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Onpeaesienne aare3MOHHON U KOre3MOHHOM NMPOYHOCTH
MeTAJUIHYeCKUX MOKPBITHIA,
HAHECEHHbIX TMIIEP3BYKOBOM MeTa/LlIM3aluel

Y1.-kop. HAH Besnapycu, 10KT. TexH. Hayk, npod. ®. U. Manteneenxo”, acn. M. H. Kapnen?,

JIOKT. TeXH. HAYyK, 1ou. M. A. Benouepxoncxm“f), KaH/. TeXH. Hayk A. B. CocHoBckmii”

1)EenopyCCKI/n‘& HallMOHAIIBHBIA TeXHUYecKuil yHuBepcuret (MuHck, PeciyOinka benapycs),
Y0A0 «benmapycekanmit» (Comuropck, Pecmybmmka benapycs),
THY «O6beauuennblii nucTHTYT MamusocTpoerns HAH Benapycu» (Munck, Pecry6mika benapyce)

© Benopycckuil HalMOHANBHBIN TEXHUYECKUH yHUBepcHuTeT, 2021
Belarusian National Technical University, 2021

Pedepar. I3BecTHO, uTO B HacTOsIIEE BPEMsI ULl BOCCTAHOBJICHHS U YIPOUHEHHs PA3IMYHBIX M3HOIIEHHBIX JAeTaneil MaliH
MIUPOKO NMPUMEHSIOTCSI METO/IbI Ta30TEPMUUECKOT0 HamblIeHHs. Kak mpaBuio, MeTamindeckyue MOKpPBITHS, HAHECEHHBIE Ia30-
TEpPMHUIECKHM HAMBUICHUEM, 00/1a1al0T XyAIIUMHU IIPOYHOCTHBIMU XapaKTEPUCTUKAMH, YE€M CILIOMIHBIC MaTepuanbsl. CanTaeT-
Csl, 4TO TPOYHOCTH ITOKPBITHH IPONMOPHMOHATEHA WX aAre3HOHHOH M KOT€3MOHHOW IIPOYHOCTH. BelMumHBI mociemHux
3aBUCAT OT Pa3JIMYHBIX (PaKTOPOB, CBSI3aHHBIX B TOM YHCIIE C IIPUPOJOH MAaTEpPHAIOB M TEXHOJOTHMEH HAHECEHHs MOKPBITHIL.
BaxkHbIM mokasaTesneM, XapaKTepH3yIOLIMM BO3MO)KHOCTh NPHUMEHEHHs] METAJUIMYECKUX MOKPBITHUH B PAa3IMYHBIX OTPACIISX
MPOMBIIUIEHHOCTH, SIBISIETCA MPOYHOCTH CIETUICHUs (aAre3us) MOKPBITHH C OCHOBHBIM METalIoM. B craTbe mpeacTaBieHO
OIIPe/IeNICHNE AAT€3HOHHOW M KOT€3HOHHON INPOYHOCTH IOKPBITHH M3 Pa3HBIX MAaTEpPHANOB, HAHECEHHBIX METOJOM THIEp-
3BYKOBOW MeTayuTi3aiuu. [IpuBeieHbl pe3ynbTaThl HCIBITAHUH MPOYHOCTH METAINIMYECKUX MOKPBITUI M3 MPOBOJIOKK Map-
xu ER316LSi, auxpoma (X20H80) m monmmubnenoBoil npoBoioku. [To pesynbratam Merauiorpaduueckux HCCIETOBAHHUN
oIpeJesIeHa 0l y4acTHs KOI€3UOHHOM U aJIr€3MOHHON COCTABIIAIOIUX B IPOYHOCTHU IOKPHITUH, a TAKXKe OINMCaHbl HEKOTO-
pBle OCOOCHHOCTH pa3pyLIeHUs IOKPHITUI. Y CTAHOBIICHO, YTO Y4aCTHE KOr€3MOHHOH U aATe3HOHHOM COCTaBIIAIOIINX B IIPOY-
HOCTHU MOKPBITHH OTIMYAETCSl B 3aBHCUMOCTH OT MPUMEHAEMOTr0 MaTepuana. B mpoyHocT MOKPHITHI U3 BHICOKOIETHPOBaH-
HoM ipoBotokd Mapku ER316LSi npeobnanaetT kore3noHHasi COCTaBIISIOMIAs, IIPH KOTOPOi pa3pylieHne B OCHOBHOM HPOHC-
XOJUT IO TPaHUIIE IMOKPBITHE — OCHOBA. J[JIsl MOKPHITHIT U3 HUXpOoMa U 0cOOSHHO M3 MoyubaeHa npeobafaronieil sBiIseTcs
KOTE3HOHHAsI COCTABIIIONIAst IPOYHOCTH, IIPH KOTOPOH pa3pylIeHHe IPOMCXOIUT He O TPAHMIIEe TOKPHITHE — OCHOBA, a MEXK-
Iy CJIOSIMH ITOKPBITHSL.

KnioueBble cJI0Ba: IPOYHOCTH HMOKPBITHH, afre3usi MOKPHITHH, UCTIBITAHUE MOKPBITUH, TUIIEP3BYKOBAas METAIUIN3ALUS, Me-
TaJUTNYECKAE MOKPHITHS

Jas nurupoBanusi: OnpenereHue aare3MOHHOW M KOT€3MOHHOW MPOYHOCTH METAJUIMYECKUX MOKPBITUI, HAHECEHHBIX T'H-
nep3BykoBoii Metaymuzanueii / @. U. [Nanreneenko [u ap.] // Hayka u mexnuxa. 2021. T. 20, Ne 6. C. 459—-464. https://doi.
org/10.21122/2227-1031-2021-20-6-459-464
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Mamlmocmpoenue U MawiuHogeoeHue

Determination of Adhesive and Cohesive Strength
in Metal Coatings Deposited by Hypersonic Metallization

F. I. Panteleenko", M. N. Karpets®”, M. A. Belotserkovsky”, A. V. Sosnovsky”

YBelarusian National Technical University (Minsk, Republic of Belarus),

YJSC “Belaruskali” (Soligorsk, Republic of Belarus),

)The State Scientific Institution “The Joint Institute of Mechanical Engineering of the National Academy
of Sciences of Belarus” (Minsk, Republic of Belarus)

Abstract. It is known that at present, methods of thermal spraying are widely used to restore and strengthen various worn-out
machine parts. As a rule, metal coatings applied by thermal spraying have lower strength characteristics than solid materials.
It is believed that the strength of coatings is proportional to their adhesive and cohesive strength. The value of adhesive
and cohesive strength depends on various factors, including the nature of the materials and the technology of coating.
An important factor characterizing the possibility of using metal coatings in various industries is the strength of adhesion
of coatings to the base metal. The paper presents the determination of the adhesive and cohesive strength of coatings from
different materials, applied by the method of hypersonic metallization. The results of testing the strength of metal coatings
made of ER316LSi-grade wire, nichrome (Cr20Ni80) and molybdenum wire are given in the paper. Based on the results
of metallographic studies, the proportion of the participation of cohesive and adhesive components in the strength of coatings
has been determined, and some features of coating destruction have been described. It has been found that the participation
of the cohesive and adhesive components of the coating strength differs depending on the material used. The cohesive compo-
nent prevails in the strength of coatings made of high-alloy wire of the ER316LSi-grade, at which destruction mainly occurs
along the coating-base boundary. For nichrome coatings and especially for coatings made of molybdenum, the cohesive com-
ponent is predominant, in which the destruction of the coating occurs not along the coating-base boundary, but between the
coating layers.

Keywords: strength of coatings, coating adhesion, coating testing, hypersonic metallization, metal coatings
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BBenenue

W3BecTHO, YTO MPOYHOCTh METAJUIMYECKUX IIO-
KPBITUHA MPONOPIIMOHANIBHA UX aJIF€3MOHHOM U KO-
Te3MOHHOM MpovHOCTH. BennunHa aare3uoHHOU
NPOYHOCTH 3aBHCUT OT MEXaHHYECKOro, (u3nue-
CKOIO M XUMHYECKOTO B3aUMOJEUCTBUS MEXKIY
YacTULIAMHU U TIOJUIOKKOW; KOT€3HOHHAasi — OT B3a-
UMOJCUCTBHS YacTUI MeXIy coboii, (a3oBoro u
XUMHUYECKOT0 COCTaBa HANBLICHHOTO CIIOS, pa3Me-
pa 3epHa HANBUICHHOI'O CJIOSI, IOPUCTOCTH MOKPHI-
TusA. Pa3BuTHe MexaHMUYECKHMX CBA3€l Mexay
HaIbUIIEMbIMU YaCTUI[AMH U MOAJIOKKOM gocTura-
€TCSl MOBBIIIEHUEM IIEPOXOBATOCTH MOCICAHEH.
g 3TOrO MpOM3BOAMTCS MpeaBapUTEIbHAS IOJ-
TOTOBKa MOBEPXHOCTH IYTEM Hape3aHusi pe3bObl,
CTpyiiHO-a0pa3suBHOW © 3JIEKTPOUCKPOBOH 00-
paboOTKH, XHUMHYECKOTO TpPaBJICHUS W JPYTH-
MU criocobamMyu. XHUMHYECKOMY B3aUMOCHCTBHIO
CIOCOOCTBYET MOJATOTOBKA ITOBEPXHOCTH  TOJ
HaIlbUICHUE — aKTUBALUs MOBEPXHOCTH, YIAJICHHE
OKCHJIHOM IJIGHKH M co3AaHue Hakiemna. Teruto-
MPOBOJHOCTh MOKPBITHI HIKE, YEM y CIUIOIIHOIO
Marepuayiia. 3a cYeT pasHHIBl Kod()UIMEHTOB
TEIUIONPOBOIHOCTH TeMIepaTypa KOHTAKTa MEXKIY
CIIOSIMHU TIOKPBITHS BBIIIE, YEM MEXIYy CJIOeM IOo-
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KpPBITUSI U KOMITAaKTHOM OCHOBOM. boisee Toro, Tem-
nepaTypa B HOKPBITHH NPU HaIbLICHUH 0e3 MoJ0-
rpeBa BBIIIE, YeM KOHTAKTHasl TeMIlepaTypa, Heoo-
XOauMasi A TPOYHOTO COENWHEHHS YacTHI[ C
KOMIIAaKTHBIM MatepuajioM. [loaTomy B OoNbIIMH-
CTBE CIIy4yacB KOTE3WOHHAS MPOYHOCTh MOKPBITHS
0oJIpITIe anre3noHHOM [1].

Paspyimienne MOKPHITHS MOXET MPOUCXOIHTH,
€CJIM BHCIIHWE HArpy3ku WJIM OCTATOYHBIC Ha-
MIPSDKEHUST TIPEBBICAT €ro MPOYHOCTh. B cirydae
MIPEBBIIIICHAS  aJre3MOHHOW MPOYHOCTH OynmeT
HUMETH MCECTO OTCJIOCHHUE IIOKPBLITHA, KOI'C3HMOH-
HON — pacTpecKUBaHHUE WIH OTICICHHUE CIIOEB IO-
KpbITHs [1].

Ilenp uccnenoBaHuil — ompelieNieHue aare3u-
OHHOU M KOT€3MOHHOW COCTABIISIFOIIMX MPOYHOCTH
MIOKPBITHA W3 pPa3HBIX MaTepHajoB, HAHECEHHBIX
METOAO0M THIEepP3BYKOBOM MeTamu3anuu (I'M).

IMoaroroBka o6pa3uoB

g mpoBeneHus MccaeI0BaHUN PUMEHSUIHNCH
mMTUPTOBBIE 00pa3Ibl W3 HU3KOYTIEPOIUCTON CTa-
nu Mapku Ct3, AuamMeTp KOHTaKTHOU MOBEPXHOCTH
mrudra cocrasmsin 2,0-4,0 mm. B xauecTtBe mare-
pHaoB Il HAHECEHUS IOKPBITHH HCIIOJIb30BaIU
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CBapoOYHYyIO NpoBoJoKy Mapku ER316LSi quamer-
pom 1,2 mm, mpoBosoky mapku X20H80 (Huxpom)
nuaMeTpoM 1,8 MM, MOJIHMOAECHOBYIO MPOBOJOKY
nuaMerpoM 1,6 MM, XUMHYECKHI COCTaB KOTOPBIX
npuBeJieH B Taou. 1.

Brei6op MeTona I'M o0yciioBiieH TeM (hakToM,
YTO JaHHAs TEXHOJIOTHS MO3BOJISIET HAHOCHUTH BBI-
COKOITJIOTHBIE METAJUTMYECKUE TTOKPBITHS, UCITOIb-
3yd B KauecTBe MPUCATOYHOTO MaTepuana MpOBO-
JIOYHBIE DJIEKTpoAsI [2, 3], 9TO 3HAYUTEIBHO Ie-
HIeBJe [0 CPaBHEHHIO C MOpoLIKamMH. B mpomecce
I'M pacmbuieHre KUAKOTO MeTaia, 00pasyrole-
rocsi B pe3yJIbTaTe TEIUIOBOTO BO3ICHCTBHS JIIEK-
TPUUYECKON AYTHM Ha TOPIBI ABYX IPOBOJIOYHBIX
JJIEKTPO/IOB, IPOU3BOJUTCSA CTPYeH TPOIYKTOB
CTOpaHusl MPOMAHO-BO3MYIIHOW cMmecH. [Ipu aTom
CKOPOCTh CTPYH Ha BBIXOJZle M3 COIUIA JOCTHTa-
et 1500 M/c mpu temmepatype 2200 K, a ckopocTb
MoJieTa paCHbUIIEMBIX YacTUIl, (OPMHUPYIOIINX
nokpeitre, — okosio 500 m/c [4]. Hanecenue mo-
KPBITUH Ha 00pasllbl BBHIMOJHSUIOCH MPU PEKUMAX,
YKa3aHHBIX B Ta0II. 2.

Jia akTUBaIMM TOBEPXHOCTH Tepes HaHece-
HUEM HOKPBITHH paboydas MOBEPXHOCTH 00pa3LoB
nojBepraigack aOpa3uBHO-CTpyHHOW 00paboTKe
CMechio, cocTosimield u3 kopyHana (~50 %) u kono-
Tol podu (~50 %), mpu paboueM IaBICHUH CXKa-
toro Bo3ayxa 0,6 Mlla.

HpOBeneHne MeXaHN4YeCKUX NCIbITAHUI

HcnbiTanuss NPOYHOCTH INOKPBITUH BBITOJIHS-
JIUCh 10 WTU(TOBOMY METOAY Ha pa3pbIBHOM Ma-
mmHe KASON WDW-50 (MakcumanbsHasi pa3pbiB-
Has Harpy3ka 50 xH, morpemHocTs u3Mepe-
Hu#t 0,5 %). [Tocne HaHeceHUs MOKPBITHI UX MH-
HUMajbHas TOJIIIMHA Ha oOpa3lax cocTaBisi-
na 0,4 MM, 4ero JOCTAaTOYHO JAJIS OLEHKU MPOYHO-
CTH CLEIUICHHUS MOKPBITHS C OCHOBOM C MOMOIIIBIO
mTudToBoro meroma [8]. M3mepeHme TONIIUHBI
TIOKPBITHSI BBIMOMHAIN MTaHTeHuupKynem 1I11-125
¢ nmorpemrHocThio 0,01 MM. McnbiTanusM moaBep-
rajy CepHIO U3 ISITH 00Pa3LoB A KaKIOro Marte-
puana. 3a pe3ynbTaT NPHHUMAIM cpenHeaprdme-
THYECKOE 3HadeHue (Tadi. 3).

Tabruya 1
XuMHYeCKHI COCTAaB NPUMEHsIEMBIX TPOBOJIOK [5-7]
Chemical composition of applied wires [5-7]
Mapxka MaccoBasi 10719 XUMUYECKUX 3JIEMEHTOB, Y0
IIPOBOJIOKH Mo Mn Cu C Si Ni Cr Ti Al
ER316LSi 2,60 1,80 0,12 0,01 0,9 12,2 18,4 - -
X20H80 - <0,70 - 0,10 0,9—-1,5 | Ocransnoe — Ni 20-23 <0,3 <0,2
Monubaen 99,92-99,96 OcTrasibHOE — NIpUMECH
Tabnuya 2
Pe:xxnMbl HaHeceHUs! NOKPBITHI
Coating modes
JlaBnenue, Mlla
Mapxka Cuna cBapousoro | Hampsbxkenue | CxopocTh mogauu - Jucrannus
HPOBOJIOKH TOKa, A nyru, B IIPOBOJIOKH, M/MUH CHATOTo nponan-OyranoBoii HAaIbUICHHs, MM
BO3IyXa cMecH
ER316LSi 117-130 32,0 4,6 0,40 0,40 100-150
X20H80 130-140 32,0 2,0 0,40 0,40 100-150
Moinubpen 165-170 32,5 1,2 0,35 0,35 100-150
Tabnuya 3
Pe3yabTaThl HCIBITAHUN NPOYHOCTH NOKPBITHIA
Testing results of coating strength
Marepuan Juamerp Tonmuna Juamerp Pa3psiBHOE IIpounocts
TOKPBITHUS MIPOBOJIOKU, MM MOKPBITHUSI, MM wrudTa, MM ycunue, kH nokpbitust, MITa
ER316LSi 1,2 0,7-0,8 4,0 0,343 27,34
X20H80 1,8 0,6-0,7 4,0 0,442 35,16
Monu6aen 1,6 0,5-0,6 2,0 0,094 29,94
HayKa 461
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Bonee HarnsaaHO pe3ynbTaThl UCIIBITAHUN NIPEA-
CTaBJICHBI Ha puc. 1.

N
o

[Ipounocts
nokpertust, Mlla
[\ [9%]
o (e
]

—_
o
!

0 |
Puc. 1. TIpouHOCTb OKPBITUH U3 Pa3IUYHBIX IPOBOJIOYHBIX
marepuasos: ll — ER316LSi; Bl — X20H80; M — monubuen

Fig. 1. Durability of coatings from various wire materials:
B - ER316LSi; M — X20H80; M — molybdenum

[Ipoananu3upoBaB MpeaCTaBICHHBIE JaHHBIE,
MOXXHO OTMETUTh, YTO HauOOJbIICH NPOYHOCTHIO
0051aJatoT MOKPHITUS U3 POBOJIOKH Mapku X20HS0,
MPOYHOCTh KOTOPBIX MPEBBIIIAET MPOYHOCTH IIO-
KpbITHI 13 poBooku Mapku ER316LSi Ha 29 %,
u3 MonuOneHOBOM mpoBonoku — Ha 17 %. Ilpu
3TOM TIPOYHOCTH TOKPHITHH W3 MOJIHOICHOBOM
npoBosioku Ha 10 % mpeBbIIaeT MPOYHOCTH I10-
KpbITHA 13 ipoBosiokd ER316LSi.

Metaanorpaguueckue
HCCJIe0BaHus 00pa3noB

Jlns onpenenieHUst JOJIM y4acTHUS KOT€3HOHHOM
U aJIFe3UOHHOM COCTABJISIONIMX B MPOYHOCTH TIO-
KPBITUH BBITIOJHIIN METAIIOrpadUIecKuil aHamu3
MHKpONUTH(OB. MUKpOILIHGBI TPEIACTABISIIN CO-
00l momepeuHoe ceueHHe MTUPTOBOrO oOpa3ia
IOCJIE OTPHIBA IITU(TA OT MOKPHITUS (pUC. 2).

B mporniecce skcniepuMeHTOB Ha MUKpouumde
OBUTH  pa3TMYUMBI KOHTAKTHBIE ITOBEPXHOCTH
mTudTa W MaiObl C OCTaTKAMH IOKPBITUS Ha

TopueBol moBepxHocTH mTH(TA. Hccnenosa-
HUE TPOBOJMIN C HMCIOJIB30BAHHEM MHKPOCKOMA
«Anpramu MET Il». [{ns ananuza u3o0pakeHHH
MIPUMEHSUTM  TIpOorpaMMHOe obOecriedeHrne Altami
Studio. TpaBienue o00pa3lOB HE BBIMOIHSIIM.
Jomro ydgacTust aire3uu U KOre3uu ONpeesisuit 110
OTHOUICHUIO CYMMAapHOH [UIMHBI Y4acTKOB C Ya-
CTHLIAMH TIOKPBITHS, OCTABIIMMUCS TOCJIE OTPHIBA,
a Taxoke 0e3 HUX K yCIOBHOW JUTMHE TOPLEBOH MO-
BepxHOCTH IITUdTA (pHC. 3).

Hccenenyemast 00s1acth

Puc. 2. Tlonepeunoe ceuenue mrudToBoro odpasua:
1 — nokpeiTHe; 2 — maitda (ocHoBa); 3 — WTUPT

Fig. 2. Cross-section of pin sample:
1 — coating; 2 — washer (base); 3 — pin

[lo pesynmbraram ucciaeqoBaHUS MUKPOULIH(OB
OIpeIeNICHO, YTO Y4acTHe KOTe3MOHHON U are3HOH-
HOHM COCTaBJIIFOLIMX IPOYHOCTH OTJIMYAETCS B 3aBU-
CHMOCTH OT MPUMEHSEMOro Matepuara (taom. 4).

[lpy wucOBITAaHWM TOKPBITUH W3 MPOBOJIOKU
mapku ER316LSi B 60IbIIMHCTBE CTydaeB Ipeoo-
JanaeT aare3uoHHOe pa3pylIeHue, T. €. OTPHIB TO-
KPBITHSI TMPOMCXOAWT IO TPaHUIE MOKPBITHE —
ocHoBa (puc. 3a). Pazpyiienue HOKpBHITHHA U3 HU-
xpoMa (X20H80) mpoxoamiio kKak MEXIy CIIOSIMH,
TaKk ¥ 10 TPaHULE MOKPHITUE — OCHOBA, HO 3/ECh
npeo0agano KOre3uoHHoe paspyueHue (puc. 3b).

Puc. 3. ®parMeHT NoNepevHOro ceyeHus mTuhTOBOro oopasia mocie oTpbiBa HOKpbITHs (x100) mis npoBosiok Mapok ER316LSi (a),
X20H80 (b) u MonubIeHOBOH MPOBOJIOKH (¢): 1 — mokpeITHE; 2 — maiida; 3 — mTudT

Fig. 3. Fragment of cross-section of pin sample after tearing off the coating (x100) for wire brands ER316LSi (a),
X20H80 (b) and molybdenum wire (c): 1 — coating; 2 — washer; 3 — pin
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Tabruya 4
JoJist yyacTusi KOre3moHHO
M a/IT€3UOHHOI COCTABJISIIOLIUX
B MPOYHOCTH MOKPBITUH U3 PA3INYHBIX MATEPHAIOB

Share of cohesive and adhesive component participation
in strength of coatings from various materials

lezl:(f);jm Anresust, % Koresus, %
ER316LSi 20-50 50-80
X20H80 55-65 3545
Monu6aeH 95-100 Ho 5

Bonee Bricokas aare3noHHass MPOYHOCTH IIO-
KPBITUH W3 HHUXpOMa CBs3aHAa C €r0 CBOWCTBOM
MIPAKTHYECKU HE OKUCISTHCS TPU BBICOKUX TEMITe-
patypax [9] u, BeposiTHEe BCEro, CIIOCOOHOCTHIO
IeMI(PUPOBaTh OCTATOYHBIE HANPSOIKEHHS B IIO-
KPBITHUH 32 CYET OTHOCHUTEIHHO BBHICOKOW TIACTHY-
HOCTH MaTepuraia IMOKPBITUSA. AAre3noHHAs IMpoU-
HOCTh YacTHI[ MOJHUOJEeHa MPEBBICHIIA KOTEe3H-
OHHYIO TIPOYHOCTh CaMUX YacTHI[, IO3TOMY
pa3pylIeHre MOKPBHITHI W3 MOJHOIeHa MpPOMCXO-
A0 MEXIY CIOSIMHU TTOKpeITHS (puc. 3¢). Brico-
Kas aJire3sMoHHas MPOYHOCTh TOKPBITHH U3 MOJHO-
JIeHa CBsI3aHa ¢ ero 0oJiee BBICOKOM TeMItepaTypoit
TUTaBIIEHUS, YTO TPUBOIUT K BO3HUKHOBEHHIO
XUMHYECKOTO B3aMMOJEUCTBUS Ha KOHTAKTHBIX
MTOBEPXHOCTSIX OCHOBBI M HAIBUIIEMOT0 MaTepha-
na. XMMHYECKOE B3aUMOJIEIICTBHE MPOUCXOIUT 32
CYET MECTHOTO IIOBBIIMICHUS TEMIIEpaTyphl MaTe-
prana OCHOBBI WU MPEABAPUTEIHLHO OCAXKICHHOM
YACTHIIBI, IPU KOTOPOM HYACTHUIIEI U OCHOBA MOJIY-
YaloT W30BITOK YHEPrUH, HEOOXOMMMOW IS CO-
BEpIICHHS TpPOIecca XUMHYECKON peakimuu, —
sHeprum TepMmudeckoi aktuBaruu [1, 10]. Kpome
TOr0, TEMIIepaTypa IUIABJICHUS MOJIUOICHA BBIIIIE,
yeM TeMIIeparypa KUIEHHUS ero OKCHAa, a 3TO BHI-
3bIBAa€T HCIApEHHE OKCHJAa B Ipoliecce HarbLIe-
Hus. [1loaTOMy Ha TIOBEPXHOCTH YacTHUI[ MOJIMOIe-
Ha MPU B3aUMOJEUCTBUM C OCHOBOW NMPAKTHUYECKU
OTCYTCTBYIOT OKCHJBI, YTO CHOCOOCTBYET CILIAB-
JICHUIO YaCTHUI] MOJIMOJIEHA C OCHOBOM U 00pa3oBa-
HUIO METaJUTMYECKUX CBs3ei [9].

BbBIBO/IbI

1. YcTaHoBIEHO, YTO Yy4yacThe KOTe3MOHHOM
W aJre3VOHHOW COCTAaBJISIOMIMX MPOYHOCTH IIO-
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KpI)ITI/Iﬁ OTJIINYACTCA B 3aBUCUMOCTU OT NPHUMCHSA-
€MOro Marepuasia. B mpoyHOCTH HNOKPBITUI U3 BbI-
COKOJICTUPOBAaHHON mpoBosiokn Mapku ER316LSi
mpeobsagaeT KOTe3HOHHAsl COCTABIAIONIAS, IpH
KOTOpO# pa3pylIieHre B OCHOBHOM NPOUCXOIUT 110
TpaHHUIE ITOKPBITHE — OCHOBA.

2. lna moxpeiTuii n3 Huxpoma (X20HS80) u
0co0eHHO MOJMOIeHa TIPeoOIagarome ABIsIET-
Cs KOTe3MOHHAas COCTaBJISIONIast, MPHU KOTOPOH
paspyuieHne TMPOWCXOOUT HE MO TPaHWIE II0-
KpPBITHE — OCHOBA, & MEXIY CIIOSMH IMOKPHITHS.
N3 »Toro cneayer, 4To TaKOW HEMaJOBaXKHBIN
(hakTOp, KaK MPOYHOCTH CIEIUICHHS, XapaKTepH-
3YIOIIMM BO3MOKHOCTh TNPUMEHEHHS METallIu-
YEeCKUX MOKPBITUHM, MJISI MOKPBHITUH M3 HUXpOMa
u oco0eHHO MonubaeHa OyaeT MpeBbIAaTh
MIpeJICTAaBIEHHbIE B HCCIEJOBAHUU PE3YyIbTAThI
MIPOYHOCTH.

3. UroOBl TOBBICUTH TPOYHOCTH CHEIUICHHS
MOKPBITUI W3 BBICOKOJETHPOBAHHOW MPOBOJIOKU
mapku ER316LSi, Hy>)KHO yBEeNHUYUTH aIre3uoH-
HYIO COCTaBJISIOINYIO. JIJIsI MOKPBITUM U3 HUXPO-
Ma ¥ MoJuO/IeHa TpeOyeTcs yBeIuYeHe KOTre3u-
OHHOHM cocTaBisome. TemnepaTypa KOHTAKT-
HOH TIOBEPXHOCTH OCHOBBI W HaIBUISEMBIX
YacTHIl — BaXXHBIH (DaKTOP, OKa3bIBAIOIIUN BIIHSI-
HA€ Ha TMPOYHOCTh CIEMJIEHUS MOKPHITHH.
[MosTOoMy yBenmueHUe aAre3MOHHOW U KOTE€3UOH-
HOH COCTaBJISIOIIMX B IPOYHOCTU IOKPBITUH
MOXET OBITh IOCTUTHYTO MOJO0OPOM ONTHMAJh-
HBIX PEKUMOB HaNBIICHUS TOKPBITHH IS Kax-
IoTO TpuMeHseMoro marepuana. IIpu sTom omn-
TUMaJbHBIE PEXUMBl HE JOJDKHBI CIOCOOCTBO-
BaTh YpE3MEPHOMY OKHCIEHUIO PACILIaBICHHOTO
Marepuralna, BBITOPAHHUIO JIETUPYIONIUX DIIEeMEH-
TOB M YBCJIHWYCHUIO OCTAaTOYHBIX HaHpH)KeHI/Iﬁ B
MTOKPBITHH.

4. B HEKOTOPBIX clydasx MoTpedyeTcs MmpuMe-
HEHHE TPEeBapUTEILHOTO MOJOTPEBa OCHOBHI 10
ONITUMANIBHBIX TEMIIEPaTyp, HE CIOCOOCTBYIOMINX
00pa30BaHUIO TOBEPXHOCTHOW OKCHIHOHM IUICHKH
W BO3HWKHOBEHHIO YPE3MEPHBIX OCTATOYHBIX
HanpspKeHUH. B To ke BpeMs He MeHee 2 (eKTHB-
HBIM CITIOCOOOM YBEIWYCHHS POYHOCTU TOKPHITHH
MOJXKET OBITh NPUHYIUTEIBHOE OXJIAXKIEHHE OCHO-
BBl JJI YMEHBIICHUS OCTATOYHBIX HAINpPsHKEHUN
B TIOKPBITHH.
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Pedepar. Pa3paboransl MeToIM4YecKHe OCHOBBHI NPUMEHEHUs] TEXHOJIOTHH BUPTyaubHOW peansHocTH (VR-TexHomoruit) Ha
Pa3IUYHBIX dTamax NMPOCKTHPOBAHUS aBTOMOOWIICH M MPOABIDKCHUS WX Ha PBHIHKE, B YACTHOCTH IIPU BBIMOJHEHUN AU3alH-
MIPOEKTHPOBAHUS, NIPOTOTUIIMPOBAHMUS, Pa3paboTKe OO0YyYaIOmMX M PEKJIAMHBIX IPOAYKTOB. [IpoaHanM3MpoBaHBI OCHOBHEIE
HAaIlpaBJICHUs] HMCIOJIb30BAHUSI TEXHOJOTHH BUPTYaJbHOM pEaJbHOCTH B HPOMBIIUICHHOM JW3aiiHE B MAalIMHOCTPOCHUH.
BeimosHeH 0030p BO3MOXKHOCTEH CrielUalIH3upOBaHHOrO mporpamMmHoro obecrnedenust Unreal Engine 4 u xommiekra amma-
parabix cpenctB HTC Vive, nmpuMmeHsIeMbIX U1l CO3MAHMS M AEMOHCTPALMH BUPTYaIbHBIX NMPOEeKTOB. CHOPMHUPOBAHBI CH-
CTEMHBIE TPeOOBAHHS K KOMITBIOTEPHOMY IIPOTPaMMHO-aNIIapaTHOMY 00ECIIEUeHHIO JUIsl pa3pabOTKH BUPTYaIbHBIX IIPOSKTOB.
O0001IeH COOCTBEHHBIN OIBIT MCIIOJIB30BAHMUS TEXHOIOTHH BUPTYaJIbHON peaJbHOCTH MPH MPOSKTUPOBAHUY JIEKTPOMOOUIIS
C Ky30BOM KapKacCHO-NIaHEIbHON KOHCTpyKIuH. ONucaHa METOIUKA MPUMEHEHHS CPEICTB BUPTYaIbHON PEabHOCTH B LEISIX
CO3IaHMS BUPTYAJIBHBIX IIPOEKTOB JUISl JEMOHCTPAIMU AN3AHHEPCKUX pelIeHHH 1 (QYHKIMOHAIA M3IeIHH MaITHHOCTPOCHHS.
PaccmoTpeHs! BOIpockl BEIOOpa MporpaMMHO-aNNapaTHBIX CPEACTB, HX XapaKTEPHUCTHK, a TAKXKE JaHO ONHMCAHUE JTAroB CO-
3[[aHKs BUPTyalbHOTO mpoekTa. IIporiecc pa3paboTki BUPTYyalbHOIO MPOEKTA pa3JelieH Ha 3Tallbl MOATOTOBKH U Mpeodpaso-
BaHUS TPEXMEPHONW KOMITBIOTEPHON MOJENN IEMOHCTPHPYEMOTO H3ICIUS B €r0 BHPTYaIbHBIH HU(PPOBOIl MPOTOTHII, CO3/1a-
HUSL JUISL HETO BUPTYAJILHOM CPEbl C IPUCBOCHUEM CPefie U OOBEKTYy MAaTepHaIoB M TEKCTYP C HEOOXOANMBIMU CBOMCTBaMH,
3a7aHus OCBELICHYs, IapaMEeTPOB HAaBHUIAI[MU ¥ aHUMHUPOBAHHBIX IEHCTBUH, ONTUMHU3ALNH OTOOpaKeHUs TeHel u puHanm3a-
1 npoekra. [IpescTaBneHbl OCHOBHBIE Pe3yIbTaThl alpodalvi pa3paboTaHHOH METOIMKU HA TIPUMEPE CO3JAHHS BUPTYallb-
HBIX TIPOEKTOB JJISI AEMOHCTPALUH SIIEKTPOMOOHIIS B TOPOJICKOM BUPTYaIbHOM Cpesie ¥ BUPTYaIbHOM ITaBHIIbOHE.

KuroueBble c1oBa: VR-TexHOnoruy, BUpTyaabHas peajlbHOCTh, BUPTYaJIbHBII IPOEKT, BUPTYyasbHAs Cpelia, IPOMBIIITICHHBII
JIM3aiiH, yCTpPOMCTBA BUPTYaJIbHOW PEaIbHOCTH, BUPTYaJIbHBIM IPOTOTHUII, BU3YyalbHOE POTPAMMHUPOBAHUE

Jist nMTHpOBaHMsi: METOIMYECKHEe OCHOBBI NPHMEHEHHS TEXHOJOTHH BUPTYaJIbHOH pPEaJbHOCTH B IPOMBILIIICHHOM
mm3aiine / A. A. Koncrantunosa [u ap.] // Hayka u mexnuxa. 2021. T. 20, Ne 6. C. 465-475. https://doi.org/10.21122/2227-
1031-2021-20-6-465-475
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Abstract. The paper is devoted to the development of methodological foundations for the application of virtual reality tech-
nologies (VR-technologies) at various stages of car design and their promotion on the market, in particular, when performing
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design, prototyping, development of educational and advertising products. The paper analyzes the main areas of application
of virtual reality technologies in industrial design in mechanical engineering. An overview of the parameters of the specialized
software Unreal Engine 4 and the HTC Vive hardware set used to create and demonstrate virtual projects is performed.
System requirements for computer software and hardware for creating virtual projects have been formed. A generalization
of our own experience of using virtual reality technologies in the design of an electric vehicle with a frame-panel structure
is carried out. The technique of using virtual reality tools in order to create virtual projects for demonstration of design solu-
tions and functionality of mechanical engineering products is described. The issues of choosing software and hardware,
their characteristics are considered, as well as a description of the stages of creating a virtual project is given. The process
of developing a virtual project is divided into the stages of preparing and transforming a three-dimensional computer model
of the demonstrated product into its virtual digital prototype, creating a virtual environment for it, assigning materials
and textures with the necessary properties to the environment and the object, setting lighting, navigation parameters and
animated actions, optimizing the display of shadows and finalizing the project. The main results of approbation of the deve-
loped methodology are presented on the example of creating virtual projects for demonstrating an electric vehicle: in an urban
virtual environment and in a virtual pavilion.

Keywords: VR-technologies, virtual reality, virtual project, virtual environment, industrial design, virtual reality devices,
virtual prototype, visual programming

For citation: Konstantinova A. A., Ivchenko V. 1., Bakhonka V. V., Salauyeu M. V., Maisei V. N. (2021) Methodolo-
gical Basis of Virtual Reality Technology Application in Industrial Design. Science and Technique. 20 (6), 465-475.
https://doi.org/10.21122/2227-1031-2021-20-6-465-475 (in Russian)

BBenenue

B mocnennue rogpl TEXHONOTHH BUPTYaIbHON
peansHOCTH (VR-TexXHONMOTHI) HAXOAAT BCe OOJNB-
iee IpUMEHEeHHe B MAITMHOCTPOSHHH, B YaCTHO-
CTH B aBTOMoOMiecTpoeHnu. OHHU HCIIONB3YIOT-
Cs Ha Pa3IMYHBIX JTAlax >XU3HEHHOTO IMKJIa aB-
TOMOOWJISL JJISi: OLEHKHM NPUHATBIX WM TIOMCKA
HAWJIy4YIIMX CTHJIMCTHYECKHX U IBETOTrpaduue-
CKUX PEIICHUH TpU pa3pabOTKe AM3AiH-TIPOCKTA;
MIPOBEAICHNS aHaJN3a SPTOHOMHKH W 0030pHOCTH
pabodero Mecta BOOUTENS HA DPAaHHUX CTaIMIX
MPOCKTUPOBAHUS;, BUPTYAIILHON TIpe3eHTAIMN Ma-
IIMHBl TOTEHIMAIBHBIM TOTPEOUTENSAM C LB
TIPOABIDKEHUSI HA pBIHKE; OOy4YEeHHs IepcoHaa,
OCYIIIECTBIISIOIET0 TEXHUYECKOe O0CTyKHBaHUE
U PEeMOHT TEXHHWKHU, U T. m. [1-5]. B HemaBHeMm
MPOILIOM IPOIYKIHMS aBTOMOOMIIECTPOCHHUS HUMe-
Jla JUIMTENIBHBIA SKM3HEHHBIM LHKI, XapakTepu-
30BaJIach HEOONBLIMM pPa3HOOOpa3ueM MOJeNeH,
a craaus pa3pabOTKH HOBOTO aBTOMOOWIIS 3aHU-
Mana j0 10 net. B HacTosiee BpeMs KU3HEHHbBIN
UK MPOJAYKTa 3HAYUTEIHHO COKpATHJIICS, accop-
TAUMEHT TPOAYKIUU CYIIECTBEHHO YBEITHYUIICS,
a CMeHa MOJIENA TMPOUCXOJUT B CPEIHEM KaXKIble
YeThIpe-1IecTh JeT. B OyayiieM MOKHO OXKHIATh
COXpaHEHUS! TCHACHLIUN COKPAIICHUS KU3HEHHOTO
[IUKJIa MAIIUHBI U POCTa pa3HOOOpa3us IMpeasara-
€MBbIX JU3aHEPCKUX PEUICHUM, MOBBIIIAIOIINX YpPO-
BEHb TEpCOHATU3AIMU TOBapa. JIMHAMUYHO MEHSIO-
pecst TpeOOBaHUS PHIHKA BBIHYKIAIOT N3rOTOBUTE-
JIe MCKaTh HOBBIE, Ooyiee APQPEKTUBHBIC CIIOCOOBI
U TIpOLIECChl pa3pabOTKU M MOJEPHHU3ALUH aBTOMO-
Ouneil, B TepByI0 ouepenpb KacalolIMecs] MX CTHIIS
n BHemHero Buaa. OKumaercs, 9TO B TOM YHCIIE
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TEXHOJIOTUW BUPTYaTbHON peallbHOCTH OyayT CIo-
c0o0CTBOBATH PENICHUIO TAKUX 3a/1ad [2].

Kak mokaspIBaroT umccieqoBaHus, MPUMEHEHHE
BHPTYalIbHON PEANIbHOCTH Ha Pa3IMYHBIX HSTamax
pa3paboTKH aBTOMOOWJII M €ro KOMIIOHEHTOB,
HampuMep B AW3alH-TIPOCKTHPOBAHHUH, IMPOTOTH-
MMMPOBaHUM U APYTUX, TOBHIMIAET Ka4eCTBO PadoT,
COKparnraet (prHaHCOBBIE 3aTPaThl U BpeMs BBIBOJA
Ha PBIHOK HOBEIX permeHuit [3]. Takum oOpa3zowm,
Hcnonb3oBaHue VR-TeXHOJOTHHA CTaHOBUTCA Of-
HUM W3 aKTYalbHBIX TPEHIOB B Pa3BUTHH IPO-
MBIIIIIEHHOT'O TU3aiiHa.

VR-texHonoruu 0azupyroTcs Ha NPUMEHEHHU
CTHECIUATM3UPOBAHHBIX MPOTrPaMMHBIX M armapaTt-
HBIX CPEJICTB pa3pabOTKH W IEMOHCTPALNN BHUPTY-
anpHOTO TpoekTa (VR-mpoekra). B camom mpo-
CTOM BapHaHTE JaHHAs TEXHOJOTUS MOXET OBITh
peanmn3oBaHa Ha 0ase IIeMa C IMTOMEHICHHBIM B
HEro cMapTOHOM, Ha KOTOPOM YCTaHOBJIEHO He-
o0xoanMoe mporpamMmmHoe obOecriedenne (Google
Cardboard, Samsung Gear VR u 1. 11.) 1ist neMoH-
crpammun VR-mpoekta. C 1menpio 0oJiee IMOJHOTO
U Ka4eCTBEHHOI'O TIOTPYKEHUS B BHPTYaIbHYIO
cpeny (VR-cpena) ucmonp3yroTcs MUIEMBI BUPTY-
QIBHOW pealbHOCTH, paboTaolle B Tape ¢ Cco-
BPEMEHHBIMH KOHCOJSIMA HJIM TI€PCOHAIBHBIMH
koMmmeioTepamMd. OHH  OCHAmIeHBl OJHUM WK
IBYMsI SKpaHaMH, Tepel] KOTOPBIMH HaXOMAATCS
IBE JIMH3bI, 00ECIeUMBAIOIINE YBEIUUYECHHE MO
3pEHHs 32 CUET KOPPEKTUPOBKU T'€OMETPUU H300-
paXeHHUs; KOHTPOJUIEpAMH IBW)KCHUS M JIa3epHBI-
MU JaTYUKaMd TIO3WIIMOHUPOBAHHSA, MO3BOJISIO-
OIMMH  OTCJICKUBATh IOJIOKCHUE TI0JIb30BATENS
B IIPOCTPAHCTBE B pealbHOM BpeMeHH. B maHHBIX
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YCTPOUCTBAX TPUMEHSIOTCS JKpaHbl BBICOKOTO
paspereHusi, 0O0ECIeUUBAIONINE PEATUCTUIHYIO
rpaduky. Jlugupyromue Mo3uIuu Ha PHIHKE 3aHH-
mator creayromne monenu: Oculus Rift, HTC
Vive, Lenovo Explorer u Sony PlayStation VR [6].
Cpenu TONYYUBIIMX HAWOOJbIEEe pPAacIpoCTpa-
HEHHE TMPOrPaMMHEIX CpPEICTB  pa3paboTKh
VR-nipoektoB MoxHO oTMeTHTh Unreal Engine 4,
SteamVR wu Unity. VYka3zaHHoe TIporpaMMHOE
obecrieueHue obJagacT HEOOXOTUMBIM HabOpOM
CpPEICTB CO3JaHUS W HACTPOWKH BHPTYaIbHBIX
cpenm, a TaKkKe MIUPOKHM IEePEYHEM IMOIKII0Yac-
MBIX YCTPOMCTB B3aUMOJACUCTBUS, YTO IIO3BOJISIET
PEATMCTUYHO OTOOpaXkaTh B Cpele BUPTYaIbHOU
peasibHOCTH TM(POBBIC MOACTH PA3IUYHBIX 00B-
€KTOB, B TOM YHCJIE MOOWIBHBIX MAIlliH, BKITFOUYas
JIEMOHCTPAIIMIO WX OTIENBHBIX (YyHKIIMOHAIBHBIX
BO3MOXKHOCTEH [1-6].

Jns ycmemHOro W 3P ¢GEKTUBHOTO TPHMEHE-
HUsT VR-TeXHOJIOTHH Ha MpakTUKE HYXHO HUMETb
YETKOE OMHCAHKE TOCICAOBATEIFHOCTH M COCTaBa
JICUCTBUM, BBIMIOJIHAEMBIX C MPUMEHEHUEM KOH-
KPETHBIX TEXHUYECKUX CPEACTB, T. €. HEOOXOmH-
MO HaJIW4Yue METOIUKH co3fgaHusi VR-mpoekra.
[IpoBeneHHBIE 0030p M aHATM3 UMEIOIIUXCS B IIIH-
POKOM JIOCTyIlE MAaTEpHalioB W MyOJIMKaUWd I10
npuMeHeHNo VR-TexHomornii B aBTOMOOMIECTPO-
eHun [1-5] He BBIABUIM PaboT, COMEPIKAIINX CHC-
TEMaTH3UPOBAHHOE OMFCAaHWE IMpollecca MPUKIIaI-
HOTO TIPUMEHEHNS] KOHKPETHBIX METOJIOB M CPEJICTB
BUPTYAJIbHOM peanbHOCTU. B CBA3M ¢ 3THM BO3-
HUKJIa HEOOXOIUMOCTh Pa3pabOTKH METOI0JIOTH-
Yyeckol 0a3bl coznanust VR-IIpoeKToB 10 MaInHO-
CTPOUTENHHON TEMaTHKEe, YYUTHIBAMOIIEH HapaOo-
TaHHBIA ONBIT MO MpPUMEHEHUIO0 VR-TexHonorui
B 00J1aCTH TIPOMBITIIEHHOTO AU3aiHA.

VR-TexHo/10ruM B npoiecce
U (poBOro NPOEeKTUPOBAHUS
H3/1eUil MAIIMHOCTPOEHUSI

OnHa W3 TJIaBHBIX TEHACHLUUHA Pa3BUTUA CO-
BPEMEHHOTO MPOU3BOACTBA — 3TO IMOBCEMECTHOE
BHeJpeHUEe IUQPPOBBIX TexHomoruil. KirroueBas
O0COOCHHOCTH TaKOTO MPOUW3BOJICTBA — OOMEH WH-
(dhopMmareit Ha BCex CTaausxX Mpoliecca, OpraHu3o-
BaHHBIA HUCKITIOYUTETHHO B IuppoBoM Buae. [Ipe-
AMYIIECTBOM ITU(PPOBOTO MPOU3BOJCTBA SBJISCTCS
MUHUMU3aAUA MaTepI/Ia.IIBHI)IX 1/13,uep>1<e1< 158 BpeMe-
HU BBIXOJAa Ha PHIHOK HOBOH, MHIMBUAYAIU3UPO-
BaHHO# (IIEPCOHO-OPUEHTHPOBAHHOM ) MPOAYKIIUY.

Hudposuszamnus mnpuBena K CYIIECTBEHHOH
TpaHchOopMaIK Mpoiecca pa3paboTKu U3IEITHs.
Tenepb IPOEKTUPOBAHUE MAIIMH U HX KOMIIO-
HCHTOB BBIIIOJIHACTCA C HpI/IMeHeHI/IeM KOMIIBIO-
TEPHOr0 MOJEIHUPOBAHUS, B PE3yJIbTAaTE YETO CO-
3/IAF0TCS COOTBETCTBYIONUE HU(DPOBBIE MOJEIH.
Passutne VR-TexHomoruii 1 Hagudue TakKuX MO-
Jenel MO3BOJSAIOT Ha CTaAUU OU3aHH-MPOCKTH-
pOBaHUS aBTOMOOWIS OCYIIECTBIATH IU(PPOBOE
NMPOTOTUIIUPOBAHUE MyTEM MOMEIEHUsA B CO3/a-
Baemylo VR-cpeny paspabaTeiBaeMbIX O0OBEK-
TOB (puc. 1) U MPOBEACHMS TaM 3PTOHOMHUYECKUX,
CTHJINCTHYECKUX M IBETOTPAPUISCKUX HCCIIe-
JOBaHUMU.

TpexMepHasi KOMIIbIOTEpHas MOJEIb aBTO-
MOOWJII WJIM €ro Ky30BHBIX JJIEMECHTOB, CO37aH-
Hag C MPUMEHEHUEM TPAAULMOHHBIX MpPOTrpaM-
MHBIX cpenactB CAD-monenupoBaHus, nepeaacTcs
B VR-cpeny, rae ¢ Hell mpoBOAMUTCS PsAJl MAHUITY-
AU ¥ ipeoOpa3oBaHuil 10 €€ TO3UIIMOHUPOBa-
HUIO, 3a/IaHUI0 HEOOXOAMMBIX (YHKIHUOHAIBHBIX
M 3CTETUUECKUX CBOMCTB.

Puc. 1. lludposas moaens anektpomodmis B VR-cpeze: a — sxctepbep; b — uHTEphEp

Fig. 1. Digital model of electric vehicle in VR-environment: a — exterior; b — interior
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Takum 00pa3oM TOSBISETCS BHUPTYaIbHBII
MPOTOTUIT MAIIMHBI, PEaTH30BaHHBIA B MAaCIITa-
6e 1:1. C moMoIpo CpeACTB BUPTYAILHON peaib-
HOCTHU B 3Ty k€ VR-cpeny «nomermaercs» 4esno-
BEK, KOTOPBI MOXET: MPOBOIUTH C Pa3IMIHBIX
MO3UIIMI U PAKyPCOB OIICHKY TabapuTOB, MPOIOP-
I, BEIPA3UTENBHOCTH U SCTETUYHOCTH BHEIITHETO
BUJa U ero (OpMEbI; BEHITIONHATH aHAIN3 0030pHO-
CTH, JPTOHOMHUKHU, OIICHHMBATh BEIOOD IIBETOBBIX
pelIeHrid 1 MaTepuanoB u3aenus u T. 1. [Ipu atom
€CTh BO3MOXHOCTh BBISIBIICHUS] TAKUX HEJOCTATKOB
WIH OIMOOK MPOCKTHPOBAHUSA, KaK: HAJIUYUC B
MOJEITH HEeIOpaOOTAHHBIX MO0 HECTHIKYIOUTHUXCS
MTOBEPXHOCTEH, AUCIIPOIIOPIINH, BU3yaTbHOE HECO-
OTBETCTBUE 00JIMKA 00BEKTa Cpeie IKCILTyaTalluH,
HEJI0YETHI B 3PTOHOMHUKE M 0030pHOCTH (TIpHMe-
HUTEIFHO K aBTOMOOWIISIM) U T. . B psze cioyuyaes
3TH OIIMOKU MOXXHO BBISIBUTH TOJBKO IOCTE CO-
3manust (PU3UIEeCKOro MpoToTHna. TakuM oOpa3om,
npuMeHeHrue VR-TexHOJoruil Mmo3BOJSET COKpa-
TUTh 3aTpPaThl BPEMEHH U CPEICTB Ha pa3paboTKy
m3genusa. C y4eToM H3JI0KEHHOTO IPHMEHEHHE
VR-TexHONOTHWI 11€1ec000pa3Ho OCYIIECTBIATh Ha-
YUHAS C CAMBIX PAaHHUX CTAJWHN MPOEKTUPOBAHUSL.

