ISSN 2307-3489 (Print)
ISSN 2307-6666 (Online)

BEH B

B B

@[ﬂ]ﬂllﬂ@ﬂﬂ@ﬂﬂ@'

e

g @@@ﬂﬂ@ﬂﬂ[ﬂ]ﬁﬂ@

lﬁm
E 5
H[E H
ol
H[E B
= = [
=

B E
B B

HAV KA
TA I[IPOTPEC
TPAHCIIOPTY

BICHUK OHINMPOMNETPOBCbKOIO HAL|IOHAJIbHOIO
YHIBEPCUTETY 3ANNIISHUYHOI' O TPAHCIIOPTY
IMEHI AKALEMIKA B. JIABAPAHA

Ne 3(81)

Ses gnin.




JIHIMPOBCHKUH HAIlIOHATBLHUN YHIBEPCUTET 3aTI3HUYHOTO TPAHCIIOPTY
iMeHi akazemika B. Jlazapsna

HAYKA TA HPOI'PEC TPAHCIIOPTY

BICHUK JHINMPOIIETPOBCBKOI'O HAINIOHAJIBHOT'O YHIBEPCUTETY
SAJIIBHUYHOI'O TPAHCIIOPTY IMEHI AKAJEMIKA B. JIASAPSHA

HayxkoBuii skypHaJI
Ne 3 (81) 2019

Buxonuts 6 paziBHapik ¢ ¢ ¢ ¢ ¢ 3acHoBaHuil y cepmni 2003 p.

Aemomamuzosani ma mearemMamudti cucmemuy Ha MpaHcnopmi
Exonozisa ma npomucnosa besnexa
Exonomixa ma ynpaeninus
Excnnyamayis ma pemonm 3acobie mpancnopmy
Enexmpuunuu mpancnopm, enepeemuuni cucmemu ma KOMnIeKkcu
3aniznuuna konia ma agmomooinbHi 0opocu
Inghopmayitino-komynikayiiini mexnonoeii ma mamemamuine MOOeN08AHH S
Mamepianoznascmeo
Mawunobyoyeanns
Pyxomuii cknao i msea noizoie
Tpancnopmue 6yoisHuymeo

Huinpo
2019



. 3aCHOBHUK: .
JHIITPOBCBKMI HAIIIOHAJIbBHUW YHIBEPCUTET
SAJIIBHUYHOI'O TPAHCIIOPTY IMEHI AKAJIEMIKA B. JIAZBAPSIHA

I'OJIOBA PEJJAKLIHHOI PATU YHIBEPCUTETY [miaeko O. M., ZOKTOp TEXHIYHUX HAYK

T'OJIOBHUY PEJAKTOP )XYPHAJTY [iuyros C. O., 1okTOp (Pi3NKO—MaTEeMaTHIHUX
HayK

3ACTYIIHUK I'OJIOBHOI'O PEJJAKTOPA Kozauenko /. M., 1OKTOp TEXHIYHHX HayK

BIﬂHOB]ﬂAﬂbHHﬁ CEKPETAP Komecuukosa T. O., kanaugat Hayk

i3 comianbHUX KOMYHIKaIiit

YJIEHHU PEJAKIJIHHOI KOJIELIT:

AspamosiC 3. 3., benrpancekuii yHiBepcuter (Cep0ist); bena 1., Incturyt norictuku (YropmwHa); binses M. M.,
JHY3T (Ykpaina); booposcekuii B. 1., IHY3T (Vkpaina); bBorassiuyc M., BinbHIOCHKMH TEXHIYHHWII YHIBEpPCHUTET
imeni ['equminaca (Jlutsa); bonnap b. €., IHY3T (Ykpaina); bounapenko 1. O., IHY3T (Ykpaina); Bakynenxo I. O.,
JHY3T (Ykpaina); 'onoskosa JI. C., JIHY3T (Vkpaina); €dpemenko B. I'., IIpnazoBcbknii nepaHui TeXHIYHUNA
yuiBepcuter (Ykpaina); Kyxosunpkuit 1. B., JHY3T (Ykpaina); KaniBoga ., Yecbkuil TeXHIYHUI YHIBEpCHUTET
(Yexisn); Kamima M. 1., JHY3T (Vkpaina); Kamycrsa B. O., HTTY «KuiBcbknii momiTeXHIYHMH IHCTUTYT iMeHi
Iropst Cixopcekoro» (Ykpaina); Kepmic P., Kaynacekuit TexHomoriunuii yniBepcurer (JIursa); Kysnemos B. T,
JHVY3T (Ykpaina); Manawmkun JI., Hesanexuuilt BueHuit (CLLIA); Mapymaxk I1. O., TepHONiIbChbKHI HaLiOHANEHHI
TEXHIYHUH yHiBepcuTeT iMeHi [Bana [Tymros (Vkpaina); [Tlittman P., AHTUMOHOTIONBHIIN Bigain JlemapTaMeHTy I0CTHIII
(CHIA); Pakma C. B., JHY3T (Vkpaina); CnagkoBcki A., Cine3pkuii TexHonoriunuii yaisepcureT (Ilonema); Cyriep
JIx., Bapmasceka mxona exkoHoMmiku ([Tompma); Trotekin O.JI., JHY3T (Ykpaina); [luakapenko B. 1., JHY3T
(Ykpaina).

XKyphai 3apeecTpoBaHO JepxaBHOIO peecTpamiifHOO Ciry:k00t0 MiHicTepcTBa FOCTHUIIT YKpaiHH.
Cgimourso mpo peectpamnito KB Ne 19609-94091I1P Bix 29.12.2012 p.
Bupanns BHeceHo 10 [lepeniky HayKoBHX (haxOBHX BHIAHb YKpaiHU HAKa30M
MinictepctBa ocBitH i Hayku Ykpaian 29.12.2014 p. Ne 1528 (TexHiuHI HAyKH).
XKypHai 3apeecTpoBaHO: B MiXKHAPOJHUX KaTanorax rnepioanunux suaans Ulrichsweb™
Global Serials Directory, OCLC WorldCat; naykomerpuunux cuctemax Google Scholar,
DOAJ, Index Copernicus Ta iH.
JpykyeTbcs 3a pillleHHsIM BYeHOT pajau yHiBepcureTy Bin 24.06.2019 p., nmpotokon Ne 13

Bunmasenn JIHIMpOBCHKHUI HALlIOHATBHUN YHIBEPCUTET 3aJi3HUIHOTO
TpaHCmopTy iMeHi akagemika B. Jlazapsina (M. [IHinpo)
Ceimourso cy6’ekra BumaBHN401 cripasu JIK Ne 1315 Big 31.03.2003 p.

AJlpeca 3aCHOBHHUKa ByIL. JlazapsHa, 2, kiMm. 267, JHinpo, Ykpaina, 49010
Ta peraKiii tei.: +38 (056) 371-51-05; e-mail: lib@b.diit.edu.ua, visnik@diit.edu.ua;
caiiT )xyprainy: http://stp.diit.edu.ua/

Bunanss nyomikyetses 3 1936 p.:

1936-1993 pp. — «Tpyas! JJHETIPONIETPOBCKOTO HHCTUTYTA HH)KEHEPOB JKEJIE3HOIOPOKHOTO TPAHCIIOPTAY;
1993-2002 pp. — «30ipHHK HAYKOBHX Ipanb JHIIPOMETPOBCHKOTO AEPKABHOTO TEXHIYHOTO YHIBEPCHTETY
3aJIi3HUYHOTO TPAHCTIOPTY» (3a cepisiMn);

2003-2012 pp. — «BicHuk [IHIIPONETPOBCHKOTO HAIIOHAIBLHOIO YHIBEPCHUTETY 3alli3HMYHOTO TPAHCIIOPTY
iMeHi akafgemika B. Jlazapsna», (ISSN 1993-9175);

32013 p. — «Hayka Tta mporpec TtpaHcrmopTy. BicHuk JIHIIPONETPOBCHKOIO HAI[IOHATBHOTO

YHIBEPCUTETY 3aJII3HUYHOTO TPAHCHOPTY iMeHi akaneMika B. Jlazapsinay

© JIHInpOBCHKMI HALlIOHAJILHUI YHIBEPCUTET

3aJi3HUYHOTO TPAHCIIOPTY IMEHI akajaemika
B. Jlazapsina, 2019



JIHUMPOBCKHI HAIMOHAIBHBINA YHUBEPCUTET KEJIEC3HOAOPOKHOIO TPAaHCIIOPTA
nMeHu akagemuka B. JlazapsHa

HAYKA TA HPOI'PEC TPAHCIIOPTY

BICHUK JHINMPOIIETPOBCBKOI'O HAINIOHAJIBHOT'O YHIBEPCUTETY
SAJIIBHUYHOI'O TPAHCIIOPTY IMEHI AKAJEMIKA B. JIASAPSHA

Hay4Hblii sKypHaJI
Ne 3 (81) 2019

Beixogut 6 pas3Bron ¢ ¢ ¢ ¢ ¢ OcHoBan B asrycre 2003 r.

Aemomamu3zuposanivie u meiemamuieckue CUCmemvbl Ha MpaHcnopme
DKonoeusi u npomMbiuLIeHHAs. 6e30NACHOCTb
DKoHOMUKA U ynpasieHue
DKkenayamayusi u pemMoum cpeocme mpaHcnopma
DnekmpuuecKkuti mpaHcnopm, sHepeemuiecKue CUCmemol U KOMHIEKC bl
Keneznoodopooicuwviii nyms u asmomoouibHvie 00pou
HnpopmayuonHo-KOMMYHUKAYUOHHBIE MEXHOIOSUU U MAMEMAMUYECKOE MOOENUPOBAHUE
Mamepuanosedenue
Mawunocmpoenue
Tloosuoicnoii cocmae u msea noe3z00s
Tpancnopmuoe cmpoumenbcmeo

Juumpo
2019



_ Yupenureis: .
JHUITPOBCKUUN HAITMOHAJIbHBIM YHUBEPCUTET
JKEJIEBHOJOPOXHOI'O TPAHCIIOPTA UMEHU AKAJIEMUKA B. JIASAPSIHA

TIPEJICEJIATEJIb PEJJAKLJUOHHOI O [MmmabKo A. H., TOKTOp TEXHUYECKUX HAYK

COBETA YHUBEPCHUTETA

T JTABHBIH PEJJAKTOP JKYPHAJIA IMuuyros C. A., TOKTOp (HPU3NKO-MATEMATHICCKUX HAYK
3AMECTHUTEJIb ITIABHOI'O PEJJAKTOPA Kozauenko /I. H., tokTop TexHHMUECKUX HAyK
OTBETCTBEHHbIH CEKPETAPH Komecnukosa T. A., kKanAuIaT HAyK

TI0 COLTMAJIBHBIM KOMMYHHKAIUAM

YJIEHBI PE[JAKIIHOHHOH KOJIJIETHU:

ABpamoBud. 3., benrpanckuii yauBepcurer (Cepbus); bema U., Muacturyr noructuku (Benrpus); bemser H. H.,

JHYXT (Yxpamna); BboOposckmii B. 1., THYXT (Vkpaumna); bormseumayc M., BUIBHIOCCKHH TEXHWYECKHH
yauBepcuteT uMmeHn [emummnaca (Jluta); bommap b. E., HHYXT (Ykpamna), bommapenxo U. A., JHYXT
(Vkpauna); Bakynenko U. A., JTHYXT (Vkpamna); [omokoa JI. C., THYXT (Vkpauna); Edpemenko B.T.,
[IpuazoBckuii rocygapcTBeHHBIH TexHU4Yeckuil yauBepcuteT (Ykpamna); Kykosunkwmii U. B., JTHYXT (YkpauHa);
KammBoma 1., Yemckumii TexHmueckuit yHuBepcuter B Ilpare (Yexms); Kammma M. M., JHYXT (VYkpauna);
Kanyctan B. E., HaninoHanbHbli TEXHUYECKUN YHUBEPCUTET Y KpauHbl « KMEBCKU OJIUTEXHUUECKUN HHCTUTYT UMEHH
Uropsa Cuxopckoro» (Ykpauna); Kepmmc P., Kaynacckuii Texnonmormueckuit yausepcureT (JIursa); Kysnernos B. T,
JHYXT (Yxpauna); Manamkus JI., He3aBucumsiit yuensiit (CIIA); Mapymak I1. A., TeprHononbckuii HalMOHAIBHBII
TeXHU4YeCKUi yHuBepcuteT uMeHu VBana [lymios (Ykpauna); Ilurtman P., AHTUMOHONONBHEIN oTAen [enaprameHTa
tocturuu (CIA); Paxma C. B., JHYXT (Ykpanna); CragkoBcku A., CHine3cKuil TEXHOJIOTHYECKHH YHUBEPCHUTET,
(ITompmra); Cyrnmep /[lx., Bapmasckas mkonma exoHomukd (Ilomemia); Trotekun A. JI, JHYXT (Vkpauna);
Iunkapenko B. U., JIHYXT (Ykpauna)

Kypnan I'ocynapcTBEHHOM peruCTpanMoHHO City»k00if MUHUCTEPCTBA IOCTUIIMU Y KpauHBbI.
3aperucTpUpoOBaH CeuzerenbctBo 0 peructpaunu KB Ne 19609-940911P ot 29.12.2012 1.
W3znanmne BHeceHo B IlepeueHp HAYYHBIX CTICIMAIN3NPOBAHHBIX U3aHUH Y KPauHBI
mpuka3oM MuHHCTEepCcTBa 00pa3oBaHus U HAyKH YKpauHbl 29.12.2014 r. Ne 1528
(TeXHUYECKUE HAYKH).
XypHaun 3aperucTpupoBaH: B MEX/IyHAPOJHBIX KaTaJIOrax MEePUOJHMICCKUX M3IaHUH
Ulrichsweb™ Global Serials Directory, OCLC WorldCat; naykoMeTpu4ecKux cucremax
Google Scholar, DOAJ, Index Copernicus u mp.
[Neuaraercs 1o penieHuo yuyeHoro coBera yHusepcutera ot 24.06.2019 r., nporokois Ne 13

W3narens JIHUIIPOBCKUI HALIMOHAJIbHBIM YHUBEPCUTET JKEJIE3HOIOPOKHOTO TPAHCIIOpTa
nMeHu akajgemuka B. Jlazapsiaa (r. J{HHITIPO)
CBugerenbcTBO cyOBeKkTa m3garenbekoro aena K Ne 1315 ot 31.03.2003 r.

