH
Ha HEPOBHBIX YYacTKaxX JIOPOTH MPH CKOPOCTH
IOBWKEHUs rpy3oBoro aBromooOmis 60-100 xm/u
coctasmser oT 1,20 mo 1,94, a Takke B ompene-
JIEHHBIX YCIIOBHUSAX MOXKeT mpeBbimath 2,0. Mak-
CUMAITbHBIA KOA(QGUIIUEHT TUHAMUYHOCTH CBS3aH
C HEPOBHOCTBIO JIOPOKHOTO TIOKPBITHS U HE OT-
paxaeT ypOBEHb IWHAMHYECKOTO BO3JIEHCTBUS
TPAHCIIOPTHBIX CPEICTB Ha BCEM Yy4YacTKE aBTO-
MOOWMIILHOH JTOPOTH.
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Puc. 2. MakcumanbHble 3HaYEHUS Ky, JUTS Pa3IMYHBIX BEJTMYHMH [10KA3aTeNsl POBHOCTH JJOPOKHOTo MOKphITHs IR
Y CKOPOCTH JIBUYKECHHS aBTOMOOHIIS V, = 60—100 xm/4

Fig. 2. Maximum values of Kg,, for various values of IRl pavement evenness indicator
and vehicle speed of vs = 60-100 km/h

BbIBO/IbI

1. B cymecTByOmUX MPOTHO3HBIX MOAETISAX HE
YUUTBIBaeTCS sl (PakTOpOB, OKA3bIBAIOLIMX CY-
IIIECTBEHHOE BIJIMSIHHE Ha IIPOLECCHl 00pa30BaHMS
HeoOpaTMoi nedopmarii B CIIOSIX MaTepuaoB
JIOPOKHBIX KOHCTPYKIIHIA:

a) MpU BO3ACUCTBHM TpPAaHCIOPTHBIX HAarpy-
30K Ha JOPOXKHOE TMOKPHITUE HE YUHUTBIBAIOTCS
YCTaJIOCTHBIE CBOMCTBA MaTEpPHAIOB, XapaKTepH-
3yIOIIMECS HE TOJBKO KOJIMYECTBOM IIPOXOJIOB
TPAHCIIOPTHBIX CPEACTB, HO U BPEMEHHOHN IeEpHO-
JUYHOCTBIO TPWIOKEHHsI Harpy3Kd B HMHTEpBa-
nax 0,10-0,01 c;

0) mpu BO3HMKHOBEHWW MEPEMEHHBIX Hamps-
KEHUH B 3JIEMEHTapHOM cJioe ac(hanbToOeTOHHOTO
MOKPBITHS HAa CTAJIUHM HEMOCPEICTBEHHOTO BO3/ICH-
CTBHS TPAHCIIOPTHOM HArPy3KH U MOCIE €€ CHATHA
OHU HE YUYHUTHIBAIOTCS, XOTS IPUCYTCTBYET 3P PeKT
baymmHrepa, mpu KOTOpoM IntacTHdeckue jaedop-
Manuu (GopMHUPYIOTCS IPH M3MEHEHHHN 3HaKa HATIpS-
JKEHUI HE3aBHCHMO OT BEITMYHUHBI HArpy3KkH [8];

B) M3MEHEHHE CTPYKTYPBHI OPOXKHOTO IMOKPHI-
THSI TIPU TI€pEMEIIMBAaHUN MaTepHallOB M CBOWCTB
OuTyMa mpu TEXHOJOTWH acgarbToOeTOHA, BIHA-
HHE BOJIHOI cpelpl, a Takke Ae(eKTs Ha MOKpPHI-
THH HE TO3BOJISIIOT PacCMaTpuBaTh 3TOT OOBEKT
KaK CTaOWIBHYIO CHCTEMY, MMEIOILIYI0 (HKCHPO-
BaHHBIE [TPOYHOCTHBIE XapaKTEPUCTUKU B TEUCHHUE
JUTUTEIIEHOTO BPEMEHH;

T) TIPH BBICOKUX TeMIieparypax achaibTodeToH-
HOE TIOKpBITHE pabOTaeT He TOJIBKO B yHPYToH cTa-
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UM, HO M B IUIACTHYHON (3aKOH BSI3KOTO TECUYCHU),
W B 9TOM CIIy4ae MOJEINb MPOTHO3UPOBaHUsA aedop-
Maluii He OyZIeT COOTBETCTBOBATH MAaTEMAaTHYECKOM
MOZEJIH CTPOTO VIS YIIPYyroi aedopmaruy.

2. TlpoBeneHHbIC 3a JTUTENBHBIA TIEPUOJ HA
OTBITHBIX YYacTKaxX HM3MEpPEeHHs MO3BOJAIOT CUH-
TaTh OMyCTUMBIM MPUMEHEHHE JIMHEHHOW MOJIENN
HW3MEHEHUSI HEPOBHOCTEH MOPO’KHOIO MOKPBITHUS
IIPU OLICHKE TEXHWYECKOTO0 COCTOSHHUSA CETH aBTO-
MOOWJIBHBIX JJOPOT B IIETIOM.

3. TlomyueHHas anmpoKCUMHUPOBaHHAsT MOJETb
IIPOTHO3MPOBaHUs ~ 00pa3oBaHUSI  HEPOBHOCTEH
MOJATBEP)KIAETCS. ONBITHBIMA HCCIIEIOBAHUSIMHU Ha
CeTU pecnyOIMKaHCKUX JOPOT.

4. TlpennoxxeHHbIe KadeCTBEHHBIC XapaKTepH-
CTHKHM HAQJEKHOCTU JOPOKHOH OZEXIbl HA OCHO-
BaHUM PE3yJIbTaTOB ABTOMATH3MPOBAHHBIX H3Me-
PEHHH 3a JUIMTENBHBIN MEpHOJ] MO3BOJISIIOT BBISB-
JSTh y4YacTKUA JIOPOT € HauOOJNBIIMM TPHPOCTOM
HEPOBHOCTEHN MOKPBITHS U COOTBETCTBEHHO C KpH-
THYecKor aedopmanyelt, T. €. HauMEeHBIIeH MPoY-
HOCTBIO JIOPOXKHOW KOHCTpyKUMH. Takoe mpo-
THO3MPOBAHHUE JacCT BO3MOXKHOCTH IUIAHHPOBATH
PEMOHTHBIE MEPONPUATHA HAa CETH AOPOr U yCTa-
HaBJIMBaTh O€30MAacHBIC PEKUMBI JBWKEHHUS C
OTpaHUYEHUSIMUA TPAHCIIOPTHOM HATPY3KH.
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Pedepat. [lopo>KHO-TPAHCIIOPTHBIE MPOUCIIECTBUS aBTOMOOWIICH C MOABIXKHBIM COCTAaBOM KEJIE3HBIX JIOPOT IPHBOIAT K
HanOoJiee TSDKENBIM IOCNIENCTBUSM. MHOTHE >KeNIe3HOJOPOXKHBIE IIepee3bl SBIISIOTCS MECTaMH JIMTEIBHBIX 3a/epiKeK
TPaHCHOPTHBIX CPEACTB Kak 10, TaK U IIOCIE JOPOKHO-TPAHCIIOPTHOTO MPOMCHIECTBUS. Bo MHOTHX ciydasx mepecedeHHs
ABTOMOOMJIBHBIX JIOPOT C YKEIE3HOJOPOKHBIMU MYTSIMH PE3KO OTPAaHUYMBAIOT MPOMYCKHYIO CIOCOOHOCTh aBTOMOOMIBHOMN
nopori. JKene3HomopoxHbIE Mepee3 bl TPEOYIT caMOro MPUCTAIBHOTO BHUMAHHUS CIY)KObI OpraHU3alyy JOPOKHOTO ABHKE-
HUSI, TOCKOJIBKY JOJDKHBI BKJIIOYATh HE TOJBKO YCTPOWCTBA IS ABHIKEHHUSI aBTOMOOMIICH, HO TaKoke MelIeXOAHbIe U 3aracHble
nytu. HecMoTps Ha TO 4TO mpobiemMa JopoKHO-TPAHCIIOPTHBIX MPOUCIIECTBUI Ha JKEJIE3HOOPOXKHBIX Mepee3iax He SBIseT-
Cs1 HOBOHM, BO BCEM MHpE IPOJIOJDKAIOTCA MCCIEA0BAaHUSA M aHAJIM3bl CTATUCTUKM B JaHHOW obnactu. B craThe paccMOTpeHsI
JKEJIe3HOZOPOXKHBIE Tepee3/bl Ha PecIyOIMKaHCKHX aBTOMOOWIIBHBIX Joporax Kasaxcrana. BeImosiHeHBl ucciemnoBaHHs
HAaIlpaBJICHUI NOBBIIICHUS 0€30IIaCHOCTH JBIDKCHUS Ha TaKUX Iepees3sax. M3yueHbl cuTyalluu Ha JKeJIE3HOJOPOXKHBIX Iepe-
e3/1ax JIOpor peciyOJIMKAaHCKOrO 3HAYSHHUs, a TaKKe BO3MOXKHBIC OTPAHUYCHHUS U HOpPMaTUBHBIE TpeboBaHus. [IpuBeneHb
pe3yabTaThl IETaNbHOro cOOpa JaHHBIX Ha OOBEKTaX, YTO IMOCIYXHUT OCHOBAHHEM JUIsl COBEPIICHCTBOBAHHS HOPMATHBHO-
TEeXHUYECKOil 6a3bl TOpOKHOTo cexTopa Kazaxcrana mo yiydiieHHIo 6€301acHOCTH TOPOXKHO-TPAHCIOPTHOH HHPACTPYKTY-
PBI C YIETOM CYIIECTBYIOUINX CTaHIAPTOB. JlaHbl peKOMEHIAIMH 10 BHEAPEHHUIO U 000O0IIEHHUIO TEPEIOBOI0 MEXKIYHaPOIHO-
TO ONbITa B OPTaHMU3AIUY JOPOXKHOTO JIBIDKEHHS Ha JKENe3HOJOPOXKHBIX Iepee3siax, 4To OyneT crocoOCTBOBATh aganTalun
Pecnyonnku Kazaxcra B yCIOBUSIX pa3BUTHS TPAHCIOPTa U KOMMYHHKAIIHH.

Knwuesble ciioBa: JKEJIE3HOAOPOIKHBIC IICPEEC3/IbI, 0e30MacHOCTh JAOPOKHOI'O IBUKCHUA, O6CII€Z[OB8.HI/IC

JIJist MM THPOBAHHUS: AHAIM3 YCJIOBUH Pa3MEIEHUs Ha JOPOrax M XapaKTEPUCTHK JKENE3HOI0POKHBIX Tlepee3oB Pecnybu-
ku Kaszaxcran / 1. B. Kanckwuii [u ap.] // Hayka u mexuuka. 2021. T. 20, Ne 3. C. 224-233. https://doi.org/10.21122/2227-
1031-2021-20-3-224-233

Analysis of Placement Conditions on Roads and Characteristics
of Railway Crossings in the Republic of Kazakhstan
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Abstract. Road traffic accidents of vehicles with a rolling stock of railways lead to the most serious consequences.
Many level crossings are places of long delays of vehicles both before and after the traffic. In this case and in many others,
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the intersections of highways with railways sharply limit the capacity of the highway. Level crossings require the utmost
attention of the traffic organization, since they must include not only devices for the movement of cars, but also pedestrian and
sidings. Despite the fact that the problem of road traffic accidents at level crossings is not new, research and analysis of statis-
tics in this area continues around the world. The paper considers the level crossings on the Republican highways of the
Republic of Kazakhstan. Research has been carried out on ways to improve traffic safety at such crossings. The situation at
the level crossings of the roads of Republican significance, as well as possible restrictions and regulatory requirements, have
been studied in the paper. The paper presents results of a detailed collection of data at the facilities, which will serve as the
basis for the development of a detailed program for improving the regulatory and technical base of the road sector in Kazakh-
stan to improve the safety of road transport infrastructure, taking into account existing standards. Recommendations are given
for the implementation and generalization of advanced international experience in organizing road traffic at railway crossings,
which will contribute to the adaptation of the Republic of Kazakhstan in the context of the development of transport
and communications.
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BBenenne

I'mGenp mromeii Ha KeJIe3HOIOPOKHBIX TIepee3-
JlaX OCTAaeTCs IMOCTOSHHOMW TPoOIeMoi Oe30TmacHo-
CTH KaK Ha aBTOMOOWJIbHBIX, TaK M Ha YKEJE3HBIX
noporax. Ilo cTaTHCTHYECKUM JAHHBIM, KaXKIblid
roJl Ha TIEPECEUEHHSIX aBTOMOOWMIIBHBIX W JKEJe3-
HBIX JOpoT peructpupyercs B cpexaem 400 cmep-
teit B EBponeiickom coroze n 300 — B CILIA. Bor
MOYEMY HCCIICAOBAaHHUSA TPAHCIIOPTHOH CHCTEMBI
Ha KEJIe3HOAOPOXKHBIX Tepee3nax TpeOyroT Npu-
CTaJIbHOTO BHUMAaHUSI.

JOpO>KHO-TpaHCTIOPTHBIE TPOUCIIECTBUSI  aB-
TOMOOWJIEH C TOABHKHBIM COCTaBOM >KEJIE3HBIX
JOpOT TPHUBOAAT K HawOojee TSDKEIBIM IOCTeN-
ctBusM [1-3]. MHorue xene3HoI0pOKHbIE Tepe-
€376l SIBIISIIOTCSI MECTAaMH JJIUTEIBHBIX 3aJepiKeK
TPAHCIIOPTHBIX CPEACTB Kak 10, Tak U nocie JTIL
Bo MHOruX ciryyasix nepece4eHus: aBTOMOOUITBHBIX
JIOpOT C KENE3HOAOPOKHBIMU IYTSIMH OTHOCATCS
K «y3KHM)» MeCTaM IOBBIILIEHHON ONAacHOCTH, pe3-
KO OTPaHUYMBAIOIINM MPOMYCKHYIO CHOCOOHOCTD
noporu. JKene3HOIOpOXKHBIE Mepee3anl TPeOyIoT
CaMoro NpUCTaJbHOTO BHUMAHHS CITYObl OpraHu-
3allMU TOPO’KHOTO JBMIKEHUS, TIOCKOJIBKY JTOJIKHBI
BKJIIOUaTh HE TOJBKO YCTPOMCTBa IS ABMXKEHUS
aBTOMOOMJIEH, HO TaKKe IMEeIIeXOIHbIE U 3allacHbIC
nytu [4, 5].

JKene3HomopoKHBIE TIEpee3 bl MPEICTABISIOT
c000i1 KITF0YEBYIO TIPOOIIEMyY UTS MicCIe0BaTeNeH
Y TIPaKTHKOB B 00JacTH 6€30MacHOCTH JOPOKHOTO
IBKCHUS W IKEIIE3HOJOPOXKHOTO TPaHCIOPTA.
YacroTa TpaBM Ha Kele3HOIOPOKHBIX Mepee3aax
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ABJIACTCA CEPLE3HBIM IMPECAYNPCIKIACHUEM O TOM,
YTO CYIIECTBYIOMIMK MOAXO0J] K O€30MacHOCTH Ke-
JIC3HOJIOPOXKHBIX MEpee30B HE paboTaeT U HEoO-
XOJYM HOBBIH.

ITo mpuyKMHE POCTa WHTCHCHBHOCTH JBHIKCHHUS
MOE3/I0B M TPAHCHOPTHBIX CPEJICTB UYepe3 Keles-
HOJIOPOXKHBIC Mepee3ibl, OTCYTCTBUSI SUHBIX Tpe-
OoBaHuil MO 00YCTPOICTBY TEXHHYECKHMHU CpEll-
CTBAMHU DPETYJIUPOBAHUS JIOPOXKHBIM JBIIKCHUEM,
pETYIUpPYEMBIX TIEpee3oB € aBTOMaTHYECKHMU
YCTPOMCTBAMH 3arpa)<IcHUs Tepee3a, a TakKe
YCTAHOBKU HA PETYIUPYEMBIX U HEPETrYIUPYEMBIX
nepee3ziax C BBHICOKOH HMHTCHCUBHOCTBIO TpaHC-
MOPTHOTO TOTOKa NPUOOpPOB (POTO- M BHIACODUK-
callMy HapyUICHWI MpaBHJ Mpoe3fa Mepee3nioB U
MHTETPAllil UX C MPOIECCHHTOBBIMH IICHTPaMHU
aJIMUHUCTPATUBHOH MOJUIMU TpeOyeTCs IPUHSATHE
HAIMOHATHLHOTO CTaHIapTa, BKIFOYAIONIEro B ce0s
KOMILJIEKC MEp MO0 TMOBBIIICHHUIO YpOBHS Oe3omac-
HOCTH JIOPOKHOTO JIBHKeHUS [6-8].

PaznooOpa3ue ycTpoWCTB [Isi OpTraHHU3AIHA
JOPOKHOTO JIBMYKCHUS Ha JKEJIC3HOIOPOXKHBIX ITe-
peceuennsx Kaszaxcrana He MO3BOJNSET YHU(DHIIU-
pOBaTh COBPEMCHHBIC WMHTAIHOHHBIC MOJICITH.
Heo0xomumo BBITOMHUTE MIHPOKO(POPMATHBIE HC-
CJICZIOBAHMS MMEIONIUXCSI HEIOCTATKOB, CHIKAIO-
X 0e30MacHOCTh M TPOMYCKHYIO CIOCOOHOCTH
TPAHCIIOPTa, a TAKXKE PAacCMOTPEeTh Haubosee 3¢-
(eKTHUBHBIC PELICHHUS B OPTaHN3AIMH ABHKCHUS Ha
nercTBytonux mnepeesgax [7, 8]. C aToit 1menbio
HEO0O0XO0UMO BBITIOJTHUTH COOp JaHHBIX Ha XKeJe3-
HOJOPOXHBIX Ilepeesnax Ha goporax I-IV karero-
puii pecrryOnukaHcKoro 3HadeHus. Jlo HacTosiero
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BPEMCHU JICTANLHBIN aHaIN3 BCEX KEIE3HOIOPOXK-
HBIX TEpee30oB C TaKWX IMO3UIUNH HE HpPOBO-
JIAJICSL.

YpoBens 6e30nacHoCTH
HA JKeJIe3HOI0OPOKHBIX Mepee3 ax

be3omacHOCTE KeNe3H0I0POKHBIX TIEPEee3IOB —
cepbe3Has mpobjemMa Kak AJISl JKEJNE3HBIX JOpor,
TaKk M I Y9aCTHUKOB JOPOXKHOTO JIBUIKCHHS.
CormacHo craTHCTHKE, ONyOJMKoBaHHOUW EBpo-
MIEHCKUM JKeIe3HOOPOXKHBIM areHTCTBOM (ERA),
B EBpocoroze n3 okxomo 123000 xene3HOmOpOXK-
HBIX MEpee3ZoB ITOYTH IIOJIOBHHA HEpETyJIHupye-
MbIe, 0€3 KaKuX-Tu00 aKTHBHBIX YCTPOMCTB IIpe-
OYNPEXIEHUs] WM 3allUThl, TAKUX KaK CBETOBas
WIM 3BYKOBas CHTHalIM3anus, 00 Imiarbay-
Mmbl [9]. Tlpumeprno 45 % aBapuit B EBpocorose
MIPOUCXOAUT HAa HEPETyIUPYEMBIX >KEeJIE3HOIO0POK-
HBIX Tepee3nax, a 65 % y4aCTHHKOB JOPOKHOTO
JBIDKCHUS, MOMABLUIMX B aBapHUH, — 3TO BOAWTENU
WM TACCAXUPBI JIETKOBBIX WM TSDKENBIX TpaHC-
MOPTHBIX CPEACTB [9].

B 2016 r. B EBpocoro3e Ha kKelle3HO0POKHbBIX
nepeesniax ObIIO 3aperucTpupoBano 433 Hecuact-
HbIX ciayyas [10]. Oto coctaBuser 29,0 % HecuacT-
HBIX CIy4YaeB Ha KEJe3HBIX JOpOrax, HO TOJIBKO
okono 1,2 % Bcex HECYacTHBIX CIy4yaeB Ha aBTO-
MOOMIBHBIX Aoporax [10]. bombmmHCTBO MpUYnH
CBA3aHO C TIOBEJICHHEM YYAaCTHHUKOB JOPOXKHO-
ro JBIKCHHS, HapUMEp C OTBJICUYCHHEM BHHMa-
Hus [10]. Taxoke BpIABIEHBI IpYrHe MPUIUHBI aBa-
pui, Takye KaK MOTOJIHbIE YCIOBHS WU COCTOSIHHE
BOAUTEINS (OTIBSTHEHUE alTKOTOJIEM, HAPKOTHKAMH).

OrneHka JaHHBIX 00 aBapusax Ha 256 jkelae3Ho-
JIOPOXKHBIX TIepee3ax IPOBOAMIACH B pPaMKax
npoekta SELCAT (besomacHas eBpomeiickas cu-
cTeMa Iepee3fa Ha >Kele3HOJIOPOKHBIX Iepees-
Jax). YcraHoBieHO, 4To okojo 91 % aBapuii Ha
JKEJIe3HOJOPOKHBIX Tepee3iax BbI3BAHbI YeJOBe-
yeckuMu omnbokamu u 6osee 80 % CBI3aHEI C TEM,
YTO BOAWTENH JIOPOKHOTO TPAHCIIOPTHOTO Cpe-
CTBa HE COOIIOAAN TPaBWJI JOPOXKHOTO JBHKE-
aus [11].

B rocynapcrsax, sxomsamux B ERA, qucno xe-
JIE3HOJIOPOKHBIX MEepee30B BapbUPYETCs B LIUPO-
kux mpenenax: 124 — B JlrokcemOypre, 3100 —
B Typuuu, 16000 — Bo ®panrm, 210000 — B CILIA.
Kax mpaBuio, 3T0 3aBHCHT OT pa3Mepa CTpaHbl
W TUIOTHOCTH YKEJIE3HOJOPOKHOH W aBTOIOPOXK-
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HOM cereit [12]. JKenesHomopoXHBIE Iepee3/bl
C YCTPOWCTBAMH 3arpakJICHUS PA3JIMYHBIX THIIOB
1 0e3 HUX TOXKE OTJIMYAKTCS JAPYT OT JApyra B pas-
HBIX CTpaHaX W 3aBHCAT OT psna dakropos. Cpen-
Hee PaCCTOSHHE MEX[IY >KEIEe3HOAOPOXKHBIMHU TIe-
peesmamu cocraBiseT oT 1 kM (Hopserus, CIIIA)
1o 8 km (Poccus).

B mocnenHne roapl 9MCIO KeEIe3HOI0POKHBIX
repee3ioB B OospmuHCTBE cTpaH ERA cokpartu-
mock: ¢ 2010 mo 2015 . oHO coctaBmio ot 30 %
(WIBermus) no 2 % (Hanums, CrmoBakus). B marm
rocynapctBax ERA 3aperncrpupoBaHo yBemnde-
HUE YHUCIIa JKEJIE3HOIOPOKHBIX Tepee30B, COCTa-
BuBiiee ot 1 % (Benrpus, Jlateus) no 14 % (I'pe-
1usl), a B HeKOTopeix crpaHax — 20 % (bonrapwus,
Wcnanms). B npyrux rocynmapcrBax Ymcio Kemes-
HOJIOPOXKHBIX TIEPEe3I0B YMEHBIIMIOCh WM OCTa-
nock 6e3 m3menenuii (CLLIA).

VYpoBeHb 0€30MacHOCTH Ha JKENEe3HOIOPOKHBIX
mepee3nax MOXKHO OIICHHTh ITyTeM OOBeIMHEHUS
JAHHBIX O KOJMYCCTBE aBapwii M JaHHBIX, HOpMa-
JMU30BaHHBIX K YHUCITY JKEJIE3HOIOPOKHBIX TEpee3-
JIOB | TOE310-KWIOMETPOB mpodera. Yem MeHbIe
aBapuil M3 pacyeTa Ha OJIMH KEJIE3HOIOPOKHBIN
nepees3zi, TEM BBIIIE YPOBEHb 0€30MacHOCTU. AHa-
JIOTUYHBIM 00pa3oM, YeM MEHBIIEe YHCIIO aBapHi
W3 pacuera Ha OAWH NPOWJICHHBIM MWUIMOH IIO-
€3710-KAJIOMETPOB, TEM BBIIIE YPOBEHb 0€30TacHO-
CTH. YpOBeHb OE30MaCHOCTH SBISETCS CaMBIM
BBICOKMM TIPU OTHOCUTEIBHO MajiOM KOJIUYECTBE
aBapuil B pacyeTe Ha JKEJIE3HOAOPOKHBIN nepeesn
¥ OJTHOBPEMEHHO TpPHU HEOOJBIIOM YHUCIIe aBapuid
W3 pacueTa Ha M0e3/10-KHIIOMETD.

B psane ctpan cOop maHHBIX 00 aBapusix OCy-
IIECTBIISIETCS. TIO0 THITy TOJB30BATENEH >KeIe3HO-
JIOPOXKHBIX TIEPEE3/IOB C YYETOM CTOJIKHOBCHUM
C TPEMSATCTBUSIMH WJIM KUBOTHBIMH, a TaKKe TIPH-
MEHUTEIILHO K aBapusiM 0e3 y4acTus >KeIe3HOJO0-
pokHOTO cocTaBa. JlaHHBIE O CMEPTHOCTH W TPaB-
MaTU3ME pas3JelisaioT TAKKE B 3aBHCUMOCTH OT
KOHKPETHOTO IOJIE30BATENS  KEIE3HOAOPOKHOTO
nepee3ia WIM MallMHUCTa/TIEPCOHANa/TacCcaXu-
POB moe3fa.

K duciay moteps, KOTOpBIE YYUTHIBAIOTCS
HanboJiee 4acTo, Ha MEPBOM MecTe — yniepd umy-
mectBy. Ha BTopoM HaxomsaTCsi pacxoJibl HA KOM-
MeHcaluio ymepoa OKpyKarllel cpele W CTOu-
MOCTb 3aJiepikeK (puc. 1).
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Yepd umymectsy

CTOHMOCTE 3a]epHeK

Pacxoaw va koMneHcauuw yuepba
okRpy#aouei cpeae

[ToTepn NPOH3IBOAMTEALHOCTH

IKOHOMHYCCKHE NOCASACTRHA TPABMATHIMA
u rubenn monei

Crpaxoranune

Hiamenenune Mapuipyra

Pacxoael Ha HCNOABIOBAHHE CNACATENBHBIX ClyKD
[MoTepannpii cOBIT

Pacxoaw Ha paccaenosanns

Pacxoan Ha npoQHAaKTHUCCKHE MEPOTIPHATHS

20 40 60 80 % 100

Puc. 1. Tun nznepxex, perucTpupyeMbIX I OTACIBHBIX aBapuil Ha )KEIEe3HOJOPOXKHBIX nepee3nax [4]

Fig. 1. Types of costs recorded for individual level crossings accidents [4]

OO0mas xapakTepHCTHKA
JKeJ1e3HOJOPOKHOM ceTH
Pecny0auku Kazaxcran

JopoxkHoe IBM)KEHHE Ha JKEJIE3HOIOPOMKHBIX
nepeesnax Pecnybnukm Kazaxcran perymmpyercs
3akonoMm «O mopokHoM nBrkeHum» [13] u Ilpa-
BHJIAMHU JIOpOXKHOTO JBMKeHMs [14]. Dkcrtyara-
LU JKEJIE3HOOPOKHBIX TEePEee3I0B OCYIIECTBIIS-
eTcsl B COOTBETCTBUU C [IpaBmimaMu sKcIuryatanun
KEE3HONOPOKHBIX TTepee3ioB [15].

OKcIulyaTallioHHas JJTMHA JKeJIe3HOAO0POKHON
cetu Kazaxcrana nHa konen 2017 r. cocramisuia
16040 kM (tabm. 1). XKeme3HOAOPOXKHBIC JTMHHUH
eCTh BO BceX 14 o0macTsxX CTpaHBI, a TaKXe Ha
TEPPUTOPUH BCEX TOPOJOB PECHYOIMKAHCKOTO
3HavyeHus (Acrana, Anmatel, LLIBIMKEHT).

HawnGomnpimas mpoTsyKeHHOCTh KEIE3HOAOPOK-
HBIX JIMHUM — Ha TeppuTopuu KaparaHauHCKOMN
obnactu (2467 kM), HaUMEHbIIas — B 3amajgHo-
Kazaxcraunckoit obOmactu (319 km). Cymmap-
Hasg TPOTSHKEHHOCTH KENE3HOMOPOKHBIX JIMHUN
B mmectm obmactax (3amamHo-KazaxcTaHckoid,
ATteipayckoii, Typkecranckoif, Kocrtanaiickoii,
ITaBnogapckoi, BocTtouno-KazaxcTanckoii),
BKITFOUEHHBIX B WCCIIEIOBAHNE YKEIE3HOIOPOKHBIX
niepee3ioB, coctaBiseT 4881 km (30 % ot obmeit
SKCIUIyaTallMOHHOM JUIMHBI JKelle3HbIX Jopor Ka-
3axcTaHa).

B cTpykType xene3HoqopoxkHoi cetn Pecmy6-
mukn KazaxcraH ecTh CyIiecTBeHHBIE OCOOEHHO-
ctH (Tabm. 2):
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—275 KM >KeNe3HbIX JOpPOT CTPaHbl MPOXOIAT
M0 TEPPUTOPHH COCEIHUX TocymapctB (259 km —
B Poccun, 16 xm — B KbIpreizcrane);

— 574 KM XeNe3HBIX JOPOT APYTUX TOCYIapCTB
(Poccun u Keipreizcrana) npoxoJsT MO TEPPUTO-
puu Kazaxcrana.

Tabauya 1
IIpoTs:KeHHOCTD KeJIe3HOI0POKHBIX JTUHMIA
Pecny6smmkn Kasaxcran (nannbie 3a 2017 r.)