BupTyanpHOE MIPOTOTUNTMPOBAHNE KaK OJWH W3
Croco00B  00BEMHO-TIPOCTPAHCTBEHHOW  JIEMOH-
CTpalM¥l JHW3aiiH-UIed HMMEET PANl MPEUMYIIECTB
nepe; pU3MYEeCKUM MaKeTHPOBAaHHMEM, JaBas BO3-
MOJKHOCTh 332 OTHOCHUTEIBHO KOPOTKOE BpEeMs CO-
3laBaTh W OIICHUBATh pPA3NMUYHBIC BUPTYaIbHBIC
MPOTOTUIIBI, OTINYAIONINECS KOHCTPYKTHBHBIMHU
0COOCHHOCTSIMH, KOMOHMHAITUSMU I[BETOB, MaTepH-
aJ10B, KOMIIOHOBOK | T. TI. biarogapst npuMeHeHuto
VR-texHONOTHI BEeIyIUM aBTOMOOWIHHBIM KOH-
HepHaM ygaeTcsi cokpatuth 10 50 % KoaudyecTBO
MPOTOTUIIOB, HEOOXOMUMEBIX IS pa3paboTKu HO-
BOil Mojenn aBromoOmisa, U 10 30 % — 3arpatsl
BPEMEHU Ha U3TOTOBIEHUE MPOTOTUNOB [4]. Taxxke
BAKHOE NpenMyuliecTBO VR-TexHosnoruii — BO3-
MOJKHOCTh 00€CIeUYeHHUs] MUCTAaHIIMOHHOTO JOCTY-
na k VR-mpoekty ¢ nomMoruisto uHTEpHETA [7], 4TO
MO3BOJISIET 3aKAa34YMKy M HCIOTHUTENIO OJIHOBpE-
MEHHO B obOmieii VR-cpene mpoBomuTh M3yUCHHE,
OIICHKY M OOCYXKJCHUE PEIICHUH 1Mo pa3padaThiBa-
eMoOMy OOBEKTY, IIpH 3TOM 00a MOTYT HaXOJIUThCA
B Pa3NIMYHBIX TOYKax Mupa. OCHOBHBIMH YCJIOBHU-
SIMU 37IECh SIBIISIFOTCS HAJIMYKE IOCTYIa B UHTEPHET
U OCHAIIEHHOCTh HEOOXOJMMBIMU TEXHUYCCKUMHU
CPEICTBAMH BUPTYaJTbHOW peallbHOCTH. JTO JaeT
BO3MOXHOCTh, ITIOMHUMO OTKa3a OT H3TOTOBJICHUSA
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(1)I/I3I/I‘ICCKOI‘O MMPpOTOTHUIIA U3ACIINA WK €0 MaKETa,
COKOHOMHTH 3aTpaThl BPEMEHH U CPEJICTB Ha Tie-
peMelleHne JTr/IeH 1 00bEKTOB.

IIporpaMmMHoO-annapaTHbie CpeacTBa
peanusauuu VR-TexHosorui

[Iupoxomy pacnpoctpaHeHuto VR-TexHomo-
Uil B aBTOMOOHMJIECTPOCHHU CIIOCOOCTBOBAJIO akK-
TUBHOE PA3BUTHE BBIYUCIIUTENbHBIX, AlllapaTHBIX
U TIPOrpaMMHBIX CpeAcTB. B coBpeMeHHBIX mpo-
rpaMMax BUPTYaJbHOH pPEANbHOCTH pealn30BaH
OOImUPHBIH HA0Op WHCTPYMEHTOB, a TaKXe TOTO-
BBIX MOAYJEH, aJanTUPOBAHHBIX WM pa3paboTaH-
HBIX CIIEUUANBHO ISl TOCTOOPAaOOTKH M BHU3Yalu-
3a1Ui aBTOMOOWJIBHON TEXHUKH.

Bri0op mporpaMMHBIX CpeAcTB AJsl pa3padoT-
KM M JeMoHcTpauun VR-mpoekta o00ycioBieH
CIICIYIONIUMH KITFOUEeBBIMU  (pakTOopamMu: obecte-
YeHHeM TpeOyeMoro YpOBHS pPEaTMCTHYHOCTH
rpadMuecKoro MpeAcTaBICHHs, YyIO0OCTBOM HC-
[I0JIb30BAaHUsI MHCTPYMEHTOB M HMHTepdeiica mpo-
rpaMMBbl ISl TIOJIb30BATENs, HaJUYHEM BapHaTHB-
HOCTH METOJIOB pELIEHHs MOCTaBJICHHOHN 3amadu
ITOCPEICTBOM Pa3zHOOOpa3us (HyHKIIMOHAA.

B kadecTBEe OCHOBHOIO NPOrpaMMHOTO Cpea-
CTBa Ui peaau3yeMbiXx VR-TpOEKTOB OBLIO BHI-
OpaHO mporpaMMHOE OOecrieueHne Il pa3padoT-
KM KOMITBIOTEpHBIX Urp (MrpoBoi nBmxkok) Unreal
Engine 4 (UE4), rmaBHBIMH TNpEeUMYIIECTBAMH
KOTOPOTO SIBJIAIOTCSI: BBICOKHHM YPOBEHb peasu-
CTHUYHOCTH BH3YQJIN3AL[H, UHTYUTHBHO MOHSTHBINA
NI0JIB30BaTEeNLCKUI MHTEpdElic, OoNbIIoe KoIrye-
CTBO BCTPOCHHBIX (DYHKIMH M OTICIBHBIX PEIaK-
TOPOB, HAJIMYME BO3MOXKHOCTH HAIMCAHUSI CKPHII-
TOB — KaK IOCPEICTBOM KOJA, TaK U C IOMOIIBIO
HHCTPYMEHTOB BH3YaJIbHOI'O IPOIPaMMHPOBAHUS
[8]. B xauectBe anbrepHatuBsl UE4 paccmarpuBa-
nmack mporpamma Unity, cCyIIecCTBEHHbIE MHHY-
Chl KOTOPOHl B HamleM clyyae — HE0O0XOIUMOCTb
WCTIONBb30BaHMs sI3bIka MporpaMmupoBanusi CH,
a Takke OoJjiee HU3KHM ypOBEHb PEATHUCTUYHOCTH
BU3YyalIU3allHu.

B mpounecce cozpanus VR-mpoekra Kak BCIO-
MOTaTeJIbHbIE MOTYT HCIOJb30BAaThCA MPOTPaMMBbI
JUTSI TIONMTOTOBKH M TipeoOpazoBanus 3D-momeneit
(3ds Max, Siemens NX u T. 1.), IpOrpaMMBbl CO-
3aHHS PacTpPOBOW W BekTOpHOH rpaduku (Adobe
Photoshop, CorelDRAW wu T. m.). Hua 3amyc-
ka VR-mpoekra mnpumeneHa cpena SteamVR,
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obwequHsIONMAas B cebe MporpaMMHO-aMIIapaTHRIC
CPEeICTBa BUPTYaJIbHON PEabHOCTH.

[Tockonbky XapakTepucTUku VR-mpoekta B
3HAYUTENIBHOW CTENEHH OIpENeNsIoTCs MapameT-
pamMu ¥ BO3MOXXHOCTSIMH HCITOJIB3YEMBIX arapar-
HBIX ¥ MPOTPAMMHBIX CPEJICTB, OBLIM YCTAaHOBJICHBI
MUHUMAJIbHBIE W PEKOMEHAyeMBbIE CHCTEMHBIE
TpeOOBaHMsI K ONEpallMOHHON cucTeme, rpaduye-
CKOMY TpOIleCCOpy, OTNEpPaTHBHON MaMATH W BU-
JICOKapTe MEePCOHAIBHOTO KoMIbroTepa (Tab. 1).

MuHUManbHBIE CHCTEMHBIE TpeOOBaHUS CO-
CTaBJIEHBI AJI NPOEKTOB, BKJIIOYAIOLIMX: MOAETH
00BEKTOB C TPOCTOM TeOMETpHEH (C Tpenmytie-
CTBCHHO IUIOCKUMH TOBEPXHOCTSIMH) W HHU3KOH
MOJUTOHAIFHOCTHI0, C MHUHHMAaJIbHBIM Habopom
3a/laBaeMbIX [apaMETPOB MAaTEPUANIOB, TEKCTYp
Y UCTOYHUKOB OcBelleHus: VR-cpenabl.

Pexomennyemble cucteMHble TpeOOBaHUS CO-
CTaBJIEHBI JIJISI TIPOEKTOB, BKJIFOYAIONINX MOIEIH
00BEKTOB CO CIIOKHOW reoMeTpuel, OOMBIINM KO-
JUYECTBOM JeTalieii C BBICOKOW MOJUTOHAIBHO-
CThIO, CKPYIVIGHHUSIMH peOep, IIUPOKUM Habo-
pPOM 3a/laBaeMBIX TIApaMETPOB MaTepHaNIOB (3ep-
KaJIbHOCTh, METANIN3UPOBAHHOCTh, NMPO3PAYHOCTh
U T. 1), TEKCTYp U UCTOYHUKOB OCBEIEHUs (ecre-
CTBEHHBIX M UCKYCCTBEHHBIX), a TaK)K€ HaJTHUYHUEM
3¢ (deKTOB aHUMAITUH.

BrimonHeHne NPHUBEINCHHBIX PEKOMEHAYEMbIX
TpeOOBaHHUK CHOCOOCTBYET ONTHUMM3ALUN PabOTHI
anmapaTHbBIX CPEICTB C MaKCUMalbHOM peanun3a-
LHAEH BO3MOXHOCTEH MPUMEHSAEMBIX pPOrpamm-
HBIX MPOAYKTOB B pamMKax VR-mpoekToB paszmmy-
HOH CJIOKHOCTH.

AnmnapaTHble CpeICTBa BUPTYaJIbHOWU pealibHO-
CTH AJsI peuieHus NpoeCCHOHANBHBIX 33aJad MO-
TYT OBITH MpE/CTaBIEeHbl KOMIUIEKTOM 000pyI0Ba-
HUSI U TIPOTPAMMHBIX CPEJICTB, TAKHM Kak:

— nuieM BupTyanbHoit peansHoctH (HTC Vive,
Oculus Rift, Lenovo Explorer, Sony PlayStation
VR urT. m);

— 0a30BBIE CTAHIIMU OTCIIC)KUBAHUS ITOJIOKEHUS
[I0JIb30BATEIISl B IPOCTPAHCTBE U CTOWKU-IITATHUBBI
ULl HUX (B 3aBUCHUMOCTH OT KOMILJICKTALIUH);

— IDKOUCTUKH (MaHUITYJIATOPBI-KOHTPOJIICPHI);

— aJanTepbl MUTaHUs;

— KOMMYHMKALIMOHHBIA MOIYJb Ul IIOJKIIIO-
YEeHUS K KOMITBIOTEPY;

— BCTPOEHHOE MIPOTPaMMHOE 00ecIieueHHe.

XapakTepUCTHKH Hauboliee paclpoCTpaHEeH-
HBIX B MPUMEHEHUH IIUIEMOB BUPTYaJIbHON pealib-

HOCTH NIPCACTABJICHLI B Tab1. 2.
Tabnuya 1

CucremMHbIe Tpeﬁonamm K KOMIILIOTEPHOMY NPOrpaMMHO-AIINIAPATHOMY o0ecnevyeHUu10 AJIS CO3AAHUA VR-HpOQKTOB

System requirements for computer software and hardware for creating VR-projects

HaumenoBanue

CucteMHOe TpeOOBaHME

MuHuManbHOE

Pexomennyemoe

OHepaHI/IOHHaSI CcUcTeMa

Windows 7/8/8.1/10 (64 Bit)

IIpoueccop
aHAJIOTH

Intel Core i5-4590, nnu AMD FX 8350, nnu ux

Intel Core 15-4590, nmu AMD FX 8350, ux ana-
JIOTH WK 60JIE€ HOBBIE MOJIENHN

OnepatuBHas NaMATh 415 O3y

4T O3Y u 6oiee

I'pacduueckuit npoueccop
R9 290, unu ux aHanoru

NVIDIA GeForce GTX 970, wiim AMD Radeon

NVIDIA GeForce GTX 970, mimm AMD Radeon
R9 290, ux ananoru uin 0osiee HOBBIE MOJETH

Tabnuya 2

XapaKTepHCTI/IKI/I HJIEMOB Binyaanoﬁ PE€aJTBLHOCTH

Characteristics of virtual reality helmets

XapaxkTepucTuka
ITokazarens
HTC Vive OPJT100 VR Oculus Rift S Lenovo Explorer
Jarauku AxcenepomMeTp, THPOCKOII, JaTINK AKkcenepomMeTp, THPOCKOI AKcenepoMeTp, THPOCKOII, TaTIHK
MIOJIOXKEHUs, (PPOHTAIBbHAS KaMepa MOJI0KEHHS
Paspemenune nucrnnes
(st KaxIoro rIIasa) 1080x1200 1440x1280 1440x1440

CBs13pb Bluetooth, USB 3.0 Type A, mini | USB 3.0 Type A, mini jack 3,5 mm| Bluetooth, USB 3.0 Type A, mini
jack 3,5 mm, HDMI, DisplayPort jack 3,5 mm, HDMI

YactoTa 0OHOBIICHHS 90 I'ny 80 I'y 90 'y

VYrou 0630pa 110° 115° 110°
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Metoauka co3nanusi VR-npoekra

PaccmoTpumM copMHUpOBaHHBIE B OTIENE MPO-
MBIIIIEHHOTO nu3aiiHa OOBEeAMHEHHOTO WHCTHUTY-
ta MammHoctpoenuss HAH benapycu meromuue-
CKHE€ OCHOBBI PUMEHEHHS TEXHOJIOTUH BUPTYallb-
HOHI peaJbHOCTH B NPOMBIIIJICHHOM JH3aiiHe Ha
0aze clemyIoMMX ammapaTHbIX M IMPOTPaMMHBIX
CpPEeICTB: KOMIUIEKCAa BHUPTYaJIbHOM peasbHOCTH
HTC Vive OPJT100 VR, nporpammHo-ammapar-
HOTO KOMIUIEKCa B COCTaBe pabouei craHmuu (Tpo-
neccop Intel Core 17-7700K, mamsate 32 I'b O3V,
rpapuueckuii  mporeccop NVIDIA RTX 2080,
SSD-nakommrens 1 Th, mucroieii, ycTpoiicTBa BBO-
na), onepannonHoit cucremMbl Windows 10 (64 Bit)
u nporpamMmubix cpenctB (Unreal Engine 4,
Steam VR u ap.).

Meronuka co3gaHusa VR-mpoekra BKIHOYAET
CIIEyIOIIME 3TAITBL:

—TOATOTOBKY M IpeoOpa3oBaHWE MOJIEIH
MPEJICTABIIIEMOT0 O0BEKTA;

— pa3paboTKy BUPTYaIBHOH Cpebl IS pa3Mme-
IIEHHUST 0OBEKTA;

— NPUCBOCHUE MATEpUaTIOB U TEKCTYpP COCTaB-
asromuM VR-nipoekra;

— CO3/laHUe M HACTPOHKY HCTOYHHKOB OCBE-
LICHUS;

— CO37laHNEe W HACTPOWKY MapaMeTpOB HAaBH-
raIvu;

— pa3paboTKy M peaau3alfio CIICHAPUEB aHU-
MaIfuu;

— ONITUMU3AIUIO 0TOOpaKEHUS TeHEH;

— (hUHATU3AIUIO TIPOCKTA.

OO0miee omucaHue YKa3aHHBIX METOJAMYECKHX
PEKOMEHAINi TIPUBEJCHO HMUXKE Ha MPHMEpE CO-
3manusi VR-TIpOEKTOB Uisi NEMOHCTpPALUU JJIEK-
TPOMOOWJISI ¢ Ky30BOM KapKacHO-TIaHEITbHOW KOH-

CTPYKIINH (J1ajee — 3JIEeKTPOMOOUIIB) B TOPOICKOM
VR-cpene v BUpTyanbHOM MaBUIIbOHE.

Iloocomoska u npeobpaszosanue moodeiu npeo-
cmasnsiemozo obvekma. Jlna mpeoOpazoBaHM
TPEXMEPHO MOJENHN 3JIEKTPOMOOUIIS B BUPTYaJlb-
HBIH UUQPPOBON TPOTOTUN U3AENHS OBLIH OCY-
LIECTBJIEHBI €€ MOATOTOBKA U KCIOPT B MPOrpam-
my UE4. IlonroroBka Mojenud IpemaycMaTpUBACT
BBIMIOJIHEHUE OIEpaluii mo mpoBepKe U ycTpaHe-
HUIO OIIMOOK, MOHW)KEHUIO Pa3sMEPHOCTH MOAEIH
Y 33JJaHUFO TOJIIIMH 000JIOYEYHBIM TeJIaM.

[MonroroBka u mpeoOpa3oBaHHE MOAETH OCY-
LIECTBISUIMCH B makere 3ds Max myTeMm CHIDKEHUS
KOJIMYECTBA MOJUTOHOB, YTO MO3BOJIUJIO ONTHUMHU-
3upoBath VR-mpoekT mox 6osee HHU3KHE XapakTe-
PHUCTHKH HCIIOJIE3YEMBIX allapaTHBIX CPEACTB 0e3
MoTepH KadecTBa BU3yanusanuu. Ha puc. 2 npuse-
JIeHbl IPUMEPHI MOJIUTOHAIBHBIX CETOK TpeXMep-
HOW Mozenu Iutad)0OHa OCBEIICHHs CaJOHa JIIeK-
TPOMOOWIISI IO W TIOCIIE €€ TTpeoOpa3oBaHusl.

st BBISIBICHHUS W YCTPaHEHUs OIIMOOK MCXOA-
HOH TpexMepHol Mojenu oOwvekta B CAD-npu-
JIO)KEHUH MPOBOIWIM IPOBEPKY KOPPEKTHOCTH
OpUEHTAllUM U PEIAaKTUPOBAHUE BHEIIHHUX HOpMa-
Jiell K JHUIEBBIM IMOBEPXHOCTAM, a TaK)Ke 3ajaBalid
TOJILIUHBI 000N0YeUHbIM TenaM. s mepeBepHy-
TBIX HOpMallel MPOU3BOAMIOCH HX PEBEPCHUPO-
BaHne. Heo0XoAMMOCTh BBITTOIHEHUS JaHHOM orre-
pamuu CBsi3aHa C TEM, YTO TIOBEPXHOCTH C He-
KOPpPEKTHO 3aJaHHBIMH HOPMaJsIMH U HYyJIEBOH
tommuHoi B mporpamme UE4 Oyayt oroOpaxats-
Csl TPO3pauyHBIMH C JIMIIEBON CTOpOHBI (puc. 3).
Oxcnopt Momenu diekrpomodmis B UE4 ocy-
miecTBisuIca B Maciurade 1:1 B ¢opmate .stp (Mo-
KET BBIMOTHATHCS B M000M (opmare, moaIepKu-
BaeMOM MPUMEHSIEMBIMH ITPOTPaMMaMHu ).

Puc. 2. TlonuroHanpHasi ceTKa TPEXMEPHOit MOzieNH Iu1a)oHa OCBEIICHHS CAIOHA IIEKTPOMOOHIIS:
a — 10 mpeobpazosanus (260400 mOMUToHOB); b — MociIe TOHIKEHUS pa3MepHOCTH (5276 MOIUTOHOB)

Fig. 2. Polygonal mesh of three-dimensional model of ceiling light for interior of electric vehicle:
a — before conversion (260400 polygons); b — after dimension reduction (5276 polygons)
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Puc. 3. KoppekTupoBKa HOpMaJiei, 0OpalleHHBIX OT MOJIb30BaTeNs (a) ¥ Ha mok3oBatens (b),
B TPEXMEPHOI MOZIeN OOIIUBKH ABEPH IIEKTPOMOOHIIS

Fig. 3. Adjusting normals facing away from user (a) and towards user (b)
in three-dimensional model of electric vehicle door trim

Paspabomka supmyanvuoii cpedvl 01 pasme-
wenusi obvexma. VR-cpena st pa3MenieHusi Mo-
nenn o0BeKTa MOXET (OpMHUPOBATHCS CIETYIO-
IIMMH CIIOCOOaMU:

—ycranoBkoid HDR-m3o0paxenuss (HDR —
TEXHOJIOTHsI 00BbEMHEHHSI HECKOJIBKUX H300pake-
HUHW U CO3/IaHMsI HA UX OCHOBE cpenbl [9]);

— pa3MeIeHneM Mojeliell pa3InIHBIX O0BeK-
TOB oopMiIeHHUS cpenbl (TIOMEIICHUS, apXUTEeK-
TypHble GOpMBI U T. 1.) B VR-nipoekre;

— CO37aHueM KOMOMHHUPOBAHHOM Cpe/Ibl U3 MO-
neneit 00bexToB odopmiteHust cpeasl 1 HDR-u30-
OpakeHui.

B paccmarpuBaemom mpumepe (puc. 1) dbopmu-
poBanue 00BeKTOB odopmieHuss VR-cpemsr peann-
30BaH0 B makere UE4 kOMOMHMpPOBaHHBIM CIIOCO-
6om. [IpumeHeHne JaHHOTO BapyuaHTa peayCcMaTpu-
BAJI0O TIPUCBOEHHE COOTBETCTBYIOIUX MAaTepHaioB
U TEKCTyp MOJEIAM OOBEKTOB  OdopMIICHUS
VR-cpenpt. OcobeHHOCTH 3TOW Omepanyy IpuBeIe-
HBI B OTIMCAHUH CIIETYFOIIETO 3Tara METOIUKH.

Ilpuceoenue mamepuanog u mekcmyp coc-
masnarowum VR-npoexma. Ilocne ¢opmupoBanus
VR-cpens! u pasmenienust B Heit 3D-Monenu 3mek-
TPOMOOWIISI UM OBLIH MPUCBOCHBI HEOOXOUMbIE BH-
3yabHBIC CBOMCTBA MaTepHaioB U TeKCTyp. st 6o-
Jiee PEATUCTUIHOTO OTOOPaKEHUS IUIACTHYECKOTO
(hopmMooOpazoBaHusl, CO3AaHMS CBETOBBIX I(PPEKTOB,
a TaKKe UMHUTALUHA HEKOTOPBIX MPUPOHBIX SBICHUH
JUISl YKa3aHHBIX MAaTepHalioB M TEKCTYyp 3aIaHbl
HACTPOWKM CBOMCTB: IIEPOXOBATOCTH, LBETOBHIX Ka-
HAJIOB, B TOM YHCIIE SPKOCTH, KOHTPACTHOCTH,
HACHIIIIEHHOCTH I[BETOB; METaJUIM3UPOBAHHOCTH,
OTpaXKEeHHUsI, PO3PAYHOCTH | JIp. (pHUC. 4).

Bnaronapst mmpokoii BapuaTUBHOCTH HACTPOEK
cBoiicTB MaTepuanoB u Tekctyp UE4 mosBonser
3aJaTb HEOOXOAMMbIE BH3YyalbHBIC CBOMCTBA,
obecrieunBaImue TPeOyeMyl0 PEATHCTUIHOCTD
BOCIHpUATUS. BO3MOXXHO HCIOIB30BaHUE CBOMCTB

[ Hayka
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MarcepuajioB U TEKCTYpP, MOJYUYCHHBIX M3 CIICHHA-
JMU3MPOBAHHBIX PECYPCOB, a TAKKe TEKCTYp COOCT-
BEHHOU pa3pabOTKH, CO3MAaHHBIX B TpadHUICCKUX
penakropax [9].

Puc. 4. Hactpoiiku cBONCTB MaTepuasoB
U TEKCTYp HJIEMEHTOB 3KCTEPhEpa IEKTPOMOOUIIS

Fig. 4. Material property settings
and textures of electric vehicle exterior elements

HNmnoptuposannsie B UE4 TekcTypbl UCTONb-
3YIOTCSl KaK OOBIYHBIN PUCYHOK, peibedHas KapTa
WU KapTa mepoxoBaTtocT (puc. 5). Ux mpumene-
HUE B KAYeCTBE TEKCTYpPhl PUCYHKOB, pebe(HBIX
KapT WX KapT IIEPOXOBATOCTH TO3BOJIIET BU3Y-
aJLHO MPEACTaBUTH 3JIeMEeHThl VR-poekTa B Buje
KaK TJIAJKAX [TOBEPXHOCTEW, TaK W Pelbe(HBIX WIN
IepOXOBaThIX. VIMIIOPTHPOBaHHBIE B MPOEKT OMHKCA-
HUSL MaTepUajioB IOMOJHSIOT BcTpoeHHyio B UE4
0a3y MaTepuasoB.

Co30anue u HACMpOUIKa UCIMOYHUKOB OCBEUeHUSL.
s Gonee TowHOM mepenadn GOpPMBI MOAETH U CO-
3MIAHUST PEATCTHYHOTO OKPY>KEHHUS 3JIEKTPOMOOHIIS
B paccMmarpuBaeMbix VR-mpoektax OBUTH CO3MaHBI U
HACTPOEHBI €CTECTBEHHBIE U MCKYCCTBEHHBIC MCTOY-
Hukn ocsemenusd. B UE4 uMeercst BO3MOXKHOCTH
3a7aHusl CIEIYIOMIMX HCTOUYHMKOB OCBEIEHHUS: pac-
CESTHHOTO (HEOECHOT0), HalpaBICHHOTO, TOYCTHOTO
¥ TIPOKEKTOPHOTO, a Takke PaslMuHBIX arMocdep-
HBIX SIBJICHWH, TaKMX KaK TyMaH, oOnaka W T. 1.,
(OpMHUPYIOIINX aTMOC(EPHBIH CBET.
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Puc. 5. TIpumepbl TEKCTYp B Ka4ecTBe: a — PUCYHKa; b — penbeHO KapThl; C — KapThl LIEPOXOBATOCTH

Fig. 5. Examples of textures as: a — picture; b — bump map; ¢ — roughness map

OCHOBHBIM BHJIOM OCBELIEHHUS B PaccMaTpHUBa-
eMbIX VR-mpoekTax ABIsieTCsl COJTHEYHOE, KOTOPOe
3agaercsi HeOSCHBIM HMCTOYHHKOM, OCBELIAIOIIIM
BCcIo crueHy (puc. 6). C moMoIpl0 M3MEHEHUS
HACTPOEK COJIHEYHOI'O OCBEILEHHs MOXHO Ooiee
JeTalbHO TMepeAaTh MM TMOMYEPKHYTh (QopMy
MOJeNH, a TakKe HMUTHUPOBaTh BpEMs CYTOK
B VR-criene [10].

HckyccTBeHHBIE HCTOYHUKM OCBELICHUS (pas-
JUYHOTO BHJA JIaMIIbl, CBETOBBIE 3¢ eKThl, a Tak-
K€ HEKOTOpble BHABI MarepuaioB) B VR-cpene
MOTYT CO3[aBaThCsl HAIPABICHHBIMHU, TOYCUYHBI-
MU U MPOKEKTOPHBIMU HMCTOYHHUKaMH cBeta [11].
OHM TO3BOJISIIOT MOJENHPOBATh OTPa)KCHUs, OJu-
KM U WX pacHojOXKeHHe Ha OOBEKTe, CO3[aBaTh
MIOJICBETKY M BBITOJHO IOJYEPKHUBATH (HOpPMY HU3-
Jenusi, a Tarke Ooree TOYHO HepeAaBaTh (usmye-
CKHE U 5CTETUUECKUE CBOWCTBA MaTepHaioB (puc. 6).

Cos0anue u macmpolxa napamempos HaeU-
eayuu. Tlon stumu Gyukipsmu B VR-cpene mompa-
3yMEBAETCs CO3[JaHUE U ONMCAHUE CBOMCTB CHCTEMBI
obnacTel, B peneax KOTopelx B VR-mpoekTe Mox-
HO TIEpEMEIaThcsl ¢ MMOMOIIBI0 KOHTpOIUTepoB [12].
Kpome toro, y nosis3oBarens UMeeTcss BO3MOYKHOCTb
(U3HYIECKOro mepeMeleHus B peaJbHOM MPOCTpaH-
CTBe, KoTopoe myoimpyercs B VR-cperne.

K ocHOBHBIM 3amaBaeMbIM MapamMeTpaM HaBH-
raiuyd OTHOCHUTCS pa3pelieHue JTu00 3arper mnepe-
MEIIIEHUs] 4Yepe3 Ha3HaueHHYI 30HY VR-cpenbl
C TOMOIIBIO KOHTPOJUIEPOB. 3a0KEHHBIE B Ha-
crpoiikax HaBuranmmu UE4 cBoiicTBa ma0T BO3-
MOXKHOCTh PaccMaTpHBaTh OOBEKT C pasHBIX pa-
KYpCOB M C pa3IM4YHOTO pPACCTOSIHHUA, a TaKKe
CO3/1aBaTh OTPAHMYEHHA B BUPTYaJbHOM IepeMe-
[IEHUH TI0JJOOHO TOMY, KaK 3TO MPOUCXOAWT B pe-
anpHOM Mupe. Taxxke mpu pabore B VR-mpoexte
MOTYT OTOOpa)XaTbCs TPAHUIIBI PEATBHOTO OKpPY-
JKEHUs1, KOTOPBIE HE JKEJIaTelIbHO IepeceKaTh B 1ie-
JsIX obecrievyeHust 6e30MacHOCTH.

IIpu anpoOaruu MeToauku B VR-mpoexTe jae-
MOHCTpAIIMH 3JIEKTPOMOOWIIS B BUPTYAJIILHOM I1a-
BUJIBOHE TporpamMmHbiMu cpeictBamu UE4 Obuia
3amaHa 00JacTh HaBWTAIllMM, OTPAaHWYCHHAs Ha-
PYXXHBIM TNEPUMETPOM BHYTPU BUPTYAJIBHOTO
MaBUJIbOHA, & TAKXKE 3a0JIOKMpOBaHA BO3MOXXHOCTh
MEPEMEIICHHS «CKBO3b» KOHCTPYKLHMH 3JIEKTPO-
MOOHIISL C MCIOJIb30BAaHUEM aMIapaTHBIX CPEJICTB.
Ha puc. 7 npencrapiieH npuMep HaCTpOHKU oOa-
CTH HaBMramuu VR-IpoekTa JeMOHCTpaluu 3JeK-
TPOMOOUIIS B BUPTYaJTbHOM NMaBUIIbOHE.

Puc. 6. VR-cpena ¢ pa3nuIHBIMEA BapHaHTaMH OCBEIIEHHUS: 2 — C HICTOYHUKAMH COTHETHOTO U aTMOC(EPHOTO CBETa;
b — 6e3 HCTOYHHKA COTHEYHOTO CBETA; C — 0€3 HCTOYHUKOB COJTHEYHOTO U aTMOC(HEPHOTO CBETa

Fig. 6. VR-environment with different lighting options: a — with sunlight and atmospheric light sources;
b — without sunlight source; ¢ — without sunlight or atmospheric light sources
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Puc. 7. Hactpoiika 061acT HaBUTAI[HN

Fig. 7. Setting up navigation area

Paspabomka u peanusayus cyenapues aHuma-
yuu. Pegaxtop UE4 no3Bonsier 3amaBaTh pa3iuy-
HbIC BapUaHThl AaHUMHPOBAHHBIX NEUCTBUHA ¢ 00B-
€KTaM{ B COOTBETCTBHUHU C BBHIOPAHHBIMHU CLIEHApH-
SIMA. DTO JaeT BO3MOXHOCTb CMOZEIHPOBATH
nr000e HeoOxoauMoe AeHCTBHE (IBHKEHHUE, CKPbI-
THE, CMEHa LBeTa, (aKTypbl U T. IL.) U1 JAEMOH-
CTpallul 3CTETUYECKUX M CTHJICBBIX PEIICHHMH, a
TaKke (YHKUUOHAA U CIEHU(PHUUECKHX OCOOEH-
HOCTeW paccMarpuBaeMoro oowsekra [13, 14].

B VR-mpoekrte neMOHCTpaluu 3JIEKTPOMOOU-
751 B BUPTYaJbHOM IAaBHJIBOHE peali30BaHA aHU-
Malys IMOABEMa KaloTa C LEJbI0 03HAKOMJICHHS
C pa3MeEIlEHHBIMH B IOJKAIIOTHOM IIPOCTPAHCTBE
kommoneHTamMu (puc. 8). Jlimsg 3amaHus aHUMHPO-
BaHHBIX JIefiCTBUIl ObUIM HAIMCaHBI CIICLHAIbHbIC
CKPHMIITHI, YCTAHABIMBAIOLINE MMOPAIOK U YCIOBHS
BBINIOJIHEHUSI HEOOXOAUMBIX OIEpalfii, AKTUBU-
PYIOLIMX aHUMALUIO OTKPBIBAHUS KaroTa.

Onmumuzayus omobpadsicenus meneu. Bpimon-
HEHHE JAaHHOI'O JTama HOCUT PEKOMEHAATElb-
HBIH XapakTep M peajausyercs Ipu pa3paboTke
VR-11poekToB ¢ OOJBIIMM KOJTHMYSCTBOM MOJEIICH,
neTanei, rpaguK ¥ aHUMAaIMi, TaKk Kak Kaxaas
CMEHa TOJIOKEHHSI MOJIEIM OTHOCUTENIBHO I0JIB30-
BaTelis TpeOyeT HOBOro (HOPMUPOBAHUS Iajaro-
HIel TeHHW, YTO yBEIUYMBACT HArpy3Ky Ha BBIUHMC-
JUTENbHBIE PECYpCHl, 3a/eHCTBOBaHHBIE B IIPO-
ekre. llpeoOpazoBaHme IWHAMUYECKUX TECHEH
B CTaTWYECKHE I[O3BOJISET YIyYIIUTHh IPOU3BO-
JIUTENBHOCTh TPOTrPaMMHO-AIMAPATHBIX CPEACTB,
HCKJIIOYUTh WJIM MHHUMH3HPOBATH BO3MOYKHBIC
3aJepKKH ¥ TPEPHIBAHUS B OTPUCOBKE BHPTYallb-
HOTO MPOEKTa BO BPEMs €ro IMpocMOTpa B OUKaxX
BHUPTyalbHOM peanbHOCTH [15].
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Puc. 8. Hactpolika aHUMalui OTKPBIBAHHS KalloTa
3JIEKTPOMOOMIIS

Fig. 8. Setting up animation of opening
electric vehicle hood

CyTb dTama 3akiaodaeTcss B (UKCAIUHA B IIPO-
CTPaHCTBE TOJOXKEHHS TEeHEW, BO3HWUKAIOIIUX OT
00BEKTOB TIOCIIC 33JJaHUsI HUCTOYHUKOB OCBEIICHHSL.
B pesynbraTe yero AMHaAMHYECKHE TEHH IpeoOpa-
3yIOTCS B CTaTHuecKue m3o0paxkeHus. [lepen arta-
noM ¢uHanu3auuu VR-mpoekTa Bce TEHH ObLIH
peoOpa3oBaHbl B CTATHYECKHE M300paKeHHs Iy-
TE€M OTpaHMYCHUS MOJBIKHOCTH BCEX UCTOYHHUKOB
OCBEIIIEHNs] BHUPTYaIbHON cpenbl B BHIOPAaHHOM
TOJIO’KEHUH.

Qunanuzayus npoexma HeoOXomuMa il CO-
3lIaHHS UCIIOJTHUMOTO (aiiyia MpoeKTa B LENSX €To
3allycka W MPOCMOTpa Ha KOMIIBIOTEpax, B TOM
Yrcie Ha KOTOPHIX HE YCTAHOBJEHA MNporpamma
UE4. UcnionHuMbIi (aiiia UMeeT pacIiiupeHue .exe
U OTJIMYaeTCs 3HAYUTEIHHO MEHBIIEeH pa3MepHO-
cThIOo, ueM (haiin B popmate porpammel UE4 [16].
Hampumep, VR-mpoexkt UE4 ¢ mnpuBemeHHBIM
Ha puc. 8 anmexkrpomoduieM 3anumaetr 54320 Mb,
a HCcoJHUMBIN Qaiin — 3305 MB.

BbIBO/IbI

1. ITo pe3ynbpraraMm OOOOIIECHMSI M CHCTEMATH-
3alUM ONbITa MPUMEHEHUs MPOrPaMMHBIX U arlma-
pPaTHBIX CPEICTB BHUPTyalbHOM peajbHOCTH, Ha-
KOIUIEHHOTO B OOBEAMHEHHOM WHCTUTYTE Malll-
HoctpoeHuss HAH benapycu mnpu BbINOIHEHHH
MU3aWHEPCKUX W KOHCTPYKTOPCKHUX PaboT B 0Oma-
CTH aBTOMOOWJIECTPOCHHUS, ONKCAHbI OCHOBHBIE
BO3MOXXHOCTH M 3aJaud, periaeMbie B aBTOMOOU-
JIECTPOEHUU € NMOMOIIBK VR-TexHOMIOrHiM, NpuBe-
JeH 0030p MapaMeTpoB HCIIOJIB3YEMOTO IIpo-
TPaMMHOTO W almapaTHOro0 OOecTedeHus i pa-
6otel B VR-cpene, paspaboraHa u ampoOupoBaHa
METOAMKA co3daHusi VR-poekToB — OeMOHCT-
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panuu 3nmeKTpomMoOuis B ropoackoit VR-cpene
U BUPTYaJIbHOM IaBUIHOHE.

2. OnucaHHbIe B CTaThe COBpeMeHHbIe VR-Tex-
HOJIOTUM YK€ Ha HadalbHBIX CTAIWsIX IMPOEKTHU-
pOBaHHS TPAHCHOPTHOTO CPEACTBAa TO3BOJSIIOT
aHanM3upoBaTh B Macmrabe 1:1 screTmueckue,
CTHIINCTHYECKHE U 00BEMHO-TUTACTHYECKHE pellie-
HUS €ro DKCTepbepa U HHTEPhEpa, IPrOHOMUKY,
0030pHOCTH; OIICHUTHh KayeCTBO BHITIOJHEHUS CO-
MPSKEHUN CIOKHBIX MOBEpXHOCTEH u T. 1. B co-
BOKYITHOCTH TIPHBEJCHHBIE BO3MOXXHOCTH BHOCST
CYIIECTBCHHBIN BKJIaJ B TMOBbIeHUEe dPdek-
THBHOCTHU TIpOIlecca MPOCKTHPOBAHUS MyTEM CO-
KpallleHWs] BpEMEHH Ha aHaJu3 MHOXKECTBA BapH-
AHTOB W KOMOWHAIMH pemieHui, B TOM YHCIE
OpraHM3anuy AUCTAHIMOHHBIX BCTPEY IO WX
COBMECTHOW OIlEHKE W OOCYXKISHUIO HEerocpen-
cTBeHHO B VR-cpeme, MUHUMH3AIUKA OIIHUOOK
U HETOYHOCTEH. DTO MOBHIIIAET OONIYI0 CTEHICHBb
MpopabOTKK M3IETUS U €0 COOTBETCTBHUS TPeOO-
BaHUSM pa3pabOTUYHUKa.

3. Ilomy4yeHHblE Ha CTaJAUM MPOECKTUPOBAHUSA
BUPTYyallbHbIE MOJENU u3Aenus (BUPTyajbHBIC
MPOTOTHUIIBI) B JATbHEUIIIEM MOXKHO HCITOJB30BaTh
B LIEJISIX €T0 PEKIIaMBbl U MPOJIBUXKEHUS HA PHIHKE.

4. IlpencraBineHHblE METOJAMYECKHE OCHOBBI
MOTYT OBITh TPUMEHEHBI TPH TMPOCKTUPOBAHUU
pa3IMYHBIX TEXHUYECKHX OOBEKTOB B o00IacTu
MAaIIuHO- U TMPUOOPOCTPOSHUS C MCTIOIH30BAHUEM
KaK YIOMSHYTOTO TpPOTPaMMHOTO oOecredeHus,
TaK U PYTUX aHAJOTUIHBIX CPEICTB Pa3pabOTKH.
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MOI[eJII/IpOBaHI/Ie COCTAaBHBIX KOJIBUEBLIX YVJIbTPa3BYKOBLIX BOJIHOBOAOB
C IOMOIIBI0 ME€TOJAa KOHCYHBIX 3JICMCHTOB

JOKT. TexH. HAyK, aou. /1. A. Crenanenko”, mmk. K. A. ByH'-[yKl)
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Pedepat. B crarbe ommcana MeTouKa MOJEIUPOBAHNS M ONTUMH3AINN COCTABHBIX KOJBLEBHIX yJIbTPAa3BYKOBBIX BOJIHOBO-
JIOB, COCTOSIUX U3 JABYX IOCJIEAOBATEIBHO COCAMHEHHBIX CEIMEHTOB U3 Pa3IMYHBIX MAaTEpUAIOB, C MOMOILBIO METOJa KO-
HEYHBIX dJieMeHToB. OO0CHOBaHAa BO3MOKHOCTD IIPHMMEHEHHMS] TAKUX BOJHOBOOB JUISl yCHWJICHUS KOJICOAHU MO aMILTUTYJE.
IpenmyniectBo pa3pabOTaHHOH METOAMKH — BO3MOXKHOCTD €€ peallM3alliy C MOMOLIBIO CTaHAAPTHOTO MPOrPaMMHOr0 odec-
neyenus, B yactHocth COMSOL Multiphysics. KoppektHoCcTh 1 3)(eKTHBHOCTh METOJMKN MOATBEPXKICHA MTyTEM CpaBHE-
HHS YUCIIEHHBIX JaHHBIX C Pe3yIbTaTaMH MOJAEIHPOBAHUS C TIOMOIIBI0 METOA EPEAATOUHBIX MAaTPHI] C MIPUMEHEHHEM ypaB-
HeHHi KosneOanuil Tuma Ditnepa — bepHymmn u Tumomenko. [Toka3aHo, YTO B COCTaBHBIX KOJIBIEBBIX BOJHOBOAAX MOTYT
BO3HHUKATh COOCTBEHHBIE ()OPMBI KoJIeOaHUII ABYyX THUIIOB — 3HAKOIIEPEMEHHBIE W 3HAKOIIOCTOSHHBIE, TIPHIEM MPAKTHICSCKIH
HHTEpeC U YCHWICHHsSI KoJIeOaHUH 110 aMIUIUTYJle HPEJCTaBIISIOT TOJIBKO 3HAKOIIOCTOSHHBIC MOABL JlaHBI peKOMEHIAINN
10 BEIOOPY ONTHMANIBHBIX T'€OMETPUYECKHX I1apaMETPOB BOJIHOBOJOB, B YaCTHOCTH MOKAa3aHO, 4TO VIS 0OECIeYeHHs] MaK-
CHMAJILHOTO K02 (HIMEeHTa YCUICHHUs KOJIeOaHUIl 110 aMIUIMTY/e LIEHTPaJIbHbIC YIJIbl CEFMEHTOB BOJHOBOJIA JOJDKHBI BBIOH-
paThCs C yU4ETOM pacyeTHOH 3aBUCUMOCTH KOd(QHUIMEHTa YCHICHHS OT yIia, XapaKTepHu3yolleiics HalnYueM HEeCKOIBKUX
JIOKAJIBHBIX MAKCUMYMOB K03 duunenta ycuneHus. OTMEUCHO, YTO BHICOKAst TOYHOCTD CYIIECTBYIOIIUX MOJTyaHATUTHYECKUX
METOJIOB pacueTa M MPOEKTUPOBAHHS KONBIEBBIX BOIHOBOJOB IOCTHTaeTCs INPU HCIOIb30BAHHM METOJOB, OCHOBAHHBIX
Ha IPUMEHEHUH ypaBHEHUH KonebaHuii Thna TUMOIIEHKO.

KatoueBble CJI0BA: KOJIBIIEBON BOJIHOBOJ, YJIbTPa3ByKOBbIC KOJICOaHUsI, M3rHOHbBIE KOIEeOaHus, COOCTBEHHbIE (POPMBI KOJIe-
OaHnwuit, MeTo KOHeUHbIX dneMeHToB, COMSOL Multiphysics

Jist uutupoBanus: Crenanesko, Jl. A. MoaennpoBaHHe COCTaBHBIX KOJBLEBBIX YJIBTPAa3BYKOBBIX BOJIHOBOJOB C HOMOIIBIO
MeTona KoHeuHbIX dneMeHToB / JI. A. Cremanenko, K. A. Bynuyk // Hayxka u mexuuxka. 2021. T. 20, Ne 6. C. 476-481.
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Modelling of Ring-Shaped Compound Ultrasonic Waveguides
by Means of Finite Elements Method

D. A. Stepanenko”, K. A. Bunchuk"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper describes a technique for modelling and optimization of ring-shaped compound ultrasonic waveguides
consisting of two sequentially joined segments of different materials by means of finite elements method. The possibility
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of using such waveguides for amplifying vibrations in amplitude has been justified in the paper. The advantage of the deve-
loped technique consists in possibility of its realization by means of standard engineering software, particularly COMSOL
Multiphysics. The correctness and efficiency of the technique is proved by comparing the numerical data with the simulation
results by means of transfer matrix method using equations of vibration of Euler — Bernoulli and Timoshenko type. It is shown
that in compound ring-shaped waveguides two kinds of vibration modes are possible — variable-sign and constant-sign, more-
over only constant-sign modes are of practical interest for amplification of vibration amplitude. Recommendations for
selection of optimal geometric parameters of the waveguides are given, particularly it is shown that for ensuring maximum
vibration amplification factor it is necessary to choose central angles of the waveguide segments with account for calculated
dependence between amplification factor and angle, characterized by presence of several local maxima of the amplification
factor. It is noted that the high accuracy of the existing semi-analytical methods for calculating and designing ring-shaped
waveguides is achieved using methods based on the application of Timoshenko-type equations of vibration.

Keywords: ring-shaped waveguide, ultrasonic vibrations, flexural vibrations, natural vibration modes, finite element method,
COMSOL Multiphysics

For citation: Stepanenko D. A., Bunchuk K. A. (2021) Modelling of Ring-Shaped Compound Ultrasonic Waveguides by
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BBenenue

OnauM 13 cIToco00B YCHIICHHUS YITBTPa3BYKOBBIX
KOJIGOAHUH 10 aMIUIMTYJE SIBIISICTCS IPUMCHEHHE
KOJIBIIEBBIX BOJIHOBOJIOB C U3MEHSIOIICHCS 10 JUTUHE
OKPYXHOCTH H3THOHOH >xecTkocThio El (tme E —
MOJyJIb TIPOJOJFHON YHPYTOCTH Marepuaja BOJ-
HOBOJIa; / — 0CEBOM MOMEHT WHEPIIUHU TOINEPEIHO-
TO CEYEHHUs BOJHOBOJA). TeXHWYECKH H3MEHEHHE
HU3THOHOM JKECTKOCTH MOXKET OBITh pPealn30BaHO
3a CUET T'E€OMETPHYECKOTr0 MPOGWINPOBaHUS BOJI-
HOBOMa [1-4] nubO WHCIONB30BaHUS COCTABHBIX
BOJIHOBOJIOB, COCTOSAIINX M3 HECKOJIBKHUX ITOCIIE0-
BaTEJIbHO COCIUWHEHHBIX CETMEHTOB, BBIMOJIHCH-
HBIX M3 MAaTCPUAIIOB C CYIICCTBEHHO pa3jnyaro-
LIMMUCS 3HAYCHUSIMU MOIyJa ynpyrocta E [4, 5].
Ilo cBoemMy MpUHIMIY JAEUCTBUSA COCTaBHBIE KOJIb-
I[EBbIC BOJIHOBOJBI aHAJOTHYHBI COCTaBHBIM
CTEp>)KHEBBIM BOJIHOBOJAM, NPUMEHSEMBIM IS
YCHIIEHUS] TIPOJIONBHBIX YIIBTPa3BYKOBBIX KoJeba-
Hu# [6, 7]. B coydae KoibIeBOro BOJIHOBOJA TIPO-
JIOJIbHBIC KOJICOaHUs BO30yAWTENS, HAIpUMeEp
CTPEKHEBOTO BOJIHOBOJIA, ITPE0Opa3yroTCs B M3THO-
HBbIE KOJICOAHUs, KOTOPBhIE YCHIIMBAIOTCS KOJIbIIE-
BBIM BOJIHOBOJIOM TI0 aMIUIMTYJE, a 3aTeM HW3TrHO-
HBIe KOJIeOaHUs TPaHCPOPMHUPYIOTCS B TIPOJIOIb-
HBIe KOJeOaHUsI MHCTPYMEHTA, MPHUCOEIMHEHHOTO
K KOJIBIICBOMY BOJIHOBOAY B CCUCHHUHU, ITHAMET-
PaJbHO TIPOTHUBOIIOIOKHOM IO OTHOIIEHHUIO K BXOJI-
HOMY CEUEHHIO.