Anpec yi. Jlazapsina, 2, koM. 267, Jlaunpo, Ykpauna, 49010, ten.: +38 (056) 371-51-05;
yUpEaUTENS e-mail: lib@b.diit.edu.ua, visnik@diit.edu.ua; caiir xypuana: http://stp.diit.edu.ua/
Wznanne my6mukyercs ¢ 1936 1.
1936-1993 rr.  — «Tpynsl JJHENponeTpoBCKOro MHCTUTYTa HHKEHEPOB HKEJIE3HOOPOIKHOTO TPAHCIIOPTaY;
1993-2002 rr.  — «30ipHUK HAyKOBUX Ipaib JIHIPONETPOBCHKOrO NEPKABHOIO TEXHIYHOTO YHIBEPCHUTETY
3aIi3HUYHOTO TPAHCTIOPTY» (3a cepisiMn);
2003-2012 rr. — «BicHuK JIHINIPOMETPOBCHKOTO HAIIOHAIBHOTO YHIBEPCHTETY 3alli3HUYHOTO TPAHCIIOPTY
imeHi akagemika B. JlazapsiHa», (ISSN 1993-9175);
¢ 2013r. — «Hayka Tta mporpec TpaHcmopTy. BicHHK JIHIIPONETPOBCHKOTO HAIIOHAIEHOTO

YHIBEpCUTETY 3aJII3HUYHOTO TPAaHCIIOPTY iMeHi akagemika B. Jlazapsaay

© JIHMIPOBCKUI HAIlMOHANBHBIA YHHUBEPCHTET
JKEJIE3HOZIOPOKHOTO ~ TPAHCIOPTa ~ MMEHH
akanemuka B. Jlazapsiaa, 2019



Dnipro National University of Railway Transport
named after Academician V. Lazaryan

NAUKA TA PROGRES TRANSPORTU

VISNIK DNIPROPETROVS’KOGO NACIONAL’NOGO UNIVERSITETU
ZALIZNICNOGO TRANSPORTU

SCIENCE AND TRANSPORT PROGRESS

Scientific journal
No. 3 (81) 2019

Bi-Monthly ¢ ¢ ¢ ¢ ¢ Founded in August 2003

Automated and Telematic Systems on Transport
Ecology and Industrial Safety
Economics and Management
Operation and Repair of Transport Means
Electric Transport, Power Systems and Complexes
Railroad and Roadway Network
Information and Communication Technologies and Mathematical Modelling
Material Science

Mechanical Engineering

Rolling Stock and Train Traction
Transport Construction

Dnipro
2019



Founder:

DNIPRO NATIONAL UNIVERSITY OF RAILWAY TRANSPORT
NAMED AFTER ACADEMICIAN V. LAZARYAN

Chairman of the Editorial Board of the University Pshinko O. M., Doctor of Technical Sciences
Editor-in-Chief Pichugov, S. A., Doctor of Physics and Mathematics
Deputy Chief Editor Kozachenko D. M., Doctor of Technical Sciences
Executive Secretary Kolesnykova T. O., PhD of Social Communications

EDITORIAL BOARD MEMBERS:

Avramovic Z.Z. , Faculty of Transport and Traffic Engineering (Serbia); Béla I., Logistics Institute (Hungary);
Biliaiev M. M., DNURT (Ukraine); Bobrovskiy, V.l., DNURT (Ukraine); Bodnar B.E., DNURT (Ukraine);
Bogdevi¢ius M., Vilniaus Gedimino technikos universitetas (Lithuania); Bondarenko I. O., DNURT (Ukraine);
Cygler J., Szkola Glowna Handlowa w Warszawie (Poland); Efremenko V. G., Priazovsky State Technical University
(Ukraine); Golovkova L. S., DNURT (Ukraine); Kalivoda J., Czech Technical University in Prague (Czech Republic);
Kapitsa M. I., DNURT (Ukraine); Kapustyan V. O., National Technical University of Ukraine «Igor Sikorsky Kyiv
Polytechnic Institute», (Ukraine); Kersys R., Kaunas University of Technology (Lithuania); Kuznetsov V. G., DNURT
(Ukraine); Manashkin L., Self-Employed (United States); Maruschak P. O., Ternopil Ivan Puluj National Technical
University (Ukraine); Pittman R., Antitrust Division of the USA. Department of Justice (USA); Raksha S. V., DNURT
(Ukraine); Shinkarenko V.I., DNURT (Ukraine); Stadkowski A., Politechnika Slaska w Gliwicach (Poland);
Tiutkin O. L., DNURT (Ukraine); Vakulenko I. O., DNURT (Ukraine); Zhukovitskiy I. V., DNURT (Ukraine)

Journal by the State Registration Service of the Ministry of Justice of Ukraine.

was registered Certificate of Registration KB n0.19609-9409PR from 29.12.2012
Edition is included in the list of scientific professional publications of Ukraine by the Order of
the Ministry of Education and Science of Ukraine 29.12.2014 r. no. 1528 (technical sciences).
Journal is registered: in the International Catalogue of periodicals Ulrichsweb™ Global
Serials Directory, OCLC WorldCat; research and metric systems Google Scholar, DOAJ, Index
Copernicus, etc.
Published according to the Academic Council decision of the University from 24.06.2019,
Protocol no. 13

Publisher Dnipro National University of Railway Transport named after Academician
V. Lazaryan (Dnipro)
Certificate of Publisher IK no. 1315 from 31.03.2003

Address St. Lazaryana, 2, room 267, Dnipro, Ukraine, 49010, tel.: +38 (056) 371-51-05;
of Founder e-mail: lib@b.diit.edu.ua, visnik@diit.edu.ua; journal site: http://stp.diit.edu.ua/

Edition is being published since 1936:
1936-1993 — «Tpyasl JHEPOIETPOBCKOTO HHCTUTYTAa WHKEHEPOB JKEJIE3HOIOPOKHOTO TPAHCIIOPTAY,;
1993-2002 — «30ipHMK HayKOBUX Mpalb JIHIIPONETPOBCHKOTO JEP)KABHOTO TEXHIYHOTO YHIBEPCUTETY
3aJI3HUYHOTO TPAHCIIOPTY» (32 CepisiMu);
2003-2012 — «BicHuK /JHINPONETPOBCHKOTO HAI[IOHAILHOTO YHIBEPCHTETY 3aJII3HUYHOIO TPAHCHIOPTY iMEH1
akanemika B. Jlazapsinay, (ISSN 1993-9175),
since 2013 — «Hayka Ta mporpec TpancmopTy. BicHUK JIHIPOMETPOBCHKOTO HAI[IOHAIBFHOTO YHIBEPCHUTETY
3aJII3HUYHOTO TPAHCIIOPTY iMeHi akagemika B. JlazapsHa»

© Dnipro National University of Railway
Transport named after Academician
V. Lazaryan, 2019



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancrnopty. BicHuk J{HIIponeTpoBcbKOro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOTO TpaHcmnopty, 2019, Ne 3 (81)

EKOJIOI'TA TA ITPOMUCJIOBA BE3IIEKA

VK 502.3:[504.5:519.87]

H. H. BEJISIEBY", 1. B. KAJIAIIIHUKOB?, B. 1. IIMHKAPEHKO?, B. H. TOPSIYKNH*

Kad. «Tunpasnuka u BoJOCHAGKEHNEY, JIHUMPOBCKHIT HAMOHATBHBIH YHUBEPCUTET XKEJTE3HOAOPOIKHOTO TPAHCIIOPTA HMEHH
akanemuka B. JlazapsiHa, yi. Jlazapsna, 2, [lannpo, Ykpanna, 49010, Tex. +38 (056) 273 15 09,

9J1. mouTa water.supply.treatment@gmail.com, ORCID 0000-0002-1531-7882

ZXapbKoBcKoe oTaeneHue Gunana «[IpoeKTHO-H3BICKATENbHbI HHCTUTYT JKeIe3HO0POKHOTO TPAHCTIOPTay aKIIHOHEPHOTO
oOmiecTBa «YKpaiHChKa 3aii3HUIY, Y. KoTsapa, 7, XapekoB, Ykpauna, 61052, ten. +38 (057) 724 41 25,

a11. mouta uzp38@ukr.net, ORCID 0000-0002-2814-380X

SKa¢. «KoMIbIOTEPHBIE MH()OPMALMOHHBIE TEXHOJIOTHIY, JIHUIPOBCKHI HALMOHATLHBIA YHUBEPCHTET HKEJIE3HOIOPOIKHOTO
TpaHCIOpTa UMEHH akanemuka B. Jlasapsna, yiu. Jlazapsua, 2, Taunpo, Ykpauna, 49010, ten. +38 (056) 373 15 35,

a11. moura shinkarenko_vi@ua.fm, ORCID 0000-0001-8738-7225

“Kad. «TenoTexuukay, JIHUMPOBCKUI HAMOHANBHBINH YHUBEPCHTET KEJIC3HOAOPOKHOTO TPAHCTIOPTA MMECHH aKaJeMHUKa

B. Jlazapsina, yi. Jlazapsina, 2, Jluunpo, Yrpauna, 49010, Ten. +38 (056) 373 15 87, a51. moura vgora@ukr.net,

ORCID 0000-0002-8952-952X

SAIUTA ATMOC®EPDBI OT 3AI'PA3HEHUA 11PU
IKCTPEMAJIBHBIX CUTYALIUAX HA XUMHNYECKU OITACHBIX
OBBEKTAX

Henan. Pabota npenmonaraet pa3pabOTKy YHUCICHHBIX MOJEIICH I OleHKH 3((EKTUBHOCTH MPUMCHECHHUS BO3-
JIyLITHOHM 3aBEChl BO3JIE 3/IaHUS B Cllyyae XMMUYECKOTO 3arps3HeHus. Meroauka. J{71s onucaHus mporecca pacceu-
BaHMs XMMUYECKH OIACHOTO BEIECTBA, SMUTHPOBAHHOTO NPH YPE3BBIUYAMHBIX CUTYAIMsAX, UCIIOIB30BAHO TPEXMeEp-
HOE ypaBHEHHE MaccollepeHoca MpuMecH B aTMoc(epHOM Bo3ayxe. s pacdera 1oJisi CKOPOCTH BO3AYIIHOM cpezibl
BO3JIC 3/1aHMS IPH HAIMYHUHU BO3YIIHOHN 3aBECHl UCIIOIb30BaHA MOJIEIh MOTEHINAIBLHOTO TeueHHs. Moenupyromue
YpaBHEHHs yYHUTHIBAIOT I0JI€ CKOPOCTH BETPOBOTO MOTOKA, arMochepHyo an¢¢y3nio, HHTEHCHBHOCTh BhIOpoOCca
XMMHYECKH ONAaCHOTO BemiecTBa B arMocdepy. I YHCIEHHOr0 MHTETPHPOBAHMS YPaBHEHWH MaccolepeHoca Hc-
TI0JIb30BaHbl HESIBHBIE PAa3HOCTHBIE cxeMbl. [IpuMeHeHne pa3paOoTaHHON MOJENH TO3BOJIAET ONEPATUBHO PacCUH-
THIBAaTh T0JI€ KOHIEHTPAIMH XHMHUYECKH OMACHOTO BEIIECTBA BO3JE 3/[aHUS NMPU HAIWYHM BO3TYLIHOH 3aBECHI.
PesyabTaTrsl. IIoCTpOEHB YHCICHHBIE MOJIENN AJIS pacdeTa a3poJMHAMHUKH BO3IYIIHOTO MOTOKA M KOHIIEHTpAIU-
OHHOTO TIOJISI BO3JIE 3[JaHUS IIPH HCIIOJIB30BAaHUM BO3IYIIHON 3aBeChl. FIX MOYKHO NMPHUMEHUTH AJISI IPOBEIEHHS Olle-
PaTUBHBIX PacueTOB pa3MepoB, HHTEHCUBHOCTH 30H 3arps3HEHHs, KOTOpbie GopMHUpYIOTCS B aTMocdepe IpH BbI-
Opoce XMMHUECKMX BEIIECTB Ha MPOMBIIIJICHHBIX IUIOMIagKkax. Pa3paboTaHHbIC YHCIICHHBIE MOJEIH MOTYT OBITH
peanan30BaHbl HA KOMITBIOTEPAX MalOW M CPEeAHEH MOIIHOCTH, YTO MO3BOJISICT MIMPOKO MCIONB30BaTh UX JUIS pelle-
HUSI 33/1a4 [IpU pa3paboTKe TUaHa IuKBuauu npu aBapuiiaoi cutyauuu (ITJIAC). s npakTHYECKOTO MpUMEHe-
HUSI 9THX MOJeJIel HeoOXoauMa craHgapTHas BxonHas mH(opmanus. [IpencraBieHsl pe3ynbTaThl 1a00paTOPHOTO
skcriepumenTa. Hayunasi HoBu3Ha. IlpemnoskeHsl 3G QEKTUBHBIE TPEXMEPHBIC YUCICHHBIC MO /ISl OLIEHKH
YPOBHS 3arpsi3HEHUsI aTMOC(EPHOTO BO3lyXa IPH BHIOpOCcE B aTMOC(hepy XUMUYECKH OIIACHBIX BEIIECTB M IPH HC-
MOJIb30BAHUU BO3JYLIHON 3aBEChl BO3J€ MPOMBIIIICHHOTO 3JaHKA. Moaenu MO3BOJSIOT ONEPaTUBHO PACCUMUTAThH
3¢ (GEeKTHBHOCTh NIPUMEHEHNS BO3AYIIHOW 3aBechl. IIpakTHyeckass 3HAYMMOCTb. Pa3paboTaHHBIE YHCIEHHBIE MO-
JIeNTA TI03BOJIAIOT pemaTh MPUKIAJHBIE 3a7ady, Bo3HUKatomue npu paspaborke [IJIACa mid XUMHYIECKH OTAaCHBIX
00BEKTOB.

Kntouegule crnosa: XuMudeckoe 3arpsa3HeHne aTMochepsl; Ype3BeIYaliHas CUTYAIs; YUCIEHHOE MO/ICITHPOBaHUE
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BBeaenne

B oOnactu mnpomblnuieHHOH 6€30macHOCTH
MOXHO BBIICIUTH JIBE Ba)XKHBIC 33Ja4d: MPOTHO3
YPOBHSI 3arpsi3HEHUS] OKPYXKalolel cpenbl Tpu
OKCTPEMAIIbHBIX CUTYAllHsAX Ha MPOMBIIIICHHBIX
00BEKTaxX, CBA3aHHBIX C BBIOPOCOM XHMHUCCKH
OTIACHBIX BEUIECTB, U 3allIUTa OKPYKAKOIIECH CpeIbl
or sarpsiHenus [1-4, 7-14]. Jns oneHku pasme-
POB 30H XMMHYECKOTO 3apakeHUsl B YKpawHe Hc-
MOJIB3YI0T HOPMATUBHYIO METOAUKY MPOTHO3a TO-
CIICICTBHI aBapWii Ha XMMHYECKH OITACHBIX O0B-
eKTax M TpaHCHopTe, a Takke mMeroauky OHJI-86.
Kpome sToro, amst pereHus 3a1a4 Mo pacueTy 30H
XMUMHYECKOTO 3apaKCHUS] IMUPOKO MPHUMEHSIOT
Monens l'aycca [4]. Ins pemmenns BTOpo# 3agadn
MOXHO HCIIOJIb30BaTh TOJIBKO CFD-
mozaenupoBanue [2, 3, 5, 11] win ¢usndeckuii
JKCIIEPUMEHT. AKTYalIbHOU 3a7jadeil ocTaeTcs pas-
paboTka 3()(EKTHUBHBIX METOIOB 3allUThl aTMO-
cdepsl OT 3arps3HEHUs TIPH aBAPUMHBIX CHTYaIlU-
SIX, TIOCKOJIbKY UMEHHO aTMocdepa MoaBepraercs
3arpsi3HEHUIO B TIEPBYIO OYepeb.

Hean

OCHOBHO# 1ENbI0 AaHHOW pabOTHl SBISAETCS
pa3paboTKa YHCICHHBIX MOJEINEH Ui MPOBEACHUS
WCCIIEIOBaHUH IO OI[eHKE PP (EKTUBHOCTH MTPUMe-
HEHMS BO3IYLIHOW 3aBECHl BO3JIE 3/1aHUM, YTOOBI
MUHHMMHU3UPOBATh yYPOBEHb XUMHUYECKOIO 3arpsi3-
HCHUA.

MeTtoauka

Bo3gymHas 3aBeca — 3TO HCHOIb30BaHUE
HaIlpaBJICHHOTO ABWXEHUSI BO3[yXa C LEIbI0 W3-
MEHEHHs HallpaBJIEHUS JIBHKEHHs 00J1aKa TOKCHY-
HOTro BeliecTBa. Mcnoib30BaHue BO3AYIIHOMN 3aBe-
Chl Y MPOMBIIUICHHBIX 3JaHUI MO3BOJIIET CO3/1aTh
JIOKaJIbHBIE 30HBI, IJI€ BEJIMYMHA IOPaXKAOLIETro
(dakTOopa — KOHIIEHTPAIIMU OMACHOTO BEIECTBA —
3HAUUTEIBLHOE MEHBIIIE, YEM MIPU OTCYTCTBUU 3aBe-
cel. Ha arane npuHITHS pelieHusl HYKHO OIpese-
TUTh 3((EKTUBHOCTD HCIIOIH30BAHUS BO3IYITHON
3aBECHI C y4E€TOM Pa3MepoOB 3[1aHUsA, CKOPOCTH BET-
pa, CKOPOCTH BO3AYIIHOTO IIOTOKA 3aBECHI U T. [I.

Puc. 1. Cxema UCTIONB30BaHUs BO3YIIHOM
3aBECHI Y IPOMBILITICHHOTO 3JaHU:
1 — 3;maHue; 2 — BO3/yIIHAS 3aBeca; 3 — HCTOYHUK BRIOpOCca
XMMHYECKH OTTAaCHOT'O BEIIECTBA

Fig. 1. Air curtain scheme
at an industrial building:
1 —building; 2 — air curtain; 3 — source of emission
of a chemically hazardous substance

Ha nepBom 3rtane uccienoBanuii OblIa BBIJIBH-
HyTa pabodas TMIIOTe3a O TOM, YTO NPUMEHEHHE
BO3AYIIHON 3aBEChl BO3JI€ MPOMBIIUIEHHOIO 3Ja-
HHA MO3BOJIACT CHU3UTH KOHLCHTPAILIUIO OIIaCHOTI'O
BEIIECTBa B CIIy4ae BO3HHKHOBEHHS JKCTPEMalb-
HOU cutyanmu. [l TPOBEPKU STON THUIOTE3HI ObLIT
MIpOBeJIEH IKcHepruMeHT. CxeMa dKCIIepUMEHTaNlb-
HOW YCTaHOBKH TIOKa3aHa Ha pHC. 2. DKCHeprUMeH-
ThI IIpOBeZieHbI Ha Kadenpe «I mapaBnuka u BoAo-
cHaO)XeHHe»  JHUMPOBCHKOTO  HAIMOHAJIBHOTO
YHUBEPCUTETA JKEJIE3HOJOPOKHOIO TpaHCIOpTa
uMmenu akaaemuka B. JlazapsHa (JJHYXT).