Length of railway lines
in the Republic of Kazakhstan (data for 2017)

O6nacTs DKCIUTyaTaluoOHHAS [JTHHA
JKEJIE3HBIX JIOPOT, KM

AKMOJTMHCKAsT 1559,0
AKTIOOMHCKAs 1826,7
AlIMaTUHCKas 14014
ArtbIpayckas 742,3
3ananno-Kazaxcranckas 319,7
JKamoObuicKas 1043,5
Kaparangunckas 2467,1
Kocranaiickas 1270,3
Kb3butopaunckas 870,9
Masnrucrayckas 1096,6
IOxHo0-Ka3zaxcranckas 551,6
TaBnopapckast 788,4
CeBepo-Kazaxcranckas 618,7
Bocrouno-Ka3zaxcranckas 1209,0

BCEI'O 16040,3

TexHUUECKHEe XapaKTEPUCTHKH JKEJIE3HOJ0-
POKHBIX JIMHUY TIPUBEACHBI B TA0II. 3.
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Tabauya 2
Oco0ble :xeie3H010pokHbIe IMHUU Pecny0nku Kazaxcran
Special railway lines of the Republic of Kazakhstan
HauMeHOBaHIE DKcIuTyaTallMOHHAs
JUTHHA, KM

Keneznonopoxxusle muHUN Kazaxcrana, mpoXoAsIie IO TEPPUTOPHH: 2751
Poccunu: 259,0
Openbyprckoit odmactu 155,0
AnTaiickoro kpas 104,0
Keipreizcrana 16,1
JKenezHonopo>kHbIE TMHUHU PYTUX TOCYIApCTB, NPOXO e o TeppuTopun Kazaxcrana, B TOM uucie: 574,0
IOxHO-Ypanbckast jxene3Has Jopora, MpoXoIsiias Mo 00aacTsIM: 266,0
AKTIOOMHCKOM 12,0
Kocranaiickoi 66,0
Cesepo-Kazaxcranckoit 188,0
3anagno-Cubupckas xejes3Has gopora, npoxoasmas no [TaBmogapckoit odmactu 137,0
IIpuBoInKCKas jxeNe3Has JOpora, Mpoxoasiias 1mo 3amaaHo-KazaxcraHckoid o0actu 111,0
Keipreizckas sxenesHast Jopora, mpoxosmas mo XKamOsuickoit obmactu 60,0

Tabauya 3
TexHHYecKkHe XapaKTePUCTHKH JKeJIe3HOA0POKHBIX JIMHHIA
Pecny06mku Kazaxcran

Technical characteristics of the railway lines
of the Republic of Kazakhstan

DKcIuTyaTanroHHAast
OcHoBHast JUTHHA I0pOT, KM
XapaKTEpUCTHKA MEKTPUGULIN- | HEIIEKTPUDH-
POBaHHBIX LHPOBAHHBIX
Tlo uncny myreii: 4217,0 11823,3
OJIHOITYTHBIC 457,6 10682,4
JIBYXIYTHBIE WK Ooee 3759,4 1140,9
Tlo mwupune Koneu: 4217,0 11823,3
HOpMaJtbHast - 18,6
HIAPOKast 4217,0 11804,7
To Tumy mepeBo30k: 4217,0 11823,3
MACCaKHPCKUE
U TPYy30BbIC 4217,0 11823,3
Tlo Tumy Toka: 4217,0 -
MepeMeHHbIIT 41959 -
IIOCTOSHHBIH
HanpspkeHueMm 3000 B 211 -

BoJbIIMHCTBO  KEIE3HOJOPOKHBIX JIMHUKA B
Pecny6mmke Kazaxcran omguomyTtHBIe (11140 &M,
69 % ot obmieit npoTspKeHHOCTH). 1o DIeKTpu-
(urupoBaHHBIX cocTaBiser 26 %, omHako ais
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JBYX- W MHOTOITyTHBIX JIMHUHA 3TOT IOKa3aTeib
HamHoro 6ombie — 77 %. [loutn 99 % snextpu-
(hUIMPOBAHHBIX JIMHHUK pabOTAIOT HA MTEPEMEHHOM
TOKE, TOJBKO Ha OJHOM Yy4YacTKe HCIOJb3yeTCs
ITOCTOSIHHBIN TOK HamnpspkenreM 3000 B.

Bce xene3Ho0poKHBIC TMHAH HCTIONIB3YIOTCS
KaK JUUIS TPY30BBIX, TaK U JUIS MACCAXKHUPCKUX Tepe-
B0O30K. CpenHsisi y4acTKOBas CKOPOCTh JBMXKCHUS
MOE3/10B CocTaBisieT 44 KM/4.

XapakTepUCTHKA 7KeJIe3HOT0P0KHBIX
nepee3noB Pecnyoauku Kazaxcran

Knaccudukanms xene3HOJOPOXKHBIX Tepees-
noB ycranomieHa IIpaBumamu [15]. Ha mepBom
JTare B MCCIEAyeMYIO TPYIY BKJIFOUEHBI BCE Iie-
pee3nibl, pPachoioKeHHbIE Ha TEPECEUCHUSX pec-
MyOJIMKaHCKUX aBTOMOOMJIBHBIX JOPOT M KeJe3-
HOJOPOKHBIX JIMHUK HAa TEPPUTOPHHU ILECTH 0OJIa-
creit Pecmybnuku Kazaxcran.

Pacnpenenenue Kene3HOOOPOXKHBIX —Iepee3-
noB (OKOIT) mo mrectd 00JIACTAM IIPUBEICHO
Ha puc. 2.

OCHOBHBIE XapaKTEPUCTUKU HCCIIEAYEMBIX JKe-
JIE3HOJIOPOXKHBIX TIEPEe3/IOB MPHUBEICHBI B Ta0I. 4.
79% nmepee3noB  SABISIOTCS  HEOXpaHSEMBI-
mu, a 21 % — oxpanmsembimMu. K | xareropun ot-
HECEH OJIMH IKeJIC3HOMOPOKHBIH Tmiepee3sy (3 %),
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ko 11 —4 (14 %), x 11l — 13 (45 %), k IV kareropuu —
11 sxene3H010poKHBIX Tiepee3noB (38 %).

=

O kRPN WRBERULIO N WO
|

Konunuectso XAMM Ha pecnybanKaHCKmx
aBTOMOOWNbHBIX Aoporax

BocTo4yHo-
KasaxcTaHcKas
TypkecTaHcKas
3anagHo-
KasaxcraHckas
MNasnopapckasn
KocTaHalickan
ATblpayckas

Ob6nactb
Puc. 2. PacnpeneneHue Xene3H0IOPOKHBIX NIEPEe3T0B
10 00JIaCTAM

Fig. 2. Distribution of level crossings
by regions

B xmaccupukanyuu JIOpOKHO-TPAHCIIOPTHBIX
npouciiectsuii (JTII), npumensiemoir B Pecry6-
nuke KaszaxcrtaH, oTcyTcTByeT oOTHenbpHas Kate-
ropus «JTII ¢ ydacTuem >kene3HOJOPOMKHOIO
TpaHCIOPTHOTO cpencTBay [16] (manpumep, B Pec-
nyonuke benapyce Takas kareropusi JTII Bbizme-
nsiercst). JloposKHO-TpaHCTIOPTHBIE MPOUCILECTBHS,
3a()MKCHPOBAHHBIC HA JKEJIE3HOJOPOXKHBIX Iepe-
e3max, oTHocITcsa K kareropum «lIpodwme (WHBIC)
HTTII», otnensHo cpenu npyrux JATII B aToit karte-
ropuy He BblAENEHBl. B pesynbrare U3 cratucru-
YECKHUX JaHHBIX O IOPOXKHOU aBapuiHOCTH B Pec-

nyOnmke KazaxcraH, mpeJOCTaBICHHBIX JIJISl aHa-
nM3a, HUKakas HWHGOpMAaNUs O JOPOKHO-TpaHC-
MOPTHBIX TPOUCIIECTBUSIX HA YKEIE3HOTOPOKHBIX
repeesiax He MOXKET ObITh U3BJICUCHA.

B cBs3u ¢ 3TMM HampaBlieHBI 3ampochl B 00-
nacTHeie Gpumuansl npeanpustus «Kazaxasromopy,
a Takke B OOJACTHBIE MOAPA3ACICHHS JOPONKHON
MOJIMIIUN C LENbI0 BBIABIECHUS TOPOXKHO-TPAHC-
MOPTHBIX TPOUCIIECTBHM, MPOM3OIIEANINX Ha
KEJIe3HOJOPOXKHBIX Tiepee3nax. B mocnenyromem
OyleT cocTaBieHa CTAaTUCTHKA B COOTBETCTBUH
¢ pekomeraanusamu EDK OOH.

Jmst Kaxkmoro Kene3HOJOPOXKHOTO Tiepee3zia
C 1EJbI0 BBIIOJHEHHS JaJIbHEUMIIEH aHAIUTH-
geckod paboTel TpeOyeTcs ciemyromas wH)Op-
Marusi:

— KaTeropus nepeesna;

— KaTeropusl KeJIC3HOA0POXKHOHN THUU (U pas-
pEIICHHAs! CKOPOCTh JABHKCHUS ITOE3/I0B);

— YHCIIO MMyTeH;

— HAJINYKME DSJIEKTPU(PUKAIMUA KEIE3HOJOPOK-
HOM JIMHUU,

— UHTCHCUBHOCTb JIBU)KCHUS TIOC3]I0B;

— KaTeropus aBTOMOOHIILHOM JJOPOTH HA y4acT-
K€ pa3MEIIeHUs JKeJIe3HOJOPOIKHOTO TIepee3 ia;

— HOMEp aBTOMOOWJIBHOHM JOpOTH M TMPHUBSI3KA
JKEJIe3HOOPOKHOIO TIepee3ia 1Mo Hel (KM+);

— KOJIMYECTBO TIOJIOC JIBIXKCHHS Ha aBTOMO-
OWIBHOM JTopore;

— WHTCHCHBHOCTH JIBIDKEHHS 110 aBTOMOOWIIb-
HOI nopore;

Tabnuya 4
OcHOBHBIC XapaKTEePUCTHKH 7KeJIe3HOA0POKHBIX Nepee310B
Main characteristics of level crossings
. Tun
Homep u nHanmenoBanue Jnuna,| OxpaHseMblit Konunuectso Mupuna .
o Kareropust | Illmar6aym . JIOPOKHOM
ABTOMOOMJIBHOM 10poru KM+ nepees MyTeH, IIT. nepeesza, M
OJIEMKIBI
A-11 Cemeii — rpanuna PO
(na Bapnayu) 27 Her Her 1 7,0 A6
P-25 Ycrb-Kamenoropek —
3bIpsiHOBCK — YikeH Hapbin —
Karon-Kaparaii — PaxmanoBckue
KIIIOYH 97 Her Her 1 7,0 A/6
A-9 Ycrp-Kamenoropek — 82 Her Her 1 7,0 A/6
Punnep — rpanuua PO % Her Her 1 7,0 A6
A-10 Ycrp-Kamenoropek —
[llemonanxa — rpanuia PO 28 Her Her 1 7,0 A/6
[ | Hayk 229
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— BHJ JOPO’KHOM ONIEIbI Ha IMOAXOJax aBTO-
MOOHMIJILHOH J10pOTH;

— HaJIM9HUe OXpaHbl (IEKYPHOTO 110 TIEpee3ay);

— Hajuu#e nuiardayma (c yKkasaHueM BHIA);

— Hanmmiue cBeTo(hOpHOW CHTHAIM3aIuH (C yKa-
3aHMEM THIa CBETO(OPOB U PeKNUMa UX padoThI);

— HaJM4Ke 3ByKOBOHM CHUTHAJIM3AIMK Ha JKeJe3-
HOJIOPO’KHOM TIepee3/ie;

— Hajguuhe Oapbepa-aBTOMaTa Ha JKEJIE3HOO-
POXKHOM Tiepees/ie;

— BHJ HACTUJIa Ha JKeJIC3HOJAOPOKHOM Tepee3ie;

— IIUPUHA HACTHIIA;

— COCTOSIHME HacTHja (POBHOCTH, CKOJIB3KOCTD
U T.IL);

— HaJIMYMe MEeMeX0IHON TOPOKKHU Yepes MyTH;

— paccTosiHHue BUAMNMOCTH Tiepee3fia Co CTOpPO-
HBI JKEJIE3HOH TOpOTH, B TOM 4ucie ABa (oTo, 1Mo
OIHOMY C KaXX/IOHl CTOPOHBI, IPUMEPHO C MecCTa
MAaIlIMHHUCTA TT0e3/13;

— paccTosiHHue BUAMNMOCTH Tiepee3fia Co CTOpo-
HBI aBTOMOOWJIBHOH JTOPOTH, B TOM 4ucie Ba ho-
TO € TOABE3T0B K JKEJIC3HOAOPOKHOMY Mepee3ny
IO aBTOMOOMIIFHOM JJOPOTE;

— HaJW4yHhe OCBELICHUS Ha KeJe3HOJOPOKHOM
Tiepee3sie ¥ eTo XapaKTepPUCTHKH;

— HaJgu4yhe BHACOPHUKCALUN Ha >KEJIC3HOAO-
POXKHOM Tiepees/ie;

—cpenHee BpeMs OT 3aKpbITHA Iiepee3na 10
MPUXO0/1a TI0e3/1a;

— cpenHee BpEMsI 3aKpBITOTO COCTOSHHS JKe-
JIE3HOIOPOKHOTO TIepee3a;

— CpefiHee KOJIMYECTBO 3aKPBITHH (B CYTKH HIIH
B HEJICIIO);

— IaHHBIE 10 aBapUUHOCTH 3a MOCJIEeIHHUE
10 ner — moxpoOHsie o kaxaomy JTII Ha nepe-
e3nIe;

— YCIIOBHA ABWXXEHHs uepe3 mepee3n (B TOM
yucine koaruectBo HapymeHui I1J1/] 3a Heckonbko
4acoB);

— apyrue (hakTophl, BIUSIONIME Ha YCIOBHS
JOBIDKEHHsI yepe3 mepeess (B TOM 4Hciie MPOBOLH-
pyrormue Ha Hapymenus [1J1]1).

Kak BHOHO, KOJMYECTBO HCXOAHBIX JAHHBIX
JIOCTAaTOYHO BEIWKO. MUHUMAaNBHBIA HAOOp Tep-
BUYHBIX JAaHHBIX, Kacarolluics >XKeJIe3HOAO0POXK-
HBIX TIepee30B, BKIIOYAET:

— HaJIM4YKle OXPaHbl;

— HaJM49He nMurardayma;
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— HaJln4ue nepee3THoi CUrHaIn3aIuy;

— YHCJI0 KEJIE3HOJOPOKHBIX ITyTeil;

— MHUPHHY Tepee3na;

— MaTepuall HacTHIIa Tepee3a;

— HaJIM4ue YCTPOWCTBa 3aluThl mepeesna (Oa-
pbepa-aBToMara).

O06paboTka nonydeHHOH WHPOpPMALUKU MOKa3a-
Ja, 9TO 1a)keé MUHUMAJIbHBIA Ha0Op JaHHBIX B ps/e
Clly4aeB coOpaTh He MPEICTABIAIOCH BO3MOKHBIM.
Bcero ynmanock cobpats urdopmanmoo s 69 %
riepee3nioB. [ 24 jxene3HOAOPOKHBIX TTepee3IoB
OOJIBLIMHCTBO JaHHBIX, BKIIIOYasi OCHOBHBIE (KaTe-
TOpHIO, HAJIMYME OXpaHbl), OTCYyTCTBYeT. Pacmpe-
JIeJIeHHE TaKuX Mepee3oB 1Mo 00JacTsIM NpuBeae-
HO Ha puc. 3.

0 5 10 15
AKMONMHCKaA _6 11
AKTIOBVHCKan I ——— O
AnmaTuHckan [m—3

ATblpayckas ? 1
BocTouyHo-
KasaxcraHckan u_ 6
3anagHo- p—
KasaxcraHckas | J
KaparaHauHckan [ — 10

KocTaHalcKkana 5— 12
Ka3b|}10p,ﬂ,MHCKaﬂ U_ 2
MaHFbICTayCKaH 2— [ mBcero AN
I'IaBno,a,apCKan 0_ 5
Cesepo- AN 6
. © B £3 OCHOBHbBIX
KasaxcraHckan | ] :

[aHHbIX
TypkecTtaHcKas F 3

Puc. 3. Pactipenienenue xene3HOJOPOKHBIX MEpPee310B
10 00JIACTSIM C OTCYTCTBHEM YacTH JTAHHBIX

Fig. 3. Distribution of level crossings by regions
with missing data

Ha 32 »xene3HomopoXHBIX Mepee3fax yCTPOeH
KeNe300eTOHHBIH HACTHI, Ha |7 TPUMEHSIOTCS
OTHOCHUTEIHHO PEIKUE BAPUAHTHI HACTHIIOB — W3
PENbCOB, IIMAN, METAUIMYECKUX KOHCTPYKITHH,
nepeBa. COBpEMEHHBIH  PEe3MHOMETAJUTHYCCKII
HACTHJI YCTPOEH TOJIBKO Ha TPEX TMepee3nax.

Ha puc. 4 npuBenens! oOIIMe TaHHBIE O KOJH-
gecte JTII B 2011-2016 rr. Ha BceX KEIE3HO0-
poxHBIX mepee3gax PecnyOmuku — Kasaxcran
(BKIOYAst pecnyONIMKaHCKHE W MECTHBIE aBTOMO-
OWIBHBIC JOPOTH) U TIOCTPAAABIINX B HUX.

Crnenyer oOpaTuTh BHMMaHHE Ha HEOOXOAM-
MOCTh PETYISIPHOro cOOpa KaueCTBEHHBIX HCXO/I-
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HBIX JAHHBIX II0 KEJIE3HOJOPOXKHBIM IIepee3IaM.
be3 wx Hammuusa m000M BHA NEATEITHLHOCTH, pac-
CUMTAaHHBIA Ha TOBBIIIEHHE 0E30MacHOCTH Ha Iie-
pee3nax, He MPUHECET HYKHBIX PEe3yJIbTaTOB.
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Puc. 4. Tlokazarenu aBapuiHOCTH Ha BCEX KEJIE3HOA0POKHBIX
nepeesnax Pecryonuku Kazaxcran:
— xonmyectBo JITII; m — morubmue; m — paHCHEBIC

Fig. 4. Accident rate indicators at all railway crossings
of the Republic of Kazakhstan:
—number of accidents; m — dead; = —wounded

OuneHka BO3MOKHOCTH COXPAHEHUS
JKeJIe3HO0POKHOI0 Tepee3a

Ha pecny0JMKAHCKOIl aBTOMOOHIbHOI
nopore Pecnyoankn Kazaxcran

Hawnbonee pamukanbHBIM CIOCOOOM yCTpaHe-
Hust JITII Ha &ene3HOOPOKHBIX Nepee3iax ABis-
eTcs JHUKBUAANMA camoro mepee3ma. K coxa-
JICHWIO, JAHHBIM CHOcO0 YacTo HE OCYIIECTBUM
B cmuly MHOTHX npuanH. OfHa U3 HUX — HeIocTa-
TOYHOCTh MH(OpPMAIMA U OTCYTCTBHE HEOOXOIH-
MOW METOJIMKH TPUHATHA pelleHud. ABTOpaMu
CTaThH pa3pabOTaH aJTOPHUTM SKCIIEPTHON OIEHKH
BO3MOJKHOCTH COXPaHEHHS KEJIE3HOJOPOKHOTO
rmepee3ia Ha PECIyOJIMKaHCKON aBTOMOOMIBHON
nopore Kazaxcrtana, Bkimouaronuii 11 OCHOBHBIX
II1aroB.

[Tar 1. OueHka KaTeropuu *KeIe3HOI0POKHO-
ro nepee3aa. s nepee3non | u Il kareropuit mx
COXpaHEHUE HE Jomyckaercs, Jis mepee3nos |l
u |V kareropuii mpoBepsOTCS NaTbHEHUIIUE KPH-
TEPHH.

Iar 2. Omenka KaTeropuu aBTOMOOWIHHON
nmoporu. Ha aBTomoOmmbHEIX moporax | u Il xare-
TOpHUil COXpaHEHHE >KEJE3HOJOPOKHBIX Iepees-
JIOB He nomyckaercs. [[ns aBTOMOOWJIBHBIX J10-

Hayka
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por I, IV, V xareropuii mpoBepstoTCS TaTbHEH-
1€ KPUTEPHH.

[ar 3. OueHka KOMWYECTBA TOJOC IBMKEHUS
Ha aBTOMOOMIIBHOM nopore. [Ipu uncie nonoc 6o-
Jiee IByX COXPaHEHHUE JKEIEe3HOJAOPOKHBIX Tepees-
JIoB He nomyckaercs. Ilpu aByx mosjocax mpose-
PATOTCS TaTbHEHINe KPUTEPUH.

[Iar 4. OueHka KOJIUYECTBA KEJIC3HOIOPOXK-
HBIX MMyTel Ha mepee3ae. llpum gmcie myreit 6o-
Jiee JIBYX COXpAHEHHE >KEeJIEe3HOAOPOXKHBIX Iepe-
€3710B He jomyckaercs. [Ipu n1Byx myTsAx coxpaHe-
HUE Tepee3ioB, Kak MpPaBUIIO, HE JIOMYCKAeTCs.
I[Ipy onHOM NyTH HOPOBEPSIOTCS AajbHEHIINE
KPUTEPHH.

[Iar 5. OrmeHka KaTErOpPHH KEJIC3HOIOPOK-
HOM NUHUM. J[J14 KeJIe3HOJOPOKHBIX MEPEee3I0B Ha
MarucTpaJbHON KeJe3HOTOPOKHON JTMHUM TPOBE-
pArOTCA JalbHENIMe KpuTepuu. s noabe3nHoro
JKEJIE3HOJOPOKHOTO TYTH Tepee3s MOXKET OBITh
COXpaHEH.

ar 6. Ouenka HaMU4HA SNIEKTPUUKAIHA HA
JKENe3HONOpoXKHOM JuHuM. [lpu Hanmuuum dmek-
TpuUKAUK >KEJIE3HOJOPOKHBIE Iepee3ibl, Kak
MpaBwWiio, HE JomyckatoTcs. llpm orcyrcrBun
aNeKTpU(UKAIH TPOBEPSIOTCS JalbHEHUIINE Kpu-
TEpHH.

[ar 7. OueHka anbTEpPHATUBHBIX BO3MOXHO-
cTell Uil epecedeHns KeIe3HOI0OPOKHON JTMHUN.
[lpy Hanuuum myTeNpoBOJa WM TOHHENS IS
MepeceyeHns >KeNe3HOJOPOKHON JTHMHMM Ha pac-
CTOSIHUM MeHee | KM B HACEIeHHOM IMyHKTE HIIN
MeHee 2 KM BHE HaCeJIEHHOTO MYHKTa >KeJIe3HOI0-
pOXXHBIE Tiepee3qsl He nomyckatorcs. [Ipu 6omb-
IINX PACCTOSIHUAX MEXIY KeJIe3HOJIOPOXKHBIM TIe-
pee3oM W IyTElmpoBOJOM (TOHHENEM) IpOBEps-
I0TCS JATbHEHUIITNE KPUTEPUH.

IMar 8. OueHka mnoxazaTenell aBapUUHOCTH
Ha KOHKPETHOM JKEJIEe3HOJOPOXKHOM IIepee3ie.
[Ipu 3HaueHnu mokazatenst Oojiee CPEOHETO IS
BCEX JKEJIE3HOIOPOKHBIX TIepee3/IoB Ha peciryOIu-
KaHCKHMX JOporax COXpaHEHHE Iepee3loB He J0-
myckaercs. [Ipu 3HaueHNM mMoKazaTenss MeHee WIIn
PaBHOTO CpeJHEMY 3HAUEHMIO AJIS BCEX KEJE3HO-
JIOPOXKHBIX MEPee3ioB Ha PeciTyOIMKaHCKUX JIOPO-
rax MpOBEPSIOTCS NAIbHEHIINE KPUTEPHH.

[Iar 9. Ouenka ycioBHA ABMXCHHS Ha KOH-
KpETHOM KeNe3HONOpOoKHOM mepeesae. [Ipu ko-
nudectBe HapymeHuit ITJIJI win KOHQIMKTHBIX
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CUTyalliii B 30HE J>KEJIC3HOJOPOKHOTO IIepee3aa
0ojee YCTAaHOBJICHHOTO JOITyCTUMOTO 3HAuYCHUS
coXpaHEHHe Tepee3na He porryckaercsa. [Ipu 3Ha-
YEHUHU TOKAa3aTeNisi MEHEE WM PaBHOIO JIOMYCTHU-
MOMY CpedHEeMYy 3HAUYCHHIO IIPOBEPSIOTCS Najlh-
HEUIIe KPUTEPUU.

[Tar 10. Ouenka YKOHOMUYECKHUX MOTEPH B J0-
POXKHOM JBIDKCHMH OT 3aJ€PKEK TOPOKHBIX
TPAHCIIOPTHBIX CPEACTB HA KOHKPETHOM >KEJIE3HO-
ToposkHOM Tiepeesfie. [Ipu ypoBHE SKOHOMUIECKUX
MOTEePh B 30HE KEIE3HOMOPOKHOTO Tepee3na 0o-
Jiee YCTAaHOBIIGHHOTO 3HAYCHUS COXPAHCHHE TIepe-
e3na He pomyckaercs. [Ipu 3HaYeHUM MoKa3aTenst
MEHEE WJIM PaBHOTO JIOMYCTUMOMY CpeIHEMY 3Ha-
YEHUIO MIPOBEPSIIOTCS JATbHEHIITHE KPUTECPHUH.

[Tar 11. OueHka 3KOJOTUYECKUX MOTEPH B J0-
POKHOM JBIKCHHH OT 3aJI€PKEK JTOPOMKHBIX
TPAHCTIOPTHBIX CPEJICTB Ha KOHKPETHOM KEIIe3HO-
noposkHOM Tiepeeszie. [Ipu ypoBHE SKOTOTHIECKUX
MOTEePh B 30HE KENE3HOMOPOKHOTO Tepee3na 0o-
Jiee YCTAHOBJICHHOTO 3HA4YeHHUS (OTACTBHO — JIsS
HACEJIEHHOTO IyHKTa, OTAEIBHO — JUIsI HE3aCTPO-
E€HHOU TEePPUTOPHH) COXPAHEHHUE KEIE3HOIOPOK-
HOTO Tiepeesfia He nomyckaercs. Ilpu 3Hadge-
HUU TIOKA3aTeNsi MEHEe MM PaBHOTO JOIMYCTHMO-
My CpeJIHEMY 3HAYCHHIO MEPEe3/] MOKET OBbITh CO-
XpaHeH.

Kak BUJIHO M3 ONUCaHMS anropuTMa, OOJIbIIOe
3Hau€HHE B €Tr0 HCIIOIH30BAHWW UTPAET HAIUYHE
HMCXOIHBIX JJAHHBIX.

BBIBOJIbI
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noctanosnenue IlpaBurensctBa PecnyOmuxu Kaszaxcran
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IIpaBmna sKcIUTyaTamuM >KEJIE3HOJOPOXKHBEIX IIepee3ioB
[OnexTpoHHBI pecypc]: Ipuka3 MHHUCTpA TPaHCIOPTa
n xomMmyHukanui PecmyOmuxu Kazaxcran ot 25 mapra
2011 roma Ne 168, ¢ m3M. u mom. mo coct. Ha 30.06.2017.
Pexum nocryna: UIIC Oniner.
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PesibcoBBIil My Th € 00:KaTHEM pesibca

Kana. Texu. Hayk, gou. B. H. nyouoeBl)

l)Eenopyccm/n?l HAIIMOHAJIFHBIN TeXHUYeCKui yHuBepcuTeT (MuHCK, Pecriybnuka benapycs)

© benopycckuii HalMOHAIBHBIA TEXHUYECKUI yHUBepcureT, 2021
Belarusian National Technical University, 2021

Pedepart. [IpoGiema ramreHus myma Ha pPelIbCOBBIX ITYTSX, BO3HHUKAIONIETO NMPU IBMKEHHHU IO€37a, PEIIAeTCs JOCTaTod-
HO TIPOCTO, €CJIM PENbC C NMPOKJIAJKaMU YJIOXKUTh BHYTPH IIPOJOJBHO PACIOIOKCHHOH JIEHTOYHOW INTaibl-MeXaHH3Ma.
Pesynbrar — cioucTas pesibcoBas HUTh, COCTOSAIIAS U3 JICHT: JICHTA pelibca ¢ YNPYIMMHU NMPOKIAKAMH 10 TPEM CTOPOHAM,
JeHTa IIMajbl-MeXaHu3Ma M OainacTHoro ciosi. EjuHeHuWe clioeB ocymiecTBisercst Omarojapsi coOCTBEHHOH Macce.
Ot0 — craTka myTu Oe3 BHelrHed Harpy3ku. OOxaTue penbca — 3(GPEeKTHBHOE CBOMCTBO PElbCOBBIX MyTei — oOpa3syer-
cs B IINajie-MEXaHU3Me II0J| BO3JCHCTBMEM BEPTHKAIbHBIX CHJI C INOJBMKKAMH M UX TOPU3OHTAIBHBIX MPOM3BOJHBIX.
[Ipn HarpyxeHuM MyTH o0XKaTHE OCYMIECTBISIETCS MHOTOKPATHO C HMOCIENyIomel pa3rpys3koit. IIpu sToM kaxasle nmpesie-
CTBYIOIINE W3MEHEHUs yCIOBHI B paboTe ITyTH yIUTHIBAIOTCS B JAJbHEHIIEM LUK HarpyXeHWs M pasrpy3ku. PermbcoBbrit
MyTh C OOXaTHeM penbca — Pa3sHOBHAHOCTH CAMOIPHCHOCAONMBAIONMIEHCS JHHEHHOW CHCTEeMbI, HeoOXoIuMmas IpH dac-
TBHIX M3MEHEHHSAX HArpy3KH U YCIOBMIl SKCIUTyaTalUH IJIs OECLIyMHOTO MCHOJHEHUS (yHKIHMOHAIBHOTO INpeIHa3HAYCHHS.
Crenunduka Takoro myTu B TOM, YTO JBH)KEHHEM KOJIeCa CO3AOTCs BUOpALUs peiibca U IIyM, KOTOPBIE TYT e racsarcs 00-
KaTHeM ¢ JeMrndupoBaHHeM. banaHC Mexay BOSHHKHOBEHHEM ILyMa M €ro rallleHHMEM JOCTHIAeTCS COOTHOLICHHEM JUIMH
IJIeY TOJYyILINaabl KaK pblyara. YCJIOBHEM IOSBICHHMS CABHIa CWJI OOXKaTHA B HAIPABICHHHM OT BEPTHKAJIBHOIO ILIeYa
TIOJYIIITAN CITyXKaT HEOJMHAKOBBIE OCAJKH TOPH30HTAIBHOTO IUleda Moymmnansl L-o6pa3sHoit ¢opMbl 1 BHEIeHTpeHHOE ee
HarpyxeHue. B pesynprare ucciaeoBaHUH YCTaHOBIICHBI IPEUMYIIECTBA PEITECOBOTO ITYTH C 00XKAaTHEM PEeNbCa, YTO SIBISETCS
TapaHTOM YCTOHYMBOCTH PAaCcUETHBIX ITapaMeTPOB IIPH MIPOJOIDKATENBEHOM SKCIuTyaTanuy myTH. CTOMMOCTb pebCcOBOTO MyTH
¢ o0kaTueM pesbca B pe3yiibTaTe SKOHOMUH CTalld, CHIKEHHSI PacXo/J0B Ha IPOM3BOJACTBO pabOT M 3KCIUTyaTallMOHHEIE IT0-
TpeGHOCTH yMEHbLIACTCA B ABA Pa3a.

KumroueBsbie ciioBa: pesbe, ooxarue, 3¢h ekt odxaTus pesbca, noiymmnana L-o6pa3Horo cedeHus, raieHne myma, peiabco-
Basi HUTb, LIEJIbHBII y4aCTOK, MEXaHU3M 00XKaTHUs

Jasn uuruposanusi: Cyxomnoes, B. H. PenbcoBsiit myth ¢ o6xartuem penbsca / B. H. Cyxomoes // Hayxa u mexnuxa. 2021.
T. 20, Ne 3. C. 234-242. https://doi.org/10.21122/2227-1031-2021-20-3-234-242

Rail Track with Rail Compression
V. N. Sukhodoev?

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The problem of damping the noise on the track, arising from the movement of the train, is solved sufficiently but it
is simple, if the rail with spacers is laid inside the longitudinally located band sleeper-mechanism. The result is a layered rail
thread, consisting of belts: a rail tape with elastic spacers on three sides, a tie-mechanism tape and a ballast layer. The unity
of the layers is carried out due to their own mass. This is the static track without external load. Rail compression is an effec-
tive property of rail tracks. It is formed in the sleeper mechanism under the influence of vertical forces with displacements and
their horizontal derivatives. When loading the track, the compression is carried out repeatedly with subsequent unloading.
In this case, each previous changes in the conditions in work of the track are taken into account in the subsequent cycle of
loading and unloading. A rail track with a rail compression is a kind of self-adapting linear system, which is necessary
with frequent changes in load and operating conditions for silent performance of a functional purpose. The specificity of this
path is that the movement of the wheel creates rail vibration and noise, which are immediately damped by compression with
damping. The balance between the occurrence of noise and its suppression is achieved by the ratio of the lengths of half-
sleeper shoulders as a lever. The condition for the appearance of a shift of the compression forces in the direction from verti-
cal shoulder of the half-sleepers is the unequal settlements of the horizontal shoulder of the L-shaped half-sleepers and its
eccentric loading. As a result of the research, the advantages of a rail track with rail compression have been revealed, which is
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a guarantor of the stability of the design parameters during long-term operation of the track. The cost of a rail track with rail
reduction is halved as a result of steel savings, lower labor costs and operational needs.