Jna pacuera 3KCIUTyaTallMOHHBIX XapaKTepH-
CTHUK COCTaBHBIX KOJBIICBHIX BOJHOBOJIOB MOTYT
WCTIOJIH30BATHCS TOJTyaHATUTUIECKHE METOABI TH-
ma MeTojia MepeaaToIHbIXx MaTpuIl [8, 9] u Meroma
rapMoHn4Yeckoro Oamanca. Takke NHpPEACTABISIOT
WHTEpEeC YHCICHHBIE — Hamoxobne MeTojaa KOHed-
HBIX 31eMeHTOB (MKD), koTOophle MOTYT OBITH
pealn30BaHbl MOCPENCTBOM CTaHIApPTHOTO MHXKe-
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HEpHOI'O TNPOrpaMMHOro obecriedeHus. Moxenu-
poBanue ¢ momormbio MKD Takke sBisgeTcs 3¢-
(PEKTHBHBIM CPEIICTBOM HPOBEPKH JAOCTOBEPHOCTH
pe3ybTATOB, MOMYYCHHBIX C HCIOJIb30BAaHUEM IIO-
JyaHaJIUTUYECKUX METOJOB. B cTarhe paccmarpu-
BAIOTCS OCOOCHHOCTH MOJICITUPOBAHUSI COCTaB-
HBIX KOJBIIEBBIX YIBTPA3BYKOBBIX BOJHOBOJIOB
¢ nomompio MKD c¢ npumenenwem mnporpam-
Mel COMSOL Multiphysics. JlocTroBepHOCTB 110-
Jy4YEeHHBIX pe3yJbTaTOB IOIATBEPKIACTCS IyTeM
X CPaBHEHHUS C pE3yJIbTaTaMH pacdera, BBINOJI-
HEHHOTO METOAOM INePeJaTOUYHbIX MaTPHIL.

Onucanue MeTOIMKH MOIETHPOBAHMS

B mporpamme COMSOL Multiphysics, ¢ mo-
MOIIBIO KOTOPOM BBHINONHSUIM MOJACIHUPOBAHUE,
W3MEHEHUs] MOJYJISl YNPYrocTH W TUIOTHOCTH Ma-
Tepruaja 1Mo IJIWHE OKPYKHOCTH BOJHOBOJIA OIIH-
CBIBAIOTCS TIIyTeM 3ajaHus (QyHKIMH, Marema-
TUYECKH BBIPAKAMOMIUX ATH H3MEHEHHS, BMECTO
OOBIYHO HCIONB3YEMBIX ITOCTOSHHBIX CBOWCTB Ma-
tepuana. [nst aroro B pasgene Options — Con-
stants B Buze TaOJMIIBI 3a0aF0TCS 3HAYEHUS IOCTO-
SIHHBIX, HWCIHOJBb3yeMbIX TMPU MOJCITHPOBAHUU:
E1=2,1-10" ITa — Moaynb ynpyrocTs mMarepuania
BXOJHOTO CETMEHTa BOJHOBOJa (MaTrepuan —
cramp); E2=1,3-10"TIla MOJyJib yIPYTOCTH
MaTepuana BBIXOJHOTO CerMeHTa (Marepwan —
6pom3a); rhol = 7800 Kr/M’ — IIIOTHOCTH MaTepHa-
J1a BXOJHOTO cermMenTa; 102 = 8300 kr/M°> — miot-
HOCTh Marepualia BBIXOJHOTO cermeHra; phi0 —
MTOJIOBMHA LEHTPAJIHHOTO yTJIa BXOJHOTO CErMEH-
Ta; d — MOJIOBMHA YTJIOBOW IIMPUHBI EPEXOIHOTO
CJIOS. MEXKAY BXOIHBIM M BBIXOJHBIM CEIrMECHTaMU
(B pacuere npunHATO d = 1/32 pax = 5,625°).

[Ipu MojenmupoBaHUM TPEANONAracTCs, 4YTO
TEXHOJIOTHS COEIMHEHHS CErMEHTOB BOJIHOBOJA
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oOecnieunBaeT (OpMUPOBAHHE MEXKIY HUMH TOH-
KOTO MEPEXOAHOTO CJIOSI ¢ HEMPEPHIBHBIM H3MEHe-
HHEM COCTaBa M (PU3MKO-MEXaHUYECKUX CBOWCTB
(byHKIMOHATBHO-TPATUEHTHOTO cJos1). [IpuMepom
MOJXOSAIIEH TEXHOJOTUU sBjsieTcs audGy3uoH-
Hasl cBapka. 3aJjaHue MOCTOSIHHBIX B BUJIC TAOIHIIbI
obecreunBaeT MapaMeTPU3aIMI0 MOJICIH, T03BO-
JSFOIYI0 MCCIEAOBATh BIIMSTHHE MApaMeTpoB Ma-
TepHUajga Ha SKCIUTyaTal[MOHHBIC XapaKTEPUCTUKU
BOJTHOBOJIA MTyTEM MPOCTOTO0 U3MCHEHHS UX 3HAue-
HUH B Tabmuie. UToOBI UCKITIOUYUTH PaCCMOTPEHHE
BHETJIOCKOCTHBIX MOJ M3TUOHBIX KOJeOaHHH U
AHTUCUMMETPUYHBIX MOJI, paccMaTpUBAlaCh Teo-
MeTpHUecKasi MOJIeNTb BOJIHOBOJIA B BUJIC YETBEPTH
KOJIbI[A C HAJIOKCHHEM CHUMMETPUYHBIX T'paHHY-
HBIX YCIOBHH Ha IUIOCKOCTH paspesa. [locne mo-
CTPOCHUSI TEOMETPUYECKON MOJen B paszele
Physics — Subdomain Settings 3agaBamuch cie-
JYIOIIHE BBIPAKEHUS JIUISI MOAYJS YIPYTOCTH |
TUIOTHOCTH:

El1+(E2— El)*flc2hs(atan 2(y, x) +
+ pi/2— phi0, d);

rhol + (rho2 —rhol) * flc 2 hs(atan 2(y, x) +
+ pi/2— phi0, d).

®yHkuua atan2(y, x) UCHOAB3yeTCA AN OIpe-
JENICHNs] YIIIOBOH KOOPIUHATHI TOUKH (X, V) TO ee
nekapToBeiM KoopauHatam, a flc2hs(x, d) mpen-
CTaBJsieT co00i CriaKeHHBIM aHAIOT CTYNEHYAaTOH
(dbynkun  XeBucaiina, MMEIOIIUHA HENPEPHIBHYIO
BTOPYH0 INPOU3BOAHYIO M IUIABHO BO3PaCTAIOIIUI
or 0 no 1 ma waTepBane [-d;+d] [10, c. 150].
[Ipu onmcannu CBOKCTB MaTepHana OOBIMHON (PYHK-
e XeBucaia MOTYT BO3HHKATh TPOOIEMBI CO
cxomuMocTeio  MKD, 00ycoBIeHHBIE HATUUHAEM
y ¢yHkuuu paspeiBa. [IpuMeHeHME CriiakeHHON
¢yHKIMN XeBucaiia XOpoIo Coryiacyercsi ¢ MpUHs-
TBIM BBIIIE JOMYIIIEHHEM O HEMPEPHIBHOCTH U3MEHE-
HUS  (PU3UKO-MEXaHHMYECKHX CBOMCTB MaTepuaia
B NEPEXOJHOM CIO€ MeXIy cermeHTamu. Cremyer
0o0paTUTh BHMMAaHHE, YTO B KOHEYHO-3JIEMEHTHOM
MOJIETIM OTCYET YIJIOBON KOOPAWHATHI IIPOU3BOIUTCS
TakuM 00pa3oM, YTO BXOJHOMY CEUEHHUIO BOJHOBOAA
COOTBETCTBYET KoopauHaTa —90°, a BEIXOJHOMY ce-
YeHHI0 — KoopauHata +90°.

Jns onTHMu3anMHM BOJHOBOZA MO KO3 dH-
LUEHTY YCWJICHHS KojieOaHui mo amrmumryne K =

= |w(m/2)/w(-7/2)| (rae w(¢) — ammmTyna paau-
AJIBHOW COCTAaBIISAIONIEH KOJIe0ATEILHOIO CMEILE-
HUs) TPOM3BOJAUIIACH HapaMeTpUyecKas MNPOTOH-
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ka (Parametric Sweep) ¢ BapbUpOBaHHEM IICHT-
PAJBHOTO YTJIa BXOJHOTO cerMeHTa 2phi0 B muana-
30HE OT 6° 1o 174° ¢ marom 1°. IlpenenbHble 3Ha-
YeHUS IEHTPATHHOTO yria OBLIM BBHIOPAHBI TAaKHM
00pa3oM, 4TOOBI BBITIOJIHSIIOCH HEPABEHCTBO

d <2phi0<m—d.

Hns ompenenenus kodpGHUIMEHTa YCHICHUS
PaCCUNTHIBATIUCH 3HAYEHUA AMIUTUTYIBl pajnaiib-
HOW COCTaBIIAIOIIEH KOJIe0aTEIbHOTO CMEIEHUS
B Toukax | u 7, nexxanmmx Ha oOpa3yromieil Hapyk-
HOM LMIMHAPUYECKOW MOBEPXHOCTH BOJIHOBOJA
B €r0 BXOJHOM M BBIXOJHOM cedeHHusax. s 3Toro
B paznene Options — Integration Coupling Varia-
bles — Point Variables 3amaBanuce nBe nmepemeH-
Hele wl u w7 (B Toukax 1 U 7 COOTBETCTBEHHO),
oTpesieTisieMble BBIpa)KEHUEM

with(num, u) * cos(atan 2(y, x)) +

+ with(num, v) * sin(atan 2(y, x)),

rae with(num, v) — QyHKIMsI, BO3Bpalaromas 3Ha-
YeHHE TIEPEMEHHON var Ijisi COOCTBEHHOW (OPMEI
konebanmii ¢ mopsakoM num [10, c. 166]; u, v —
npuasaTeie B COMSOL 0003HaueHUs] KOOpaUHAT-
HBIX COCTaBJISIOIIMX MEpEeMEIeHHs M0 KOOpIrHa-
TaMm X ¥ y B TI00aNbHOM JEeKapTOBOW CUCTEME KO-
OpAMHAT X)Z.

[opsinky num cobcTBeHHOU (oOpMBI IpHUIaBa-
JOCh 3HaYCHUE, COOTBETCTBYIOLIEE 3HAKOIOCTOSH-
HOU Moje koyiebanuii (kimaccuduraims coOOCTBEH-
HBIX OpM paccMaTpuBaercs nanee B pazaeine «Pe-
3yJbTaThl MOJEJIIUPOBAHUS U UX 0OCYKACHHEY).

B pasgene Solve — Parametric Sweep 3amaBa-
JIMCH TIapaMeTp MPOTOHKHU phi0, IUana3oH U 1ar ero
mmMeHeHns range(6* pi/180, pi/180,174* pi/180)

U MepeMeHHble wl U w7, MOIJIeKAIINE BhIYUCIIC-
HUKPO. Pe3ynbTarbl 3alUCBIBAIUCE B TEKCTOBBIM
(haiin ¢ pacmupenuem .log, comepkamuii 4 cToO-
[1a YUCJIOBBIX 3HAYEHHH, COOTBETCTBYIOIIUX IEpe-
MeHHbIM phi0, lambda (coOcTBeHHass dacToTa
kosebanuit), wl u w7. s Kaxxaoro 3Ha4e€HUs yT-
na phi0 B dain 3amuceBanock 12 coOCTBeH-
HBIX YacTOT (3HaueHHe, 3aJaHHOe B paszene Sol-
ve — Solver Parameters B mone Desired number
of eigenfrequencies — TpebyemMoe KOIMIECTBO COO-
CTBEHHBIX YacTOT), U MO3TOMY CTOJIOIIBI, COOTBET-
CTByIOIITHE IepeMeHHbIM phi0, wl u w7, comepxa-
i O01oku u3 12 TocienoBaTeNbHBIX TOBTOPSIO-
mmxcss 3HadeHwid. [locnme ynmameHus w3 Qaiina
TEKCTOBBIX KOMMEHTApUEB M W3MEHCHUS PaCIIH-
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PEeHHS Ha .prn pe3yibTaThl U3 Qaiiia UMIIOPTHPO-
BauCh B mporpammy Mathcad mis manpHeimiei
00pabOTKH U BU3YaIH3aIINN.

Pe3y.]'ll)TaTbI MOACTUPOBAHUA
H UX 00cysKaeHue

B kauecTBe 4HCIEHHOTO MpUMeEpa PaccMOTpe-
HO MOJETUPOBAHHE BOJHOBOJA C IECHTPAIBLHBIM
YIJIOM BXOJHOTO cermeHTa 2phi0 = 187,2°, pagmny-
COM cpeaHer TuHuM R = 29 MM M TONIIWHOHN B pa-
muaneHOM HampasieHnn b =2 mM. [lo pesynbra-
TaM MPEIIIeCTBYIONIMX WCCICIOBAHUN IS JaH-
HBIX 3Ha4YeHUH R ¥ b M 3aJaHHBIX BBIIIE CBOWCTB
MaTeprana JOCTUTAeTCs MaKCHMaJbHOE 3HAa4YeHHe
ko3 durmenTa ycuineHnss KojaeOaHuid Mo aMILIHU-
tyae [9]. B pe3ynbTate MoaenupoBaHUs yCTaHOB-

cigfreq_smsid(3)=29578.90301  Subdomain: u*

JICHO HaJMYMe ABYX THIIOB COOCTBEHHBIX (hopMm
KOJIe0aHMI COCTaBHBIX KOJBIIEBHIX BOJIHOBO/IOB:

1) 3HaKOTIEpeMEHHBIE COOCTBEHHBIC (DOPMBI,
BH3YaJbHO CXOXHe C COOCTBEHHBIMU (hopMaMu
M3TUOHBIX KOJICOAHUH OJHOPOIHBIX KOJICIl M Xa-
paxkTepU3yIOIIKECS HAIUYUEM Y3JI0B aMILIUTY-
Il KOJICOATEIBHBIX CMEIICHUH (B KauyecTBE IPH-
Mepa Ha puc. la ToKazaHa 3HAKOMECPEMEHHAas
coOcTtBeHHass (opMa, COOTBETCTBYIOIIAsl YacTO-
Te 29,58 kI'm);

2) 3HAKOMOCTOSHHBIE  COOCTBEHHBIC  (hOPMBI,
HE WMEOIINE Y3JI0B aMIUIUTYAbl U SBISFOIIAECS
KoMOuHanueil m3rubHoi nedopmanmu u aedop-
Mallui PacTsHKCHHsI CPeIHEH JIMHUU (B Ka4eCTBE
mpuMepa Ha puc. b mokazaHa 3HAKOTOCTOSH-
Hasg coOcTBeHHas (opma, COOTBETCTBYIOMIAS dYa-
crore 24,03 [ '1).

Q) [m] Deformation: Displ: E

Max: 2.631

2.5

()

)

=
L

2641

eigfreq_smsld(8)=24028.483444 Subdomain:

0) [m] Deformation: Max: 2.21

[

Min: 1,149

Puc. 1. Pe3ynbTathl pacuera 3HAKOTICPEMEHHOM (a) U 3HAKOMOCTOSHHOM (b) cOOCTBEHHBIX (hOpM KOJIcOaHHI

Fig. 1. Calculation results of variable-sign (a) and constant-sign (b) of natural vibration shapes
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Ha puc. 1 mpencraBieHo pacnpenesieHue aM-
IUIMTYABl PaguajbHOM CcOCTaBisIOIEeH KojeOa-
TEJIFHOT'O CMELIECHUS, OTIPENIeNIIeMON BBIPaKEHUEM

u *cos(atan 2(y, x)) + v *sin(atan 2(y, x)).

3HaKOIEPEMEHHBIM COOCTBEHHBIM (hOopMaM CO-
OTBETCTBYIOT OJIM3KHE K eAMHUIE 3HAUYSHUSI KOd(-
(urmenTa ycwieHus, U MO 3TOM NpPUYNHE OHU HE
MPEACTABISIOT MPAKTHUYECKOTO0 MHTEpPECa C TOUKH
3peHUs WX UCTIONH30BAHUS B yIIETPa3BYKOBOH TeX-
Huke. Hanpumep, 1t coOcTBeHHO# (hOpPMBI, TIpea-
CTaBJICHHOW Ha pHcC. la, ko3ddumment ycue-
Hust K= 1,08. 3HaKOMOCTOSHHBIM COOCTBEHHBIM (hop-
MaM COOTBETCTBYIOT OoJjiee BBICOKHE 3HAUEHHs KO-
addumenTa yCUiIeHN: HalmpuMep, Ui COOCTBEH-
HOH (popMmbl, mpeacTaBieHHON Ha puc. 1b, K =1,88.
BrIBog 0 HanmM4MU IBYX TUIOB COOCTBEHHBIX (hOpM
KoJIeOaHMI COTIJIACyeTCs ¢ pe3yJIbTaTaMH, paHee I10-
nyderHbiMU J[. A. CTemaHeHKo U COaBTOpaMU C IO-
MOIIBIO0 METO/IA MEPEAATOYHBIX MATpHII [§].

CobOcTBeHHAas 4acTOTa 3HAKOMOCTOSHHOM MO-
Il f= 24,03 k[, onpenenenHas ¢ nomomsio MKD,
C BBICOKOM TOYHOCTBIO COBIMAJaeT CO 3HAYCHHU-
em f=24,01 k', paHee MOIyYSHHBIM JUISI BOJIHOBO-
Jla C TEMH K€ 3HAYECHUSIMU [TapaMETPOB C TIOMOIIBIO
MeTona mepenarounbix marpuil [9]. CoOcTBeHHBIE
(hopMbI KONEOaHUil, pacCCUNTaHHBIE C HCITOIH30Ba-
areM MKD w MeTonma mepemaTOYHBIX MAaTpHII,
UMEIOT Ka4eCTBEHHO CXOJIHYIO GopMy (puc. 2, KpH-
Bble 1, 2), omHAKO METOJl NEepEeAaTOYHBIX MAaTPHI]
JTaeT 3aBBIIICHHBbIE 3HAYEHHs aMIUIUTYAbl (puc. 2,

KpuBas 1).
2,5 - ; v
-90 + Po 1
2 /
& K
=
~ 2,0+ J
g
=
s ’ SN
3 N
5 15t B ]
g .
s
Z ,
1,0 /' ~ L L L
=50 0 50

VYrioBas KoOOpauHATa @, Tpajg

Puc. 2. Pe3ynbrarsl pacueTa 3HaKOMOCTOSIHHON MOJIbI
f=24,03 xI'y

Fig. 2. Calculation results for constant-sign mode
f=24.03 kHz

KonuuectBeHHbIE pa3nuyus MEXy KpUBBIMU |
U 2 Ha puC. 2 OOBSCHAIOTCS TeM, UTO KpuBas | mo-
Jy4deHa Ha OCHOBE ypaBHEHUU KoneOaHMil Tuma
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Oiinepa — bepuymnn. bonee TOYHBIMEH SBISIOTCA
ypaBHEHUsT TUNa THUMOIIEHKO, JOTOJHHUTEIBHO
VUATHIBAIOINE Takue (HaKTOpbI, KaK CIBUTOBAas
nedopMaItisl ¥ MHEPIUOHHBIA MOMEHT, CBSI3aHHBIN
C BpalieHHeM monepeuHoro cedenus. Kak BumHO
W3 pHC. 2, TIPH UCIIOIB30BAaHUHM ypaBHEHUH Kolneba-
HUH TMna THMOIIEHKO pacyeTHbIE 3HAYCHUS AMILIH-
Tynsl (KpuBas 3) Takke OKa3bIBAIOTCS HECKOJBKO
BBIIIIC 3HAYCHUH, ONPENENeHHbIX ¢ momoibio MKDO,
OJTHAKO KOJIMYECTBEHHAs OIIMOKA OMpEeTICHUS aM-
TUTUTY 61 CHIKaeTcs ¢ 27,8 10 1,9 %.

ITytem 00paboOTKH pe3yNbTATOB MapaMeTpuye-
CKO#l MPOTOHKH ¢ MOMOIIBIO mporpamMmbel Mathcad
MoJTydeHa 3aBHCHMOCTh KoddduimenTa ycwuie-
HUs KoyeOaHuit mo amrummryae K =w7/wl ot
yriaa phi0, mpencraBieHHas Ha puc. 3.

20 N
1,81
1,6
141

1,21

b}

Koaddunment ycunenus K

1’0 Lt L1 [
0 50 100 150
VYroun phi0, rpan
Puc. 3. 3aBucumocTb K03 durrenta ycunenus koaedanuii K
OT MOJIOBUHHOTO 3HaueHUs phi() IEeHTPAIFHOTO yIiIa
BXOJJHOTO CEIMEHTA BOJHOBO/IA

Fig. 3. Dependence of vibration amplification factor K
on half value of phi0 of central angle in input segment
of waveguide

3aBUCHMOCTh Ha pHC. 3 KadecTBEHHO COTJa-
CyeTcsl ¢ 3aBUCUMOCTBIO, paHee TIOMYYeHHOH ¢ TI0-
MOIIIbI0 MeTo/a mnepenaTouHslx marpuil [9]. O6a
METO/a Jar0T OJIN3KKE MO BEIMYHHE ONTHUMAaJIbHbIC
3HaueHus yrina phi0, mpu KOTOPBIX KOIPUIHEHT
yCHJIEHUS] AOCTHUTaeT Makcumywma. llpm mpubnm-
skeauu phi0 x 3Ha9eHnsM 0° u 180° xorddummert
YCHUIIEHUS] CTPEMHTCS K €AMHUIIE, YTO COOTBETCT-
ByeT OJHOpOoAHOMY Kouybly. OTHomenus 2:5, 4:3
u 6:1, ykazaHHBIE Ha pHC. 3, MPEACTABIAIOT cOOOM
OTHOILIEHUE 7,:My, TAE My, Ny — YHUCIO MaKCUMY-
MOB aMIUIATYIbl A7 BXOJHOTO M BBIXOJHOTO
CETMEHTOB BOJIHOBOJIA COOTBETCTBEHHO: HaNpH-
Mep, UIsl COOCTBEHHOU (OPMEBI, MPEICTaBICHHOMN
Ha puc. 2, n;:ny = 4:3.

Ha npaktuke pexoMeHmyeTcss BBHIOMpaTh 3Ha-
YeHHe IIeHTPAIBHOTO yrIia BXOJHOTO CErMeHTa
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BOJTHOBOJIA MCXOJs M3 pe3yJbTaTOB pacyera 3aBH-
CUMOCTH KO3 (HUIIMEHTa YCUIICHHS OT YTJia TaKUM
00pazoM, 9TOOBI KOIPDHUITUEHT YCHIICHUS TOCTH-
rajg CBOMX MaKCHUMAaJIbHBIX 3HaueHUH. YTo Kacaer-
Csl COBEPIICHCTBOBAHUS CYIIECTBYIOIINX IMOJyaHa-
JUTUYECKUX METOJIOB pacyeTa U MPOEKTHPOBAHUS
KOJIBLIEBBIX BOJIHOBOAOB, DPEKOMEHAYETCS MOJIH-
(¢unmMpoBaTh X HA OCHOBE YpaBHEHUH KOJieOaHMI
Tina THMOIIEHKO, YTO TO3BOJIAT MOBBICHUTH TOY-
HOCTh pacyeTa COOCTBEHHBIX (OpM KOJeOAHWA H
TOYHOCTH OTIpeieTIeHns KO UIINESHTa YCUIICHHS.

BbIBO/IbI

1. Pazpaborana MeTomnka MOICITHUPOBAHUS H
ONTHMU3AINU COCTABHBIX KOJBIIEBBIX YIBTPa3BY-
KOBBIX BOJTHOBOJIOB C TIOMOIIIBIO METO/1a KOHEUHBIX
3JIEMEHTOB.

2. Ha KOHKpPETHOM YHCIEHHOM TpUMEpE IMpo-
BCICH CpaBHI/ITeHBHBII‘/'I AHAJIM3 JAaHHBIX, IMOJYYCH-
HBIX KaK C HCIOJB30BAHHEM METO/Ja KOHEYHBIX
AJIEMEHTOB, TaK U C MIOMOIIBI0 METO/Ia TIepeIaTou-
HBIX MAaTpPHII, KOTOPBIA MOATBEPIUIT KOPPEKTHOCTh
U IOCTOBEPHOCTD PE3yJIbTATOB.

3. CopmynrpoBaHbl PEKOMEHAALNH 110 BBIOO-
Py OINTUMAJIBHBIX TCOMETPUYCCKUX IMapaMETPOB
COCTaBHBIX KOJBIIEBBIX YJIBTPa3BYKOBBIX BOJIHOBO-
JIOB U PEKOMEHJAIUN 110 COBEPIICHCTBOBAHUIO
CYIIECTBYIOIUX TMONyaHATUTHUECKUX METOAOB UX
pacuera ¥ IPOEKTUPOBAHUSL.
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IHosyyeHue MeToA0M «ropsideil CTeHKW» TOHKHUX IIeHoK Pb,Sny_,Te
nis cospanus UK-gporonpueMmunkon
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Pedepar. CruiaBel Tesutypuaa cBuHua u ojiosa (Pb,Sn; ,Te) sBasioTcs MaTepuanaMu ¢ XOPOIIMMH TE€PMOIJIEKTPUUECKUMHU
CBOICTBAMH, a TAKXXE MOTYTNPOBOAHUKAMH, KOTOPBIE MOXHO MPUMEHSAThH B KAUECTBE JUTMHHOBOIHOBBIX MH(PAKPACHBIX JIETEK-
TOpOB. MeTo0M NPSMOTo IUIAaBJICHUS CHHTE3UPOBAH MOJIUKPUCTAININYECKHH Teiurypu ciuiasos Pb,Sn, ,Te (0,05 < x < 0,80).
ToHKME IUICHKM 3THX MaTepHaJIOB OBUIM MOJYYECHBI METOJIOM «TOpSYeil CTEHKM» OCaXICHHUEM Ha CTEKIISTHHBIC ITOJIOXKKH
Corning 7059 npu T, = (200-350) °C u Bakyyme oxono 10~ Topp. MHKPOCTPYKTypa IUICHOK HCCIEIOBAIACH METOMA-
mu XRD, SEM u EDX. PeHTreHOBCKHUE CIIEKTPBI TOHKUX IICHOK YOBJICTBOPUTEIBHO COOTBETCTBOBAIIN CIEKTPaM HOPOLIKOBOI
MHIIEHA ¥ yKa3bIBaIM HA OTCYTCTBHE OMHapHBIX (a3. [IIeHKH NeMOHCTpUpPOBAIM €CTECTBEHHYIO KyOMYECKYIO0 KPHCTAJLIH-
4ecKylo CTpykTypy. C BoO3pacTaHMeM COJEp)KaHHs CBHUHIA YBEIMYMBACTCS IapaMeTp >IEMEHTapHON SUYeHKM KpPHCTaJLIOB.
YcraHoBIEeHHAs THMHEIHAs 3aBUCHMOCTD MEXTy MapaMeTpoM IEMEHTapHON SYeHKH M 3IEMEHTHBIM COCTaBOM COOTBETCTBYET
3akoHy Berapna. SEM-ananu3 mokasan, 9To IUICHKH SBIISIOTCS HOMUKPUCTATIIMIECKUMH, UMEIOT CTOJIOUATYIO CTPYKTYDY, IIOT-
HO YIIaKOBaHBI M 00JIaJal0T XOpoulel MeXaHHUecKOr aare3uneil. PasMepsl 3epeH 3aBUCAT OT XUMHUYECKOTO COCTaBa M TeMIIEpa-
TYpPBI TIOJJIOKKH. DJIEKTPUUECKHE M3MEPEHMs MOKA3alld, YTO BBIPAIICHHBIC IUIEHKH — 3TO HEBBIPOXKICHHBIC IOIYIPOBOJHHU-
KU p-TUMNa npoBoauMoctu. [IpoBoauMocTh MIIEHOK HaXxoIuiIach B 1uana3one ¢ = (3 - 101 - 10%) Om -cm . YBennuenue kon-
LEHTpalMi CBUHIIA IPUBOAUT K CHIDKEHHUIO JIEKTPOINPOBOAHOCTH. XOJUIOBCKAs MOABIYKHOCTD B BBIPALICHHBIX TOHKUX IUIEHKAaX
B JIUANa30He U3MEHEHUs colepxaHus cBUHLA OT ~10 1o ~23 ar. % Bo3pacTaer, a Ipu JanbHeineM yBeaudeHuu 1o ~33 at. % —
nagaer. [Ipu sToM Hambonee CHIbHASI 3aBHCHMOCTh IIAJICHHS HOJBIKHOCTH OT POCTa TEMIEpaTypbl HaOIrofaeTcst il IUIEHOK
¢ OoJBIIMM COfep)KaHUEeM CBHHIIA M OOBSCHSETCS MPeoOIaJatouM paccestHieM HOCHTENeH 3apsiia Ha KOINeOaHNSIX KPUCTAILTIIe-
cKkoil pemrerku. [Inst oOpasua co cpenHell KOHIICHTpAIWEH CBHHIIA B TEMIIEPATYPHOH 3aBHCHMOCTH ITOJBI)KHOCTH HAOIIOTACTCS
aNbTePHATUBHOE BIMSTHUE BYX MEXaHU3MOB PACCesTHUS: HA HOHAX IPHMECH 1 Ha (JOHOHAX.

KnioueBble cj10Ba: METOJ] «ropsaeii CTEHKI», MOIynpoBofHukd Pb,Sn, ,Te, TOHKHE IUICHKH, CTPYKTYPHBIE U MJICKTPUIECKHE
cBoifcTBa

Jas uutupoBanus: [lomydeHne METOIOM «ropsyell CTEHKH» TOHKHX IuieHokK Pb,Sny_ Te mis cozmanus UK-dortonpuem-
uHukoB / B. A. UBanoB [u np.]// Hayka u mexuuxa. 2021. T. 20, Ne 6. C. 482—486. https://doi.org/10.21122/2227-1031-2021-
20-6-482-486

Production of Thin Pb,Sn,_,Te Films by “Hot Wall” Method
for Creating IR-Photodetectors
V. A. Ivanov'?, V. V. Krasovskii", V. F. Gremenok?, L. I. Postnova®

YBelarusian National Technical University (Minsk, Republic of Belarus),
IScientific-Practical Materials Research Centre of NAS of Belarus (Minsk, Republic of Belarus)

Abstract. Alloys of lead and tin telluride (Pb,Sn;_,Te) are materials with good thermoelectric properties, as well as semicon-
ductors that can be used as long-wave infrared detectors. Polycrystalline telluride of Pb,Sn; ,Te (0.05 < x < 0.80) alloys
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has been synthesized by direct fusion technique. Thin films of these materials have been obtained by the hot wall method
depositing Corning 7059 on glass substrates at T, = (200-350) °C and vacuum of about 10~ Torr. The microstructure of the
films has been investigated by XRD, SEM and EDX methods. The X-ray spectra of thin films have been in satisfactorily
agreement with the spectra of the powder target and indicated the absence of binary phases. The films have shown a natural
cubic crystalline structure. While increasing the lead content, the unit cell parameter of the crystal also increases. The established
linear relationship between the unit cell parameter and the elemental composition corresponds to Vegard's law. The SEM analysis
has shown that the films are polycrystalline, have a columnar structure, are tightly packed and have good mechanical adhesion.
The grain size depends on the chemical composition and temperature of the substrate. The electrical measurements have shown that
the grown films are non-degenerate semiconductors of p-type conductivity. The conductivity of the films was in the range
of 6 =(3-10"—(1-10% Q"cm™. An increase of lead concentration leads to a decrease in electrical conductivity. Hall mobility
in the grown thin films increases in the range of changes in the lead content from ~10 to ~23 at. %, and decreases with a further
increase to ~33 at. %. At the same time, the strongest dependence of the decrease in mobility on an increase in temperature increase
is observed for films with a high lead content and is explained by the predominant scattering of charge carriers by vibrations of the
crystal lattice. For a sample with an average lead concentration, an alternative effect of two scattering mechanisms is observed
in the temperature dependence of the mobility: by impurity ions and by phonons.

Keywords: “hot wall” method, Pb,Sn,_,Te semiconductors, thin films, structural and electric properties

For citation: Ivanov V. A, Krasovskii V. V., Gremenok V. F., Postnova L. I. (2021) Production of Thin Pb,Sn,_,Te Films by
“Hot Wall” Method for Creating IR-Photodetectors. Science and Technique. 20 (6), 482-486. https://doi.org/10.

21122/2227-1031-2021-20-6-482-486 (in Russian)

BBenenue

Tomynposoauukossie coemuuenus A'VBY' PbTe
u SnTe o0magar0T XOpPOUIMMHU TEPMODIICKTPH-
YECKUMH CBOICTBaMH, a TaKKe HHTEPECHBI Kak
MOTEHIIHAIbHBIE MaTepHalbl AJS UIMHHOBOJIHO-
BbIX HH(]pakpacHbIX AeTekTopoB [1-3]. Hlupuna
3aIrpenieHHON 30HBl 3THX MaTepHuajoB H3MEHSET-
ca or E, = 0,18 eV mia SnTe no E, = 0,32 eV
st PbTe [4, 5]. Otn coenwiHEHHS KPUCTAILIU3Y-
f0Tca B Kyomdeckoii pemetke turma NaCl u sBis-
I0TCSl BO MHOTHX OTHOILICHMSX aHajoramu [6, 7].
ITo cxonctBy cTpykTyp coenunenuii SnTe u PbTe
U ONMM30CTH BENUYMH HOCTOSHHBIX KpHUCTAJIHYe-
CKHX PpEHIETOK MOXKHO THPEANONI0XKHUTh HaIU4ue
MEX]ly ITUMH COEAMHEHUSMHU HEMPEPHIBHOTO Psjia
TBepAbIX pacTBopoB [8]. PbTe kpucrannusyercs B
cocTaBe, OM3KOM K CTEXHOMETPUIECKOMY, U HE0O-
XOJMMasi KOHIIEHTpAIMsd HOCHUTENeH TOoKa IMoiyda-
erca 100aBlieHHEM COOTBETCTBYIOIIUX MpuUMeceit
(HampuMep, TaJioreHoB s moiydenus n-PbTe u
HICTOYHBIX METAJUIOB i nonydenust p-PbTe) [9].
Bakancun B moppemieTke CBUHIA ABIIAIOTCSA aK-
LENTOPAMH, a B IOAPEHIETKE TEIUTypa — TOHOPAMH.
B cnenumanbHO HenerupoBaHHBIX 00pa3lax 3iekK-
TPUUYECKUE CBOWCTBA, B IIEPBYIO OYEpEdb, ONpEae-
JSIFOTCS.  KOHIGHTpAnueld H30BITOYHBIX aTOMOB
Temrypa u cBuHIA. SnTe Bcerga kKpuctanausyercs
¢ OOJBIION KOHIIEHTpaluell BaKaHCH B MeTal-
JI4Yeckoil moapemerke. Bakancuu Mertania B KpH-
CTaJUIMYECKOW pemieTke o0pa3yloT B 3ampeleH-
HOM 30HE 3TOro MOJYNPOBOJHHUKOBOTO COEIU-
HEHHs aKLENTOpPHBIE JHEPreTHYECKUe YpOBHH,
¥ JAaHHOE TOJYTIPOBOJHUKOBOE COETUHEHNE UMEET
p-THII IPOBOAUMOCTH. M3MeHeHHne cocTaBa CHUCTe-
Mbl PbTe—SnTe mnpuBoguT K H3MEHEHHIO BCeEX
cBOMCTB. Il03TOMY HCClEIOBaHUE XapaKTEPUCTUK
TaKOTO INOIYIPOBOJIHUKOBOTO COECIUHEHMS, MOIY-

Hayka
wTexHuka. T. 20, Ne 6 (2021)

YEHHOI'O B BHJIE TOHKUX IUJICHOK, NPEACTABISET
0O0JIBIION MHTEpEC KaK AJIST TEPMOAIEKTPUIECKOTO,
TaK 1 17151 JOTOIEKTPUIECKOTO IPUMEHEHUSI.

Ho.ﬂy‘le}me U UCCJICJOBAHUEC IVICHOK

Jus momyuenns mnenok PbSnTe BeiOpan meton
TEPMHUYECKOTO BaKyyMHOTO HAaHECEHHS THIIA «TOps-
yeit crenkw» [10], korga mepeHoc mapoB HcHapsie-
MOTO MaTepHaia MUIIEHN TPOXOANUT B IIMIHHAPHYE-
CKOM KaHaje, TeMIlepaTypa CTEHOK KOTOpPOro He
HIDKE TEeMIIepaTypbl HCHapurens. B kadecTBe moj-
JIOKEK MCHOib30Bamy crekia Mapku Corning 7059,
WCXOJTHBIM MATEPHUAJIOM JIJIsl HANbUICHUS OBUIH T10-
POIIKH TTOJUKPUCTAIITYECKUX CIUTKOB, IPEIBApPH-
TEIFHO CHUHTE3WPOBAHHBIE METOAOM  CIUIaBJICHUS
B BaKyyMHPOBaHHBIX KBapIIEeBbIX amirynax. Jlus
OTIpEIeTICHUS] IIEKTPUIECKUX CBOMCTB TONMYyUYSHHBIX
IUICHOK IMPOBEACHBI UCCIEAOBAHUS TEMIIEPATyPHBIX
3aBUCHMOCTEH 3JIEKTPONPOBOJHOCTH ¥ TIOABHKHO-
CTH HOCHUTEJIEH 3apsija.

Kpucrammuueckyio CTpyKTypy MNOTUKPUCTAIUIU-
YeCKMX IUICHOK WCCIIENOBAN PEHTT€HOBCKOW -
¢dpaxromerpueii (XRD), ucnones3yst audpakromerp
Siemens D-5000 ¢ CuK,-ucrounukom. Mnearudu-
Kauuo (a3 IpoBOAWIM CPAaBHEHHEM JKCIIEPHUMEH-
TaJbHO YCTAHOBJICHHBIX MEXIUIOCKOCTHBIX pac-
crosuuii d ¢ gagaeiMu tadimi JCPDS. Dinement-
HBI COCTaB IUIEHOK HCCIEAOBAIM C TOMOIIBIO
CKaHUPYIOIIETO AJIEKTPOHHOTO MHKpOCKoma Ste-
reoscan F-360 co cmextpomerpom EDX 10000 c
TOYHOCTBIO OKoJI0o 2 %. TemmneparypHble 3aBH-
CUMOCTH 3JIEKTPOTPOBOTHOCTH H MOJIBHXHOCTH
HOCHTENIEH 3apsiia PerucTpUpOBAINCh B TEMIIe-
patypuom wuHtepBaie 100400 K, mpu stom
MTOIBIKHOCTH HOCHTEJEH 3apsAa ONpeaersuid Me-
ToJI0M XO0JUIa B MAarHUTHOM nojie 1,72 To.
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IIpubopocmpoenue

AHajau3 pe3yJIbTATOB

[ToydyeHHBIC MOTMKPUCTALIMYCCKUE TUICHKH
tommuaor 1,0-3,0 MKkM ObUTH OmHO(A3HBIMH C
KyOWdeckoit CTpyKTypoi. MUKpPOCTPYKTypa TuIe-
HOK MMeJia BUJ IJIOTHOYMAKOBAaHHBIX CTOJIOYATHIX
3epeH C HAIMpaBJICHUEM POCTa IMEPICHIUKYIIIPHO
MOJUTOKKe. Pa3Mepsl B TIONEpPEYHUKE 3€peH —
B nHTepBane 0,1-1,3 MKM B 3aBUCUMOCTH OT dJIe-
MEHTHOTO COCTaBa U PESKHUMOB MOJYUYCHHs ILIC-
HOK. [lpy MOBBINICHUH TEMIICPATYPhl MOJIONKKH
10 200-350 °C cpenHsisi MIEPOXOBATOCThH MOBEPX-
HOCTH IICHOK yBenuuuBanach oT 10 mo 40 HM.
Bce miueHkH uMenu H30BITOK aTOMOB TEJLIYpA.
Ha puc. 1 npusenenst MmukpogdoTorpaduu moBepx-
HOCTH M CKOJIa TUICHKH OJTHOTO M3 COCTABOB.

Puc. 1. MukpodoTorpaduu MOBEpXHOCTH (a)
u ckona (b) mienku Pbg 70Sng 5 Te

Fig. 1. Micrographs of surface (a)
and film cleavage (b) Pbj79Sng,;Te

Kak BumHO U3 puc. 1, IUIGHKa UMEET CTOJI0YA-
TYI0 MUKPOCTPYKTYpY, KOTOpasi SBJISCTCS TUIUY-
HO¥ IS TUICHOK M JIPYTHX COCTAaBOB. TOJIBKO C W3-
MEHEHHEM COCTaBa W TEMIIEpaTyp MOIOKEK
W3MEHSIOTCS pa3Mephl 3epeH. Pe3ynbTaTel peHTre-
HOCTPYKTYPHOTO aHali3a IMOKa3aJld, 4TO BCE TIO-
JyYeHHBIE TUICHKH OBUIM TONUKPUCTAITHICCKIMH,
onHO(a3HBIMU U COMICPIKAIH TOJNBKO a3y KyOude-
ckoit ctpyktypsl (tuma NaCl), a mocTropoHHUE
KpucTaymueckue (asel oTcyTcTBoBanm. [lapametp
aneMeHTapHo# sueiiku Pb,Sn,Te, paccunraHHbIN
[0 PEHTTeHOTpaMMaM IUIEHOK, C YBEIHYEHHEM X
m3MeHsuics oT a = 6,311 A s cocraBa rmieHKH
Pbo’ossno,g_sTe a0 a = 6,419 A JJIA Pbo’ggsng,one.
[lomydeHHple 3HAYEHHS TApAMETPOB PEIIETKU
HaxXOJMINCh B XOPOIIIEM COOTBETCTBHH C TaHHBIMHU,
npuBeneHHEIME B 0aze JCPDS mmsa kpuctamuioB
PbSnTe, a Takke ¢ MaHHBIMH, TPEACTABICHHBIMHU
B JwmTeparype i mieHok PbSnTe, momydeHHBIX
pazmiuHBIMEA MeTomamu. [lo pesynmpTaram amammsa
METOJIOM HAMMEHBIINX KBAJPATOB YCTAaHOBJICHA
TUHEHHAS 3aBUCUMOCTh MEXKIY TapaMeTpamMu dJie-
MEHTapHOW AYEUKH U DJIEMEHTHBIM COCTaBOM

484

mwieHok Pb,Sn; ,Te, 4To cormacyercss ¢ 3aKOHOM
Berapna.

HccnenoBanusi 3l€KTPUYECKUX CBOMCTB IJie-
HOK MPOBOAMIN Ha TPeX MX 00paslax ¢ cocTaBa-
MU, IPUBEACHHBIMHU B TabII. 1.

Tabnuya 1
ATOMHBIH COCTaB HCCJIeAyEeMBbIX IVICHOK
Atomic composition of the studied films

Houep Pb, ar. % Sn, at. % Te, at. %
oOpasna
1 9,78 37,75 52,47
2 23,14 22,36 54,50
3 32,91 15,68 51,41

Ha puc. 2 npuBeneHbsl TemnepaTypHBIE 3aBH-
CHUMOCTH 3JIEKTPONPOBOJHOCTH ISl MUCCIEAYEMBIX
mwieHok. B coorBercTBuM c Tabn. 1 u puc. 2 yBe-
JMYeHHE KOHIEHTPAIlMd aTOMOB CBUHIIA IPUBOAUT
K YMEHBILIEHHUIO 3JIEKTPOIPOBOIHOCTH.
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Puc. 2. TemnepaTypHbIe 3aBUCHMOCTH 3JICKTPOIIPOBOJHOCTH
mieHok 1, 2, 3 ¢ cocraBamu coritacHo Tadm. 1

Fig. 2. Temperature dependences of electrical conductivity
of films 1, 2, 3 with the composition according to Table 1

Kaxk cnexyer u3 puc. 2, B 00J1aCTH HU3KUX TEM-
mepatyp 100-250 K 31meKTponpoBOAHOCTE CIIabo
3aBUCHUT OT TeMmIieparypsl. JlanbHellee moBbIlie-
HUE TeMIIEPaTyphl BEIET K YMEHbBIICHUIO JIEKTPO-
MPOBOJHOCTH, T. €. TPOSBISETCS METaLUTHYECKHUHA
XapakTep, IPUYEM C POCTOM B IUICHKE KOHIICHTpa-
UM aTOMOB CBUHIIA METAJUTMYECKUIA XapakTep
AJIEKTPOTIPOBOIHOCTH HAYMHAET MPOSIBISATHCS MPH
0oJiee HU3KHX TEMIIeparypax.

3JEeKTPONPOBOAHOCTD MOJIYIIPOBOIHUKA KPOME
KOHIICHTpAIMK HOCUTENEH ONpEAersIeTCsl TAKKE UX
nojBmwkHOCTRIO [11]. Haubonee sddexTuBHBIME
LEHTPaMU paccesHHs 3JIEKTPOHOB U JBIPOK B IO-
JMYNIPOBOJHUKE SIBISIFOTCS TEIJIOBBIE KOJICOaHUs
aTOMOB PELICTKU U 3apsHKEHHBIC HOHBI MPUMECEH.
Ponp nmpumeceii MoryT urpath AeeKThl KpHUCTAILIH-
yeckol perrerku. [Ipu paccesiHUM Ha aKyCTHYECKHX
KOIEOAHMSX aTOMOB TOMBWKHOCTE W = A(KT)>?,
rne A — k03pUIHeHT, He 3aBUCSIIIA OT TeMIIe-
parypsl u sHeprud. [Ipu paccesHum HOCHTeNEH
3apsiia Ha 3apsDKEHHBIX HOHAX MPHUMECH MOJ-
BikHOCTs W = B(KT)"?, rme B — xosddummenr,
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TAKXKE HE 3aBUCSIIUN OT TEMIEPATYphbl U 3HEPIHH.
Ilepexon OT MPUMECHOTO PacCesHHs1 HOCUTENEH 3a-
pfia K pemeToyHOMY MPOUCXOAMT MpH TeM Oolee
BBICOKHX TeMIIEpaTypax, 4eM OOJbIIe KOHIICHTPAIUSI
3apsDKEHHBIX LIEHTPOB B MONYNPOBOAHUKE. Ecimu
YUUTBIBAaTh TOJIBKO paccesHUe Ha MOHAX NPUMECH U
TEIJIOBBIX KOJIEOaHUSIX PElIeTKH, MOKHO TPHHUTH K
BBIBOJY, YTO IIOJBMKHOCTH C IIOBBIIICHUEM TEMIIE-
paTypsl pacTer MPONOPLMOHATEHO T°% MpOXOmuT
4yepe3 MakCHUMyM U 3aT€M YMEHbBIIAETCS MIPOIOPLIU-
onamsro T2, Ecu B TIOJIyIIPOBOJHUKE NEHCTBYIOT
00a MeXxaHW3Ma paccesiHus1, TOra

1/p=AT>*+ BT*", (1)

rne A, B — BeNIW4HHBI, HE 3aBUCSINNE OT TeMIIepa-
Typsl [12].

UccnenoBanus 3ddekra Xomma s TUICHOK
TTO3BOJIMIIA OTPEIEIUTh BEJIMIMHBI MTOIBIYKHOCTEH
W KOHIIEHTpaluui HocuTesel 3apsiga. MakcuMalb-
HBIe 3HAYEHUS MOIBMKHOCTH TOJYyYEeHBI Ha IUICH-
ke 2. Ha puc. 3a, b moka3ansl TeMIiepaTypHbIC 3a-
BUCHUMOCTH MOJBHKHOCTEH M KOHLEHTPALMHA HO-
cuTenel 3apsAaa I MIEHOK TPEX COCTaBOB.