Puc. 2. Cxema dKcIiepUMEHTaIbHON YCTaHOBKH:
1 — Bo3myxomyBKa; 2 — BO3/IyXOlyBKa;
3 — MECTO HMHCCHH OIIACHOT'O BELIECTRa,;
4 — mopens 3xaHust; 5 — crou;
6 — IPOCTPaHCTBO BHYTPH MOAEIH 3/1aHUS

Fig. 2. Scheme of the experimental facility:
1 —blower; 2 — blower; 3 — emission point
of a hazardous substance; 4 — a building model;
5 —table; 6 — space inside a building model

MonenupoBanue MPOBEIEHO B MaciiTadbe
1:100. Pazmepsl momenu 3maHusi: BbicoTa 10 cwm,
mupuHa 30 cM, miuHa 30 cM. CKOpPOCTh BO3AYIII-
HOTO TOTOKa cocTaBisia 5,7-6,1 m/c (Bo3myxo-
nyBka 1). CKOpoCTh BO3IYIITHOW CTPYU COCTaBIIsLIa
8,6-9,1 M/c (Bo31yx0yBKa 2).
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Pesynbrarel SKCIIepyMEHTa TPEACTABICHBI Ha
puc. 3 u 4.

Kak BuaHO M3 puc. 3, IpuU OTCYTCTBUH BO3-
JTyITHOW 3aBECHI CTPYS MPOJIYKTOB TOPEHUS TpaK-
THYECKH TOJIHOCTBIO OXBATBHIBAET TOPIEBYIO CTO-
pony monenu 3manus (quann 1-1 u A-C) n «3a-
XOJUT» HaJ 3JIaHUEM M BHYTPb MOJEIHU Yepe3 OT-
Beperue cBepxy (mosurnwms C Ha puc. 3).

Puc. 3. 3oHa 3arpsa3HeHUS BO3JIE MOICIH 31aHU
(HeT BO3IyITHOM 3aBECHI):
A-B — HWKHsS rpaHuna nuieida;
A—C — BepxHss rpaHua nuielda

Fig. 3. Pollution area near a building model
(no air curtain):

A-B — lower bound of a plume;
A-C — high bound of a plume

Ha puc. 4 npencrasieHa 30Ha 3arps3HEHHAS TIPU
HAJIMYHAW BO3YIITHOM 3aBECHI BO3JIE MOJIEIH 3AaHUSI.

Puc. 4. 3oHa 3arps3HeHUS BO3JIe MOAETH 3/1aHUA (€CTh
BO3/YIIHAS 3aBeca):

1-1 — awxHAA TpaHuIa nUIekda; A — ICTOYHUK SMHUCCHH
ONacHOTO BellecTBa; B — cepeanHa TOpIieBoi CTEHKU MOJIEINH;
C — cedenne, r1e MPOBOAWINCH U3MEPEHHS (HaZ MOJEIHIO
3/1aHUS ¥ BHYTPH €e)

Fig. 4. Pollution area near the building model
(there is an air curtain):
1-1 — lower bound of a plume; A — a source of emission
of a hazardous substance; B — center of the end wall in a mod-
el; C — section where measurements were taken
(above a building model and inside it)

W3 nanHOrO pUCYHKa BHJHO, YTO BO3AYLIHAsS
3aBeca IMpHBENa K OTKIOHEHHUIO 3arpsi3HEHHOM
CcTpyHu OT Monenu 3maHus (muHuS 1-1 — HIKHIS

rpaHula CTPyH), T. €. 3GQPeKT 3amuThl HabIIOAa-
€TCs BU3YaJbHO.

IIpoBenenue (u3ndeckoro 3KCHEpUMEHTa UL
OLIeHKH 3(PPEKTUBHOCTH NMPUMEHEHHS BO3AYIIHON
3aBeChl BO3JIE 3[aHUs TpeOyeT MHOTO BPEMEHU Ha
€ro IOCTaHOBKY, peann3anuio, oOpaboTKy maH-
HbIX. [l03TOMY [JI MPaKTUKK BaYKHO UMETh Teope-
THYECKHUE METOJbl OLEHKH 3(PQeKTUBHOCTH MpH-
MEHEHHUS BO3IYITHOW 3aBeChl, YTOOBI OBICTPO
OTIPENIeNIATh PalMOHANIBHBIE TapaMeTpbl 3TOH CH-
CTEMBI 3alIUTHI U1 KOHKPETHBIX MECTHBIX YCIIO-
Buil. IloaTOMy Ha ciemyrolleM 3Tane UCCIeNI0Ba-
HUS OBUTH pa3pabOTaHBl YUCIICHHBIE MOJEITH IS
peuIeHus IOCTaBJICHHOM 3aa4H.

[ns pacuera KOHIEHTPAUMOHHBIX IMOJEH XU-
MHYECKOT0 areHTa BO3J€ 3AaHUs IPU UCIOJIb30Ba-
HHU BOSZIYHIHOﬁ 3aBEChI IPUMCHAIOT TPEXMCPHOC
ypaBHeHHe MaccornepeHoca [2, 3, 5, 9]:

oC auC ovC o(w-wg)C
—+ + + +
ot ox oy oz

22[ @}E o +ﬁ[ @}L

xSy ey )T\ e
+2Qi (t)s(x_xi (t))s(y_yi(t))s(z_zi)v (1)

rne C

uz(ux,uy,uz) — K03 PHUIMEHTHI TypOYJICHTHON

mdpdys3un; 6 — K0IQOUIMEHT, yUUTHIBAOIIU
BBIMBIBAHWE XMMHYECKOTO arceHTa OcCagKkaMH WU
€ro XMMHYECKYI0 TpaHchopmaiuoo B arMocdepe;
U,V,W — KOMIIOHEHTBI BEKTOpa CKOPOCTH BETpa;

oC=

— KOHLIEHTpalUsl XHMMHYECKOIO areHTa,

Ws — CKOPOCTh I'PaBUTAllUOHHOIO OCEJAaHHs XH-
MHYECKOro areHTra; Q — MHTEHCHBHOCTH BBIOpOCa
XUMHYECKOT0 areHra; ES(X—Xi )(y— Y; )(Z — Zi) -
nenbra-pyHkuua Jupaka; X,Y;,Z; — KOOpAMHATHI
HCTOYHHKA BBHIOpOCAa XMMUYECKH OMACHOTO Bellle-
cTBa; t — Bpems.

[IpunumaeM, 9TO yCTOWYMBOCTH aTrMoc(epbl
OTIPEIENISIIOT 3HAYeHUEeM KOA(pQPHUIIMEHTOB aTMO-
cteproit mupdysun.

Tak kak 3ajaya COCTOWUT B CO3JaHMU UYHMCIICH-
HBIX MOJIeTie Ui OICHKH 3(PQPEKTHBHOCTH TPH-
MEHEHHsI BO3JYIIHOW 3aBECHl C IENbI0 CHUKECHUS
YPOBHSI 3arpsi3HEHHs BO3AYIIHOW Cpeabl BO3JE
3IaHMsA, TO BO3HMKAeT HEOOXOAMMOCTH pacyera
HEPaBHOMEPHOTO TIOJISI CKOPOCTH BO3AYIIHOTO TI0-
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TOKa BO3J¢ 31aHus. [l pernieHus STOW 3amaud
OyZeM TpUMEHSTh MOJENbh OE3BUXPEBBIX TEUECHUH
HJeanbHOU KUAKOCTH:

0’°P 0°P O°P
2 + 2 + 2
ox~ oy oz

=0, )

rae P — noreHuuan CKOpoCTH.
[ns pacuera KOMIOHEHT BEKTOpa CKOPOCTH
BETpa UCIIOJIB3YIOT 3aBUCUMOCTH.
oP . oP . oP
=—;,V=— W=—01!.
OX oy oz
IIpu yKciIEeHHOM pEelIeHUH TPEXMEPHOTO ypaB-
HEHUA JI1 MOTCHIMAaJIa CKOPOCTU BBIIIOJIHUM Ta-

Koe pacmeruieHne Ha — auddepeHmraIrHOM
YPOBHE:

oP P

Aol

P _oP.

ot oy’

w_op

ot oz

Jia anmpoxcuManuy KaxIoTo YpaBHEHUS W3
JTAHHOW CHCTEMBI OYyZeM UCIOJIb30BaTh TaKHUE pa3-
HOCTHBIC BBIPKCHUS:

Pn+1/2 Pin' PEIlJ/Z Plnrilz .
At AX ’
P P n+1/2 _ F)IEI].J F)I ?;t .
At AX ’
Pn+1/2 Pin_ Pn-i—_l]{i F>Inj+i/2 .
At Ay ’

n+1 n+1/2 n+1 n+1
Pljk Pljk P|J+1k Pljk

At Ay
Pn+1/2 F)I‘HJ’ Pn;rtlzl F)IHJ-%—i/Z .
At Az ’
1/2
IR R R
At Az

Hns YHCIICHHOTO MHTETPUPOBAHUS
TPEXMEPHOTO0 ypaBHEHHUS MaccolepeHoca Oynaem
HCIOJb30BaTh HESIBHYIO MOIIEPEMEHHO-
TPEYToJbHYI0 Pa3HOCTHYIO CXEMY pacUICIUICHUs
[2, 5]. Hcxomnoe wmomenupymomiee ypaBHEHHE
paciemyisil0OT  Ha Tpu  ypaBHeHus. llepsoe
YpaBHEHHUE YUYHUTHIBAET pACCEMBAHHE IPHUMECH
TOJIBKO 32 CYET BETPOBOTO IOTOKAa, BTOpPOE — 3a
cuer atMochepHON AuQPy3un, TpeTbe yIUTHIBAET
BJIIMSIHAE MCTOYHHKA 3MHUCCHHM Ha (HhOpPMHUpPOBAHHE
30HBI 3arpsi3HeHus. [ KoaupoBaHHus Pa3HOCTHBIX
ypaBHeHui ucronb3oBan FORTRAN.

[Ipu mpumeHeHnu pa3pabOTaHHBIX YMCIICHHBIX
MoJIeJIeH ISl pelieHns] 3a1ad paccMaTpUBACMOTO
KJIacca HeoOXO0IMMO 3a7aTh TaKy0 HHPOPMAIIHIO:

— pa3Mepsl pacueTHOH 00JIaCTH;

— TeoMeTpUUECKYIo hopMy 31aHus (3IaHUK);

— mapaMeTpsl Haberaromero BO3AYHIHOTO MO-

TOKa,

— MECTO PacIOJIOKECHMSI BO3AYLIHON CTPYH;

— CKOPOCTb BO3JyIIHOH CTPYH;

— ¢opmy oOmaka XMMHUYECKOTO  areHTa,
KOTOpO€ IBWKETCS Ha 3/1aHUE;

— KOHIICHTpAIUIO XUMHUYECKOI'O arcHra
B o0Iake.

Pe3yabTarbl

PazpaboranHbpie YHCIIEHHBIC MOJCIU ObLTH HC-
MOJIB30BaHbI JIA PCIICHUA HpI/IKJIaJIHOﬁ 3aJa4i.
IlocranoBka 3amaun: paccMaTpUBacM MHIPALHIO
MEPBUYHOr0 o0Jlaka XJopa C KOHLEHTpauuei
C =100 enuuwmir (KOHIIEHTpaIUsl JaHa B Oe3pas-
mepHoM Buze). Cxopocts Betpa 4 Mm/c. Ha mytm
oOnaka pacrionaraeTcs 31aHue. Bosne HeBeTpeHOM
CTOPOHBI 3/IaHUS CO3/Ia€M BO3IYLIHYIO 3aBECYy IS
CHMIKCHHS KOHLICHTPpAIUU XUMHUYCCKOT'O ar¢HTa.

Ha puc. 5-8 nokazaHo KOHLEHTpaLXOHHOE MHO-
Jie XJI0pa BO3JIE 3[]aHHs MIPU OTCYTCTBHU BO3IYII-
HOH 3aBECHI U NIPU €€ IPUMEHEHUH.

AHanu3upyst 30Hbl XUMUYECKOTO 3arpsizHe-
HMA, KOTOPBIE NIPEIACTABICHBI HAa IPUBEICH-
HBIX pHC. 5—8, MBI BUJIMM, YTO MPHU HCIIOJIH30-
BaHUM BO3JYLIHOM 3aBECHl 30HA 3arpsA3HECHUS
(rpaHuIla TOKCUYHOTO O0JIaKa) OTHAISIETCS OT
IPOMBILIUIEHHOTO 31aHHUs, TO €CTh IIPOUCXOIUT
TUIPOIMHAMUYECKOE  BJIUSHUE  BO3AYIIHON
CTpy" Ha (OPMHUPOBAHHE 30HBI XUMHUYECKOTO
3arps3HCHUS.
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8. 158E+81

coordinate x 8.735E+82

Puc. 5. 30Ha 3arpsi3HeHUs! y MPOMBIIILICHHOTO
3/1aHus JUIT MOMEHTa BpeMeHu t = 5,5 c.
(HeT BO3MyNIHOM 3aBeChl, ceuenue Yy = 25 M)

Fig. 5. Pollution zone at an industrial
building for timepointt =5.5s.
(no air curtain, section y = 25 m)
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c

o
=H.517E+88 o
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8.167E-81
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coordinate x

Puc. 6. 3oHa 3arpsi3HEHUs! y NPOMBILIEHHOTO
37aHus AJIsI MOMEHTa BpemeHu t=7,5 ¢
(HeT BO3IyIIHOM 3aBECHI, ceueHue y = 25 M)

Fig. 6. Pollution zone at an industrial
building for timepointt=7.5s.
(no air curtain, sectiony = 25 m)
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Puc. 7. 3oHa 3arps3HEHNS Y IPOMBIIIJICHHOTO 3JaHHS
JUIE MOMeHTa BpeMeHu t = 5,5 ¢
(Bo3mymIHas 3aBeca, ceueHue y = 25,
CKOPOCTB BO3yIIHOTO 1oToka 20 m/c)

Fig. 7. Pollution zone at an industrial
building for timepoint t = 5.5 s.(no air curtain,
section y = 25 m, air-flow rate 20 m/s)

8.513E+82

c

o
. 672E+88 o

=4 650E-81
8.217E-81
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8. 158E+81 coordinate x

8.735E+82

Puc. 8. 3oHa 3arps3HEHUs y IPOMBIIUICHHOTO 31aHUs
JUIT MOMeHTa BpeMeHu t = 5,5 ¢
(Bo3mymIHas 3aBeca, ceueHue y = 25 m,
CKOpOCTh BO3aymHOTo oToka 30 m/c)

Fig. 8. Pollution zone at an industrial
building for timepoint t = 5.5 s. (no air curtain,
section y = 25 m, air-flow rate 30 m/s)

B 1a6n. 1 npuBeneHbI 1aHHBIC O KOHIICHTPAIIUU
XUMHUYECKU OTIACHOTO BEIIECTBA B PEIIEPHON TOUKE
y MPOMBIIIICHHOTO 3[[aHUSI — 3TO MECTO MMOKa3aHO
Ha puc. 5-8 B BUIE TOUKH HAa CTEHKE 3/IaHUSI.

Tabnuua 1

Be3pasMepH0e SHAYCHUE KOHUCHTPAIIUH OITACHOI'0
BeIeCTBA Y IPOMBINIJICHHOT0 31aHUA

Table 1

Dimensionless concentration of a hazardous sub-
stance at an industrial building

Bpems Konuentpa- Konuentpa- Konuenrpanus
st (HeT Bo3- | must (CKopocTh | (CKOpOCTh BO3-
IYIIHOH 3aBe- | BO3AYIIHOTO | JYIIHOTO ITOTO-
CBI) MOTOKA ka 30 m/c)
20 m/c)
31 0,238 0,018 0,0041
3,5 0,273 0,017 0,0037
4,5 0,316 0,013 0,0025
55 0,300 0,008 0,0014

Kak BuaHo m3 Tabn. 1, WMCrIONb30BaHHE BO3-
JYUIHOW 3aBEChl MO3BOJISIET CYIIECTBEHHO YMEHbB-
LIMTh KOHLUEHTPALUIO OMAacHOr0 BEIIeCTBa y 31a-
Hus. Hanpumep, ans MmoMeHTa BpeMeHH 5,5 ¢ KOH-
LEHTpaIys OMACHOTO BEUIECTBA B TOYKE PACIOO-
KEHUsl pelenTopa NpH HAIUYUK  BO3IYIIHOM
3aBeckl (ckopocTb cTpyu 30 m/c) B 210 pa3 mMeHb-
11e, 4YeM MpU OTCYTCTBHH 3aBeChl. TO €CTh UCIOIb-
30BaHHME BO3JYNIHON 3aBeChl MO3BOJIIET CHU3UTH
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PUCK TOKCHYECKOTO TOPaKCHUS JIONCH y Tpo-
MBIIIJIEHHOTO KOpITyca.