Keywords: rail, compression, rail compression effect, half-sleeper with L-shaped section, noise suppression, rail thread, solid

plot, compression mechanism
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BBenenne

Penbc ¢ mpoknankamMu BHyTpH IPOJOJIBHO pac-
MOJIO)KEHHOW JICHTOYHOH IIMajbl-MeXaHu3Ma 00-
pasyioT CIOHCTYIO PeNbCOBYI0 HHTh. B crarmke
eIMHEHHE CJIOCB OCYIIECTBIsIETCS Oyiarogapst coo-
CTBEHHOHN Macce. B aumHamuke, KOTOpyiO cO3daeT
HaKaT TPY>KEHOTO KoJieca, MPOUCXOTUT TOCTETICH-
HO HapacTaiollee eIWHEHHE pellbca C JIEHTOYHOU
IIITaJIoN 00’KaTHEM M TPAKTUYECKH OJTHOBPEMEHHO
racsaTcst 00pa3oBaHHbBIC HAKATOM KoOJleca BHOPAIUs
pelnbca U IIyM.

Ienp uccnenoBaHuil — co3NaHue KOHCTPYKIIUHU
0eCLIYMHOTO JIEGHTOYHOTO PEIbCOBOrO MyTH C 00-
JKaTHEM peNbca, M3yYeHHE CHelM(UKH 00XKaThs
p€ibCa u Z[eMH(i)I/IpOBaHI/ISI ImymMa, BBISABJICHUC
3aKOHOMEpPHOCTEH, Ha 0a3e KOTOPBIX MOXKHO CO-
3/1aBaTh OECIIYMHBIE PETTHLCOBBIC Y TH.

Onucanue padoThI
JICHTOYHOI'0 PeJIbCOBOI0 IIYTH

JwkeHne mnoesja 1o pesbcoBOMY ITyTH COIPO-
BOKIAeTCsl IIyMOM W BuOpanuei pensca. Criemyet
OTMETUTh, YTO METAIIIMYECKUI PENIBC HE 3a3BYUHT,
€CJIM OCYHIECTBIIATh €IMHEHUE €T0 C MaCcCOM JKee-
300€TOHHOM HINanbl-MEXaHU3Ma U Maccoii OCHOBa-
HUsI U3 OajutacTa M TPyHTa MPH KaKJOM HakKaTe
Kojeca ¢ Tocienyromend pasrpy3koi. Pemraercs
Takasg mpobiiemMa MpPOCTO — MPOKIAAKONH PEeTbCcoB
BHYTPH IIPOAOJIBHO PACIONIOKEHHHBIX JEHTOUHBIX
HINaJ-MEXaHU3MOB.

B nmpomecce Hakata kojieca C TpPy30M B
pPaccunTHIBAEMOM CEUEHUH MPOUCXOIUT MOCTEIEH-
HOE YBEIWYECHHE 3arpy3kKd M YIPYIMX IOJBH-
JKeK. Penbc 1Mo BepTHKamM 3arpy’kaeTcsl KOJecoM
C TPY30M C OTBETHOHl peakuuell OCHOBaHUS, IO
TOPU30HTAIHN — IPOU3BOIHBIMHA BEPTUKAIBHBIX CHII
(cumamu oOxkatus ¢ ToJBMKKamH). Takum oOpa-
30M, MpPHU KaXJOM HakaTre Kojieca MPOUCXOAUT
CXKaTHEe Pebca B ABYX IJIOCKOCTSX, €IMHEHHE €ro
C Maccoil *ene300eTOHHOM IMIMajbl-MEeXaHu3Ma |
Maccoil ocHoBaHMs U3 Oamiacta U rpyHTa. To ecTbh
paccMaTpuBaeMblil JIEHTOUHBIM IIyTh XapaKTEpU3y-
eTcst o0kaTHeM pelbca, JeMI(pUpOBaHNEM, Tralle-
HUEeM ITyMa W BuOpanuen. [Togsmxkku cun oOxa-
TUS B IITNIAJIe-MEXaHU3ME OTpaHUYEeHBl BETMUYMHOU
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nedopMalu OOKOBBIX MPOKIIAZOK Pelibca U BO3-
MOKHOCTSIMA TIPOU3BOJHBIX CKUMAaEeMOCTH OC-
HOBaHMS.

®opMupyeTcs LEJIbHBIN Y4acTOK B 30HE KoJieca
C TPY30M, H 10 HEMY MPUHUMAIOTCS KOOPIWHATHI
pPaccUMTHIBAEMOTO CEUEHHsI Pelibca U PETbCOBOM
HUTH. OTMETHM, YTO B 30HE 3arpy3KH COCPEAOTO-
YeHHOW CHJIOH JaHHOE CEYEHHE paCIoyaraeTcs
noj kojecoM. Ha 1enbHOM yyacTKe pesibCOBOM
HUTH TIOZ TPy30M OOXatblii penbc paboTaer B
YCIIOBUSIX, aHAJIOTHYHBIX paboTe )KeCTKON apMary-
pBI B OeToHE. DTO MakcMMallbHas CTaTHKa MpoLec-
ca enuHeHWs. J[MHAMHIYECKOe €IWHEHHE PelbCo-
BOW HUTH C TTOBTOPHOCTBHIO — 0OBEKT pa3pabOTKH,
UCCIICIOBAHUSl M CHCTEMAaTH3allud Pe3yJbTaToB
C LENBI0 MONYyYeHHUS TapaHTHPOBAaHHBIX YCIOBHM
o0kaTus peibca W IeMITpUPOBAHUS IS TAIICHHS
myma [1-12] npu aBmwxeHUU moe3dga MO Tpacce
C BO3MOKHBIMH H3MEHEHHSMH TPYHTOBBIX YCIIO-
BHW THOO CXEMBI WITH BEJIMIHHBI 3aTPY3KH.

CBoe0Opa3HbIid IIIyM 00pa3yeTcs MpU JIBIDKE-
HUH M0€3]1a 110 PesibcaM € MOCTOSHHON CKOPOCTHIO,
HampuMep, dJMEKTPHIKHA Ha MPSAMBIX ydacTKax Iy-
. JIBW)KeHrne TpamBasi B TOPOJCKHX YCIOBHSIX
MPOMCXOAUT C YacThiM H3MEHEHHEM CKOPOCTH
W IIyMOM, JABIXECHHE II0€3/1a METPO — C LIyMOM,
KOTOPBI yCHJIMBAaeTCsI B OrPAaHMYCHHOM IPO-
crparctBe [13]. Orcroa BBIBOA. HYXHO TacHTh
IIyM B MOMEHT €ro BO3HHMKHOBeHHs. HaumOonee
MPOCTOE pellleHne — O0XKaTHe pelibca Ha JUINHE
HEJLHOTO y4YacTKa PelbCOBOM HHUTH TPH HaKaTe
IPYKEHOT0 KoJjeca.

VYnpyroe cOmpoTHBICHHE 3EPHHCTOH Cpelbl
BO3MOXKHO IIpH HEOONBIIMX ee aeopManusx —
JOTM  MIUIAMETPOB  CXKMMAaeMOCTH OCHOBaHUS
LETBHOr0 y4acTtka [7]. YcloBueM NOSIBICHHS
JIOCTaTOYHO 3HAYMMBIX IOJBMXKEK, T. €. CABHIa
cisl 00aThsi B HANpPaBJICHUH OT BEPTHUKAJIHLHOTO
Iieya TOYIIIai, CIYyKaT HEOJAMHAKOBBIE OCAIKU
TOPH30HTAJIBHOTO IUIeYa moiymmansl L-o0pas-
HOW (OpPMBI M BHEICHTPEHHOE €€ Harpy>KeHHE.
s 00xaTusi TOIXOAUT OCHOBAaHWE W3 HATypallb-
HBIX MaTepuayioB (IIeOHs, TPYHTA) C HEU3MEHHBI-
MH XapaKTEepPUCTHKAMH, JHOO OCHOBAaHHE-KOHCT-
PYKIHsi, 00Jafaro1iee MOCTOSHHBIMA CBOHCTBAML.
JomomauTenbHbIe (HhaKTOPHI, BIHUSIOIMIAE HAa BEJH-
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YHHY HOABWXKEK, — XapaKTEPUCTUKU I1OJIyIINaJIbl-
pblyara u CXMMaeMOCTb OCHOBAHUSI.

Ha npotssxkennn 220 net npoaoinpkaroTcs pas-
paboTKa ¥ BHEAPEHHE PENLCOBBIX MyTEH, yIOXKCH-
HBIX Ha [ONEPEYHO PACHOJIOKEHHBIEC IIMAaJIbI,
a taxke 20 ner nmocne mareHToBaHus [14] paspa-
OaThIBacTCS PEIHCOBBINA ITyTh C 0OYKATHEM peEbCa.
Konkypennuto nocneaneMy o0ecneuyMBarOT Ipo-
CTOTa KOHCTPYKIIMU PEIbCOBOM HUTHU U IYTH B Iie-
JIOM, JIOCTYIHAsl TEXHOJIOTHS CTPOUTEIILCTBA U 00-
JKaTUs PeNbCcoB, OECHTyMHOCTh paboTaromero
MYTH, MEHbIIAs CTOMMOCTD, a TaKXKe YIIydlleHHas
3amura Oayiacta OT 3arpsA3HEHUs U peibca OT
BHEIIIHEH arpeccuBHOM cpenbl. Bece 3T0 — B mpo-
Hecce KaueHus Kosieca 0e3 NpHBJIEUEHHS JIOTIOJI-
HUTEJBHBIX PECYPCOB.

Ecnu B penbcoBOM MyTH W3MEHHTH KOHCTPYK-
U0 mmnaibHoro ¢yHmamenra [14], s yero
peNbC YIOXKHUTh HE MO BEpXy IONEPEedHO pacIo-
JIOXKEHHBIX ININAJ, a HAa TOPU30HTAJbHBIEC ILICUU
L-o6pa3Hoit (OopMBI JIEHTOYHBIX IOJYINIAT B CO-
CTaBe IIMaI-MEXaHW3MOB, TOTJa MPEPBIBUCTHIH
(hyHIaMEHT penbCcoBOM HUTH OyAeT 3aMEHEH JIeH-
TOYHBIM (YHIaMEHTOM C HOBBIMH 3(PQPEKTHBHO
paboraromumu cBoiicTBamu. Crieruduka padboTsI
CHCTEMBl HPOSIBISICTCA KaXIbl pa3 NpH HaKaTe
KoJleca ¥ €IMHEHUH KOHTaKTHPYIOLINX CJIOEB
PENIbCOBOM HUTH B OJIHO Lieoe. Takue J1Be penbco-
Bble HHUTH O0Opa3ylOT KOHCTPYKIHIO JIGHTOYHOTO
penbcoBoro nytu [13], rae co3manue ycinoBui 00-
pasoBaHMs OOXaTHsl peiabca M JAeMI(pHUPOBa-
HUSl IIyMa B IPOLIECCE CTPOUTENBCTBA PEIILCOBOM
HUTH CIIENaeT PeNbCOBBIA MyTh OCCIIYMHBIM IIPH
JKcIUTyaTanuu. MTak, ecnu 3aMEeHUTh MINaJIbHBII
(GyHIaMEHT ¢ TIONIEPEYHO PACIIONOKEHHBIMH IIITIa-
JaMH W YJIOXXEHHBIMH IO HUM pellbcaMy Ha Tpo-
JOJBbHO PACIOJIOKEHHBIE JICHTOYHBIE —ILIIaJIbl-
MEXaHU3MBI C BIO)KEHHBIMH PElIbCaMH, MOsBISIET-
Csl BO3MOXHOCTHb TacUTh IIYM OOXKaTHEM pelbca
OJIHOBPEMEHHO C HAaKaTOM KoJleca, CO3Jarolle-
O IIyM.

OHeprus Hae3KarlIero Kojeca pacxoayercs
Ha ynpyroe o0)kaTue IOJOBUHBI AJUHBI LIEIBHOTO
yyacTKa BIIEpeM KoJieca W Ha BBICBOOOXKIE-
HHUE YNpyrux cuil npu oTtkare. Cienyromuil HaKat
KoJIeca OCYIIECTBIISICTCSI HA yXe ObIBIIEEe B YIIO-
TpeOJIeHMH Ce4YeHHEe U BOCCTAHOBJIEHHOE B IIPO-
mecce OTKaTa Kojeca OCBOOOXKIECHHBIMH CHIIAMH
YIOPYrocTH B IEPBOHAYAJIBHOE COCTOSHHE C yde-
TOM H3HOCA, IPOUCXOAUT NPUTHUPKA TTOBEPXHOCTEH
Ka4deHusi cocpefoToueHHbIME cuiiamu. CoBepiia-
eTcsl IMKJ «Harpys3ka — pasrpy3ka» ¢ 4acTOTOH
U CKOpPOCTBIO TMPOE3KAIMX M0e310B. MHoro-
KpaTHBI ILHMKJ «HAarpyska — pasrpys3ka» peibca
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CO3/1aeT CaMOIIPHUCIIOCAOIMBaHIE PETHCOBON HHUTH
K MEHSIOIIUMCS BHEITHUM BO3/IEHCTBUSIM.

Xopomwnidi pe3ynpTaT AAOT OOKaTHE peibca
C YOPYTUMH TPOKJIaJKaMH Ha €ro CTEHKe, MeXa-
HUYECKUH CTBIK DPENbCOB, OalacT, a oOxaTthem
¢ nmeMrpUpoOBaHUEM JIOCTUTAETCS OECITYMHOCTb.
OO6xaTele MEXaHWYECKHE CTHIKM PEIhCOB CTaHO-
BATCSA JKECTKMMH W Oe3ynapHbIMH. B cpaBHEHHH
C JKECTKOCTBIO OJWHOYHOTO peibca Ha MIMaIbHON
pelreTke BepTUKAIbHAS JKECTKOCTh 00KaTOW peib-
COBOH HHWTH B TpPHU-YETHIpE paza OoJjble, a ee
JKECTKOCTh M0 TOPWU3OHTAIHLHOMY HAIIPAaBICHUIO
yBenunuuBaetca B 60-70 pa3. Enunenue penbcoBoit
HHUTH C OCHOBAaHWEM YCHJICHO 3ariyOieHueM, a Tak-
K€ YBEIMYCHHUEM JUJIMHBI CIIOEB PEILCOBOW HHTH.
Ot (dakTopel TpeAynpexaaloT, KpoMe TOro,
C/IBHT PENTCOB OT YrOHa.

B [13] cnemmududeckne oTIHYUS HOBOTO MYTH,
€ro TEeXHUYECKHE, JKOJIOTHYECKHE W HKOHOMHUYE-
CKHE MPEeuMYIIecTBa MMOKa3aHbl Ha MpPHUMEpPEe KOH-
CTPYKIIMU TpaMBaiHOTO myTH C 3 dexTom obxa-
Tha penbca. ABTOpsl [13] cucTeMatusmpoBaiu
cBejlcHHS, puBeAcHHbIC B [1-4, 13-15], u momoin-
HAIU UX WHQOpMaIueld o cladbIX MECTaX HOBOM
KOHCTpYKUuH TyTH. [Ipu 3TOM TepMuH «3QQeKT
00KaTHs» OTIIMYACTCS OT TepMHHA <3 deKT Tpad-
nei» TobKo Ha3BaHueM. B [13] pacdersl penb-
COBOIl HHUTH MPOW3BEACHBI C OCPETHEHHBIMU HC-
XOMHBIMU 3HAYCHHUSMHU: CHJIA OOXKATHS MO TOPH-
3oHTamu 17,5 % rpy3a, KodhOULMEHT TpeHUs
Oetona o nieoOHro 6amtacta 0,3. Pesynbrater pac-
YeTOB C HCIONBh30BaHWEM TuIore3sl @Dycca —
Bunknepa W ypaBHEHHs paBHOBECHsI CTaTHKH
MTOATBEPXKIAIOT AHAJOTHYHBIE PACYeThl, BBITION-
HEHHBIE C TIOMOIIBI0 METO/Na KOHEYHBIX DJIEMEH-
TOB. Ponb Macchl penbca OleHWBaIach COOTHOILIIE-
HUEM MacChl Tpy3a W pejibca Ha JUIMHE IEeITHFHOTO
y4JacTKa.

ITo Mepe HakaTa KoJIeca ¢ TPy30M K pacCUHTHI-
BA€MOMY CEUEHHUIO TPOWCXOIUT YBEIWYCHHE E€ro
3arpy3Kd 10 JIIOpe pACTYIIETO TPEyroilbHUKa
C OpHEHTHPOBOYHON UINHOM ocHOBaHMs 3d, cOOT-
BETCTBEHHO yBEIMYHMBAIOTCS CHJIBI 00XKATHS PENb-
ca ¥ ramenwue myma. ['py3 Koieca pacrpeensercs
PENIbCOBOI HUTBIO MO SHIOPE PaBHOOEIPEHHOTO
TPEyrojbHHKA, COCTABICHHOTO W3 JBYX MPIMO-
YIrOJNBHBIX CHUMMETPHYHO PACIOJIOKEHHBIX OTHO-
CUTEIBHO PACYETHOI'O CEYCHUS TPEYTOJILHUKOB
noa kosnecoM [15]. BeicoTa TpeyroiapHuKa paBHA
3HAUCHHMIO TIpy3a, JJIMHA OCHOBaHus 6d — pacyer-
HOH JUIMHE LEeNbHOTO y4acTKa Kak (pyHKIHH CHIIO-
Boro (aktopa [13]. AHATIOTUYHO TTPOUCXOANUT H3-
MEHEHHE CYMMAapHOW KECTKOCTH CEUEHHS PEITbCo-
BOHM HHUTHU M crJI 00OkaTusi. B pesynbraTe BOZHUKAET
CTaOHUIBPHOCTh  HAIPSHKEHHO-AE()OPMHPOBAHHOTO
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COCTOSTHUISI TIYTH, YBEIHMYHUBAETCS MPOAOKUTENb-
HOCTb €T0 JKCIUTyaTallH, a TAK)KE YCTaHABIINBACT-
Cq HU3KUH ypOBEHb IIyMa.

Heo0xonuMocTh yCTaHOBKM IMOTIEPEYHBIX CBSI-
3eil MeXxay MoyIinajaMy B OCHOBHOM JTUKTYETCS
TE€XHOJIOTMYHOCTBIO TPAHCIOPTHBIX M MOHTaKHBIX
pabot. Ecnm B mporiecce 3KCIUTyaTaliu Mpon30ii-
JIET pa3[IBMKKA TOJYIINad B INIaie-MeXaHU3Me,
9TO TPHUBEAET K YBEIHMUEHHUIO AKCIEHTPUCHUTETA
Harpy3ku ¥ pocty cui obxkarusi. Ecnu B akcmya-
TaIlMOHHBIM TEpPUOJ MPOUCXOIAT H3HOC 4YacTel
PeNnbCcoBOro MyTH, HEKOTOPOE HapyIIeHHE MIIOTHO-
CTH MX B3aWMOJICHCTBUS, MOSBJICHNE IITyMa, TO OHU
MPOCTO YCTPAHSAIOTCA B IMPOIECCE MOBTOPHOTO
IIUKJIa «HAarpy3Ka — pasrpy3Kay.

[Monymmana — ene300eToHHas Oanka c mmorne-
peuHbIM cedeHneM L-o0pasHoit ¢hopMel, paboTaeT
B COCTaBe IIMajbl-MEXaHU3Ma, CIYKUT KOHCTPYK-
TUBHBIM 3JIEMEHTOM, TNpeoOpa3yrolluM BepTH-
KaJIbHBIE CHJIBI U C)KMMAeMOCTh OCHOBaHUS B CHJIBI
oOxaTtust U WX TOABIKKH. [lpm sTOM BenmmunHa
IHOABHIKEK CHII o0KaTus MMPEBLIINACT 3HAYCHHUC
negopMarnu OOKOBBIX TPOKIAIOK, YTO TapaHTH-
pyer obxarue. CyleCTBEHHBIM IS Tpoliecca 00-
JKaTHsl SIBIIAETCSl BHELICHTPEHHOE HArpy>KeHHUE To-
pu3oHTanbpHOrO Iyeda nomymman. HeoguHakoas
CKMMAaE€MOCTh OCHOBaHUS IIPU BHELEHTPEHHOM
HAarpy>KeHUU IIOJIYIIIAJIbl COIPOBOXKIAETCS He-
PaBHOMEPHOM €€ OCaJKOW W HAKIOHOM TIOpU30H-
TanpHOTO Tuieda. OTCIoAa — KpeH BepTUKAIBHOTO
Iie4ya U TOPU3OHTAIbHBIC MOABIKKU (TIepreHau-
KYJSpHBIE €My) CHJl OOXKaTusl, pacrlpeneicHHbIe
T10 3IIOPE TPEYTOIBHOIO OUEPTAHUS.

B mpomecce uccnenoBanuii ms yanoOCTBa BbI-
YUCIIEHUII W aHajn3a pe3yJbTaToOB IMPOU3BENCHA
3aMEHa paclpeJie]IeHHON Harpy3Ku paBHOJACH-
CTBYIOIIMMH — TOPU3OHTAILHOW CHIIOW OOXKaTHS
U €€ MOABIKKON. AHAJIOTHYHO BBINOJHEHA 3aMEHa
PEaKTUBHOTO JABJIEHUS OCHOBAaHUS Ha TOPU30H-
TaJTbHOE IUIEYO MONyImanel. B pesympraTte Tmo-
JyIImnana Moxyqnia CBOHCTBa perdara L-oOpa3Hoi
(hopMBI, 9TO YIIPOCTHIIO UCCIIEOBaHNE W BapHAHT-
HOC NPOCKTUPOBAHUC IMPOU3SBOJHLIX CUJI U II€pE-
MelieHuH. 3aKOHOMEPHOCTH ABMKEHUS TOTYIIIA-
JIBl XapaKTepU3YIOT OIPEeIeHHOCTh JBM)KEHUS
3BEHBEB U CHJI PEIIbCOBOIO MyTH HOBOW KOHCTPYK-
nmu. COBOGHHBIE TOMYIINANB 00pa3yoT IINaly-
MEXaHH3M, B KOTOPOIl TPy HaKaTe KoJieca CO3aeT-
sl TUIOTHOE €TMHEHHE C BIOKEHHBIM PEJIbCOM.

[Inana-mMexaHu3M — JIGHTOYHBIH (QyHIaMEHT
C pa3be€MOM BHU3Y M KaHABKOW B BEpPXHEW 4YaCTH.
CocTouT M3 ABYX >XeNe300€TOHHBIX MOIYIIIAI,
CMOHTHPOBaHHBIX MO pa3HbIE CTOPOHBI IIEHKH
penbca. BapuaHT pOEKTHOTO pelIeHus Kene300e-
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TOHHOW IIMaJbI-MexXanu3Ma moj Harpysky 70 xH
mnoxed B TY Pb 100649841.338-2003 «Illnasr-
MEXaHU3MBI JKene300eToHHbIe cOopHBIe». C Lenbio
rapaHTUPOBAaHHOIO HAKJIOHA €€ U KpPEHa BIIOXKCH-
HOTO B KaHaBKy pejibca O0pa3yloT IInairy-Mexa-
HU3M M3 TOJYIINad Pa3HOW MIUPHUHBL. DTO MO3BO-
JIieT W3MEHEHWEeM MIMPUHBI TOCTENeH MOoTyIIan
perynupoBaTh BEIMYMHY KpEeHa PETbCOBON HHUTHU
U BIIOKEHHOTO penbca.

BceTpeunslii  KpeH penpCcoOBBIX HHUTEH Ha
LEJIBHOM YYacTKe HE0O0XOIWMO YCTpauBaTh LIS
COXpaHEHUsI MPOEKTHOW IMIMPHUHBI KOJIEW OT Je-
CTBUS W3MEHYMBOW IO BEIMYMHE JUHAMUYECKOU
Harpy3kyd IPOE3KAIONINX IT0e370B. JTO aBTOMa-
THYECKU CpadaThIBalONIas PETYJIMPOBKA BMECTO
HEperyJupyeMOro HakJIOHa peibca MpH CTPOU-
TEIbCTBE MYTH Ha IIManbHOHM pemerke. [locTtosH-
CTBO KOJIEM COXPAHSETCS COIPOTHBICHHEM IIOIIe-
pEYHOMY CABHTY IO 0ajutacTy W TPYHTY OCHOBa-
HUS 3ariayOJICHHBIX B TPYHT JUITMHHBIX PETbCOBBIX
HuTeld. HexoTopelii aHaJIOr — CONPOTUBIICHUE
CABUTY TIONEPEYHO pAaclONIOKEHHOM B cocTaBe
HINAJIBHONM PEIIETKH KOPOTKOW IINaJIbl MPOAOJb-
HOMY YTOHY pelbca.

MaccuBHas Imnajga-MexaHu3M Ha JJIMHE Lelb-
HOTO YydYacTKa OOXaTHeM «HaBEUIMBaeTCS» Ha
JUIMHHBIN peJbc, TPU 3TOM KO3 PHUIUEHT yCTOM-
YUBOCTH Ha OIPOKWIBIBAaHHE pPElbCa yBEITUIHBA-
ercs (Hampumep, ycroiumBocth P43 — mo 3,26
¢ ycroiuuBoctu 1,63) [3, 4].

[IpoBeneHsl HaTypHBIE WCIHBITAHUS OTpE3Ka
PeNbCOBOTO MYTH, CPAaBHUMOTO C JJIUHOW IElb-
HOTO ydacTka. Pe3ynbTaTel — MOJOKUTENbHBIE, Ha
HUX HE CKa3aJllach Ja)Ke BIIEPBBIE BBIMOJTHEHHAsS
MIOArOTOBKa YydacTka [4]. OTo Xapakrepusyer
YCTOMYMBOCTh PEIBCOBOTO IYTH C OOXKaTHEM.
B TexHOMOrMM W3rOTOBIEHMS IIMAaIbl-MEXaHU3Ma
NPOSIBUIINCH TEXHOJIOTHYECKUE HEYA00CTBa 3a1ol-
HeHus GopMmbl OeToHOM BpyuHyl. Popma pac-
KpBUIACh JIETKO, a 3TO — ()aKTOp TEXHOJIOTHIHOCTHU
PEMOHTHBIX PabOT MO 3aMEHE pelibca ¢ W3HOLICH-
HOH T'OJIOBKOM.

Ob6xartue — mpouecc eANHEHHs Pelbca U LiMa-
JIBI-MEXaHNU3Ma C)KaTHEM BEPTHUKAJIbHBIMU CHIIAMU
HaEe3KaloIIeTo KoJieca M PeaKIii OCHOBAHUSA, CKa-
THEM ¢ OOKOB HYepe3 MONYIITaIbl TOPU30HTAIbHBI-
MU CHJAMH C TOABIKKaMH, JeMII()UPOBAHUEM
BUOpalMy W mryma. 3Ha4MMOe 00XKaThe MpOHCXO-
JUT Ha JJIMHE LEeJbHOr0 y4acTKa 1o Mepe Hakarta
KoJIeca ¢ TPy30M C ydacTheM pbryaros L-oOpa3Hoin
(hopMmbI (TIONMyIITIANT) BMECTE CO CKHUMAEMOCTHIO
OCHOBAaHMS PENIbCOBOM HUTH. be3oTkazHoe neil-
CTBHE CHJI 00XKaTHsI U UX MOJBMKKH MOXHO TapaH-
TUPOBATh IMOTOMY, YTO CO3JAIOTCS OHU Mpeodpa3o-
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BaHUEM IMONYNITAIaMHA TPOYHOCTHBIX U YIPYTHUX
CBOMCTB BEPTHKAIBHO AePOPMHUPYEMOTO OCHOBA-
HUSI LIMaJIbI-MeXaHu3Ma, HOPMUPYEMOTO.

[onBmxku cui 00KaTHsl — MPOU3BOAHBIC CKH-
MaeMOCTH OCHOBaHHUS. 3amada — (HOpMHpPOBaHHE
BO3MOJKHOW TOJBHXKH CHJIBI O0XKATHSA 1O BENH-
YuHE, PaBHOW MedOpMalMH CKATHS JTOW CHIION
BEPTHKAIBHON TPOKIAIKA, VIOKEHHOH COOKy
nreliku penbca. Ha penbcoBoM myTu ¢ oOkaTuem
peiibca 3ajada pemanach ¢ OOJIBIIMM 3alacoM.
MomHOCTh OCHOBaHUS MOJYHLINadbl BO MHOTO pa3
MIPEBBINIaNIa TOJIIMHY OOKOBBIX MPOKIAIOK, TO-
3TOMY CXXHMaeMOCTh OCHOBaHHMA Oblia OOIb-
me nedopmarny OOKOBBIX MPOKIAIOK. DTUM TIpe-
BBIIICHUEM TapaHTUPYIOTCS 00XKAaTHE Pebca U caMo-
npHCHocabIvBaHUE PENBLCOBOM HUTH K MEHSIOILIM-
Cs BHEIIHUM YCJIOBHSIM B TpoIlecce IIUTEIbHON
sKcIuTyaTanud. Kpome Toro, MOXHO paccMaTrpu-
BaTh BApUAaHTHl YCTPOWCTBA OCHOBaHUsA [3] U mpe-
00pa30BBIBAIONE BO3MOXKHOCTHA  TIOJNYIIITAIBI-
prryara. Hampumep, nmoaBm:xkka Ha ypOBHE paBHO-
JICUCTBYIOILICH CHT 00kaTusi coctapwia 1,1 MM mpu
ocafike oT cxumaemocty ocHoBauwus 0,4 mwm [13].