Kak Bumno u3 puc. 3a, TemnepaTypHbie 3aBH-
CUMOCTH NOABHXXHOCTHU JIA IJICHOK C pa3JINYHbI-
MU COCTaBaMU IIPOABJIAIOTCA HE OAWHAKOBO.
Hawubonee xapakTepHas 3aBUCUMOCTH Yy IJICHKA 2.
C moBbIIIEHHEM TEeMIIEPaTyphl MOABMKHOCTD YBe-
JIW4YuBaeTcs, Agocturas makcumyma mpu ~220 K,
a Jlajee HauyMHAeT yMeHbInaTbes. Takol xapakTep
3aBHCHMOCTH MOKHO OOBSCHUTH Pa3IUIHBIMU Me-
XaHU3MaMH paccesHUsl HOCUTENCH 3apsana Mpu u3-
MEHEHUU TeMIIepaTyphl IIeHKU. [Ipu HEeBBICOKHUX

a

TeMIIepaTypax paccesHue HOCHTENEH 3apsiia mpo-
HUCXOIUT Ha AePEKTax, B POJH KOTOPHIX BBHICTYIIA-
IOT BaKaHCHU aTOMOB MeETajlia, TaK KaK IUICHKH
AMEIOT p-TUIl TPOBOJMMOCTH 3a CUET H30BITKA
aToMOB Teiutypa. llpw OTHOCHTENHHO BBICOKHX
TeMIlepaTypax HauyWHAET MpeodiagaTh MEXaHHU3M
paccesiHAsS HOCHTENEH Ha TEIIOBBIX KOJICOAHUIX
pEUIeTKH, U MOABUKHOCTh C POCTOM TEMIIepaTyphl
yMmenbinaercs. [lpu 3tom, kak BUIHO u3 puc. 3b,
KOHIIGHTpAIUsl HOCHUTENEH 3apsia ¢ POCTOM TeM-
nepaTypbl MEAJICHHO YMEHBLIACTCS, YTO CBUJIE-
TEJIBCTBYET O METANIMYECKOM XapaKTepe AIEKTPO-
npoBonHocTd. Ha menkax 1 u 3 TemmneparypHas
3aBUCUMOCTh MOJBI)KHOCTH TPOSIBIISIETCS HHAYE.
Ecnu st tuteHOK ¢ HEOOMNBINOH KOHIICHTpamuen
aTOMOB CBHHIIA C MOBBIIICHUEM TeMIEpaTyphl MO-
JIBYKHOCTh YMEHBIAETCs C1a0o0, TO IJIT OTHOCH-
TEJNBHO OOJBIINX KOHIICHTPAIMi CBUHIIA TTOIBIK-
HOCTH YMeHbIIaeTcsi 0ojiee MHTEHCHBHO BO BCEM
TeMIepaTypHOM HHTepBaye. KoHeHTpa HocH-
Tesel 3apsna B ieHkax 1 u 3 ¢ poctoM Temnepa-
Typbl W3MEHSIOTCS cjabo, HO s TIJICHKH 3
Ha0roaeTcss HeOOMbIIOe TEMIEPATYPHOE TTOBBI-
[IeHHUEe KOHIEHTPAIlMH C POCTOM TEMIIEpPaTyphl.
OTnrune TeMrepaTypHOH 3aBUCUMOCTH TIOJBHXK-
HOCTH TUICHKH 2 MOXHO OOBSICHUTH OOJee BBICO-
KOW KOHIIEHTpalueld BaKaHCHUWA aTOMOB MeTallia
M3-32 OTHOCHUTEIBHO OONBIION KOHIICHTPALUU
aromMoB Temrypa. s menok 1 u 3 cormacuo (1)
BO BCEM TEMIIEpaTypHOM WHTEpBaje OJHOBPEMEH-
HO NEHCTBYIOT JBa MEXaHW3Ma paccesHus HOCH-
Tenel 3apsnaa ¢ HeOOMBIUM TIpeoOIagaHueM Me-
XaHU3Ma paccesHus Ha KOJIeOaHUAX PEIIeTKH.

b
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Puc. 3. TemnepaTypHbie 3aBUCUMOCTH MOJBIXKHOCTH (2) U KOHIICHTpaIiK HocuTenel 3apsna (b)
B IieHKax 1, 2, 3 ¢ cocraBamu coryiacHo tao. 1

Fig. 3. Temperature dependences of mobility (a) and charge carrier concentration (b)
in films 1, 2, 3 with the composition according to Table 1
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B pesynpraTe NpOBENECHHBIX HCCIECIOBAHUI
YCTaHOBJICHO, YTO NPUMEHEHUE METOHa TEepMUYE-
CKOr0 BaKyyMHOIO HAHECEHHUS THUIIA «Topsiyei
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CTEHKH» TO3BOJISIET TMOJYYUTh OJHOPOJHYIO IO
TOJIIIIMHE U CBOMcTBaM mieHKy Pb,Sn; ,Te no Bceit
MOBEPXHOCTH CTEKJISHHOW Tomioxku. Hccnemno-
BAaHHBIC TUICHKU SIBJISIIOTCA HEBBIPOXKICHHBIMU ITO-
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JYNPOBOJAHUKAMH p-TUTIA MPOBOAVUMOCTH. Y BEJH-
YCHHE KOHICHTPAI[MM aTOMOB CBHHIA IPUBOIUT
K YMEHBIIICHUIO 3JIeKTporpoBoAHOCTH. C pocToM
KOHIICHTPAIIMA AaTOMOB TEIypa TOBMKHOCTD
HOCHUTENEH 3apsjia YBEIMUUBACTCS, IIPU 3TOM IPO-
UCXOMUT TpeoONajlaHue MeXaHu3Ma pacCesHUs
HOCUTENICH 3apsiia Ha TEIUIOBBIX KOJCOAHUAX pe-
HIETKA C TOBBIIICHUEM TEMIIEPATYPhl IUICHOK.
Ilonmy4yeHHbIE pe3ybTaThl YKa3bIBAIOT HA MEPCIIeK-
TUBHOCTh pa3BUTHS pabOT MO MPUMEHEHUIO TOH-
kux mieHok Pb,Sn; ,Te mis co3manus pa3iumdHbBIX
TOHKOILJICHOYHBIX MpeoOpaszoBateneid. [lepcrek-
TUBHOCTb MPEIJIOKCHHOIO METOJa IONIyYCHHUs
TUICHOK 00YyCIIOBJIEHA BO3MOXHOCTBIO MTPUMEHEHUS
Ha BCEX CTagUsIX TEXHOJOIMYECKOro mpoiecca
MPOMBIIIUICHHBIX METOJOB, 00CCIICUUBAIOIINX IO~
JIyYeHHE OJHOPOIHBIX CIIOCB OOJIBIION TIOIIAIM.
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Pedepat. PaccmoTpena 3aaua onpeneneHus CIeKTPaIbHON XapaKTEpPUCTUKU KOHTPOIMPYEMOTo o0pasiia B YCIOBHAX Orpa-
HMYCHHOH anpHOpHON MH(OpPMAlMHM C HCIOJIb30BAaHHEM METOJIOB DPeryispu3aluy. V3MeHeHHe COCTOSHHMS MOBEPXHOCTH
OINITHYECKUX DIIEMEHTOB CYIIECTBEHHO YBEIHMYMBACT PACCESIHHUE CBETA, MMOITOMY HY)KEH PETYJIAPHBINA ydeT BEIWYHHBI pac-
CESIHHOTO CBETa B CBETOBOM IIOTOKE, OTPA)KEHHOM OT MOBEPXHOCTH KaK M3MEPSIEMOro, TaK M CPaBHUTENHHOTO OOPa3IoB.
IIpeo6pazoBanue CBETOBOrO MOTOKA B DJIEKTPHUYECKUH CHUTHAT (POTONPHEMHHMKA TAKXKE MOXET NPOHCXOJUTh HEIWHEHHO.
310 TpebyeT pa3paboTKH TAKOTO METOJa M3MEPEHUs, KOTOPBIH OBl YIUTHIBAT KaK PacCeSHHBIM CBET, TaK U Pa3INIHBIC HEJU-
HEMHOCTU M3MEpUTENIbHOI cXeMbl. M3BeCTHO, 4TO MaTeMaTHyecKas MOJENIb U3MEPEHUs OIMCHIBACTCS UHTErPalIbHBIM ypaB-
HeHueM @penrosnbma 1-ro pozja, ero pelieHue B YCIOBUSX NPHUHATHIX NPENIION0KEHUNA PEKOMEHJIYeTCsl MCKaTh B BHJE
MaTPUYHOTO YPaBHEHHMs C UCIOIb30BAHHEM PEKYppeHTHOU mpouenypsl. [IpuHumas Bo BHUMaHMeE, YTO OLEHUBAHHE MOTPE-
HOCTEll HCXOIHBIX JAHHBIX B YPAaBHEHUH CBS3aHO C OMPEJIENCHHBIMU TPYAHOCTSAMH, B PACCMAaTPHUBAEMOM CIIydae IapamMeTp
PEryJIpU3aUH eJIecO00pa3HO ONMpPEeAeNATh HA OCHOBE CIIOC00a KBAa3HONTUMAIBHOCTH. XapaKTepHBIM HEIOCTATKOM H3BECT-
HBIX QHATUTUYECKHUX U SKCIIEPUMEHTAIBHBIX METOJOB ONPEAeTICHHS alapaTHOH (QYHKIIMHU CIEKTPAILHOTO IPHOOpa SIBIIETCS
TO, YTO OHHU HE YUYHTHIBAIOT €€ M3MEHEHHE BO BpeMs dKcIUTyaTarmu. [1ockoibKy peanbHas amnmapaTHas QyHKIus mpubopa
O0BIYHO OTIMYAETCS OT KpuBoi ['aycca, McHonb30BaHME amnmapaTHBIX (QYHKIMH B BHIE aHAJUTHYECKUX 3aBUCHMOCTEH He
BCET/a JaeT JKeJIaeMblil pe3ysbTaT, a A SKCIEPUMEHTAIbHBIX METOI0B TpeOyeTcs creluallbHas anmnapaTypa ¢ KBa3UMOHO-
XpOMaTHYECKUM HCTOYHUKOM H3JIy4eHHs. B craThe NpeIolKeH aJropuTM BOCCTAHOBIICHHUS aIlllapaTHOW (YHKLIHH CHEK-
TPaJILHOTO IPHOOpa, OCHOBAHHBIH HA PETYJISIPHBIX METOAAX PEIICHHsS HEKOPPEKTHBIX 3anad. OLeHKy MaTpUYHOIO OlepaTo-
pa ammapaTHOH (DYHKIIMH MOXKHO TOTYyYHTh Ha OCHOBE SIBHBIX aJITOPHTMOB OLIEHMBAHUS METOA HAUMEHBIIHX KBaJIpaToB.
VYka3aHa 11e1ecooO0pa3HOCTh BbIOOpA TaKOro 3HAYEHMS MapaMeTpa perysipu3alii, KOTOpoe MUHHUMHU3HPYET MPUHATYIO Xa-
PaKTEpUCTHKY TOYHOCTU PELICHHUSI.

KiroueBble cj10Ba: KOJOPHUMETpBI, OTpaXkaroliue oOpaslpl, Mpomyckaromue oopasibl, poToMETpUYECKUi ap, paccesHue
cBera, (poToMeTpuuecKas IIKaa, KaTnOpoBKa, CIIEKTpalibHAs XapaKTEepUCTHKa, annaparHas (pyHKuus, ypaBHeHue Openrons-
Ma, HEKOPPEKTHbIE 3a/1aul, 0aiieCOBCKUII MOAXO0, apaMeTp perysipH3aim
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Abstract. The problem of determining the spectral characteristic of a controlled sample under conditions of limited a priori
information using regularization methods is considered in the paper. A change in the state of the surface of optical elements
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significantly increases the light scattering, so it is necessary regularly to take into account the amount of scattered light in the
light flux reflected from the surface and the measured and comparative samples. The conversion of the light flux into the elec-
trical signal of the photodetector can also occur non-linearly. This requires the development of such measurement method that
considers both the scattered light and various non-linearities of the measuring circuit. It is known that the mathematical model
of measurement is described by the Fredholm integral equation of the first kind, its solution under the accepted assumptions
is recommended to be sought in the form of a matrix equation using a recurring procedure. With regard to the fact that
the estimation of the initial data errors in the equation is associated with certain difficulties, in the case under consideration,
it is advisable to determine the regularization parameter based on the method of quasi-optimality. A characteristic disad-
vantage of the known analytical and experimental methods for determining the hardware function of a spectral device is that
they do not take into account its change during operation. Since the actual hardware function of the device usually differs
from the Gaussian curve, the use of hardware functions in the form of analytical dependencies does not always give the
desired result, and for experimental methods, special equipment with a quasi-monochromatic radiation source is required.
An algorithm for restoring the hardware function of a spectral device based on regular methods for solving ill-posed problems
is proposed. The estimation of the matrix operator of the hardware function is proposed to be obtained on the basis of explicit
least squares estimation algorithms. The expediency of choosing a value of the regularization parameter that minimizes
the accepted characteristic of the accuracy of the solution is indicated.

Keywords: colorimeters, reflective samples, transmissive samples, photometric ball, light scattering, photometric scale, ca-
libration, spectral characteristic, hardware function, Fredholm equation, incorrect tasks, Bayesian approach, regularization
parameter
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BBenenue

Pa3paboTka KOJOPUMETPOB C 3aJlaHHBIMHU JKC-
IUTyaTallMOHHBIMU ~ XapaKTCPUCTHKAMM, TaKUMHU
KaK CTaOUIBHOCTh W TOYHOCTH, YCIIOBHS OCBEIIE-
HUS ®W HaOmoAeHHs, QopMa KOHTPOIUPYEMBIX
U3MIETNi, BRICOKOE OBICTpOMeHcTBHE, TPEeOyeT OI-
TUMU3AIUN UX CXEMHBIX M KOHCTPYKTHBHBIX Ia-
pametrpoB [1, 2]. OnTuueckue cxembl (HOTOIIEK-
TPUYECKUX KOJIOPUMETPOB MPEAIOIAral0T B CBOEM
COCTaBE pa3NIUYHBIC ONTHUYECKHE JIIEMEHTHI, Ha
KOTOPBIX TPOHUCXOINT paccesHue cBeTa. V3meHne-
HUE COCTOSIHUS MMOBEPXHOCTH ONTUYCCKUX IJICMEH-
TOB, HANpUMEp OCEIAaHUE IIbUIH, CYIIECCTBEHHO
yBEJIMYUBACT paccessHue cpera. [1o3ToMy Bo3HUKA-
€T 3a/la4ya PeryJsIpHOTO y4eTa BEMYMHEI pacCesH-
HOTO CBETa B CBETOBOM IIOTOKE, OTPaXCHHOM
OT TIOBEPXHOCTH KaK M3MEPSeMOro, TaK U CpaBHU-
TeNBHOTO 00pasnoB. [IpeoOpa3oBaHHe CBETOBOTO
MOTOKA B JICKTPUYECKUI CHTHAN (POTOTPUESMHHIKA
TaK)Ke MOXET MPOUCXOIUTh HenmHelHo. Bee 3o
TpedyeT pa3paboTKH TaKOTO METOa KaTHOPOBKH U
W3MEpEHHs, KOTOPBI OBl yUWTHIBAaN KaK paccesH-
HBII CBET, TaK W Pa3JIMYHbIE HEJTUHEUHOCTH H3MeE-
PUTENBLHOM CXEMBI, Tperoiaras, 4T0 OHa COJep-
JKUT U3MEPUTENHHBIA U CPABHUTEILHBIA KaHAIbI.

Kanu0OpoBka ¢oromeTpuyeckoii Kb
CNEKTPAJHLHOI0 MPUdopa

CBETOBOW TIOTOK, OTPAXCHHBIH H3MEPSIEMBIM
00pa3IoM B TeNeCHBIH Yroll , OMpEeAeIseTcs 1Mo

hopmyiie
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2

CD,I(M:BM(MEm)dTwcosa, (1)

e d — nuaMeTp U3MEepsieMOro OTBEPCTHs IIapa;
E(\) — ocBemeHHOCTh BHYTPEHHEH ITOBEPXHOCTH
(hoToMeTpHUUECKOTO IIapa; oL — yroJ MEeXIy HOp-
MaJIbl0 K 00pasly M HamnpaBiieHHEeM HaOIroIeHMUS;
Bu(A) — cnexTpanbHbI anepTypHBIA KO3 HUITUEHT
OTpaXCHUS U3MEPsIEMOTo obOpasiia.

CootHomenue (1) yIUTHIBAET BIUSHHUE pacce-
STHHOTO CBETa BHYTPH (OTOMETPHUUECKOTO IIapa
W M3MCHEHHE OCBEIICHHOCTH B IIape Npu oOpas-
nax ¢ pasnuuHbIMU 3HaueHusMu B,(A) [3]. Ecmu
YCTaHOBJIEH PEXUM HM3MEPEHHUS MPO3padHBIX 00-
pas3inoB, TO KOHEYHAas TOYKa OIpenensieTcs Npu
OTCYTCTBHM 00pa3lla B HM3MEPHUTEIbHOM KaHa-
ne (t(A;) = 100 %), a HavanbHAs — YCTAHOBKOW He-
npo3paunoii 3acioHku (t(A;) =0 %). B pexume
M3MEPEeHHsT OTPAKAIOMINX O00pa3loB KOHEYHas
TOYKa (POTOMETPHUYECKON MIKAIBI OTPEAEISAETCS 110
«OermoMy» CTEKIy C H3BECTHBIM CIIEKTPalbHBIM
KO3 PUITMEHTOM OTpa)KEeHUs, a HadallbHas — TI0
CHELUATEHOMY «YepHOMY» 00pa3ily ¢ JOBYLIKOH.

3HaveHUs] CHEKTPAILHBIX K03(dHUIEeHTOB OT-
paxkeHusT «0OeIoro» W «UepHOro» 00pasloB Xpa-
HATCS B MaMATH MUKpOIpoleccopa npudopa B Te-
YeHHE BCETO BPEMEHH, Ha KOTOPOE NEHCTBUTEINCH
aTTectaT Ha oOpasel, a COOTHOIIEHHS CHUTHAJIOB
¢doTompreMHNKa TpPU H3MEPEHHU HCCIEoyEMBIX
«0enoro» W «4YepHOro» 00pas3loB, MONyYEHHBIC
B pe3yJbTaTe KaMOpOBKH, — B ONEPATHBHOI ma-
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MSITH yCTPOWCTBA B TEUEHHE TapaHTHPOBAHHOTO
BPEMEHH, 32 KOTOpPOe HeCTaOWMIBHOCTh HE IPEBbI-
CUT YCTaHOBJICHHYIO BEJIMUKHY.

YMEHBIIUTh TOTPEIIHOCTh, O0O0YCIOBICHHYIO
HEJTMHEWHOCTHIO (POTOMETPUIECKON IIKAIIBI, MOXK-
HO, TPOU3BOAS KalnuOpPOBKY (HOTOMETPUUECKOH
KAkl HE B JIByX TOYKaX, a B HECKOJIbKHX,
T. €. almpOKCUMUPYS HEMMHEHHYI0 (hoTOMEeTprie-
CKYI0 MIKaIy pPSIOM TPSAMBIX C Pa3IAIHBIMU
HaKJIOHAMH. DTHMH BOIPOCAMH 3aHHMAJVCh pas-
paboTynku  (HOTOMETPHUCCKUX  KOJOPUMETPOB
«Crextporon» u «Ilymscap» OKBA HIIO «Xumas-
TomMaTtuka» (r. Ynpuuk, Y30eKHCTaH) COBMECTHO
C HuccrnenoBarels MM TalIKeHTCKOro TIocCyJIapcrT-
BEHHOTO TEXHHYECKOro YyHuBepcutera [4, 5].
Takoil MOAXOM MOXXET 3HAYUTEIHHO YMEHBIIUTH
CHUCTEMAaTHYECKYIO MOTPENTHOCTh, 00YCIOBICHHYIO
HEJTMHEHHOCTHIO (DOTOMETPUUYECKON MIKABI, HO
TpeOyeT 3HAYUTEIHLHO OOJBIIEro o0hbeMa TaMsTH.
Kpome Toro, yBenmunBaeTcsi BpeMs MpOLETYPHI
KauOpoBKH. [IOMUMO TIEpeUUCIICHHBIX BBIIIE (aK-
TOB, IOJyaBTOMAaTHYECKas KaaTMOpPOBKa yUUTHIBACT
HECTaOMJIBHOCTh JJICKTPOHHBIX CXEM, U3MEHEHHE
YyBCTBUTEIILHOCTU ()OTONPUEMHHUKA U T. JI.

AJITOpUTM onpeJesieHust
CNEKTPAJIBHOI XapaKTepUCTHKH
METOAOM peryJisipu3anun

COBEpILICHCTBOBAaHUE MUKPOIPOIIECCOPHOU TEX-
HUKH TMPEONaracT 3aMeHy ammapaTHOro HCIOJ-
HCHHUS PAa Y3JI0B M CXEM MPUOOpa BHIYUCIUTEIh-
HBIMH W YIPABJISIONMME Tporieaypamu [6]. W3-
BECTHO, YTO JIMHEIHas MaTeMaTH4yecKas MOJeb
OIITHYCCKOI'O HU3MEPCHHA  OIMUCBHIBACTCA  HHTC-
rpajbpHBIM ypaBHeHHeM @pearoasma 1-ro pona

b
u(r) = [ AR OGN, c<h<d, ()

rae u(A) — u3MepeHHas CIeKTpaTbHas XapaKTepH-
ctuka; A(A,\') — anmapatHas (QyHKOHS, Xapakre-
pusyromas pealbHbId  M3MEPUTETHHO-BHIYHCIIN-
TETBHBIA KOMIUIEKC; T(A') — NCTUHHAS CIIEKTPaIhb-
Has XapaKTepUCTUKa oOpasna; a, b — TpaHMIIbl HC-
TUHHOTO CIIEKTpa; ¢, d — TPaHUIBl SKCIEPUMEH-
TaJILHOTO CIIEKTPA.

[lycte 3HaueHuss TouHoro pemieHus t(A') B

TOUKax A’ ( j=1, n) MPEJCTABIIAIOT COO0H n-Mep-
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HBII BEKTOp T =|T(k,’), t(A}), ooy T(A))|. Uenoms-

3ysl M3BECTHBIC KBaJpaTypHble (POPMYIBI BBIYHC-
JICHUSI OMpPENeNICHHBIX HMHTETPaioB [4], OCHOBHOE
WHTETpaIbHOE YpaBHEHHE (2) MOKHO TPEACTaBUTh
B MaTpU4YHOU (opme

At =u, 3)

rie A — NpsAMOYrojpHas MaTpHUlla pPa3MEpHO-
T

CTU mMXn; U = |u1, u, ..., um| — BEKTOp H3Mepe-

HUN Pa3MEPHOCTH .

Bynem cuMrarh, 4TO BMECTO TOYHOM MpaBOH
qacTu u ypaBHeHwus (3) 3amaH u :;+§ , TI€ 1IyM
usMepeHus &, He KOPPEITUPOBAHHBIH C U, HUMEET
HYJIEBOE CPEIHEE W KOBAPUALIMOHHYIO MaTpuIly Ve,
a TaKXKe MOAYMHIETCS HOPMaJbHOMY pacmpezene-
muto. Kpome Toro, Oynmem moraratk, YTO ampuop-
Has WHQOpManusi O BEKTOpe T 3ajJaHa MaTeMa-
TUYECKUM OXHUJAHUEM T, U KOBapHALMOHHOU
matpuneit [',. Cnemys OaifeCOBCKOMY MOIXOIY,
B YCJOBHSX MPHUHATHIX MPEANOIOKEHUNH HCKOMOE
pelieHue T ¢ yyerom odbparumoctu Matpun I'y u Ve
MO>KHO OTIPEJICIIUTh U3 YpaBHEHUS [7]

(P + AV A o= AV u T, (4)

OpHako B OOJIBIIMHCTBE MPAKTHYECKUX CIIy4a-
€B ampuOpHOE paclpeiesieHne BEKTopa T HEH3-
BECTHO. B 3THX ycloBHUsX 1e51ecoo0pa3Ho HCKOMOE
peLIeHHEe T OIpPENeNsITh U3 CUCTeMbl anreOpande-
CKUX ypaBHEHHUH BUAa

(aG+ AV 4)r=4"V"u, (5)

I7ie o — mapameTp perynsapusanun; G — HeoTpHIa-
TEJNBHO OTpEe/eIeHHas] CHMMETPHYHAs MaTpHIIa.

[IpuaMMas BO BHIMaHUe, YTO OIEHHUBAHHE I10-
TPEITHOCTeH HCXOTHBIX NaHHBIX B (3) CBs3aHO C
HEKOTOPBIMU TPYIHOCTSIMH, B paccMaTpUBacMOM
clly4ae mapaMeTp peryJisipu3anuy o menecoobdpas-
HO OIpeneNsaTh Ha OCHOBE CHoco0a KBa3HUONTH-
MaJLHOCTH [ 8]

inf Jadt, /daf’. (6)

B cnyuae, ecnu xoBapuanmoHHas MaTtpuna b
HEM3BECTHA, BHIOOP Mapamerpa peryjsipu3aluu o
MOKHO OCYUIECTBIISATH NPH MTOMOIIM METOofa mepe-
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KPECTHOM 3HAUYMMOCTH. B COOTBETCTBUM C 3THUM
METOJIOM B KauyecTBE MapaMeTpa peryJisipu3aluu
MPUHUMAETCS] TAKOE 3HaYEHUE O, KOTOPOE JOCTaB-
JSeT MUHUMYM (DyHKITHOHAITY

D,(a) = %”u - AT||2 / {1 -8, [®()] /m}z, (7)

rie (o) =A(aG+ A" 4)7"; S, [[] — mHmexc cre-

Jla MaTPHLIBI.
B [9] momuepkuBaeTcs, 9TO paccMaTpuBacMas
3a/a4a OIpENEICHNA CIEKTPalIbHOM XapaKTepH-
CTHUKH KOHTPOJIMpPYeMOro oOpaslia B YCIOBHAX
OTpaHMYEHHON amnpHOpHOW WH(OpMAIMKU OTHO-
CUTEIBHO XapaKTepUCTUK OLIMOOK H3MEpEHHH
OTHOCHUTCS K KJIACCY HEKOPPEKTHBIX CTOXacCTHYe-
CKHX 337a4 U IIPH €€ PEIIEHUHN €CTECTBEHHO TaKKE
NPUMEHATH METOMBl ¥ KOHLEMNIHNH, pa3padoTaHHbIE
JUT DTOTO KJIacca 3a1a4. B 4aCTHOCTH, MOXHO HC-
MOJIb30BaTh PEKYPPEHTHYIO MIPOLIEAYPY BHIA:

T
P%a
o _ .o t M+l _ T a _ 0.
T =T + Pa T (qu a7 )’ To _O’
o +a, by ag,
P a_ P’
P(x :Pa+ t 1Y+ Pa:E (X>O (8)
t+1 t T T 0 ’ ’
a+a, B a

t+1 t+1

rae a,,t=1,m — ctpoku mMatpuusl 4; E — equHuY-
Hasi MaTpHIIA XA,
[TapameTp perymsapuzanun o B (8) Takxke Iene-

€c000pa3HO OMpeNesITh Ha OCHOBE CITOCO0a KBa3H-
ONITUMATBLHOCTH. MOYKHO TIOKa3aTh, YTO

-1
v =(aE+4"4) Au, 9)

T
rne 4, =(ay, a,,...a,) ; u,=AT, OpHIEM T —>T,

ipu a—>0.

BoccranoBienue annapatHoi gyHKkuun
CIIEeKTPAJbHOT0 Npubdopa

Uccnenyemblii MCTUHHBIA cnekTp T(X;), Kak
NPaBWIIO, UCKAXKACTCS IPU U3MEPEHUH allapaTHOH
¢byukimeit  A(A, A') coekrpanbHOro mnpubopa,
SIBJISTFOIIICHCSI CBEPTKOM ammapaTHoi GyHKIuu (ho-
TOMETPUYECKOW YacTH Mpubopa W anmnapaTHOH
(YHKIMH IPUEMHO-pETHCTPUpYIOIel cucTeMbl [9].
MHOKECTBO CYIIECTBYIOIIMX METOJOB OIpeJene-
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HUS anmnapaTHoH (YHKIUH MOXKHO pa3ieiHuTh Ha
JIBE TPYIIIBI: 3KCIIEPUMEHTANbHBIE M aHaJIHTHYe-
CKHe. DKCHEepUMEHTAIBHBIN croco0 TOMKeH yAo-
BJICTBOPSATH psAy TpeOoBaHMM: ammaparHas QyHK-
LUl TOJDKHA ONPENENSThCS NPU YCIOBHUSX, COOT-
BETCTBYIOIIMX HOPMAJbHOMY DEXHMY paOOThI
npubopa (Crmoco0 OCBEUIEHUS IIeTH, IIUPHHA
meny, oONacTh CIEKTpa, HOCTOSHHAs BPEMEHH,
LIyMBI), CrI0co0 JO0KEH oO0ecreuynBaTh OIpeene-
HUe annapatHod (QyHKIMK IIMPOKOTO Kiacca Mpu-
OOpOB pa3HOM paspelIalouell CUiIbl, a TakKe He
OBITH OYCHb TPYAOEMKHM. AHAIUTHYECKHE METO-
Ibl OCHOBAaHBI HA 3aKOHAX T'€OMETPUYECKOM ONTH-
KA U TIONIE3HBI TP PACCMOTPEHUM SKCHEPHUMEH-
TaJIBHBIX PE3YJIbTAaTOB, OCOOEHHO Ha JTale Ipo-
eKTHpPOBaHUS HOBOTO TIpubopa W BBIOOpa €ro
NPUHIMIHATFHOW onTHyeckol cxembl. Kak mpa-
BWJIO, TIPUMEHSETCS rpaduuecKuii MeTos dJIeMeH-
TapHBIX [UIOIIAACH.

AHamUTHYECKHE METOAbl JOCTaTOYHO TIpO-
MO3JKH, a I SKCIHEPUMEHTAIBHBIX CII0COOOB
TpeOyeTcs crneuuanbHas anmaparypa ¢ KBasu-
MOHOXPOMAaTHYECKUM HUCTOYHHUKOM  H3TYUCHHUS.
Kpome Toro, TpyaHO OJHOBPEMEHHO YIOBIIETBO-
pUTH Bce TpeOOBaHUS, TPEABSBIIEMbIE K JKCIIe-
pUMEHTaIBHBIM MeTomaM. OOmuii XapaKTepHBIH
HEIOCTATOK 00OUX METOJOB — OHH HE YUUTHIBAIOT
HW3MEHEHUE anmnapaTHoil (QyHKIMM BO BpeMs 3KC-
ryatanuy. B ycioBuAx cepuifHOT0 MpOM3BOACTBA
npUOOPOB ATH HEJOCTATKUA OYIYT HOCUTH TIPUHIIU-
nuaneHell xapakrep. CrenoBaTenbHO, aKTyalleH
BOIPOC pa3paldOTKH HAAEKHOTO METOJa OIpele-
nenns anmapatHod ¢ynkimu. B [9, 10] npexnara-
€TCS aJITOPUTM BOCCTAaHOBJICHHUS aIllapaTHOH
(byHKIIMHA CHEKTPAIBHOTO TPHUOOpa, OCHOBAHHBIN
Ha peryJIsipHBIX METOJaX PEeLICHUs] HEKOPPEKTHBIX
3ajad.

Bynem monarath, 4T0 UMEIOTCS pe3ybTATH p
usMepenui (=1, 2, ..., p) COEKTpaJbHBIX Xapak-
TEPUCTUK HccienyeMbix oOpasuoB. Torma Ha oc-
HOBE PAcCIOIaraéMblX JaHHBIX, UCIONb3YS M3BECT-
HBbIE KBaJpaTypHble (hOPMYIBI BBEIUYUCICHHS OMpe-
JIEJIEHHBIX HMHTETpajoB B (2), MOXHO MpUITH K
MaTPUYHOMY YPaBHEHUIO

U=AT +E, (10)
rae U, A, T, E — maTpulbl BElIECTBEHHbIX Iapa-

METPOB pa3MepHOCTel [mxp], [mxn], [nxp], [mxp]
COOTBETCTBEHHO.
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OrneHKy MaTpUYHOTro orneparopa A anmapaTHOR
¢yskuuu, cormacao (10), MOXKHO MONYYHTh Ha
ocHoBe sABHbIX MHK-anroputmoB oneHnBaHus,
3a/1aBa€MBbIX COOTHOILIEHUSIMHU:

A ~ ~ ~ ~ o~ -1 ~
A=argmin =UT", T* =(T"T+al) T", o> 0;

U:Af”zU, f:A—l/ZT,

(1D
I:M{Zr(U—AT)TA‘l(U—AT)},
rae A — cUMMETpHUYHas IOJIOKUTEIBHO OIpene-
JIEHHas BECOBAas MaTpHLA.

B (11) mpucyTcTBYyeT HeoIpeleleHHbIH mapa-
MeTp o. BpiOop ero mpeacraBiseT OCHOBHYIO
CJIOKHOCTb TIPH HCIOJNB30BAaHUHU PEKOMEHIYEMBIX
anropuTMOB. Bo-mepBhIX, MapaMeTp o JOJKEH
OBITH OTpENeNeHHBIM 00pa3oM COTJIACOBaH C II0-
IPEIIHOCTSIMA UCXOAHBIX JaHHBIX A u U, 1y Toro
4YTOOBI pelIeHHe OBUIO0 PeryJspu30BaHHBIM. Bo-
BTOPBIX, C TOYKH 3PEHHSI TOYHOCTH PELICHUS, JKe-
JaTeNbHO U3 MHOXECTBA 3HAUYCHHUH OL, YAOBJIETBO-
pSIOIUX TPeOOBAHHMIO COTJIACOBAHUS, B KAauECTBE
napaMeTpa peryyisipu3alyy B3SATh TaKoe, KOTOpoe
MHUHUMHU3UPYET NPUHATYIO YUCIOBYIO XapaKTepH-
CTHUKYy TOYHOCTH pelleHHus (Hampumep, cpeaHe-
KBaJpaTH4YecKyl0 omuOKy). B ycnoBusx orcyrt-
CTBHS aIPUOPHON MHGOPMALMK O MOTPEHIHOCTIX
3aJaHrsl UCXOOHBIX AAaHHBIX MapaMeTp peryispu-
3auu o B (11) panuoHanbHO ompenenuTh Ha oOc-
HOBE CIOCOOOB KBAa3HMONTHMAJIBHOCTH WJIM OTHO-
LIEHUH.

[TpubmmxenHoe pemierne (4) MOKHO TakXke IT0-

nyants B ciyqae A~ = diag [g(l), g2, ..., g(n)]
MY TIOMOIIH CIEAYIONIETO PEKyPPEHTHOTO alro-
putMa B3BemieHHoro MHK-meTona HavMeHbBIIUX
kBaapatoB [10]:

al (h+1)=a/ W) +g(v+1) P, (v+1)x
x|y (v+1) =] (v+1)a] ) ] x
<[atg(vi1)d (v1) POV, (v+1)] s
P(h+1)=P)g(v+1)P(M); (v+1)x

x [a + g(v + l)t; (v + l)P(X)tj (v + 1)]_1 X
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xt; (v+1)P(R),
rae a;, i=1,_m — cTpoku Marpuust 4; T, jzﬁ -
CTOJIOIIBI P0)=pI, p>>0;
A=L2,..; v=A mpu 0ZA<m;
mpu 0<A<2m; v=A-2m npu 2m <A <3m, ...

marpunsl T

v=Ah—m

BbIBO/J]

WcTHHHBIN CITeKTp 00pa3IloB MCKa)KaeTCs arl-
rmapaTHOW (YHKIIMEH CIIEKTPabHOTO MPUOOpa,
SIBJISTFOLLCHCST CBEPTKOM annapaTHOW ¢yHKimu ¢(o-
TOMETPUYECKOW dYacTH mNpubopa W armapaTHOH
(YHKIMU TPHEMHO-PETHCTPUPYIOIIEH CHCTEMBI.
[ToaToMy mnpennoxeHsl anropuTMbl BOCCTAHOBIIE-
HUS anmnapaTHoW (YHKIHUU MPUOOpa, OCHOBAHHBIS
Ha PEryJSIpHBIX METOAAaX PELICHUs HEKOPPEKTHBIX
3a/1a4. BeINOJHEHHBIA aHaIu3 MO3BOJISIET BBIIBUTH
MOTEHIUAIBHBIE BO3MOXXHOCTH PACCMATPUBAEMBIX
aNrOpUTMOB M ONTHMH3UPOBATh HUX PpETyJsIpu-
3yIOIIME BO3MOXKHOCTH 3a c4eT Ooliee MOJTHOTO
¥ THOKOTO KCIIOJIb30BaHUSl PacIojiaracMoi arpu-
OpHOH HMH(OpPMALKK OTHOCUTEIBHO IMOMEXO-CHI-
HaJIbHON OOCTaHOBKM TPU U3MEPEHHUU IIBETOBBIX
XapaKTEPUCTUK MaTepUAIOB.
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Pedepat. B nacrosmee Bpems B PecniyOimke Benapycs pemaercst mpo6iema nepepaboTku 0O0YHOTO MpoxykTa — docdo-
rurca, obpasyrolerocs B rpouecce npoussoictsa ¢pocdopHoii kucnorel. Bonpoc yrunmsanuu docdorunca craHoBUTCs BCe
Oosee aKTyaJbHBIM, U HNPUYMH 31€Ch HECKOJBKO: TPAaHCIOPTHpoBaHHE (hocorurnca B OTBANBI U €ro XpaHEHHE TPeOyroT
GOJIBIINX KANUTAIBHBIX BJIOKCHHI M HKCIUTyaTallHOHHBIX 3aTPaT; IPU CO3JAaHUM OTBAJIOB (hocdorurca NpUXOIUTCS OTUYXK-
Jath OOJNbIIME IUIOIAAH, HHOTAA Jaxke o0padaThIBaeMBIX 3eMellb; XpaHEeHHEe 3TOT0 MaTepyraia B OTBaJIaxX, Jake IpH HeWTpa-
JIM3alMU PacTBOPUMBIX IIPUMEcel M COOIIOJCHUH MPaBUII SKCIUTyaTallMyd OTBajla, HAHOCUT HENONPABUMBIH BPEI OKPY’Karo-
el cpene. M3BeCTHBI MCCIEIOBAHMS YYCHBIX 110 IIPUMEHEHUIO (Gocorunca B JOPOXKHOM CTPOUTENBCTBE B KAYECTBE BSKY-
LIEro JUISl YKPEIUICHUsI TPYHTOB, YCTPOWCTBA OCHOBAHHWI M NpPH NPOBEJCHHH PEMOHTHBIX paboT. B craThe mpencTaBiCHbI
PE3yJIbTaThl HKCIEPUMEHTOB 110 IIOJTYyUYCHHIO JIOPOXKHO-CTPOUTENBHBIX MAaTEPHAIOB U3 JaHHOTrO oTxozna 0Oe3 mepeBoja ero B
BSDKyILIEe BellecTBO. Pa3paboTaHa TEXHOJIOTHS MPUTOTOBJIEHUS ac(anbTOOCTOHHOH CMECH ¢ NPUMEHEHHEM MHHEPAIbHOIO
Topouika B Buze Gpocorumnca-guruapara.

KnioueBble cj10Ba: JOpPOXXHO-CTPOUTENBHBIE MaTEepHalbl, OTXOIBI IPOU3BOACTBA (ochOpHON KHCIOTHL, (ochorumc-
JIUTHIPAT, MUHEPAJILHBIN TOPOILIOK, TEXHOJIOTHS IPUTOTOBIIEHHS ac(haabTOOSTOHHON cMecH
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Application of Phosphogypsum in Road Construction
Ya. N. Kovalevl), V.N. Yaglovl), T. A. Chistoval), V. V. Girinskyl)
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Currently the Republic of Belarus is solving the problem of processing a by-product — phosphogypsum, formed in
the process of phosphorric acid production. The issue of utilization of phosphogypsum is becoming more and more relevant,
and there are several reasons for this: transportation of phosphogypsum to dumps and its storage require large capital invest-
ments and operating costs; when creating phosphogypsum dumps, it is necessary to alienate large areas, sometimes even cul-
tivated land; storage of this material in dumps, even with the neutralization of soluble impurities and with the observance
of dump operational rules causes irreparable harm to the environment. There are known studies of scientists on the use
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of phosphogypsum for road construction as a binder for strengthening soils, foundations and repair work. The paper presents
the results of experiments on obtaining road-building materials from this waste without converting it into a binder. Based
on the research, a technology for the preparation of asphalt concrete mixtures with the use of mineral powder in the form

of phosphogypsum dihydrate has been developed.

Keywords: road construction materials, waste from the production of phosphoric acid, phosphogypsum dihydrate, mineral

powder, technology of asphalt concrete mixture preparation

For citation: Kovalev Ya. N., Yaglov V. N., Chistova T. A., Girinsky V. V. (2021) Application of Phosphogypsum in Road
Construction. Science and Technique. 20 (6), 493—498. https://doi.org/10.21122/2227-1031-2021-20-6-493-498 (in Russian)

BBenenune

[IpumeHeHne B TOPOKHOM CTPOHTENHCTBE d(h-
(DeKTUBHBIX MaTEpUAIOB Ha OCHOBE MECTHOTO
CBIPbS M OTXOJIOB TMPOMBIIIJICHHOCTH — BayKHAs
HApOJHO-XO3SHCTBeHHAsT 3a/avya, pelleHue KOTo-
poii obecmeynT CoKpalieHHe pacxofa TOIUIMBHO-
SHEPTeTHYECKUX W MaTepHUaIbHBIX PECYPCOB, CHH-
3UT KallUTAJbHBIE BJIOXEHHS. JTOMY MOXET CIIO-
cOOCTBOBAThH IIMPOKOE HCIIOIH30BAHUE B KAUECTBE
HCXOHOTO CHIPBs (hochoThIica-Iuruapara.

®docdoruric — 0TX0, 00pa3yIOMIUNACS TTPH TIPO-
U3BOJICTBE SKCTPAKUMOHHON (hOoCcHOPHON KUCIIOTHI.
Ha Tomenbckom xmmmdeckoM 3aBojse (ocdo-
TUIIC HAaXOAWTCS B OTBajaX, €ro HAKOIUIEHO 00-
nee 10 muH T. OTOUIBTPOBAaHHEBIN OT QocHOpHOit
KHUCITOTHI  (hOC(HOTHUTIC-TIONYTHApPAT Cyib(dara Kaib-
s (PIIC), oxnaxmasch ot 90—105 °C mo Temme-
paTypsl OKpYIKaloIIeH Cpeibl, MOCTEIEHHO Iepe-
XOIUT B JUTHAPAT, KPUCTAIUTMU3YSICH U TIpeBpala-
SCh B THUIICOBBII KaMeHb, KOTOPHIM He oOnamaer
BSDKYIIMMM CBOMCTBaMH. JJIUTEBHOCTH 3TOTO Iie-
pexoma 3aBHUCHUT OT TEMIIEPATyphl OKpY Karomien
CpeIsl W KOJMYecTBa ocTaBiieiics B ¢ocdorurice
(hochopHON KHUCIOTBI M MOXXET JOCTHraTh He-
CKOJIbKMX YacOB WJIM CYTOK. ExerogHsii mpupoct
otxoaa cocrapisger okoyno 800 Teic. T. B HacTos-
mee BpeMms yTHinsupyercss ero He 6omee 10 %
W3-3a 3arpsa3HeHus  ¢ocdorurca  pasTHIHBIMHA
npuMecsMHu, TpeOyrmuMu HelTpammzanun [1].
A 93T0 yBenMuYMBaeT cebecToMMOoCTh (ocdorur-
COBOTO BSDKYIIETO TI0 CPaBHEHHIO C MPHUPOIHBIM
TUIICOM.

N3BectHO MHOTO BapuaHToB npumeneHus PIIC
B JOpOokHOM cTpoutensctBe [2—10]. OmHako 3Toro
SIBHO HEJOCTATOYHO, XOTS C(epbl HCIIOIb30BAHUS
JIOBOJIBHO IIIMPOKH. ABTOPbI CTaThU MPEJIararoT
MPUMEHATH (POCHOTHIIC-TUTHAPAT B KAYeCTBE KOM-
TIOHEHTA JOPOKHOTO ac(albTOOCTOHA — MUHEPAIb-
HOT'O TIOPOIIIKA.

B BHTY pa3paboTansl Hay4HBIE IPHHIIHAIIHI
U TPOBEPEHA JKCHEPUMEHTAJbHAS BO3MOXHOCTh
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MOJTyYCHUsI  JIOPOKHO-CTPOUTEILHBIX ~ MaTepHa-
JIOB HETIOCPEJCTBEHHO W3 NPOMBIIIICHHBIX OTXO-
noB Qocdorurica 6e3 mepeBoAa MX B BSDKYIIEE
BemiecTBO [10]. B ocHOBE TEXHOJIOTHH MOIydYe-
HUS cMeced IS YKIaJKH B JOPOTH JIeKaT TaKue
IMpoOUeCChbl, KaK HU3MCJIBYCHHUEC, TOMOI'CHHU3alUud H
cmemmnBanue. s aToro Tpedyercss CepuitHO BbI-
myckaeMoe 00OpyIOBaHHE, MCIOIb3yeMOe Ha IIie-
MEHTHO- M ac(harbTOOETOHHBIX 3aBOax (OYHKEPHI,
MUTATEIH, 103aTOPbl, CMECUTENIN, MEIBHUIIBI, CY-
muTbHBIe Oapabanbl). [lodydeHHAs cMech MOXKET
OBITh Cpa3y NpPUTOIHA Ul PUMEHEHUs (B Teue-
HUEe 2—4 4) WM B CyXOM BHJE XPaHUTHCS OKOJIO
OJTHOTO Mecsma. YKiIaaka MPOU3BOAUTCS C MOMO-
IO AOPOXKHBIX MallMH C OJHOBPEMCHHBIM
YIUIOTHEHHEM KaTKaMH.

du3nKo-MeXaHUUYECKUE CBOMCTBa (ochoru-
COBOTO MaTrepuaja B 3aBUCHMOCTH OT BH/Ia HCXO/I-
HOTO CBHIPbS U CTEICHU YIUIOTHCHHSI B MECSYHOM
BO3pacTe CICAYIOIIHUE:

Tipe/IieN MPOYHOCTH PH U3THU-

Oe, MI1a, -1,5-5,0;

MpoYHOCTh Ha cxaTtue, MIla, —3,5-20,0;

CpenHssl INIOTHOCTb, Kr/M, —1600-2000;

BOJIOTIOTIIONICHHUE, %0, —1-6;

MOPO30CTOMKOCTh, IUKIOB,  — 25-150.

BKCHepHMeHTaHBHBIe HccjaeaA0BaHuA

B kauectBe 6azoBoro cocraBa achaabToOETOH-
HOM CMECH TP UCCIIECIOBAHUU IPUHUMAIHA MEJIKO-
3epHUCTBIN acanbTobeToH (Tun b). Ba3oBsrid
COCTaB BKJIFOYAN CIIEAYIONINE KOMIIOHEHTHI, % IO
Mmacce:

rpaBuit — 47,
OTCEB —35;
mebens Gpaknuit 5-20 mm - — 10;
MUHEPAJIbHBINA MOPOIIOK -38;
outrym BH/I 90/130 - 5-6.

B 1maGopaTOpHBIX HCCIIEIOBAaHHUSAX B KauecTBE
MHHEPAJIIBHOTO TOPOIIKAa HCIOb30BaiK  (hocdo-
THUIC-AUTHAPAT W aKTHBATOp B BHIE TYApPOHA C
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BS3KOCThIO 2 c. [IpMeHeHHe aKTUBHPOBAHHBIX
MUHEPATBHBIX MOPOIIKOB CIIOCOOCTBYET YITydllle-
HHUIO CTPYKTYpHl acdanbroderoHa. Takue mopom-
KA XapaKTepU3yIOTCs OJHOPOAHOCTHIO M Oolee
PaBHOMEPHBIM pAaCIIPENIEICHNEM TOHKHX CJIOEB
OuTymMa Ha MHHEPAIbHBIX 3€PHAX, YTO TPUBOJIUT
K MEHBIIIEMY COAEP KaHNI0 CBOOOAHOTO OMUTYMa.

Jns BBIACHEHUS BIUSHHS HCXOIHBIX KOMIIO-
HEHTOB acganbTobeToHa (OuTyma, ryapoHa, ¢oc-
(hormmca) Ha CBOWMCTBa acabTOOCTOHHON CMecH
MIPOBENH HKCIEPUMEHTAIILHBIE HWCCIIEOBAaHUS C
UCTOJh30BAHHEM MAaTEMaTUYEeCKOTO IUIaHUPOBA-
HUs. M3roraBmuBamu  o0pa3iel  acdambTobOeTo-
Ha (THI b), B KOTOPHIX BapbUPOBAIH KOJIUIECTBO
ryapoHa (X;), ouryma (X;) u ¢ocdorumnca (X;).
CopmepkaHne HWCXOAHBIX KOMIIOHEHTOB B CMECH
W3MEHSJIOCH CIIEAYIONUM 00pa3zoMm, %:

—ryapona — ot 0,5 no 2,5;

— 6utyma — ot 3,5 o 4,5;

— ¢ocorurica — ot 3,0 o 4,0.

B kauecTBe OCHOBHBIX ApaMETPOB IS OIICHKU
CBOHCTB acasbToOeTOHA BHIOMPATN TTOKA3aTEIIH:
Mpenesnsl MPOYHOCTH Ha cxkatue Ry, Rsg, Ry mpu
temneparypax 20; 50; 0 °C  COOTBETCTBEHHO;
IUIOTHOCTH P; BOJOHachlmeHue W; HaOyxanue H;
kod(pumment BomocToikocTH Kj; Kodddumment
BOJIOCTOHKOCTH TP JUTUTEILHOM BOJIOHACKIIIIE-
HuU K 4.

TexHOMOTHST IPUTOTOBIIEHUSI 00PA3IOB W3 TO-
psiaeit acambTOOETOHHON CMecH B JTAOOPaTOPHBIX
YCIIOBUSIX 3aKITI0YAIACh B CIICTYIOLICM.

1. HarpeBanum MuHEpaidbHBIE MaTepHaidbl (IIe-
oenp ¢paxmuii 5—15 MM, otceB u [1I'C) go Temre-
parypsl 160-180 °C.

2. Harpesanu ryapon jgo 120 °C.

3. Harpesasnu Boxy 1o 90 °C.

4. [IpuroraBnuBanu cMmech «pocdorurc + Bo-
Ja + TYIpOH» M HarpeBajd ee¢ 0 TeMIepaTy-
po1 90 °C.

5. HarpeBanu 6utym g0 160 °C.

6. CMemuBanyu HarpeTble MUHEPAJIbHBIC MarTe-
puansl ¢ pactBopoM «pochorumnc + Boma + ryn-
poH» ¢ qo0aBIeHUEM OUTYMA.

3atreM u3 roTOBOU achambTOOCTOHHOW CMECH
(hopMupoBanm 00pa3mbl UCXOAS M3 HEOOXOIMMO-
CTH TIOJIYYCHHUS I KKIOH U3 YEThIpeX cMecei
o 12 o6pa3noB cranmapTHOTO BUAA (A =d =5 cM)
(tabm. 1).

Tabnuya 1
CocTaBbl SKCIEPUMEHTATBHBIX
acajbTo0eTOHHBIX cMeceid
Compositions of experimental
asphalt concrete mixes
Howmep cmecu
CocraB cmecu
1 2 3 4
I'paswit, % 47 47 46 46
Ortces, % 40 40 40 40
[le6ennb, % 10 10 10 10
I'yapon, % 0,5 1,0 2,0 2,5
burym, % 4,0 4,0 3,5 3,5
docdorurc, % 3 3 4 4
H,O, r 27,0 27,0 54,0 67,5

IMokazarenn (HU3MKO-MEXaHWYECKUX CBOMCTB
ac(anbToOETOHOB, MOTYYEHHBIE TIPH BBHIIOJTHEHUH
OTIBITOB, IPUBECHHI B Ta0JI. 2.

Tabruya 2
IMoka3zaresu pu3NKO-MEeXaHHUYECKHUX CBOICTB achanbTodeToHOB (TN B, Mapka II)
Indicators of physical and mechanical properties of asphalt concrete (type B, grade II)
VYpogens daktopa|[Ipenen mpounoctu R, MIla Koaq)(pnuunem
BOJIOCTOMKOCTHU
= Bono- RSOuJ[ nocie
§ Ha cxatue | TP PACTI | TnoTHOCTS HACIIIC HaGyxauue JJTUTEIBHOTO
o KeHIH p, r/em’ - H, % BOJIOHACHI-
% X X, X5 > ’ Hue W, % ’ K, Kn_nn
= pu Temueparype, 'C IIEeHNS
=]
T 20 50 0
Tpebosanne CTB 1033 - >1,1 1,5-3,5 - 1-4 <1,00 >0,80 - -
1 05140 3 1,80 | 0,65 3,65 2,25 8,90 0,43 1,30 1,32 1,15
2 1,0 | 40 | 3 1,79 | 0,67 3,85 2,31 9,64 0,40 1,25 1,55 1,28
3 20135 4 2,60 | 0,72 3,34 2,26 9,21 0,11 0,75 1,11 1,24
4 25135 4 1,79 | 0,67 3,54 2,27 9,20 0,90 0,97 1,07 1,06
Hayka 495
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Amnanmu3 Tabn. 2 MOKa3bIBACT, YTO YBEIUUICHHE
CoJiepKaHMsl B CMECH OMTyMa BBI3BIBAET TOBHIIIIE-
HUE TPOYHOCTHBEIX ITOKazarened acgaibToOeToOHa
u kodddurmenta BogocToiikocTu (cMech Ne 2).
KommaectBo ryapona m Qocdorumnca UMeeT ONTH-
MaJIbHYI0 O0JIaCTh, T. €. JI0 HEKOTOPOTO 3HAYCHHUS
nokazaTenu ymydmatores (cmecu Ne 1, 2), a 3atem
HAuMHAIOT yXxymmarbes. [lokazatenn mpodHOCTH
BHaYase pacTyT, HO TPH Mepexoie Yepe3 OnTrMallb-
Hyl0 oOJlacTh HaYMHAIOT HajaTh (cmecu Ne 3, 4).
docdorumnc-quruapar B HpoLEcce B3aUMOICHCT-
BUSl C TOPSYMM KaMEHHBIM MaTepuanoM TepsieT
noaropel MoJnekyiel H,O m mepexomutr B mony-
rungpar. Hawmnmydmmme mnokaszarenu BOJIOHACHIIIE-
HUsL W 1 koaduiimenTa AIUTEIBHOH BOJIOCTOWKO-
cTu Rsgy, v cMeceit Ne 1-3. TIpu BogoHACHIIEHUH
00pasmoB MPOUCXOAUT KpucTaymmmzanus Gocdo-
TUTICA-TIONYTHApaTa B KpUCTaLT  Qocdorurc-
TUTHAIpPAT

CaSO, -2H,0

CaSO, -0,5H,0 +1,5H,0 = .
Kpucramnoruapar

Kpucrannmuzauusa ¢ocdorumnca mosHOCTBIO 3a-
BEpIIACTCS] MPH JUTUTCILHOM BOJOHACHIIICHUH,
TEM CaMbIM YBEJIHYWBAas IPOYHOCTH 00pas3loB —
K 1 npuaAMaet 3Havenns 1,32; 1,55; 1,11 (cmecn
Ne 1, 2, 3 COOTBETCTBEHHO).