OTMeTHM, YTO BpeMs pacdeTa COCTABIISET II0-
psaka 7 c.

Hayqﬂaﬂ HOBM3HA U NPaAKTHYECCKasd
3HAYUMOCTDb

B craTthe paccmoTpens! uncnennsie 3D-Monenu
Uil OleHKH 3((EKTUBHOCTH IMPUMEHEHHS BO3-
IyIIHON 3aBechl BO3ie 3aaHus. [{ns pacuera He-
PaBHOMEPHOTO MOJIsi CKOPOCTH BO3AYIIHOTIO MOTO-
Ka BO3JIe 3[aHHs IPUMEHEHA MOJIENb OE3BUXPEBBIX
TEUeHUI Hec)kumaeMol cpejnl. [l pacuera KOH-
[EHTPAIMOHHBIX TTOJIEH HMCIOJIB30BAHO YpPaBHEHHE
MaccolepeHoca.

[Tpu npumMeHeHHH pa3pabOTaHHBIX YUCIICHHBIX
MOJIeJIEH HCTOJB3YIOT CTAaHAAPTHYIO BXOIHYIO
nHpopmaro. OcoOeHHOCTHIO MOJEICH SIBISICTCS
OBICTPOTA pacyera, YTO MO3BOJIIET WX HCIIOJIB30-
BaTh MPU MIPOBEJICHUH CEPUIHBIX PACUECTOB.

BriBoabl

B pabore  mpencraBieHBl — YHCICHHBIE
3D-momenu mst oueHKH 3()(HEKTUBHOCTH MpHMe-
HEHUs BO3AYIIHOHN 3aBechl. PacdeT BBINOIHEH Ha
0aze (yHIaAMEHTaNbHBIX YPaBHEHHH MEXaHHKH
CILTOIIHOM cpenpl. JlalbHENIIEe COBEPIIEHCTBOBA-
HUE BbIOPAHHOIO HAY4HOTO HANpaBlICHUS CIICAYET
MIPOBOANTH B oOmactu co3manus 3D-momenu Aus
pacueTa 3arpsi3HEHHs BO3AYIIHOH cpenbl Ha Oaze

ypaBHeHu HaBpe—CrTOKCa.
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3AXUCT ATMOC®EPH BIJI SBABPYTHEHHSI I T YAC
EKCTPEMAJIBHUX CUTYAIIN HA XIMIYHO HEBE3IIEYHUNX
OB’EKTAX

Mera. Pobota nepeabadae po3poOKy YMCEIbHUX MOJCICH st OIIHKK e(heKTUBHOCTI 3aCTOCYBaHHS MOBITPSHOT
3aBicu OuIs OyIiBII Y pa3i XiMiuyHOTO 3a0pynHeHHs. MeToauka. J[Jisi OnMCcaHHs MPOIECY PO3CIFOBAHHS XiMIYHO He-
0e3reyHol peuyoBHHH, €MITOBAHOT 3a HAa/[3BUYANHMX CHTYalliif, BAKOPUCTAHO TPUBUMIPHE PIBHSHHS MacoNepeHOCy
JIOMIIIKK B aTMocdepHOMyY moBiTpi. JliIsi po3paxyHKy IOJIsl IIBUAKOCTI TOBITPSIHOTO cepeoBHIna Oist OyiBii 3a
HAasSIBHOCTI MOBITPSIHOT 3aBiCHM BUKOPHCTAHO MOJEIb MOTEHIIHHOT Teuii. MojentoBaibHe PIBHAHHS BPaxOBYE TOJE
HIBUAKOCTI BITPOBOTO MHOTOKY, arMocdepHy AuQy3il0, IHTCHCHUBHICTh BHUKHJIY XIMIYHO HeOe3NeuHOi pedOBHHHU
B atMocdepy. [ 9rcenbHOTo iHTerpyBaHHS PiBHSIHB MacOTIEPEHOCY BUKOPUCTAHI HEsIBHI Pi3HUICBI CXeMH. 3aCTO-
CyBaHHS pO3pOOJICHOT MOJIET JI03BOJISIE ONEPATUBHO PO3PAXOBYBATH TOJIE KOHIEHTpalii XiMiYHO HeOe3euHol pe-
4OBWHM 0115 OyiBIIi 3a HAIBHOCTI MOBITPsHOT 3aBich. Pe3yabTaTn. [100ymoBaHi YrceabHI MOACTI IS pO3PAaXyHKY
aepoJAMHAMIKY MOBITPSHOTO IMOTOKY ¥ KOHIICHTPALIHHOTO OIS 01t Oy/IiBIi 3 BUKOPUCTAHHSIM MOBITPSHOI 3aBicH.
Ix MosKkHa 3acTOCYBaTH JUIS IPOBEIEHHS ONEPATUBHUX PO3PAXYHKIB PO3MIpIB, IHTEHCHBHOCTI 30H 3a0pyIHEHHS, AKi
(dopmyrOTECS B aTMOcdepi il Yac BUKUAY XIMIYHUX PEYOBHH Ha MIPOMHUCIOBUX MalgaHdnKax. Po3pobieHi grcensb-
HI MOJIeJi MOXKYTh OyTH pealli3oBaHi Ha KOMIT FoTepax MaJioi i cepeiHbOI MOTYKHOCTI, 110 J03BOJISE IIUPOKO BUKO-
PHUCTOBYBATH iX JUIsi BUpIIIEHHS 3aBJaHb Iijl 4ac po3poOKH IUIaHy JiKBifawii B pasi aBapiiiHol cutyauii (ITJIAC).
J1yist IpaKTUYHOTO 3aCTOCYBaHHS [UX MOJeNieii HeoOXiqHa cTaHgapTHA BXimaHa iH(opmailis. [IpeacraBieHi pe3yiib-
TaTH JJabopaTopHOro excrepumenty. HaykoBa HOBH3HA. 3anpONOHOBAaHO e(DEKTUBHI TPUBUMIPHI YHCEIbHI MO
JUISL OIIIHKH PiBHA 3a0pyIHEHHS aTMOC(HEpHOTo MOBITPA i Yac BUKUAY B aTMOc(hepy XiMIUHO HEOE3MEeUHUX peduo-
BHH 1 BUKOPHCTaHHS TIOBITPSHOT 3aBiCH 0111 TpOMUCIOBOT OyaiBiti. Mozerni 103BOJISIOTE OMEPaTHBHO PO3paxyBaTH
e(pEKTHBHICTh 3aCTOCYBaHHS MOBITPsHOI 3aBicu. [IpakTHyHa 3HaYMMicTh. Po3po0iteHi umcenpHi MOJeIi T03BOIS-
I0Th PO3B’S3yBaTH TPWKIANHI 3a7adi, M0 BHHUKAIOTH mix 4ac po3poOku IIJIACy mis XimMidHO HeOe3medHHX
00’€KTIB.

Kniouosi crosa: ximiuae 3a0pyiHeHHS aTMOcdepH; Ha3BUUYaiHa CUTYallis; YUCETbHE MOJICIIOBAHHS
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ATMOSPHERE PROTECTION FROM POLLUTION IN ACCIDENTAL
SITUATIONS AT CHEMICALLY HAZARDOUS OBJECTS

Purpose. The work involves the development of numerical models to assess the effectiveness of the air curtain
usage near the building in the event of chemical pollution. Methodology. To describe the process of dispersion of
a chemically hazardous substance, emitted in emergency situations, the three-dimensional equation of impurity mass
transfer in atmospheric air is used. To calculate the air velocity field near the building in the presence of an air cur-
tain, a potential-flow model is used. The modelling equations take into account the velocity field of the wind flow,
atmospheric diffusion, and the intensity of the emission of a chemically hazardous substance into the atmosphere.
For the numerical integration of the mass transfer equations, implicit difference schemes are used. The complex
of programs was created to solve the problem of calculating pollution zones near buildings in the presence of an air
curtain. The application of the developed model allows you to quickly calculate this field of concentration
of a chemically hazardous substance near the building in the presence of an air curtain. Findings. Numerical models
for calculating the aerodynamics of the air flow and the concentration field near the building when using an air cur-
tain were constructed. They can be used to carry out operational calculations of the size, intensity of pollution zones,
which are formed in the atmosphere during the emission of chemicals at industrial sites. The developed numerical
models can be implemented on computers of low and medium power, which allows it to be widely used for solving
problems in developing an emergency response plan (ERP). For practical application of the developed
numerical models, standard input information is required. Authors present the results of a laboratory experiment.
Originality. Effective three-dimensional numerical models are proposed for estimating the level of atmospheric air
pollution when emission of chemically hazardous substances into the atmosphere and using an air curtain near an
industrial building. Models allow you to quickly calculate the effectiveness of the air curtain usage.
Practical value. The developed numerical models allow solving applied problems arising in the development of
ERP for chemically hazardous objects.

Keywords: chemical pollution of the atmosphere; emergency; numerical simulation
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METHOD FOR PREDICTING PARAMETERS OF THE AEROIONIC
MODE IN OPEN TERRAIN GROUND AREAS

Purpose. The scientific work is devoted to the development of a new method for forecasting aeroionic mode in
working areas at industrial sites, taking into account ionizing sources and surrounding obstacles. Methodology. To
find the concentration of positive aeroions, dust and negative aeroions, we use 3D mass transfer equations that take
into account the rate of recombination of ions having different polarity and the rate of recombination of ions with
dust particles. The numerical solution is based on the integration of the mass transfer equations using the finite-
difference method, which turns out to be stable for any step in time. To determine the components of the air velocity
vector, a three-dimensional model of the potential flow is used, where the Laplace equations for the velocity poten-
tial are the modeling equations. Findings. The mathematical method of numerical calculation of the concentration
of positive, negative aeroions and dust has been developed. A feature of the method is the possibility of predicting
the aeroionic mode, taking into account all physical factors that significantly affect the formation of concentration
zones of aeroions in working areas at industrial sites. The method is not tied to a particular industrial site, it allows
us to estimate the value of the concentration of aeroions both locally and in the entire calculated region.
Originality. A method for prediction of aeroionic mode in working areas is developed based on 3D modeling of the
propagation of negative, positive aeroions and dust under the influence of wind and diffusion, which allows to ob-
tain results at each point of space or in a specific cross-section. Practical value. The proposed method of forecasting
was used to solve the problem of estimating aeroionic mode in industrial zones in the open area of the industrial site
of the Dnipro oil extraction plant in the presence of emission sources: positive aeroions during the operation of vehi-
cles and respiration of workers; dust during the movement of workers and vehicles; negative aeroions of the ionizer
installed in the working zone. The regularities of changes in the concentration of aeroions of various polarity and
dust at a height of 1.7 m are determined, which corresponds to the position of the respiratory organs of workers.
Quantitative results are needed in assessing the permissible working conditions in the workplaces of industrial sites
of enterprises when creating new jobs and reengineering existing ones.

Keywords: ionization of air; sources of ion emission; numerical method; industrial site; concentration of
aeroions

charged particles (ions). lons in the air (aeroions)
Introduction can be formed as a result of natural and artificial
ionization.

Natural ionization occurs as a result of the
influence on the air of space and solar radiation
and ionizing radiation (particles) that arise during
the decay of long-lived radionuclides of the earth's
crust (potassium-40, uranium-238, thorium-232,
etc.). Natural ionization of the air environment is
everywhere and constant in time. Artificial
aerionization occurs under the influence of
ionizing factors, which accompany some
technological processes (X-ray and ultraviolet
radiation, thermo-emission, photoelectric effect,
etc.); as well as the effect of special devices —
ionizers. The degree of ionization of air depends
on the ratio of ionization and deionization
processes. The latter is due to the recombination of

Providing a certain degree of ionization of the
air environment in the working area is one of the
most important factors in maintaining a good state
of health and high efficiency of staff. It has been
established that a significant decrease in the
content of charged particles (ions) in the air
coincides with the appearance of unusual sickliness
in working people, fatigue complaints, depression,
nausea, insomnia, irritability, respiratory disorders,
and others. At the same time, the presence of
people in conditions with moderately high
ionization of the atmosphere, with the wvast
majority of negative ions - on the contrary, there is
a beneficial effect on the body. The process of
ionization of air consists in the transformation of

neutral atoms and air molecules into electrically
Creative Commons Attribution 4.0 International
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two ions of different polarities, adsorption of light
ions on uncharged nuclei, condensation,
neutralization of light and heavy ions by charges of
the opposite sign, and others.

Assessment of the aeration degree of the
environment is carried out by comparing the
measured values with the standard ones. Artificial
ionizers (high-voltage, induction, radiation, etc.)
and efficient, well-organized ventilation of
premises are widely used to normalize the ionic
mode of the air environment, as the external clean
air contains 2-5 times more ions than the air of
indoor premises (50-100 ions/cm?).

Many works of domestic authors are devoted to
the study of aeroionic mode. Modeling of aeroionic
mode in working zones under conditions of
artificial ionization is presented in the work [1].
The problem of the evaluation and the relationship
between aerosol pollution and the aeroionic
composition of air in the working zone is
considered in the works [8-9]. The works [2, 11]
are devoted to the modeling of the aeroionic mode
in premises with artificial ionization using the
means of numerical Modeling. The proposed
program information system for the optimization
of the microclimate in the premises is in [6]. The
study of ways to improve the aeroionic mode of
the working environment is presented in work [7].
The study of the microclimatic parameters
influence of air exchange on the aeroionic
composition of the air in the working premises and
the modeling and prediction of the aeroionic
composition dynamics of air are given in the works
[4-5]. The methods for determining the
concentration of aeroions and dust content are
presented in the work [3]. The normalization of the
aeroionic composition of air in office premises is
considered in the work [15]. A large number of
foreign works are devoted to the study of
ionization processes for improving the health of
employees [12-14, 16].

Purpose

The purpose of this study is to develop a new
method for forecasting aeroionic mode in working
areas at industrial sites, taking into account ioniz-
ing sources and surrounding obstacles (buildings).

Methodology

It is known that the formation of the concentra-
tion field of aeroions is influenced by a complex of
physical factors: airflow, diffusion, electric field
effect and others. In addition, there is the interaction
of ions of different polarity and their interaction
with particles of dust. To account for these process-
es during the Modeling of aeroions dispersion, the
3D equation of mass transfer is used. It is written for
each component (positive aeroions, dust, negative
aeroions). The Modeling equations have the form:

— to describe the process of dispersion of posi-

tive ions
OA, OUA, OVA, . OWA, _

+—
ot ox oy o

_of M), of B o
x|y My T M

—oA A, —BAA +

%)
Loz

£3Q 8(x—x,)8(y -y, )8(z-2 ) (1

pi=1

— for modeling the transfer of dust

oAy OuAy VA, WA _
a X oy @

_O0(, P, 0, A Of A
_ax(“” ox j%y(“y ayj+az(”z oz j+

+YQ, O8(x—x,)8(y-y,)3(z-2,): ()
4

— to describe the process of dissipating
negative ions

A, OU+DE)A, O(v+bE)A

ot ox oy
+M=£(HY%)+Q{H %]4_
oz ox\"ax ) eyl oy

o( oA
212 |- ann, -paA

3Q (1) 8=, )8y~ ¥, )8(2-2,). (3

n=1
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The denotations of physical parameters in these
equations are as follows:
Ap, A,, A, —the concentration of positive, nega-
tive aeroions and dust particles, respectively; u, v,
w — components of the velocity vector of the air
flow; ., p,, p,— coefficients of diffusion; t —

time; a — the rate of recombination of ions with
different polarity; p — the rate of recombination of

ions with dust particles; QAp (t) — the intensity of

the emission of positive ions at the corresponding
coordinate points Xo oY Z,
O(X =X, )3(y =¥, )8(z—12,) — delta-function of
Dirac; b — coefficient of ions mobility; E — electric
field strength.

At the boundary of the air flow inlet into the
calculated area is the initial condition:

= A )

Plentrance Po’

where Apo — the initial concentration of aeroions.