Ha MoMeHT nepekara koseca uyepes3 pacueTHOe
CCUEHHE PeNbCcoBas HHUTh NMPHOOPETAacT CBOWCTBA
0anKu ¢ )KeCTKOW apMaTypoil M MOTalleHHBIM 00-
JKaTHeM U JeMndupoBaHueM Imyma. Jlanee mpowuc-
XOJIUT YMEHBIIEHHUE CHJIBI 00KaTHA C Pa3yIUIOTHE-
HUEM CIJIOEB, YTO TO3BOJISET IMOTACUTh BHOpPALIMU
U IIyM Ha JUIMHHOM pelibce. 3HauuTeNbHble 00Ka-
THE W pa3yIUIOTHEHHE O0pa3yloT B CyMME Harpy-
JKEHHBII y4YacTOK pPENbCOBOM HUTH — LEIbHBIN
y9acTOK B 30HE BO3JEHCTBHS Kojieca Ha JJIMHE
okosio 6d [1, 2]. 3mech 6d — mamuHA TIEPBOIi BOJIHEL
MPOTHOOB PENTLCOBOM HUTH C MaKCHUMAaJIHHBIM IIPO-
ru0oM, OCTanbHBIE BOJIHBI NMPOTHOOB PENbCOBOM
HUTHU TPAKTUYECKOTO 3HAYCHUsS HEe uMeroT [3, 13].
Kpome Toro, ymakoBbiBasi penbc B OETOH uepes
yIpyTHue MPOKIAIKK MO TPEeM CTOPOHAM, CHMXKa-
0TCA HaNPsHKEHHO-Ie()OPMUPOBAHHOE COCTOSIHUE
PENbCOBOM HUTU B LEJIOM U BO3JIEHUCTBHE peibca
Ha OETOH Yepe3 KOHTAKTUPYIOIIME MOBEPXHOCTH,
B CBSI3U C YE€M YMEHBIIIAETCS YPOBEHb MPOU3BOIU-
MOT0 KOJIECOM M pelIbcOM Iyma. lakas cuTya-
Usl — CJEJCTBUE TIepexojia Ha pPacIpelelIeHHYIO
nepenavdy CWJI MEXAy CIOSMH M Ha JIGHTOYHBIS
AIIEMEHTHI B KOHCTPYKIWU TyTH. B maHHOM cirydae
JICHTa BBIICTACTCS KaK OOBEKT, (OPMHUPYIOIIUH
PENIbCOBBIN MyTh C 00XKATHIM PEIbCOM: JIEHTa Oai-
JIACTHOTO CJIOf, JIGHTAa pEJbCOBOW HHTH, JIEHTA
MImanel-MeXaHu3Ma, JieHTa penbca. [lostomy
TpeJyIaraeMblii peNbCOBBIA MYyTh — IyTh 0€3 KOH-
[EHTPAIUN HaNpsHKeHUH U JedopMalvii ¢ yBEIH-
YEHHBIM PEMOHTHBIM TIEPHUOJIOM.
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JleHTOYHOE ETMHEHUE CO ITATOW-MEXaHU3MOM
oOecrnieunBaeTcsi 0€3 KOHICHTPATOPOB, T. €. 0e3
OTBEpCTUM, OONTOB M KOCThUICH. Penpc B KOH-
CTPYKLUHU IMYTH C 00XKaTHEM HE UCIIOPYEH OTBEp-
CcTUAMH Tox OonThl ckperuieHus. Ha pembcoBom
MyTH ¢ 00KaTUEM penbca He MPOMCXOAMT HAKOII-
JICHHE OCTAaTOYHBIX JAedopMalMid, TOCKOJIbKY
penbcoBas HUTH TIOCIE KaXIOTro HarpyKeHHs-
pasrpy3Ku  aBTOMATHYECKH BOCCTAHABIMBACTCS
C Yy4eToM HM3HOCa, T. €. CpadaThIBaeT CaMOIIPHCIIO-
cabnBaHUE CHUCTEMBL. 3a TIpejelaMu IIeITHHOTO
ydacTKa COOCTBEHHBIM BeC peiibca IMpeoXpaHseT
pENLCOBYIO HHUTh OT OOpa3oBaHUs IMENEeH MEXITY
CJIOSIMH U OT 3arpsi3HEHMUSL.

W3Hoc TronoBKHM pelibca TOHAYaly YIIydllaer
KOHTaKT TIOBEPXHOCTEH KaueHHUsl Kojeca H penbea,
ocyiecTBisieTcss npuTupka. OJHAKO Kojeca 1moes-
Jla UMEIOT pa3HOe COCTOsSHHE Hakara. [loaTomy
KOHTaKT KoJieca M pelibca He MocTosiHeH. Bospac-
TaeT poib OoOXKaTus, SBJISIOWErocs (aKTopoM
€IMHEHHUS CJI0EB, YIYUIICHHON Iepenadyn TUHaMu-
YeCKOH Harpy3Ku Ha OCHOBAaHUE.

BecurymHOCTE rapaHTupyercsi 00)KaTueM peib-
ca ¢ neMndupoBaHUEM IIyMa, a TAKXKE MPaBUIIb-
HBIM HCIIOJIHEHHEM O0003HAYCHHBIX (aKTOPOB.
Penbchr, 3akaTeie B )KelIe300€TOHHOW IHImase-
MEXaHH3Me, TEPAI0T BO3MOKHOCTh BHOPHUPOBATE.
B nByX IIOCKOCTSIX BO3PAcTaloT HECylIas croco0-
HOCTb M YCTOWYHBOCTH PEIlbca, OITOMY YacTh €ro
(YHKIMI MPUHUMAET Imaiga-Mexann3M. OTcrona —
BO3MOKHOCTh YMEHBILIEHUS] MAaCChl pebca, OTCYT-
CTBHE TMOTPEOHOCTH B KPENEKHBIX JeTajsX.
HagexxHocTh TapaHTHPYIOT TPOCTOTa KOHCTPYK-
UK ¥ 00’KaTHe penbca BHELIGHTPEHHBIM Harpysxe-
HUEM, OTCYTCTBHE MECT KOHIEHTPATOPOB, yI00-
CTBO Ka4eCTBEHHOH YKJIAJIKH JIGHTOYHOTO PENbCO-
BOTO ITYTH C 00KaTHEM pelbca.

BennuuHy cuiiel 00KaTHS ClIEAyeT HaXOIHUTh
W3 YpaBHEHHS MOMEHTOB OTHOCHTEIHHO TOPH30H-
TaNbHBIX CBA3€H TIONYIINAN, PaCIOJIOKEHHBIX
B IITaJie-MEeXaHW3Me Ha ypOBHE TONIIUHBI 3aIHT-
HOro cyios u3 OetoHa [13]. OGxkarue penbca ycH-
JUBAETCS, €CIIM YMEHbBIIATh BBHICOTY IITIABI-MeXa-
HU3Ma TIpY HEM3MEHHOH IINPHUHE.

B mayuHbIX Tpymax pa3paboOTaHBI W TIpeasia-
raloTcs K OOCYXICHHWIO CHEeI[HAIbHBIE TEPMHHBI
C ONMMCAHWEM UX COJEpKAHWS, XapaKTepU3YIOIne
KOHCTPYKIIMIO OECITyMHOTO pPEelbCOBOTO IIyTH,
CONYTCTBYIOIMN TIOTEHIIMAJ €ro pa3BUTHS Ha
TOPOJICKOM OOIIECTBEHHOM TpaHcmopTe. Tepmu-
HBl CIy)XaT mocoOWeM Mg HaluCcaHUs paspa-
OaTpIBaeMON HOPMATHBHO-TEXHHYECKOW JIOKY-
MEHTAllUd MPOCKTUPOBAHMS, CTPOUTENLCTBA |
9KCIUTyaTallud OECIIYMHBIX PENbCOBBIX IyTEH
c obkaTueM penbcea.
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DdderT ooxaTus — pe3yabTaT 00KaTHsI pelibca
Ha JUIMHE TEJHHOTO YYacTKa ¢ JAeMI(pHUPOBAHUEM
myma. DPdekT 00KaTHI MOXKHO YBEITUINTH, SCITH
NPUMEHUTD TpanelenaibHyl0 (OpMy IONEPEUHO-
ro ceuenust [8-12, 14] penbcoBoit HUTH (pe3epB).
IIpu sTOM co3maercs OOKaTHE W CaMOW IITIAJbI-
MEXaHU3Ma, YBEIMUUBAIOTCA CUia 00Xatusi u 00-
JKaTre BIOXKEHHOTO B IIMAaJly pesibca, HO TMOA AeH-
CTBUEM BHUOpaIMK OCliabeBacT CTaOWILHOCTh €/IH-
HEHHsI PeNbCcOoBOM HUTH C Oamiactom. M3 uero
CJIEJlyeT, YTO CHayala HY)XXHO paccMaTpuBaTh W
aHAITM3UPOBaTh Pa0OTy INMATbI-MEXaHU3Ma TIps-
MOYTOJILHOTO CEYCHUSI.

[IpoekTrpoBaHUe PENLCOBOTO IMYTH € 00KATH-
€M penbca TOJ 3a/JIaHHYI0 Harpy3ky BKIIOYAeT
pacyer pelbCOBOM HHUTH KakK OajKd Ha YIPYyrom
OCHOBaHWM C TOMOIIpI0 rHmoTe3sl PDycca —
Bunxuepa [13]. Eciau yunteiBatoTcsi pactipenesneH-
Hble CHJIBI O0KAaTUsl MO BBICOTE BEPTHKAILHOTO
UIe4a MOJTyIINajbl, PacyeT MPOU3BOAMTCS MO Me-
TOJy KOHEYHBIX 3JIEMEHTOB. Tarkke C MOMOIIBIO
9TOr0 MeTOAa PEKOMEHAYETCS BBINOJHATH pac-
YeT pesIbCOBOM HUTH B Cly4ae KOHCTPYHPOBAHHS
OCHOBAaHHWSl WM pacyeT pelbCOBOM HHUTH M Ke-
7e300€TOHHOM IIMajbl-MEeXaHu3Ma Tpu  HU3ruobe
C Kpy4YCHHEM.

JITMHHBIE KOHCTPYKTHBHBIC JJIEMEHTHI OIICHH-
BAIOT IO CBOWCTBAM W MapaMeTpaM y4acTKa «elIu-
HUYHOIY JITMHBL. 3a TaKOW Y4acTOK Ha PelbCOBON
HUTH MPHUHATA JJIUHA IEPBOTO yYacTKa M3 BOJIH e
mporu6oB [13], onpeneneHHbIX 0 METOTY pacdera
Oamkn Ha ynpyrom ocHoBaHWu. C HCIIONB30Ba-
HUeM runote3sl Pycca — BuHkiepa BBIYHCISIOT
ee UIMHY U TPOru0d MaKCUMajJbHOTO 3HAYCHUS.
[lapaMeTpsl BOJNHBI, CUMMETPUYHO PACIOIOKEH-
HOW OTHOCHTENILHO JIMHHUU JEHCTBUS TPy3a, Xapak-
TEPU3YIOT PEIbCOBYID HHUTh B MAaKCHUMaJbHO
Harpy>keHHOM, HO Oe3omacHoM coctosiHuH. llo-
9TOMY €€ JJMHA MPUHAMAETCS 38 PACUETHYIO JUIH-
HY TIETTFHOTO YYaCTKa.

LenpHBIN y4acTOK — 3TO OOXKATBIA YYacTOK
pEeNbCOBOM HUTH C yNYYIICHHBIMH MapaMeTpPaMH,
CO CBOMCTBaMH, TIO KOTOPBHIM MOXHO OIICHWUBATh
pENbCOBYI0 HUTh B HArpy)KEHHOM COCTOSIHHHU.
JIBkeHMe Kojeca MO PellbCy COMPOBOXKIACTCS
HETPePHIBHBIM 00pa30BaHUEM U CMEIICHUEM IIEJTb-
HBIX YYaCTKOB CO CKOPOCTBIO MEepEeMEIICHU TPpy3a.
Jnis ommcaHWsT MHOTOKPAaTHOTO OOpa3oBaHMsI Ha
PENIbCOBOI HUTH LIENBHBIX YYaCTKOB C MPOLIECCOM
camonpucrnocabnuBaHusi 00KaTusl MOIXOAUT CIO-
BOCOYETAHNE «MEXaHU3M 00XKATHUS».

MexaHHu3M MTadbl-MEXaHU3Ma — STO MOJBHK-
HO COCIUHEHHBIE MOIYIINANbI, COBEPILIAIOIINE IO
JNEeHCTBUEM TPWIOKEHHBIX CHJI ONpe/eleHHbIe
JIBIDKEHHSI B JIByX TUIOCKOCTAX. MeXaHH3M pellb-
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COBOM HUTU NPHUBOJUTCA B JECHCTBUE HAPACTAIO-
el Harpy3Kod MpH HakaTe KoJjieca U yObIBaromen
Harpyskoil npu ero orkare. COOTBETCTBEHHO, IPH
Hae3/ie MPOUCXOANT €IUHEHHE CIIOEB, NMPHU OTKaTe
cpaboTaeT pa3yIUIOTHEHHE KOHTAaKTOB. EnuHeHue
U pa3yIUIOTHEHHE CJIOEB — pPEryJiupyeMbie QaxTo-
pBl IIpH BBIOOpE JOMYCTUMOTO YPOBHS IIyMa B
OKPYKaIOILYIO CPeLy.

MHOrOKpaTHbII LMK «Harpy3ka — pasrpyska»
PENIbCOBOM HUTH — MEXaHU3M CTa0MJIBHOCTH Mapa-
METPOB PEJIBCOBOIO IIyTH C 00XKATUEM PEJIbca IS
0€30MacHOCTH TMOE3/I0K B JKCIUTyaTallMOHHBIN Iie-
puoa. MHOrokpatHelM 00XaTHEM Pa3HOPOAHBIX
CJIOEB MEXaHU3M MPHUJAET CIOCHON KOHCTPYKLHHU
PENbCOBO HUTH HEOOXOAWMBIE ISl PEIHCOBOTO
MyTd cBoMcTBa. MexaHM3M BOCCTaHABIMBAET
(yHKIMOHANBHBIC TTAPAMETPBI PENbCOBOM HUTHU IO
YPOBHSI MCXOJHBIX (IIPOEKTHBIX), COXPAHSET yCio-
BHA JKCIUTyaTalluH, pearupyeT Ha IOsBICHHE Je-
(heKTOB B paboOTe 3JICMEHTORB ITyTH.

[Ipu nepemadye OCHOBaHMIO PHEPTUM yAapa Cy-
LIECTBEHHO BO3PAcTaeT POJIb KOHTAKTa CJIOEB H
Macchl. Ha mmomaan nenpHoro yyactka CyMMapHO
yIYYIIEHHBI KOHTAKT € 0alacTOM TOJOIIBEI
JIBYX JIGHTOYHBIX IapajljIeIbHO PacCIION0KEHHBIX
[Imaji-MexXaHu3MoB dPGEeKTHBHEE BKIIOYAET Maccy
IpyHTa B TalleHHWE LIyMa B CPaBHEHUHM C TaKOH
e BEIUYMHOM CyMMapHOM IUIOIIAAW KOHTAaKTa
MOJOUIBEl U3 TOINEPEYHBIX, MPEPBIBUCTO Pa3io-
JKEHHBIX IImman. MeHee 3arimyOJeHHbIe Iabl, KO-
poTKkue, ¢ OONBUIMM KOJIMYECTBOM YIJIOB Ha ILJIO-
IIagy KOHTAaKTa — 3TO KOHLEHTPATOPhl Halpsbke-
Hui u nedpopmanuii [5, 13].

B ympyroii cragum MHOTOKpaTHbIE (Haxe MH-
HUMaJIbHbIE) TIEpEeMELICHUs] pacIlaThIBAIOT CHCTe-
My PEJIbCOBOTO IIyTH, YJIOXEHHOTO Ha IOIEPEeqHO
pacroioKeHHble Majbl. B ¢BA3u ¢ 4eM peMoHT-
Hasl cinyx0a IyTH AOJDKHAa BOCCTAHABIMBATh €r0
ucnpaBHoe cocTosiHue. Ha penbcoBoM mytu ¢ 00-
KaTUeM pellbca COBEPILIAETCS IPOLECC CaMOBOC-
CTaHOBJIEHMSI HCIPABHOIO COCTOSHHS, IIO3TOMY
MHOT'OKPAaTHO IOBTOpPsieMbIe HOJBIKKH HE paciua-
TBIBAIOT CHCTEMY DPEIbCOBOIO IYTH, YJIOKEHHOTO
Ha TPOAOJIBHO pacroiiokeHHbIe mimaisl. OOpa3y-
€TCd 1EIbHbI MAacCUBHBIA YYacTOK, MOIJIOLIA0-
muid BUOpALMIO WU MEpeIaloluii ee Ha OanacT u
TPYHT C MEHBIIUM KOJMYECTBOM KOHIEHTPAIU
HaIpsDKeHUH 1 JepopMaIiui.

BHe mpenenoB LENbHOrO ydyacTKa PpesbCcoBas
HUTHb COCTOUT M3 JIEHT 0€3 JKECTKOU CBSI3U MEXAY
cinosimu. Exunenue cnmoeB oOpasyercst Maccoit
pachojoXKeHHOro Bbllle cios. HemocTtosHCTBO
KECTKOCTU PEeIbCOBOM HUTH 3a NpeaesamMH Lelb-
HOTO y4YacTKa 3Q)eKTHBHO CKaKETCS Ha Ioralie-
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HUM BHOpAINH, TOCTYAIONIEH BAOIb 110 PEIbCy OT
WCTOYHHKA, HAXOSIIIEr0Cs 32 ero MpeIeaMH.

YTOH IyTH — IPOAOIBHOE CMEIIEHUE JKEeTIe3HO-
JOPOXKHBIX PEIIbCOB B CTOPOHY IBIKEHHS, BbI-
3BaHHOE MPOAOJBHBIMU YCUIIHSMH B PEIBCOBBIX
HHUTSAX, BO3HUKAIOIIUMHU NPU JBUKEHUH I0E3]I0B
OT yJapoB KOJIEC B KOHLIBI PEIbCOB HA CTHIKAX, IPH
TOPMOKEHUH TOJIBIKHOTO cocTaBa. Ha penbcoBom
MyTH ¢ o0kaTueM He 00pa3yeTcss YroH pPejbCoB.
[IpakTryecku HeT KoneOaHi U U3rnda PeIbCOB CO
CMEIIEHUEM OIIOPHBIX CEYEHUH, CBOWCTBEHHBIX
pPENbCOBOM HUTH, COCTOSIIIEN TOJBKO U3 pesibca Ha
IITaTbHOW pelIeTKe C JOMyCKaeMbIM €ro Ipo-
ruoom 2—4 MMm. Ha HOBOM myTH B 00KaTOM CTBIKE
HE YBEJIMYHUBACTCS 3a30p; 00KATHIN CTHIK paboTaeT
Kak LIeJIbHBINA PEhC.

IIo I'. AMOHTOHY, CHJIBI COIPOTUBIIEHUS CABU-
Ty 3aBHCAT OT KO3 UIMEHTa TPEHUS U JaBICHUS
Y HE 3aBHUCST OT pa3MepOB KOHTAKTHBIX MOBEPXHO-
creii. KoadduumeHnT TpeHHs MeTaluIMYecKOro
pelibca MO TPECCOBAHHOW pPE3MHE MPOKIAAOK,
YIOKEHHBIX N0 OOKaM LIEWKH peibca M MoJ Mo-
JOLIBOM, Ooublie KO3 (UINEHTa TPEHUs MeTall-
JMYECKOTO KoJieca MO MeTaly peibca. [loaTomy
YIOH pefibca U JII000Tr0 APYroro o B JIEHTOYHOM
pENbCOBOM TIYTH HE O0paszyeTcs Aake IMpH II0-
SBIICHUH CIIBUTAIOIIEH CHJIBI TOPMOMKEHUS WIIN
pasroHa.

IIpn ymakoBke penbca (C TPOKIAAKAMH U3
MPECCOBAHHOM PE3UHBI MO0 CTOPOHAM IIEUKU PElb-
ca W ¢ IPOKJIaJKaMH TOJ er0 MOJOIIBON) B JKele-
300€TOHHYIO IMIMaTy-MEXaHW3M yBEITHYMBAETCS
YCTOWYHBOCTD PEIbCa M PENbCOBOM HUTH, MPAKTHU-
YECKH HMCKIIOYalOTCSl OOKOBBIE CHIIBI TPEHHSA, HO
cpabaThIBalOT CHJIBI TPEHHUS 110 TOIOIIBE.

Ilpumep. PenbcoBblii MyTh ¢ 00KaTHEM pelnbcea,
TopMOkeHHe Kousieca. CHIIBI CIBUTA, CHIIBI Tpe-
HUSI — METaJT KoJIeca 10 METaJTy TOJIOBKH pPelibca.
Cunbl CONMPOTHUBIICHUSI YTOHY — METAJUT MOOIIBHI
penbca MO YIUIOTHEHHOM NPOPE3WHEHHOH mpo-
inagke. M3-3a pazmuuns xkodhPHUIrEeHTOB TpeHUs
oOpa3zyercsi OOJbIIE CHII COTPOTHUBIICHHS CIIBUTY,
T. €. yTOHA HET. A €CIIi HeT yrOHa, TO HeT U C/IBHUTa
10 KOHTaKTHBIM TIOBEPXHOCTSM IIEHKH pebca pe-
3WHOBBIX TPOKIIAOK, HET TOPH3OHTANBHBIX OOKO-
BBIX TIPOIOBHBIX CHII TPESHUSI.

B ympyroii moctaHoBKe 3aayM MPOIOJIbHBIC
OOKOBBIE CHIIBI TPEHUS MPOSIBITCS IMOCTE MPEOO0-
JICHUA CWJI TPEHUA 11O MOAOIIBE. WNuaue >tu cUIIBI
He paboTalT M COCTaBIAIOT pe3epB. BepTukas-
HbIE TOJBIXKHU pelibca OTrpaHuyeHbl Aedopmanu-
sIMA  (aMIUTMTYAOH) TPOKIAAKH MO IMOJOUIBOK
pelibca Ha AnHe HenbHoro ydactka. Konebarses —
3HAYUT, pacKauuBaTbcs CBEpXy BHU3. Hampumep,
B TPaMBaifHOM TYTH peJIbCOBasg HUTh C 00KaTHEM
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nmeeT amruatyny 0,4 mwm [13], 3HaueHHE KOTOPOU
MaJIo, MO3TOMY HET YCJIOBMH sl 0Opa3oBaHUS
KojeOaHuil penbca, pabOTalOMIEro COBMECTHO C
KeNe300€TOHHON YMaKOBKOH, KaKk HEBO3MOXKHO
packayaTh MEXaHWYECKOE EIUHEHHUE CIIOEB pellb-
COBOM HUTH, pabOTaroIlee B CUCTEME «00XKaTHE —
OTXKaThue» COBMECTHO C MaccOW OCHOBAaHHUS W3
OamactTa W TpyHTa OpPU MHOTOKPATHOM LIHKJIE
«HATpy3Ka — pasrpy3Ka.

BrIBog — yroH penbcoB He oOpa3yeTcs 1Mo He-
CKOJIBKUM mnpuuuHaM. M3-3a yBennueHus uepes
o0XaTre Macchl peNbca Maccoil Kene300eTOHHON
HInajibl-MeXaHu3Ma HCKIII0YaeTcsl ero BUOpauus.
[IpakTHUeckn HCKITIOYEH ero mporud Omaromaps
YBEIMUYEHHIO JKECTKOCTH penbcoBod HHUTH. Ko3d-
(ULMEHT TpeHUsl NPOPE3UHEHHON MPOKIAIKHU 101
MOJIOLIBOH peJibca 00JIbIle, YeM KoJieca IO PeJibCy.
VYnmap koseca B Topel] NPUHUMAIOLIETO pelibea, 3a-
&KAToro obOxaTueM B JKENe300eTOHHOW Imase-
MCXaHU3MC, BO3MOXCH IpHU HAJIUYNKU OOJIBIIIOTO
3a30pa M Kak MCKI0YeHHe. 3a IpeaenaMu [elbHO-
T'0 y4acTKa CJIOU PeNIbCOBOW HUTH Pa3HOU JKECTKO-
CTH €ClIM W BHUOPHPYIOT, TO HEOJUHAKOBO, U HE
MOTYT CO3/IaTh PE30HAHC KOJIeOaHnH.

B penbcoBoM myTH ¢ OOXKaTHEM Ha y4acTKe
NEepeKaThIBAaHUS KOJeca MEXaHHYECKOE CIUHEHUE
penbcoB cpaboTaeT Kak CBAPHOM CTBIK, €CIIU CO-
eAnHEeHHe OyneT 00XaTo W YCHJIEHO IIMajou-
MexaHu3MoM. CxeMa COEOMHEHHS MOXKET OBITH
B pa3HBIX BapHaHTax HCIOJHEHHA. PaccMoTpum
BO3MOXHBIN ciydail. B mpouecce skcmityaTanuu
B peJbCe MOSBUIACH TPEIIMHA, TAKOE MECTO MOXK-
HO CPaBHUTH C YCTPOMCTBOM MEXaHUUYECKOTO CThI-
Ka penbcoB Topuamu. Hecymas crnocoOHOCTb
pEIBCOBOM HUTH HE yMeHbIIMuach. Mcxons w3
YCITIOBUSI BOCCTAHOBIICHHS IMPOYHOCTH PEIHCOBOM
HUTH, PEMOHT He TpeOyercs. Ho s penbcoBoro
IIyTH C O6)KaTI/IeM, YUYUTBIBasg €ro HOBU3HY, HYKHO
BBIOpATh THII BIIEKTPUYECKOTO COCTUHEHUS C yde-
TOM €ro OOXKaTHs B MEXaHHYECKH 00XKATOM CTBIKE
penbcoB. Kak BapuaHT, NpeacTaBisieT HHTEPEC
YCTPOHCTBO KOHTAKTHOT'O JIEKTPUUYECKOTO COEAU-
HEHMA 110 MpPaBUIIy BWIIKH ¢ po3eTkoil. Takoe co-
eArHeHHe He TpeOyeT BBINOJHEHHS CBAapOYHBIX
paboT Ha JTMHUH, HO SIBJISETCS] BPEMEHHBIM.

[Ipon3BOOMMBI peNbcOM LIYM yMEHbILAETCS
MOTJIOIIEHHEM ~ KoJieOaHWH  Maccod  IImasbl-
MexaHu3Ma, 0ajlacTa ¥ TpyHTa — Kak pe3ysbTaT
YIYUIICHHBIX 00KaTHEM KOHTAKTOB JIEHTOYHBIX
cioes. IIpu aTom comyrcTByronye GakTopsl ¢ ra-
panTHeil obecrneunBaroT HeOOJbIIOE, Oe3 00pa3o-
BaHUS LIEJIEH MEXKAY CIOSIMU PENBCOBON HUTH, HO
MOCTOSIHHOE O0XKaTHe TakkKe M 3a IpeneraMu
LEJBHOTO ydacTKa. To ecTh perynupyemMoe raiie-
HHE [IyMa Ha PeJIbCOBOM ITyTH C 00KaTHEM pebca

Hayka
urexHuka. T. 20, Ne 3 (2021)



Transport

OCYIIIECTBIISIETCSL B TMpoliecce O0XaTHs peiibca Ha
[ENLHOM y4YacTKe MPOU3BOJHBIMHU TPY3a U COITYT-
CTBYIOIIHX (DaKTOPOB, HEPETYIHPYEMOE — TOIBKO
COOCTBEHHOH MaccoH CJI0eB.

Penbc w jyvHHas skene300€TOHHAs IHTIaja-
MEXaHHU3M — JIEHTBI C MOCTOSHHBIMH CBOHCTBaMH,
erie oauH ¢aktop OeciryMHOCTH. Takue JICHTHI Ha
PENbCOBOM TYTH C OOKaTHeM penbca obecriedar
KOHEUYHYIO IIeJIb: PEelIbCOBAasi HUTh — MOCTOSIHCTBO
C)KMMaeMOCTH Ha BCEM ITYyTH.

3BYKOMOTJIOMIAIONIAs Cpejia PEIbCOBOTO MyTH C
00XaTueM — 3TO 3BYKOIOTJIOIICHUE, 3BYKOU3OIIS-
s, JeMIupoBaHue. 3BYKOMOTIIOMAOIINE CBOM-
CTBA AaKyCTHYECKMX MAaTepHajoB O0YCIOBJICHBI
MOPUCTON CTPYKTYPOH, HATMYHEM OOIBIIOTO YHC-
JIa OTKPBITHIX, COOOIIAOIINXCS MEXITY COOOU Top
(Hampumep, OamacT W3 MIEOHsI, MaTCPUKOBBIN
IPYHT, WCKYCCTBEHHbIC MaTepHaibl). bombias
Pa3sSHOBUIAHOCTDH CBOMCTB JTHUX MaTcpuajioB HUC-
MOJIBb3YETCs P KOHCTPYMPOBAHHHM OCHOBAHHS W3
Hux [13].

3BYKOU3OJISAIMS JTOCTUTACTCA ITyMO3AIIUTHBI-
MU 9KpaHaMHU M3 XKelle300€TOHHBIX BEPTHKAIBHBIX
CTCHOK KaHABKH, YIIPYTUMH NPOKIAJKaMH 10 00-
KaM IIeHKH penbca W MO MOJONIBOM, T. €. 3BYKO-
W30JISI0UEN €ro yNpyruMH IMPOKIAJKaMHU M KeJe-
300€TOHHBIM 00paMIICHHEM C TPEX CTOPOH.

B xonomHoe Bpems roia B JBa-TpU pasza yBe-
JMYUBAETCS KECTKOCTh IIyTH BCJIEICTBUE MPOMEp-
3aHUSl 3EMJISTHOTO TMOJIOTHA, OaIacTHOTO CJof,
CHIDKCHHUS YIPYIOCTHM PE3UHOBBIX IPOKIAMOK.
Ho BMmecte ¢ 3THM pe3ko BO3pacTeT JUHAMHKA
BO3JICHCTBHSL KoJieca Ha TMPOMEP3IINE SJIEMEHTHI
nyTH: BuOpaums u aedopmanus ciioeB OyayT cro-
cOOCTBOBaTh Pa3pyLICHUIO MPOMEP3aHuUs, BOCCTa-
HOBJICHHIO CBOWCTB CJIOEB U UX €JUHEHUIO. Pe3kue
KOJIEOAHUs TeMIepaTypbl MOXKET CIIIaJUTh padboTa
peiibca B Macce jKelne300€TOHHOW IImajibl-Mexa-
HU3Ma. TaK, Ipru OXJIAXKIACHHUUN IIPOUCXOAUT BbI-
NpaBJIeHUE pelibca PacTsHKEHNEM, IPH MOBBIICHUH
TEMIIepaTyphl TOJIOBKA pelibca OTKPBITA JIIS JTydeit
COJIHLA, IIeHKa M MOJOIIBAa 3aKPBITHI B OETOHE.
Nmeer MecTo B3aUMOBIHSHUE Pa3InYHBIX Aedop-
Maruii, Ho 6e3 BeIOpoca My TH.

BbIBO/IbI

1. YcraHOBICHHBIE IPEUMYIIECTBA PEITHCOBOTO
OyTH C o0aTueMm penbca CIyXKaT TapaHTOM
YCTOHYMBOCTH €ro paboTHI B MpOIEcce SKCIUTya-
Taluu:

— MPOCTOTa KOHCTPYKIMU 00ECleunBaeT ya00-
CTBO I KQYECTBEHHOT'O U 0€30MacHOro MCIOIHEe-
HUS JICHTOYHOTO €IMHEHHS peibca CO INMajioi-
MEXaHU3MOM O0XKaTheM 0e3 KPETeKHBIX JeTaleH,
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a TaKKE CaMOBOCCTaHOBJIEHHE OOXKaTHs NpH IIO-
CTOSTHHOM H3HOCE IIyTH;

— 0e30MacHOCTh MOE3I0K 10 PEIbCOBOMY MyTH
c o0kaTueM penbca yCHJIeHA U rapaHTHpYeTcs pa-
0OTOH ATMHHBIX PEIbCOBBIX HUTEH, KOTOpast OTIIU-
gaeTcsi OT pabOTHl LIMAIbHOM PEIIETKH U3 KOPOT-
KHX, IONEPEYHO PAa3JI0OXKEHHBIX LINajl W pelbca
10 HUM;

— YCTOMUYMBOCTh KOJIEM M OCHOBAHMSI JIOCTHUra-
eTcs paboToil JUIMHHBIX PEJIbCOBBIX HHUTEH CO
BCTPEUHBIM HAKJIOHOM TOJOIIB M BCTPEUHBIM Kpe-
HOM PpENbCOB, CTaOMJIBHOCTBIO COIYTCTBYIOIIMX
(aKTOpOB, TAKMX KAaK BHELEHTPEHHOE Harpy>XeHHUE
PENBCOBBIX HUTEH, CXKHMAeMOCTb OCHOBaHUS M
npeoOpasyrolas moymnana-peraar.