Takum 00pa3omM, MoOKaszaTenb BOAOHACHIIICHHUS,
MOJTyYeHHBIH B XoJzle JabopaTOpHBIX HCCIEI0Ba-
HuH (cMecu Ne 1-4), BKITIOYaeT HE TOJIBKO HCTHH-
HO€ BOJIOHACHIIIEHUE OOpa3loB, HO W TIOITOPHI
MOJICKYJIBI BOJIbI, 3aTPA4YCHHBIC HA KPHCTAJLTU3a-
muto  pocdorumnca. Ilockonbky KpHCTALTU3AIUSL
(hocdorumnca NPUBOIUT K MOBBIIICHUIO TPOYHOCT-
HBIX XapaKTePUCTHK ac(aabTOOCTOHA U CYIIECTBEH-

HO HE BIIMSAET Ha JApyrue mokazaremu (H, p), Bo3-
HUKaeT HEOOXOIUMOCTb ONPEACICHUS NCTUHHOTO
3HAYEHUS BOJIOHACHIIICHHS, HCKIII0Yasi U3 MPeKHe-
IO BOJOHACBHIIICHUS IOJITOPHI MOJEKYJbl BOIBI,
ylIeAnne Ha KpUCTAIUTH3aLuio Gocdorurca.
Bapoupyst gakropamu X, Xz, Xz, T. €. Konude-
CTBOM CMeCH TyapoHa, Outyma u ¢ocdorurnca
B KauecTBe MHHEPAJIbHOTO IOPOILKA, MOTYYHIIH
ONTUMAJIbHBIC TOKa3aTedn (U3UKO-MEXaHUIECKUX
CBOMCTB ac(haibTOOCTOHHOW CMECH, KOTOpbIC CpaB-
Huu ¢ TpeboBarmsimu CTh 1033-2016 (Tabim. 3).
AHanmu3upysl  TOKazaTeld  ONTHMH3UPOBaH-
HO# achanbTOOSTOHHON CMECH, CIIEyEeT OTMETHUTD,
YTO BCE XAPAKTEPUCTUKH (PHU3HKO-MEXaHUYECKUX
CBOHCTB, 3a HCKIIOUCHHEM IIpeleNia IPOYHOCTH
npu pactsukennu tpu Temieparype 0 °C (Ry), oT-
BewaroT TpeboBanmsim CTHb 1033-2016. Ilpenen
MIPOYHOCTH MOCJE AJIUTEIBHOTO BOJOHACHIILCHUS
Rsoy, MMeeT ropasmo Oombllee 3HAYCHUE, YeM 0
Kpuctamuzauuu ¢ocdorunca B obdpasue. Mexons
U3 3TOTO 3a Rs) MPUHUMaeM IOKaszaTellb Ipee-
na mpouHoctH Ha okarue mnpu 50 °C mocie
IUTMTETILHOTO BOAOHACKILICHUS (Rs0,y).

TexHoI0rMsI NPUTOTOBJICHUS
ropsideii acaabTo0eTOHHOI cMecH
¢ npuMeHeHHeM (ochorunca-guruapara

Ha ocHOBaHMM mNpOBEAEHHBIX HCCIICAOBAHHUN
pa3paboTaHa MPOU3BOJICTBEHHAS! TEXHOJIOTHSI MPU-
TOTOBJICHHUS TOPSYNX acPabTOOCTOHHBIX CMecel C
MPUMEHEHHEM MHHEPaJIbHOTO TOPOIIKA B BHIE
tdhochorumnca-guruapara. B oCHOBY ee 3aJ0XKEHBI
TEOPETUYECKUE TMPEIINOChIIKH, IPOBEPEHHBIC B
XO0JIe DKCTIEPUMEHTOB.

Tabruya 3

CpaBHeHUe noka3aTeiiell achanbTo0eTOHHOI cMecH

Comparison of indicators of asphalt concrete mix

3HaYCHHE IMOKA3aTEIIs

Hauvieronahe noxasareis C meparsrom nopomkow |10 CTB 1033 (am B, wapra 1)
(X1, X, X3) (1,8; 4,0; 3,0)

IIpenen npoyHocTH Ha cxatue Rsy, Mlla,
mpu temmepatype 50 °C 0,90 He menee 1,2
IIpenen npouyHOCTH Ha CKaTUeE MOCIE ATUTETBHOTO
BOJIOHACKINIEHUS Rs,,, MITa, nipu Temmneparype 50 °C 1,31 -
IIpenen npoyHocTH Ha cxxatue Ry, Mlla,
npu Temrepatype 20 °C 2,31 -
IIpenen npounocty npu pactsxeHuu Ry, Mlla,
IIpY HyJIe TPagyCcoOB 3,80 1,5-3,5
CpeHsist MIOTHOCTB P, T/CM’ 2,26 -
Bononacsimenue o oovemy W, % 0,71 Orlpo4
Habyxanue H, % 0 He 6outee 1
KoaddumnuenT mmrenbHOM BOIOCTORKOCTH:

Kiiacyr 0,87 He menee 0,85

B28cyT 1a3 5 -
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AcdanbTo0eTOHHYI0O CMECh MPHUTOTABIHBAIH
Ha ycraHoBke [[-177-2K. Ha otnenbHON TEXHOJO-
TUYECKOH IMHUM TOTOBUIIACh CMeCh «pocdorumc —
BOJIa — TYJIPOH» U B TOPSYEM COCTOSHHH I0JIaBa-
Jack B cMecuTenb yertaHoBku J1-177-2K.

Cxema TEXHOJOTHYECKOTO IHKIA TI0 MPOU3-
BOJICTBY ac(albTOOETOHHON CMecH IpHUBeIcHa
Ha puc. 1. Cmecr «docdoruric — Boga — ryapoH»
TOTOBUJIACH CIIEAYIOMUM 00pa3om: criphe (hocdo-
TUIIC-IUTHAPAT C TOMOIIBIO TOTPY3YHKa IT0/1aBa-
JIOCh B IPUEMHBIA OYHKEp TIIHHOPBIXJIHTENS. 3/1eCh
C TIOMOIIbIO OMJ MPOM3BOAMINCH PBIXJICHUE, H3-
MeJbUYCHHE W TpoTankuBaHue (ocdorumca depes
pemerky. Pa3menpueHHBIH (OCHOTHIIC MOCTYITAI
B paboYyI0 30HY MEIIANKH.

[pu 3amonHeHun Menranku Ha 1/2 o6bema 1mo-
crymieHne ¢ocdorurca IpeKpamaioch U BKIO-
yayics Bajl C JIONACTAMH, KOTOPBIA IEepeMeNTHBal
thochorunc Ha cyxyrw. [locne storo B memanky
OTHOBPEMEHHO MOJaBajioCh PAaBHOE KOJIUYECTBO
BOIbI, Harpetoit 1o 90 °C, u ryapoHa, HarpeToro
10 160 °C. Takum 00pa3oM, Ha CBEXeOOPa30BaH-
HOHM TMOBEepXHOCTH (Qocdorumca amcopOupoBacs
TYJIpOH, YTO B JalbHEHIIIEM MPUBOIUIO K BO3HUK-
HOBCHUIO TIPOYHBIX (U3UKO-XUMHUYECKHUX CBsI3eH
Ha MHHCpaJIBHOﬁ MMOBEPXHOCTU C OPTraHUYCCKUM
BSDKYTIINM.

[lomava BOIBI M TYAPOHA PETyIHPOBATIACH OTIe-
patopoM ycraHoBkH. [lonydyeHHas macca OUTYM-
HBIM HAcOCOM IIPOKa4MBaiach 4Yepe3 dIIEKTPo-
HarpeBaTenb. LlupKymanus cMmecu mpekpamiaiach

®Docdorumnc-muruapar

MOCJI€ TOJYYEHUsI OJHOPOIHON MaccChl C 3aIaHHOM
C TIOMOIIIBI0 TEPMOIATINKA TEMIIEPATYPOH.

[lomydennas takuMm oOpa3oM cmech «docdo-
THIIC — BOJa — TYJPOH» IOCPEACTBOM Hacoca JI0-
3UPOBAaHHBIMH MOPIHAMH TIOAaBajach B CMECH-
TeJIBHOE OTIHeNcHHE achaabTOOCTOHHOW YCTaHOB-
KH. 31IeCh CMeCh TepeMelInBalach ¢ KaMEHHBIMU
MaTepuaigamu. OJHOBPEMEHHO B CMECUTEIb MMO/a-
Baach mopuus Ouryma. [lpm mnepemermBaHuH
cMecH «pocdorutic — Boja — TYJIPOH» C TOPSIIUMH
MUHEPAJIHHBIMH MaTepHallaMd TPOUCXOIUT HCIIa-
peHue BOAbI, a 4acTHYku (ocdorurmca, oKpyKeH-
HbIE TOHKOM IUIEHKOW I'yApOHa, IUIOTHO NpHJIUIa-
10T (CIIPUKUMAIOT») K MIOBEPXHOCTH MHUHEPAITBHBIX
4acTHUIl, 00pa3yss HOBYIO MOTUGHUIIMPOBAHHYIO TO-
BEPXHOCTh, aKTMBHO BCTYNAIOIIYIO BO B3aUMOAECH-
CTBHE C OMTYMOM, CTPYKTYPHPYSI €ro U TOBBIIIAS
aAre3nio OWTyMa K TOBEPXHOCTH MHHEPAITBHBIX
gactull. Kpome toro, uto gactuuku Qocdorurca
3aIOJHSIOT MEX3EPHOBBIE MYCTOTHl B MHHEpallb-
HOM OCTOBE M 00ECIEUMBAIOT €T0 IUIOTHOCTh, OHU
BBITIONHSIOT €IIe W POJIb aKTHBATOpa KaMEHHOTO
Mateprana. OTHOBPEMEHHO C ITHM HCTIapsIONIas-
Csl BOJIa BCIICHWBAeT OWTYM, TIEPEBOJS €r0 B TOH-
KOIUVICHOYHOE COCTOsSIHME. BUTyM o0OBOIaKkuBaeT
YaCTUYKH MUHEPAIBLHBIX MaTEepUaNOB TOHKOH BBI-
COKOCTPYKTYpHpPOBaHHOW 000i0ukoii. [lpn >TOM
YaCTUYKW MUHEPATbHBIX MaTEpHAIIOB CBS3BIBAIOT-
csi MexIy co0oil B pe3ysibTare KOHTaKTa TaKUX
o0oJouek, 4yTo obecriednBaeT UX Hamboiee Mpoy-
HOE CIIeTUICHHE.

13 kapbepa MumnepanbHbie
matepuaist (180 °C)
u3 cymmibHOTO O6apadana AB3
1 Boga (90 °C) T'ympon (160 °C)

T y

l

5 —

AcdanpTobeToHHAS

cMech
Burym (160 °C)
4

Puc. 1. Biiok-cxema TeXHOJIOTUIECKOW JIMHHUH TI0 MPOU3BOJICTBY ac(hanbTOOETOHHOM cMecH «(hochorurc — Boga — TyAPOH — OUTyM»:
1 — HCTOYHUK CcKIaaupoBaHus Gocdorurca; 2 — TITHHOPBIXIUTENb; 3 — Memaka; 4 — OUTYMHBIH HACOC C AJIEKTPOIIOI0TPEBOM;
5 — cMecuTenbHOE OTACIcHUE achaibToOeTOHHON yeTaHOBKH; AB3 — acanbTo6eTOHHBIN 3aBO

Fig. 1. Block diagram of technological line for production of asphalt concrete mixture
“phosphogypsum — water — tar — bitumen”: 1 — source of phosphogypsum storage; 2 — clay ripper; 3 — mixer;
4 — electrically heated bitumen pump; 5 — mixing room of asphalt concrete plant; AB3 [ACP] — asphalt concrete plant
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Crenyer 0co00 TOMYEPKHYTh, YTO TPHU ITOTIA-
JaHWUu CMECH Ha IropA4YUC MUHCPAJIBHBIC MaTCpUa-
JIBI TEMIIEpaTypa MocleAHnX cHmkaercs. [loaTomy
ULl obOecriedeHnsT TeMIeparypsl achambTodeToH-
HBIX CMECCH TP BBITYCKE HMX W3 CMECHUTEIS
U YKIagKe B KOHCTPYKTHBHBIA CIIOH HEOOXOmIM-
MO MHHEpalbHbIC MaTepHallbl B CYIIMIBHOM Oapa-
OaHe HarpeBaTh BBIIIE HOPMATHBHOTO 3HAYCHUS
Ha 20-25 °C.

BbIBO/IbI

1. Pa3pabotan coTaB aKkTUBHUPOBAHHOTO MH-
HEpAJILHOTO TOpOIIKa Ha OCHOBE Qocdorurca-
JUTUJIpaTa.

2. IIpoBeneHsl UCAEAOBAHUS C UCIOJb30BAHU-
€M MaTEeMaTHYECKOTO TUIAHUPOBAHUS IKCIICPUMCH-
ta. OnpeaeneHo BIUSHUE UCXOTHBIX KOMIIOHEHTOB
MHUHEPaJIbHOTO MMOpOIIKa Ha cBoiicTBa acdanbprobe-
TOHHOU cMecu. B gacTHOCTH, yCTaHOBIIEHO, YTO C
YBEITUYCHUEM COJACpXKaHUs OMTyMa B achanbTode-
TOHHOM CMecH HaOJI0IaeTCsl TIOBBIIIICHUE MPOYHO-
CTH Ha C)KaTue B cpenHeM Ha 15 %.

3. Ilpu BomOHACKHIMIEHUH OOpa3ILOB MPOUCXO-
JUT Kpuctaymusanus ¢ocdorurca-monyruapara
B KpHUCTALT (OCHOTUTIC-TUTHAPAT, KOTOpas IOJ-
HOCTBIO 3aBepIIaeTCsl TPU UTUTEIBHOM BOJOHA-
CBIIIICHUH, TEM CaMBIM YyBEIMYHBAs IPOYHOCTh
o6pasmoB. OTMEUYEHO, YTO TIPS MPOTHOCTH II0-
Clle JUIMTENIbHOTO BOJOHACHILEHHUS Rspy, HMeEET
ropas3zfo Ooiplliee 3HAUYEHUE, YeM 10 KPUCTAIUIN3a-
nn ocdorurca B oopasie.

4. B pesynbprare aHanmm3a pas3lUYHOTO COOT-
HOIIIEHUsI TyIpoHa, OuTyma u ¢ocdorurmca B Ka-
YECTBE MHUHEPAJIBHOTO TOPOIIKAa BHEIOPAH ONTH-
ManbHBII cOCTaB ac(anbTOOETOHHOU CMecH H
MOJTyYEeHBI HAMIYyUlIne IMOKa3aTelnu ee (PU3mKo-
MEXaHMYEeCKHX CBOICTB, OTBeYarole TpeboBa-
auem CTb 1033-2016.

5. Pa3paboTana TEXHOJOTHs TMOJYYCHHUS ac-
(hanpTOOETOHHON cMecH ¢ mpuMeHeHueM (ocdo-
Tunca-auruapara.
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Abstract. The aim of the work is to develop a technology for the restoration of damaged sections of sewer collectors using
clinker bricks. A significant part of such collectors in the Ukraine has completely exhausted their depreciation resource.
For their construction, concrete and reinforced concrete were used, which are subject to destruction as a result of the influence
of many factors and, above all, microbiological corrosion. Therefore, the selection of the optimal repair technology using
corrosion-resistant clinker brick is relevant. The paper considers the problems of repair and reconstruction of worn-out collec-
tors. Technical and technological solutions of an open method for their recovery using pneumatic formwork and corrosion-
resistant clinker brick are presented. The design of the collector lining structure has been carried out using the finite element
method. To justify the feasibility of using the proposed technology, two options for restoring a worn-out collector have been
considered: the “pipe-in-pipe” method and method developed by the authors using clinker bricks. The second option in terms
of the cost of materials is almost four times more economical and more expedient than the first one (where polymer materials
are used). The advantage of restoring circular sewer collectors by means of laying clinker bricks lies in the durability
and resistance of this material (taking into account the anticorrosive composition of concrete) to the aggressive effects of
the sewer environment. It should be noted that the application of the developed restoration technology is the most appropriate
in conditions of sparse building or outside the city due to the significant volume of earthworks.

Keywords: sewer, wear, biogenic corrosion, emergency damage, restoration technology, brick, pneumatic formwork, finite
elements method
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Pa3paﬁoTKa TEXHOJOIHMIECCKUX pemeﬂm‘fl BOCCTAHOBJICHUSA
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Pedepar. Pazpaborana TexHOIOrHs BOCCTAHOBIECHHS C IPUMEHCHNEM KIMHKEPHOTO KHUPIHUYA ITOBPEXKACHHBIX YIAaCTKOB Ka-
HaJIM3aI[MOHHBIX KOJUIEKTOPOB. 3HAUYUTEIIbHAs YacTh TAKUX KOJUIEKTOPOB B YKpaHHE MOIHOCTBIO HCYEpIiana CBOM aMOpTU3a-
IIHOHHBIA pecypc. [ UX CTPOUTENBCTBA UCIIOIB30BAIHNCH OETOH H JKeNe300€TOH, KOTOPBIE HOABEP)KEHbI PAa3pyLICHHIO NPH
BO3JCHUCTBUH MHOTHX (PAaKTOPOB M MPEXKIE BCEr0 MUKPOOUOIOTHUECKOM Koppo3uu. [109ToMy BHIOOP ONTUMAIBHOM TEXHOJIO-
THM PEMOHTa C IMPUMEHEHHEM KOPPO3MOHHO-CTOHKOTO KIMHKEPHOTO KHpPIUYA SIBISIETCA aKTyalbHBIM. PaccMoTpeHs! mpo0-
JeMbl PEMOHTa M PEKOHCTPYKIMU HM3HOIICHHBIX KOJUIEKTOPOB. IIpuBeneHBl TEXHMYECKUE M TEXHOJIOTMYECKHE PELICHUS
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Cmpoumenbcmeo

OTKpPHITOrO crocoba HMX BOCCTAQHOBICHUS C HCIIOIb30BAaHUEM ITHEBMAaTHYECKOH ONAIYyOKH M KOPPO3HOHHO-CTOMKOTO
KJIMHKEPHOTO KUpIH4Ya. PacueT KOHCTPYKIMK OOAENKH KONIEKTOPA BBIMOIHEH C MOMOIIBI0O METOJA KOHEUHBIX JIEMEHTOB.
TlokazaHbl nperMyIeCTBa U HEJOCTATKH MPEUIOKEHHBIX PELICHHUH, NPUBEICHB! IPUMEPHI NX IPAKTUYECKOTO IPUMEHEHUSL.
Jnst 060CcHOBaHUS 1€7ec000pa3HOCTH HCIIONB30BAHMS TAHHOW TEXHOJIOTHH PACCMOTPEHBI IBa BapHaHTA BOCCTAHOBIICHHMS
W3HOLICHHOT0 KOJUIEKTOPA: METOAOM «Tpy0a B TpyOe» u pa3pabOTaHHBIM aBTOPaMH METOIOM C MPUMEHEHUEM KIMHKEPHOTO
kuprmda. Bropoit BapuaHT o cTOMMOCTH MaTepHanoB MPaKTUIECKH B YETHIPE pa3a SIKOHOMHUYHEE U IeJIeco00pa3Hee IepBOro
(rme uCTIONB3YIOTCS MOJIMMEpHBIE MaTepuaibl). [IpernMyIecTBO BOCCTAaHOBJICHHS KaHAIM3ALMOHHBIX KOJJIEKTOPOB KPYTJIOTO
CEYEeHHUs] MyTeM YCTPOWCTBA KIAJKH M3 KIMHKEPHOTO KHPIHYA 3aKIIOYaeTCd B JOJNTOBEYHOCTH M yCTOIYHBOCTH 3TOTO
Marepuana (C y4eToM aHTHKOPPO3MOHHOrO COCTaBa O€TOHAa) K arpecCHMBHOMY BO3ZCHCTBHIO KaHAIM3ALMOHHOH CpEHBL.
CremyeT OTMETHTh, YTO IPHMEHEHHE pa3pabOTaHHOI TEXHOIOTHH BOCCTAHOBIICHUS Hambojee IeIeco00pa3HO B YCIOBHSIX
HETUIOTHOH 3aCTpOMKHM MK 3a TIpeJieTIaMy Topojia BBUY 3HAUUTELHOTO 00beMa 3eMIISTHBIX PadoT.

KiioueBble ¢J10Ba: KaHAIM3ALMOHHBIA KOJUIEKTOp, M3HOC, OMOTCHHAs KOPPO3Ws, aBapUHHOE MOBPEXKICHHE, TEXHOJIOTHS
BOCCTAaHOBJICHHSI, KHPITHY, ITHEBMAaTHYECKasl ONaTyOKa, METO/l KOHCUHBIX 3JIEMEHTOB

Jist uuTupoBanus: Pa3paboTka TEXHOJOTHYECKHUX PELICHUH BOCCTAHOBICHHS KaHAIM3AIMOHHOTO KOJUIEKTOpA C UCIIONB30-
BaHueM KinHKepHoro kupnuya / 1. ®. Tonuapenko [u ap.] // Hayxa u mexnuka. 2021. T. 20, Ne 6. C. 499-505. https://doi.

org/10.21122/2227-1031-2021-20-6-499-505
Introduction

The distribution system of sewerage utility
systems is a sophisticated complex of facilities for
sustainable sewage disposal. Its key elements
include drainage pipelines and sewage tunnel
collectors of various diameters characterizing the
degree of development and redevelopment of
a city. Under current conditions Ukrainian operating
enterprises carry out their activities on the brink of
their technological and organizational capabilities, as
evidenced by high depreciation of fixed assets and
emergency condition of many networks due to
insufficient financing of the industry [1]. As of 2015,
the total length of drainage networks in Ukraine
was 37.404 thousand km, including drainage net-
works in an emergency condition: 12.749 thou-
sand km or 34 %. Compared with 2014, the total
length of emergency drainage networks increased
by 459 km or 3.6 % for the whole country. Share of
emergency drainage networks in Kharkiv in their
whole length is 42 %. The trend of recent years
indicates that the length of emergency networks
increases annually by 0.67 % [2].

It is known that most of the sewers with
a diameter of 700 to 1800 mm were built of conc-
rete and reinforced concrete 40-50 years ago.
As evidenced by the analysis of the occurrence of
emergency situations in the water disposal net-
works in Ukrainian cities, frequently, concrete and
reinforced concrete structures of sewers fail long
before their rated service life [1, 2]. The study of the
operation life of sewers shows that up to 80-90 % of
accidents in reinforced concrete pipelines are due
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to corrosion processes. Chemical reactions occur-
ring in the free space of the pipeline form an
aggressive environment for concrete structures.
The arch structures of the sewer are most
susceptible to biogenic corrosion [3]. Accidents
and failures in the operation of sewer networks
lead to obvious economic, environmental and
societal effects.

Research of Ukrainian and foreign scientists in
the field of operational resources suggests [4—13]
the sewer fall into decay due to the following rea-
sons: penetration of surface water inside the struc-
tures; static and dynamic loads generated by truck
transport; deviations from the codes and errors in
construction; poor quality of the shaft wall surface;
aggressive biological environment; ground subsi-
dence. The questions of studying the physicoche-
mical properties of concrete are devoted to work,
as well as to the processes of hardening of concrete
in an environment, articles by scientists are de-
voted [14-16]. Currently, the relative share of
emergency water disposal networks in Kharkiv
is 42 % of their total length. The trend of recent
years shows that the length of emergency networks
increases annually by an average of 0.67 % per
year [17], and emergency situations are increa-
singly common. At the beginning of 2018, a col-
lapse occurred at seven sites of the Southern gra-
vity sewer in the town of Lozovaya in Kharkiv
region. The analysis of the accident pointed out
a number of reasons for the sewer to be taken out
of serviceable condition, as follows:

— a decrease in the amount of drains by a factor
of 2 to 3 over the past 20 years;
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—an increase in aggressivity of waste water
(exceeding the maximum permissible concentration
of ammonium nitrogen by 1.5 times, of phosphates
by more than 4 times);

— areduction in the flow velocity;

— an increase in the amount of precipitation.

Over the course of its operation (over 30 years),
the reinforced concrete arch has been almost
completely deteriorated as a result of the action of
biogenic corrosion [18, 19]. Moreover, significant
collapses occurred on the sewer that conveys waste
water from the area where the Kharkiv Tractor
Plant is located to the treatment facilities (Fig. 1).

Given the sewers are laid at a shallow depth
and there are no buildings or related structures, no
motorways or pedestrian walkways or other utility
facilities being located in the area of sewer
deterioration, repair and rehabilitation work by
open cut is proven to be expedient. The open-cut
method of repair and rehabilitation allows for:

— increasing or decreasing the cross-section of
the conduit, depending on the design needs;

— additionally making connections from va-
rious facilities, and connecting manholes built on
the site under repair;

— carrying out repair and rehabilitation work
irrespectively of the cross-section of the conduit
section to be rehabilitated, the length of the run,
the base of the conduit, the materials used;

—carrying out work irrespectively of the
geological and hydrogeological conditions and
the depth of the sewer conduit.

Sewer rehabilitation using the conventional
open-cut method involves excavating a trench [20],
dismantling a worn-out sewer, and installing a new
sewer made of materials that can resist biogenic
corrosion, such as pipes made of polyethylene,
fiberglass and others (Fig. 2).

Fig. 1. Sewer deterioration
in the area of the Kharkiv
Tractor Plant due to
biogenic corrosion

Fig. 2. Repair of pipelines
using a traditional
pipe method
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The use of polymeric materials for sewer
repair is common. The polymers have high
resistance to biogenic corrosion. At the same
time, polyethylene and fiberglass are expensive
materials. In conditions of limited funding for
the sewerage industry, the issue of cost savings
is a priority.

An analysis of the first sewers in European
cities shows that most of the sewers were built of
clinker brick. Brick sewers of circular cross-
section with a diameter of 700 to 1800 mm, with
a standard or enlarged saddle, and of semi-
elliptic (hipped) cross-section for large sizes, are
more consistent with the static working
conditions, and where high-grade brick is used,
durable and resistant to aggressive ground and
waste water [21]. In Ukrainian cities, clinker
brick also found its use in the construction
of sewage systems in Kyiv in 1893 (Fig. 3) and
in Kharkiv in 1914 (Fig. 4) [22]. However,
the need to erect structures that are complex in
terms of capacity and geometry for the arch of
the sewer to be built has resulted in replacing
brick sewers with precast reinforced concrete
conduits.

Fig. 4. Sewers built
of clinker brick in Kharkiv

Fig. 3. Sewers built
of clinker brick in Kyiv

The introduction in recent years of mobile
pneumatic formworks, which are capable to re-
place complex structures for the arched section
of the sewer to be built, enables repair and rehabili-
tation of sewers using clinker brick. The purpose
of this work is to develop a technology for reha-
bilitating damaged sections of sewers using clin-
ker brick:

—to achieve the study's objectives, the follo-
wing tasks were set;

—to perform an analysis of the occurrence
of emergency situations in sewers with a diameter
of 700 to 1800 mm;
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— to review the existing technologies of reha-
bilitation of water disposal networks;

— to develop a sewer rehabilitation technology
using clinker brick to extend their operation life.

Sample site and instruments

In order to determine the properties of the main
elements (ceramic brick and mortar) of the arch
section of the sewer, which was built in 1931 in
Kharkiv, the samples that had been used in aggres-
sive environments over 85 years were submitted
to the laboratory of construction materials and
products of Kharkiv National University of Civil
Engineering and Architecture [22]. After they were
tested, it was found that the brick of which the
sewer was built was in normal condition and was
slightly deteriorated by corrosion; biogenic corro-
sion of the seams caused mechanical damage to the
brickwork [22]. Hence, clinker brick are capable to
resist biogenic corrosion, which makes it a suitable
material for rehabilitating and repairing water dis-
posal conduits, provided that a properly designed
concrete mixture is used for mortar, which is able
to resist corrosion.

Given the fact that, generally, the arches of the
reinforced concrete sewers in operation are de-
stroyed due to the effect of corrosion, while
the invert is in satisfactory condition, the authors
have developed a sewer rehabilitation technology
using clinker brick by open cut (Fig. 5).

Fig. 5. Schematic diagram for arrangement and reinforcement
of the sewer of clinker brick with a protective arch
of cast-in-situ concrete: 1 — invert section of the sewer
to be rehabilitated; 2 — brickwork; 3 — arch reinforcement
4 — protective arch of cast-in-situ concrete

502

The arch is built by brick laying using clinker
brick in several stages:

1) arranging waste water disposal;

2) excavating a trench;

3) dismantling the damaged sections of the
sewer (arch, walls);

4) clearing the invert section of the sewer;

5) brick laying of the invert section of the se-
wer (in case of deterioration of the invert);

6) cleaning the existing reinforcement to ensure
the combined behavior of the invert and the erected
protective lining of the arch;

7) arranging the pneumatic formwork for the
brick laying of the arch using clinker brick;

8) brick laying of the arch of the sewer;

9) arranging the required reinforcement for the
protective lining of the arch of cast in-situ rein-
forced concrete;

10) laying of concrete mix of the cast-in-place
section of the arch;

11) removing the pneumatic formwork after
concrete strength is achieved,

12) backfilling the trench.

To assess the bearing capacity and the com-
bined behavior of the proposed structure of the
arch, its stress state has been calculated under
the following conditions: the diameter of the exis-
ting sewer is D = 1500 mm, the height of back-
fill soil over the arch of the sewer is H = 3 m,
the specific gravity of soil is y = 20 kN/m’, the
design resistance is R = 20 t/m”. The calculation
has been performed by the finite element method
using SCAD software; the model is shown
in Fig. 6. The data on the reinforcement power
for the cast-in-situ reinforced concrete arch are

given in Fig. 7, 8.

Fig. 6. The design model
of the proposed structure
of the cast-in-situ reinforced
o concrete arch
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Results

The cladding process cycle included a series of
four main operations such as installation of an-
chors and holding channels; installation of rein-
forced slag cast panels; filling the space behind the
sections with concrete mixture; coating the plate
joints with modified epoxy resin or polyurethane.
The specifications of the cast-in-situ structure ele-
ments for the rehabilitation of 1 (one) running me-
ter of the sewer are listed in Tab. 1. Clinker brick
and mortar are not taken into consideration in this
case due to the need for clarification regarding

[ Hayka
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the type of brickwork for each individual case and
the repair section of the sewer.

Table 1
Specifications of the cast-in-situ structure elements
for the rehabilitation of 1 (one) running meter of the sewer

Item Description Number, Mass
No pcs. of a unit, kg
1 | Reinforcement J18A400C,
L =1690, DSTU 3760:2006 6 3.380
2 |Reinforcement &10A400C,
L =1000, DSTU 3760:2006 23 0.617
3 |Reinforcement &16A400C,
L =1820, DSTU 3760:2006 6 2.870
4 | Concrete, class C16/20, W4,
F100 0.18
503

Science and Technique. V. 20, No 6 (2021



Cmpoumenbcmeo

To substantiate the expediency of using the
proposed technology, two options for rehabilitating
a worn-out sewer have been considered: the
“pipe-in-pipe” method and the method developed by
the authors involving clinker brick. The comparison
of the performance indicators is shown in Tab. 2.

Table 2
Cost of technological solutions for rehabilitating
a 1000 mm conduit, section length: 100 running meters

Labor Total cost
intensity, | of mate-
man-hours | rial, c.u.

Item

Description
No p

1 | Sewer rehabilitation by open
cut using the proposed method
involving clinker brick 740 5000

2 | Sewer rehabilitation by open
cut by laying SPIRO SN 6-8
corrugated polyethylene pipe 834 21000

From Tab. 2 it follows that sewer rehabilitation
involving clinker brick is almost four times more
cost effective and expedient in terms of the cost of
materials than that involving SPIRO PE pipes. The
advantage of the rehabilitation of sewers of circu-
lar cross-section by laying clinker brick resides in
the durability and resistance of this material to ag-
gressive effects, with due consideration of corro-
sion-resistant concrete composition. It should be
noted that the use of the developed rehabilitation
technology is most appropriate in the conditions
of small built-up areas or outside the city limits
due to a significant amount of earth works.

CONCLUSIONS

1. The experience gained over recent years in
repair and refurbishment of sewers clearly shows
high efficiency of the technologies applied in this
case using structures made of various protective
materials.

2. Sewerage networks are among the most cri-
tical elements of the centralized water disposal sys-
tem, so the selection of the optimum repair
and refurbishment technology is an urgent task.
The technologies of rehabilitation collector using
traditional materials, polymers, clinker bricks and
protective coatings proved to be highly effective.
The above reconstruction and refurbishment
technologies have a number of benefits as follows.
The use of polyethylene and fiberglass pipes in-
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creases the service life of sewage systems by up to
50 years or more, since polyethylene and fiberglass
have a high chemical resistance when used in
aggressive environments.

3. The cost of polymer pipes is quite high.
As studies show, sewer networks made of clin-
ker bricks have been in operation for more than
100 years. Moreover, the reliability of these net-
works is not compromised. The developed tech-
nology of sewer repair using clinker bricks allows
to save financial resources. The calculations of the
carrying capacity of the construction with clinker
bricks show the possibility of using this technology
for the repair of sewers.

4. The technology of rehabilitation sewage col-
lector with the clinker brick will find its applica-
tion in unpopulated areas, since it is inappropriate
to use it in cramped buildings.

5. In conditions of limited financial resources
and high cost of imported polymer pipes for
Ukraine, the technology proposed by the authors
deserves special attention. The final version of the
sewage repair technology can be selected accor-
ding to the specific conditions of the construction
operations and technical and economic indicators
of the considered cladding choice.
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Pedepat. PaccMoTpeHs! Ipo06IeMbI OLIEHKHN BIMSIHUS IIEHTPOB MACCOBOTO TATOTEHHS Ha MPHIIETAIONIYIO YINYHO-IOPOXXKHYIO CETh
B IIporiecce MX (yHKIMOHHUPOBAHNUS, pacIMpeHus Win nepenpodmmpoBanms. OO0CHOBaH BHIOOP KPUTEPHEB OIIEHKH OpraHU3a-
MU JJOPO>KHOTO IBIDKEHMS, NIPUBEICHHBIX B OTEYECTBEHHOH M 3apy0eXHOH JHMTepaType, B YaCTHOCTH IPEIAraeTcs MCIoIb30-
BaTh KOI(GUIHEHT 3arpy3KH 3allUTHIBAIOLINX EPECCUCHHI M COOTBETCTBYIOLINI €My ypOBEHb 00CTyxuBanus aBrkerus (LOS).
I[TpezncTaBiaeHbl OCHOBHBIE MOJIEIH OLICHKH MPOIYCKHOW CIIOCOOHOCTH PEryiupyeMblx nepecedeHuid. [Tokazan MexaHu3M (hopmu-
POBaHUSI MaTEMaTHYECKO MOZEMH OLEHKH KO3((UIMEHTa 3arpy3Kd PEryIupyeMbIX nepecedeHHi. Pa3bsCHEHbl MOHATHS MpoO-
ITyCKHOM CIIOCOOHOCTH TPYHITBI TOJIOC, POJIOJDKUTEIEHOCTH TIOTEPSHHOTO BPEMEHH B IUKJIE, (Pa30BEIX KOI(Q(HUIIHEHTOB, TOTOKA
HACBIIEHNS U KOA()(HUIMEHTOB, yINTHIBAIOIINX CHIDKEHUE HIEaTbHOTO II0TOKa HacklmeHus. [IpuBenena MateMaTnaecKkast MOJIENb
OLIEHKH TPAHCIIOPTHOTO CHPOCa, MO3BOJIIONIAs PACCUUTHIBATH MHTEHCUBHOCTh TPAHCIIOPTHOTO MOTOKA KaK K pAaCCMAaTPHBAEMOMY
LEHTPY MacCOBOTO TSTOTEHUs, TaK M OT HEro Ha OCHOBE 0OOIIEro o0beMa KOPPECTIOHIEHINH, JOIM OCEeTUTENEH Ha NHIMBUIyallb-
HOM TpaHCIIOPTE, CPEIHEr0 HAIOJIHEHUS WHIMBHAYaIbHOTO TPAHCIOPTA, a Takke Ko3(hduieHTa CyTouHO HEpaBHOMEPHOCTH
O TIPUOBITHIO U OTIPABICHHIO ITOCETHUTENIEH HAa MHIMBHIYAIbHOM TpaHcnopte. [Ipemioxkena HHTErpUpOBaHHAs MaTeMaTHIeCKast
Mozienb Kod(HIMeHTa 3arpy3KH, BKIIOYAOIIAst TapaMeTphbl OLEHKH TPAHCIIOPTHOTO CIIPoca K LEHTPaM MaccOBOTO TSATOTEHUS U
HapaMeTpsl, OIPEIENISIOIIIE IPOITYCKHYIO CIIOCOOHOCTD PEryINPYeMBIX IIepecedeHNH. Y HUKAILHOCTh HHTETPUPOBAHHON MOJIEIH
COCTOHT B TOM, YTO B HElf OJHOBPEMEHHO 3a[CHCTBOBAHBI MAapaMETPhI, OTPAXKAIOLINE TPAHCIIOPTHBIHA CIPOC U TMPOITYCKHYIO CIIO-
COOHOCTB 3aNUTHIBAIOIIETO HepecedeHus. [IpuBeieHsI peKOMEHIAINH 110 OLIEHKE YPOBHS TPAHCIIOPTHOTO OOCTYKUBAHUS IOTOKOB
U K03 UIMEHTa 3arpy3Kd Ha OCHOBE JAHHBIX 3HAYEHWH TPAHCIOPTHOTO CIIPOCA M MPOITYCKHOH CHOCOOHOCTH IpHIIETaroImen
K LEHTPY MaccOBOTO TSATOTEHUS YJINYHO-JOPOXKHOM ceTH. [IpecTaBieHHasi METOAMKA OLEHKH YPOBHS OOCITY)KUBAHUS JIBH)KCHHS
Ha OCHOBE INPOIYCKHOH CIIOCOOHOCTH PEryJMPyeMbIX MEepPeceueHHi IMO3BOISIeT OLCHUTh CTEIeHb BIMSHUS LEHTPOB MacCOBOTO
TATOTEHUS Ha MPUIETAOILYI0 YIMYHO-A0POKHYIO CETh.

Knwuesblie ciaoBa: OopraHusanus J0pOKHOTO ABUKCHUS, YIUIHO-AOPOXKHAA CETh, IIPOITyCKHAsA CHOC06HOCTL, peryimpyeMblC
nepeceucHus1, YypoBCHb 06CJ'Iy)KI/IBaHPI$I JABUXCHUA, KOBq)(i)PII_[I/IeHT 3arpysku
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Estimation Impact of Capital Development Projects on Adjacent Street and Road
Network in Organization of Traffic by Means of Signal Controlled Intersections

A. V. Zedgenizov”, D. V. Kapskiy?, R. Yu. Lagerev®

Yrkutsk State Technical University (Irkutsk, Russian Federation),
?Belarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper discusses problems of assessing the impact of mass attraction centers on the adjacent street
and road network in the process of their functioning, expansion or conversion. The choice of criteria for assessing the organi-
zation of traffic flow, given in the Russian and foreign literature, has been substantiated, in particular, it is proposed to use
v/c ratio for adjacent junction and corresponding level of traffic service (LOS). The main models for estimating capacity
of signalized intersections are presented. The procedures of forming a mathematical model for estimating the load factor
of signalized intersections is shown. The concepts of lane group capacity, total lost time per cycle, phase coefficients, satura-
tion flow rate, and coefficients taking into account the decrease in the ideal saturation flow rate are explained. A mathematical
model for estimating transport demand is presented, which allows to calculate the intensity of traffic flow to and from
the center of mass attraction on the basis of the total traffic flow of correspondence, share of visitors in individual transport,
average filling of individual transport, and coefficient of daily irregularity upon arrival and departure of visitors on an indivi-
dual transport. An integrated mathematical model of loaf factor is proposed which includes parameters for estimating
transport demand for centers of mass embarrassment and parameters that determine the signalized intersections capacity.
The uniqueness of the integrated model is that it simultaneously involves parameters reflecting the demand and capacity
of loading intersection. Recommendations are made on assessing the level of traffic service flows and the v/s ratio, based
on the data of transport demand and capacity, adjacent to the centers of mass attraction of the road network. The presented
method of estimating the LOS based on the capacity of the signalized intersections allows us to estimate the influence degree
of mass attraction centers on the adjacent urban road network.

Keywords: organization of road traffic, street and road network, capacity, signalized intersections, level of service (LOS),
load factor = volume to capacity ratio (v/c ratio)

For citation: Zedgenizov A. V., Kapskiy D. V., Lagerev R. Yu. (2021) Estimation Impact of Capital Development Projects
on Adjacent Street and Road Network in Organization of Traffic by Means of Signal Controlled Intersections. Science and

Technique. 20 (6), 506-513. https://doi.org/10.21122/2227-1031-2021-20-6-506-513 (in Russian)

BBenenne

BerynuBmimit B cuny ®enepanbHbld  3aKOH
ot 29.12.2017 Ne 433-®3 «O0 opraHuzamnuu J0-
poxHoTrOo nABUkeHUd B Poccuiickoit denepauuu
¥ O BHECCHWHU M3MEHEHHUH B OT/AEIbHbIE 3aKOHO/A-
TenbHble akThl Poccuiickoit denepanumn» mnoa-
TBEPXKAaeT HEOOXOIUMOCTh BBEJICHHS HOBBIX IOJI-
XOZIOB, CBA3aHHBIX C OLICHKOM CTENEHH BIMSHUS
00BEeKTOB KanutaiabHOro crpoutenbctBa (OKC) Ha
MIPHUJIETAIONIYI0 YINIHO-IopokHyIo ceth (Y/C).
[Ipexne Bcero, peub UIET 0 HEOOXOAUMOCTH pas-
paboTku TIpoeKkToB opranm3anuu aswkeHus ([10]1)
IpU cTpouTenbecTBe WM pekoHcTpykumn OKC
B OTHOMICHWU CETH NOPOT W (WJIH) UX YYaCTKOB,
obcnyxuBatomux OKC; o HeoOxoaumocTu pacue-
Ta BMECTHTEJILHOCTH MApKOBOK OOIIEro MOJb30Ba-
HUs U pa3paboTtku [10/] mpu opranuzanmu Bbe3aa
TPAHCIOPTHOI'O CpPEACTBA Ha MApKOBKU OOILETO
MOJIH30BaHUs U BhIE3/]a C HUX. YUUTHIBas MOJIOXKeE-
Hust @3 Ne 433, crnegyer mpeaycMOTpETh CITydad,
npu KOTOpBIX ycioBusi obcmyxuBanust OKC Tpe-
OyIOT HamMuusl PperyJupoBaHUS TPAHCIOPTHBIX
MOTOKOB, COOTBETCTBEHHO MHTEIPHPOBAHHBIX Ma-
TEMAaTU4YEeCKUX MOJeJeH, IO3BOJSIOINX KayecT-
BEHHO OIICHWBATh YPOBEHb OOCIY)KUBAHUS JIBHKE-
HUSI C IPUMEHEHHEM HCXOJIHBIX JaHHBIX, XapaKTe-
PU3YIOLIMX TPAHCIIOPTHBIN CIIPOC.

Hayka
wrexHuka. T. 20, Ne 6 (2021)

YpoBeHb 00CITy)KMBaHUs JBUKCHUS — IIOHATHE,
IUIOTHO 3aKpeuBIICeCs B OTEYECTBEHHBIX HOP-
MAaTUBHBIX JOKYMCEHTAaX OTHOCHUTCJIHLHO HCEIABHO.
W cBs3aHO 3TO B MEpBYyIO odepenb C pa3BUTHEM
aBTOMOOWIM3ALMY, yBEJIMYEHHEM YHUCJa THUIIOB
MOABMKHOTO COCTaBa M ¢ HEOOXOANMOCTBIO Opra-
HU3AIUMMU JOPOXHOTO ABWIKCHHSA IIPpU HIMPOKOM
criekTpe (aKTOpOB W JOPOXKHBIX YCIOBHHA. Pac-
CMaTpUBAaEMOE IIOHITUE SBISETCS HPOM3BOIHOM
OCHOBHBIX XapaKTEPUCTHK (PYHKIIMOHUPOBAHUS
anemeHToB YJIC M mpexae BCEro nepeceyeHui.
K coxanenmto, B Pecrryonmke benapyce TpeboBanus
o paspabotke ITOJl OTCYTCTBYIOT, XOTSI MMEHOTCS
TpeOOBaHMs TIO OIIEHKE KauecTBa JAOPOKHOTO JIBH-
YKEHUS ¥ TI0 YMEHBIIIEHHIO 1oTeps [ 1, 2].

Ouenka ypoBHS 00C/Ty:KHBAHUS

Kaxk u3BecTHO, K OOLICTIPUHSATEIM XapaKTePUCTH-
KaM YpPOBHS OOCITY)KHBaHHUS OTHOCST: KO3(QHIIH-
eHT (ypoBens) 3arpy3ku Z = N/P (N — uaTeHCHBHOCTD
JBWKCHHMS, aBT./4; P — akTrueckas (IpakTuyecKas)
MPOITYCKHAsl CIIOCOOHOCTh, aBT./4); KO3()QHIMEHT
CKOPOCTH JBIDKCHUS ¢ =V Vg (V, — CpeiHss CKo-
pPOCTh JBIDKCHUSI TIPH PacCMaTpUBACMOM YPOB-
He 00CTY)KUBaHUS, KM/I; Vo — CKOPOCTH ABMKCHIS
B CBOOOJHBEIX YCIIOBHSIX IIPH YPOBHE OOCITYKHMBa-
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HUsS A, KM/1); Kodpduiment 3arpy3ka P = 0/ Omax
(02, Qmax — UHTEHCUBHOCTD JBHXKCHUS M (haKTHUe-
ckasi (IpaKTU4ecKas) MpPOIYCKHasi CHOCOOHOCTD
COOTBETCTBEHHO, aBT./4) [3].

st onleHkH ypoBHS 00CTy>KWBaHUS JTBMKCHUS
Ha 3nmemenTax Y /J[C crenuamucram B 001acT op-
TaHW3alUl JOPOXKHOTO JIBHXKEHUSI, OpraHU3aluu
0e30MacHOCTH JIBUXKEHHUS, & TAK)Ke TPAHCIIOPTHBIM
WH)KEHEepaM BIIOJIHE JIOCTATOYHO YHOMSHYTBIX
BBIIIE XapakTepucTHK. OHAKO B CiIydyasx MPHHS-
THUS pellieHUH Ha TOJIUTHYECKOM, aJJMHHUCTPATHB-
HOM M YpPOBHSAX OHW3HEC-COOOIIECTB HEoOXOoIuMa
Ooiee MOHSATHAs WHTEPIpPETALUsl YPOBHS 0OCITy-
J)KMBaHHUA, CBOJAIIAACS K HEKOTOPOM IIKajle C
KpaTKUM OIHCAHHWEM Mpoliecca ABMKEHUS (YPOBHS
oOciyxuBanus apwkenus, LOS) [4, 5]. OTor mox-
XOJI TTO3BOJIUT JOCTATOYHO TOYHO OIIEHUTH OT «OT-
JUYHO» JIO «HEYJOBJICTBOPUTEIHHO» KaueCTBEH-
HBIE XapaKTePUCTHKU YPOBHS ynoOCTBa MpH IMpo-
€3]Ie Yepe3 paccMaTpuBaeMoe TiepecedeHue.

Takum o0Opa3om, 3ajaya OIEHKHA YPOBHS 00-
CITy’)KUBaHHS JBUKCHHUSI MOXKET CBOAMTHLCS K OMpe-
JISJICHUI0 OCHOBHBIX IapaMeTPOB  JOPOXKHOTO
IBIOKCHHS, a IJIs TepecedeHnii Hanbolee mpuem-
JIeMO# XapaKTepUCTUKOH sIBIsIeTCS KOIDPUIHESHT
3arpy3KH, OMPEENIONUI IO HCIIOIb30BaHuUS
MIPOMYCKHON CITOCOOHOCTH TPYMITHI JIBU)KECHUS.
Ecnu MHTEHCHBHOCTH ABMXCHUS WHAWBUAYabHO-
ro tpancrnopta (UT) B 30He meHTpa MaccoBOTO
marorenus (UMT) mpu BBe3e Ha ero Teppuro-
pHIo, a TaKKe NpH BBIE3ZIe C TEPPUTOPUHN OMpeae-
JSIeTCs TPAHCHOPTHBIM CIPOCOM, TO TMPOMYCKHAs
croco6HOCTh 3anuThiBaromero LIMT nepecedenus
JIOJDKHA OIIEHWBATHCS CYIIECTBYIOIIMMH METOIH-
KaMU JJIs1 KOHKPETHBIX BHAOB IEpeceucHuid — pe-
TYJIUPYEMBIX U HEPETryIHpPyeMbIX.