At the boundary of the area outlet from the cal-
culated we set a «soft» boundary condition:

? =0, where i — unit vector of the external nor-
A

mal to the solid surface.
For numerical implementation such a boundary
condition is recorded:

A (I+1 )= A0, )), ()

where A, (i +1 j) — the values of ions in the last
boundary cell, A, (i, j) — the value of ions in the

penultimate difference cell.
On the ground surface and all solid surfaces,
the boundary condition for non-permeability is set:

oA, 0 ©)
on
This condition physically means that the flow
of ions at these boundaries is zero.
Using the Modeling equations (1) — (3) speed
components u(x,y,z), v(x,y,z), w(X,y,z) must
satisfy the equation of continuity:

ou v ow

&+5+5—0. @)

To fulfill this condition one should solve an
aerodynamic problem for determining the velocity
field. To determine the components of the air ve-
locity vector, a three-dimensional model of the
potential flow is used, where the Laplace equation
for the velocity potential serves as the simulating
equation:

0’°P 0°P O°P
2 + 2 + 2
ox~ oy oz

=0, (8)

where P — speed potential.

Components of the velocity vector of the air are
related to the velocity potential by the following
relationships:

oP oP

& ’ - E ’
For the Laplace equation, the following bound-

ary conditions are set:
— on firm boundaries the condition of non-

_oP

W—E. 9

permeability is set i =0;
on

— on the boundary of the flow outlet from the
calculated region the Dirichlet boundary condition
is set P =const;

— at the boundary of the air flow inlet into the
calculated area, the boundary condition is set

Z—Fj =V , where V — known velocity of the inflow.
n

When simulating the propagation of aeroions, it
is necessary to take into account the influence of
the electric field on this process. Since the aeroions
have a charge, they generate an electric field E. For
the Modeling of the electric field, the following
equation is used [2, 12]:

cE, OB, E _q
x oy oz g

, (10)

where g, — dielectric permeability; g, — volumet-

ric charge density.
From equation (5.7) we can go to the scalar po-
tential, if we take into account such dependence:

OX oy oz
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Then we obtain the Poisson equation:

2 2 2
a_(zl)+a_(2p+6_(f:_q_e, (12)
A

where g, =—e-Ap(x, y,2), Ap(x,y,z) — concen-

tration of positive aeroions; ¢ — scalar potential; e

— elementary charge. On the basis of this equation
electric field Modeling is carried out.

As the boundary condition, the condition of
electrical insulation is used:

%o,
on

where i — unit vector of the external normal to the
solid surface.

For numerical integration of the mass transfer
equations, a difference scheme is used based on the
geometric and physical splitting of the simulating
equations (1) — (3). In each of the four fractional
steps, only one direction of perturbation transfer is
taken into account; the fifth split step takes into
account the change in the concentration of aeroions
due to the action of the emission source. The calcu-
lation is performed on a rectangular difference
grid. Concentration of quantities A AL A is

determined in the centers of the difference cells,
whereas the components of the velocity vector of
the air are set at the boundaries of the difference
cells [2, 11-12].

Findings

To estimate the aeroionic mode in the working
zones, based on the developed method, it is neces-
sary to determine the aeroions emission intensity
from the specific sources. As already noted, one of
these sources is the worker, who exhales positive
aeroions. Physical experiment was conducted to
obtain scientifically substantiated information re-
garding the magnitude of such emission.

For the experiment, a group of people of dif-
ferent ages was selected: 16 people in each age
group. The mouth area was measured $=9.5 cm?,
the rate of air flow when exhaled was on average
V=0.4 m/s, flow rate Q=V -S m¥s, the intensity
of the emission of positive aeroions when exhaled
I =V-S-C ions/s, where C — concentration of
positive aeroions at exhalation. The results of

measuring the average concentration of positive
aeroions when exhaling for each age group are
given in Table 1.

Experiment to measure the concentration of
aeroions from human exhalation was carried out
using the KT-401 AIRION TESTER.

Table 1

The value of the concentration of positive
aeroions when person exhales

Age of a Concentration of positive
person, years aeroions, ions/cmd,
8-9 166-176
18-19 232-349
40 277-329
78 210-256

The data obtained on the basis of the conducted
physical experiment, were used during computa-
tional experiments. During the experiments it was
taken into account that the source of positive
aeroion emission during exhalation had a periodic
action, namely, exhalation for 1 s in quantity Q,

the inhalation — emission is absent and after 2 s
again exhalation with the same emission. That is,
the source of periodic emission Q(t) is known.

Verification of the developed forecast method
was carried out. A test task was solved to calculate
the emission of positive aeroions with exhaust gas-
es of vehicles.

During the physical experiment, the positive
aeroions at different distances from the Daewoo
Matiz exhaust pipe were measured using the KT-
401 AIRION TESTER. The velocity of wind and
gas flow at the exhaust pipe outlet was measured
using an anemometer PM 6252 B Digital Anemom-
eter. The speed of the air flow was Vair=1.2-1.4 m/s,
and the speed of gas flow Vgs=1.7-1.9 m/s, diame-
ter of the exhaust pipe hole d=32 mm.

The method of conducting the experiment was
as follows: the concentration of positive aeroions
was measured at a height of 320 mm from the
ground surface at different distances from the ex-
haust pipe. To obtain data on the intensity of emis-
sions, the calculation was made according to the
ratio Q =V, -S-C, where V ,; — the velocity of

the gas flow in the outlet cross section of the ex-
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haust pipe, S — area of the outlet cross section of
the exhaust pipe hole, C — the concentration of
positive aeroions in the outlet cross section. Imme-
diately during the experiment parameters V,, and

C were measured at a distance of 0.5 cm from the
outlet cross section of the exhaust pipe hole. The
obtained data were used as input information for
numerical calculation on the basis of the developed
method. Using this method, the impurity concen-
tration values at the points of measurements were
also calculated. Table 2 shows the results of exper-
imental measurements and the calculated data ob-
tained with the help of the developed numerical
calculation method.

Table 2

Concentration of positive aeroions at different
distances from the emission source

Distance from Cor\gentratio_n of Concent.ration of
exhaust p05|t_|ve aeroslons, ger0|onsa,
prectacarom | ooy | (atoton)
5 1400-1 443 1425
10 1 080-1 097 1092
20 650738 721
30 420-546 465
40 143-158 152
50 67-76 72
60 43-57 52

Data analysis shows the adequacy of the nu-
merical calculation method. The corresponding
deviation is due to the flow turbulization caused by
the influence of the car body on the aerodynamics
of the flow.

The source of positive aeroions on the street is
primarily people, cars. During calculations, a com-
plex of factors was taken into account, which had
been overlooked in scientific publications: aeroion
emission from cars; aeroion emission from hu-
mans; the influence of various obstacles in the
street on the aeroionic mode formation; the influ-
ence of the uneven wind velocity field on the for-
mation of aeroionic mode; the influence of the un-
even field of atmospheric diffusion on the for-
mation of the aeroionic mode; modeling of
aeroions dispersion in a three-dimensional formu-
lation (3D modeling).

Taking into account the listed factors extremely
complicates the solving of these problems:

The task solution is based on three stages:

1. Modeling the formation of a field of concen-
tration of positive, negative aeroions and dust under
the influence of wind and atmospheric diffusion.

2. Modeling the transport of aeroions under the
action of an electric field.

3. Change the field of concentration of aeroion,
dust due to their interaction.

The developed method of forecasting was used
to solve the task of estimating the level of pollution
of working areas in the open air in the presence of
a source of emissions: positive aeroions — emis-
sions from vehicles and people; dust — traffic;
sources of negative aeroions — an ionizer installed
in the working zone and the screen (fence), which
changes the aerodynamics of the aeroions and dust.

Fig. 1. Modeling area (Google Earth Image, 2019)
Dnipro Oil Extraction Plant:
1 — cargo scales

As a research object, the Dnipro Oil Extraction
Plant was chosen, namely, the territory where the
cargo scales (Fig. 1) operate, where the lorries with
seeds arrive. This area is a source of dust, positive
aeroions, and workers responsible for unloading
cars are constantly under the influence of these
negative factors.

Scheme of the calculated area is presented in
Fig. 2

There are the results of the computational ex-
periment for calculating the field of positive, nega-
tive aeroion and dust concentration in the working
area of the industrial site (Fig. 3, Fig. 5, Fig. 7).
The speed of the air flow was set at 5 m/s, the size
of the calculated area was 8x4 m, the intensity of
the sources of aeroions was 1000 ions/cm?. Fig. 4,
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Fig. 6, Fig. 8 show the percentage distribution of
negative, positive aeroions and dust concentrations
in the working area at the height of 1.7 m.

&.QJ-I

Fig. 2. Scheme of the calculated area:
1 — emission source (car), 2 — emission source (dust),
3 — screen, 4 — source of positive aeroions,
5 — working area,
6 — source of negative aeroions (ionizer),
7 — temporary building

U

4.0| 7
c
o
3.07
d
i
% U
-
2.0[,
1.0
0.0
0.0 2.0 4.0 l:oorrlmate ® 6. 0

Fig. 3. Distribution of negative
aeroions concentration,
intersection y=4 m

In Fig. 3 it is evident that at the distance of 3 m
from the beginning of the calculated area there are
no negative aeroions, since there is no source of
emission on this site, and on another section
a complex picture of the distribution, which is
caused by the movement of the air flow and the
action of atmospheric diffusion, is observed.

The value of the concentration at the height
H = 1.7 m slowly increases under the influence of
the emission source and diffusion (Fig. 4).

100

concentration, An, %

60 /
40 /
20

distance, m
:

——0—0—0—0

0 1 2 3 4 5 6 7

Fig. 4. Distribution of the concentration of negative
aeroions at the height H = 1.7 m, intersection y=4 m

4.0 coordinate x g0

Fig. 5. Distribution of dust concentration,
intersection y=4 m

In Fig. 5 it is evident that the entire research ar-
ea is filled with dust, due to its intensive allocation
on two sites: before the screen — the emission of
dust from cars; from the screen to the location of
the scales — the work area of the workers. The dust
is driven by wind flow and gets into the working
area in the open ground. The maximum permissi-
ble concentration is MPC.4=0.15 mg/m?, so the
dust concentration in this zone exceeds the

MPC,qby 20%.
50
concentration, 44, ¥
. /\\’*«_.
W
W0 N
L /
distance, m
ﬂ T T T T T T
1] 1 2 3 4 5 L1 7

Fig. 6. Distribution of dust concentration
at the height H = 1.7 m,
intersection y=4 m
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The dust concentration at the height of
H = 1.7 m slowly increases under the influence of
the emission source (motor vehicles), then it is re-
duced due to the screen action and decreases at
insignificant distance, but under the influence of
the source of emissions (workers) increases again
and decreases due to changing the flow direction
near the awning of the temporary building and dif-
fusion (Fig. 6).

Fig. 7 shows the distribution of positive
aeroions.

o=+ ~AaHoOn

4.0 coordinate x g p

Fig. 7. Distribution of the concentration of
positive aeroions, intersection y=4 m

Apparently, in the working zone there is a dy-
namics of growth of positive aeroions, which is
caused by the transport of positive aeroions from
vehicles (source of emissions — cars) and the emis-
sion of positive aeroions from people in the work-
ing zone, that is, the interaction of sources of
aeroion emissions takes place.

As the dust concentration values, the concentra-
tion of positive aeroions slowly increases at the
height H = 1.7 m under the action of the emission
source of positive aeroions (vehicles), then it is
reduced by the screen action and decreases at in-
significant distance, but under the influence of the
source of emissions (workers) increases again and
decreases due to changing the flow direction near
the awning of the temporary building and diffusion
(Fig. 8).

The optimal level of positive aeroions
1500-3000 ions/cm?, the maximum allowable level
is 50000 ions/cm?, in the working area is observed
exceeding the permissible level by 10%.

160 -
concentration, Ap, %
=0
) /J A=
40 /M
w
distance, m
'] r . r . . r
] 1 ] 3 4 = s 7

Fig. 8. Distribution of the concentration
of positive aeroions at the height of H=1.7 m,
intersection y=4 m

Originality and practical value

1. The method of aeroionic mode forecasting in
working zones is developed, which is based on
three-dimensional modeling of the distribution of
negative, positive ions and dust under the influence
of wind and diffusion.

2. The peculiarity of the proposed method is the
possibility of forecasting the aeroionic mode, taking
into account almost all physical factors that signifi-
cantly affect the formation of concentration fields of
aeroions in working areas at industrial sites.

3.The proposed method of forecasting was
used to solve the problem of aeroion assessment in
open areas in industrial site in the presence of
emission sources: positive aeroions — emissions of
vehicles and breathing of people; dust — the
movement of workers and vehicles; sources of
negative aeroions — ionizer installed in the working
zone and the screen, which changes the aerody-
namics of aeroions and dust.

4. The regularities of the change in the concen-
tration of aeroions and dust at the height of 1.7 m
are established, which corresponds to the position
of the respiratory organs of the workers.

5. The developed mathematical method of fore-
casting can be used to estimate the concentration of
aeroions of different polarity and dust.

6. The method is implemented in the form of
application program for the calculation of
aeroionic mode in the working areas in the open
field of industrial sites.
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Findings

As a result of the conducted research the fol-
lowing results were obtained:

— the mathematical method of numerical calcu-
lation of the concentration of positive, negative
aeroions and dust is proposed;

—the method is not tied to a specific industrial
site, it allows estimating the value of the concen-
tration of aeroions both locally and in the entire

strating the adequacy of the numerical calculation
method;

— the results of calculations are useful in terms
of ensuring acceptable working conditions in the
workplaces of industrial sites, in creating new jobs
and reengineering the existing ones.

The prospect of development of this direction is
to improve the established method for assessing
the parameters of well-being of workers in outdoor
areas of industrial sites in the established aeroionic

calculated area;
—a physical experiment was conducted demon-

10.

11.

12.

13.

mode.
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METOJ ITIPOI'HO3Y HAPAMETPIB AEPOIOHHOI'O PEXKUMY
B POBOYUX 30HAX HA BIIKPUTIN MICHEBOCTI

Mera. HaykoBa pobGora Mae Ha MeTi po3pOoOKy HOBOTO METOJy MPOTHO3Y aepOiOHHOTO PEXUMY B pOOOYHX 30-
Hax Ha MPOMHCIIOBHX MaiJaHuWKaxX i3 ypaxyBaHHSM IOHI3yBaJlbHUX JDKEpeJl 1 HaBKOJMIIHIX IEPEIIKO.
Metoauka. J{ns 3HaX0/KEHHS] KOHLEHTpPALIl MO3UTHBHUX aepOiOHIB, MYy W HEraTHBHUX ae€pOiOHIB BUKOPHUCTAHO
3D-piBHIHHS MacoNepeHoCy, 110 BPaxoBYe MIBUAKICTh PEKOMOIHALT 10HIB, SIKI MAlOTh Pi3HY MOJSPHICTH, i MIBU/-
KiCTh peKoMOiHali] 10HIB 13 YaCTUHKaMH muity. YucenbHe po3B’s3aHHs IPYHTYETHCS HA IHTETpyBaHHI PIBHSHb Ma-
COIIEPEHOCY 3a JOMOMOTOI0 KiHIIEBO-PI3HULIEBOTO METO.Y, 10 BUSBISETHCS CTIHKUM AT Oy[b-sIKOTO KPOKY 3a 4a-
coM. I BH3HAUCHHS KOMIIOHEHTIB BEKTOpA MIBHJKOCTI MOBITPSHOTO MOTOKY BUKOPHCTAaHO TPUBHUMIPHY MOJCIb
MOTEHINIHHOI Tedwii, Je MOJENIOBaIbHUM DIBHAHHSAM BHCTYyIMae piBHAHHS Jlammaca anms MOTEHIIANy MIBHAKOCTI.
PesyabraTu. Po3pobieHo MaTeMaTH4YHUI METOJ YHCETBHOTO PO3PaxXyHKy KOHICHTpAMii ITO3UTUBHHUX, HETaTHBHUX
aepoioHiB i mmry. OCOOIUBICTIO METOLy € MOXKIIMBICTE IMPOTHO3Y a€POIOHHOTO PEXXUMY 3 YpaXyBaHHIM IPAKTHIHO
BCiX (Qi3MUHUX (aKTOPiB, MO CYTTEBO BIUTUBAIOTH HA (OPMYBaHHS KOHIICHTPALIWHUX IOJIB aepOiOHIB Y pOOOUNX
30HaX Ha IPOMMCIOBUX MaiiiaHunmkax. MeTon He NpUB’S3aHUI MO KOHKPETHOTO NPOMHCIOBOTO MaWJaHYHKa,
IO JIO3BOJISIE OI[IHUTH 3HAUEHHs KOLIGHTpalii aepoiOHIB SK JIOKaJbHO, TaKk 1 B YCIif pO3paxyHKOBiil 30HI.
HaykoBa HoBU3HA. Po3po0IieHO METO/| IPOTHO3Y a€pOIHHOTO PEXUMY B pOOOUYMX 30HAX, KU 0a3yeThCsl HA TPUBH-
MIpHOMY MO/ICTIFOBaHHI PO3MOBCIOJDKEHHSI HEraTWBHUX, TO3MTHBHHUX 1€POIOHIB 1 Mty min ji€ro BiTpy U mudysii,
IO JIO3BOJISIE OTPUMYBATH DPE3yJbTaTH B KOXHIM TO4YI MpocTopy abo B KOHKPETHOMY IOINEPEYHOMY TMepepisi.
IIpakTHyHa 3HAYUMIiCTB. 3alPONIOHOBAHUIT METO MPOTHO3Y OYJI0 BUKOPHCTAHO JUIsl PO3B’sI3aHHS 3a]adi 3 OL[IHKH
aepOiHHOTO PEKUMY B POOOUYMX 30HAX HA BIIKPHTII MiCIIEBOCTI MPOMHUCIOBOTO MaiiaH4yrka JIHIMPOBCHKOTO OJiIHO-
eKCTPaKIIITHOTO 3aBOJY 32 HAsABHOCTI JDKEPEN eMiCii: MO3UTUBHUX aepOiOHIB ITiJ 9ac poOOTH aBTOTPAHCIIOPTY U ITU-
XaHH MPAIiBHAUKIB; MTUITY I 9ac pyXy NpalliBHUKIB Ta aBTOTPAHCIIOPTY; HETAaTUBHUX aepOiOHIB 10Hi3aTOpa, BCTAHOB-
JICHOTO B po0OYiif 30HI. BUsBICHO 3aKOHOMIPHOCTI 3MIHH KOHIICHTPAIIi1 aepOiOHIB Pi3HOI MOJSIPHOCTI ¥ MIITYy Ha BHCO-
Ti 1,7 M, 10 BIINOBia€ PO3TAIIyBaHHIO OPTaHiB IWUXaHHS IMpaliBHUKIB. KiJdbKicHI pe3ynbTaTH € HEOOXITHUMH JUIST
OIIIHKH JTOTTYCTUMHUX YMOB TIpaIli Ha poOOYHX MiCI[IX MTPOMUCIOBHX MalIaHIHKIB i JIPUEMCTB 1 TIiJT 9aC CTBOPECHHS
HOBUX pOOOYHX MICLb 1 pEIHKUHIPUHTY HasSIBHHX.