2. PenbcoBele MyTH C OOKaTHEM CO3/AAIOTCA
U paboTaloT MO H3BECTHBIM 3aKOHOMEPHOCTSAM,
MO3TOMY HeT IpolieM ¢ ux BHeApeHueM. Ilpocras
[0 YCTPOMCTBY JIEHTOYHAs KOHCTPYKLHUS PENbCO-
BOM HUTH — OCHOBA NMPOEKTHPOBAaHUS OCCIIYMHBIX
PENbCOBBIX MyTeH ¢ oOKaTueM penbca A pas-
JIUYHBIX BUIOB TOPOJCKOTO TPaHCIIOpTa (TpamBas,
METPO, KEJIECIHOU TOPOTH).

3. BrINoNHEHHBIE HCCIEN0BaHMsl JOKA3bIBAIOT,
YTO PENbCOBBIA MyTh C OOXKaTHEM penbca Omaro-
Japsi TPOCTOTE€ HCMONHEHUs Hu 3(PQPeKTHBHOCTH
B mporiecce paboThl MOXKET OBITH OJHHM H3 yCIIO-
BUI peIleHUs TPAaHCIOPTHBIX HpolieM ropoja
¢ TrapaHTHed O€30MacHOCTH W OECITYMHOCTH.
[Ipu s3TOM mepuoa CTPOUTENLCTBA KHJIOMETpA
MyTH — OJuH-IBa Mecsaua. HoBu3Ha mpoekra noa-
TBep)KAeHa mareHTamMu PecmyOmuku benapych
u Poccuiickoit denepanuu.
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Abstract. In recent years, intensive research on urban transport has been observed. The search is about finding such solutions
that will enable, among others: increasing the importance of public transport, matching transport for the needs of people
with reduced mobility, increasing capacity, reducing emissions, energy efficiency (technical and organizational dimension
through the organization of transport on demand), increasing the vulnerability to recycling and remanufacturing. The paper
presents the main concept and technical solutions of the innovative transport system — HMASSUT Prometheus (Hybrid Mo-
dular Autonomous System for Sustainable Urban Transport), which combines the concepts of personal rapid transport and an
electric vehicle at the L4 autonomy level (according to the Society of Automotive Engineers classification). An assessment of
the effectiveness of an innovative transport system using indicators used in road engineering is given in the paper.
The concept of simulation and optimization of the transport network is presented together with the theory of cellular
automata.
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HNHHOBAIMOHHAS ABTOHOMHAsI CUCTEMA ropoJaACKOro Tpancnopra
C HU3KMM YPOBHEM JIOKAJIBHOI'0 3arPpA3HCHUS Oprmammeﬁ cpeabl
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Pedepat. B Hacrosimee BpeMst MOSBHIOCH MHOXECTBO HCCIIEJOBAHMII B 0OJIACTH COBEPIIEHCTBOBAHUS T'OPOJCKOro oOime-
CTBEHHOTO TpaHcropTa. OCyIEeCTBIsIETCS MOUCK TAKUX PEIICHMI, KOTOpBIe MO3BOJIAT CEIaTh JAHHBIM TPAHCIIOPT OoJiee 3Ha-
YUMBIM U JOCTYHHBIM JUIS JTIOJEH ¢ OrpaHHYCHHBIMI (U3MYECKIMI BO3MOXKHOCTSIMH, YBEIIMUHUTh €ro IPOIYCKHYIO CIIOCO0-
HOCTb, COKPATUTh BBIOPOCHI 3arps3HAIOLIMX BEIECTB, NOBBICUTh YHEProd(p(EeKTHBHOCTb IYTEM BHEIPEHHS NEPEBO3OK IO
TpeOOoBaHMIO, YCOBEPIIEHCTBOBATh PELUKIMHT MaTEPHANOB U BTOPUYHOE NPOHU3BOJICTBO. B cTaThe mpencTaBiaeHbl OCHOBHAS
KOHIIETIIMS U TEXHUUECKUE pelIeHuss HoBaTopckoi TpancnoprHoi cucteMsl HMASSUT Prometheus (rubpuanast MogyiibHas
ABTOHOMHAsI CHCTEMa yCTOHYHMBOTO ropojickoro TpaHcropra «lIpomereii»), coueraromell KOHIENIHN MEPCOHAIBHOTO CKO-
POCTHOrO TpaHCIIOpPTa M JJIEKTPOMOOMIIsI Ha ypoBHe aBToHOMHM L4 (B cooTBeTcTBHU ¢ Kiaccupukauueidn SAE (Obuectsa
aBTOMOOHJIBHBIX MH)XEHEepoB)). JlaHa oneHka 3(GEeKTHBHOCTH MHHOBALMOHHON TPAHCIOPTHOH CHCTEMBI C MCIIOIb30BaHUEM
MIPUMEHSIEMBIX B JOPOXKHON HIDKEHEpPHH Ioka3areseid. [IpuBeeHa KOHIENNSA MOJEINPOBAHNS U ONTUMH3AINN TPAHCIIOPT-
HOHU CETH COBMECTHO C T€OpHeH KICTOUHBIX aBTOMATOB.

KiroueBble cj10Ba: ropojiCKOH TPAaHCIOPT, aBTOHOMHBIE TPAHCHOPTHBIE CPEICTBA, 3JIEKTPOMOOMIBHOCTH, KOMIIBIOTEPHOE
MOJIEJIMPOBaHKE, TEOPHUS KIETOYHBIX aBTOMATOB
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Introduction

The basic tasks for modern transport are:

« limiting the number of accidents, in other
words increasing road safety;

« reduction of pollution generated by motor ve-
hicles;

« adaptation of transport to people with reduced
mobility (especially older people);

* striving to use, especially in urban traffic,
public transport and limiting personal transport;

* increasing transport capacity, especially in
cities.

It seems that the above-mentioned objectives
can be achieved through the technologies of auto-
nomous electric vehicles. Typical solutions based
on existing ITS (Intelligent Transport System)
technologies seem to have already reached the
peak of their capabilities. Currently, one can ob-
serve a very dynamic development of vehicles and
autonomous transport systems in the world. New
solutions are based on various IT and measurement
technologies, vehicle positioning module and deci-
sion modules (decisions on maneuvers). The levels
of vehicle autonomy are also different (a five-level
classification defined by Society of Automo-
tive Engineers, SAE) can be used as a reference.
To date, standards, certification methods, safety
measures, etc., for autonomous vehicles have not
yet been developed. The IT side of the vehicle
is based on artificial intelligence (the so-called
deep neural networks).

This article aims to present a certain concept
developed and constantly developed in Poland.
This concept dates back to the beginning of the
current century. At that time, the first Polish PRT
(Personal Rapid Transit [1]) system and a powered
car were developed.

The basic system was developed in Poland at the
Faculty of Transport. The system was developed
as part of the ECO Mobility project financed by the
European Union (project manager — Prof. W. Cho-
romanski). As part of the project, a prototype of an
electric car was also made, with special utility
functionality — it can be managed by non-disabled
people and those with mobility disorders. The de-
signs have been described in detail in [1, 2].

Currently, works are being carried out to add
an electric module enabling autonomous driving
and modification of the PRT system to move not
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only on the track infrastructure (located above the
ground) but also to move on the road in autono-
mous mode and share this road with other vehicles.

Elements of the future system —
car and Personal Rapid Transit

Fig. 1 shows the car preprototype made as part
of the ECO Mobility project, and Fig. 2 — a model
for presenting the functionality of a PRT vehicle.
Here we will discuss the most important features of
these vehicles.

Fig. 1. ECO car (Warsaw University of Technology —
ECO Mobility)

Fig. 2. Model cabin of a Personal Rapid Transit
(Warsaw University of Technology — ECO Mobility)

The designed vehicles are equipped with inno-
vative control systems. The car uses a new type
of Human Mashine Interfase (HMI) steering wheel
using the steer by wire system (Fig. 3) [3]. This HMI
is adapted for sharing by fit and disabled people.

PRT wvehicles moving in a track system are
guided by a roller system and a turnout referred to
in the Anglo-Saxon literature by the term “pas-
sive switch”. The model of this system is shown in
Fig. 4, 5 and a detailed description is contained
in [4]. A non-contact dynamic power supply sys-
tem was used in the vehicle track motion.
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Fig. 4. Overview of model’s arrangement of solid bodies:
WLF, WRF, WLR, WRR - left front, right front, left rear,
right rear; F, R — front and rear wheel set [4]

0.15

-0.2 01 X

Fig. 5. Right wheel’s set of passive switch rollers:
R1, R2 — inner rollers; RF — outer roller [4]

The view of the completed PRT system on the
laboratory scale is presented (Fig. 6) [5].

Fig. 6. Scaled physical model of a Personal Rapid Transit
vehicle at a laboratory testing station [5]

The applied construction solutions required a spe-
cial design approach — the virtual pre prototyping

[ Hayka
wrexHuKka. T. 20, Ne 3 (2021)

procedure was used here. The tests performed pri-
marily concerned parametric sensitivity analyzes.

They provided many valuable data on the dri-
ving properties of the vehicles being built. The re-
sults of theoretical studies on vehicle traffic stabi-
lity with the Steer by Wire system are contained
in [6]. The following works [7, 8] show the results
of experimental research on the HMI system made
using a dynamic simulator. Particularly interesting
turned out to be works in the field of contactless
power supply design for PRT vehicles, the results
of which are presented in [5], as well as the results
of torsional vibration analyzes of wheel axles
in track motion. The reason for these vibrations is
the lack of a centering mechanism for track motion
with the use of car tires. The results of the analysis
are presented in [4].

In the scope of simulation tests regarding PRT
transport, simulators operating on the basis of inci-
dent analysis [9] and operating on the principle of
cellular automata using parallel calculations and
the CUDA platform [10] were made.

Polish future proposal
of autonomous vehicles
and transport systems

The autonomous transport system developed at
Warsaw University of Technology combines three
technologies (Fig. 7). PRT technologies (a proto-
type solution developed at the Faculty of Transport
of the Warsaw University of Technology), tech-
nologies of an electric car suited to driving a ve-
hicle by disabled people [1] and Report NTC [11],
technologies of autonomous cars (L2 autonomy
levels or L4/B). The system can be configured
in various ways depending on your needs.

In the case of extension of the classical PRT
system, the Polish system consists of small, four-
person electric vehicles moving autonomously on
a light aboveground infrastructure (in autonomous
and track mode). Vehicles perform “point to point”
transport, i. e. from the initial stop to the final stop,
there are no intermediate stops, in addition they
choose the optimal travel route. Vehicles in the
same mode can travel on roads that they share with
other vehicles. In this case, the autonomous mode
(at L4/B/level) is also preserved — it is a driving
mode without a driver.
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PRT (Personal Rapid Transit

| (Tram) Technology

Electric car technology
ECO - CAR

Autonomous Car Technology (V2I)

o
¥

The Hybrid, Modular and Automated System for
Sustainable Urban Transport - Prometheus
Acronym : HMASSUT -PROMETHEUS

HYBRID — because, referring to the electric drive, it does not eliminate the use of others

(CNG, hydrogen fuel drives, fuel cells)

MODULAR - because it enables adaptive system design, using all its modules or only some
AUTOMATED - because it uses technologies allowing traveling in “driverless” mode

Fig. 7. Polish autonomous transport system [12]

The vehicle uses an electronic track (electro-
magnetic signals generated from the road installa-
tion) or (at a later stage of the system develop-
ment) a track designated by a measuring car using
radar, lidar and camera measurements. In the case
of a (electric) vehicle, this vehicle can only move
on the road in two modes:

e as an electric vehicle at the level of L2 auto-
nomy. This vehicle is adapted to the disabled with
the possibility of positioning wheelchairs of the
disabled and adjusting the interface (multifunction
steering wheel);

e as a vehicle at the level of L4/B autonomy,
then they share the road with PRT vehicles.

In the case of moving in autonomous mode,
vehicles are additionally equipped with 4 laser
radars (lidars), two video cameras, DGPS and IMU
sensors together with the appropriate software.

Optimization problems and software

The development of simulation systems and
working in real mode was based on various tech-
niques and methods. The areas which were studied
are shown in Fig. 8 [12].

The problem of fleet management of au

The analysis required (for autonomous vehicles)
acceptance of route topology (Fig. 9) [12]. Having
identified flows of passenger flows, the location
of stops was determined using genetic algorithms.
Determining the route was carried out using the equa-
tions of the modified Dijkstra's algorithm. During the
passage through individual nodes, the modification
of the optimal routes takes into account the current
traffic conditions. Optimization coefficients (multi-
criteria) include: minimization of travel time and
waiting time for stops, minimization of energy con-
sumption, maintaining the smoothness of driving and
the number of vehicles (unfavorable is both too many
and too few vehicles).

Control algorithms are deterministic and relati-
vely simple. Vehicles in autonomous mode move on
a mechanical or virtual track. So the control problem
is significantly simplified. Vehicles in the Polish sys-
tem do not perform overtaking and bypass maneu-
vers. The vehicle's location system is implemented
through infrastructure, i. e. for example, a magnetic
marker system. In autonomous mode, vehicles on the
road must be supported by an additional system (laser
radars, cameras and additional, redundant positioning
systems based on DGPS).

tonomous vehicles and their control

a) Analysis of
dynamic
properties

b) Motion simulation

d) Environment
identification, control

c) Optimization
and localization

Fig. 8. Areas of numerical analysis [12]
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Fig. 9. Scaled physical model of a Personal Rapid Transit
vehicle at a laboratory testing station [12]

CONCLUSION

ECO Mobility Poland [2] is planned for
implementation in three Polish cities: Rzeszow,
Krakow and 1.6dz. Certain certification procedures
and standards will be borrowed from standards and
procedures of Automated People Movers. These
are track vehicles moving in autonomous mode.
It can be noticed that the vehicles in the proposed
system are essentially also track vehicles. At the
same time we are dealing with a non-mechanical
track. In addition to the separated track above the
ground surface (where ROW - Rights of Way has
level A) [5], when moving on the ROW roadway
it is equal to Vuchan R 2007. It is therefore
assumed that vehicles share roadways with other
vehicles. The proposed system is very flexible and
can be configured depending on the needs of cities.
It will work partly in the on-demand transport sys-
tem, partly (especially with regard to the electric
car, the possibility of using it in the “car sha-
ring” mode is considered). The described solution
was awarded the 2016 prize of the Prime Minister
of Poland.
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Pedepar. [l nosbinieHus 3pGEKTUBHOCTH SKCIUTyaTallUK TEIUIOBBIX CETel, Pa3MEICHHBIX B HEPOXO/HBIX KaHAaX, paHee
MPEUIOKEHO CXEMHO-CTPYKTYPHOE pPEILIeHHe PereHepaTHBHO-YTHIIN3ALHOHHOTO TEIIONCIIONb30BaHUS B CUCTEMaX LIEHTpalH-
30BaHHOTO TemiocHatxeHus. HeBO3MOKHOCTD CO3[aHHsl HATYpPHOW JKCIEPHUMEHTAJIBHON YCTAaHOBKH, OXBATHIBAIOIICH HYXK-
HbIH Anana3oH (HakTopoB U 00JaCTh UX M3MEHEHHMS, CIIOKHOCTb IIPOBEICHHUS IACCHBHOIO AKCIIEPHMEHTA Ha CYIIECTBYOIINX
TeIIoTpaccax MPUBEIM K HEOOXOAUMOCTH pa3pabOTKH BHPTYyallbHOW Mojenn Ha 6a3e mporpamMMHoro xommiekca ANSYS.
Ha »Toii BUpTyanpHOW MOZAENHN MPOBE/IeH MIeCTU(HAKTOPHBIN IKCIIepUMEHT. [1oyueHbl ypaBHEHHST perpeccuu AJIs ompeee-
HMS Haropa, Tpedyemoro s oOecredeHHs IPOLyBKH KaHaa BO3/LyXOM, a TaKXkKe TEIIooOMeHa ¢ TpyOonpoBoiaMu mpsMoi
1 00paTHOH ceTeBOH BOABI, PACIOIOKEHHBIMH B KaHalle, U TeMJI000MEHa ¢ IPYHTOM BOKpYT kaHana. Kpome Toro, BeIBeieHa
perpeCcCuoOHHasd 3aBUCUMOCTDb U1 HAXOXJACHUA HMHTETPAJIBHOTO MOTOKA TEIUIOTBI OT NEPECUYHCICHHBIX OMBIBAEMBIX IMOBEPX-
HOCTeH K NMOTOKY Bo3myxa. OCyIIecTBIeH mepexon oT Oe3pa3MepHEIX (akTopoB K HarypanbHbIM. C momomipio kapT [lape-
TO ompeseneHsl Hanbonee 3HaunMble (GakTopbl. B wactu 1 craTbu mpoBeneHa BepHQHKAIMS MOTYUCHHBIX 3aBHCHMOCTEHL.
C HCHONIB30BaHNEM CTAaHIAPTHBIX CTATHCTHYECKHX METOJOB OIEHOK Ha 0a3e pacCUMTaHHBIX 3Ha4eHHH kpurepueB dumepa,
CTpIOZICHTa M JIPYTHX ONpeJeNieHa aJeKBaTHOCTh ypaBHEHHUIl perpeccuu. [IpuBeNeHBI M NMpoaHATM3UPOBAHBI TOBEPXHOCTU
OTKJIMKA C MOMOIIBIO ABYMEPHBIX CEUCHUH M psna (GpakTopoB MpH GUKCHPOBAHHBIX 3HAUYCHUSX OJHUX U W3MEHEHUH ABYX
HanboJlee XapaKTepHbBIX, GU3UIECKH BECOMBIX JUISl JaHHOH (GyHKnnu oTkinka. Ha 6a3ze aHanmm3a perpecCHOHHBIX 3aBHCHMO-
cTeil BBITIONIHEHA UX Banupanus. IlorydeHHbIe perpecCHOHHBIE YPAaBHEHHS OXBATHIBAIOT MPAKTHYECKN BECHh CIIEKTP BO3MOXK-
HBIX THAMETPOB TEIIOTPACC, YTO MO3BOJIIET UCIIOIB30BATh UX TIPH pa3paboTke YHEProcOeperarux MPOeKTOB.

KumroueBble ciioBa: TemuocHa0XeHHE, HEPOXOIHBIE KaHAIBI, TEIMIIOTPAcca, TEMIIO0OMEH, a3pOJANHAMUYECKOE COMIPOTHUBIIE-
HHE KaHaJlla, UCTI0JIb30BaHUE TEIUIOTHI TPYHTA, YPABHEHUE PErPECCUH, IECTH(HAKTOPHBIA SKCIIEPUMEHT

Jst uutupoBanus: Cennus, B. A. HccneoBaHue CI0KHOTO TEIIO0OMEHA B IPOYBACMBbIX HEIPOXO/IHBIX KaHaaX TEILIO-
tpacc. Yactp 2 / B. A. Cennun, T. B. ByOwips // Hayka u mexuuka. 2021. T. 20, Ne 3. C. 248-258. https://doi.org/10.21122/
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Heat Transfer Research
in Blown-Through Non-Passable Heating Mains Channels

Part 2

V. A. Sednin®, T. V. Bubyr?

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. A schematic and structural solution of regenerative-utilization heat use in centralized heat supply systems
was previously proposed in order to increase the efficiency of operation of heating networks located in non-passable channels.
The impossibility of creating a full-scale experimental setup covering the required range of factors and the area of their
change, the complexity of a passive experiment on existing heating mains led to the need to develop a virtual model based
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on the ANSY'S sofware package. A six-factor experiment has been carried out on this virtual model. Regression equations
have been obtained to determine the pressure required to provide air purging of the channel, as well as heat exchange with
pipelines of direct and return network water located in the channel, and heat exchange with soil around the channel. In addi-
tion, a regression relationship has been derived to find the integral heat flux from the listed washed surfaces to the air flow.
The transition from dimensionless to natural factors has been made in the paper. The most significant factors are identified
with the help of Pareto cards. The obtained dependencies have been verified in Part 1 of the paper. The adequacy of the ob-
tained regression equations has been determined using standard statistical estimation methods based on the calculated values
of the Fisher’s, Student’s and other criteria. The response surfaces are presented and analyzed using two dimensional sections
for a number of factor values at fixed values of one and a change in two most characteristic, physically significant for a given
response function. They have been validated on the basis of the analysis of regression dependencies. The obtained regression
equations cover almost the entire range of possible diameters of heating mains, which makes it possible to use them in the

development of energy-saving projects.

Keywords: heat supply, non-passable channels, heating main, heat exchange, duct aerodynamic drag, use of soil heat, regres-

sion equation, six factor experiment

For citation: Sednin V. A., Bubyr T. V. (2021) Heat Transfer Research in Blown-Through Non-Passable Heating Mains Chan-
nels. Part 2. Science and Technique. 20 (3), 248-258. https://doi.org/10.21122/2227-1031-2021-20-3-248-258 (in Russian)

BBenenne

Panee aBTOpamm mokaszaHa Iie1eco00pa3HOCTD
CXEMHO-CTPYKTYPHOTO pEIICHHs] YTHUIM3aLUun
TEIJIOTHI, paccerBaeMoil TpyOONpoBOJaMHU TEIIO-
Tpacc, pa3MEIICHHBIMH B HETPOXOJHBIX KaHalax,
C OJJHOBPEMEHHBIM HCIIOJIb30BaHUEM TEIJIOTHI TPYyH-
Ta BOKpYT KaHaiyoB [1, 2]. B wactu 1 nanHO# ctathn
OIMCaHa peann3alys MeCTU(aKTOPHOTO 3KCHEpU-
MEHTa, MOJYYeHbl YPaBHEHHUsI PErPECCHU IS OIIpe-
JeJeHnsl Hamopa, TpeOyemoro s oOecredeHus
NPOAYBKH KaHalla BO3AYXOM, a TaKKe TeriooOMeHa
¢ TpyOomnpoBomamu mpsimoii cereBoit Boabl (IICB)
u obpatHoii cereBoit Boabl (OCB), pacmonoxeH-

HBIMHU B KaHase, ¥ TEII00OMEeHa C TPYHTOM BOKPYT
kaHama. Kpome Toro, BbIBeJ€Ha perpecCHOHHAs
3aBHCHMOCTh JJIS HAaXOXKIEHHUS HMHTErPajJIbHOTO
MOTOKA TEIIOTHI OT MEPEYNCIEHHBIX OMBIBAEMBIX
MOBEPXHOCTEH K TOTOKY Bo3ayxa. I[IpoBeneHbl
MpPOBEpKa Ha a/IEKBATHOCTh PErPECCHOHHBIX COOT-
HOIIICHUH B UX BEepUPUKAIHSL.

B o0mem Bume ypaBHEHHE Ui MOBEPXHOCTHU
OTKJIMKa BTOPOTO TOPSIKA IMPEACTaBICHO B Yac-
TH 1 cTaThu, TaM ke MpOBeAeHa Bepu(UKaLUs CO-
OTBETCTBYIOIIMX PETPECCHOHHBIX YpaBHEHUH. 3Ha-
YeHUsl pa3MepHBIX K03(D( UIIMEHTOB 3TUX YpaBHe-
HUH IpuBeeHbI B Ta0. 1.

Tabauya 1

3Ha4yeHus K03(pGUIHEHTOB B yPABHEHUAX Perpeccun
Coefficient values in regression equations

q)yHKIII/ISI OTKJIMKa IJIs1 pacdyeTra
Koadpdurpenrt
YpaBHCHUS MOHIHOCTB YACJIbHOI'O TEIUIOBOTI'O IIOTOKA, BT/M2 yHen},HLIe oTepu
perpeceut Crﬁhgipé{in ot I1CB qpics ot OCB qocp OT IPYHTA naops Hlfl[a};‘;[aCTKe Yo

1 2 3 4 5 6

Sy 64 2,090000 0,83 7,2 -0,164000
51 -0,239000 0,115000 0,0546 -0,178000 0,000296
o2 0,002160 —-0,000268 -0,0002 0,000682 1,96E-06
33 -103 12,700000 10,6 —14,800000 0,307000
84 154 —-0,319000 -5,58 81 2,480000
S5 -0,565000 0,500000 0,508 5,320000 0,126000
O -0,141000 —-0,044100 —-0,0425 —-0,394000 0,004760
&7 —0,710000 0,088000 0,095 -0,313000 -0,001920
Og 0,004870 0,001250 -3,73E-06 0,001500 1,05E-05
Sy -1,490000 -0,159000 -0,217 —-2,970000 —-0,000290
810 0,0134000 0,002130 0,00084 0,006100 3,69E-05
O 0,065000 —-0,479000 -0,237 2,060000 —0,004590
812 0,168000 0,027100 0,0109 0,045000 0,000291
813 -0,295000 —-0,246000 -0,129 0,234000 -0,001130
O14 0,019300 0,000586 0,00062 0,005300 —7,5E-05
815 -0,000450 —-0,000402 —9,3E-05 —6,4E-05 —7,5E-08
d16 0,005380 0,000288 0,000355 0,002530 1,7E-07

817 -0,005710 —0,000160 -0,00026 —0,002690 -5,3E-07
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Okonuanue mabn. 1
End of Table 1

1 2 3 4 5 6
O 3,220000 0,000550 -0,084 —4,060000 —-0,457000
d19 0,125000 0,138000 0,061 0,036800 —7,9E-05
820 0,164000 —-0,270000 -0,226 3,550000 0,005080
S -0,595000 0,070000 0,072 -3,570000 —0,000400
822 0,002800 0,001270 0,000465 0,000384 1,6E-06
O3 -0,087000 -0,001970 -0,002250 —0,087000 -0,00022
824 0,086000 0,000940 0,001660 0,090000 1,52E-05
S5 0,000810 —-0,000310 -1,8E-05 -0,000240 1,9E-07
826 -0,011100 0,000505 0,000572 0,003570 3,96E-06
8y7 -0,001790 —-0,000240 —6,5E-05 -0,00212 1,85E-06

AHaJN3 perpecCHOHHBIX 3aBHCHMOCTeil

[ToydeHHBIE pErpecCHOHHBIC 3aBHCHMOCTH
OXBATHIBAIOT MPAKTHYECKH BECh JIMAIa30H TeOMeT-
Pl HETIPOXO/THBIX KAHAJIOB U HAPYKHBIX JIUAMET-
POB TEIUIOTpace, YTO MO3BOJISIET HETIOCPEICTBEHHO
MPUMEHSTh UX B MPAKTHUYECKUX pacuerax. B aTom
CIy4ae OTHajaeT HeoOXOAMMOCTh pPa3pabOTKh
KPUTEPUAIBHBIX 3aBUCUMOCTEH i 000OIICHUS
Pe3yIbTATOB AKCIEPUMEHTAILHOTO UCCIICIOBAHUS
C LENBI0 PAaCIpPOCTPAHCHUS WX Ha TEIUIOTPACCHI
WHBIX XapaKTEePHBIX pa3MepoB MOMEPEYHBIX ceve-
HUl. DTO omNpenenseT NAIbHEUIIMHA aHAU3 pe-
IPECCHOHHBIX COOTHOIICHHUH C NENBI0 MX BaJIUIa-
ruu. [y perreHuss TaHHOW 3ajaydl ynoOHO Tpu-
OCTHYTh K IOCTPOCHUIO JIBYMEPHBIX CCUCHHU TH-
MEPIOBEPXHOCTEH, COOTBETCTBYIOIIUX TOJYYCH-
HBIM YpaBHEHHSM perpeccuu, GUKCUPYS CeUeHHS
Ha 3aJ]aHHBIX 3HAYCHHUSX TEX WJIM WHBIX (HaKTo-
pos [3-11].

[Ipexnae Bcero, ciieayeT MOHATh, O KaKUX 3Ha-
YEHUSAX TMOTEepPh HAmopa BO3IYIIHOTO IMOTOKAa U

ok
s e SR
e ——
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z 06
< 0:1
= 0%
o 02
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o
o X 4
E ALY =
: \ ! 1,6
Dyos, M® 1 N, =:114
S v,M/c B <1,0
o @ [ <06
M <02
<02

JUIMHAX YYacCTKOB TETUIOTPACC JJIsi OpTaHH3aluu
YTUIMA3aUN PAa3IMYHBIX TEIUIOBBIX MOTOKOB MO-
KeT WJTH pedb, KAKHE TATOMAYThEBbIC YCTPOUCTBA
noTpeOyIOTCs AJsl OPraHU3aluy MPOTOKa BO3IyXa
Yepe3 TOT WIM WHOW y4acTOK HEMPOXOJHOTO KaHa-
na temorpacc. Ha puc. 1 mokazaHo M3MeHeHHE
MOTeph HANoOpa NMpH M3MCHEHHWH CEYCHUS KaHala
W CKOPOCTH MPOIyBaeMOT0 BO3IyXa.

CedeHue KaHaJIOB TEILUIOTPACC MPAKTUYECKU HE
BJIMSACT Ha MOTEPU HAmopa MpH CKOPOCTAX MOTOKa
BO3yXa 10 6 M/C W JHIIb NP TPEBBIIIEHAHN dTON
CKOpPOCTH OTMEYaeTCs BIHSHHUE TMOMEPEYHBIX pa3-
MEpOB KaHala Ha ToTepu Hamopa. Bo Bcex ciyua-
X HE CIIEAYyeT OCYIIECTBISTH MPOLYBKY CO CKOPO-
cTaMHU Bo3myxa Oonee 8 m/c. llpm mcmomp30BaHNU
BEHTHJISITOPOB M JBIMOCOCOB, XapaKTepU3yEeMBIX
co3znaBaeMbiM Hamopom a0 3—4 klla, nnmuna mpo-
JyBaeMOT0O y4acTka KaHaJla MOXET JOCTHraTh He-
CKOJIBKUX KHJIOMETpoB. M 3TO yke oTBewaeT pe-
QIBHOW CHUTYyallUM PAacCIHONOXKEHUS NPUTOYHOTO
Y BBITSDKHOTO CEUSHHH TIOTOKA BO3/lyXa B KaHAle.

0,45 :
035 —
0,30
= 0250 O\
5 020 '
0,10{ [ // &~ L
\ |/ v !
0,05 J 0.6
0 2 4 6 8 10 12,
v, m/C -0,2

Puc. 1. JIBymMepHBIC ceUeHUs THIIEPIIOBEPXHOCTH, ONMCHIBAIONIEH ITOTEpH yeIbHOro Haropa R
TIpH IPOJYBKE C Pa3HON CKOPOCTBIO MMOTOKA BO3/yXa JUIs KAHAJIOB PA3JIMYHbIX MOMEPEYHBIX Pa3MEPOB
IPH TIOCTOSIHHBIX OCTaBIIUXCS YeThIpeX (paKkTopax Ha HYJICBBIX 3HAYCHUSX IUIaHA

Fig. 1. Two-dimensional sections of hypersurface describing specific head loss R when blowing with different air flow rates
for ducts of different transverse dimensions with constant remaining four factors at zero values of plan
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MHTerpanbHplid MOTOK TEIUIOTHI, KOTOPHIA B
XOJIe TPOMYBKU KaHAJIa MOXET OBITh TOIBEICH
K BO3IyXY AJis JaJlbHEHIEeH YTUIN3aluu, Onpese-
JSETCSl C TIOMOIIBI0 YPaBHEHHUS PETPECCHH, OIH-
CBIBAIOIIIETO MOIITHOCTH YJIENHHOTO TEIIOBOTO TIO-
TOKAa, CEUCHHUS TUIIEPIIOBEPXHOCTH KOTOPOTO MpHU-
BeJieHbl Ha puc. 2—4. CorjmacHo aHanmu3y KapThl
ITapero, Hambonee BIUsOMUMH (aKTOpaMHu Ha
HWHTETpajbHbIN TEIJIOBOM MOTOK K BO3/IyXY OT BCEX
OMBIBaEMBIX TIOBEPXHOCTEH KaHama SBISIOTCS
TeMIepaTypa BO3/AyXa B HayaJle y4yacTKa, CKOPOCTh
MOTOKA BO3JyXa B KaHaje W TeMImeparypa TpyHTa
BOKpPYr KaHama. PaccMOTpUM cedeHHs COOTBET-

CTBYIONIMX TUIIEPIIOBEPXHOCTEN B 3aBUCUMOCTH OT
YKa3aHHBIX ()aKTOPOB.