Jns omeHKw 11e71eco00pa3HOCTH  ITPUMEHEHHS
CBeTO(DOPHOTO PETYINPOBAHUS Ha IEPECEUCHH,
3armuThiBatoieM LIMT, crnegyer monb30BaThcs HOP-
MaTHBHOM JuTepaTypoil [6], KoTOpas Kpurepuem
NPHUHSTHS PELICHUS OMPEALIeT KPUTHUECKOE COOT-
HOILICHUE WHTEHCHBHOCTEH TPaHCIOPTHBIX CPEACTB
7 TIEMeX0J0B B KOH(DIMKTYIOUWX HAaIpaBICHUSIX.
MeromiKa OIEHKH MPOIYCKHOH CIIOCOOHOCTH TIO-
IpobHO m3MoxeHa B [7]. VIHbIe 0COOEHHOCTH TTpUMe-
HEHUS CBETO(OPHOTO peryarpoBaHMs, BKIFOUAS Ta-
KO Ba)KHBIH acIeKT, Kak 0e30MacHOCTb JOPOKHOTO
JIBIDKEHUS, IPUBENICHBI B 8, 9].

[IpuHuMas BO BHUMaHHE BCE COIMYTCTBYIOLIHE
(hakTOpBI, MPUBEACHHBIE B METOJUYECKUX PEKOMEH-
JALUSIX TI0 OIEHKE MPOIYCKHOM CIOCOOHOCTH aBTO-
MOOWJIBHBIX JIOpOT, MAaTeMaTHYeCKHH amnmapar IIo
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OLICHKE MPOIYCKHOH CHOCOOHOCTH PETYJIMPYEMBIX
nepeceyeHnid  aBTOpBI  NpeIaraloT —MPEACTABHUTh
B PaCCMOTPEHHOM HIKE TTOCIIEIOBATEILHOCTHL.

e [IpommyckHast crocoOHOCTH TPYMIBI  I0JIOC,
en./4a:

M)

rae Sjj — HOTOK HACBIMICHHS TPYIIIBI 1IOJIOC | B Te-
yeHue ¢asbl perynupoBanus i, en./4; G — apdek-
THBHAs [UINTENHHOCTh (Dasbl PETryIHUpOBAaHUSA i, C;
C — IMTETBHOCTD IMKJIA PETYIUPOBAHHS, C.
e ITOTOK HACHILIEHUS

S=S,nfy, fy o fop Fafiu fir frr fip frppr (2
rae S, — HWaeambHBIA IMOTOK HACHIIICHUS, IPHUB.
aBT./d; N — KOJIMYECTBO I0JI0C ABMKEHHUS B COCTABE
rpymsr fy, fy, f, — KoaddumenTsr, yunteBaromue
HIMPHUHY TOJOCH IBUKEHUS, POIOJILHBIC YKIOHBI
U TOMEXH, CO3/aBaeMble MAPKYIOIIUMHUCS TPaHC-
MOPTHBIMK CPEACTBAMH COOTBETCTBEHHO, fup, Ty —
TO K€, YYUTHIBAIONIHE MOMEXH, CO3/1aBaCMbIC aB-
tobycamu, u Ttun teppuropuu; fy, fir — To XKe,
VUUTHIBAIOIINE TIOMEXH, CO3JaBaeMBIE MTOBOPAUM-
BAIOIIMMH HAJIEBO TPAHCTIOPTHBIMHU CPEICTBAMH B
cocTaBe Tpymibl; frr — KO PUIMEHT, yIUTHIBaO-
MK TIOMEXH, CO3/aBaeMble IOBOPAYHBAIOIINMHI
HAMpaBO TPAHCIOPTHBIMU CPEJCTBAMH B COCTaBe
rpynmsl; fipn, frop — KOd(GdUIMEHTEI, yunTHIBaIO-
IIMe TIOMEXH, CO37aBaeMbIe TEMIeX0qaMu TP TI0-
BOPOTE HAJICBO M HATPABO COOTBETCTBEHHO.

o J[MUTENbHOCTE UK PETYIUPOBAHUS

_ 1,5L+5
1->y
i=1

rae L — mponommkuTenbHOCTh HOTEPSIHHOTO BpeMe-
HU (UMKI), XapakTepu3yIolas MepHoi BPEeMEHH,
B KOTOpBIH TPAHCHOPTHBIE CPEICTBA HE OCYIIECTB-
JISIOT JIBIDKEHHUE: 3TO TIEPEXOTHBIC MHTEPBAIBI MEX-
ny (azamu, a mpyU HANWYUK BBIACICHHOHN TMEIIeX0/-
HOH (has3el — nemexoquas $asza; Y — ¢da3oBblid Kodd-
(UIMEHT paccMaTPUBAEMOH TPYIITBI MOJIOC.
o DazoBbIi KOG PULHEHT

c @)

Y; = max| — . 4)
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e D¢ deKxTHBHAS ATUTEIBHOCTH (a3bl Peryiu-
pOBaHUsA
n
y2.G

G=—2_ 5)

n

>y

i=1

n
rae ZG — CyMMa BCE€X 3€JICHBIX CUTHAJIOB, Xa-
i-1
pakTtepusyeT 3p¢GeKTUBHOE BpeMs LMKIA PEryiu-
pOBaHMs, T. €. BpeMs, B T€UEHUE KOTOPOro OCy-
IIECTBIIAIOCH IBUKEHHE TPAHCIIOPTHBIX CPECTB!

iG=C—ZV- (6)

o IHTEHCHBHOCTh TPAaHCIIOPTHBIX TOTOKOB Ha
BBe31 U Bhie3n K (oT) [IMT omnpenensiercs TpaHc-
MOPTHBIM CIIPOCOM

d
ur = ELIMT - kcu' (7)
Pur

N
rae Ejpr — TpaHCHOPTHBIN CHpOC K LIEHTPY Macco-
BOT'O TATOTEHHUS, KOP./CYT.; Oyr — IOJS MOCeTHTe-
ne#t Ha UT B paccmarpuBaeMsrit vac; Pyr — cpen-
Hee HamoiHeHue UT, wen.; K., — xoaddurment
CyTOYHOM HEPaBHOMEPHOCTH IJIsl paccMaTpHUBac-
MOTO 4aca.

TpancnoptaeIi cipoc Ejpr mpeayiaraercst one-
HHUTh HAa OCHOBaHUH €ro TeHepUpyIollel cnocoOHo-
CTH, BBIPQ)XEHHON YMCIIOM IOCETUTENEN Ha €TUHUILY
momanu (uen/m’) [10-12], mu6o Ha ocHOBaHHH
HMMEIOLIETOCs B HAIMYUM PETPECCHOHHOIO YpaBHE-
HUS, YIUTBIBAIOIIETO JOMOIHUTENbHbIE TapaMeTphl,
XapakTepr3yromue (GOpMHUPOBAHKE TPAHCIIOPTHOTO
crpoca K paccMmaTpuBaeMoMy oObekTy. Cremyer
0c000 TIOJYEPKHYTH, YTO TAKOE YpaBHEHHE TOJKHO
U3y4aTbCsl TOJIBKO B paMkax ojHoro tuma [[MT.
Hanpumep, st KWIBIX 30H CpeIHEW U BBICOKOM
3TaXKHOCTH, PACIOI0KEHHBIX B aJJMUHUCTPATUBHBIX

TPaHUIAX HACEJCHHOTO TMYHKTA C YHCICHHOCTHIO
250-1000 ThIC. KuTejeH, IMOJYyYEHO YpaBHEHHUE
BUJIA

E=0,018S,, , + 0,18/, —590, (8)

rae £ — oOmiee 9nciio KOPPECTIOHIECHITHH, COBEp-
IICHHBIX K OOBEKTY 3a paccMaTpUBACMBIN IEpH-
ol (CyTkH), 4en./cyT.; Sip13 — wiomans [IMT co-
OTBETCTBYIOIIECTO TUMA (KWIbE CPEAHEW U BBICO-
Koil ataxHoctn), M>, |, — yaneHHOCTs 06BEKTa
TATOTEHUS OT IICHTPa ropojia, M.

Jmama3oH OIEHKHM TPAaHCHOPTHOTO CIpOca II0
MpearaeMoMy  3MIIUPUYECKOMY  BBIPAXKCHUIO
MIPUMEHSETCS TP yJAIEHHOCTH OT LIEHTpa ropojia
ot 3200 no 12000 m. ITomyuens! 1pyrue nmpumepsl
OTICHKH TPAHCIIOPTHOTO cIipoca (1 0hHCOB):

E=152+0,15,, 9)

rae S; — mwiomaas LIMT cooTBETCTBYIOIIETO THIIA
(obUCHBIX 371aHMiIT), M.

Cremyer OTMETHTh, UYTO B JaHHOM cirydae ¢ak-
TOp YHAJEHHOCTH OT IEHTpa Topoja HE BIHSET
Ha (QOpMHpOBaHHWE TPAHCIIOPTHOTO CIIpoca K pac-
cmarpuBaemomy Ttumy LIMT. B cmyuae HeoOxo-
JUMOCTH OIIEHKH TPAHCIIOPTHOTO CIIpoca K TOp-
TOBO-pa3BIEKATENbHBIM IIEHTPaM IIOJIy9€Ha 3aBH-
CHUMOCTh

E=0,735,,, (10)

rae Sy — mwiomans [IMT cooTBeTcTBYOIIErO THIIA
(TOProBo-pa3BlIeKaTEIbHBIX LIEHTPOB), M.

Kpome Toro, HeoOXoaUMBbl AaHHBIE O JI0JIE II0-
cetureneil paccmartpuBaemoro LIMT, mpuxons-
meiicas Ha WUT. B 3aBucumoctu ot tmma I[MT,
BPEMEHM CYTOK M JHEHl Helenu 3HaueHHe 0NN
nmoceruteneid Ha UT Oynmer pazmmunsiM. Tak, Ha
puc. 1 mpencTaBieHbl 3HAYEHHUS paACIIpe/leTeHUs
nonel noceruteneid Ha T B 3aBUCHMOCTH OT Ya-
COB CYTOK TSI 00BEKTOB >KHUIIBSI.

1,0
[0
g
o 0,8 : -
5 he_b;"ﬁ"%ﬁ’
X I
28
2L o6 \_\ SRR R
= b b b b
= O T b b | |
83 \,— [ I i
: i i .
S804 | A T U
5 :s: N - = B
= §t —=-12 XXunbe cpeaHen aTaxHocTn, 6yaHUi feHb
z 02 1 -a-12 XXunbe cpeaHen aTaxHOCTH, BbIXOAHOW AeHb
© —x-14 Xunbe ¢ yqacTkom 3emnum
T -a-16 CagoBogyeckne HEKOMMepYeck/e ToBapuwecTea, OyaHUn AeHb
0 —e—16 CagoBogyeckne HEKOMMepYeCcK/e TOBApULLECTBA, BbIXOOHOW AeHb Hace! CyTok

700 800 900 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00

Puc. 1. I[OIISI TOCeTUTENeH HEHTPa MAaCcCOBOI'0 TATOTCHUA HAa UHANBUAYAJIbHOM TPAHCIIOPTE

Fig 1. Share of mass attraction center visitors on individual transport
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Kak BumHo u3 puc. 1, cpelHee HaloJHEHUE
WHIUBUYAJIBHBIX TPAHCIOPTHBIX CPEACTB B TEYe-
HUE IHS IPAKTUYECKU HE U3MEHSACTCS, OTHAKO ISt
JKWJIbSL C YYaCTKOM 3€MJIM MX 3HAQ4YCHHE CYIIECT-
BEHHO OOJIBINIE, YeM JIS YKUJIbSI, PACTIOIOKEHHOTO
B I'PaHUIAX CEIUTEOHON TEPPUTOPHH.

Ilony4yeHHsle cpeqHUE 3HAYEHUS HAIMOJHE-
Hust T mo3BOISIFOT EPENTH OT KOJIMYECTBA TIOCETH-
Tenel (0T KoppecoHieHIH) K uHTeHcuBHOCTH UT,
(dhopmMupyromencsi U3 MOCeTUTeNeld paccMarprBae-
moro [IMT. B 3aBUCHMMOCTH OT 4acoB CYTOK, JAHEU
Hezeny, a riaaBHoe — ot tuna LIMT cpennee Hamnorn-
HEHHE CYLIECTBEHHO BapbUpyeTcs (puc. 2).

B xoJzie npoBeIEHHBIX UCCIIEA0BAaHUNA YCTAHOB-
JIEHO, YTO HAaWOOJBIIMM HANOJHEHHEM O00JanaroT
CaJOBOJTYECKUE HEKOMMEPUYECKHE TOBAPUILECT-
Ba (CHT) (puc. 2) nperMylIecTBEHHO B yTPEHHHE
U BeuepHue yackl muk. CpenHee 3HA4YEHHE IS
nmauaHou rpymmel LIMT coctaBumo 1,53 gen./aBT.

&:00

200 AR

1700

16.00

15.00

500

T 1300

T 1400

CrenyromuM KITIOYEBBIM  MapaMeTpoOM TpHU
OIICHKE HHTEHCHBHOCTH TPAHCIIOPTHOTO IIOTOKA
SBISTIOTCA  KOO(D(UIIMEHTHI CYTOYHOH HepaBHO-
MEPHOCTH, TTO3BOJIAIONINE OTIPEACTUTh JTOIO IOCE-
TUTENE U cooTBEeTCTBEHHO pAoimo WT, npuxo-
JAIIYIOCS Ha pacCMaTpPUBAEMBIM Yac CYTOK, Kak
MpaBUIIO, THKOBBIA. 3HadeHUs KOdPPUIMECH-
TOB CyTOYHOI HEPaBHOMEPHOCTH — Oe3pa3MepHas
YHUQUIMPOBAHHAS BEIMYMHA, XapaKTePU3YIOIIas
noutro 3arpy3ku LIMT mo wacam cyTok (puc. 3).

Kax mnpaBumo, OGompmas dacte IIMT wumeer
obmenpuHAThIe KOA((MUIIMEHTH CYyTOYHON Hepas-
HOMEPHOCTH, pacmpeielieHHbIe B COOTBETCTBHU C
MMKOBBIMU Harpy3kamu. BmecTe ¢ 3TUM yCTaHOB-
JIEHO, YTO JCTCKHE CaJbl M SCIHU HMEIOT PE3KOe
CMEIIeHNEe YHClla KOPPECIOHACHIINA B yTPEHHUN
yac 10 40 % — Tak ke, KaKk IPOXOJHbIE 3aBOJOB,
CTOJIOBBIX H T. TI.

t", CpenHee 3HaueHve

«-12 YKunbe cpegHen aTaxHoCTn
oo (mo 10 ataxen), 6yaHuIn AeHb
12 XXunbe cpegHen aTaxHOCTH

1100 (8o 10 aTaxen), BbIXOAHOW A€Hb

14 YKunbe ¢ y4acTkoMm 3eMmnu

{1200
-+ 16 CagoBogyeckne Hekommepyeckue
ToBapuLLecTBa, byaHuiA AeHb

16 CapgoBoayeckue HekoMMepYeckue
TOBapULLECTBA, BbIXOOHOW AeHb

Puc. 2. CpenHee HanoJHEHNE UHMBUAYATbHBIM TPAHCIIOPTOM LIEHTPOB MacCOBOTO TATOTEHUS

Fig. 2. Average filling of the centers of gravitation by individual transport
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Fig. 3. Daily irregularity coefficients for mass attraction centers
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CranaapTHbldi KO3()(UIUEHT CYTOYHOTO Mak-
cumyma JexuT B mpememax 0,12-0,15: x Ta-
kuM [IMT otHOCAT Xuibe, OQUCH], TOYTOBEHIC
oraenennsa, CHT/ATH wu gpyrue Ttepputopuu.
[Ipumenenne ko3¢ GUINEHTOB CYTOYHOW Hepas-
HOMEpPHOCTH TIO3BOJISIET yCTaHOBUTH  KOJHYE-
CTBEHHYIO CBSI3b MEXAY CYTOYHBIM 3HAUYEHHUEM
sarpy3ku [IMT u koHkpeTHbIM yacoM. JlanHas
B3aMMOCBSI3b KpailHe BakHa MpPH IPOBEACHUH
NPaKTUYECKUX pacyeToB (IIPOTHO3MPOBAHUE HH-
teHcuBHocTU ABWKeHuss UT k IMT u Toproso-
pas3BieKaTeNlbHOMY paioHy). B memom momydeHO
ycpenHeHHOe 3HaueHne Ko duuuenta cyToUHOTO
MaKCcUMyMa II0 BceM paccmarpuBaemeiM [[MT,
kotopoe coctaBuio 0,168.

Takum 06pa3zom, IprHUMAs BO BHIMaHUE YIIO-
MSHYTBIE BBIIIE MOIXOIBI K OIEHKE IMPOITyCKHON
CIOCOOHOCTH TPYMIIBI JBMKEHHUSI Ha peryupye-
MOM TIepeceueHn , ¢ yueroM 3aBrcumocTeit (1)—(6)
MOJIEJIb OLIEHKH YPOBHS 3arpy3Kd MOXKET HMETh
CHEAYOINN BUL:

B pesyneraTe mpeoOpa3zoBaHUl MOXKEM IIOJTY-
YUTh OCHOBHOMW OIIEHOYHBIN napameTp

n

[\
(1,5L+5)>] ?’

i=1\ Vi

z= ) (11)
1,5L+5 _L 1_2 max ii
1_2”: m i-1 Sij
S

i=1 ij

B kauecTBe anpoOanuu npeagaraeMoi MoaeiIu
paccMOTpUM CiIy4ail BBOZAa CBETO(GOPHOTO pery-
JIUPOBAHUS HA OJHOM W3 THUIOBBIX MEPECEUCHUI,
3anuThiBatonux [IMT. Marpuiia 3HaueHU UHTEH-
CHUBHOCTEH TPAaHCIIOPTHBIX IOTOKOB IMPEJCTaBIIe-

Ha B Ta0x. 1.
Tabauya 1
Marpuna HHTeHCHBHOCTel TPAHCIIOPTHBIX NOTOKOB
HAa nepeceyeHUuM, ea./9

Traffic intensity matrix at intersection, units/h

Ornpas- IMpuGsITHe
JIeHne C (¢} 3 B Cymma
C - 600 - 231 600
10 800 - - 175 | 1206
3 - - - - -
B 117 60 - 177
Cymma 917 660 406

3a OCHOBY MPHUHATA METOJMKA pacueTa pekuMa
paboThl CBETOMOPHOI CUTHATU3AIMHU, IPEICTaB-
nenHas B [7]. CrnemoBaTenbHO, MPEABAPUTEIBLHO
coctaBuM IutaH ¢a3 (puc. 4), HAa KOTOPOM JI€BO-
MOBOPOTHBIA TOTOK, MOBOpPAYMBAasi HAJIEBO, KOH-
(IIMKTYeT C OCHOBHBIM HalpaBJICHHEM.

Puc. 4. Tlnan a3 3anuThIBAIONIECTO MEPECEUCHHUS

Fig. 4. Phase plan of feeding intersection

d
EHMTﬁkCH
7= nuT
M
Sij :
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i=1 Sij
18L45
n [ N.
1- _
; Sij
[ Hayk

a
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Torma mo hopmyite (8) umMeem

(L5-6+5) Y[ LT, 1206
.- <1282 " 2640
- 15.6+5
(177 1206) O |¥
1—2 B Wi
<1282 " 2640
(L5-6+5) Y[ /T, 1206
<( 1282 ' 2640 )] 1484
= = =0,72.
_i 177 | 1206 2053
<1282 " 2640

Pacuersl monTBepkmaroT, yTo Kod(duIUeHT
3arpy3KH 3alHTHIBAIOIIETO MEPECeYCHNUs COOTBET-
CTBYET YPOBHIO OOCIYXHMBaHUs ABIKEHUS «D»,
YTO CONOCTaBUMO C BBICOKOM AMOLIMOHAJIBHOU 3a-
Tpy3Koil BoAWTENEH W HHU3KOM HSKOHOMHUYECKOU
3(PEKTUBHOCTHIO PAOOTHI IEPECEUCHUS B IICIIOM.

Crnegyer OTMETUTh, 4YTO MOpeajiaraeMmas
Mozaenb (11) B 3aBHCHIMOCTH OT TPYMIIBI TIOJIOC
TpeOyeT OT NPOSKTHPOBIINHKA HATUIHSI OOIIEeI0-
CTYIHOH MCXOAHOH MH(OpMaMu, TaKOH Kak reo-
METPUYECKUE MapaMeTpsl 3alHUTHIBAIOLIETO Iepe-
CEYEHHS, YUCIIO TOJIOC, MPOIOJIbHBIE YKIIOHBI, IITH-
pYHA MOJIOC ABUXKEHUS U T. II., CXeMa OpraHU3aluu
JIOPOXKHOTO JIBIKEHUS (HAIMYUE Pa3pElICHHBIX
MOBOPOTOB, OCTAHOBOYHBIX IYHKTOB, MECT IS
YJIMYHOTO TapKoBaHUs u ap.). Ilpu paccmorpennn
rpynn nonoc, 3anutbiBaromux LIMT, tpeGyrot-
cd 3HayYeHud IUon@aau paccmarpuaemoro [IMT
U ero YJAICHHOCTH OT IIEHTpa ropojaa u (Wind) oT
MAarucTpaabHOMN YIUIIBL.

C yderoM OOJIBIIETO KOMMYECTBA CBOOOJHO pac-
npoctpansiembix [ UC-iporpamm Takast uHdpopma-
YIS BIIOJHE JOCTYITHA U UMEET JOCTaTOYHO BBICO-
Kyl0 HaJeXHOCTh. JlaHHBIE, XapaKTepU3yroIIue
nmonu moceruteneit, npuosBaromux Ha WUT, cpen-
Hee HanonHeHne UT, u koadduimeHTsr cyToqHO#M
HEPAaBHOMEPHOCTH IO TPUOBITHIO U OTIIPABICHUIO
OIIEHHWBAIOTCA IIyTEM HATYypHBIX WCCICJOBAHUN
C Y4YeTOM pEKOMEHIAlMi, W3JI0XKEHHBIX BBIIIE,
a TaKoKe C TIOMOIIBIO HAYYHbIX TyOmKarmii [ 13-17].

BbIBO/IbI

1. TlpencraBiena MaTeMaTHuYecKas MO/IENb
OILICHKH TPAHCIOPTHOTO CMPOCa, MO3BOJSIONIAS
OLIEHMBATh HHTEHCHBHOCTH TPAHCIIOPTHOTO ITOTOKA
KaK K pacCMaTpHMBaeMOMY IIEHTPY MacCOBOTO Ts-
FOTEHHS, TaK U OT HEr0 Ha OCHOBE 00IEro ooObeMa
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KOPPECTIOHICHIINM, MO0JIU TMOCETUTENed Ha WHAM-
BHIyaJbHOM TpPAHCIIOPTE, CPETHET0 HAIOJHEHUS
VMHAVBUIYAJLHOTO TPaHCIOPTA, a Takxke Ko3(pdu-
[IMCHTAa CYTOYHOW HEPAaBHOMEPHOCTH IO TMPHOBI-
THIO W OTIPABICHUIO TIOCETUTENICH HAa WHANBUIY-
aJIbHOM TPAHCIIOPTE.

2. llpeamokeHa MaTteMaTH4YeCKas MOJEIb KO-
a¢duIMeHTa 3arpy3KH, BKIIIOYAIOIIAs MapaMeTphl
OLICHKU TPAHCHOPTHOTO CIpoca K LUEHTPY Macco-
BOIO TACOTEHHSI U NapaMeTphl, OMPEICIISAIONINE
MPOIYCKHYIO CIIOCOOHOCTh PEryJIHpyEeMbIX Iepe-
CEUYEHU.

3. IlpencraBneHHass METOIMKA OIEHKH YPOBHS
00CITy)KMBaHHS JIBHXKCHHMsSI Ha OCHOBE IPOITYCK-
HOM CIOCOOHOCTH pETryJUPYEMbIX IepeceueHui
MTO3BOIISIET OIIEHUTH CTETICHb BIUSHUS IIEHTPa Mac-
COBOTO TATOTEHUS HA TMPWIETAIOIIYIO YIHYHO-
JOPOKHYIO CeTh C TMPUMEHCHUEM CJEIYIO-
mux ['MC-gaHHBIX: MIoWAAbs LEHTPa MacCOBOTO
TATOTEHUS, €r0 YIAllEHHOCTh OT IIEHTpa Tropojna
U (WJIK) OT MarucTpabHOM yIHUIBL.
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Omnpenenenue napaMeTpoB GyHKIHOHUPOBAHUS
MapHIPYTOB MACCAKMPCKOr0 TPAHCIOPTA
cpeIcTBaMU KOMIbIOTEPHOT0 MO/ IMPOBAHUS MPOIECCOB
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YOnecckuit narmonanbHbI Mopckoit yausepcutet (Oxmecca, YKpauHa),
Z)XapBKOBCKI/Iﬁ HaIMOHAJILHBIH YHHBEPCUTET PAIHOIICKTPOHUKH (XapbKoB, YKpanHa)
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Pedepar. VccnenoBana 3¢ GpekTHBHOCTD HYHKIHOHUPOBAHHSI MAPILIPYTOB FOPOACKOTO MACCAKUPCKOTO TPAHCIIOPTA. YCTaHOB-
JIEHO, YTO JaHHOE (QYHKLIHMOHMPOBAHHE MPOHMCXOIUT B HEH3OIHPOBAHHON cpee, KOTopast BIMSAET Ha CHCTEMY C MOMEHTa ee
00pa3oBaHKs U MOXET NPUBECTH K PACXOXKICHHUIO MEXIY PacdeTHOH M (axTuyeckod 3()(GeKTHBHOCTBIO PabOThl CHCTEMBI.
B pesynbrare ananmza nokasarenell QYHKIOHHPOBAHHS MaplIpyTa IEPEeBO30K MTaCCaKHPOB BBIBICHO, YTO cpesa (yHKIHO-
HUPOBAHUS MapIIPyTOB BIHMSET HA UX 3()(HEKTUBHOCTH KOMIUIEKCHO. BeiencTBue 3Toro JOMMKHO YUNUTHIBATHCS B3aUMHOE BITH-
sHue omHoro (akropa Ha apyrue. OueHKy 3(¢eKTHBHOCTH (DYHKIMOHHPOBAHHS CIICAYeT IPOBOAUTH ISl BCEH CHCTEMBI
MapLIpyToB, a He A/ OTJAEIbHO pacCMaTpHBacMOl MOACHCTEMBI. B pesynbTare aHanmm3a TakKMX OCHOBHBIX MOKa3aTelel, Kak
JI0XO]JI, 3aTPaThl Ha TOIUTHBO, CMa30YHbIE MaTepUAIIbl, TEXHUUECKOE 00CITYKMBAaHUE U PEMOHT, BBISIBICHBI PACXOXKICHHS MEXIY
3aITAaHUPOBAHHBIMU 3HAYEHHUSAMM TIOKa3aTeNel U pealbHbIMU JaHHBIMU. OTpesienieHo, YTo (GyHKIMS paclpeaeneHus ciy4daii-
HBIX BEJIMYMH YKa3aHHBIX TOKa3aTeNeil OMMCBhIBAE€TCS HOPMABHBIM 3aKOHOM. Ha 3akiodMTeIbHOM 3Tamle HCCIeHOBaHMS
MIOJy4€Hbl 3aKOHOMEPHOCTU BIMSHUS NApaMEeTPOB aBTOTPAHCIOPTHOIO MPEANPUATHS HAa BEPOSTHOCTH OKYNAeMOCTH MEpo-
npusituii. [IpemraraeMsrii KOMIUIEKCHBIA MTOAXOA K OIpeneNeHuo 3()(GEeKTHBHOCTH MapIIPyTOB TOPOACKOTO MAaCCaXKUPCKOTO
TpaHcHopra 0a3supyeTcs He TONBKO Ha YCTOSIBIIMXCS, HO M HA CTOXaCTHYECKUX IapaMeTpax, HCIOJIb3YeMBIX MPH (yHKIIHOHHU-
pOBaHUM 3THX MapuipyToB. Pa3paboran anroputm omnpeneneHHs 3()(EKTUBHOCTH TOPOJCKAX MAapIIPYTHBIX MacCa’KMPCKUX
MEePEBO30K, KOTOPBII yUUTHIBAET B3aUMOCBA3b JOXOJ0B H PACXOJ0B, COBPEMEHHbIE MPEACTABICHHUS O 3aKOHOMEPHOCTSIX H3Me-
HEHHs BEPOSTHOCTH Pa3BUTHS ONTHUMHCTHYECKOTO, TIECCUMHUCTHYECKOTO U TMPOMEXYTOUHOTO BapHAHTOB PA3BUTHS COOBITHIA
3¢ dexTHBHOCTH MapHIpyTOB. B OCHOBY anropuTMa HosoxkeHsl (hOpMaH30BaHHbIE 3aBUCHMOCTH H3MCHEHHS BO BPEMEHH
BEpPOSITHOCTEN JIOXOJOB M PACXO/IOB, yIUTHIBAEMbIE B Ipolnecce (QyHKIMOHMPOBAHHS MapIIPyTOB FOPOACKOTO MACCAXKUPCKOTO
TPaHCIOPTA MIPU Pa3IMYHBIX UX IapaMeTpax.

KniodeBble ci10Ba: TPAaHCIOPTHAS CHCTEMa, MAapLIPYT, TOPOJCKOM MacCcaKUPCKUi TPaHCTIOPT, 3P(HEKTUBHOCTH IEPEBO30K,
CTOXaCTHYHOCTB [IEPEBO30YHOrO TIpOoLEecca, 00bEM NEPEBO30K, EPUO OKYITAEMOCTH

Just uuruposaunusi: Tonst, B. K. Onpenenenne nmapamMerpoB GYHKIHMOHHPOBAHMSI MapUIPYTOB MACCAXKHUPCKOTO TPAHCIIOPTA
CpelicTBaMU KOMITBIOTEPHOTO MoenupoBanus npoueccos / B. K. o, K. B. Hous, E. E. Tons // Hayka u mexuuka. 2021.
T. 20, Ne 6. C. 514-521. https://doi.org/10.21122/2227-1031-2021-20-6-514-521

Determining Parameters of Functioning of Passenger Transport Routes
by Means of Computer Simulation of Processes

V. K. Dolia?, K. V. Dolia?, O. E. Dolia?

Y0dessa National Maritime University (Odessa, Ukraine),
2Kharkiv National University of Radio Electronics (Kharkiv, Ukraine)

Abstract. The efficiency of the functioning of urban passenger transport routes has been studied in the paper. It has been
established that the functioning of urban passenger transport routes takes place in a non-isolated environment, which affects
the system from the moment of its formation and can lead to discrepancy between the calculated and actual efficiency
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of the system. As a result of the fucntioning indicator analysis of the passenger transportation route, it has been revealed that
the environment of the route functioning affects the efficiency in a complex manner. Consequently, the mutual influence
of one factor on others should be taken into account. Performance evaluation should be carried out for the entire route system,
and not within the separately considered subsystem. As a result of the analysis of such key indicators as income, fuel costs,
lubricants, maintenance and repair, discrepancies have been found between the planned values of indicators and actual data.
It is determined that the distribution function of the random variables of these indicators is described by a normal law. At the
final stage of the study, regularities in the influence of the road transport enterprise parameters on the probability of
investment return have been obtained. The proposed integrated approach to determining the efficiency of urban passenger
transport routes is based not only on the established, but also on the stochastic parameters that occur during the functioning
of these routes. An algorithm has been developed for determining the efficiency of urban route passenger traffic, which takes
into account the interrelation of income and expenses, modern ideas about the patterns of change in the prpbability
of development of optimistic, pessimistic and intermediate scenarios for improvement of route efficiency events.
The algorithm is based on formalized dependences of the change in time of the probabilities of income and expenses which
are taken into account in the operation process of urban passenger transport routes with their various parameters.

Keywords: transport system, route, urban passenger transport, traffic efficiency, stochasticity of the transportation process,
traffic volume, payback period
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BBenenne

CoBpemeHHbIe TpeOOBaHUS K PA3BUTHIO TPAHC-
HOPTHBIX CHCTEM TOPOJIOB TPEOYIOT TapMOHHYHOTO
COOTHOILCHHS TEXHOJIOTUYECKUX, IKOHOMUYECKUX
U COIHMANBHBIX TIOKa3aTeNied (yHKIMOHMPOBAHUS
MapIIpyToB TOPOJCKOTO MAaCCaKUPCKOTO TPAHC-
nopra o0uiero noiab3oBanus [1, 2]. DpdexkTuBHbIC
JUTSL TIEPeBO3YMKA U YIOOHBIE JUIS JKUTENSH Mapi-
PYTBI MOTYT OOECTEYHTh NPHUBIEKATSIBHOCTh U
NoJb3y B OOIIEH crcTeMe TOPOJCKOrO MacCaXKUp-
ckoro Tpancnopta [3]. He Tpebyer momonHuTENb-
HBIX OOBSICHCHUH TOT (akT, 4T0 33PPEKTUBHBIC
MapIIpyThl, KOTOpbIe 00ECHEeYHBAIOT JOCTYITHYIO
LEHY 3a MPOe3a ¥ OJHOBPEMEHHO SIBJISIOTCS MPU-
OBUTBHBIMHU, MOTYT OBITh WHBECTUIIIOHHO TpHUBIIE-
KaTeIbHBIMH M COCTABJIATH OCHOBY BCEH TpaHC-
MNOPTHOW CHCTEMBI TOPOJCKOTO TacCaKUPCKOTO
TpaHcmopra [4].

OnpIT  00IIECTBEHHO-DKOHOMHYECKHX ~ OTHO-
HICHUI B 00JIacTH TpaHCIOPTa CBUACTEILCTBYET
0 TOM, 9TO 3((PEKTUBHBI TaKHe CHCTEMBI, a B pac-
CMaTpUBaeMOM Cllyyae — IacCaKUPCKUE Mapli-
PYTBI, B KOTOPBIX HAaONIOJAaeTCs palrOHAIBHOE
COOTHOILICHHE CJIEAYIOIINX MapaMeTPOB: JOXOJbI
MEePEBO3YMKOB, 3aTpaThl Ha IMPOU3BOJICTBEHHYIO
JeATeNIbHOCTD, HAJIOTH M COOpPBI, KPEIUTHBIC TUIa-
Texxu. B TO e BpeMs B COBPEMEHHOW HayKe U
NPaKTUKE elle HeAOCTaTOYHO pa3paboTaHbl METO-
I ¥ TIOJXO/BI, MO3BOJISIONINE HCCIEI0BATh (-
(eKTUBHOCTh (PYHKIIMOHHUPOBAHUS MapIIPYTOB C
YUETOM CTOXAaCTUYHOCTH OOJBIIMHCTBA Habmrona-
€MBIX TIapaMeTpOB B OOIIEM KOMIUIEKCHOM IT0/IXO-
Jie K aHAJIOTHYHBIM HccneaoBanusM [1, 5-8].

Lenp uccnenoBanus — oneHka 3¢ HEeKTUBHOCTU
MapHIPyTOB TOPOJICKOTO IMACCAKHUPCKOTO TpaHC-
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[OpTa C Y4YETOM CTOXAaCTUYHOCTH COCTAaBIISIOIINX
napameTpoB UX (QyHKUHOHHpOoBaHUS. OOBEKT wHc-
CIIeIoBaHUs — TIporiece (PyHKIIMOHMPOBAHUS MapIil-
PYTOB TOpOJICKOTO MAacCakKMPCKOro TPaHCIOpTa,
a INpeaMeT — 3aKOHOMEPHOCTU BIIMSHMSA Iapa-
METPOB MapIIPYyTOB T'OPOJCKOr0 MacCaKUPCKOIr0o
TpaHcnopTa Ha ux 3¢ ¢eKTHBHOCTb. B mccnenosa-
HUM MCIIOJB30BAJIM METO/bl aHajIu3a BapUaHTOB
pelieHnss 3ajayd ¢ IOMOIIBI0 IPOrpaMMHOIO
obecredyeHusi, TEOpUN CUCTEM M CUCTEMHOI'O aHa-
mm3a Ui GopMaIM3aluy TPAHCHOPTHBIX IIpOLiec-
COB, a TaKK€ MaTeMaTHYeCKOe MOJECIHPOBaHUE
U1 (hOPMHUPOBAHUS 3aKOHOMEPHOCTEN M3MEHEHUS
OCHOBHBIX TIOKa3aTeseil MapIpyToB.

IIpoBenenue ucciienoBaHuii

HccnenoBaHussMi YCTaHOBIIEHO, YTO MPOIEC-
CBl, KOTOPBIE MPOMCXOAST BO BPEMS BBIIOIHEHUS
MACCAXUPCKUX IEPEBO30K, SBISIOTCS CTOXACTH-
geckumu [9—11]. JIast MX OIEHKH BBIOOPOYHO MPO-
aHaJM3UPOBaHBl PE3yJbTaThl PabOTHI ABTOTPAHC-
MOPTHBIX TPEANPHATHH, MPEAOCTABISIOMNX yCIy-
M TI0 TEpeBO3KaM MacCaXUPOB HA TOPOACKHX
Mapnipytax. Pe3ynbTaThl aHanmu3a JesTEIbHOCTH
CyOBEKTOB XO3SIICTBOBaHUS TPH BBIIIOJIHEHUH
MAaCCaXUPCKUX IMEPEBO30K B T. XapbKOBEe IMO3BO-
JUIA YCTAaHOBUTH PA3NIUUUs MEX]y 3arlIaHHpO-
BaHHBIMH 3HAYCHUSIMHU TIOKa3aTeNell U pealbHBIMU
naHHBIMU. [l BBIABIEHUS OCOOCHHOCTEH paciipe-
JIeTICHHS ATUX Pa3HOTIIACHH YCTAaHOBHJIM OTKIIOHE-
HUE MEXIy IUIAHOBBIMH U (PaKTHUECKUMHU JaHHBI-
MU, TIOCKOJIbKY MOKa3aTeM B HATYPaTbHOM BbIpa-
KCHUU 3HAYUTEBHO OTNINYanCh. [1o pe3ynbpraTtam
WCCIIEIOBAHNN TMOCTPOCHBI Tpaduku pacmpenere-
HUSI OTKJIOHCHHUH WUMEIOIIMXCS 3aTpaT Ha TOTUIUBO
W CMa304yHbIE MaTepHalbl B 3aBUCUMOCTH OT pac-
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yeTHBIX 3HaueHwuit (puc. 1, 2). Kpome Toro, ompe-
JICJICHbl OTKJIOHGHHUS 3aTpaT Ha TEXHHYECKOE 00-
CIY>KUBAHUE U PEMOHT, IINHBI.

Chi-square test = 13,83213, df = 7, p = 0,05425
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Puc. 1. Tuctorpamma pacrpeneneHnss OTKIOHEHUH
HMEIOIMXCS 3aTPaT Ha TOILIMBO OT PACUCTHBIX 3HAUCHUH

Fig. 1. Deviation distribution histogram
of available fuel costs from calculated values

Chi-square test = 8,52060, df =7, p = 0,28893
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Puc. 2. T'ucrorpamma pacnpeesicHus OTKIOHEHUH
HMEIOIUXCS 3aTPaT Ha CMAa30uHbIe MaTepPHaITbI
OT pacueTHbIX 3HaYCHUN

Fig. 2. Deviation distribution histogram
of available costs for lubricants from calculated values

s ompenmeneHuss KoieOaHWK —KOJIMYECTBA
MEepPEBE3CHHBIX MMACAKMPOB HA TOPOJICKHMX Iacca-
KUPCKUX aBTOOYCHBIX MapIIpyTax MPOBEICH cOOp
COOTBETCTBYIOLICH HMH(POPMAIIMM HAa aBTOTPAHC-
MOPTHBIX TPEANPUATHSX XapbkoBa. [1o pe3ysbra-
TaM cocraBjeHa Tabm. 1.

XapakTtep pachpefefieHds]  YCTaHOBJICHHBIX
pasHoTIIaCHil OIUCHIBACTCS HOPMATBHBIM 3aKOHOM
pachpeniesieHusl CIy4ailHbIX BEJIWYUH C COOTBET-
CTBYIOIIIMM MaTEMATHICCKUM OXHJIAHUEM H Cpe/l-
HUM KBaJIpaTUYHBIM OTKJIOHEHUEM G. J[j1st mpoBep-
KA THUIOTE3bl O COOTBETCTBUH CTATHCTHYECKOTO
pachpe/ieNicHisl TEOPETHISCKOMY HCIIONIb30BAIN
kputepuil [lupcona (XZ), paccuMTaHHBI B IMpo-
rpamme Statistica.

Taxk, Ui pacnpeie]ICHUs] pacXoJI0B Ha TOILTHBO
kpurepuii IIupcona ¥° = 13,83 mpu Kkommuect-
Be creneHel cBoboanl df = 7; BeposTHOCTH corna-
cust p = 0,054, gro Gombire mpunsTOH 0,050 [10, 12].
CreoBaTelibHO, MOXKHO YTBEp)KIaTh, YTO OTKJIO-
HeHHe (DaKTUYeCKUX 3aTparT Ha TOIUIMBO OT pac-
CUMTAHHBIX OIHUCHIBACTCS HOPMAILHBIM 3aKOHOM.
Kputepuii [lupcona cocraBun jid:

— CMa304HBIX MaTepuanos X’ = 8,52 mpu KoJIH-
yecTBe crerneHel cBoOoxwl df = 7 u BeposTHOCTH
cornacus p = 0,288;

— TEXHUYECKOTo OOCIYXHMBaHUS W PEMOHTa
x*>= 13,72 mnpu KommdecTBe CTEIeHel CcBOGO-
me1 df = 7 u BepostHOCTH cormacus P = 0,056;

— mmn Y2 = 13,72 IpU KOJIMYECTBE CTETEHEH
cBobozpl df = 7 u BepositHocTH coracust P = 0,058.

Tabauya 1

CyMMapHblIe XapaKTepHCTHKH NapaMeTpoB (pYHKIMOHUPOBAHHS ABTOTPAHCIOPTHBIX MPeANPHATHI

Total characteristics of parameters for functioning of road transport enterprises

|V S— O01ee KOIMYECTBO O6mwmii noxon D, OO0mmii mpoder Oo0miue 3aTparbt
MePEBE3CHHBIX MACCAXUPOB Q, mac./cyT. y. e. aBroOycoB L, km Ha TOIUTHBO 3yax, TPH.
1 512550 640687,5 256121,2 204517,5
2 523120 653900,0 261403,1 204721,0
153 493920 617400,0 246811,8 205128,0
154 516648 645810,0 258169,2 205331,5
155 527301 659126,3 263492,2 205535,0
156 416580 520725,0 208164,9 205942,0
157 498847 623558,8 2492741 206349,0
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s Bcex pacyeroB p > 0,05. IIpu ydere cToxa-
CTUYHOCTH MEPEBO30YHOrO Mpolecca IeIecoo0-
pa3Ho MPUHSATH BO BHUMAHUE OTKIOHEHHUS (p yTEM
pPaccMOTpeHUsl pacrpeesieHus i-ro oobema mnepe-
BO30K 3a nepuop t

Q_
O =i (1)
QCCt
rae Qy — i-if 00BbeM MepeBO30K 3a mepuon t, mac.;

Qcct — cpenHuii 00bEM MEPEBO30K, pacCUUTaHHBIN
M0 IETEPMUHUPOBAHHBIM MOJIEIISIM, TIac.

Ilo HOpManbHOMY 3aKOHY paclpejene-
HUA i-i1 00BEM TIEPEBO30K HE IODKEH BBIXOIUTH
3a npenensl £3c

Qi =Q. £30. 2

W3BecTHO, uTO pacxompl Ha obecreueHue
(yHKIMOHMPOBaHMS MapIIpyTa 3aBUCAT OT Ipoode-
ra Ha mapmpyte Lg, KOTOpBIA TpsSMO TpoOmop-
LIIOHaJIeH 00beMy I1ePEBO30K [1aCCAKHUPOB:

2IM pt <ti
L= 2hNaQi 3
I Qcct ( )

rae |, — nmaa mapmpyra, kM; Ny — KOIMgecTBo
PpeiicoB, BBIMOJIIHEHHBIX 3a Mepuon i, ef.

[IpuBeneHHbIe ypaBHEHHS JOKa3bIBAIOT BIIUSI-
HUE CTOXaCTHYHOCTH KOJIeOaHUH 00EMOB ITepeBO-
3UMBIX MACCAXUPOB HE TOJIBKO HAa JAOXOAHYIO CO-
CTaBISIOMIYIO (PYHKIMOHUPOBAHHUS MapuIpyTa, HO
M Ha pacxozpl oT (¢yHKIHoHUpoBaHUsA. C ydeTom
CTOXaCTHMYHOCTH KOJICOaHM OOBEMOB IEPEBO3H-
MBIX ITaCCRXHPOB B HOBBIX MOIXOAAaX K pacyery
3¢ (EeKTUBHOCTA TOPOJCKUAX TMACCAKUPCKHUX Tepe-
BO30K C(OPMYJIMPYEM OCHOBHBIC 3Talbl BBITIOIHE-
HUS 33/1a4H:

| — ompenenenue mapaMeTpoB 3aKOHA pacIpe-
JeNeHnst 00bEMOB MIEPEBO30K;

Il — ompeneneHue IKCIUTyaTallMOHHBIX Xapak-
TEPHUCTUK PabOTHI HA MapIIPyTE;

Il — onpenenenue 3arpar, CBA3aHHBIX ¢ pPabo-
TOW TPAaHCTIOPTHBIX CPEACTB HA MAPILPYTE;

IV — ompenenenue OCHOBHBIX HAJIOTOB M cOO-
POB, CBSI3aHHBIX C TIEPEBO30YHBIM IPOLIECCOM;

V — onpenenenue nokasateneil GyHKIHOHUPO-
BaHMs MapuIpyTa (1epuoja OKyrnaeMocCTH).

ChopMynmupoBaHHBIE 3TaIlbl TO3BOJISTIOT II0-
CTPOUTH AITOPUTM pacueTa mnapameTpoB d¢dek-
TUBHOCTH TOPOJCKMX IMaCCOKUPCKUX MHEPEBO3OK.

Hayka
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Oty 3a7ady, a TaKkKe yCTaHOBJICHHUE 3aKOHOMEPHO-
CTell BIMSHMSA MCXOTHBIX XapaKTEPUCTUK HA BEPO-
SATHOCTh OKYIIAa€MOCTH HMHBECTHUIIMOHHBIX MeEpo-
NPUATHI BBIOJIHSUIA C MTOMOUIBIO TPOTPAMMHOTO
obecrreuenus. Ilpu paspaboTke mporpamMmbl pac-
4eTa napameTpoB 3GGEKTHBHOCTH TOPOJICKUX Tac-
CaKUPCKUX TEPEBO30K BBIXOJAHBIC IaHHBIE pac-
TPEICISUIN TI0 TPEM TpyIIIaM:

— XapaKTepUCTHKA MaplIpyTa;

— MapaMeTp aBTOTPAHCIIOPTHOTO MPEANPHSITHUS;

— XapaKTepUCTUKA TPAHCIIOPTHOTO CPEICTBA.

Hcnonp3yst anroputM pacdera mnapamMeTpoB
3G HEKTHBHOCTH TOPOJICKUX MACCAKHUPCKUX Tepe-
BO30K, pa3padOTaal COOTBETCTBYIOUIMU MPOTpam-
MHBIH IPoAYKT B cpene Borald C++ (puc. 3).

L m -
FKpaiitee sHa4eHHe rucTorpartelkon-6o curm) War pacuera(kparto curme|

HapaKTEPHET M HApWPYTa | Maparerpel AT | HapaTepuerury seTotycas | Pacnpoenerve O | Pacnpeenerie |

BB Pacuer okynaemocTs MapLIpyTos -

Puc. 3. Untepdeiic nmporpaMMHOT0 00ecIedeH s
pacueTa mapameTpoB 3 (HeKTUBHOCTH
TOPOJICKHX NMACcCAKUPCKUX NEPEBO30OK

Fig. 3. Software Interface for calculating
efficiency parameters of urban passenger traffic

[Ipu pacuere 3ekTHBHOCTH (PYHKIHOHHPO-
BaHMS TOPOJACKUX ITACCAKUPCKUX IEPEBO30K BCA
COBOKYIHOCTh TapaMeTpOB AENUTCS Ha MOCTO-
SHHBIE (YCIIOBHO TMOCTOSIHHBIE) W IE€PEMEHHBIE.
[TosTomy Ha maHHOM 3Tame menecoodpasHo chop-
MHUPOBATh MacCUB JJAaHHBIX 3TUX TOKa3aTeNeH.

B pesynpraTe WH3ydeHHs 3aKOHOMEPHOCTEU
BIIMSHHSL XapaKTePUCTHK MapIipyTa Ha BEpOAT-
HOCTh OKYIIA€MOCTH YCTAHOBJIEHO, YTO TJIaBHOM
XapaKTepUCTUKON MapmipyTa SIBISIETCS 00BeM Iie-
peBo3ok. Kpome Toro, BakHO ero koieOaHue B
Te4YeHUe BpeMeHH (QYHKIIMOHUPOBAHUS MapIIpyTa.
Jns ydyera koneGaHuii o0beMa IEpPEeBO30OK B IIPO-
rpaMMHOM TIPOAYKTE OOecredeH OTACNBHBIN MO-
IyJdb, YTO TIO3BOJISIET 0€3 W3MEHEHUsS 3Ha4YeHUs
cpenHero obbema mepeBo3ok (B mpexaenax +3c)
MPOBOJIUTH UCCIIEOBAHNS U3MEHEHHUS TapaMeTPOB
s dhexkTrBHOCTH (DYHKIITMOHUPOBAHUS MAapIIPyTOB
TOPOJICKOTO MACCAKUPCKOTO TPAHCIIOPTA.
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DKCTIepUMEHTaJIbHBIE UCCIIEAOBAHUS MTOKA3aNH,
YTO CpefHee KBaJgpaTHYHOE OTKJIOHEHHE 00HEMOB
epeBo3oK Komnebnercs B mpeaenax 1-10 %. Usz-
MEHEHHUSI BEPOSITHOCTH OKYNaeMOCTH WHBECTHIIH-
OHHBIX MEPOTIPUATHIA TIPU CPEIHEM KBaJIPATUIHOM
OTKJIOHEHHH 00heMa MEPEeBO30K G = | mpuBeAeHBI
Ha puc. 4, a O)KUAaeMblii QUHAHCOBBINA PE3yNIbTaT —
Ha puc. 5.