Knrouosi crosa: ioHi3allist MOBITpPS; JKepena eMicii 10HiB; YUCENbHUI METO/I; IPOMHUCIOBUI MaiilaHYKK; KOHIIe-
HTpallisi aepoioHIB
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METO/ ITPOI'HO3A TAPAMETPOB ADPONOHHOT'O PEXKUMA
B PABOUYMX 30HAX HA OTKPBITOI MECTHOCTH

Heas. Hayunas pabora mocsmieHa pa3padOTKe HOBOTO METOAA MPOTHO3a a’pPOMOHHOIO PEKMMa B pabodmx
30HaX Ha MPOMBIIUICHHBIX IUIOMAAKaX C y4eTOM HOHM3MPYIOUIMX HCTOYHHKOB U OKPY)KAIOUIUX IMPEMSTCTBHUM.
Metoanka. [y HaXOXAEHUS KOHIEHTPALUU MOJOXKUTENIBHBIX a9POHOHOB, MBIIM U OTPULATENIBHBIX a3POHOHOB
ucnonb30BaHbl 3D-ypaBHEHH MacconepeHoca, YUUTHIBAIONINE CKOPOCTh PEKOMOMHAIIMN HOHOB, UMEIOIINX PA3HYIO
MOJIAPHOCTh, ¥ CKOPOCTh PEKOMOMHAIINH HOHOB C YaCTHLAMHU NbUTH. UNCICHHOE pEIICHHE OCHOBBIBACTCSI HA MHTE-
TPUPOBAaHUN yPABHEHUH MACCOMEPEHOCA C TIOMOIIBI0 KOHEYHO-PAa3HOCTHOTO METO/1a, KOTOPBIH OKa3bIBACTCS YCTOM-
YUBBIM JUIA JIFOOOTO Iara 1mo BpeMeHu. [l onpeneneHns KOMIOHEHT BEKTOPAa CKOPOCTH BO3IYLTHOTO TOTOKA MC-
MOJIb30BaHA TPEXMEPHAas MOJIENb MOTCHIINATBHOTO TEUEHHUS, TJI€ MOACIMNPYIONINM YPaBHEHHEM BBICTYIIAET ypaBHE-
uue Jlamnaca ans moteHuana ckopoct. Pe3yiabTaThl. Pazpaboran MaTeMaTH4ecKnii METOJT YUCIIEHHOTO pacuera
KOHIIEHTPAILUH MOJIOKUTEIbHBIX, OTPUIATEIBHBIX a3POUOHOB U MbUTH. OCOOEHHOCTBIO METO/a SIBISIETCS BO3MOXK-
HOCTB TPOTHO3a a3POMOHHOTO PEeXHMa C y4ETOM MPAaKTHYECKH BeeX (PpU3ndecKux (hPaKTOpOB, CYIIECTBEHHO BIHSIO-
KX Ha ¢)OpMI/IpOBaHI/Ie KOHIICHTPAlIMOHHBIX noJiei ad3pONOHOB B pa60ln/1x 30Hax Ha MPOMBIIIJICHHBIX TUIOHIAaJKaXx.
MGTOL[ HC MpPUBA3aH K KOHerTHOﬁ HpOMLIHIJ'ICHHOIZ TUIoIIaaAKEe, YTO MO3BOJIACT OLUCHUTH 3HAYCHUC KOHICHTPpAIUN
aIPOMOHOB KakK JIOKaJbHO, Tak W BO Bcel pacueTHoil oOnactu. Hayunas wHoBu3na. PaszpabGotan Mmeron
MPOTHO3a Aa’pPOMOHHOTO peXxuMa B pabouyMx 30HAX, OCHOBAHHBIH Ha TPEXMEPHOM MOJCIUPOBAHUU
pacIpocTpaHEeHUsI OTPHULATEIBHBIX, IOJIOKUTENBHBIX a’3pOMOHOB M NBUIM IOJ JeiicTBHeM BeTpa M nuddysun,
YTO TIO3BOJISIET MONy4YaTh PE3yNbTaThl B KAKIOH TOYKE NMPOCTPAHCTBA WIJIM B KOHKPETHOM IIONIEPEYHOM CEUCHHH.
IIpakTHyeckas 3HAYMMOCTb. [IpeTo’KeHHBINH METO TPOTHO3a OBLT NCTIONB30BAH VIS PEIICHHMS 3a/1auH 110 OLICHKE
a’POMOHHOTO PEXMUMA B PaOOUMX 30HAX HA OTKPHITONH MECTHOCTH ITPOMBIIUICHHON IUTOMAAKN JIHUIIPOBCKOTO Mac-
JIOAKCTPAKIIMOHHOTO 3aBOAA NPU HAJIMYUHM MCTOYHHUKOB SMHCCHH: TTOJIOKHUTEIBHBIX a3POMOHOB BO BpeMsi pabOTHI
aBTOTPAHCIIOPTA U ABIXaHUS PAOOTHUKOB; ITBIIM BO BPEMS ABMKEHHUS paOOTHHKOB U aBTOTPAHCIIOPTA; OTPUIIATENb-
HBIX a3pPOMOHOB MOHM3aTOpa, YCTAHOBIECHHOTO B paboueil 30He. BBIABIEHB 3aKOHOMEPHOCTH M3MEHEHUS KOHLIEH-
Tpaluu a3poOrnOHOB pa3quH0171 TMOJIAPHOCTH U NBUIA Ha BBICOTE 1,7 M, YTO COOTBECTCTBYCT PACIIOJIOKECHUIO OPraHOB
JABbIXaHUs pa6OTHI/IKOB. KonuuectBenurie Ppe3yJIbTaThl HCO6XOI[I/IMI)I IIpyu OLEHKE AOITYCTUMBIX yCJ'IOBI/Iﬁ TpyJda Ha
pa6oq1/1x MECTax MNPOMBIIIJICHHBIX IJIOIIAaI0K HpeHHpI/IHTI/Iﬁ " Ipu CO3TaHHUN HOBBIX pa6oq1/1x MECT U PCUHKUHU-
pPHUHTE CYIIECTBYIOIINX.

Kniouegvie cnosa: nonnsanns Bo3ayxa, HCTOYHUKH SMHUCCHU MOHOB; YHCICHHBIM METOJI; TPOMBIILICHHAS TII0-
1a71Ka; KOHIEHTPAIHS a3pOHOHOB
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EKCIIVIYATALIA TA PEMOHT 3ACOBIB TPAHCIIOPTY
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ORCID 0000-0002-3164-6504

HOJHICEMIYHICTD HOHATD « IEMEPE/UK» 1 « IETEHIIEH» Y
HNPAKTHUII JITHIMHOI'O U TPAMITIOBOT'O CYJHOIIVTABCTBA

Merta. Lle nocnmimKkeHHs cnpsMOBaHEe HA CUCTEMATH3allil0 3MICTY MOHATH «IEMEPEK» 1 «JETeHIIEeH», SIKi 3aCTO-
COBYIOTh y NPaKTHII MOPCHKUX IepeBe3eHb. Lli MOHATTA Hapasi XapaKTepU3YIOThCS PI3HUM TIYMadeHHSM BiAIO-
BiZIHO JIO TX BUKOPHUCTAHHSI B JIHINHIN 1 TpaMIIoBiii popMax CyZHOIUIABCTBA, IO NOTpeOye HEOOXiTHOCTI BUKOHAHHS
KOMIIapaTUBHOrO aHamizy. Meromuka. [[Jis 3a3HaYCHOr0 aHai3y BUKOPHCTAHO JKepena iH(GopMariii, siki 103BOJIs-
I0Th Ha MiICTaBl Cy4YacCHUX HAYKOBHX METO/IB BU3HAUUTH CHEUUQIKY MOHATH «IEMEPEIDK» 1 «IETCHIIEH» K HA Ha-
YKOBOMY piBHI, TaKk i Ha piBHI ImpakTU4HOI peamizamii. Pe3yabpraTu. ABTOpPH IOBENIH, IO MOMPH CHHOHIMIYHICTH
MOHATTS «AEMEPEK» 1 «IEeTEHIIIEH» MalOTh IPHHIMAIIOB] BiIMIHHOCTI BiMTOBiTHO IO BUKOPUCTAHHS IX y TOTOBOpPax
TepeBe3eHH BaHTAXIB CyIHaAMH, poOOTy SKHX OpraHizoBaHO y (hopMi TPaMIIOBOTO U JIHIHOTO CyTHOIUIABCTBA.
BpaxoByroun cnenn¢idHi yMOBH Oprafi3amiiHUX (OpPM CyTHOIUTABCTBA, TEPMIHH, 3MICTOBE TIYMAadeHHS SKHUX
€ 00’ €KTOM ITOCTIKCHHS, MalOTh Pi3HUH 00’€KT CTATHEHHS, MOPSAIOK OOTPYHTYBaHHS BEIUYMWHU BiIIOBITHHUX CTa-
BOK 1 IOPSIJIOK PO3paxyHKY 3arajibHux cyM. HaykoBa HOBM3HA. ABTOpH BIiepllie TIPOBEJIN TOCIIPKEHHSI B KOHTEKC-
Ti 1BOX (hopm opraHizailii po6OTH MOPCHKOTO TPAaHCIOPTY (TPamMImoBoi i JIiHIWHOT) i BCTAHOBUIJIM CEMaHTUYHI 0CO0-
JIMBOCTI MOPCBHKHX TEPMIHIB «JIeMepemk» 1 «aereHuieH». [lpakrnyna 3naunmicts. Komepuiiina pobota TpaHcmo-
PTHUX MiJIIPUEMCTB, 30KpeMa CYAHOIUIABHHX, TICHO NOB’s3aHa 3 TEXHIYHWMH, TEXHOJOTIIYHUMHM, OpraHi3aliiHo-
MIPABOBUMH, CKOHOMIYHUMHY 1 HABITh JIHIBICTHYHUMHU mpoOaemMaMu. OCTaHHIH aCIEKT CTOCYETHCS TOYHOCTI PO3y-
MiHHS TEPMiHIB CTOPOHAMH JIOTOBOPIB Ha ITEpPEeBE3CHHS BaHTaXIB — CyJHOIUTABHUMH KOMIIaHisiMH (JIIHIHHOI U Tpam-
MOBOT OpraHi3alii poOoTH) i KOHTpareHTaMH-BaHTAKOBIACHUKAMH, — OCKUIBKH 31 3HAYCHHS [TUX TCPMiHIB BUIUINBAE
BiJINIOBiJANIBHICTE MaTePiabHOTO XapakTepy. UiTke TIyMadeHHs MMOHATH € BUPIIMIATBHAM JUIS 3aI00iraHHs MOYKITH-
BHX CYIIEPEUOK MO0 BIAIOBIIHUX BHILIAT. AJKEe HEBU3HAUCHICTh, HasIBHA B HAYKOBHX ITyOJiKaIlisxX Ta iH(GopMa-
IfHUX DKepeTax MPaKTHIHOTO XapaKTepy, MPU3BOAUTE J0 BITHHOI iIHTepIpeTAalii i MiMIHA aHAII30BaHUX MOHATH
OJIMH OTHUM 0e3 YiTKOTO PO3IOALTY BiAIIOBIaIHHOCTI CTOPIH 32 Pi3HUX (OPM CYAHOILIABCTBA.

Kniouosi crosa: TpamnoBe CyIHOIUIABCTBO; JIHIKHE CyTHOIUIABCTBO; AEMEpEIlK; NETEHINEH; CTaliiHUN 4ac;
gapTep-napTis; KOHOCAMEHT

Beryn kians 1830-x pokiB. 3BiICHO, HOBI TEXHOJIOTII, sIKi
BU3HAYMIM PIi3HOMAHITHICTh OpTaHi3alliifHuX Ta
yIpaBiiHCHKUX (OPM CyIHOIUIaBCTBA, TOCTYIOBO
3MIHIOBIH ¥ 3MICT KITFOUOBHX MOHSATH TOPTOBEIh-
HOTO Cy/IHOIIaBCcTBA. TakuM YHMHOM, MODPCBHKI Te-
PMIiHM 3a3HaNM ICTOPUYHMX TpaHcpopMaLiid ix
3MicTy. BaxknuBoro € Qikcauis CHHTYJISIpHUX 1 3a-

IcropudHo cknanocs, Mo OUIBIIICTE TEPMIHIB
MOPCBKOT'O CyTHOIUIABCTBA, SIKi CTOCYIOTBHCSI KOMe-
pIiifHOT excrutyaTamii ToOproBesbHOro  (Iory,
€ 3alo3WYeHMMH 3 aHTJiiichKkor0 MOBH. lleprri
cpoOH iX TiIyMadeHHS (30Kpema «iehTtaiMy» i
«IeMepeInKy») HalexaTh, K 3a3HadeHo B [14], no
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EKCIUIYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

raJbHUX pUC Ta XapakTepy iX BiAMIHHOCTEH Ha
Cy4acHOMY eTami PO3BHTKY M KOMEpIHOI mpak-
THKH TOPTOBEJIFHOTO CYAHOIUIABCTBA.

Merta

3 ypaxyBaHHAM 3a3HAYE€HOTO METOI0 CTaTTi
€ KOMITApaTHBHHUH aHalli3 TIOHATH «IEeMEPEIK»
1 «JeTeHIleH» y MpakKTUlll JiHiiHOI W TpamMmoBoi
¢dopm opranizanii poOOTH TOProBENBLHOTO CyTHOI-
JIaBCTBA.

Metoauka

VY xoxi pocnmimkeHHs OyJlnO BUKOPHCTaHO 3ara-
JMHHOJIOTIYHI METOAM aHalli3y W CHHTE3y, y3araib-
HEHHS 1 aHaIorii, abcTparyBaHHs i KOHKpPETH3aIlii.