Otcekast 4acTU CEYEHHUs], TJIe CKOPOCTh BO3IyXa
MPEBBIIIACT YCTAHOBICHHYIO IpaHully 8 m/c (puc. 1),
MOXXHO OTMETHTH, YTO B OCEHHHI MEPHOJI, KOT/1a
TeMIiepaTypa TpyHTa MaKCHMalbHa, MOIIHOCTb
TEIUIOBOT'O0 TOTOKA K BO3JyXy MOXET JOCTUTATh
mopsiaka 0,05 KBT/MZ, omyckasch 1o 0,03 kBr1/m?
B 3UMHHE MeECSIBl OTOMHUTEIHLHOTO NEepHUOa.
[NonmxeHue TeMmmepatypsl BO3AyXa B Hauaje
y4acTka OTBedaeT (PU3UYECKUM MpelCTaBICHU-
SIM Ha YBCJIMYCHHE TCILIOBOTO MOTOKAa K BO3MAY-
xy (puc. 3, 4).

2 4 6 8 10
tp, °C

Puc. 2. JIByMepHBIE CEUCHHS THIICPIIOBEPXHOCTH, OMHCHIBAIONICH MOIHOCTD YACILHOTO (Ha | M? OMEIBAGMBIX IOTOKOM BO3IyXa
MOBEPXHOCTEH KaHaa) TeII0BOr0 MOTOKA U0, B 3aBUCHMOCTH OT CKOPOCTH IIOTOKA BO3/lyXa B KaHAJIe M TeMIIepaTypbl IPyHTa
BOKpYT KaHala, P MOCTOSHHBIX JutiHe yyacTka (L = 60 M), Temmeparypax Bo3ayxa B Hauase ydactka (t,,, = —1,6 °C)

o npsiMoii 1 06patHoii ceteBoit Boasl (tcg = 90 °C, tocp = 49,5 °C)

Fig. 2. Two-dimensional sections of hypersurface describing power of specific (per 1 m? washed by air flow channel surfaces)
heat flow g, depending on air flow rate in channel and soil temperature around channel, with constant section length (L = 60 m),
air temperatures at the beginning of section (t,, = —1.6 °C) and direct (DNW) and return (RNW) network water
(tDNW =90 °C, tRNW =495 OC)

B - 80
I < 64
<44
B - 24
.-

64

30 25 20 -15 -10 -5 0 5 10 ‘2‘:

tumy °C — 4

Puc. 3. JIByMepHBIE CEUCHHS THIICPIIOBEPXHOCTH, OMHCHIBAIONICH MOIHOCTD YACIBHOTO (ia | M? OMEIBAGMBIX IOTOKOM BO3IyXa
MOBEPXHOCTEH KaHasa) TEMIOBOTO MOTOKA (0; B 3aBUCHMOCTH OT TEMIIEPATyphl BO3yXa B HaYaje y4acTKa
U TEMIIepaTypbl IPYHTa BOKPYT KaHaia (IIPH MOCTOSHHBIX (paKTOpax, COINACHO PHC. 2, Ha HYJICBBIX 3HAYCHUSX IUIaHA)

Fig. 3. Two-dimensional sections of hypersurface describing power of specific (per 1 m? washed by air flow channel surfaces)
heat flow g, depending on air temperature at the beginning of section
and soil temperature around channel (at constant factors, according to Fig. 2, at zero values of plan)
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Il > 30
I <380
B <80
[1<40
B <20
Il <0
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thy °C —0

Puc. 4. JIByMepHbIE CEUEHHUS THITEPTOBEPXHOCTH, OMHCHIBAIONIEH MOITHOCTh YETBHOT0 (Ha 1 M? OMBIBAGMBIX TIOTOKOM BO3/IyXa
TIOBEPXHOCTE KaHaa) TEIUIOBOTO IOTOKA (g; B 3aBUCHMOCTH OT TEMIIEPATYpHI BO3yXa B Hadalle y4acTKa
U CKOPOCTH BO3/yXa (IIpH MOCTOSIHHEIX (haKTOpax, COTIACHO PHUC. 2, Ha HyJICBBIX 3HAUCHUSX IIJIaHA)

Fig. 4. Two-dimensional sections of hypersurface describing power of specific (per 1 m? washed by air flow channel surfaces)
heat flow g,;; depending on air temperature at the beginning of section
and air speed (at constant factors, according to Fig. 2, at zero values of plan)

CrnexyeT OTMETUTH OTPEAETSIONIEe BIHSIHUE
TEMIIEpaTyphl BO3[yXa B Hadaje ydacTKa B cede-
HUAX puc. 3, 4. Ilpm >TOM BIUSHUS W3MCHCHHMA
TEMIIEpaTyphl TPYHTa MPAKTUYECKU HE 3aMETHO,
MIPUTOM YTO W3MEHEHHE CKOPOCTH MOTOKA BO3IyXa
BJTHSIET CHUIbHEE HA MOIIHOCTD yenbHOro (Ha 1 M
OMBIBaEMBIX MOTOKOM BO3[yXa MOBEPXHOCTEH Ka-
Haja) TEeIJIOBOTO IMOTOKA (g

XapaxkTep paccesHUs] TEIJIOThl CETEBOM BOJbI,
KaK TpsIMOH, TaKk W OOPaTHOW, WJIEHTHYEH, YTO
MOXXHO CBSI3aTh C HHUBEIUPYIOIINM BO3ACHCTBHEM
W30JIAIIMM HA TEMIIEPaTypy OMBIBAEMBIX BO3AY-
XOM TIOBEPXHOCTEH 000HMX TPyOOmpoBomOB. Bmecte

Jnics, B/ M2

(=4

LM = Il >29,0
> v,m/c [l <285
" =275

e <25

<255

C TeM MpH HMACHTUYHOM BIHUSHUU (AKTOPOB Ha
paccesiHUE TEIUIOThl TPyOOIIpOBOJAaMH TEILUIOTpac-
CBI TIPH OYEBHUJIHOM OTJIMYHUU TEMIIEpaTyp yKa3aH-
HBIX TEIUIOHOCUTENIE HMMEeT MECTO OXXHMJAeMoe
OTIMYUe a0CONIOTHBIX 3HAYEHUIl IOTOKOB pacces-
HUS TEIUIOTHI (puc. 5, 6).

W neHTnyHOCTh M3MEHEHUs! TOTOKOB paccesHus
TEIUIOTHl TPYOONpPOBOAAMHM CETEBOM BOJBI, Kak
MpSAMOiA, Tak U 00paTHOH, MO3BOJISIET OTPAHUIHUTH-
Cc1 PACCMOTPEHHUEM H3MEHEHHS MOTEpPh OJHOTO
U3 JByX YKa3aHHbIX TPyOONpPOBOAOB CETEBOI
BOJIbI (puc. 7-11).

M0

28,5
27,5
26,5
255

v, m/C

Puc. 5. JIByMepHBIC ceUeHHs THIIEPIIOBEPXHOCTH, OIHICHIBAIONICH MOITHOCTH yIEIBHOTO (Ha 1 M2 TMOBEPXHOCTEH TPyOOTIPOBOIa
HpsAMOM CETEBOM BOJIbI) TEIIOBOIO MOTOKA (- B 3aBUCUMOCTH OT JUIMHBI y4acTKa U CKOPOCTH MOTOKA BO3/yXa
(Ipu IOCTOSTHHBIX (haKTOPaX, COTJIACHO PHC. 2, Ha HYJCBIX 3HAUCHUSIX IIJIaHA)
Fig. 5. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of direct network

water pipeline surfaces) heat flow gonw depending on section length and air flow rate
(at constant factors, according to Fig. 2, at zero values of plan)
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Jocs, Bt/ M2
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Puc. 6. [IByMepHBIC ceUeHHs THIIEPIIOBEPXHOCTH, OIHMCHIBAIONICH MOITHOCTD yIeIbHOTO (Ha 1 M2 TMOBEPXHOCTEH TPyOOTIPOBOIa
00paTHOI CeTeBOI BOJIbI) TETIOBOTO NMOTOKA (-p B 3aBUCHMOCTH OT JUIMHBI y4acTKa U CKOPOCTH MOTOKA BO3/yXa
(TIpH TOCTOSTHHBIX (haKTOPaX, COTJIACHO PHC. 2, Ha HyJEBHIX 3HAUCHUSX IIIAHA)
Fig. 6. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of return network
water pipeline surfaces) heat flow grvw depending on section length and air flow rate
(at constant factors, according to Fig. 2, at zero values of plan)
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Puc. 7. JIBymepHbIe ceueHHs THIIEPIIOBEPXHOCTH, OIHMCHIBAIOIIEH MOITHOCTD yIAeIbHOTO (Ha | M2 HOBEpXHOCTeH TpydompoBoaa
00paTHOI CETEBOI BOJIbI) TEMIOBOTO NMOTOKA (- B 3aBUCUMOCTH OT XapaKTEPUCTHUK IIONEPEYHOT0 CEYEHHs KaHaIa
" TeMIEepaTypbl CeTeBOH BOJBI (HpPI IIOCTOAHHBIX q)aKToan, COrJjIaCHO pHucC. 2, Ha HYJICBBIX 3HAYCHUAX nnaHa)
Fig. 7. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of return network

water pipeline surfaces) heat flow grnw depending on characteristics of channel cross-section
and water network temperature (at constant factors, according to Fig. 2, at zero values of plan)

U TemmepaTypa TEIJIOHOCUTENS, H XapaKTepH-
CTHKHM KaHaja TeIUIOTPAcChl HMEIOT MPUMEPHO
paBHOE BIIMSHHE Ha paccesHHe TeIIOThl TpyOo-
mpoBoJiaMu ceTeBoi Bozbl. ObOa dhakTopa ompee-
JSIFOTCS CETeBBIMH paliloHaMU B KOHTEKCTE TpeOdy-
E€MBIX PACXOOAO0B TEIIOTBI U TCILUIOTCHEPHUPYIOUINX
HMCTOYHUKOB, MIOATOTABINBAIOIINX TEIUIOHOCHUTEIb.
OjHaKO MOXKHO cJIeNlaTh BBIBOJI, YTO paccMaTpHBa-
eMYIO YTHJIM3aluIo Hanbosee 1enecoodpasHo pea-
JIM30BBIBATh JIJISL TEIUIOTPACC C OONBIIUMH pac-
XO0JAMH TEIJIOTHI W B OTOMUTEIBHBIA TMEPHOI.
Ju1st Bcex 3Ha4YeHH TeMIepaTypbl CETEBOM BOJIBI

[ Hayka
wrexHuka. T. 20, Ne 3 (2021)

CKOpPOCTh TIOTOKa BO3/AyXa B KaHalle HE CleayeT
yBennuuBaTh OoJiee yeM Ha 6 M/c (puc. 8). [nmHa
MPOAYBAEMOTO Y4YacTKa BIHSAET HE3HAYUTENHHO
B CJIydae ero HeOOJbIIONH MPOTSKEHHOCTH, OAHAKO
C YBEJIMYCHHWEM JUIMHBI OTMEYaeTCs TEeHICHIHS
K BO3pacTaHUIO €¢ BIWSHHUS Ha YAEJbHbIC Tell-
sornoTepu (puc. 9).

B pamkax yCTaHOBJIEHHOTO paHee auara3oHa
ckopocTeit (6—-8 m/c) moToka BO3Ayxa B KaHale
paccesiHUE TETUIOTHI TPYOONPOBOIAMH TEIIOTPACC
pacTeT C yBEJIMYEHHEM pa3MEpOB MOMEPEUHOTO
ceyenns kanana (puc. 10). Ilpm sTomM BepxHHi
JIana3oH CKOPOCTH COOTBETCTBYET 6 M/C.
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Puc. 8. JIByMepHBIC ceUeHHs THIIEPIIOBEPXHOCTH, OIHICHIBAIONICH MOITHOCTD yIeIbHOTO (Ha 1 M2 TMOBEPXHOCTEH TPyOOTIPOBOIa
00paTHOM CEeTEeBOM BOJIbI) TEMIOBOIO MOTOKA Uy B 3aBUCUMOCTH OT CKOPOCTH BO3/lyXa B KAHAJIE U TEMIIEPATYPhI CETEBOH BOMIBI
(TIpH TOCTOSTHHBIX (haKTOPaX, COTJIACHO PHC. 2, Ha HyJEBHIX 3HAUCHNUSX IIJIAHA)

Fig. 8. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of return network

water pipeline surfaces) heat flow gruw depending on air speed in channel and temperature of network water
(at constant factors, according to Fig. 2, at zero values of plan)
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Puc. 9. JIByMepHBIC ceUeHHs THIIEPIIOBEPXHOCTH, OIHCHIBAIONICH MOITHOCTD yIeIBHOTO (Ha 1 M2 TMOBEPXHOCTEH TPyOOTIPOBOIa
OGpaTHOfI CETEBOM BOHLI) TCIIJIOBOT'O IIOTOKA qOCB B 3aBUCHMOCTH OT JJIMHBI y4aCTKa KaHalla U TEMIIEPATYPhL CceTeBOM BOJBI
(TIpH TIOCTOSTHHBIX (haKTOpaX, COTJIACHO PHC. 2, Ha HyJEBHIX 3HAUCHUSX IIIAHA)

Fig. 9. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of return network

water pipeline surfaces) heat flow grvw depending on channel section length and temperature of network water
(at constant factors, according to Fig. 2, at zero values of plan)
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Puc. 10. [IByMepHbIE CEYEHUS TUIIEPIIOBEPXHOCTH, ONUCHIBAIOLIEH MOIIHOCTD YAENbHOrO (Ha 1 M2 MOBEPXHOCTEH TpyOompoBoaa
00paTHOI ceTeBO BOJIbI) TEIUIOBOTO NOTOKA (p B 3aBUCUMOCTH OT CKOPOCTH BO3/lyXa B KaHaje
U XapaKTePHUCTHUK €ro MONEePEeuHOro ceueHus (IPH MOCTOSHHBIX (haKTOpax, COTJIACHO PUC. 2, HA HyJEBBIX 3HAYCHHSAX IIAHA)

Fig. 10. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of return network
water pipeline surfaces) heat flow gryw depending on air speed in channel
and characteristics of its cross-section (at constant factors, according to Fig. 2, at zero values of plan)
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IIpm ManpIx QIMHAX TMPOAYBAEMOTO YYacTKa
OTIpEIETISIONIEE BIMSIHUE HAa TEIUIONOTEPH UMEIOT
pasmepsl ceyenusi kanana (puc. 11). Ognako npu
JUTMHE KaHaJIoB Ooiyiee 60 M BIMSHUE pa3MEPOB UX
TIOTIEPEYHOTO CEUCHUS] HUBEIUPYETCS U yAeTIbHbIC
TEIUIOTIOTEPH 3aBHCAT MPEXKAE BCErO OT IJIUHBI
KaHaja.

O00011ast TIONMy4YEHHBIE PE3YNbTaThl 3aBHCUMO-
CTH MHTETpalbHOTO Y/ENBHOIO TerwioBoro (xa 1 m°
OMBIBAaEMBIX BO3IYXOM IOBEPXHOCTEH KaHana) Mo-
TOKa (g; K BO3AYXY, NPOAYBAaEMOMY uepe3 KaHal,
1 MOTOKA yIETbHBIX (Ha 1 M° moBepxHOCTEH TpyOo-
OPOBOJOB CETEBOH BOJBI) TEIJIOBBIX IOTEPh
TEIUIOTPAcC (g, € YYETOM COOTHOIIEHMS IUIOIIA-
Jiell Hapy>KHbIX MIOBEPXHOCTEN TEIIOTPACC U OMBIBa-

M- 19
Mors M -<18
M <17
<16
<15
B < 14
M <13

110 B . . - . —
100

eMBIX BO3J[yXOM BCEX TIOBEPXHOCTEH BHYTpHU KaHa-
ma (T MAHUMAIBHOTO pasMepa TpyOOIpoBOIOB
Y JUTMHBI B HYJICBOH TOUKE TUIAHA: TIJIOMIA/Ib KaHAJIA —
175,2 M, IIommanp MOBEPXHOCTH TPYOOIPOBOLOB —
50,1 M% I MaKCHMAIIBHOTO AMAMETPa TPYOOIpo-
BOJIOB COOTBETCTBeHHO 660,0 1 2585 MZ), MOYKHO
OTMETUTb, YTO 3HAYUTEIHHBIA BKIIAJl TEIUIOBBIX II0-
TOKOB K BO3JyXy OCYIIECTBIISICTCS 332 CUET OTBOJA
TEIJIOTHl OT TPYHTa, YTO MPOAEMOHCTPUPOBAHO
Ha rpadukax puc. 12-16.

HauGonpmuii 3 QexT 3aMe4eH B XOJOIHBIC
MECSIIIBI OTOIHUTENHLHOTO MEPUOJIa, KOTAa TeMIlepa-
Typa BO3AyXa B HaYaJle y4acTKa HU3Ka, U CKOPOCTh
MPOAYBKH KaHajla BO3AYXOM JIOJDKHA OBITH OOIb-
meit (puc. 12).

W N, T fr/ 16
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Puc. 11. JIByMepHbIEC CCYCHHUS TUTICPIIOBEPXHOCTH, OMUCHIBAIOIICH MOIIHOCTh YACIBEHOTO (Ha 1 Ve MOBEPXHOCTEH TPyOOIIpoBOIa
00paTHOI ceTeBOl BOJIBI) TEIIOBOTO MOTOKA (o-p B 3aBUCUMOCTH OT JUIMHBI y4acTKa KaHaa
Y XapaKTEPUCTHUK €ro TONEePEYHOro CEYCHUS (IIPHU MMOCTOSHHBIX (PaKTOPaX, COTIACHO PUC. 2, Ha HYJICBBIX 3HAUYCHHSX I1JIAHA)
Fig. 11. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of return network

water pipeline surfaces) heat flow grvw depending on channel section length
and characteristics of its cross-section (at constant factors, according to Fig. 2, at zero values of plan)
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Puc. 12. JIByMepHBIC CEYCHUS THIIEPIIOBEPXHOCTH, OMUCHIBAIONICH MOIIHOCTh YIeIBbHOTO (Ha 1 M MOBEPXHOCTEH
OrpakJIeHHs KaHajla) TEMIOBOro IOTOKA TPYHTA (|, B 3aBUCHMOCTH OT TEMIIEPATyphl FPyHTa
¥ TeMIIepaTypsl BO3yXa B Ha4yaje ydacTka (IIpU IIOCTOSHHBIX (akTopax, COTJIACHO PHC. 2, HA HYJICBBIX 3HAUCHHUAX TUIaHA)

Fig. 12. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of channel barrier surfaces)

heat flow of soil g depending on soil and air temperature
at the beginning of section (at constant factors, according to Fig. 2, at zero values of plan)
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BrusiHue Temmeparypel CeTeBOW BOJBI Ha Tpacc. [IpOTsHKEHHOCTh YYacTKOB TEIUIOTPACC, TIIE
OXJIXKJICHWE TPYHTa MPAaKTUYECKH OTCYTCTBYET, BO3MOKHA OpPTaHU3aIHs HCIOJIb30BaHMS IMOTOKOB
YTO OXHUAaeMo. | TaBHOE BIUSHUE OKA3bIBACT TEM- TEIUIOTHI OXJIAXKIEHUS TPYHTA W YTHIU3AIUH TeTl-
mepaTypa rpyHTa BOKpyT kanana (puc. 13). JIOTIOTEPh TEIIOTPACC, MCXOAsI M3 BO3MOXKHOCTEH

OnpeessIFOUi BKIa B HArpeB BO3/lyXa BHO- TUIIOBBIX TATOMYTHEBBIX YCTPOMCTB OICHUBACTCS
CHUT TEIUIOBOW TOTOK IPOLIECCa OXIKICHUS TPYH- HECKOJIbKIMH KHJIOMETPaMU;

Ta, IPU 3TOM CKOPOCTh BO3JyXa CIIENyeT orpa-
HUYMBaTh MaKCUMaJIbHOW BEJIMYMHOW Ha YypOB-
He 6 M/c (puc. 14-16).

— BCJIMYMHA HU3KOTEMIICPATYPHOI'O0  YACIBHO-
Tro (Ha 1 M2 KaHana) TCIJIOBOT'O IMMOTOKA YTWIM3alluU,
OTBOAUMOI'0 C BO3AYXOM OT TI'pyHTA, OLICHUBACTCA

AHaJ‘II/I3I/Ipy$I IMOJIYYCHHBIC q)YHKLII/II/I OTKJIMKA, MOIITHOCTBIO ITOTOKA TCIJIOTHI OT 2,0 kB1t/M JJIA TCII-
MOXHO OTMETUTH CIICAYIOLICC: JIOTpacC ¢ MUHUMaJIbHBIM TUaMETPOM pr601'[pOBO,Z[a
— IIpOKa4yKa BO3AyXa 4€pe3 KaHallbl TCILIOTPACC pi (o) 3,6 KBT/M — ¢ MakCUMAaJIbHBIM AUaMETpOM, 4YTO
BO3MOXXHa C IPHUMCHCHHUEM THUIIOBBIX TATOAYThEC- COOTBETCTBYET COOTHOLICHHUIO HJIOHI&I[CFI Hapy>XHbIX
BBbIX yCTpOﬁCTB JUTA BCEH raMMBI pasMEPOB TCIIO- HOBerHOCTef/i CKBa’XHH U KaHAJIOB.
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Puc. 13. JIByMepHBIE CEYECHUS TUIIEPIIOBEPXHOCTH, OMUCHIBAIOLIEH MOIIHOCTh yIeJIBbHOTO (Ha 1 M2 MOBEPXHOCTEH OTpaXkAeHHs
KaHaJa) TEMIOBOro MOTOKa IPYHTa (|, B 3aBHCUMOCTH OT TEMIIEPATYP IPYHTA U CETEBOM BOAIBI (MPH NOCTOSAHHBIX (paKkTopax,
COTJIACHO PHC. 2, HA HYJIEBBIX 3HAYCHUAX IUIaHA)

Fig. 13. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of channel barrier surfaces)
heat flow of soil g.i depending on soil and network temperature
(at constant factors, according to Fig. 2, at zero values of plan)
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Puc. 14. JIBymMepHBIE CEYECHUS TUIIEPIIOBEPXHOCTH, OMUCHIBAIOLIEH MOIIHOCTh yIeJIbHOTO (Ha 1 M2 MOBEPXHOCTEH OTpaXkKAeHHS
KaHaJa) TEMIOBOro MNOTOKa IPYHTa (;, B 3aBUCUMOCTH OT CKOPOCTH MOTOKA BO3/lyXa 1 TEMIIEPaTyphl BO3yXa B Ha4aje yqacTKa
(TIpH TIOCTOSTHHBIX (haKTOpaXx, COTJIACHO PHC. 2, Ha HyJEBHIX 3HAUCHUSX IIIAHA)

Fig. 14. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of channel barrier surfaces)
heat flow of soil g depending on air flow rate and air temperature at the beginning of ection
(at constant factors, according to Fig. 2, at zero values of plan)

Hayka
256 urexHuka. T. 20, Ne 3 (2021)



Power Engineering

M =40
M <37
B < 32
=27
B < 22
<17

2 a7
33

= — — 29
60 70 80 a0 100 110 120 gf
ten, °C 17

Puc. 15. JIByMepHBIE CEYECHUS TUIIEPIIOBEPXHOCTH, OMUCHIBAIOLICH MOIIHOCTh yIeJIbHOTO (Ha 1 M2 MOBEPXHOCTEN
OTpakJIeHHs KaHaja) TEMIOBOrO IIOTOKA TPYHTA (|, B 3aBUCHMOCTH OT CKOPOCTH MOTOKA BO3yXa
U TEeMIIepaTyphl CEeTEBOI BOBI (TIPH IOCTOSHHEIX (haKTOpax, COTIACHO PHUC. 2, Ha HyJICBBIX 3HAUCHUSX IIIaHA)

Fig. 15. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of channel barrier surfaces)
heat flow of soil gy depending on air flow rate and network water temperature
(at constant factors, according to Fig. 2, at zero values of plan)
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Puc. 16. JIByMepHBIC CEYCHUS THIIEPIIOBEPXHOCTH, OMMUCHIBAIONICH MOIIHOCTh YIeIBbHOTO (Ha 1 M MOBEPXHOCTEHN
OrpakJIeHHs KaHala) TEIJIOBOro IOTOKA TPYHTA (, B 3aBUCMMOCTH OT CKOPOCTH IOTOKa BO3IyXa
U XapaKTePHUCTHUK MOMEPEYHOro ceYeH s KaHaia (IPH MOCTOSHHBIX (hPaKTOpax, COrNACHO PHUC. 2, Ha HyJICBbIX 3HAUCHHUSIX IUIaHA)

Fig. 16. Two-dimensional sections of hypersurface describing power of specific (per 1 m? of channel barrier surfaces)
heat flow of soil q.i depending on air flow rate and characteristics of channel cross-section
(at constant factors, according to Fig. 2, at zero values of plan)

BbIBO/JbL

1. TTonmy4eHbl PErpeCCHOHHBIC 3aBUCUMOCTH IS
OTIPEJIENICHUST TETUIOBBIX MOTOKOB OT MOBEPXHOCTEH,
OMBIBaEMBIX BO3/IyXOM, K IIOTOKY BO3/IyXa.

2. [poBenensl BepuduKays U BaTHIANNAS Pe-
3YJIBTATOB, YTO ONPEACIHIO TIPUTOJTHOCThH perpec-
CHUOHHBIX COOTHOIIEHHWH JIJIsi MPAKTHUECKOrO MpPH-
MEHCHUSI.

3. [Tony4eHHBIC 3aBUCIMOCTH MOTYT OBITH HC-
MOJIb30BAHBI JIJISI Pa3iWYHBIX IIeJel, HampuMmep
IUIS pa3pabOTKH YHEProcOSPeTarommnx MepOTPHs-
TUH B TEIUIOBBIX CETAX C HEMPOXOJHBIMH KaHaya-

[ Hayka
wrexHuka. T. 20, Ne 3 (2021)

MU IIyTEM pereHepayy MOTOKOB TEIJIOTHI, pacce-
MBaeMbIX TPYOOIPOBOAAMHU CETEBOM BOABI, YTHIIU-
3alUM TEIUIOTHl OXJIAXIEHUs TPyHTa U Hapy>KHOT'O
BO37yXa.

4. YMeHblIeHHEe pacxo/a TOIUIMBA B cHUCTEMax
TETJIOCHA0KEHUS 3a CYET pereHepanuyl TEIUIOBBIX
MIOTOKOB paccesiHUs OT TEIUIOTPAcC B HEMPOXOA-
HBIX KaHaJlaX B CyMME C TEIUIOTOW OXJIaXIEHUS
TpyHTa BOKPYT TEIUIOTpacc MoxeT focturars 10 %
TEIUIOTHI, JOCTABISIEMON MOTPEOUTENsIM, 4TO He-
JIaeT aKTyaJbHOM pelleHHe 3alaull UCTIOIb30BaHUS
YKa3aHHOT'O MOTOKA TEIUIOTHI.
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Pedepat. B nocneanue ronsl 5KOHOMUYECKUH (GakTop UrpaeT Bce Oosee BaKHYIO POJIb IIPU BEIOOPE TEXHOJIOTHH U3rOTOBIIE-
HUS JleTajled MallvH C 3aJaHHBIMU 3HAYEHUSIMH HOPMHUPYEMBIX ITapaMeTPOB F€OMETPUIECKOIl TOUHOCTH U KadecTBa pabodnx
noBepxHocTel. [IpUMEHHTENBHO K IPoLieccaM MOBEPXHOCTHOTO IIACTHYECKOT0 1e)OPMUPOBAHUS 3TO NPOSBIACTCS B IIOUCKE
3¢ QEeKTHBHBIX IPUEMOB YIIPABICHNUS TPEHHEM B Mape «HMHCTPYMEHT — 3arOTOBKa», KOTOPOE, B KOHEYHOM HUTOTE, ONpPEIeNsieT
KapTHHY paclpe/ieNieHus ¥ BEIUIUHY HaNpsDKeHUH U fedopmaruil B 3aroToBKe U HHCTpyMeHTe. [lomydnTs cTporoe aHamuTu-
YECKOE pEUICHUE 33Ja4d 110 YCTAHOBJICHUIO CBSI3U MEXJY YCIOBUAMH Ha IIOBEPXHOCTH, TPEHHEM U HAIPSIKEHHO-
J1eOpMHUPOBAHHBIM COCTOSTHHEM KOHTAKTHUPYEMBIX TNl He MPEICTaBISAETCS BO3MOXKHBIM. B 3Toil cBsA3u Ha mepeanuii miaH
BBIXOJUT IIOCTPOCHHE MAaTeMAaTU4YECKUX MOJEICH, pelIeHHe KOTOPhIX BO3MOXKHO YHMCICHHBIMU MeToAaMu. B craTtbe mpuso-
JATCS PEe3yJbTaThl YUCIEHHOTO MCCICA0BAHUS (BBIYUCIMTENBHOIO SKCIEPUMEHTa) KOHCYHO-3IEMEHTHOH Mozes AedopMu-
pOBaHMs 3arOTOBKM B Pa3JIMYHBIX YCJIOBHAX KOHTAaKTHOIO B3aMMOJCHCTBHS M TPEHUS OJHHUM U3 METOAOB IOBEPXHOCTHOIO
IJIACTUYECKOTO Je(hOpMUPOBAHHS — HOBEPXHOCTHBIM JOPHOBaHMEM OTBepcTHil. KpuTeprem OLEHKH yCIOBHH KOHTAKTHOTO
B3aMMOJICHCTBUS M TPEHHsl BBIOpaH Kod(duiment TpeHus. [lokazano, yTo u3MeHeHHe KOd(QHIMEHTa TPEHUs B Ipolecce
HOBEPXHOCTHOTO JIOPHOBAHUS HE OKa3bIBACT 3aMETHOrO BIMSAHUS HAa ()OPMUPOBAHME IOJIS HANPSHKCHUH B AedopMupyeMoit
3arOTOBKE KaK B OCEBOM, TaK M B paJHaJbHOM M OKPY)KHOM HaIpaBJICHUSIX. BMecTe ¢ TeM npu MoBhIIeHHN KO3 HIIeHTa
TPEHUS B N1apEe «MHCTPYMEHT — 3arOTOBKa» U COOTBETCTBEHHO CHJIbI MEXaHHYECKOTO CONPOTHBICHUS NehOpMALMH 3arOTOBKU
Ha0JIIOMaeTCst UX POCT. BBIUMCINTENEHBIM SKCIIEPIMEHTOM MOATBEPXKICHO HAJIMYHC BHEKOHTAKTHBIX Ae(OpManui 3ar0TOBKH
U MHCTPYMEHTa IPH MOBEPXHOCTHOM JOPHOBAHMH, & TaKXKe CHW)KCHHE BEJIMYMHBI OCTATOYHBIX Ae(OpMaluii B 3aroTOBKE
¢ yMeHblIeHHeM Kod¢duuunenra tpenusa. OueHka OanaHca IEpEeMEIICHNH KOHTAKTHBIX MIOBEPXHOCTEH 3ar0TOBKH (BHYTpPEH-
HSIS1 TIOBEPXHOCTh 00pPabaTHIBAEMOT0 OTBEPCTHS) M MHCTPYMEHTA MOoKa3aja, 4To JeopMaluy HHCTpyMEHTa B YIpYyroi obma-
CTH MOTYT IPHBECTHU K CYIIECTBEHHOMY CHIDKEHHIO PEalbHOTO HATATa MOBEPXHOCTHOTO JJOPHOBAHHUS OTBEPCTHUI.