0,7
0,6
05
0,4
0,3
0,2
0,1
0!

BepositHOCTB
OKYyNaeMOCTH MPOEKTa

15 14
Kgapran

Puc. 4. I3MeHeHune BEpOSITHOCTH OKYNIaEMOCTH
IIPU CPEeAHEM KBaJpaTUIHOM OTKIIOHSHUHN
o6bema nepeBo3ok 6 = 1 (5000 maccaxupoB)

Fig. 4. Change in probability of payback
with average square deviation
of traffic volume o = 1 (5000 passengers)
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—o— 15, W14

Puc. 5. IamMeHeHrE 0KUIAEMOT0 (PUHAHCOBOTO PE3yJIbTaTa
[IPU CPEIHEM KBaPATUIHOM OTKIIOHEHUH
o0beMa rmepeBo3ok ¢ = 1

Fig. 5. Change in expected financial result
with average square deviation of traffic volume c =1

CormacHo puc. 4, BEpOSTHOCTH OKYHaeMOCTH
B 14-m xBapTtane cocrapmia 0,61, a B 15-m — 0,39,
MpPH DTOM OXXWAAeMbIil (MHAHCOBBIM pe3ynbTaT
3aBUCHT OT KBapraja OKymaemoctd (puc. D).
ITo pesynpTaTaMm pacdeToB MOXKHO CHIEIaTh BBIBOJ,
YTO BO3MOKHBIM TEPHOAOM OKYIAEMOCTH SIBJISIET-
cs 14-i1 xBapTan ¢ BepoarHocThio 0,61. K Tomy xe
npu ¢ > 5 BeposSTHOCTH OKyHNaeMOCTH BBIXOIUT
3a TpeeNbl MPOAOKATENFHOCTH (PYHKIIHOHHPO-
BaHUS CUCTEMBI.
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V3MeHeHHne CpEeIHEro KBaapaTHIHOTO OTKIIO-
HeHUs 00beMa MepeBo3ok ¢ ¢ = 1 Ha o = 3 mpuBo-
JUT K PACIIMPCHUIO AUANa30Ha BEPOSATHOCTH OKY-
MaeMOCTH Ha IIECTh KBapTaJloB (puC. 6).
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Puc. 6. VI3ameHeHue BEpOSITHOCTH OKYIIa€MOCTH
NpH CPETHEM KBAAPATUYHOM OTKIOHEHUH
o0bema repeBo3ok 6 = 3 (15000 maccaxupoB)
Fig. 6. Change in probability of payback
with average square deviation
of traffic volume ¢ = 3 (15.000 passengers)

CormmacHo puc. 6, MakCUMaJIbHOC 3HAYCHUC
BeposiTHOCTH B 14-m kBaprtane cocraBuio 0,35,
a OXHIaeMbId (PMHAHCOBBIN PE3yNIbTaT 3aBUCHUT OT
KBapTaia OKyIaeMocTH (puc. 7).
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Puc. 7. VI3mMeHeHHE 05KUIaEMOT0 (PUHAHCOBOTO pe3yJibTaTa
[PH CPEIHEM KBAIPATHYHOM OTKIOHCHUH
o0BbeMa 1mepeBo3oK G = 3

Fig. 7. Change in expected financial result
with average square deviation of traffic 6 = 3

VYBenMueHue CpeHero KBaJpaTHYHOTO OTKIIO-
HeHus enle Ha eauuuily (o = 4) NPUBOIHUT K pac-
NIMPSHUIO JTUANA30Ha BEPOSTHOCTH OKYITaeMOCTH
Ha BoceMb KBapTajioB (puc. 8). M3meHeHue oxuae-
MOro (PMHAHCOBOTO PE3yJIbTAaTa MPU CPEIHEM KBaJl-
paTHIHOM OTKJIIOHEHHH 00beMa TEepPeBO30K G = 4
TIPUBEICHO Ha pHC. 9.
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Puc. 8. I3MeHenue BepOSITHOCTH OKYITAa€MOCTH
IIPU CpeHEM KBAJAPaTUYHOM OTKJIOHEHUH
o06bema mepeBo3ok ¢ = 4 (20000 macca>xupoB)

Fig. 8. Change in probability of payback
with average square deviation
of traffic volume ¢ = 4 (20.000 passengers)
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TP CPeTHEM KBaAPATHYHOM OTKJIOHEHUH
o0beMa nepeBo3ok ¢ = 4

Fig. 9. Change in expected financial result
with average square deviation
of traffic volume c =4

YBenuueHue CpeaHero KBagpaTHUYHOTO OTKIIO-
HEHMs ele Ha equHuny (o = 5) mpuBOIUT K pac-
HIMPCHUIO JTUANa30Ha BEPOSTHOCTH OKYNAeMOCTH
Ha BoceMb kBapraioB (puc. 10). Ilpm BemmdmHe
CTaBKH JWUCKOHTa 9 % W HEW3MEHHOM 3HAYEHHUH
CpeJIHEero KBaJIpaTWUYHOTO OTKIIOHEHWs HaOirona-
eTcs pacIIUpeHHe Juarna3oHa TEepHOJIOB BeEpo-
SITHOW OKYyNaeMOCTH. VI3MEHEeHHEe O0KHUAaeMOro
(UHAHCOBOTO pe3yNbTaTa MpPU CpeJHEM KBajpa-
TUYHOM OTKJIOHCHHH O0BhEMa INEpPEBO30K G = 5
npuseneHo Ha puc. 11. Ilo pesynpraram pacueToB
MOYKHO ClleNaTh BBIBOJ, YTO Hamboyee BeposT-
HBIM TIEPHUOJIOM OKymaeMocTu Oyzaer 14-i kBapTan
¢ BepositHocTsiMH OT 0,20 o 0,61. Ilpu 3Tom mo-
CJie OTKJIIOHEHHUSI G = 5 BEPOSTHOCTh OKYITaeMOCTH

[ Hayka
wrexHuka. T. 20, Ne 6 (2021)

BBIXOJUT 3a MpPEIeIibl MPOAOJIKUTEIBHOCTH (PYHK-
LIMOHUPOBAHUS CUCTEMBI.
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Puc. 10. I3meHeHne BEpOSTHOCTH OKYIIa€MOCTH
TP BEJINYMHE CTaBKU JUCKOHTA 9 %
M CTaH/JIapTHOM OTKJIIOHEHHH 00beMa MEPEBO30K G = 5

Fig. 10. Change in probability of payback
at discount rate of 9 % and standard deviation
of traffic volume 6 =5
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NP BEJINYMHE CTaBKU JUCKOHTA 9 %
M CTaHAAPTHOM OTKJIIOHEHUH 00beMa IIepeBO30K G = 5

Fig. 11. Change in expected financial result
at discount rate of 9 % and standard deviation
of traffic volume 6 =5

YcraHOBNIEHHBIE 3aKOHOMEPHOCTH — BIIHSIHHUSA
MapaMeTpoB aBTOTPAHCIOPTHOTO MPEANPUATHS Ha
BEpPOATHOCTb OKYIA€MOCTH CBHJIETEJICTBYIOT O
TOM, YTO CpEau BCE€il COBOKYITHOCTH MapaMeTpoOB
aBTOTPAHCIIOPTHOTO TPEATIPHUATHUS TIaBHBIM SIBIISI-
ercs  KO3(D(QUIHMEHT BBIMycKa TPaHCIOPTHBIX
CpEICTB Ha JTUHHIO Ol;. TaK, yBeTHYEeHHE 3TOTO KO-
s pummenta Ha 0,05 equanns (o, = 0,95) mpuse-
JeT K CMEIIEHUIO BEPOSTHOCTH OKYIaeMOCTH
¢ 3-ro 10 12-ro KBapTana, a TaKke K YMEHBUICHUIO
JMana3oHa KBapTanoB okynaemocTH. [lonoOHast TeH-
JCHIWS COXpaHsAeTCcs W B OOpaTHOM HalpaBJIeHUH,
T. €. yMeHbleane o, Ha 0,1 equnums (o, = 0,85)
MpPUBENET K CMEIIEHUIO BEPOSTHOCTH OKyIae-
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MOCTH ¢ 7-Tro o 19-To kBaprana, a TaKXke K yBEIH-
YEHUIO IMana3oHa KBapTajJoB OKYIaeMOCTH.

Hpyras xapakTepucTHKa MapiipyTa, KOTopas
BJIHMSIET HAa BEPOSITHOCTh OKYIIAa€MOCTH, — BEITHYHHA
tapuda. [ns uccienoBaHuii BEIOUpaNd MHTEPBA
u3MeHeHus: Tapuda ot 3,25 mo 4 TpuUBeH IpHU
CpelHeM KBaJpaTHIHOM OTKJIOHEHWH G = 5. B pe-
3yJIbTaTe YCTaHOBJICHO, YTO YBEJIMYEHHE Tapuda
3HAYUTENFHO COKpAallaeT MEepHod OKYIaeMOCTH.
To ectb npu onpeaeaeHny 000CHOBAHHOTO TapH)a
HY)KHO MMETh JIOCTOBEPHEIE NaHHBIE KaK 00 00b-
eMax IMepeBO30K, Tak U 00 UX KoyieOaHUsIX B Teue-
HHE JUTUTEITHLHOTO MEPHOJIa BPEMEHH.

Takue xapakTepHUCTUKH, KaK MaKCHMaJbHBIN
NaccaXUPOIOTOK, JJIMHA MapHIpyTa U BpeMs 000-
poTa, SBISIFOTCS YCJIIOBHO IOCTOSHHBIMH, T. €. HE
U3MEHSIOTCS B TEUYCHHWE MJMTENBHOrO Mepuoaa
BpeMeHH. MHade nr000e W3MEHEHHE 3HAYCHUH
ITUX XapaKTepUCTUK TpeOyeT mepecMoTpa BCETO
MEPOTIPUSTHS IO TIPOTHO3UPOBaHUIO 3()(HEKTUBHO-
CTH QYHKIIMOHUPOBAHUS MAPIIPYyTa.

PaccMmoTpeHo Takke BIMSIHHE W3MEHEHUs aMop-
TU3AIMOHHBIX PAacXOJI0B, Pa3MEpPOB CTaBKH JHC-
KOHTa ¥ 3apabOTHOH TIaThl HA OCHOBHEIE ITOKa3a-
Tenu dPGEKTUBHOCTU (PYHKIIMOHUPOBAHHS MapIl-
PYTOB TOPOJCKOTO IACCAXKUPCKOTO TPaHCIOPTA.
CornacHo WcCIEOBaHMSIM, W3MEHEHHUE CTaBKH
JIMCKOHTA BIIMSET HA JUAIa30H KBapTaJIOB OKyMa-
eMocTH, pacmmpss ero 1o 12 kBapranoB. Kpome
TOTr0, HAOMIOAeTCS U3MEHEHNE BEPOSTHOCTU OKY-
naemoctd oT 0,235 no 0,198 mpu HeusmMeHHOM
HaunOoJiee BEposSTHOM 14-M KBapTaje OKynaemo-
ctu. M3ydeHo Takke BIUSHHE OCHOBHBIX XapaKTe-
PHUCTHK TPaHCIOPTHBIX CPEACTB (aBTOOYCOB), Ta-
KHX KaK HOMHHAJIbHAs IacCaXHPOBMECTUMOCTb,
HOpMa pacxojia TOIUIMBA M TOJOBBIE MPOIIEHTHEIC
BBITIATHI TIO 3a€MHOMY KaIUTamy.

Cpenn xXapakTEepHCTUK MapIIpyTa, BIUSIOLINX
Ha MepUOJ] OKYNaeMOCTH, — BETMYMHBI 00beMa 1ie-
peBo3ok u Oyaymero tapuda. OCHOBHBIE mMapa-
METPBl aBTOTPAHCIIOPTHOTO MNPEANPHSTHS, KOTO-
pBIe BIUSIOT HA W3MEHEHHE BEPOSITHOCTH OKyIlae-
MOCTH, — 3TO KOI(PQUIMECHT BBIITyCKa, 3apaboTHAs
TTaTa BOAWTENEH, CTOMMOCTh OJHOTO JIUTpa TOM-
JIMBa M CTaBKa aMOPTH3ALMOHHBIX OTYHcIieHni. OHU
NPHUBOIAT K PACIIMPEHUIO M CMELICHHIO JHAra3oHa
BEPOATHOCTH OKYIAeMOCTH. | JlaBHBIE XapakTepH-
CTUKH (PYHKLIHMOHHUPOBAHUS TOPOACKOrO TPAaHCIIOPT-
HOTO CPEJICTBA, MU3-32 KOTOPBIX M3MEHSETCS OKyTiae-
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MOCTb HMHBCCTULIMOHHOI'O MCEPONPUATHA, — HOMMU-
HaJlbHasg MacCaXXUPOBMECTUMOCTL, LICHA TPaHCIIOPT-
HOTr0 CpeACTBAa U TOAOBBIC ITPOLUCHTHBIC BBIIJIATHI.

BBIBO/IbI

1. Pe3ynbrarhl aHann3a NeSTEIBHOCTU CYOBEK-
TOB XO35HCTBOBAaHUS NPHU BBIIOJIHEHUH MACCAXKUP-
CKHX MEPEBO30K MO3BOIWIN YCTAHOBUTD PA3IAYML
MEXy 3alNIaHUPOBAHHBIMU 3HAYCHUSMU I10Ka3a-
Tenel U pea’bHbIMU AaHHbBIMU. Cpenu HuX — pac-
XOJIbl Ha TOIJIMBO, CMa304HbIE MATEPUAIbl, TEXHU-
YecKoe 0OCITyXUBaHUE U PEMOHT, HHEL. [Ipu aToM
(GYHKUIMS pacrlpeneneHus] CIy4alHbIX BEIHMYUH
OIMTMCBIBACTCA HOPMAJIbHBIM 3aKOHOM.

2. Ilpu mpoBepke THIOTE3bl O COOTBETCTBUU
CTaTUCTUYECKOI0 PACIpPEIENICHUs] HCIIOIb30BAIN
kpurepuil Ilupcona. Ilo pesynbraram pacuyeToB
YCTaHOBJICHO JJI1 PaCXOJ0B!

—ua tommeo npu X = 13,83 u kommuect-
Be crerneneit ceobomsr df = 7 BeposTHOCTH Ccora-
cus p = 0,054;

— HAa CMa304Hble MaTepuansl opu X° = 8,52 u
yncie crenenei ceoboasl df = 7 BeposATHOCTH CO-
rimacus p = 0,288;

—Ha TEXHHYECKOE OOCITy)KMBAaHHE M PEMOHT
mpu %2 = 13,72 U KonHYeCTBE CTeNeHei CBOGO-
ap1 df = 7 BepositHOCTB cornacus p = 0,056;

— Ha mmHEel opy x> = 13,65 U KoNMUeCTBE CTe-
meneir cBoboxmbr df = 7 BepositHOCTH coria-
cust p = 0,058.

JI7st BceX pacCMOTPEHHBIX BUIOB PAacXOOB Be-
POSATHOCTD COTJIACHSI MIPEBBIIIACT IPUHATYIO BEJIH-
guny 0,05.

3. JIng y4era CTOXaCTUYHOCTH HapaMeTPOB ro-
POJCKUX MACCAXHPCKUX IMEPEBO30K PACCMOTPEHO
pacrpe/ienieHre 00beMa MePeBO30K KaK TaKOBOTO,
YTO COTJIACOBBIBAETCS C HOPMAJBHBIM 3aKOHOM
pacrpe/eNieHusi, KOTOPBIA MPUHUMAETCS BO BHU-
MaHHE IPU pacueTe COOTBETCTBYIOIIMX Pa3HOBHI-
HOCTEU pacxod0B.
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Fuel Consumption of Wheeled Vehicle and Transportation Costs
during Highway Construction/Reconstruction
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Abstract. A method is proposed for determining the fuel consumption of a wheeled vehicle depending on its speed, road sur-
face flatness and road slope in the longitudinal direction. The purpose of the research is to derive mathematical relationships
for calculating the fuel consumption of wvehicles, which is one of the transport cost factors during the const-
ruction/reconstruction or overhaul of a highway. The proposed polynomial dependencies for calculating fuel in addition to
vehicle speed, road surface flatness and its longitudinal slope take into account the mass-dimensional parameters of vehicles
involved in road traffic. New mathematical relationships between the speed of wheeled vehicles, road surface flatness and
longitudinal road slope allow to simulate the change in the value of fuel consumption of a wheeled vehicle when the speed
of traffic flow or the slope of the road surface changes in the forward or reverse direction of the vehicle. In a graphic way,
the influence of the pavement slope on the value of fuel consumption, both loaded and unloaded wheeled vehicle is presented.
When determining transport costs associated with the highway construction, reconstruction or overhaul it is proposed to use
empirical mathematical relationships, which make it possible to obtain fuel consumption with an accuracy of 5 % and save up
to 15 % of budget (private) investments. The analysis of scientific publications of the existing approach determine
the transport costs associated with highway construction, reconstruction or overhaul. The presented method for determining
the fuel consumption of wheeled vehicles with small and large loading capacity increases the accuracy of determining trans-
portation costs and reduces the level of financial costs for highway construction, reconstruction or overhaul.

Keywords: fuel consumption, road conditions, transportation costs, highway, construction, road reconstruction, traffic flow,
longitudinal road profile, travel speed
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TPAaHCHOPTHBIX M3JEPIKEK NPH CTPOUTENILCTBE/PEKOHCTPYKINY MM KalMTaILHOM PEMOHTE aBTOMOOMIbHOW moporw. IIpen-
JIO>KEHHBIE TOJMHOMHANbHBIE 3aBUCHMOCTH 7 pacdeTa pacxoja TOIUIMBA, KPOME CKOPOCTH JBMXKEHMs aBTOMOOHIIS, POB-
HOCTHU JIOPO’KHOTO TMOKPBITHS M MPOJONBHOTO YKJIOHA JOPOTH, YYMTBHIBAIOT MAaccOrabapuUTHBIE MapaMeTphbl TPAHCIIOPTHBIX
CPEACTB, Y4acCTBYIOIIUX B JOPOKHOM JBHKeHuUU. HoBble MaTeMaTH4YeCKME B3aUMOCBS3U MEXKIY CKOPOCTBIO JBHKEHUS
KOJICCHOTO TPaHCIIOPTa, POBHOCTBIO JOPOKHOIO MOKPBITHS M IPOJOJIbHBIM YKJIOHOM JOPOTY IO3BOJIAIOT MOJEIUPOBATH
U3MEHEHHE BEITMYMHBI PAacXo/a TOMINBA KOJIECHOIO TPAHCIIOPTHOIO CPEACTBA NMPHU U3MEHEHHU CKOPOCTH JBHXKEHMS TPaHC-
HOPTHOTO IOTOKA WM YKJIOHA JIOPOXKHOTO IOKPHITHS B NPAMOM WM OOpaTHOM HANPaBICHUU IBMKCHHS aBTOMOOWIIA.
B rpadudeckom Buze NpeaCTaBIeHO BIMSHUE YKIOHA JOPOXKHOTO IOKPHITHS Ha BEJIMUUHY PAacX0fa TOIUIMBA KaK IPyXKEHOTO,
TaKk M CHapsHDKEHHOTO KOJIECHOTO TPAHCIOPTHOTo cpenctBa. [Ipu ompeneneHur TPaHCTIOPTHBIX H3IEPHKEK, CBSI3aHHBIX
CO CTPOMTENILCTBOM, PEKOHCTPYKIHEH MJIM KalUTaJIbHBIM PEMOHTOM aBTOMOOMJIBHOM IOPOTH, MpEeAaraeTcsl UCIoIb30BaTh
SMITUPHYECKHE MaTeMaTHIECKHE 3aBICHMOCTH, MO3BOJIAIOMINE MONTYyIUTh PAcXo]l TOIUIMBA C TOYHOCTBIO 10 5 % M COKOHO-
MHUTB 10 15 % OMOMKETHBIX (YaCTHBIX) MHBECTULMHA. BBINOJHEH aHANM3 HAy4YHBIX MYOJNHKAIMI CYLIECTBYIOLIETO MOAXO0a
TI0 ONPENIEJICHUIO TPAHCIIOPTHBIX U3JIEPIKEK, CBA3AHHBIX CO CTPOUTENBCTBOM, PEKOHCTPYKLHEH UM KalUTaJbHBIM PEMOHTOM
aBTOMOOMIBHON oporu. [IpuBeneHHbIH crioco0 ompeneseHus pacxoAa TOMJIMBA KOJNECHBIX TPAHCIOPTHBIX CPEICTB Majoi
1 OOJNBIION TPY30MOJEEMHOCTH TIOBBIIIAET TOYHOCTH YCTAHOBIICHHS TPAHCIIOPTHBIX M3JIEP)KEK M CHIDKACT ypoBEHb (prHaH-
COBBIX 3aTpaT Ha CTPOUTENHCTBO, PEKOHCTPYKINIO, KATUTAIBHBIH PEMOHT aBTOMOOMIBHBIX JOPOT.

KiroueBbie cj10Ba: pacxo/ TOIUIMBA, JOPOKHBIC YCIOBHS, MUKEThI, TPAHCIIOPTHBIE U3JEPKKH, aBTOMOOHIIbHAS JOPOTa, CTPO-
UTEJIBCTBO, PEKOHCTPYKIMS aBTOMOOWIIBHOM JOPOTH, TPAHCIIOPTHBIN MOTOK, HPOAOJIBHBIN NPOGHIb JOPOrH, CKOPOCTh JIBU-
KEHHUS

Jns muTHpoBanmsi: Pacxo/ TOIUIMBa KOJECHOTO TPAHCIOPTHOTO CPEICTBA W TPAHCIOPTHBIC M3ACPKKH HPH CTPOUTEINb-
cTBe/peKoHCTpyKIK aBToMoGmIbHOM noporu / JI. H. Jleourses [u ap.] // Hayxka u mexnuxa. 2021. T. 20, Ne 6. C. 522-527.
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Introduction

Currently one of the key tasks in highway
designing and its further operation activities is
to increase the efficiency of capital investments
in its construction, reconstruction and overhaul
by optimizing the design solutions. Economic
methods for calculating the effectiveness of project
design options provide for the indicator compa-
rison of outcomes and costs for the compared
options. This comes down, as a rule, to the calcula-
tion of efficiency keeping in mind the economic,
social, environmental and other consequences of
a particular engineering decision.

When choosing a rational design decision as to
the highway construction, reconstruction or over-
haul, road construction engineers estimate trans-
portation costs only by averages, which, of course,
reduce the accuracy and reliability of any conclu-
sions drawn by them over the benefits of a particu-
lar decision. It is known that in transportation costs
the largest share is the fuel consumption of a car,
which mostly depends on the road conditions of
its travelling, therefore, when searching for a ra-
tional option for a design decision as to the high-
way construction, reconstruction or overhaul, it is
necessary to increase the accuracy of calculation
methods especially for this indicator.

Aim and task setting — the aim of the research
is to improve the accuracy of determining the
transportation costs associated with the vehicle fuel
consumption during the highway operation, as well
as during its overhaul period.
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Determination of the fuel consumption
with changing road conditions

One of the understudied factors while compa-
ring design options is the analysis of changing road
conditions during the road operation. In particular,
this includes the consistent patterns of changes
in the fuel consumption of all vehicles that make
up the estimated traffic flow taking into account
the change of the rolling resistance coefficient and
the carriageway flatness indicators [1-4]. The fuel
consumption required for moving on a given road
section depends on the road and vehicle parame-
ters [5, 6]. The road characteristics, such as the
vehicle speed, longitudinal slope, rolling resistance
coefficient and carriageway flatness characte-
ristics, which determine the driving resistance
forces and the power losses to move along this par-
ticular road segment, participate in the depen-
dencies of fuel consumption in relation to road
conditions [7, 8].

The influence of vehicle parameters on fuel
consumption [9, 10] is studied in detail and pre-
sented in the form of analytical solutions depen-
ding on the vehicle speed [11, 12].

In accordance with the road conditions, a driver
sets the speed of a car and the road conditions, as it
is known, are determined by the plan, road cross
section and indicators of the operational road con-
dition [13], so choosing a model for changing the
speed of a vehicle is one of the important tasks
in determining transportation costs associated with
fuel consumption [14, 15].
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The relation of the movement speed of diffe-
rent types of vehicles with the plan and the road
cross section, based on the generalization of the
road conditions outlined in [6], can be represented
as shown in Fig. 1 [4]. And you should pay atten-
tion to the fact that when moving on the same sec-
tion of road in different directions, the speed of the
same vehicle has not the same character, and, con-
sequently, the transportation costs associated with
fuel consumption on direct and the opposite direc-
tion of movement will be different.
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Fig. 1. Relation of vehicle speed with the plan
and the longitudinal cross section of a road
at an average traffic intensity of 300 cars/h [4]
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Solving the problem of determining the fuel
consumption of the main types of vehicles with not
just changing road conditions on certain road sec-
tions but changes in their speed, one must also take
into account the influence of the resistance forces
and the power losses of the movement in accor-
dance with the studies of the authors’ publica-
tion [9]. Thus, the offered model for determining
transportation costs with fuel consumption during
the highway operation, as well as during the over-
haul maintenance period, is based on the equation
of the fuel consumption [9], obtained by the syn-
thesis of the equations of vehicle motion and par-
tial modes characteristics of internal combustion
engine operation

Gy =2, 1)
N

where 4 — parameter combining the fuel consump-
tion with the vehicle speed, road resistance and
power capacity per movement [4, 9]; n; — engine
efficiency indicator [9].

Calculating the value of fuel consumption of
typical vehicles shows (Fig. 2, 3) [4] that with
increasing the slope and increasing vehicle mass,
the value of fuel consumption by their internal
combustion engines increases. Increasing the speed
of a vehicle has a different effect on fuel con-
sumption.

So the calculations showed that increasing
the speed to 40 km/h on vehicles of medium and
large capacity leads to decreasing the fuel con-
sumption, and their further movement at speeds
above 40 km/h leads to increasing the fuel con-
sumption (Fig. 2).
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Fig. 2. Fuel consumption of trucks and buses:
solid line — loaded car; dotted line — unloaded car
(flatness indicator — 50 cm/km; road surface — asphalt
concrete; the figures near the curves — road slope, %) [8]
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Unlike vehicles with medium and high carrying
capacities, vehicles with low carrying capacities
have minimal fuel consumption at the speeds of
around 60 km/h. Increasing the speed of more than
60 km/h as well as for vehicles with a larger mass,
leads to increasing the fuel consumption (Fig. 3).
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Fig. 3. Fuel consumption of passenger cars:
solid line — loaded car; dotted line — unloaded car
(flatness indicator — 50 cm/km; road surface — asphalt
concrete; figures near the curves — road slope, %) [8]

It should be noted that the equation (1) forming
the basis of the offered model for determining
transportation costs gives a high accuracy of calcu-
lations only for a road that has an excellent carriage-
way flatness, that is, not more than 50 cm/km. For the
roads with a large value of carriageway flatness,
the offered method for determining transportation
costs combining with the fuel consumption requires
the clarification. This is especially relevant in deter-
mining transportation costs during the between
overhauls period of the road maintenance.

Result and discussion

In order to clarify the effect of the deteriora-
tion of the carriageway flatness on the value of fuel
consumption, some road experimental studies of
the various types of vehicles movement were car-
ried out, the obtained results are shown in Fig. 4, 5.

The carried out studies were performed both
for the unloaded condition of a vehicle, and in
the conditions of its full loading on the asphalt
road. In experimental studies, the average fuel con-
sumption, the vehicle speed and the road flatness
were recorded. It should be noted that the speed
of passenger cars, trucks with a full carrying
capacity up to 3.5t and buses — up to 5.0 t did
not exceed 100 km/h, and the speed of movement
of trucks over 3.5 t and buses over 5.0 t did not
exceed 70 km/h.
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The data obtained in the process of expe-
rimental studies made it possible to clarify the
dependence (1) forming the basis of the model for
determining transportation costs by obtaining on its
basis new polynomial dependencies:

Q=18i+23,08-1,32-1072S +0,3652v —
~3,2-10°S%+1,057-107°Sv - 0,03201v* +
+4,539.10°S%v-2,564-10°Sv? +  (2)
+5,027-10"v® - 2,449-10°S%? +
+1,625-107 Sv® - 2,307 -107°v*;

Q = 6i —228,2 + 27,58v + 2,533S —1,115v* —
—0,2427vS —0,005529S% +0,02066V° +
+0,007796v2S +0,0004778vS? —
—1,773-10*v* —1,003-10* Sv° —
~1,203-10°v?S2 +5,75-10'v° +
+4,398-107" Sv* +9,293-108v3S?;

®3)

Q =10i —507,1+68,61v +4,431S — 3,237v? —
—0,474vS -1,111-102S2+7,089-10%v* +
+0,0174v?S +1,042-10°vS? —
~7,313-10v* - 2,577-10*v3S —
—3,008-10°v?S%?+2,892-10°°v° +
+1,305-10°v*S +2,707-10 " v3S2.

(4)

Using the equation (2) it is easy to determine
the fuel consumption (1/200 km) of a unloaded or
loaded vehicle with low weight (cars, trucks with
gross weight up to 3.5t and buses — up to 5.0 t)
given the road flatness (S), its slope (i) and vehicle
speed (V).

On the basis of the equation (3), it is possible to
calculate the fuel consumption of a unloaded ve-
hicle (a truck over 3.5t and buses over 5.0t)
using all the same initial parameters (road flat-
ness (S), its slope (i) and vehicle speed (v)).

As the fuel consumption of a loaded vehicle
with high carrying capacity (trucks over 3.5t and
buses over 5.0 t) differs significantly from its fuel
consumption in the unloaded condition, it is neces-
sary to determine it according to the depen-
dency (4) for more accurate results.

Analyzing the results obtained in the calcula-
tion of transportation costs as to the fuel consump-
tion showed that taking into account the change
in the fuel consumption of a vehicle at the end of
the between-repairs time of the road operation
compared to a new road or road after an overhaul
has a much higher transportation cost.
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For further comparison of design options, it is
necessary to take into account the fact that along
the road, the traffic flow is uneven in time and
space, consisting of different types of vehicles,
with different values of fuel consumption, so its
share is more than 60 % of the motor transport
component of transportation costs.

On any road this component on different road
segments may differ significantly from the average
value, which makes it possible to find problem
road sections by the criterion of transportation
costs when searching for the best option.

For such a directional search, it is necessary to
solve the problem of differentiating the compo-
nents of the transportation costs for different road
sections, depending on the changing road condi-
tions and the types of vehicles that make up the
estimated traffic flow, which significantly incre-
ases the reliability of the substantiation of capital
investments by the criterion of transportation costs.

If the calculation based on the offered metho-
dology is carried out with reference to the plan
and the longitudinal road cross-section (Fig. 1), for
example, in the opposite direction, then you can
summarize the results and present them in the form
of a graph of travel expenditures of fuel by vehi-
cles on different road sections (Fig. 6). On Fig. 6
the following abbreviations are accepted: Fv —
freight vehicle up to 3.5 t; Fb — freight vehicle
over 3.5 t; Rt — road trains; Bs — buses over 5.0 t;
Cs — cars; A — average fuel consumption for the
considered flow of vehicles.

It should be noted that since, in accordance
with the road map, a vehicle travels over the dis-
tances smaller than one kilometre; it is advisable
that the fuel consumption dimension 1/100 km
should be reduced to the fuel consumption dimen-
sion 1/100 m for the ease analysis of the calculated
results. In addition, this dimension with the unit of
length measurement (hundred meter mark — 100 m)
in a road project is familiar to road engineers.

014, ,

€ e |

~0.12 1

o v . |

o [

<= 0.10 %% ‘ ‘e
- e, . l.. -

, y e | . .
500y g
a o » . K o .,
£0.064g W% T, SF
2 - * Tan . l" 3
20.04+ L7 ST TS S
Q 4 1) e L
— S— ! / ! |
& 0.021%* "."'v-o.o."T...‘..I. A SR f-o.,g-t"‘""""O- 4
L |

0 5 10 15 20 25 30
Hundred meter mark

——Fv —s—Fh sessRRi —#-s Bg e (5 w—A

Fig. 6. Fuel consumption depending on the type
of a vehicle in the relevant road section

Hayka
urexHuka. T. 20, Ne 6 (2021)



Transport

Analyzing the results of calculations in Fig. 6,
it is possible to conduct a comparative assessment
of the variants of design decisions and choose
a rational decision as to the road construction, re-
construction or overhaul.

Analysis of the results of similar calculations
performed for other values of slopes and indicators
of the rough meter, shows a directly proportional
dependence of fuel consumption on the value of
the longitudinal slope in the entire speed range of a
vehicle. The analysis of the given above model-
ling results convinces us of the need to take into
account an increase of up to 30 % in fuel consump-
tion when driving on an uneven roadway.

CONCLUSIONS

1. Studies conducted on fuel consumption pat-
terns showed that the accuracy of fuel consumption
calculations can have an effect of up to 30 % on
transport costs compared with averaged calcula-
tions.

2. During the overhaul period of the road ope-
ration, an accurate calculation of transportation
costs saves up to 15 % of the budget funds allo-
cated for the road reconstruction by reducing the
amount of consumables in the forward and reverse
wheeled vehicle movement.

3. The generalization of traffic flow conditions
made it possible to determine with an accuracy of
up to 5 % the impact of the speed, the flatness of
road surface and the road slope on the value of fuel
consumption of typical vehicles to calculate trans-
portation costs determining the level of costs for
highway construction, reconstruction and overhaul.

4. Modelling the nature of the change in fuel
consumption for different traffic flows shows that
when comparing design options, a more accurate
calculation of the fuel consumption for all hundred
meter marks of the design solution is just as im-
portant as the adhesion coefficient and the road
evenness indicator.

REFERENCES

1. LiD., Li C., Miwa T., Morikawa T. (2019) An Exploration
of Factors Affecting Drivers’ Daily Fuel Consumption
Efficiencies Considering Multi-Level Random Effects. Sus-
tainability, 11 (2), 393. https://doi.org/10.3390/su11020393.

2. Litvinov A. S., Farobin Ya. A. (1989) Automobile. Theory
of Operational Properties. Moscow, Mashinostroenie
Publ. (in Russian).

Hayka
wrexHuka. T. 20, Ne 6 (2021)

3. Ageykin Ya. S., Volskaya N. S. (2008) Theory Vehic-
le. Moscow, Moscow State Industrial University. 318
(in Russian).

4. Filippov V. V., Smirnova N. V., Leontiev D. N. (2014) On
the Dependence of Fuel Consumption and the Effect on
it of Vehicle Speed and Road Conditions. Vestnik Khar-
kovskogo Natsionalnogo Avtomobilno-Dorozhnogo Uni-
versiteta = Bulletin of Kharkiv National Automobile and
Highway University, 67, 7-12 (in Russian).

5. Vasilev A. P. (ed.) [et al.] (2004) Road Builder Reference En-
cyclopedia. Vol. Il. Repair and Maintenance of Automobile
Roads. Moscow, Informavtodor Publ. 507 (in Russian).

6. Filippov V. V., Smirnova N. V. (2014) Modeling Traffic
Flows on Roads of II-1V Categories. Kharkiv, Kharkiv
National Automobile and Highway University. 200 (in
Russian).

7. Huertas J. 1., Giraldo M., Quirama L. F., Diaz J. (2018)
Driving Cycles Based on Fuel Consumption. Energies, 11,
3064. https://doi.org/10.3390/en11113064.

8. Ho S., Wong Y., Chang V. W. (2014) Developing Singa-
pore Driving Cycle for Passenger Cars to Estimate Fuel
Consumption and Vehicular Emissions. Atmospheric Envi-
ronment, 97, 353-362. https://doi.org/10.1016/j.atmosenv.
2014.08.042.

9. Govoruschenko N. Ya., Turenko A. N. (2004) Systems
Engineering on the Design of Transport Machines.
Kharkiv, Kharkiv National Automobile and Highway Uni-
versity. 208 (in Russian).

10. Lim J., Lee Y., Kim K., Lee J. (2018) Experimental Analysis
of Calculation of Fuel Consumption Rate by On-Road Mile-
age in a 2.0 L Gasoline-Fueled Passenger Vehicle. Applied
Sciences, 8 (12), 2390. https://doi.org/10.3390/app 8122390.

11. Doumbia M., Toure N. E., Silue S., Yoboue V., Diedhiou A.,
Hauhouot C. (2018) Emissions from the Road Traffic of
West African Cities: Assessment of VVehicle Fleet and Fuel
Consumption. Energies, 11, 2300. https://doi.org/10.
3390/en11092300.

12. Plotz P., Funke S. A., Jochem P. (2018) Empirical Fuel
Consumption and CO, Emissions of Plug-In Hybrid
Electric Vehicles. Journal of Industrial Ecology, 22 (4),
773-784. https://doi.org/10.1111/jiec.12623.

13. Leontiev D. N., Nikitchenko I. N., Ryzhyh L. A., Loma-
ka S. I., Voronkov O. I, Hritsuk I. V., Pylshchyk S. V.,
Kuripka O. V. (2019) About Application the Tyre-Road
Adhesion Determination of a Vehicle Equipped with
an Automated System of Brake Proportioning. Nauka
i Tekhnika = Science & Technique, 18 (5), 401-408.
https://doi.org/10.21122/2227-1031-2019-18-5-401-408.

14.Kan Z. H., Tang L. L., Kwan M. P., Zhang X. (2018) Es-
timating Vehicle Fuel Consumption and Emissions Using
GPS Big Data. International Journal of Environmental
Research and Public Health, 15 (4), 566. https://doi.org/
10.3390/ijerph15040566.

15. Al-Arkawazi SAF (2018) Measuring the Influences and
Impacts of Signalized Intersection Delay Reduction on the
Fuel Consumption, Operation Cost and Exhaust Emis-
sions. Civil Engineering Journal-Tehran, 4 (3), 552-571.
https://doi.org/10.28991/cej-0309115.

Received: 24.06.2019
Accepted: 10.09.2019
Published online: 30.11.2021

527


https://doi.org/10.3390/su11020393
https://doi.org/10.3390/en11113064
https://doi.org/10.1016/j.atmosenv.%202014.08.042
https://doi.org/10.1016/j.atmosenv.%202014.08.042
https://doi.org/10.3390/app%208122390
https://doi.org/10.3390/en11092300
https://doi.org/10.3390/en11092300
https://doi.org/10.21122/
https://doi.org/%20%0b10.3390/
https://doi.org/%20%0b10.3390/

Tpancnopm

https://doi.org/10.21122/2227-1031-2021-20-6-528-538
YK 656.13
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l)XapLKOBCKI/Iﬁ HaIMOHAJLHBIH aBTOMOOMIBHO-TOPOXKHBIH YHUBEPCUTET (XapbhKoB, YKpanHa)

© benopycckuii HalMOHAIBHBIN TEXHUUECKUH yHUBepcHuTeT, 2021
Belarusian National Technical University, 2021

Pedepart. I[IpuBencHbl pe3ynbTaThbl HCCICIOBAHUS AaKTyaJbHOW HAYYHO-TEXHHYECKOW MPOOJIEMBI ONPEICICHUS YPOBHS
0e30MacHOCTH JOPOKHOTO ABIKEHHUS Ha y4acTKax aBTOMOOMJIBHBIX Jopor. Llenbio mccienoBaHus sBsIack paspaboTka
JKCIPECcC-METo/Ia OLCHKH OE30MacHOCTH JOPOKHOTO [BIDKCHHS Ha OCHOBE YCOBEPIICHCTBOBAHUS METOJIa HTOTOBOTO
K02 duIeHTa aBapHUHOCTH IMyTeM PEIyKLUUH YacTHBIX KO3()(UIMEHTOB aBapUHHOCTH MpU HEOOXOAMMOI TOYHOCTH
OTIpENICNICHAsT YPOBHs OE30MAaCHOCTH Ha aBTOMOOWJIBHBIX JOpOTax oOMIero Iosik30oBaHus. [IpoBeneHa ¢opmamm3aius
B3aMMOCBSI3U N1APaMETPOB YCIOBUM JOPOXKHOTO ABMXKEHHS IS M3YUEHHUs YPOBHS 0€30IIaCHOCTH Ha aBTOMOOMJIBHBIX I0pOTax.
JlareHTHBIC (HhaKTOPHI TAPAMETPOB YCIIOBHH JBIKCHHUS MOTYYCHBI HA OCHOBE PEIYKIUH X COBOKYITHOCTH METOJIOM TJIaBHBIX
KOMIOHEHT C y4eTOM B3aMMOCBSI3H YaCTHBIX KOI(P(PHIHEHTOB aBapUilHOCTH, YTO MO3BOJIWIO pa3paboTaTh aHAIUTHICCKHE
MOJICIT OTIpeICIICHHs 0E30MacCHOCTH JOPOKHOTO JABHKCHUS U BHEPCHHS B IPAKTUKY MPOBEICHHS ayauTa 0€30MaCHOCTH
JOPOKHOTO IBMWXeHus. Pa3paboraHa MeTOAMKA BBIIBICHHS OINACHBIX YYaCTKOB HAa aBTOMOOMJIBHBIX J0OpPOrax, B KOTOPYIO
Borum 11 mapameTpoB MOPOXKHBIX yclIOBUE U3 18 dacTHBIX K03 (QHUIMEHTOB aBapHiHOCTH, TPEIOKEHHBIX B MPOTOTHUIIEC U
HOPMaTHUBHBIX JIOKYMEHTaX YKpauHbl. AJIEKBaTHOCTh MOJIEIH OIpe/ieieHa 3HAYSCHUSIMU OTKJIOHEHUH IOJYYeHHBIX NaHHBIX
[0 aBTOPCKOH MOJEIM W MOJACIU-NPOTOTHIY OT 3HAYCHUH OTHOCHTEIBHOTO KOI(GQHIMEHTa aBapUIHOCTH, KOTOpBIS
COOTBETCTBEHHO cocTaBwin 3,22 u 18,61, 1. e. mpelioKeHHass MOJIeNb B IIECTh pa3 yMEHbUIAET 3HAUYEHUE OTKIOHEHUH
U BJIMSET Ha TOYHOCTH OINpPENENICHUS YPOBHS O€30MacCHOCTH. DKCIEPUMEHTAIbHBIC HCCIENOBaHHMS HPOBEICHBI HA 79 KM
aBTOMOOHJIBHBIX JOpor (Ha 385 cekTopax ¢ HEM3MCHHBIMH 3HAYCHHUSMH MAapaMeTPOB YCIOBHI IBIXKCHUS). Pe3ynbrarhl
CPaBHHUTEJIBHOTO aHAJIM3a YPOBHSA OE30MACHOCTH IO MOJAENU-TIPOTOTHIY M pa3paboTaHHON Mozmenu OblIM MACHTUYHBIMH
Y TIOKa3aJIi yMEHBIICHUE BPEMEHHBIX U TPYIOBBIX 3aTpar B 1,6 paza 6e3 motepu TOYHOCTH. TakuM 0Opa3om, pa3paboTaHHYIO
METO/AUKY PEKOMEHAYETCSl MPUMEHSATh Ul ONpEeAeTICHUs] NOTEHIUAIBHONH ONAacHOCTH YYacTKOB aBTOMOOWJIBHBIX JOpPOT BO
BpeMsi SKCIpecc-aHaan3a 0e30IaCHOCTH aBTOMOOWJIEHOW OPOTH WM MPHU MPOBEACHUH ayauTa 0E30MacHOCTH JOPOIKHOTO
IBIDKCHHS Ha PA3IMYHBIX CTAAMUAX KU3HEHHOTO LIMKJIAa aBTOMOOMIIBHON TOPOTH.

KiroueBble c10Ba: ypoBeHb 0€30MaCHOCTH JOPOKHOTO ABMIXKCHMS, TAapaMETpPhl YCIOBHUI ABIKEHMS, KO3(DUINECHTHI aBa-
PUITHOCTH, JIaTEHTHBIE PaKTOPBI, ayAUT OE30IIACHOCTH JOPOKHOTO JABIIKCHHUS

Juist uuTupoBanusi: PaspaboTka mMozeneil Kcnpecc-aHamsa 6e3omacHocT aopoxHoro apmkenus / JI. C. A6pamosa [u ap.] //
Hayka u mexnuxa. 2021. T. 20, Ne 6. C. 528-538. https://doi.org/10.21122/2227-1031-2021-20-6-528-538

Development of Models for Express Analysis of Road Safety

L. S. Abramova”, H. H. Ptitsia”, S. V. Kapinus®, T. V. Kharchenko”
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Abstract. Results of a study of an actual scientific and technical problem of determining the road safety level on road sections

are presented in the paper. The aim of the study is to develop an express method for assessing road safety based on improving
the method of the final accident rate by reducing the partial accident rate with the required accuracy of determining the safety
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level on public roads. The formalization of the relationship between the parameters of road traffic conditions has been carried
out to study the level of safety on highways. Latent factors of the parameters of traffic conditions have been obtained on the
basis of reduction of their aggregate by the method of principal components, taking into account the relationship of partial
accident rates. This condition has allowed to develop analytical models for determining road safety for implementation in the
practice of conducting a road safety audit. A method for identifying hazardous areas on highways has been proposed in the
paper. It includes 11 parameters of road conditions out of 18 partial accident rates proposed in the prototype and regulatory
documents of Ukraine. The adequacy of the model is determined by deviation values of the obtained data according to
the prototype model from the values of the relative accident rate, which were 3.22 and 18.61, respectively. The proposed
model reduces the deviation value by six times and affects the accuracy of determining the safety level. Experimental studies
have been conducted on 79 km of highways (on 385 sectors with constant values of traffic conditions parameters). The results
of a comparative analysis of the safety level for the prototype model and the developed model have been identical and shown
a decrease in time and labor costs by 1.6 times without loss of accuracy. Thus, the developed methodology is recommended
to be applied for determining the potential danger of road sections during an express analysis of the road safety or when
conducting a safety audit at various stages of the road life cycle.

Keywords: road safety level, traffic conditions parameters, accident rates, latent factors, road safety audit
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BBenenne

YpoBeHb pa3BUTHUS TPAHCHOPTHOW CHUCTEMBbI
rocyaapcTBa — OAWH M3 BaXXHEUIIUX TMPU3HAKOB
ee TexHoJormueckoro mporpecca. llorpeGHOCTH
B BBICOKOPA3BUTOM TpPaHCIOPTHON CHUCTEME eIle
Oonee ycwiIuBaeTCS MPU HHTETpAllMKM YKpauHbl B
€BPOIECUCKYI0 U MUPOBYIO SKOHOMUKY. ['eocTpate-
THYECKOE PpACIOJIOKEHUE CTPaHbl CIIOCOOCTBYET
Pa3BUTHIO TPAHCIIOPTHOW CHUCTEMBI KaK COCTaB-
JAIOUIEN TPaH3UTHBIX MEPEBO30OK MEXAY TIoCy-
napctBamu EBpomnbl, Asum, biamwxxero Boctoka.
K TpancnopTHOl cucTeMe B PHIHOYHBIX YCIOBHUSX
NPEIbSBISIFOTCS BBICOKHE TpeOOBaHUS IO Kade-
CTBY, PETYJISPHOCTH U HAaJEKHOCTH TPAHCTIOPTHBIX
CBA3€H, CPOKOB M CTOMMOCTH AocTaBKHU. IToaTomy
COCTOSIHUE€ TPAHCIOPTHOW CHUCTEMBI Y KpauHbI
JIOJKHO COOTBETCTBOBAThH YCIOBUSIM €BPOMNEHCKOI
UHTETpAllid TI0 OO0ECHEeUeHHI0 HEOOXOJMMOTO
ypoBHS KoM(opTa W 0E30MaCHOCTH IOPOXKHOTO
JIBIDKCHUS.

[locrnennue necsATUNETHS BOMPOCHI OE301MacHO-
CTU JABWXEHUSI B MUPE SIBISIOTCS OOHUMH U3 TEp-
BOOYEPETHBIX, O YEM CBHJIETEICTBYET MPUHATUE
B ampene 2016 1. I'enepanbHoil AccamOineeit
Opranuzamun O0benuHeHHBIX Harmii 3amaum co-
kpamenus Kk 2020-My BABOE KOJMYECTBA CIy4yaeB
CMEPTH U TpaBM B pe3yibTaTe IOPOKHO-TPAHC-
noptHeix npoucmiectsuid (I TIT) [1]. Kpome storo,
JTII HaHOCAT SKOHOMHKE YKpauHbl 3HAUMUTEIIbHbIE
yobiTkn. Ilo nanabiM  BeemupHO#  opranuzanmu
3apaBooxpaHeHusi U1 BcemupHoro 0OaHKa, e€Xeroa-
HbIe TIOTepH SKOHOMMKHM cTpanbl oT JITII moctura-
ot 5 mapa nmoa. CIIA, yro cocraBmser 3—-6 %
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BBII [2]. [Toatomy pemienue mpoOiaemMbl odecre-
YyeHHs1 0€30MacHOCTH JOpPOKHOTO [BIKEHHS OT-
HOCHTCA K TIPHOPHUTETHBIM 3aJa4aM pa3BHTHUS
CTpaHBI.