PesyabTaru

Crig 3a3HaYUTH, MO B IOPUCIPYACHINII CHOTOI-
Hi HEMa€ OJTHO3HAYHOTO PO3YMIHHSI 3MICTy TOHSTh
«IeMepeKy» 1 «IeTeHIleH». B anrmilickkomy mpa-
Bl «IeMepepk» BU3HAYAIOTH SK 3a31aJIeTibh OIli-
HeHi 30MTKH 3a MOPYIIEHHS yYMOB IOTOBOPY IIPO
CTaNifiHU{ wac, siKi (QpaxTyBaJbHUK CyIHA Mae
KOMIIEHCYBaTH HOT'O BIIACHUKY B pa3i BUHUKHEHHS
CUTYyaIlill, TIOB’I3aHMX 13 3aTPUMKOIO CyIHA IIiJ
BaHTQXHMUMH po0OOTaMH TMOHAA OOYMOBICHUN
y goroBopi uac. SIKk MexaHi3M KOMIIEHCYBaHHS
30UTKIB CyIHOBJIACHUKY 3a 3aTPUMKY CYZHa TpakK-
TYIOTh JeMepeik 1 B benbrii. Takoi camoi mo3uitii
JOTPUMYIOTHCS 1 IOPUCTH CKaHJMHABCHKUX KpaiH,
Himeuunnu. ®paHiy3bki CyJI0Bi OpraHu, po3riis-
JIAI0YH BiJIMIOBIJIHI CHPaBH, TPAKTYIOTh JeMEpEIK
SK JofaTkoBui (10 ocHOBHOTO) (paxt. Hemae
€IMHOT TO3MIii y TpaBo3HaBIIB Itamnii, amke 3a
Pi3HHX OOCTaBHH JIeMepEe’K PO3YMIIOTh 1 K KOM-
TIEHCAIlif0 0COOIMBOTO XapakTepy, 1 SK T0JaTKO-
Bui ¢paxt. [lig yac po3misagy cymepedok M0N0
HEOOXIZHOCTI CIUIaTH JAEMEpeKy CYIOBI OpraHH
CIIA BBaxaioTh Horo ¢paxtomM, CyTHICTH SKOTO
MOJIATa€ B KOMIICHCAIlIT BUTPAT, 10 BUKJIMKAHI 3a-
TPUMKOIO CyJIHa ITiCJs 3aKiHYeHHs craii [7]. ¥Y3a-
raJbHIOIOYM BUKJIJeHE, CIIiJl 3a3HaYMUTH, 1110 B Ha-
BEJICHUX TIX0/[aX 3/IeOUTBIIOr0 PO3yMIOTh JeMe-
pelk sSK BUILUIATY 3a MOPYIIEHHS YMOB JIOTOBOPY
MK CYAHOBJIACHHKOM 1 (ppaxTyBaJbHHKOM 1 He
3BaKAIOTh HA MOXIIMBICTh TPAKTyBaHHS TaKoi BU-
miatu abo sAK KOMIIEHCAIlii BUTpAT, ado sIK J01aT-
KOBOT'O (ppaxry.

3a3HaveHi HEBIJIMOBIIHOCTI B TIyMadycHHI Jie-
Mepe/Ky MPUBEPTAIOTH YBAry HE JIMIIE 3 IOPUIUY-
HOro OOKy — BOHM MAarOTh BaXKJIMBE 3HAYCHHS
1 B KOMepUilHil MpaKTULli eKcIuTyaTalii CyJeH, 110
MiATBEP/DKYE 3HAYHA KITBKICTh 3aXOMIB MPAKTHY-
HOTO XapakTepy, SKi MPOBOAATH iHO3eMHI mpodi-
nbHI yctanosu [9, 10, 15].

Crneuundiuni 0coOIMBOCTI eKCIUTyaTalii CyaeH
(TexHiuHi, TEXHOJOTIYHI, KOMEpIliiiHi) y IiHIHHINA
i TpamIoBii (popMax CyAHOIUIABCTBA AOCHUTH JIETa-
JIBHO BHKJIAJICHO B CHELiaibHil Jitepatypi [4, 8,
12], mio mo3BoIIsE aBTOpaM i€l CTAaTTi MepelTH 10
Oe3rmocepeIHBOr0  aHallizy TIyMadeHHS MOHATh
«IeMepek» 1 «IeTeHIIEeH» Y TPaMITOBIH 1 JTHIHHIHA
(hopmax cymHOIIIaBCTBA 0€3 OOTSHKIMBOTO TIOPiB-
HSIHHSI OCTaHHIX.

OTxe, TOHATTS «IeMEPEIkK» 1 «IETeHIIEH» pe-
T'YJIIOIOTh B3aEMOBIIHOCHHM CY/JIHOBJIACHUKA i (ppa-
XTyBaJIbHIKA B YaCTHHI TPHUBAIOCTI 4acy mepely-
BaHHS Cy/JIHA B TIOpTax BHUKOHAHHS BaHTAXKHUX PO-
0iT. Y BUDJIAII BiINOBITHUX yMOB ix 3aikcoBaHO
B JIOTOBOpAX, IO PETyJIIOOTh BITHOCHHU CYTHOBJIA-
CHHKa ¥ (ppaxTyBaNbHUKA (32 TPAMIIOBOTO CYIHOII-
JIABCTBA — YapTep-TapTis, 3a JIHIMHOTO — JIHIHHUHA
KOHOCAMEHT).

YmMmoBa mpo nmemepemx € B Oymap-aKiil daprep-
napTii — 3aTpUMKa CyJHa TiJi BaHTa)KHUMHU podoTa-
MH OJIHO3HAYHO MPU3BOJIUTH JI0 301IBIICHHS BUTPAT
CY/IHOBJIACHHMKA TIOPIBHSHO 3 TI€H X BEIMYHUHOIO,
SIKY BiH «3aKJIaflaB» y CTaBKy ()paxTy IIij] 4ac mpo-
BEJICHHSI TIEPEMOBUH Ta YKJIaJaHHS yroad. 3po3y-
MLJIO, IO B Pa3i BUHUKHEHHS BiAIMOBITHOI CHTYaITil
HE 3 HOro MPOBUHHM BiH Ma€ MPaBO OTPUMATH JieMe-
peIDK — HE3aJISKHO BiJl TOTO, SIK TPAKTyBaTH HOTO
B IOPHJMYHOMY CEHCI (MK JI0JJaTKOBHUH (paxT 4d sK
KOMIIEHCAIllI0 HenependaueHux BHUTpPAT). YMOBY
PO HEOOXINHICTh CIUIaTH JEMEpPeKy B Pi3HHX
npodopmax HopMyIrOOTh Y pi3HUil criocid. Hapasi
3arajbHa iies 3BOJUTHCSA JIO TOTO, IO 32 HEBHKO-
HaHHA (PpaxTyBaTbHUKOM BaHTaXHUX POOIT Y BCTa-
HOBJICHUH y YapTep-napTii nepiof] (Ko micis 3a-
KIHYEHHS TIOTOJKEHOI CTallii BaHTakHI poOOTH He
3aKiHYEHO) 32 KOXKEH JIeHb IMOJAalbIIOro mepedy-
BaHHS CY/HA ITi] BAHTQXXHO 00po0OKoI0 (hpaxTyBa-
JILHUK CIUIaYy€ Ha KOPUCTh CYITHOBJIACHUKA TPOIIO-
BY CyMY 3a IOTO/PKEHOIO CTaBKOIO AeMepenky. Ili-
CIIsl 3aKIHYEHHS CTAIIIIHOTO Yacy MOYHMHAETHCS TaK
3BaHUI KOHTPCTATIMHUEI Yac, KoK 3a KOXKHY 700y
(abo mpomopiiiiHo yacTuHI 100M) TepeOyBaHHS
CYJHA MiJl BaHTAXXHUMH DPOOOTAMH BJACHE 1 CIUIA-
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4qyloTh AeMepek. Criata neMepemKy 3a KOoKeH
JIeHb KOHTPCTAIIHHOTO Yacy € NPUHLUIIOBOIO MO3HU-
€O 1 HE 3aJIeKUTH BiJl TOTO, HA SKUX YMOBax IO-
TO/KCHO BJIaCHE CTaJIMHUH Yac 1 Ha SKUX yMOBax
MIPOIOBXKYIOTHCS BaHTaKHI poOOTH. Y TPaMIIOBOMY
CYIHOIUTABCTBI ICHy€ HaBiTh IpHKa3Ka «ONCE ON
demurrage — always on demurrage»: cyaHo, ske
«BUHIILIO HA IEMEPEK», Ma€ OTPUMYBATH BiIIOBI-
IHY IUIATHIO 0 (PAaKTUYHOTO 3aKIHYEHHS BaHTaX-
HUX po0iT. Hapasi B Aeskux vaprep-mapTisx mepe-
OyBaHHsI CyJHa Ha KOHTPCTaJiifHOMY 4Yaci 3 BigmHo-
BITHOIO CIUTATOIO JAeMepe/ky OOMEeKEeHO IEBHOIO
KUTBKICTIO JHIB. 30KpeMa, yHiBepcaibHa podopma
yapTep-naptii «J>KEeHKOH» OO0MEeXye KOHTPCTaIiii-
Huit vac 1o 10 ni6; y mpodopmi gaprep-maprii Ha
MepEeBE3EHHS 3€PHOBUX «3EpHOKOH» Iepiof mepe-
OyBaHHsI CyJlHa HA KOHTPCTAIi 31 CIUIAaTOO JieMepe-
JUKy BKaszaHO 15-mo6oBuM inTepBaniom [6]. Skio
TCIIS 3aKiHYEHHS BiATIOBITHOTO Yacy BaHTaXHI PoO-
00TH He 3aKiH4YEHO, CTaBKa JEMEpEeKy, SIKy CIUla-
yye (paxTyBaIbHHK Ha KOPUCTH CYIHOBJIACHHKA,
301IbIIy€eThCsI (3a3BUYAll — Y/IBiYi): CYTHO BUXOAUTh
Ha TaK 3BaHW{ MOHAJKOHTPCTATIMHUI 4Yac 31 croia-
TOI0 33 KOXKHY 100y TpocTor0 (a00 IpOIMOPIIiiHO)
JCTCHIICHY.

[lepeOyBanHs cymHA HAa TOHAAKOHTPCTATIHHOMY
Yaci 3aBXK/AW CIUIAYyIOTh 32 IMiJABUIICHOIO CTaBKOIO,
aJKe TYT WAEThCS MPO BIALIKOAYBaHHS HE JIMIIE
Herepen0auyyBaHUX 30WTKIB y 3B’SI3KYy i3 3aTpUM-
KOIO Cy[Ha MiJ BaHTAXXHUMH poOoTamu, ane i mpo
KOMIICHCAIIi}0 TaK 3BaHOTO BTPAUEHOTO MPHOYTKY.

Po3mip craBku nemepemKy € mpeamMeTroM o0ro-
BOPEHHSI MK CTOPOHAMHM IiJ 4ac MpPOBEICHHS IIe-
PeMOBHH. SIKIIIO CTOPOHM AIMIILIN 3T MO0 HOTO
BeJIMYMHY, ii QIKCYIOTh Yy JJOTOBOpI YapTep-Naprii,
3a SKAM HOAANBIIMHI Topr (IIiJ Yac peicy 4yu BUHU-
KHEHHSI BIATOBIIHUX OOCTaBHH IOJIO0 HOTO CIUIATH)
BXKE € HEMOXJIMBUM. BennunHa cTaBKU eMepeKy
3aJIe)XUTh HacamIepes Bif THILy i po3Mmipy cyzaHa
1 Ma€ MeBHUI (OIocepeIKOBaHUN Yepe3 YMOBH TIPO
CTaMIMHUA Yac 1 BIPOTAHICTH 3aTPUMOK CyJHA
B MOpTax IMiJ BaHT&XHAMU poOOTAMH) BIUIMB Ha
BEITMYKHY CTaBKH (paxty [5, 13].

VY JNiHIHHOMY CYJHOIUIABCTBI (PpaxTyBabHUKH
HE HEeCYTh BIAMOBIJAIBHOCTI 32 BUKOPUCTAHHS CY/I-
Ha TMIOHA]| YCTAaHOBJICHUH 4Yac, ajie Ha HUX TOKIaje-
HO BIJTOBIIaJIbHICTh HE MEPEBUIIYBATH Yac, SKHUH
BCTaHOBJIOE TiepeBi3uuk (Carrier) B BUIIAI Tak
3BaHOTO BUIBHOTO 4acy, «Free Timey» (FT).

[Ipu3HayeHHs BiNBHOTO Yacy He € yHigikoBa-
uuM. Jleski miniiini mepesisuuku (Maersk Line) u-
KOPHCTOBYIOTh KOMOIHOBaHY CHCTEMY CTATHEHHS
neMepemky i aerenmieny, «Combined Demurrage
and Detentiony» (CDD) a nesiki — nuiie 1eMepeuKy.

Maersk Line Busnauae FT HacTymHUM YHHOM:
«BUTHHUH Yac» — 1€ Tepiof, moromkeHnii Mix Ile-
peBizaukoM i Komepcanrtom, 3a skum Komepcant
HE CIUTA4y€e JEMEpeIlK, NCTCHIICH, KOMOIHOBaHMIA
neMepek i 30epiranns (3a HasBHOCTI) [17].

Cucrema napaxyBanus CDD wmae oxpemuii FT
BiJITIOBITHO /10 0€30IIaTHOTO MepeOyBaHHS KOHTEH-
HEPHOTO OOJIAJIHAHHA B TEPMiHAJI, Y IOPTY 9H JIETIO
(FT ma memepemx), i mosa tepminaiom (FT Ha me-
TeHIeH). TakuM YMHOM, BJIACHUK KOHTEHHEPHOro
o0JIaTHAHHA MM TPOILOBHM CTSTHEHHSM CTUMYITIOE
BaHTAKOBJIACHHUKA SKOMOTA MPUIIIBUIIIUTH OTIepartii
3aBaHTA)XCHHS/PO3BAHTAKEHHS B/3 KOHTEHHEpa Ha
TEpUTOPIii TepMiHATY 1 HA CKIIaJlax BaHTAKOBIAIpa-
BHHMKA YM BaHTA)XOOTpUMyBada. JlaTamMu 3aKiHUCHHS
neMepemky 1 aerermieny, 3a CDD, BBaxaroTh Bif-
MOBIIHO JIaTy BUI3My 3 MOPTY U JaTy MOBEPHEHHS
KOHTCHHEPHOro OOJIaJHAHHS TOPOXKHIM y MicIg,
BKa3aHE MOPCHKHM JIIHIITHAM TTePEBi3HUKOM.

3 ypaxyBaHHSAM BHINE3a3HAYCHOTO, Y JIIHIHHUX
KOHTEHHEPHHUX TMEPEBE3CHHIX MOXHA Y3aralbHUTH
OCHOBHI TIOHSTTS, IO TIpe/ICTaBIIeH] B Ta0m. 1.

Tabmuns 1

OCHOBHi BU3HAYEHHS CTOCOBHO HAPaXyBaHHS
JieMepe/Ky i JeTeHIIeHy
B KOHTEHEPHHUX NepeBe3eHHsIX

Table 1

Basic definitions for accrual of
demurrage and detention
in container transportation

Tepmin Kowmb6inauis (CDD)

Jlemepenx — CTaBKa, AKY
CIUIaYy€ KOMEPCAHT 3a BU-
KOPHUCTaHHS KOHTEeHEepa
B M€XaX KOHTEUHEPHOTO
TepMiHaJIa Ticys 3aKiHYeH-
HS BUIBHOTO Yacy

O0’erHAHMI JeMepeK
1 JICTEHIIIEH — CTAaBKa,
SIKY CITA9y€ KOMEPCAHT
32 BUKOPUCTaHHS KOH-

TelHepa 1103a MeKaMHu
BUTLHOTO Yacy, KOJIH
JIEMEPEeIK 1 IeTeHIIIEeH
00’emnani B equuuid FT

JleTeHlIeH — CTaBKa, Ky
CIUIa4y€ KOMEPCAHT 3a BU-
KOPHCTaHHS KOHTEITHepa
mo3a MeXaMu TepMiHaja
a0o0 Jero miciisd 3aKiHYeHHS
BUTILHOTO Yacy
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[Iponoexkenns tabauui 1 Kinbkicts 1i6 FT mepeBi3HHKH BCTaHOBIIOIOTH
Continuation of Table 1  CTAHAAPTHOO BIATOBIIHO 110 KOXKHOTO 3aXODKCHHS

B TOPT 1 10 HampsMKy (excropt/immopt). Creria-
O6ix gacy nemepeky nmbHI yMOBH FT BCTAaHOBMIOIOTH Uil NEPEBI3HUKIB

Yy BHIIQAKax OOTPYHTOBAHOCTI TaKWX 3allWTIB, Ha-

ImmopT Excnopt
- - . MIPUKIIaJ, TONANbIIE HAa3eMHE TPaHCIIOPTYBaHHS
TCPIOLL, AKMM LIOUMHAETRCA | HCPIOM BIAB 131y MOB- 1639 ypainoro mopTy mpusHaueHHs [3]. 3BicHo, Taki
3 1aTH BUBAHTAXCHHA KOH- HOT'O KOHTE€MHEPA Ha . . .