KiroueBbie cj10Ba: HHCTPYMEHT, 3ar0TOBKA, IOBEPXHOCTHOE 1e)OPMUPOBAHHE, MaTEeMaTHYECKas MOJIENb, TPEHHE, HalpsDKe-
HHS, Ie(OpMalnH, TOBEPXHOCTHOE JOPHOBAHHE
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Numerical Study of Stress-Strain State of Workpiece
in Contact Problem of Surface Mandrel Drilling

N. S. Sivtsev?, V. V. Tarasov?

YKalashnikov Izhevsk State Technical University (Izhevsk, Russian Federation),
lnstitute of Mechanics of the Udmurt Federal Research Center of the Ural Branch
of the Russian Academy of Sciences (Izhevsk, Russian Federation)

Abstract. In recent years, the economic factor has played an increasingly important role in the selection of technologies for
manufacturing machine parts with specified values of normalized parameters of geometric accuracy and quality of working
surfaces. As applied to surface plastic deformation processes, this is noticeably manifested in the search for effective friction
control methods in the “tool — workpiece” pair, which ultimately determines the distribution pattern and the magnitude
of stresses and strains in the workpiece and the tool. It is not possible to obtain a rigorous analytical solution to the problem
of establishing a connection between surface conditions, friction, and the stress-strain state of the contacted bodies. In this
regard, the construction of mathematical models comes to the fore, the solution of which is possible by numerical methods.
The paper presents the results of a numerical study (computational experiment) of a finite-element model of workpiece de-
formation under various conditions of contact interaction and friction by one of the methods of surface plastic deformation —
surface mandrel drilling. The friction coefficient has been chosen as the criterion for assessing the conditions of contact inter-
action and friction. It is shown that a change in the friction coefficient in the process of surface mandrel has no noticeable
effect on the formation of a stress field in the deformable workpiece both in the axial, and in the radial and circumferential
directions. At the same time, with an increase in the value of the friction coefficient in the “tool — workpiece” pair and with
the associated increase in the force of mechanical resistance to deformation of the workpiece, their growth is observed.
A computational experiment has confirmed the presence of non-contact deformations of the workpiece and tool during surface
mandrel drilling, as well as as a decrease in the value of residual deformations in the workpiece with a decrease in the coef-
ficient of friction. Balance assessment of contact surface displacements in the workpiece (the inner surface of the hole to
be machined) and the tool (mandrel) has shown that the deformations of the tool in the elastic region can lead to a significant
decrease in the real tightness of surface mandrel drilling.

Keywords: tool, workpiece, surface deformation, mathematical model, friction, stresses, strains, surface mandrel
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BBenenue

K meromam 00pabOTKM MOBEPXHOCTHBIM ILIa-
CTHYECKHM JAe(OpMHpPOBaHHEM, HIUPOKO MpPHUMeE-
HSIEMBIM ISl TIOBBIIIIEHUSI TOYHOCTH, W3HOCOCTOM-
KOCTH ¥ YCTAJIOCTHOM NPOYHOCTH JIETaJICH MAaIlIHH,
OTHOCHUTCS TIOBEPXHOCTHOE IOPHOBAaHWE IIMJIHH-
JIpUYECKUX oTBepcTHii [1-7].

W3BecTHO, YTO OJHUM W3 BaKHEHWIUX (haKTo-
POB, o0ecTeynBarOMUX MOBHIIeHNE (P (HEKTHBHO-
CTH TIpOIlECCa JIOPHOBAHUS B IIETIOM, SIBIISIETCS] BUT
HANPSHKEHHOTO COCTOSIHUS 3arOTOBKH, HEMOCPEN-
CTBEHHO 3aBUCAIIMA OT KOHTAaKTHOTO TpPEHHUS B
ouare nedopManuu. YTpaBlIeHHE KOHTaKTHBIM
TPEHHEM MOJXKET JIOCTUTAThCSA PA3INYHBIMHU TPHE-
MaMU: TIOJJOOPOM CBOMCTB CMa30YHOTO MaTepuaa,
W3MEHEHHEM CXEeMbl MOJa4d CMa3KH B OdYar je-
(dhopmMaruu, a TakKe KUHEMaTHKH OTHOCHUTEILHO-
ro JBWXKCHHUS B IMape «HHCTPYMEHT — 3arOTOBKa»
(momoHUTENHEHOE BpalleHWe, BUOpanus U T. IL.),
a B HEKOTOPBIX CIydasiX — HM3MCHCHHUEM CXCMBbI
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(mKcanuu 3aroTOBKH (B YaCTHOCTH, CXEMBI ee
0CEBOT0 pacTspkeHus mim cxarust) [8—-10].

MHOT0(haKTOPHOCTH SBJICHUN HA KOHTAKTE MH-
CTpYMEHTa U 3aroTOBKH HE IO3BOJISET AAaTh CTPO-
roe AaHAJIUTUYECKOE ONHMCAHHE HANPSLKEHHO-
nedopmupoBanHoro cocrostaus (H/C) 3aroroBku
[P TIOBEPXHOCTHOM JopHOBaHuu. Ilo 3Toil mpu-
YiHE pa3pabOTaHHBIE MaTeMaTHYECKHE MOJENN
nehOopMUpPOBaHMS 3arOTOBOK OCHOBBIBAIOTCS Ha
VIOPOIIEHHBIX MOJENSIX B3aUMOJCHCTBUS HEPOBHO-
CTe KOHTAKTHUPYIOUIMX IOBEPXHOCTEW M yCpea-
HEHHBIX CXeMax HX (PUKIIMOHHOTO HATrPY>KEHUSI.

B nocnennue pecsatuneruss Onaronmaps BBICO-
KOMY YPOBHIO pa3BUTHSl BBIYMCIUTEIBHOH TeEX-
HUKU TIpu oreHke xapakrepa HJC B mexaHmke
neQOpMUPYEMOT0 TBEPJAOrO Teida MPUMEHHTEINb-
HO K IPOCTPAHCTBEHHBIM 33JlayaM HAXOAST IIUPO-
KO€ NPUMEHEHHE YHCJIEHHBIE METOIbl, B YaCTHO-
CTH MeTOJ KOHe4HbIX dnemeHToB (MKD) [11-14].
Ha cerogusmmanii neas MKD — addexTnBHBIN HH-
CTPYMEHT IJIsl pELIEHUs IHUPOKOro Kiacca 3ajad,
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OCHAIIIEHHBIN Pa3BUTHIM MAKETOM MPOTPAMMHOTO
obecnieuenus s pacuera HJAC nedopmupyemoro
Tea MPaKTHYeCKH JTF000i KoH(pHUrypamuu B ycio-
BUSX CIIOKHOTO HAarpy)XeHHsA. OTO IIO3BOJIAET
UCIIOJIB30BaTh €ro A TMOCTPOEHUS U U3yUeHUs
MaTeMaTHYeCKUX MOJeNiell KOHTaKTHBIX 3ajad,
B TOM YHCJIe TIPUMEHUTEIHHO K MPOIECCY TOBEPX-
HOCTHOTO JopHOBaHus [15-18].

B [19] npennoxeHa Moaenb aHU30TPOITHOTO
TpEHUsT HMHCTPyMEHTa C 3aroTOBKOW B3aMeH
YIPOIUIEHHBIX, HICATU3UPYIONINX KOHTaKTHPYIO-
ue MOBEPXHOCTH, HA OCHOBE KOTOPOW paszpado-
TaHbl KOHEYHO-3JIEMEHTHAsI MOJENb AedOopMHUPO-
BaHHS 3arOTOBKH MpPHU MOBEPXHOCTHOM JOpPHOBA-
HUA U BBIUMCIUTENbHBIA anroputMm [20]. Huke
MPUBOAATCA PE3yJIbTaThl YHCIEHHOTO HCCIeNo-
Baauss HJIC 3aroToBKM ¢ HCTHOJB30BAaHUEM ITOM
MOJIENId B TAKETe CHEIHUANbHO pa3paboTaHHBIX
MIpOrpamm.

Wsyuanca xapakTep HalpsHKEHHOTO COCTOSI-
HUS LUAJIUHAPUYECKUX 3arOTOBOK CIEAYIOLIUX
pa3sMepoB: LEHTpPaJbHOE CKBO3HOE OTBEpPCTHE
nuamMeTpoM 45 MM (HOMUHAIBHBIA pa3Mep), IJTH-
Ha L = 40 MM, Hapy>KHBIH AHAMETP BapbHUpPOBAJICS
B nuanasoHe 54-112 mm. 3aroTtoBka nedopmu-
poBajylach B YCJIOBHSAX OceBoro cxkatus. Ilapamer-
PBl TIOBEPXHOCTU 3aroTOBOK: HaWOOJIbLIas BBICO-
Ta npoduis HepoBHOCTEH R, = 3,2 MKM, 1mar

Y BBICOTA BOJIHUCTOCTH COOTBETCTBEHHO Sy = 7 MM
u Wz = 6,5 MKM, OTKIIOHEHHE MPOQUIIS TIPOI0JIb-
Horo ceueHust A = 0,02 mm. MaTepuan 3aroToBoK —
cranms 45 ('OCT 1050-74) mocne HOpManu3a-
UM, ee (PU3MKO-MEXaHWYEeCKHe XapaKTepUCTH-
k. os = 360 MIla, E = 206250 MIla, pn = 0,3.
OtaenbHBIE BBIYHACIHUTENBHBIE JKCIIEPUMEHTHI
NpOBENEHBl I 3aroTOBOK, HM3TOTOBJICHHBIX W3
craneit 20 (TOCT 1050-74) (os = 250 MIla),
20X u 40X (I'OCT 4543-71) (os = 600 MIla
u os = 800 MIIa cooTBercTBeHHO). [l onpenene-
HUSL UWHTCHCUBHOCTH HAIPSDKCHUH C  y4eTOM
YIPOYHEHHUS] MaTepuaia HCIIOIb30BaHbl JIEHCT-
BUTEJIBHBIC JUarpaMMmbl  J1eOPMUPOBAHUS CTa-
nent [21].

Haubonpmass BeICOTa TIpOodHIST  HEPOBHO-
CTell paboucii MOBEPXHOCTH HWHCTPYMEHTa (JI0p-
Ha) Rz = 0,8 MkM, BHyTpeHHUi quametp 22 MMm. Ma-
Tepuan uHcTpyMenTa — ctajib P18 (TOCT 19265-73)
B TepMooOpaboTaHHOM cocTosiHuu (o5 = 2480 Mlla,
E = 228000 MIIa, n = 0,3).
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W3MeHsn: HaATAT TOBEPXHOCTHOTO JTOpPHOBa-
Hus N, B muanazone 0,08—0,28 MM, yriel nepeaHe-
ro o ¥ 00paTHOTO O KOHYCOB HWHCTPYMEHTa OT
0,5° mo 20°, mMpuHy UHIHHAPUYECKON (Kanmuopy-
forrieit) merrouku b ot 1 1o 5 MM (puc. 1).
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Puc. 1. PagnanbHbIe CEYCHUS 3arOTOBKH,
HCCIIelyeMble B YUCJICHHOM DKCIIEpUMEHTE:
P, — cuia MoBepXHOCTHOTO TOPHOBAHUS

Fig. 1. Radial sections of workpiece investigated
in numerical experiment:
P4 — force of surface mandrel

MakcumanbHblii HaTAr JOPHOBAHMSI BO BCEX
CIIlydasgx OTPaHUYMBAJICS YIPYTOIIACTHIECKUMHU
nedopMaIrvisiMi  3aroTOBKH  (CTENeHb  aedopma-
i Meree 1 %). Koaddunuent tpenns f Bapsu-
posainu ot 0 o 0,26. JlocTOBEpHOCTH PE3yIbTATOB
MOJICTTUPOBAHMS CPaBHUBAIU C SKCIICPUMCHTAb-
HBIMH JaHHBIMH, TIOJY9€HHBIMA Pa3HBIMH aBTO-
pamu [1-10].

Hal'lpﬁ?l(eﬂl/lﬁ B 3aroTOBKeE B Ipoiecce
U I10CJIC MOBEPXHOCTHOI'0 TOPHOBAHUSA

AHanusupys pe3ynbTaThl YHCIEHHOTO HCCie-
JOBAHHA HANPSHKEHHOTO COCTOSIHHUA 3arOTOBKH B
IIPOLECCE M IOCIE IMOBEPXHOCTHOIO IOPHOBAHUA,
MOXHO CJHEeIaTh CIEAYILUE IPEeIBaPUTEIbHbIE
BBIBOJIBL.

1. B mpouecce HNOBEPXHOCTHOTO JOPHOBaHUS
NpU MepeMEIeHNH UHCTPYMEHTa 1Mo o0padaThiBa-
€MOMY OTBEPCTHIO OT CBOOOJHOIrO TopLa K OIop-
HOMY HAIIPsDKEHHUS! B 3arOTOBKE PacCTyT, JHOCTUrast
npezensHoro ypoBHsi B cedenuun 11 (puc. 2),
HauOoJiee yOaJeHHOM OT TOPLOB, IZA€ BIHSHHUE
BHEIIHUX 30H MUHUMAJIBHO.
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2. KonnenTpanus HanpspkeHU#H (¢ MaKCHMallb- MeHTa (puc. 3). I3MeHUTh ypoBEeHb HANpPSHKEHUN
HBIMH DPaJUajbHBIMH) COCPEJOTOYECHA TJIABHBIM MOKHO MYTEM BapbUPOBaHMs IIHUPUHBI JICHTOY-
00pa3oM B 30HaX Mepexo/a MepeHero u 00paTHO- ku (puc. 2) mnbo yBeMTU4IeHUS pagnyca CKPYTIICHUS
TO KOHYCOB C KaJHOpYIOIIEH JIEHTOUYKOW HHCTpY- MHCTPYMEHTA B IEPEXOIHOM CEYECHHH.
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Puc. 2. Xapakrep U3MEHEHH MaKCUMAIIbHBIX OCEBBIX G, PaAHANIBHBIX Gy H OKPYKHBIX Gg HAPSIKCHUI B 3aTOTOBKE
B Iporecce moBepxHocTHoro gopHosanmst: 1 —f=0;2-1=0,12;3-f=0,26 (N, =0,08 mm, o = 3°, 0; = 10°)

Fig. 2. Nature of change in maximum axial o,, radial o, and circumferential oy stresses in workpiece
during surface mandrel: 1 —-f=0;2-f=0.12; 3-f=0.26 (Ng =0.08 mm, o = 3°, a,; = 10°)
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Puc. 3. Tlonst oceBbIxX (a), paguanbhbix (D) 1 OKpyXHBIX (C) HANPSDKEHHH B 3arOTOBKE B MPOLIECCE MOBEPXHOCTHOTO JOPHOBAHHSI
(N,=0,08 MM, b =5 MM, o =3° o4 =10° f=0,12)

Fig. 3. Fields of axial (a), radial (b) and circumferential (c) stresses in workpiece during surface mandrel
(Ng=0.08 mm, b =5mm, o = 3°, oy = 10°, f=0.12)
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3. Ilocne 06pabOTKM MOBEPXHOCTHBIM JOPHO-
BaHHEM OCTAaTOYHBIE HampsbKEeHHs (OCeBbIE, paau-
anbHBIE M OKPY)KHBIE) JIOKAJTH3YIOTCSI B MOBEPX-
HOCTHOM CJIO€ 00paO0TaHHOTO OTBEPCTHS, IPUIEM
X W3MEHEHHWE IO TOJIIMHE 3TOrO CJI0S HEMOHO-
ToHHO (pucC. 4). [locimemuee XOpoImo coriacyeTcs
C OKCIEPUMEHTAILHBIMHI JaHHBIMH, TIOJTY4E€HHBIMH
B HMHctutyTe cBepxTBepabix MarepuanoB HAH
VYkpaunsi [4, c. 212].

c°“", MIla

ocT

100 °_ A
0 ——ﬂ’y\

r
ocT
z

100 ° \\ \j
200 H\\
-300 %" \_|
wol o o L

0 10 20 30 40 50 60 70 80 90 100 110
V3110BBIE TOUKH O TOJIIMHE CTEHKH 3arOTOBKU

Puc. 4. XapakTep U3MEHEHUSI OCTATOYHBIX HAIPSXKEHUH
IO TOJIIHHE CTEHKH 3aTOTOBKU
10cJe NOBEPXHOCTHOIO JOPHOBAHHUS
(N;=0,12mmM, b =2 mm, a0 = 3°, ay = 10°, f=0,12)

Fig. 4. Nature of change in residual stresses
along wall thickness of workpiece
after surface mandrel
(Ng=0.12mm,b=2mm, o = 3°, a; = 10°, f = 0.12)

4. Ha o06paboTaHHO! TOBEPXHOCTH OCTaTOY-
Hbl€ HAIIPSDKEHUS B OKPY)KHOM HalpaBJIEHUM Ipe-
BOCXOJAT oceBble (puc. 4), 0JHAaKO 3aKOHOMEp-
HOCTH MX U3MCHECHMSI HMEIOT OOIUi CXOXH (I10-
BTOPSIIOT) XapakTep IpH H3MEHEHUH (PakToOpoB
mpolecca MOBEPXHOCTHOro JopHoBaHusA. Ilpa-
BWIBHOCTh 3TOTO YTBEP)KACHUS IIOATBEpPXKIEHA
ONBITHBIM TyTeM [4, c. 214].

5. YBenmuenue Kod(pHUIMEHTAa TPEHUS TPH
MTOBEPXHOCTHOM JOPHOBAaHUH HE OKA3bIBAET BIIHS-
HUS Ha XapakTep paclpelesIeHUus] HanpsKEeHU B
OCEBOM, paIMaJIbHOM M OKPY>KHOM HaIpaBlIeHUSIX,
OJTHAKO M3MEHSET uX ypoBeHsb (puc. 5). Takas xap-
THHA HaOIIOAAaeTcsd MPH Pa3IUYHBIX COUYETAHMSIX
KOHCTPYKTOPCKO-TEXHOJIOTHYECKUX IapaMeTpOB
nporecca IeQOpPMUPOBaHMA: CTerneHH aedopma-
IUU (HATSAT MOBEPXHOCTHOTO JOPHOBAHUS), MaTe-
puasa 3aroTOBKM M €€ Pa3MepoB, FEOMETPHUU HUH-

Hayka
wrexHuka. T. 20, Ne 3 (2021)

ctpymeHnrta (puc. 6). B pamkax BbIOpaHHBIX st
MOJEINPOBaHNs 3HAUYCHUH W3MEHEHUS JaHHBIX
(akTopoB 3T0T poct gocturain 14 %.
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Puc. 5. YpoBeHb MakCUMaJIbHBIX HAIIPSDKEHUH B 3aTOTOBKE
B IIporiecce (Gy) U IOCIe OBEPXHOCTHOTO JOpHOBAaHUS (o7")
[IPY BapbHPOBaHUH KOd(HUIHEeHTa TPEHHUS
(N,=0,08 mm, b =2 mm, a0 = 3°, oy = 10°, ceuenue I11-111)
Fig. 5. Maximum stress level in workpiece in process (c;)
and after surface mandrel (c3"")

with varying coefficient of friction
(Ng=0.08 mm, b =2 mm, o = 3°, oy = 10°, section I11-I11)

Jedopmanun B 3aroToBKe H HHCTPYMEHTE

VYuuThIBas, 4TO B HPOLIECCE IIOBEPXHOCTHO-
ro JOPHOBAaHUSA MAaKCHUMaJIbHbIE 3HAYEHUs Ha-
OPSOKEHUH  COCPEIOTOYCHBI B TMEPEXOAHBIX 30-
Hax (puc. 3), MakcUMaJbHbIC Jaedopmanuu 3aro-
TOBKH M WHCTPYMEHTA TakkKe OyIyT NPOUCXOAMTH
B 3THX 30HaX, IpUYEM BIIOJIHE OYEBHIHO, YTO 00-
muii Oamanc nedopmariii mapsl «HHCTPYMEHT —
3arOTOBKa» B TOYKAaX KOHTAKTa (DyHKIHOHAIBHO
BCerja paBeH HaTAry nopHoBaHMs. Kak mokaszamu
YHCJICHHBIC MCCIIEJOBAHMSI, COOTHOIIICHNE BETUINH
TuX aAedopmanuii B Ipolecce MOBEPXHOCTHOTO
nopHoBaHusi MeHsercsi. C pocToM HamnpsyKEHUH
IIpU yJaJICHUH HHCTPYMEHTA OT CBOOOJHOTO TOpLa
(puc. 2) nedopmanyu B 3arOTOBKE YMEHBIIAIOTCS,
a B MHCTpyMEHTe yBenuumBatorcs. [Ipu mpubiu-
KEHUU MHCTPYMEHTA K OIIOPHOMY TOPILLY U CHIDKE-
HUM HamnpspKeHuil HaOmomaeTcss oOpaTHasi KapTu-
Ha — JgedopManuy B 3aroTOBKE YBEIMYHBAIOTCH,
a B MHCTPYMEHTE YMEHBIIIAIOTCS.

263



Mexanuxa deghopmupyemozo meepoozo mena

a b c
o, §?°T, MIla o,, o, Mlla o, o7, Mlla
=012
1200 P=%12/ \ 7
i 950 550 A S,
1050 ;f—(, - = 0,08
900 =012 750 450
750
600 550 350
=012 .
/N S0 r=dns
ss0 |/ : \ =012 B
350 250 X =
300 st \ o, o N
y _,f'= 0,08 l" f= 0.08
150 150 150
0,08 013 0,18 023 N, mm 1 2 b, Mm 1 3 5 rpan
d e f

o, 0,7, MIla
ocT
G,, 6, , Mlla

T o,, o), Mlla
£=0,12 |
1050 | - a,
| 600 !

250 Ny 550 |—r=0,12

o, ] el 950
850 500
” [ 7
. ~ N | I 400 f=0,08 750
65,0 J= 0‘08 . / LT

£=0,12 350 7 .
350 > 300 / 550 N
450 ( S — 250 e \ -f=0'12
G.r l 200 O, .r/.:: \/
20 -y o K202 [ 350 —A N
i 0,08 . B = 0,08 \
= 0,08
150 50 S 1 150 \
1 6 11 16 oy, rpax 120 135 1,50 Dufdu 250 450 650 o, MIla

Puc. 6. AGcomoTHbIE 3HAYEHUS MAKCUMAIIbHBIX PaJMajlbHBIX HAIPSKEHHI B 3aTOTOBKE B IIpouecce (Gy) 1 nocie oopabotku (o7")

[P BapHaLii BEIMYUHBI KOO GUIMEHTa TPEHHUS B 3aBUCUMOCTH OT: a — Hatsira (b =2 mm, o = 1°, oy = 10°);
b — mmpusel tnrEAPHMYeckoi tenToukn uHCTpyMeHTa (N, = 0,08 MM, o = 7°, a; = 10°); C — yria nepeaHero KOHyca HHCTPYMEHTa
(N,=0,08 mm, b =2 mm, oy = 10°); d — yria o6patHoro konyca uaerpymenra (N, = 0,12 mm, b =2 mm, o = 3°);
e — tomuuHbl creHky 3arotoBkd (N, = 0,08 MM, b =2 mm, a = 3°, a; = 10°); f — MexaHnuecknx CBOHCTB
obpabareiBaemoro marepuana (N, = 0,12 mm, b =2 mm, o = 3°, a; = 10°)

Fig. 6. Absolute values of maximum radial stresses in workpiece during the process (c,) and after processing (c2"") with variation

in value of friction coefficient depending on: a — tension (b =2 mm, o = 1°, a;; = 10°);

b — width of cylindrical ribbon tool (Ng = 0.08 mm, o = 7°, a; = 10°); ¢ — angle of front tool cone
(Ng =0.08 mm, b =2 mm, oy = 10°); d — angle of inverse tool cone (Ng = 0.12 mm, b =2 mm, a = 3°);
e — wall thickness of workpiece (Ng =0.08 mm, b =2 mm, o = 3°, a; = 10°); f — mechanical properties

of processed material (Ng = 0.12 mm, b =2 mm, a = 3°, a; = 10°)
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BbIABIECHHYIO 3aKOHOMEPHOCTH  HW3MEHCHHS
neopManyii 3aTpyIHUTEIBHO OOBSICHUTH TOJIBKO
U3MEHECHNEM YPOBHS HANpPSOIKEHHH B 3arOTOBKE U
MHCTpyMeHTe. {15l ee TOYHOro MOHWMaHHsA HE0O-
XOIMMO pacCMOTpeHue Ooliee CIIONKHOW MOJEINH,
yuuThIBatomel 3QQext (sBlIeHHEe) BHEKOHTAKT-
HOW JedopMaluil 3arOTOBKH ITIPH IOBEPXHOCT-
HOM [IOPHOBaHHH, OOHApPYXCHHbBII aBTOpamu [4].
O¢ddexT BHEKOHTAKTHOW IedopManyu MPUBOIUT
K YMCHBIIICHUIO TEOPETHUECKOM (pacueTHOMN) IJu-
Hbl KOHTaKTa II€pelHEero KOHyca HHCTPyMEHTa
¢ 3arotoBkoil |, 10 ee dakruyeckoro 3Haue-
Hud | (puc. 7).

U/2, mm
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0

-0,02
103 113 123 133 143 153 163 173

V3710BbIE TOYKH I10 JJTMHE 3arOTOBKU

Puc. 7. Bonna BHekoHTakTHOH aedopmanun U 3arorosku |
B 30HE IIEpEJHEr0 KOHyca HHCTPYMEHTa 2
HPH TIOBEPXHOCTHOM JIOPHOBaHUU
(N;=0,12 MM, b=2mm, a0 = 1°, oy = 10°, f=0,12)

Fig. 7. Wave of non-contact deformation U of workpiece 1
in the area of front cone of tool 2
during surface mandrel
(Ng=0.12mm,b=2mm, a = 1° o4 =10°, f=0.12)

B HacTosimmeM wHccle0BaHHH YCTaHOBJICHO,
YTO B MPOIECCE IMOBEPXHOCTHOI'O OPHOBAHUS
(puc. 8) mpu MOCTOSAHHOM HaTsAre AnuHa |, 4 yBe-
JTUYUBACTCS M JOCTUTAET MaKCUMyMa TIPH BBIXO-
ne wuHCcTpyMeHta B cedenue |ll-I1I1 3aroros-
ku (puc. 1) mpu dKCTpeMalTbHOM ypPOBHE HaIps-
XKeHul (puc. 2).

B ceuenun III-III nedopmaryu BHyTpeHHEH
MOBEPXHOCTH 3aroTOBKH HMEIT MHHHUMaIbHOE
3HaueHue. [IpuOaMKeHHe HHCTPYMEHTa K OIOp-
HOMY TOPIly MPUBOIMUT K MaJCHUIO YPOBHS Harpsi-
’KCHUI B 3arOTOBKE M yMEHBIICHHIO | 4, HO ne-
(dopmamu Tpu 3TOM pacTyT. ITO yKa3bIBaeT Ha
TO, 4YTO MaKCHUMallbHbIC 3HA4YeHus jaedopma-
Ui B 3aTOTOBKE U HHCTPYMEHTE 3aBUCAT HE TOJIb-
KO OT YpOBHS HAmpsOKCHUH, HO W OT BEIUYH-
HEI | 4.
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Puc. 8. daxkTryeckas [IMHA KOHTAKTa Mapbl «KMHCTPYMEHT 1 —
3aroToBKa 2» I10 IepeiHeMY KOHYCY B IIpoLecce
TMOBEPXHOCTHOTO JJOPHOBAHUS B ceueHUsX (puc. 1):
a—I-1; b=1I-1l; c = NI d = IV-IV; e = V=V
(N,=0,08 MM, b =1 MM, o = 1°, oy = 10°, f=0,12)

Fig. 8. Actual contact length of “tool 1 — workpiece 2” pair
along front cone during surface mandrel in sections (Fig. 1):
a—I-1;b=1I-1l; c = -1 d = IV-IV; e = V=V
(Ng=0.08 mm,b=1mm, a =1°, a, =10°, f=0.12)

XapakTep HarpyXeHHUsl 3arOTOBKH B IpoIec-
Ce MOBEPXHOCTHOTO JOPHOBAHUS HEIOCPEICTBEH-
HO BIMSIET M Ha YPOBEHb PaJUAILHOW OCTaTOY-
HO pedopmanyu Mo 0OpaboTaHHOMY OTBEPCTHIO.
C ynydmieHueM YCIOBHH TpeHHS (YMECHBIICHHEM
BEJIMYMHBI KOG PUIKUEHTA TPEHUs) BEIMYNHA STOMH
neopMany CHHXKAETCSl.

BBIBO/IbI

1. IToBepxHOCTHOE TOPHOBAHWE OTBEPCTUH CO-
MIPOBOKJACTCSI MOBBIIICHHBIM YPOBHEM HaIpsiKe-
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HUA B 30HE LWIMHIPHYECKOW JIEHTOUYKH HHCT-
pyMeHTa. YPOBEHb HANPSHKECHUH MOXET OBITh
CHIDKEH 32 CUeT YBEJIWYCHHS IIMPUHBI JIEHTOYKH,
a TaKkKe paaguyca IMEPEeXOJHOT0 ydacTKa B 30HE
COIIPSDKEHHS € TIEpeTHIM KOHYCOM. DTO TO3BOJIS-
€T BIUATH HAa HAINPSHKEHHOE COCTOSIHUE 3arOTOBKH
MyTeM H3MEHEHHsI TeOMEeTpUH Je(pOopMUPYIOIIETo
MHCTPYMEHTA.

2. AHanmu3 moKasall, 4To MOCJe MOBEPXHOCTHO-
ro JIOPHOBAaHUSI DKCTpEMaJbHbIC 3HAYCHHS OCTa-
TOYHBIX HAINpPSDKEHUH (PUKCHUPYIOTCS B TOBEPX-
HOCTHBIX CJIOSIX 3arOTOBKH, NPH 3TOM OKPYXHBIE
OCTaTOYHBIC HAIPSIKEHUS WMEIOT HAaUOOJBIIHE TI0
MOJyJr0 3HadeHus. OTMeueHo, 4To o Mepe yna-
JeHus1 OT 0O0pabaThIBAEMOI MOBEPXHOCTH OKPYK-
HBIE OCTaTOYHBIC HANpPSDKEHHsI MEHSIOT 3HaK Ha
MIPOTHUBOIIOIOKHBIH.

3. BO3MOXHOCTh pacueTa YHCICHHBIM METO-
JIOM WHTCHCUBHOCTH HANpSDKEHU B 3aroTOBKE
B IpoLECCEe MOBEPXHOCTHOTO TOPHOBAHHS MO3BO-
JSIeT MPOM3BOAUTH OLIEHKY NapaMEeTpOB KayecTBa
MTOBEPXHOCTHOTO CJIOS 00paOOTaHHBIX IHIHMHIIPH-
YeCKHX OTBEPCTH (CTENEeHb HaKJena W TIyOuHYy
YIPOUHEHHUS).

4. B nuamna3oHe 3HaYCHUHN HCCIEIyEeMbIX Mapa-
METPOB Ipolecca MOBEPXHOCTHOTO JIOPHOBAHMUSI
TIOBBIILICHUE YPOBHS HAIIPSDKEHUH B TEJE 3arOTOB-
KA TIpU yBeNUYEHHH KOd((UIMEeHTa TpeHHs HO-
cturano 14 %. DTo moaTBepKAaeT BO3MOKHOCTH
yIpaBlieHHs HanpsbKeHHO-Ie(OpPMUPOBAaHHBIM CO-
CTOSIHMEM 3aroTOBKM M TapaMeTpamMH Mpolecca
3a CYeT HANpaBJICHHOTO YIIPABIICHUS YCIOBUSMHU
KOHTAKTHOTO B3aUMOZCWUCTBHS W TPEHHUS WHCTPY-
MEHTa C 3arOTOBKOH.