B ycnoBusix OrpaHM4eHHOCTH MaTepHaJIbHBIX
pecypcoB s YKpawHBl aKkTyaldbHO pemiaTh Ipo-
OneMy MOBBIIICHUS HaJIe)KHOCTH CUCTEMBI YIpaB-
neHuss 0e30MacHOCThIO  JOPOKHOTO  JIBHKEHUS
CpeacTBaMH BhIOOpa HEOOXOTUMBIX MEPOIPHUATHI
[0 JIMKBHUJAIIMM OMAaCHBIX YYacCTKOB, B IIEPBYIO
ouepesb MyTeM YCOBEPIIEHCTBOBAHUS CYIIECTBY-
IOIUX METOJOB ONpEeNICHUs] YPOBHS 0e301acHo-
CTH JOPOXHOTO JBWKEHHS Ha aBTOMOOMJIBHBIX
noporax. [Ipu ornenke 0e30MacHOCTH JIOPOKHOTO
JBYOKCHUS 3aCTYKUBAIOT BHUMAHUS METObI, YUH-
THIBAIOIIME 3AIIUIICHHOCTh YIACTHUKOB JTIOPOKHO-
ro aBukeHus. Ha ocHOBaHMM aHanM3a MMEIOIINX-
csi MeTooB [3] mpeniokeHa MX KiaCCH(DUKALMS
[0 TUITy BXOJIHBIX MAapaMeTPOB: CTATHCTHYECKHE
nanueie J[TII; BepoATHOCTH PUCKOB BO3HHMKHOBE-
Hus [TII; mapaMeTpbl ycnoBHH IBHKEHUS, BIIHA-
IOIIME Ha TICHX03MOLMOHAIFHOE COCTOSHHE BOIH-
tens; motepu odOmectBa ot JTIL, TexHuueckue
nokazarenu S(PQPEKTHBHOCTH JOPOKHOTO JBIKE-
HUs. B pe3ynbpTare BBIIEIEH METO UTOTOBOTO KO-
s¢punmenta aBapuitHocT K, Ha OCHOBAaHUH
oTIpeielIeHs] JacTHBIX Kod((PHUIIMEHTOB aBapHii-
HocTH K;, KOTOpBIE COOTBETCTBYIOT BIMSHHIO pa3-
JITIHBIX TTapaMeTPOB TOPOKHBIX YCIOBUH [4]:

Km‘ = ll[ Ki ! (1)

rae N — KOJMYECTBO YAaCTHBIX KO3 UIIMCHTOB
aBapUHHOCTH.
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Tpancnopm

OTOT METoJl UMEET NPUOPUTET CPEAU H3BECT-
HBIX CIIOCOOOB OLICHKH 0€30MacHOCTH JIOPOYKHO-
ro JBW)KEHHs, IIOCKOJIBKY IOMy4YMJI IpaKTH4e-
CKO€ IIPUMEHEHHE B HOPMATUBHOMN OKYMEHTAIMH
YKpauHsbI # sBIsieTCS HanboJiee MOTHBIM TI0 KOJIU-
YEeCTBY HCCIIeAyeMBIX (akTopos [5]. YcTaHOBIEHO,
YTO NPAKTUYECKOE IPUMEHEHUE YKa3aHHOTO METO-
Ja COMPOBOXKIAETCS TPYIOEMKOCTBIO M HEOIHO-
3HAYHOCTBIO OIPEIENICHNUS I[apaMeTpOB YCJIOBHUI
JOBIDKEHHSI, KOTOpbIE BJIMAIOT Ha 3HAYEHHS YacT-
HBIX KOA(pPHUIMEHTOB aBapuitHOoCTH U 3(dekTus-
HOCTh €r0 NMPHUMEHEHHUS NP MPOBEACHUH ayauTa
0e30macHOCTH Ha aBTOMOOWIIBHOW mopore [6] u
JKCIIpecc-aHaJIN3e YpPOBHS OE€30MacHOCTH JOPOXK-
HOT'O IBKCHUSI.

B pesynbraTe aHann3a Hay4YHBIX UCCIIEIOBAHUN
OTEYECTBCHHBIX M 3apYOEKHBIX yUCHBIX H3yUYCHEI
TEHIEHIIMN Pa3BUTHS BAPHAHTOB (HOpMaIH3aLUU
METOAa UTOTOBOTO KO3 (HIKEHTa aBapUHHOCTH,
3aKITFOYAIOIIECcs] B MMOCTPOCHUU YTOYHEHHBIX HITH
YIPOLIEHHBIX MOJIENIEH 3a CUET BBIACIECHUS 3HAUHU-
MBIX MapaMeTPOB YCIOBHH ABWXeHHsA. B wacTHO-
CTH, U3BECTHHI paboTel [7-10], HampaBIcHHBIC Ha
MOBBIILICHNE KauyeCTBEHHOH OLEHKH YpOBHsS Oe-
30[aCHOCTH JOPOKHOTO IBIDKEHHS 32 CUET MpH-
MEHEHUSI METOJOB CTAaTUCTUYECKOIO aHaJu3a.
Y4uuThIBas, YTO YCJOBUSl ABMKEHHS KaK OCHOBA
OLIEHKM YpOBHS 0€30MaCHOCTH JOPOKHOTO JIBHKE-
HUSI HAa aBTOMOOWJIBHBIX AOpPOrax SBJISIOTCS MHO-
rornapaMeTpuyeckold  MOJCUCTEMON  KOMILIEKCa
«IOpPOXKHOE [JBIDKEHHE», HEO00XOIUMO NpUMEHe-
HUE UMEHHO METO/0B MHOI'OMEPHOI'O CTaTHCTHYe-
CKOT'0 aHasu3a JUIsl pa3paboTKH MOJIENN COCTOSTHHS
0e30IacHOCTH  JTOPOXKHOTO JBIKEHUs. JlaHHas
MOJIeJIb JOJDKHA YUMTBHIBATh B3aUMOCBSI3b OTIEIb-
HBIX [apaMETPOB YCIIOBUH JBMKCHUS B BHJIE aHa-
JUTUYECKON 3aBHCHMOCTH, 4YTO, 0€3yCIOBHO, 3¢-
(eKTUBHO OTpa3UTCA Ha €€ MPAKTHYECKOM IIpHMe-
HEHHU ISl OTpeNeNIeHUs TTOTCHIUABHO OIMaCHBIX
YYacTKOB Ha JOPOTax.

Lenp wuccnenoBaHusT — COBEPLICHCTBOBAHHE
METO/Ia MTOTOBOTO Kod(duimeHTa aBapuiHOCTH
MyTeM PEeIyKIHH YaCTHHIX KOX(PQHUIMEHTOB aBa-
puiHOCTH ITpU HEOOXOAUMON TOYHOCTH ONpeaeie-
HUSI YPOBHS 0€30MaCHOCTH JOPOKHOTO JIBHIKEHHUS
Ha aBTOMOOWJIBHBIX JOpOrax oOOILEero mojb30Ba-
HUsL. 71 AOCTWKEHUS LIeJM aBTOPaMM PELICHBI
CJIEYIOIINE 3a1a4H:

— ¢opManu3oBaHa B3aUMOCBS3b MapaMETPOB
YCIIOBUH JOPOKHOTO JABIKEHUS ISl ONpeIeICHUs
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YpOBHSI 0€30MACHOCTH JIOPOXKHOTO JIBUXKEHUS Ha
ABTOMOOMIIBLHBIX JIOPOTaX;

— OIpeNieNeHbl JIaTeHTHhIE (HaKTOpHI MapamMer-
POB YCIOBWH JBIKEHUS Ha OCHOBAaHWW B3aWMO-
CBSI3M YaCTHBIX KO (UITUCHTOB aBapUHHOCTH;

— pa3paboTaHbl aHATUTHYECKHUE MOJENN OIIpe-
neneHnss Oe30MacHOCTH  JIOPOKHOTO  BMKCHHS
IUTSl BHEJPCHUS B TMPAKTHKY TPOBEACHUS ayauTa
0€301acHOCTH JTOPOKHOTO JIBHKEHHSL.

PazpaloTka aHaTuTHYeCKHX MO/IeJIei
onpeeJieHNs] YpOBHS 0€30NMACHOCTH
AOPOKHOTO IBMKEHMSA

Opranuzanust 6€30MacHOr0 JTOPOKHOTO JIBU-
KEHHUsS C TO3WIUHU 3allUIIECHHOCTH YYacTHHKOB
newxenus ot [ITII 3aBucuT oT MHOXECTBa (hakKTo-
POB, BXOJAIIMX B CHCTEMY «YEJIOBEK — aBTO-
MOOWIIb — Jopora — cpena», U OT ONTUMAaJbHO-
ro B3aUMOJICHCTBUS 3BEHBEB M 3JIEMEHTOB Bcei
cucteMbl, cOoii B ()YHKIMOHHPOBAaHHU KOTO-
poH IPOBOLIMPYET BO3HHKHOBEHHWE CIIOKHBIX [O-
POKHO-TPAHCIOPTHBIX ~CHUTyalluH, YBEIHMYMBaIO-
mux puck JTTI.

Ha ocHoBe mpumenenus ko3¢ GUIIMEeHTOB aBa-
PUITHOCTH 715 ONIpeIesIeHUs] YPOBHS 0€30MMacHOCTH
JIOPOYKHOTO JBM)KEHHS OIMIIEM JIOPOKHO-TpaHC-
HOPTHYIO CUTyaluto Dj COBOKYITHOCTBIO YaCTHBIX
K02 durrenToB aBapuitHocTH Kjj

DJ = Kjl’ sz’ ey K ey any (2)

ji -
rae Kji — 3Hauenue i-ro (i =1, n) yactHOro K030-

¢urmenta aBapuitHocTH s Dj( ] = L m).
[Tapametpsl, omnpexerstomue Kj, OTHOCSTCS
K YCIIOBUSIM JBHKEHHs (MHTEHCHBHOCTD, IIMPUHA
00OYHH ¥ MPOE3KEH YaCTH, PajnyC KPUBBIX B ILIa-
He ¥ T. 1.). Toraa onucaHue mporecca J0pOKHOTO
JIBHYKEHUSI C TTO3MIIUK O€30MaCHOCTH UMEET BU]T

Ky, Kpp o Ky o Ky,
Ky Ky oo Ky oo Koy

o N T

rae M — KOJWYECTBO JOPOKHO-TPAHCHOPTHBIX CH-
Tyarui.
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KomnmgecTBo BO3MOXKHBIX KOMOWHAIMA B MaT-
punie (3) cocrarmser 450 BapuaHTOB, YTO 3aTPY/-
HSCT TIPUMEHEHHE METOJa MTOTOBOTO K03(duIu-
eHTa Js JKcmpecc-aHanm3a. (CrenoBaTesbHO,
HEOOXOUMO OIpeeNiCHHe B3aUMOCBSI3U ITOKa3a-
Tenei 0e30MacHOCTH M CKPBITBIX MPUYHH, 00BsC-
HSIONMX JTaHHYI0 B3aWMOCBs3b. s perreHus
3TOM 3a7]auu aBTOPhI MPUMEHWIH METObI (pakTop-
HOTO aHajn3a, KOTOPhIE TO3BOJMIN BEISIBUTH Jia-
TEHTHBIE (AKTOPHI, OMHCHIBAIONINE JIOPOKHYIO
CUTYallUI0 C OJHOBPEMEHHOW pEeayKIUEeNl Koiaude-
ctBa 3tux ¢akropos [11]. Hambonee menmecood-
pasHBIi HMHCTPYMEHT PEAYKIUH COBOKYITHOCTH
YacTHBIX KO((QHUIIMEHTOB aBapUHHOCTH — METOJ
TJIABHBIX KOMIIOHEHT, KOTOPBIA TO3BOJSET: (op-
MHUPOBaTh OINTHUMAIIEHOE IPOCTPAHCTBO HOBBIX
OpTOTOHANIBHEIX (DakTopoB Oe3 moTepu copaepka-
TenbHOM MHpopManuu Kj; co3naBaTe MOJEIb W3
OCHOBHBIX (aKTOpOB 0€3 BEIICICHUS «CTCHH(H-
YECKUX»; OMPEIEeNATh MPOCTPAHCTBO (HAKTOPOB
MEHBIIIEH Pa3MEPHOCTH, OIHCHIBAIOIIEE COBOKYII-
HOCTh Kji ¥ MO3BOJIAIOIIEE HE YTOYHATH MOJIYYEH-
HbIC TNPUOIKEHHBIE OleHKU. C ydeTroM 3TOro
nonmydeHa QopManu3anys OMHCaHUS JOPOXKHO-
TpPaHCTIOPTHOW cHuTyannud (4) Ha OCHOBAaHWHU Ja-
teHTHBIX (aktopoB (Fj = f(K;)) mpu ycmosuwm,
4yTO0 (haKTOPOB TOpa3fg0 MEHbIIE, YeM YaCTHBIX KO-
3 purmenTos aBapuitHocTH (P << n). Torma

D, =Fjy, Fizr i Fipo oo Fyps (4)

roe Fj — 3Hauenme f-ro (f=1;_p) JIATEHTHOTO
(akTopa aBapuHHOCTH Uil OTACIBHOH IOPOXKHO-
TPaHCHIOPTHOW CUTYyallUH.

Iepexon ot Kji k Fjf BBIIOTHEH ¢ MOMOLIBIO
BBISBJICHUSI MEXIY HUMH JIMHEHHOW 3aBHCUMOCTH
METOJIOM TJIaBHBIX KOMIOHEHT, KOTOPBIA Tpedyer
BBITIOJTHEHUSI OIPEJCIICHHBIX 3TaloB HCCIIEN0Ba-
Hus (puc. 1). BxoaHo# uHpopManmeit 1ist peayKuuu
SBIIAETCSA MaTpULlAa NCXOJHBIX JAHHBIX 3HaueHui Kj,
BBIXOJJHOW — MaTpuiia (paKTOpHBIX HAPY3OK.

B xome wccnemoBaHWsS BBISBICHBI OOJBIIHE
pasnuuusl B AWAna3oHaX BapbUPOBAHUS IapameT-
POB YCJIOBHIA IBUXCHHSI HA aBTOMOOMIIBHBIX JIOPO-
rax pas3jJuYHbIX TEXHUYCCKUX KaTerOpHii, 4To 00y-
CJIOBJIEHO COCTABOM M KOJMYECTBOM YYaCTHUKOB
JIOPOYKHOTO JIBMKEHUSA, TPEOOBAHUAMHU K CKOPOCT-
HBIM DEXUMaM IBIKEHUS W TapaMeTpam Ipoe3-
kel yactu noporu. B texHudeckoi kiaccuduka-
MU J0POT YKpPaWHBI BBIACISIOT MATh KaTErOpUi
aBToMOOMIBHBIX Jiopor (AJl). JlanpHeimue wuc-
cinenoBanust mpoBeAeHbl At AJl 1T TexHudeckoi
KaTeropuu, KOTOphIe M0 MPOTSDKEHHOCTH B YKpa-
WHE 3aHMMAIOT TPEThe MecTO (IIEPBOE M BTOPOE —
noporu III u IV kareropuii). Jlannslii BEIOOp OcC-
HOBaH Ha ToM, uto cratuctuka JTII, ocobenHO
TSDKECTh MX mociieactBuii, Ha AJ] 11 TexHHUeckoi
KaTerOpHH BBIIIE, YeM Ha APYTUX KATETOPHUSIX TO-
por o0IIero MoJb30BaHMUSL.

CornacHo TpeOOBaHUSIM METOJIA TJIABHBIX KOM-
MOHEHT OMNpEJEIEHO ONTHUMAIBHOE KOJMYECTBO
JATEHTHBIX (PaKTOPOB, KOTOPBIE (hOPMHUPYIOTCS TIO
kputepusim Kaitzepa u Kerremna u sBisirotest J0-
CTaTOYHBIMHM JJIsl ONHUCAaHHMA COBOKYNHOCTH Kji.
[Ipu BBIOOpE KONMMYecTBa (DAKTOPOB YUHUTHIBAIHUCH
Takue, Kak: 00beM OIMCAHHOW AMCIEPCHUH HCXOJ-
HBIX TIOKa3aTenei (T (akTopoB OMUCHIBAIOT 66 %
JUCTIEPCUM  YaCTHBIX KO3()(UIIMEHTOB aBapwii-
HOCTH, 4eThIpe — 57 %); KOJMYECTBO YaCTHBIX KO-
3¢ (HUIMCHTOB aBAPUMHOCTH, OIMCAHHBIX BbIJC-
JeHHBIMU  (pakTopaMu (IATh (DAKTOPOB  BKIIFO-
4aroT 11 4acTHBIX KO3(PQPHUINEHTOB aBapUUHOCTH,
4eThIpe (paKTopa — IEBATh); cTaTUCTUYEeCKas 000c-
HOBaHHOCTb KpuTepueB (MMeHHO Kputepuil Kaii-
3epa MMEET CTaTHCTHYECKYI0 OOOCHOBAaHHOCTB).
CrnenoBaTelibHO, KOJIMYECTBO BBIACICHHBIX (DaKTO-
POB PaBHO TSITH.

Pesynprarom (QakropHOro aHanuza SIBISET-
Csl MPOCTOE OIKCAaHUE IS KaXKIOH IEePEMEHHOM,
XapaKTEepPU3YIOMIEHCs MPEUMYIIECTBEHHBIM BIIHS-
HUEM OJHOTO (aKTopa, W HAOOOPOT, OIpeJeIicH
ouH (aKTOp, KOTOPBIH CBSI3aH TOJNBKO C OJHOM
TPYNION IepEMEHHBIX.

1
Marpuna koppenannm R

L f\']a TpHLa PaKTOPHRIX
HATPY 30K
— IV

TTpotemypa BpalicHus

I ¥
Marpuia 1 MarpHita hakTopHEIX
[Ipoueaypa ebineneHus I
HCXOJHBIX JIAHHBIX . HATPY30K MOCTE
dlah I OPOB BPALICHHA

|

v
QueHka 3HaueHH
thakTopoB

Puc. 1. Dranbl npoBeneHUs peAyKINH KOIQPUIMEHTOB aBapUitHOCTH

Fig. 1. Stages of accident rate reduction
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B pesynbrate akTopHOro aHanmsa ompenene-
HBl COOCTBEHHbIE 3HaYeHMs1 (PAKTOPOB U COOTBET-
CTByIOIIIE WM (DaKTOpHBIE HArpy3KH, YTO JaJlo
BO3MOYKHOCTh C(OPMHPOBATH KOHEYHBIE MOJEIH
JaTeHTHBIX (akTopoB (Taba. 1) Ha OCHOBE cpeaHe-
B3BEIICHHBIX 3HAYCHWH YacTHBIX KOd(pdumm-
CHTOB aBAPMHHOCTH HA KWIOMETPOBOM YYacTKe

J0poru (Kim). DTO MO3BOJMIO YUECTh B3AUMHOE

BIIUSIHUE CEKTOPOB C HEU3MEHHBIMU BEIUYMHAMHU
MapaMeTpoOB YCIIOBUM JBHXKEHHUS B 30HE OJIHOTO
KHJIOMETpPa aBTOMOOWJILHOW JIOPOTH M OCYIIE-
CTBUTh CpPaBHUTEJILHBIN aHalu3 3HAYEHUH HMTOrO-
BOTO KO3 HUITNEHTAa aBapUHHOCTH M KOJUYIECCTBA
JTII, tak kak cratuctudeckue nanueie o J[TII
B OTYETaxX MPEJCTABICHBI [0 KUIOMETPaM.

Tabauya 1
Mopenn J1aTeHTHBIX (PAKTOPOB
napaMeTpPoB YCJIOBHI IBHKEHUS

Models of latent factors parameters
of motion conditions

®daxTop Mounenb
Fi |(0.77839K3™ +0,70217KS™ +0,79791K 3" )/1,9371
F, (-0,80791K5™ —0,87163K ;" )/1,8029
Fs (0,87524K™ +0,8174K ™ ) /1, 7512
Fy (0,81989K;™ +0,68222K 3" ) /1,2122
Fs (~0,48343K™ —0,75671K 2" )/1,1532

Ha ocHoBanuu ycTaHOBIEHUS JIMHEHHON CBSI3U
MEXJ1y YaCTHbIMH KO3 (pHIIMeHTaMK aBapUHHOCTH
Y JIATCHTHBIMHU (PaKTOpPaMH OCYIIECTBIICH MEPEXOT
OT M3BECTHBIX YaCTHBIX KOA()(DUIIMEHTOB aBapwii-
HOCTU K BBISIBJICHHBIM TIISITU JIATCHTHBIM (DaKTO-
paM ompeneseHus UTOroBOro koddduimenTa aBa-
puitHOCTH. B CBSI3M C 3TUM BIWSIHHE BBISBICHHBIX
(hakTOpOB Ha YPOBEHb 0E30MACHOCTH JOPOKHOTO
JIBUKSHHSI OTTMCHIBAETCS CIEAYIOIEH perpeccuoH-
HOM MOJIEJIBIO:

K’ =-36,517 +8,818F, —11, 749F, —

5
-1,209F; +10,573F, - 4,784F;, ©)

rae K, — UTOroBeIli KOI(QUIMEHT aBapUIHHOCTH

JUTSI DKCIIpecc-aHan3a 0e30MacHOCTH.

AHanu3 JaTEHTHBIX ()aKTOPOB, BBIPAKEHHBIX
YaCTHBIMH KOX(h(OHUIIMEHTaMH aBapUHHOCTH, I103-
BOJIMJI BBIABUTH (DM3WUECKHH CMBICT (HaKTOPOB
U WX BIUSHHUE HA YPOBEHb OC30MACHOCTU JIOPOK-
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HOTO IBIDKEHUS: F; yuuTHIBaeT BIHSHUE IIHPUHBI
nopory; F, — BIMsHUE HACENIEHHBIX MTYHKTOB U TIE-
pecedeHuit ¢ IpyruMu aBTOMOOMIBHBIMU JIOpOTa-
mu; F3 — BimsiHAE yemoBuiA BUauMocTH; F4 — BIH-
SIHUE yTJIa TIPOJOJEHOTO YKIIOHA M TIIYOOKOTO KIO-
BeTa, O0pbIBa; Fs yuYuTHIBaCT BIMSHWE JTUHBI
Y4acTKOB (BHE HACCJICHHBIX ITYHKTOB U Ha IMOAX0]IC
K HaCEJICHHOMY ITYHKTY).

Takum o0pazoM, omnpexneneHHe YpPOBHS 0e3-
OITACHOCTHU JIOPO’KHOTO JIBUKCHHS TI0 TIOTYYCHHON
MOJICTTH TIO3BOJIICT COKPATHTh KOJIMYECTBO YACT-
HBIX KOI(GHUIMEHTOB aBapUUHOCTH IIPH OIpe-
JeICHUU uToroBoro kodddummenta s AJl
IT texnmueckoit kateropuu ¢ 18 emuuun mo 11,
a KOJMYECTBO TMEPEMEHHBIX B MOJEIH HTOT'OBOTO
kodpduumenta — ¢ 18 go 5. Dro mact BoO3-
MOXKHOCTh B KOPOTKHI CPOK OTPEACIUTh YPOBEHb
0e30IacHOCTH JOPOKHOTO JBIKCHHS HA ydacTKax
aBToMoOWIbHOU noporu. [loaTomy cumTaem, 4TO
TakoW MOAxoJ]| OyJdeT crocoOCTBOBaTh MpaKTHYC-
CKOMY TIpUMECHCHHMIO B XOJI¢ IPOBEICHHUS DKC-
mpecc-aHalin3a 0e30MacHOCTU JTOPOXKHOTO JIBUIKE-
HUAS Ha aBTOMOOWJIBHOW ITOpOTe C TOYKU 3PCHUS
MHHHMH3AITIN BPEMEHHBIX M TPYIOBBIX 3aTpar.

Metoguka IKCIpecc-aHaIu3a
0€30MacCHOCTH JOPOKHOI0 IBHKCHUSA
HA aBTOMOOMJIbLHBIX aoporax

Pa3paboTka HEOOXOOUMBIX  MEPOIPHSITHA,
HalpaBJICHHBIX Ha MOBBIIICHHE 0€30IIaCHOCTHU J0-
POXHOTO JBIDKEHHS, IOJDKHA Oa3upoBaThCsi Ha
HAYYHO-TIPAKTUYECKOM HCCIICAOBAaHUN YYaCTKOB
JIOpOT C 1IEJIbI0 BBISBJICHUS NTOTEHIMAIBHOM orac-
HOCTH ¥ KOHKPETHBIX HNPUYMH U IIPUOPUTETHOCTH
uX yctpaHeHus. sl yCIenHoTo nperynpesKaeHus
mo0bx JITII Hy»eH UHTEHCUBHEIN 00MeH HH(OP-
Maluel MeXIy Y4YaCTHUKaMH JOPOKHOIO JBIIKE-
HUSL M OpraHM3alUsIMM, IEATENIbHOCTh KOTOPBIX
HampasieHa Ha npeaynpexnaenue JTII. Baxnyto
POJb UTpaeT dKCHpecc-uHPOpMaIus, T. €. CleHa-
TU3UpOBaHHas HHpoOpMaLusa, HeoOXomumas I
ONIEPaTUBHOIO pEIIEHUs] IpoOJeM Mperyrnpex-
nenwms JITTI.

Ha ocHoBanmm paspabortanHoii mozenu (5)
IPEUIOKEHa METOJUKA IKCIIPECC-aHANIN3a YPOBHS
0€30I1aCHOCTH JIOPOXKHOT'O JIBIDKEHHUSI HA aBTOMO-
OWJIBHBIX JOpOrax oOLIero Mojb30BaHUs. JTa Me-
TOJIMKA COCTaBJI€HA B COOTBETCTBUH C TpeOOBaHU-
SIMU HOPMATHUBHBIX JIOKYMEHTOB YKpauHbl U CO-
CTOUT U3 3TAIOB, IEPEYNCIICHHBIX Ha PUC. 2.

Hayka
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Puc. 2. Dransl OKCHPECC-OIIPECACIICHUS YPOBHS 0e30MmacHOCTH JAOPOXKHOI'O ABUKCHUA

Fig. 2. Stages of express determination of road safety level

IIpu BBITIONIHEHUH NEPEUUCICHHBIX Ha pHC. 2
9TamloB ISl OLEHKH 0e30MacHOCTH JOPOXKHOTO
npwkenus Ha AJl Il TexHuueckodl KaTeropuu
HY>KHO COOJIIOCTH CIIeIYIOIINE YCIOBHS.

1. Ina ananuza He0OXOAUMO MPHHATH YYaCTOK
aBTOMOOMJIBHOH JOPOTH OOIIEro TMOJNb30BaHHSA
MPOTSHKEHHOCThIO | KM (TpaHUIIBI HCCIETyeMOTO
ydacTKa OMPEAeIsIOTCS KUJIOMETPOBBIMH CTOJIOA-
MU WU IPYTUMHA METKaMH).

2. BeIOpaHHBII y4acTOK ClIeAyeT pa3JesuTh Ha
CEKTOpa C HEM3MEHHBIMHU 3HAYEHUSMHU TapaMeTPOB
ycJoBUM JABWXeHUs. JlaHHasi mpoueaypa IpoBoO-
TUTCSI HA OCHOBE HATYPHBIX MM TOKYMEHTAIbHBIX
HaOmoneHuit. Ilpu BBIIENEHWH CEKTOPOB HYKHO
YUUTBIBATh, YTO BIIMSHUE Ka)KJOTO M3 MECT, IIe
BO3HUKAIOT T€ WM HHBIC TPEMSTCTBUS JBUXKE-
HUIO, PacIpoCTpaHsIeTCs] Ha HEKOTOPOE pPaccTosf-
HUe. 30HBI BIHSHUS PA3IHYHBIX JOPOXKHBIX dIIe-
MEHTOB MPHHHMAIOT TI0 HOPMAaTHBaM COTJIACHO
M218-03450778-652:2008.

3. OOs3aTenbHBIM JUISI KaXIIOTO CEKTOpa HC-
cnexyemoro ydactka AJl Il texHuueckoit karero-
pUH SBISETCS ONpEAETICHIE CIEAYIONUX apaMeT-
POB: MHUPHUHA TPOEIKEN JaCTH, M; IIHPHHA 000UH-
HBI, M; KOJIMYECTBO OCHOBHBIX II0JIOC IBM)KEHHUS Ha
Mpoe3kel 4YacTu, IIT.; JUIMHA MPSIMBIX Yy4acT-
KOB, KM; JJIMHA YYAaCTKOB Ha MOIXOAaX K HaceNeH-
HBIM ITyHKTaM, M.

4. ITapameTpsl YCJIOBHUW JBIDKEHHUS YCTaHaB-
JUBAIOTCS C COONIONCHUEM CIENYIOIUX HpPaBHUIL.
IIpu Hamumu:

— TIepEeKpecTKa WM HACEeNIeHHOTO IyHKTa Ha HC-
CITe;TyeMOM y4acCTKe ONPEJEeNSTIOTCS THIT TIepeKpecT-
Ka ¥ JUTMHA HACEJIEHHOTO MTyHKTA (KM);

— KpHMBOH Majioro pajaumyca WIH JAPYTHX dJie-
MEHTOB JIOPOTH, CHIDKAIOIINX BUJIMMOCTh Ha HEH,
OTIPEZETISIOTCS B TUIAHE PAANyC KPHUBBIX (M) M BH-
JIAMOCTB (M);

Hayka
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— TMPOAOJIBHOTO YKIJIOHA JIOPOTH WM OOpBIBa
rIyOnHOW Oonee 5 M BIONb TpOePKEeH dYacTu
OTIPEIETISIOTCS. MPOJOIBHBIN YKIOH (%0) ™ pac-
CTOSTHHE OT KPOMKH TPOE3XKeH 4acTh 10 OOpbI-
Ba (C orpaxaeHuem) (M).

5. JIns BbIpaKeHUS MapaMeTpoOB YCIOBUHM JIBU-
KEHHUs Yepe3 yacTHhle Kod(h(pUIMeHTs aBapuitHO-
CTH HEOOXOAMMO YYMTBHIBaTh WX JWAala3oH 3Ha-
yeHuil (Tabn. 2). BemnumHa koadduuueHta He
UHTEPIOJIUPYETCs, a INpUHUMAeTcsl Omkaiias
B TaOnuIe.

6. Ha ocHOBaHMM TONY4YEHHBIX JaHHBIX
no Tabj. 2 MpPOBOIUTCA pacueT CpeIHEB3BEIICH-
HBIX 3HaYeHHWH YaCTHBIX KO3((UIIMEHTOB aBapHii-
HOCTH JUIsSi KAJIIOMETPOBOTO YYacTKa aBTOMOOMIIb-
HBIX JJOPOT.

7. Pacder 1aTeHTHBIX (PaKTOPOB YCIIOBHIl JIBU-
’KEHHS BBITIOJIHACTCS IO Pa3paObOTaHHBIM MOJEIISIM
(Tabn. 1) ¢ ydeToM pacCUMTaHHBIX CPEIHECB3BE-
LICHHBIX 3HAUYCHUHA KOA(PPULIUEHTOB aBapUHHOCTH.
B Monensx naTeHTHBIX ()aKTOPOB YaCTHBIM KOI(-
¢uLreHTaM aBapuUHOCTH, KOTOpbIe HEe ObUTH ompe-
JeNIeHbl M3-32 OTCYTCTBHS BIIMSIHUSL COOTBETCTBY-
IOIIEro TapaMeTpa YCIOBHH JBHXCHUSI HA JIOPOXK-
HYIO CUTYyaltIo, IpHCcBanBaeTcs 3HaueHue 1.

8. YpoBeHb aBapHITHOCTH OMpPEAesIeTCsS HTO-
TOBBIM KO3(p(PHUIIMEHTOM aBapuitHOCTH (5) ¢ y4e-
TOM JIATEHTHBIX (PAKTOPOB.

9. [lns BbIABIEHMS NOTEHIMAIBHO OMNACHBIX
Y4YaCTKOB HEOOXOIMMO PYKOBOJICTBOBATHCS CIIEITY-
IOLIMMY 3HAYEHUSMH CPEIHEB3BEIIEHHOT'O UTOTOBO-

ro kodp¢unuenra asapuitnoctu: npu K, <3 —
yuacTok Oesomacubiii; npu 3<K, <5 -
majioonacHsli; npu S5<K, <10 - omacHbIii;

npu K, >10 — y4acTOK HOBBIILIEHHON OIACHOCTH.
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Tabauya 2

3HayeHHUs YaCTHBIX K0I(PPHUIHEHTOB ABAPUHHOCTH Ha aBTOMOOH/IbHO¥ Jopore II TexHuyeckoii kaTteropuu
Values of partial accident rates for highway of Il technical category

Iloxa3arens 3HadyeHue
HIupuna npoesxeit 4yacTu, M 7,5 9,0 10,5 14,0 14,0
(6e3 paznenuTensHON | (C pa3menuTensHO
TOJIOCHI) MOJIOCOM)
K, (pu ykperuieHHbIX 060YHHAX ) 1,0 0,8 0,7 0,6 0,5
TupuHa 000YMHEL, M 3,0 4,0
K3 (aByxmosocHbIe TOPOTH) 1,0 0,8
K3 (TpexmonocHsIe 10poru) 0,49 0,35
IIpononbHBIN YKIIOH, %0 20 30 50
Ky 1,0 1,25 2,5
Paguyc xpuBBIX B I1aHE, M 600-1000 1000-2000 2000
Ks 1,4 1,25 1,0
Buaumocts B miase, M 250 350 400 500
K (B Tutane) 2,0 1,45 1,2 1,0
JlnuHa OpsIMBIX y4acTKOB, KM 3 5 10 15 20 25
Ksg 1,0 11 1,4 1,6 1,9 2,0
Tun nepeceyenuit B paznbix KounbreBbie B onHOM ypOoBHE Ipu MHTEHCUBHOCTH HA NEpECeKaeMon
YPOBHSIX JIopore, IPOLEHT OT CyMMapHOH Ha IBYX 10porax
Jo 10 10-20 20
Ko 0,35 0,7 15 3,0 4,0
KonuuecTBo 1mosoc ABHKEHUS
Ha Ipoe3xkeil yacTu 2 3, 6e3 pa3merku 3, ¢ pa3meTKoit
Kiz 1,0 1,5 09
JlnvHa HaceaeHHOTo MyHKTa, KM 0,5 1,0 2,0 3,0 5,0 6,0
K4 1,0 1,2 1,7 2,2 2,7 3,0
JlnHa y4acTKOB Ha MOAX0AaX
K HaCEJICHHOMY IIyHKTY, M 0-100 100-200 200-400
Kis 2,5 1,9 1,5
Paccrosinue ot kpoMkH mpoesskeit
4acTH 10 00pbIBa, M 0,5 1,0 15 2,0 3,0 5,0
Kig (¢ orpaxxaeHuem) 2,2 2,0 1,85 1,75 1,4 1,0

Jns anannza 0€30MacHOCTH TOPOYKHOTO JBH-
keHus Ha AJl ¢ y4eToM CpeqHEB3BEUIEHHBIX 3Ha-
YeHHH WTOrOBOro Ko3((uIMeHTa aBapHiHOCTH
1esnecoo0pasHo MOCTPOUTh JUarpaMMy €ro Hu3Me-
HEHHS N0 KWJIOMETPaM, YTO CIIOCOOCTBYET BBISIB-
JICHUIO TIOTEHIIHATBHO OMTACHBIX YY9aCTKOB JIOPOTH, a
TaKKe ONPENENNTh MPHUOPHUTETHl pean3aluil Mepo-
TIPUSATHA TI0 TIOBBIIIIEHUIO 0€30TMTaCHOCTH JJOPOKHOTO
JIBYDKEHMS.

HcciienoBanne ypoBHsi 6€30MacHOCTH
JOPOKHOTO JIBHKEHHSI
no pa3padoTaHHOli MeTOAUKE

C TeMm 49TOOBI TOJATBEPIUTH MOJYYCHHBIC TEO-
peTudeckue pe3yiabTaThl M JaTh OlEHKY 3ddek-
TUBHOCTA pa3pabOTaHHON 3KCIpPECC-METOIUKH,
MPOBEIM JKCICPUMEHTAILHBIC WCCICHOBAHUS U
CPaBHHUTEIIBHBIN aHAU3 OC30MAaCHOCTU JBMXKCHUS
M0 METOJMKE TPOTOTHIA. [ BRITIOTHEHHUSI 3KCIIe-
puMenTa OpUTH BBIOpanbl ydacTku AJl I TexHmge-

534

CKOHl kaTeropuu, kotopele no konudectsy JATII u
UX TSDKECTH OTHOCSATCS K Y4aCTKaM C [OBBIILICHHOH
aBapuiiHocThl0. W3 wHccieqoBaHWM  MCKITIOYAIH
YyYacTKH JIOpOT, NPOXOJIIUX uepe3 HaceJeHHbIE
MTyHKTHI IPOTSHKEHHOCTHIO OoJiee 6 KM, TIOCKOIBKY
ycoBus IBWKeHUs Ha A/l M B HaceleHHBIX MyHK-
Tax pa3ndHbl. BEIOpaHBI aBTOMOOWMIIBHBIE TOPOTH
P-23, P-25, M-17, H-15 oOmie#t npoTsHKeHHOCTBIO
365 kM. CormacHo paHHbIM ctaTucTuku J[TII
onpenenuin 79 y4acTKOB AOPOT C INOBBILIEHHBIM
PHCKOM aBapHiHOCTH.

[opsinox QopMupoBaHHsS HCXOAHBIX JaHHBIX
[0 IPEAJIOKEHHON METOIUKE COCTOSUI B CIEIYIO-
LIeM:

1) nccnemyeMblii y9acTOK aBTOMOOHMIBHOM [10-
pOTH IeNHUIM Ha CEKTOpa C HEM3MEHHBIMHU 3Haue-
HUSMU ITapaMeTPOB YCIIOBUI BHkeHUS (puc. 3);

2) IS KaXKJI0ro CEKTOpa OMpeeIsUId 3HAUCHUS
MapaMeTpoB yCIOBH NBHKEHUS (Ta0. 2);

Hayka
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Puc. 3. KunoMeTpoBblii y4acToK
ucciaeyeMoi aBTOMOOMIIBHOM OPOTH

Fig. 3. Kilometer stretch of investigated highway

3) 3HaueHUS MApaMETPOB YCIOBUHN BIIKCHUS
BBEIpKAId dYepe3 dYacTHhIe KOIPDHUIINEHTH aBa-
puitHoCTH (Tabd. 2);

4) ompenensuid BEIHYUHBI JATCHTHBIX (DaKTO-
poB 0€30MacHOCTH JBWKCHUS TI0 BBISIBJICHHBIM
3aBUCUMOCTSM (Tabm. 1).

O6cnemoBanu 385 CEKTOpOB ¢ HEM3MECHHBIMH
3HAYCHUSMHU MApaMEeTPOB YCIOBUI IBIXKEHUSI, pac-
MOJIOKEHHBIX HAa y4YacTKaX C IOBBINICHHOW aBa-
PHUIHOCTBIO HUCCIIEyeMBIX aBTOMOOMIILHBIX JOPOT.
Ha ocHoBanuu copMupoBaHHOIN 0a3bl UCXOIHBIX
JIAHHBIX OMpPENeNIMIN 3HAYCHUsI YPOBHS Oe3omac-
HOCTH JIOPOXHOTO JIBMIKCHUS 10 TIPEIJIOKCH-
HBIM MojersM (Tabmn. 3). CpaBHUTENBHBIA aHAN3
pe3yIabTaTOB pacueToB ypPOBHS 0€30MACHOCTH

JOPOXKHOIO ABMXKEHHUS IO 3Kcmpecc-mopenn K

u npororuny K™ mpencrasneH Ha puc. 4.

Ha puc. 4 npuBeneHsl JaHHbBIE OIS CpeIHE-
B3BELICHHBIX BEJIMYWH HTOTOBOTO KO3(h(uimeHTa
aBapUIHOCTH MOZEIU-IPOTOTHUIIA, [TOCKOJIBKY IH-
KOBBI€ 3HAUEHHsI HE YYUTBIBAIOT B3aUMOJIEHCTBUE

CMEXXHBIX YYaCTKOB C HEU3MEHHBIMU I1apaMeTpaMu
ycinoBuid aBMKeHUS. CpaBHUTEIBHBIA aHAIA3 Be-
JUYUH WTOTOBOTO KOX(QHIMEHTa aBapUHHOCTU
9KCHpPECC-MOJIENTM U MOAEIHU-TIPOTOTUIIA MOJATBEP-
KIaeT aJIeKBaTHOCTh MPEIJIOKEHHON MOJETIH UTO-
TOBOTO KO3(ppHuITMeHTa aBapUHHOCTH.

s ynocToBepeHusl TOUHOCTH PacCMOTPEHHBIX
MoOJieJIell TIPOBEACHA OLCHKAa CBS3M MEXIYy KOJIU-
YECTBOM TIPOUCIIECTBUN HAa 1 MIIH aBT.-KM (OTHO-
CUTETIbHBIN KO3 PHLIMEeHT aBapuifHOCTH) U 3Haue-
HUEM UTOTOBOIO KO3 (HUIMEHTa aBapUIHOCTH.
Bri0op mapamerpa [Is1 CpaBHEHMS OCHOBBIBAJICS
Ha YCTOHYUBBIX CBS35IX MEXIYy OTHOCHUTEIIBHBIM U
UTOTOBBIM K03(duenTamu aBapuitnoctu [4, 12].
3HayeHne OTHOCUTENBHOro Koddduuuenra asa-
PHITHOCTH OTIpENeNsieTCsT 3aBUCUMOCTBIO CTaTH-
ctrueckoro konmdectsa [TII (Z) o mHTEHCHBHO-
cru newkenns Ha yaactke (N) [3].

Kpome Toro, TouHOCTh pa3paboTaHHOW MOje-
JU OTPEACISUTH CTETNIEHBI0 OTKJIOHEHUS BEIMYWH
OTHOCUTENIFHOTO KO3 UIMEHTa aBapHUHHOCTH
OT 3HAuYeHWH WTOroBoro kKoddduimenra aBapwuii-
HOCTH MO TNPOTOTUIY W TMPENIOKEHHOHW MOJEINH.
Tak, skcnpecc-MoAens UTOroBOro ko3 duuuenta
aBapuilHOCTH HMeEeT IPEUMYILEeCTBO Haja Moje-

JIBIO-TIPOTOTHUIIOM, ITOCKOJIBKY OIIPEACIICHUC Km_

CYIIECTBEHHO (B MIECTh Pa3) YMEHBIIAET OTKIIOHE-
HUC 3HAYCHHH OTHOCUTEILHOTO K03(h(duUIHeHTa
aBapUHHOCTH OT WTOTOBOTO KodddwuimeHTa apa-
puitHOCTH (10 MOMACTH-TIPOTOTUIY OTKJIOHCHUE
cocrasmimo 18,61, mo skcmpecc-momenu — 3,22),
YTO BIHUSET HA TOYHOCTH OTPEACICHUS YPOBHS
0€30I1acHOCTH TOPOKHOTO JBIHKEHHS.

Tabauya 3
Pe3ybTaThl pacyeToB HTOrOBOro KO3 (PUIHEHTAa ABAPUIHHOCTH N0 IKCIPeEcc-MOoAeTH
Results of calculating final accident rate while using express-model
Cexrop
No km F; K; K Fs
1 2 3 4 5
Ks 1,0 0,6 0,6 0,6 1,0 0,8600
F, Ks 0,80 0,49 0,49 0,49 1,00 0,7715 1,022681313
Kio 1,0 09 09 0,9 1,0 0,9650
Ky 1,0 1,0 1,5 1,0 1,0 1,0500
F, —0,953986127
Kia 1 1 1 1 1 1,0000
Ks - - - - - -
F3 0,966529496
89 Ks - - - - - -
Ky - - - - - -
Fy4 1,239138768
Kis - - - - - -
Kg 1 1 1
Fs -1,07536579
Kis 1 1 1
JlnuHa cexropa 0,25 0,15 0,10 0,10 0,40 1
CpeTHeB3BEIICHHBII HTOTOBBIA KO3 UIIHECHT 0,785893306
[ Hayk 535
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Puc. 4. CpaBHeHHE 3HAYCHHUI UTOTOBOTO
k03¢ uLHeHTa aBapHUIHOCTH 10 IPOTOTUILY
M IKCIIPECC-MOJIEIHU: ¢ — MOJIENb-TIPOTOTHIL,

— JKCIPEecc-MOo/Ielb

Fig. 4. Comparison of final accident rate value
of prototype and express-model:
+ — prototype model; 4 — express model

B xone skcnepHMEHTOB BBIUMCIIEH HTOTOBBIM
KOX(QQUIUEHT aBapUHHOCTH Ha BCEH NPOTSHKEH-
Hoctu AJl Il rexuuueckoii xateropuu P-23. 3na-
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yeHus K,, N0 NpPeyIoKEeHHOM 3KcIpecc-Moje-
au (puc. 5b) cpaBHHIM C BETMYMHAMH HTOTOBOTO
Kkoa(urmeHTa aBapuitHOCTH, KOTOpBIe OBLTH Ompe-
JIeTIeHHBI TI0 Mozaenu-nipotoTuny (puc. 5a). Ha aua-
rpaMMax I[BETOM BBIJETICHbI YYacCTKH, T1e 3auK-
cupoBanbl JITII. Ilo Momenu-npoTOTUIy BBISBIIE-
HO 43 omacHBIX y4acTKa aBTOMOOWJILHON JOpPOTH,
13 HUX BoceMb — o4ueHb onacHble. Ilpu stom JITII
npoucxoauau Ha 21 % Bcex ONMacHBIX YYacTKOB.
W3 BhIABNEHHBIX O4YeHb omacHbIX ywyacTkoB J(TTI
ciryyasuch Ha 62 % y4acTKOB aBTOMOOMJIBHOM J0-
poru. Ilpu cpaBHEHUU O NPEJIOKEHHON MOJEIU
BBISIBJIEHO 44 OmacHBIX ydacTka, u3 Hux 10 oTHO-
CHIHCh K OueHb omacHbM. Ilpu stom Ha 23 %
onacHbIX ydyacTkoB npoucxoawiu JTII. 13 BwIsB-
JICHHBIX OY€Hb ONACHBIX YYacCTKOB 3a()UKCHUPOBA-
vo1 JITII Ha 60 % W3 HEX.

Ko 15

1} 5 10

Puc. 5. CpaBHeHHE pe3yJIbTaTOB ONPEACIICHUS] HTOTOBOTO KO3((hHIHEeHTa aBapUIHOCTH 110 MOAENU-IIPOTOTHILY (a)
u akcnpecc-momenu (b)
Fig. 5. Comparison of results for determination of final accident rate according to prototype model (a)
and express model (b)
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AHanu3 pe3ynbTaToB TOKa3aj, YTO JUIsS OLCHKU
0€30MacHOCTH JIOPOXKHOTO JIBW)KEHHUST Ha UCCIeye-
MOW aBTOMOOWIILHOW JOpOTe MPEIIOKEHHBIN 1 6a-
30BBIil METOIBI ONPENIENICHUSI UTOrOBOTO KO3 duIm-
€HTa aBAPUWHOCTH [AIOT CXOXKHE pE3YJbTaThI.
MoOXHO yTBEpXKIaTh, YTO TOYHOCTh pE3YJIbTa-
TOB (KOJMYECTBO BBISBICHHBIX OMACHBIX yYaCTKOB
M0 Pa3sIu4YHbIM MOACTAM 12 %; KONUYECTBO BbISIB-
JICHHBIX OYEHb OMNACHBIX YYaCTKOB IO Pa3IHMYHBIM
MonersiM 12 %) TIpu OmNpenesieHnd UTOTOBOTO KO-
s¢dunmenta aBapuiiHocTH He Tepsercs. Cnenosa-
TENBHO, JUISl KCIIPEcC-aHalli3a YpOBHS 0e30IacHo-
CTH JOPOXHOI0 JBWOKCHUSA Ha aBTOMOGI/I.HBHI)IX
Joporax oOIIEro IMOJb30BaHHS LIEJICCOO0Pa3HO
MPUMEHSATh TPEJIOKEHHBI METOJ ONpe/esIeHUs
UTOTOBOTO KOA((HIMEHTa aBapUfHOCTH, TTOCKOJb-
Ky OH TMO3BOJISIET CHU3UTH BPEMEHHBIC U TPYIOBBIC
3atpartsl (B 1,6 pa3a) 6e3 moTepu TOYHOCTH.

BbIBO/IbI

1. B pe3ynpTare nuccieqoBaHui MOTYYEHB! Ma-
TEMaTU4YeCKHUEe MOJENN MTOTOBOTO Koddduuuenrta
aBapUMHOCTH, KOTOpBIE TO3BOJIAIOT YCOBEPILIEH-
CTBOBaTbh METOJ] OIPEAEICHUs] YPOBHs O€301acHo-
CTH JIOPOXKHOTO JIBIDKEHUSI ¢ MUHMMAJIBbHOM IOTe-
peil uHPOPMATUBHOCTU U TOYHOCTH.

2. AHanu3 M TpoOBepKa pa3pabOTaHHOH 3KC-
NPEcCc-MOJENIN ONpEACICHUs] UTOroBoro ko3ddu-
LUEHTA aBApUIHOCTU NOKa3aiu 3P (EKTUBHOCTD €€
MIPUMEHEHUS, MOCKOJIBKY B HEE€ BXOAMT MEHbIIIEE
KOJINYECTBO TEPEMEHHBIX (MATH), YYUTHIBAIO-
mux 11 mapaMeTpoB ycloBuil BM)KEHHS TIPY aHa-
n3e aBTOMOOWIBHBIX Jjiopor Il TexHmueckol ka-
TEropu”, BMECTO 18 TMepeMeHHBIX B MOJEIH-
MPOTOTHIIE.

3. DKCnepUMEHTATBHBIM MyTEM YCTaHOBJEHO,
YTO OMNpPEAETICHUE CPEIHEB3BECLIIEHHOTO 3HAYEHUS
ypOBHs 0€30IaCHOCTM Ha KUJIOMETPOBOM y4YacT-
K& aBTOMOOMJIBHBIX OPOT CYLIECTBEHHO (B IIECTbH
pa3) CcoKpamiaeT OTKJIOHEHHWE 3HAuYe€HUHl OTHOCH-
TEJBHOTO KOA(GUIMEHTa aBAPUHHOCTH OT BEJH-
YUH WMTOTOBOTO KOX(PQHIMEHTAa aBapHUHOCTH

(M0 MOJCTIH-TIPOTOTHUITY EK = 18,61, mo skcmpecc-

T

momemu K. —E . =3,22), 4ro Biusier Ha TOY-
Ut K

HOCTH OIIPCACICHUA 0e30ImacHOCTH JOPOXKHOTO
JBHKCHUS.

Hayka
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4. Pa3paboTaHHYI0 METOAWKY PEKOMEHIYETCS
MPUMEHATh Ui ONpEeAeNeHHs] TOTeHINAIbHON
OIMAaCHOCTH YYacTKOB aBTOMOOWJIBHBIX JOPOT BO
BpeMsl SKCIpecc-aHanu3a 0e30IacHOCTH aBTOMO-
OWJIBHOI JOpPOTM WM TpPU TNPOBEACHUU ayIuTa
0€30IacHOCTH JIOPO’KHOTO ABHMKEHMS Ha pPasiiny-
HBIX CTAAMSAX XU3HEHHOTO IHKJIA aBTOMOOMIBHOM
JIOpOTH.

5. Pe3ynbTaThl 3KCHIEPUMEHTA MOATBEPKIAIOT
a/ICKBaTHOCTh MOZETH W YMCHBIICHHE BpPEMEH-
HBIX 3arpar (B 1,6 pa3a) mpu MpOBEICHUH ayanTa
0€301MacHOCTH JTOPOKHOTO IBHKEHHSL.
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