5. OcHOBBIBasICH Ha OIeHKE OanaHca medopma-
U KOHTaKTHBIX MMOBEPXHOCTEH B Mape «MHCTPY-
MEHT — 3aTrOTOBKa», IOKa3aHO, YTO JeopMaluu
MOTYT TIPUBECTH K CYIIECTBEHHOMY CHIDKEHHUIO
HaTATa MOBEPXHOCTHOTO JOPHOBaHU, pealbHast
BEJIMYMHA KOTOPOT'O M3MEHSETCA 10 X0y Mpoliec-
ca W 3aBHCUT OT HaNpsHKeHHH W (aKTUIECKOH
JUTMHBI KOHTaKTa MepeJHero KOHyca WHCTPYMEHTa
C 3arOTOBKOM.

6. B xome YHCIEHHOTO WCCIENOBAaHUS IIOJ-
TBepKIeH 3(PQeKT BHEKOHTaKTHOU Aedopmanuu
3arOTOBKH, OOHApy)KEHHBI paHee SKCIEepUMEH-
TanbHO [4], YTO MOATBEPKIACT aICKBATHOCTh Pa3-
paboranHolii Mozenu. Takxke ycCTaHOBJIEH (HakKT
BHEKOHTAKTHON JeopMaIii HHCTPYMEHTa. YdeT
3THX JedopManiii HeOOXOAUM ISl TMPaBUIBHOTO
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Ha3HAUCHUS PEXKUMA 00pPaOOTKU M MPOTHO3UPOBA-
HUS BBIXOJIHBIX NapaMETPOB MpoIiecca.

7. BBIYUCIUTEIBHBIM ~ DKCIEPUMEHTOM  IOJI-
TBEPXKJICHO, YTO YMCHBIIICHUE CHJIBI TPEHHS B MPO-
[ecce IMOBEPXHOCTHOTO JTOPHOBAHHS TMPHBOIUT
K CHIDKEHHIO OCTAaTOYHBIX Aedopmanuii B 3aro-
TOBKE TIOCTIe €e 00paOOTKH.
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MeToauKka HHKEHEPHOT0 pacyera
CKOOOBHU/IHBIX IVIACTHHYATHIX peccop
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Pedepar. B KueBckoM HalMOHaIbHOM YHHBEPCUTETE CTPOUTENbCTBA M APXHTEKTYPhl pa3paboTaHbl HOBBIE BHABI YHPYTHX
YCTPOMCTB — CKOOOBHMIHAs IUIACTHHYATAs M CKOOOBHM[HAsS IUIACTHHYATO-TUCTOBas peccopbl. CKOOOBHIHAS ILUIaCTHHYATAS
peccopa MpeACTaBIseT co00H YIpyTyro IIACTHHY, KOHIIEI KOTOPOH OTKIIOHEHEI OT €€ CPEHEH 9acTH B OHY H TY XK€ CTOPOHY
Y BBIIIOJIHEHBI B BUJIE KOHCOJIEH, CHAOKEHHBIX IPUCTIOCOONCHUSAMH ISl LIAPHUPHOTO KperieHus. CpeHsas 4acTb IUIACTHHBI,
PacIoIoKEHHOH MapasuieIbHO JTHHUN ASHCTBHS Harpy3KH, BBIOJTHEHA ¢ TIEPEMEHHBIM M0 JJIMHE ceYeHHeM. B kaxxmom cede-
HUH OCh, OTHOCHUTEIIBHO KOTOPOH MOMEHT MHEpIHN CEYEeHHs MaKCHMaJeH, MEepIeHIUKYIIsIpHa IIOCKOCTH M3rHba pPeccopsl,
CIPOEKTUPOBAHHON Kak Oanka paBHOro compoTuBieHHs. OOOCHOBaHA I11€7€cO00pPa3sHOCTh MPUMEHEHHS! CKOOOBHIHOH ILTa-
CTHHYATOH PEcCOpHI VISl YCOBEPIICHCTBOBAHMS 3JIACTHYHON ITOJIBECKH KaOMH TPy30BBIX aBTOMOOMIeH. Pa3pabGoTaHsl pexo-
MEH/JAIMU 110 BBIOOpY Hambosee NEepCIeKTUBHOIO YCTPOUCTBA C LIEJIbI0 BHEAPEHHUS MX B CEPHIHOE MPOU3BOJACTBO, a TAKKE
METOJIMKH MHKEHEPHOTO pacuera Takux peccop. OObEKTaMM HCCIEN0BaHUH SABILSUIMCH YCTPOMCTBA, NMpEIHA3HAYCHHBIE UL
aMOPTH3aIMHU TUHAMUYECKUX Harpy30K B MalIMHAX W NpHOOpaxX, OTIMYAIOIINECS TEM, YTO OHH HMEIOT CKOOOBUIHYIO (opMy
U TOJBEPraroTcs M3ruby B INIOCKOCTH HamOOJNBIICH JKECTKOCTH CBOMX IONEPEYHbIX CEUCHHUH, a TaKkKe aMOPTU3aLMOHHbIC
HOJABECKH C MICHOJIB30BaHHEM ITUX PECCOp, B YaCTHOCTHU IOJBECKH kKabuH aBromobOmieii KamA3. Buenpenune uccnenoBanus
MOXKET CYIIECTBEHHO YMEHBIIHTh METAUIOEMKOCTh M TPYZOEMKOCTh M3TOTOBJICHHS YIPYTUX YCTPOMCTB, a TAKKe OKaXETCs
THOJIE3HBIM IIPU MPOSKTUPOBAHUH U HKCILTYaTALMHU SJIACTUYHBIX I10JJBECOK aBTOMOOHIIECH.

KitroueBble cjioBa: yrpyroe ycTpoicTBo, CKOOOBUIHAS IUTACTHHYATAS PECCOPa, TUIACTHHYATO-TIHCTOBAs peccopa, acTUIHAs
HoJBeCKa

Js uurupoBanms: Cykau, M. K. Meroarka HHXEHEpHOr0 pacuera CKoOOBUAHBIX MuacTHHYAThIX peccop / M. K. Cykau //
Hayka u mexnuxa. 2021. T. 20, Ne 3. C. 268-274. https://doi.org/10.21122/2227-1031-2021-20-3-268-274

The Staple-Shape Plate Springs Engineering Calculation Method
M. K. Sukach”
YKyiv National University of Construction and Architecture (Kyiv, Ukraine)

Abstract. The new types of elastic devices — staple-shape plate spring and leaf spring - have been developed at the Kyiv
National University of Construction and Architecture. The staple-shape plate spring is an elastic plate where the ends are
deflected from its middle part in the same direction and are made in the form of consoles equipped with hinge attachments.
The middle part of the plate as a parallel to the line of the load action is designed with variable length section. In each section,
the axis, relative to which the moment of the section inertia is a maximum, is perpendicular to the spring bending plane,
designed as the equal resistance beam. This article substantiates the feasibility of using a staple-shape plate spring to improve
the elastic suspension of truck cabs. The recommendations for choosing the most promising mass production directions, as
well as the engineering calculation methods of such springs, have been developed. Objects of the study are devices intended
for machines and their components dynamic loads shock absorption, differing in having a bracket shape and being a subject to
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bending in the plane of the highest rigidity of their cross sections, as well as shock absorbers using these springs, in particular
KamAZ cabs suspension. This research implementation allows significantly reducing the metal consumption and elastic
devices manufacture complexity, as well as can be useful in the design and operation of elastic car suspensions.

Keywords: elastic device, staple-shaped plate spring, leaf spring, elastic suspension

For citation: Sukach M. K. (2021) The Staple-Shape Plate Springs Engineering Calculation Method. Science and Techni-
que. 20 (3), 268-274. https://doi.org/10.21122/2227-1031-2021-20-3-268-274 (in Russian)

BBenenne

MHOTOYHCIIEHHbIE PAcYeThl, MOJTBEPKICHHbIC
9KCIIEPUMEHTATBHBIMU  UCCieAoBanusMuA [ 1-3],
MOKAa3bIBAIOT, YTO Y CKOOOBHJIHBIX TUIACTUHYATHIX
peccop (CIIP), mpemcTaBIsOmMMUX WHTEpEC IS
MPAKTHYECKON peau3alii B aMOPTU3aIMOHHBIX
YCTPOMCTBAaX TPAHCIOPTHBIX CPEJNICTB, YIJIbI MOBO-
pOoTa KpaifHUX CEYCHUH IOJIOTHA TIOJ] CTATHYECKOM
U IMHAMUYECKON Harpy3KaMu (; OOBIYHO HEBEIH-
KU U, KaK mpaBmio, He mpesbimatT 2°-3° [4-7].
BenmuunHa KOCHMHYCOB TakKMX MalbIX YIJIOB —
He Mmenee (,998. JlaGoparopHble uCCIIeIOBaHUS
peccopsl [8, 9] Takke MOKa3bIBAIOT, YTO C JOCTa-
TOYHOW TOYHOCTHIO WHXKCHEPHOT'O pacdyera MOXKHO
MPUHUMATh COSQ; W COSQ, DPABHBIMH CIUHHIIC.
Hckmrouenne coctaBisioT dopmynsl (13), (16),
(17), (19), (20), (30), (33), (38), nmpuBencHHbBIC
B [3], B KOTOpHBIC CICAYET MOACTABIATh PACUCTHBIC
3HaueHus COSP U COSQ;.

[TockonbKy cTeneHb U3MEHEHUS BBICOTHI Ceue-
HUS TIOJIOTHA CKOOOBUTHBIX TUIACTHHYATHIX PECCOp
«PaBHOTO  COTMPOTUBJICHHS», NPEIHA3HAYCHHBIX
JUTsl paOOThI MPEUMYIIIECTBEHHO Ha CXKAaTHe, OTHO-
CUTEIIbHO HEBEJHKA, NMPU MPOCKTHUPOBOYHOM pac-
yeTe BbIcOTa cedeHuit moyotHa h takux CIIP, Tak
ke, Kak W UX TONMHA D, MOXeT OBITh MPHUHSATA
noctosiHHOU (puc. 1). [Ipu 3TOM MOMEHTHI compo-
tuBieaus W, n nHepuuii |, 3TUX ceyeHmii TOXe
Oynyt moctossHabMHE [ 10-13].

Cornacao ¢opmyiie (1) uz [3], uzrubarouiuit
MOMEHT B CEUCHHUSX IIOJIOTHA MEPEMEHHBIN, IO-
ATOMY HAIpPsDKCHUS B JIAHHBIX CEUCHUSAX OyayT
U3MEHSATHCS, BO3pacTas OT KpaeB IMOJIOTHA K €Tr0
CepeliMHe, a ympyras JWHUS [OJIOTHA YXKe He
Oynmer ayroit okpyxHocTd. llpm mpenBaputens-
HOM mpoekTtupoBoyHoM pacuere CIIP ¢ monor-
HOM TIOCTOSSHHOTO CEUYCHHUS MOXHO I10JIaraTh,
9YTO WCTUHHAsA (OopMa YNpPYrod JIMHWH IOJIOTHA
Majo OTIUYaeTCs OT AYTH OKPY>KHOCTH, IMO3TO-
My TPUHUMAeM pajuyCc KPWUBU3HBI YNPYrou IH-
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HUU Py = p = const. Taxxe B coorBercTBUH C (1)
n3 [3] MOXHO TIpeHeOpedh 3HAYCHUEM Y TI0 CpaB-
HEHHIO C BeTHYUHO# [COSQ;.

zl zl
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Puc. 1. PacuerHas cxema
CKOOOBUIHOM MIACTUHYATOH pECcCOphl

Fig. 1. Calculation scheme of staple-shaped plate spring

C 1enpI0 YIPOIICHUS TEXHOJIOTHH U3TOTOBIIC-
HUS TIPEATIOYTUTENILHEE BBITIONHITH TPOQUIH TTOJ-
ku CIIP Takum, 4TOOBI BBICOTA €€ CEUCHUN H3Me-
HSJIach MO JTUHEWHOMY 3aKOHY, BO3pacTas OT He-
KOTOPO# BeawumHbI Ny BONM3KM yCTpoicTBa IS
mapaupHoro coenuuenus CIIP co cMmexHoi# mera-
10 (puc. 2) 10 BenwyuHbL Ny B KOPHEBOM cede-
HUU TIOJIKH, B MECTE MEepPex0/ia B KPUBOJIMHCHHBIN
YYacTOK, COEAMHSIOMNN €€ C TIOJIOTHOM PECCOPHI.
[Ipu 3TOM mONKA YK€ He OyAeT SBIATHCS OAKON
(6bpycom), cobcTBeHHOE TepemMernieHrne (mporuo)
KOTOpO#l O, MOXKET OBITh BBIYMCICHO TO (opMy-
ne (34) u3 [3].
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Puc. 2. PacueTHas cxema IOJIKH PECCOPHI

Fig. 2. Calculation scheme of spring shelf

OpnHaKo TpH MPOSKTUPOBOYHOM PACUETe Ieie-
coo0pa3HO BHAYaje OMNPEACISITh BEIUYHHY O
uMeHHO 1o popmyie (34) u3 [3], yTounss ee npu
MOCIIEAYIONIEM MPOBepoYHOM pacuete. Mcxons u3
W3JI0’KEHHBIX OCHOBHBIX MIPEJIOCHUIOK, HEKOTOPHIC
TeopeTndeckne (HOpMyIbl, BBIBEJCHHBIE paHee,
MPeoOPa30BBIBAOTCS M MPH MHKEHEPHOM pacdere
UCTIOJB3YIOTCS B COOTBETCTBUU C TPECTABICHHON
HUXE METOJUKOM.

OCHOBHbDIE BEJIHYUHDI
JJISI pacyeTa MmoJIOTHA Peccopbl

CunoBblie (paKTOPHI B CCUCHUU MTOJIOTHA:
— U3rHOAarOIIMii MOMEHT

M, =Pl =const;

— HOpMAaJIbHas Cujia

N =P =const;

— moniepeyHas (Tiepepe3bIBaroIas) Cuia
Q = Psing;
— MOMEHT MHEPIUY CEYCHHUS TIOJIOTHA

3
|, =——=const;
12

z

— MOMCHT COITPOTHUBJICHUSA CCUYCHUSA ITI0JIOTHA

2
W, = % =const.

z
BeJ'II/I‘-II/IHI:I, H€06X0)_'[I/IMBIC IJIg pacdyeTa 1oJIoT-

Ha pecCOpBI:
— paauyc KpUBU3HBI YIIPYTOW JTMHAW TIOJIOTHA

270

— YroJ IOBOpPOTa KpaifHero ce4eHus OJI0THA

0, = L,
1= ">
P
— HanOOoJIbIIIEE HaIpsKCHUC n3ruba B KpaﬁHeM

CCUCHHUH IIOJIOTHA

— HOPMAJIBHOC HAIIPSXKCHUE CXKaTuA B CCUCHUU
IIOJIOTHA

— HaUOOJIBIIHI IMOTIEPEYHBIN MPOTHO MOJIOTHA

Yimax = p(l—COS(Pl);

— MepeMeICHUE [IEHTPa MapHupa OT Mporuoda
noJiku 110 (34) u3 [3]

_2pPP
27 3El

HcxonHble 1aHHbIE
NMPOCKTUPOBOYHOI'0 pacueTa

[Tpu mpoekTupoBounoMm pacuere CIIP o6praHO
3agarotes [14-17]:

— MaTepuaj Peccopbl, €r0o MEXaHUYCCKUE Xa-
PaKTEPUCTUKHU U MOJYJIb YIIPYTOCTH (G, O, E);

— MaKCUMAIbHOE Amax U MHUHHMAaIbHOE Apin
MEXKIIAPHUPHBIE PACCTOSHUS,

— MaKCHMaJIbHasl HCTIBITATEIbHAS HArPYy3Ka Prax;

— cTratuyeckas Harpyska P

— )KeCTKOCTh peccopbl C WM CTaTUYEeCKHi
mporud fe.;

— MaKCHMAaJIbHBIN TWHAMWYECKUNA TIPOTHO TPH
UKITNYEeCKOit Harpyske f;

— pa3Max KosieOaHMi (OT CTATHYECKOTO I0JIO-
YKEHWS) TIPH [IUKJIMIECKOM Harpy>KeHHH 2d.

[TockomnbKy 3a/1aya MPOSKTUPOBOYHOTO pacyeTa
SIBIIICTCS. MHOTO(AKTOPHOM, MOCICIHUN BBITION-
HSIETCSl KaK IBPUCTHYECKHU-BAPHAHTHBIN, IENb KO-
TOPOTO — CO3JaHUE PECCOPHBI, YAOBICTBOPSIO-
IIeH MOCTaBJICHHBIM TPEOOBAHUSM U, KPOME TOTO,
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obnamarolmieidi BO3MOXKHO MEHBIIEH MeTajjio-
€MKOCTBIO, TIPOCTOTOM TEXHOJIOTHYECKOTO H3ro-
TOBJIICHHMSI 1 MUHHMAaJIBHOM cTonMOCTRIO [18, 19].

IIpu 3amaHHBIX BenmmuWHAX Prax 1 C HEoOXo-
JIAMYIO KECTKOCTh TIpH MUHUMEI3anuu Maccol CITP
C TPSIMOJIMHECHHBIMH HOXaMH OOBIYHO YHaeTCs
o0ecrevnTh IMyTeM BBIOOpPAa BO3MOXKHO OOJbIICH
pacdeTHOW ATUHBI MOJKU | 1 GojbIero oTHoIe-
HUSL MOMEHTA CONPOTUBIICHUS CEUCHHUS IOJIOTHA
K IUIOIIAIN TIOTIEPEYHOTO CCUSHUS

K, =—L. 1)

Hampumep, B ciyyae TpsMOYTOJNBHON (OpMBI
ceuenus CIIP

b
" 6bh 6

CrnenoBaTeNbHO, MPH MPOSKTUPOBAHUU TaKOU
peccopsl  1enecooOpa3HO BBIOMpATh CEYCHUS C
HauOOJIBIIEN BO3MOXHOM BbICOTON. OQHAKO B IlE-
JSX YMEHBIIEHUS] MAacChl CIEeIyeT CTPEMHUTHCS K
YMEHbBIIIEHUIO F, 4T0 Tpu Ype3MepHOM yBelnde-
HUA N TOPUBOAMT K 3HAYUTEIBHOMY YMEHbIIIE-
auro b. IIpu 3TOM pe3Ko CHIKAeTCss MUHUMAJIbHbIH
MOMEHT HMHepuMu cedeHus |, = hb®/ 12, uto nnus
peccop, paboTaronux Ha CKaThe, YpeBaTo OIac-
HOCTBIO TOTEPU YCTOWYMBOCTH Ha MPOJOIBHBIN
n3ru6. [losTomy mepBEIM 3TanoM MPOEKTUPOBOY-
Horo pacdeta CIIP, paboraromux Ha cxatue, sB-
JIA€TCsl ONpEe/IeNICHUE CHKUMAIONIe KpUTUYECKOM
CHIIBI, JIOMYCTHMOM IO YCJOBUSIM OOecIeqeHUsI
YCTOHYHMBOCTH IIPH MPOJOIBEHOM U3rHbe

Peo = Nip Prvac (2)

Kosddunument 3amaca ycroitumBocTd Ny, A07-
J)KEH BBIOMPATHCA C yYYE€TOM YCIOBHH KPEIUICHHS
CIIP B ee mrapHupHBIX y3max. Eciam KOHCTpyKIHs
IIapHUPA HAJACKHO UCKIIOYACT TOBOPOT KOHIEBBIX
ceuenuil CIIP B mIockocTH €¢ HaMMEHBIICH KECT-
KOCTH, MOYKHO IPUHHUMATh nl'Tp =2,0-2,5 u BBIUHC-

a4Th Py, KaK JJIsl CTEPKHS C 3aleMJICHHBIMU KOH-

[[aMH{; €clIi MOBOPOT KoHIEBBIX ceueHuit CIIP B

IUIOCKOCTH €€ HauMEHBIIIEH KECTKOCTH HE HCKITIO-
’ —_—

ueH, To N/ =1,5-2,0, u onpenensits Py, cienyer

o hopmyJie Uil CTEPIKHS cO chepuuecKuMH Tap-
HUpaMH Ha KOHIIAX.
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B mepBoM 1 BO BTOpOM cCiTydasix HCIIOJIB3YeT-
cs popmyna Diinepa:

5 _4n’El,  7’hb’E
ToAm AL

@)

2
n°El, n’hb’E
Kp 2 - 2
Anax 12Amax
Pacuer peccopsl
¢ NPAMOJIMHEHHBIMH MOJIKAMHU

(4)

PaccmoTpuMm  METOIMKY —MPOEKTUPOBOYHOIO
pacueta CIIP ¢ nmonepeyHbIMU CEUEHUSIMU TPSIMO-
YTONBbHOM (hOpMBI, cXxeMa KOTOpOil n300pakeHa Ha
puc. 3, a TOJKHU BHIMOJHEHBI TaK, 4TO BBICOTA HUX
CEUYCHUI U3MEHSETCS MO JIMHESHHOMY 3aKOHY.

Puc. 3. PacuetHas cxema CKOOOBH/IHOM MJIACTUHYATOM
peccopsl ¢ MPSMOIMHEIHHBIMH TTOJIKAMH

Fig. 3. The scheme of calculation of the staple-shaped
plate spring in the form of a bracket with straight shelves

ITonaras, 4To MNOBOPOT KOHIIEBBIX CEUYECHUH
CIIP B mIOCKOCTH €€ HauMEHBIIEH KECTKOCTH
BO3MOJXKEH, ONpENeNsieM KPUTHYECKYI0 COKHMAalo-
myro cuiy Py, mo popmyie

P =n/P

kKp ~ ' 'mp max'
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YauteiBas IIPUBCACHHBIC BLINIC PEKOMCHIA-
oy, NpyuHUMacM

h=K,b, (5)

rae Ky — koaddunuent seicotsl, Ky = 1,5-2,5.
IToxcraBus B (4) Benmunny h us (5), HaxoquM

12A%n P
Z—P_ (6)
n EK,,

ITo BBIOpaHHOMY 3HaueHHI0O b u3 Qopmy-
aer (5) ompemenseM YHCIEHHYIO BelIHYMHY h
W Ui TOCIIEAYIOIIEro pacyera BblOWpaeM Ouu-
JKaWIIyIo K Hel OOJBIITYI0 BEIMYHHY TI0 COpTaMeH-
Ty TOCT 103-2006, kakoByt0 U NpUHUMAEM, Kak
pacueTHyro. PacueTHasi BbICOTa KOpHEBOTO cede-
Hus noaku hy = h.

Pacuetnast mmHa monku | ompepensercs u3
YpaBHEHHUSI HANpPSHKEHHOTO COCTOSIHUSI PECCOpPBI
(dbopmyna (27) u3 [3]), B KOTOPOM B MEPBOM TIpH-
OMKCHUH PUHUMAIOTCS COSQ; =~ 1, Singp = 0

bh
e, )
6 P

rae [6]max = (0,90 + 0,93)o, cormacuo [3].

[MpuHrMaeM BEIUYUHBI PAIMYCOB KPUBH3HBI
MEPEXOHOTO YYaCTKa PECCOPHI:

— BHyTpeHHero — Ry = h;

— Hapy»kHOTO — R, = 2h.

Haxonum cpegnuit  paauyc  MepexoaHOTO
ydacTka

R R+R, 3 h.
2 2
Omnpenensiem pabouyro [umHy noikH ly =1 - R.

BrruncisieM MakcUMalTbHBIE I/I3FI/I6aIOH_II/IC MO-
MCHTLHI B KOPHCBOM CCYCHUU IIOJIKM U B KpaﬁHeM
CCUCHUMH MOJIOTHA PECCOPBI COOTBETCTBECHHO!

M I

max,

= Pmax uk

M, =P

max; max

ITo dopmyne (39) u3 [3] HaXO0OUM BEIMUUHY
CMEIIEHHs HEUTPAIbHOTO CIIOSI € B IMEPEeXOJTHOM
y4acTke.

OmnpenensieM BeIHYUHY CPETHETO H3TrHOaroIie-
0 MOMEHTA B IMIEPEXOHOM y4acTKe PeCcCOPhI

272

M +M

M = max,, max,
2

[To popmyne (2.40) u3 [3] BeIUUCIsIEM HaANps-
KEeHWe u3ruba G; Ha BHYTPCHHEH MOBEPXHOCTH
CpEIHEro CeYCHHS MePEXOJHOTO YIacTKa.

OmnpenensieM MakCUMaJIbHYI0 HOPMAaJbHYIO U
KacaTelbHYIO CHJIBI B CPEITHEM CEUYCHUU TEePEXOJ-
Horo y4yactka Ny = Q, = 0,707 1P yux.

BblunciisieM MakcHMallbHOE  3KBHBAJICHTHOE
HanpsDKEHUE Ha BHYTPEHHEH MOBEPXHOCTHU CPEJ-
HETO CEYCHUSI IEPEXOHOTO yJacTKa

2 2
Oy = (Gl +mj +3(&J . (8)
' bh bh

ITpoBepsieM YCIOBHE Gy y/[6]max < 1 ¥ B ciiyuae
ero HeCOOJIOICHHS TPOU3BOIUM TEPECUET BEIH-
ynHEl h ¥ Beex 3aBUCAIIMX OT Hee IOKa3aTelle,
COOTBETCTBEHHO CHHM3HMB MaKCHMaJbHOE IOITyCKa-
eMO€ HAMPSIKEHUE [G]max-

OmnpenensieM HAUMEHBIIYIO TOMYCTUMYIO BBI-
COTYy CeueHHs IOIKH Ny Mo pacdery ee Ha meii-
cTBHE nonepedHor CHiIbl Qmax = Pmax

_ Onax
" o[

e [T]=—[G]max .
V3

Jlns  obecniedeHHsT TOCTAaTOYHOW TPOYHOCTH
ymka CIIP u nonku mo Bcell qnMHE B cilydae
HEOOXOJUMOCTH KOHCTPYKTUBHO  YBEIMYHMBAEM
BEIMYUHY Ny Tak, 4To0sl hyo > hyy, Toe TommuHa
ymika hy, > (D —d)/2 > 3 MM, 1 Torma Tekymas Bbl-
COTa CeueHUs MOJIKHI

Pmax
h,>2,5 TR 9)

max

[Tpu sToM BHYTpeHHUI Auametp ymka d omnpe-
JensieTcss U3 KOHCTPYKTHUBHBIX COOOpaKEHWH 110
YCIIOBUSIM IIAPHUPHOTO COENHHEHUS C JETalbIo,
cmexHoil ¢ CIIP.

Haxonum makcumanbHBIA MOTpeOHBIH TpOTHO
peccopsl Amay, HOJIaras, 4To >kecTkocTb C BO BCEM
WHTEpBAJC HArpyKEHUs PECCOPBl COXPAHACTCS
MTOCTOSTHHOM

P

Ay = 22 10
ax =2 (10
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OmpenensseM MOMEHTBI WHEPITUH M COMPOTHB-
snenud ceyeHus monoraa CIIP

12

2
w2

HaxonuMm MHUHUMAaIbHBIA paJuyCc KpPUBHU3HBI
ynpyroi nuaun nojotaa CIIP

El

Prin = M—

max,

BeruncisieM MakcuMaidbHBI yrojl MOBOpPOTa
KpaitHero cedenus nosotHa CIIP

L (12)

(Pmaxl = o J
min

A (d
rac LZE—(E‘F hUo + le

OmpenensgeM HauboJbIIIee MOBOPOTHOE IIEpe-
MeIIeHue TeHTpa mapaupa nojaku CITP

61max = I-(pmaxl :

0
Ecmu 0,35< " <(0,43, To mpojomkaeM pac-
max

4eT, OIpeelsisi OCTaJbHbIE KOMIIOHEHTBI CyMMap-
HOT'O Tporuoa.

ITo dbopmymnam (34) u (35) uz [3] Haxomaum co-
OTBETCTBEHHO Oomax ¥ O3max.

~ 2PmaxL?Jk .

) ~
2max 3E|

8:%max ~L- I:>min Sir](Pmaxl'

Orcro1a MaKCUMAITBHBIH TIPOTHO
takr __
Amax - 2(Slmax + 82m,:-1x + 6Smax )

Ecnu pasznuuve Mexay 3aJaHHONW BEJIWYMHOMN
mporuda Ama ¥ GaKTHIECKH OCYIIECTBUMBIM TIPO-
rubom A mpepprmaer +5 %, TO BHITONHAIOT
pacdeT BO BTOPOM MPHOKEHUU 1O (hopmysiam,
MpUBEJEHHBIM B [3] I HANpsSKEHHOTO COCTOA-
Hust CIIP npsMoyrosisHOrO ceueHHs ¢ y4eToM Be-
JUYUHBL Qmax1, HaliaeHHON 1o (11) u3 Hacrosmen
CTaThH, M C BHECEHHEM HEOOXOIWMBIX KOPPEKTH-

Hayka
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BOB B MCXOJHBIE mapaMmeTpel pacuera A, b, h, L.
Pacuer moBTOpSIFOT O TeX mMoOp, mMoka He Oyxaer
obecriedeHa peanu3anys 3aJaHHBIX — Iapamer-
pos CIIP.

HccnenoBanust CKOOOBHIHOM TUIACTUHYATON pec-
COPHI TPOBEACHHI B JJaOopaTOopuu Kadeapsl CTPOH-
TermbHBIX MammH KHYBA Ha Momensax, m3roToBieH-
HBIX 3 1oJiocoBoi ctamu 60C2A mytem dpeseposa-
HHSL U TEPMHYECKON 00paboTku mpu t,, = 870 °C
u ty, = 460°C. TomammBocTh 000MX 0Opas-
uoB CIIP 5320-5001080, paccuuTaHHBIX Ha MaKCH-
MaJbHYI0 CTaTH4ecKyro Harpy3ky 122 m 2000 xrc
mpu  KecTkocTh Tmopsinka 833 H/cm, okazamach
Ha 8 % Oombie pacueTHol [8]. B xone ucnbITanuii
MOJTBEPIKJICHA XOPOIasi CXOJUMOCTh OJKCIIEpH-
MEHTAJBHBIX JaHHBIX C TEOPETHYCCKUM IPOTHO-
30M Kak JUIsl POCKTUPOBOYHOT0, TaK U JJIs TOBE-
POYHOTO PacyeToR.

BBIBOJI

IIpumeHeHre HOBOTO BUJa YNPYTrol MOABECKHU
MO3BOJIIET HaWOOJee TOJHO HCIIOJIb30BaTh HECY-
IIyI0 CIOCOOHOCTh MaTepuana, OOeCIeYnBacT
KOHCTPYKTHBHYIO TIPOCTOTY M MEHBIITYI0 MaccCy 110
CPaBHEHUIO C TPATUITUOHHBIMU MOJIBECKAMU. JTUM
YCIIOBUSIM OTBEYaeT CKOOOBHIHAS IIaCTHHYATAS
peccopa, CKOHCTpYHpOBaHHas Kak Oanka paBHOTO
conpoTtuBicHus. [IpenMyiecTBa 3aKJIIOUAIOTCS B
TOM, YTO B KaXJIOM pabodyeM CEYeHWH H3THO Tpo-
WCXOINT B IDIOCKOCTH €€ HarOOIIbIIeH KeCTKOCTH,
nedopmalysi BIOJb JIMHUM JCHCTBHUS BHEIIHEH
CWJIBI [IOCTATOYHA [UIsI TIOTJIOMICHWS 3aJaHHON
SHEPru¥, a MAaKCHMAaIbHOE SKBUBAICHTHOE HAIPS-
JKEHHE B KaXJIOM padodyeM CEYCHHWH DPABHO WIIH
OJIM3KO K J0ITyCKaeMOMY.
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