8 X . crnemnianbHi yMoBu FT MaroTh OyTH MOTOPKEHI CTO-

TeifHepa i3 cy[lHa 10 BUXOLY | TEpPMiHAJ 0 MOMEHTY . .
IIOBHOTO KOHTEHHEPA 3 Tep- | HOro 3aBaHTAKEHHS Ha POHAMH e ’H,O '1;[epeBe3eHH$I BIHHOBTIHHHMH nosga—
MiHATA Gop cynHa YCHHSAMH B JIiHIHHOMY KOHOocameHTi. [[to HeoOXin-

HicTh moscHroe 1. «Carrier’s Tariff» Ha 3BopoTHiii

O6uix wacy neteHIeHy CTOPOHI JIIHIHOTO KOHOCAMEHTA, SIKUH Ma€ O3HAKH

ImmopT Excriopt JIOTOBOPY MOPCHKOTO TiepeBesens [11].

nepioz[ Bif BHXOJLy 110~ Binpuiicts TNICPCBI3HUKIB BHKOpHCTOBYIOTB 3ac-
[1epioJ1 Bl BUXOMLY TIOBHOTO | POXHBOTO KoHTeiHepa ~ TCPEXKCHHS HA KIITAIT _«In the case of |_ncon5|ster!cy
KOHTeiiHepa 3 TepMiHana 10 | 3 Tepminana (zemo) no  Petween this bill of lading and the applicable Tariff,

HOro MOBEpPHEHHS ITOPOXK- [IOBEPHEHHS TOBHOT'O the bill of lading shall prevaily, sike Hanae ymoBam
HIM Y BU3HAYCHHUIA TYHKT KOHTeWHepa Ha TepMi- KOHOCaMCHTA IIepeBary.
Hall (1ero) CraBku geMepenxy il IeTeHIlIeHy IPU3HAYatoTh

CymyTsi TepMinm BIZIMOBITHO 1O TMOPTY (KOHKPETHOTO TepMiHama),

KOHTEHHEPHOTO OOJIaJJHAHHS ¥ HAmpsSMKYy IepeBe-

36epiranns (storage charge) Opi-raiim (FT) 3eHb 3a TPOrPECHBHOIO MIKAO0 (pHC. | 2).

TaTHS (He 0OMeXyeThCS
TIIbKYA BUKOPUCTAHHSAM
MPUYaIbHOI IO ), IKY

CTSTYIOTh ONEPATOPH TEP-

MiHaJIiB 32 KOHTECHHEPH, 10
30epiraroThes Ha IIIOMIAII;
11 3BMUYaifHO omepaTopu Te-
pMiHaja nepeaapecoByOTh
Ha Cy/IHOIIJIABHY JIiHIIO

gac 0e30IUIaTHOTO KOPH-
CTYBaHHS KOHTCHHEPOM,
SIKUH BJACHUK KOHTCH-
Hepa IPOTIOHYE KOMep-
CaHTOBI; IEPEBUILICHHS

[ILOTO Yacy TATHE 32
co00r0 crutaTy aemepe-
JOKY W IEeTeHUIEHY

250

200 r

150 =20’ REF, 40' REF
I ———20'

100
, 40', 40HQ
50 / FR, OT
0 A

1 35 7 1113151719211325272931
ooou

0071.1000.

Puc. 1. IlIkana HapaxyBaHHS IMIIOPTHOTO JIeMEPEKY MOPCHKUM JIiHITHUM
nepeBizHuKOM Maersk Line Ha TepMiHaiax B yKpailHCBKHUX MOPTax

Fig. 1. Scale of import of demurrage marine linear Maersk Line
carrier at terminals in Ukrainian ports
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Puc. 2. Illkana HapaxyBaHHs €KCIIOPTHOTO JEMEPE/IKY MOPCHKHUM JIIHIHHUM HEPEBI3HUKOM
Maersk Line na tepminanax (KT YPII — koHTeliHepHHI TepMiHAT
YopHomopcrkoro pudHoro mopty i TIC-KT — tepminan B mopty [liBaeHHwmiA)

Fig. 2. Scale of export demurrage accrued by Maersk Line
maritime carrier at terminals (CT ChFP — Container Terminal
of Chornomorsk Fishing Port and TIS-CT — Terminal in the South Port)

Sk moxazano Ha puc. 1, Haiimenmmit yac FT
B OUIBIIOCTI BUMAJIKIB MIPUMIAJIA€ HA pedprKeparo-
pHE KOHTelHepHe oOnaaHaHHs — 5 Ai0 I yKpaiH-
CbKHX TepMiHaJIB B imMmopTi (puc. 1) i 7-14 1i6 mns
excriopty (puc.2). Ilpuuomy, SKIIO B €KCIIOPTHOMY
BUTIANIKY, TounHatoun 3 15-0i goom mis 20°’REF
cTaBka cTaHoBHUTh 41,4 mon. B YOpHOMOPCHKY, TO
nist repminany TIC B [liBgeHHOMY — BIIBiYi MeHIIE
— 20 gomn. Ll oOcTaBHHA MOSICHIOETHCS BIJHOCHHM
OanmaHcoM pedprKepaTOpHUX KOHTECHHEPOIIOTOKIB
B imMIopTi i ekcrniopTi B [liBaeHHOMY.

Kommanii, 110 BUKOPHUCTOBYIOTH JIMILIE HApaxy-
BaHHs JneMepemky, «Demurrage only» (DO) pos-
PaxyHKOBHUM TEPiOJIOM yBaXKaroTh:

— 00:01 ron nati BUBaHTa)KEHHS CyIIHA JIO TIO-
TOYHOI JIaTH TOBEPHEHHS KOHTEHHEpa MOPOXKHIM
3a BUpaxyBaHHsM 1i6 FT;

— 00:01 rox xaneHmapHOro JIHS, KOIU TOPOXK-
Hill KOHTEIHEep NMPUHHATHIA Y MOPCHKOTO IepeBi3-
HUKa B HOTO JIETO MOPOXKHIM, 1 10 JaTH MPHOYTTS
CyJIHA ITiJT 3aBaHTa)KCHHSI.

Ha BiaMiny Bif niHIMHUX TIepeBe3eHb, y TpaM-
MOBiH )OpMi CYIHOILTABCTBA, /1€ BITHOCUHH CTOPiH
MAalOTh PAa30BUI XapakTep i peryIol0ThCs yKiaae-
HOIO Ha KOXHE OKpeMe IIepeBEe3eHHs dYapTep-
MapTi€r0, CTaBKH JAEMEPEKY € MpeIMeToM 00ro-
BOpeHHs ¥ gomosieHocTed. IIpu npomMy cyaHOB-
JIACHUK OPIEHTYETHCSI Ha HEOOXiJHICTh KOMITEHCA-
mii 100OBMX BHTpPAT Ha yTPHUMaHHsS CyaHa (Tak
3BaHUX TOCTiiHUX BUTpat). Hapasi cyrreBe 3Ha-
YEeHHsl Ma€ i CUTyalisl B 3apyOiKHUX TOpTax, Iie-
pendauuTH SKy B MOMEHT YKIIQJaHHS yroJau He-
MOJXKITUBO: Yy TI€pioJiy MIKOBUX BiJIBAHTA)KECHDH IIE€B-
HUX TOBapiB CIOCTEPIraroTbCsi CKYMYEHHs CyIeH
[1, 2, 16]. 3po3ymiio, 1 Ie He O3HAYAE, IO CY/I-
HO Oyne 3aTpuMaHe MiJ BaHTaXXHOK OOpOOKOIO,
OJIHAK y TIEBHOMY CEHCI IiJBUIIYE BipOTiIHICTH
TaKol 3aTPUMKH.

OCHOBHI BIIMIHHOCTI TIOHSTTS «IEMEPEIDK»
BiJINOBIZTHO 10 (POPMHU CYAHOIUIABCTBA 3a3HAYEHO
B Ta0II. 2.
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Tabnuus 2

OcHOBHI BiIMiHHOCTi NOHATTS «IeMepelA» BilNOBiIHO 10 opMu opraHizanii cy HOMIaBCTBA

Table 2

The main variances of the term “demurrage” by the shipping organization form

Jemepemx
O0’€eKT, BiAMOBITHO
- BUI A [Touarox .
®opma JI0 SIKOTO CTSTY€EThCS . . 3anexuTh Bi
BlApaxyBaHHS B 4acCl
TIaTHS
KonTteitnepue
00 HaHH, [0 BimnosigHo 1o Hanpsmxk .
. 8 = A JIHO X PAMIY Tuny [opty BianpasneHHs/
Jlinitina HAJIC)KHUTh JIaTH 3aKIHYCHHS MepeBE3CHHS
. . o0aTHaHHS MPU3HAYCHHS
BiJITIPABHUKY FT (iMmopt/excropT)
(COS)
Biporignocti
CynHo . 3aTPUMKH CYIHA i
YAHO, 3aKiHUYCHHS p YA A
3adpaxToBaHe Ha - BaHTKHIMUA
N 00yMOBIICHOTO B Poswmipy i
TpammoBa peiic ms - pobotamu
gapTep-mapTii TUILY CyAHA
TepeBe3CHHS . (mampukan, depes
CTaJIHOTO Yacy
BaHTAXy CKYITYCHHS CYICH y
opTax)
HayxoBa HOBM3HA Ta IPAKTHYHA BucHoBkH

3HAYUMICTh

VYnepmie BHKOHAHO KOMMApaTUBHUM aHai3
KITIOYOBUX TEPMiHiB TOPTOBEILHOTO CYAHOIJIABCT-
Ba, SIKi BUKOPHCTOBYIOTh Y MPAKTUYHIN AisTEHOCTI
MiAMPUEMCTB SIK TPAMIIOBOI, Tak i JiHIHHOI Popm
opranizaiii po0oTu ¢GIOoTy, — AeMepe/K i JeTeH-
mieH. Pe3ynbraTy IOCTIDKEHHS € MepeTyciM Baxk-
JIUBUMH JJIs1 OJIHI€T 31 CTOPIH yroJii Ha MEPEBE3CH-
HSl BaHT@)XXiB MOPCBKHMH CyJHaMH — BaHTa)KOBJIa-
CHHUKIB a00 IX TMpPEICTaBHHKIB, SIKi YITOBHOBaXKEHI
MEepIIMMH Ha OpPraHi3aiilo JOCTaBKH BAaHTAXIB i3
3aly4eHHSIM MOPCHKOTO TPAHCIOPTY. 3arajoM pe-
3yJIBTaTH JOCHIJKEHHS! MAlOTh MPAaKTUYHY 3HAUYH-
MICTh JUISI OpTaHi3amiid 1 MANPUEMCTB, SKi OIIKY-
IOThCS OTEPALisIMU, TOB’SI3aHUMU 3 MOPCHKUMH
MEPEBE3CHHSIMH BaHTAXIB.

CHHOHIMIYHICTh TOHATH «JIEMEPEIK» 1 «JIe-
TEHIICH», SKI BXXHUBAIOTHCA SAK Y JiHIHHIA, Tak
i B TpamnoBiii opmi pobOTH cyzieH i3 epeBe3eHb
BaHTaXXiB, PU3BOJUTH 10 TEBHUX HEMOPO3YMiHb
MIDXK CTOPOHAMH YTOJl, 30KpeMa B YaCTHHI BiIOBi-
JANBHOCTI (paxTyBaJbHUKA, SKUH BIAETHCS [0
MOCIYT IHIHHUX abo0 TPaMIIOBUX TEPEBi3HUKIB.
UiTke po3MexyBaHHS 3MICTy X TEPMiHIB 0a3y-
€TbCSI Ha crenupiyHuX yMoBax poOOTH CyIeH
(i BUKOHAHHS HHUMH TE€PEBE3CHb BAHTAXIB) y Ppi3-
HUX (opMax CyAHOIIABCTBA. 30KpeMa, Pi3HUMH
€ 0a3a 1 IOPSAOOK HapaxyBaHHsS TAKHX I'POILLOBUX
BUILIAT; TICBHI BIJIMIHHOCTI € TaKOX 1 y (akTopax,
SIKUIMU BU3HAYAIOTh BEJIUYMHH CTaBOK JIEMEPEIKY
U JEeTEHILIEHY .
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MNOJUCEMUYHOCTH MOHATUA «JEMEPEIX» U «JIETEHIIEH»
B IPAKTUKE JIMHEMHOI'O U TPAMIIOBOI'O CYJOXOJICTBA

Heas. IIpencraBneHHoOe HCClENOBaHHE HAMIPABICHO HA CHCTEMATU3ALMIO COACPKAHUS MOHITHH «IEMEpe»
U «IETEHILEH», IPUMEHAEMBIX B MPAKTUKE MOPCKHUX NEPEBO30K. DTU MOHATHSA XapaKTEPU3YIOTCS Pa3IUYHbIM TOJI-
KOBaHHEM ITIPH WX HCIOJIb30BaHWH B JIMHEHHOI M TpaMIoBOH (opMax CyJOXOJACTBA, YTO TpeOyeT HEOOXOIMMOCTH
BBINOJIHEHMS] KOMIIAPAaTUBHOTO aHanu3a. Meroguka. Jlns yKa3aHHOTO aHalW3a HCIOJb30BaHBl HCTOYHUKHU
nHpOpPMANNHN, KOTOpPHIE IO3BOJIIIOT HA OCHOBAHWH COBPEMEHHBIX HAyYHBIX METOJOB OIPENCIUTHh CIEHUPUKY
HNOHATHM «JIEMEpEeNk» U «IACTCHUIEH» KaK Ha HayyHOM YpPOBHE, TaK M Ha YPOBHE IPAaKTHUYECKOH pealu3aluu.
Pe3yabTaThl. ABTOPHI JOKA3ajH, YTO HECMOTPS Ha CHHOHUMHYHOCT MOHATHS «IEMEPEIK» U «ICTEHIIEH)» UMEIOT
MIPUHIUIHATBHBIE OTIMYHS MIPH UCIIOJIF30BAaHUM MX B JIOTOBOPAX MEPEBO3KU TPY30B CyAaMH, paboTy KOTOPBIX Op-
TaHW30BaHO B (JOpPME TPAMIIOBOTO W JMHEHHOTO CyJOXOACTBA. YUNUTHIBAS CHEIU(PUISCKIE YCIOBHS OpraHU3aIoH-
HBIX (OPM CYHOXOJCTBA, TEPMHHBI, COJIEPKATEIHHOE TOJIKOBAHHE KOTOPHIX SBJISIETCS OOBEKTOM HCCIEIOBaHMUS,
UMEIOT Pa3HBIH 0OBEKT HAYHCIICHHMS, OPSIOK 0OOCHOBAHUS BEJIMUMHBI COOTBETCTBYIOIINX CTAaBOK M TOPSIOK pac-
yera obmiel cymmbl. HaydHast HOBH3HA. ABTOPHI BIIEPBBIE ITPOBEJIM MCCIICIOBAHNE B KOHTEKCTE BYX (OpPM opra-
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HHU3alMH MOPCKOTO TPaHCHOpTa (TPaMIOBOW W JIMHEWHOH) M yCTAaHOBHMJIM CEMaHTHYECKHE OCOOCHHOCTH MOPCKHX
TEPMHUHOB «IeMepelk» M «uereHiieH». IlpakTndeckas 3HauymMocTb. Kommepueckas paboTa TpaHCHOPTHBIX
MPEANIPUATHH, B YACTHOCTH CYJOXOJHBIX, TECHO CBS3aHA C TEXHHMYECKUMH, TEXHOJIOTHIECKUMH, OPTaHU3alNOHHO-
MIPaBOBBIMH, SKOHOMUYECKUMH U IaXX€ JHMHIBUCTHIECKUMH npobiemamu. IlocnenHui acmekT KacaeTcs TOYHOCTH
MOHMMaHHSA TEPMUHOB CTOPOHAMH JIOTOBOPOB IIEPEBO3KH I'PY30B — CYOXOAHBIMU KOMIIAHUSIMU (JIMHEHHON 1 TpaM-
MOBOM OpTaHM3alK PabOThI) W KOHTPareHTaMH-TPY30BIaAEIbIIaMH, — MOCKOJIbKY M3 3HAUCHUS 3THX TEPMHUHOB
CJIeyeT OTBETCTBCHHOCTh MATEPHATIBHOIO XapakTepa. UETKOoe TONKOBAaHHE NMOHATHH SABISAETCS PEIIAIONINM IS
MIPEJOTBPALICHUSI BO3MOXKHBIX CIIOPOB OTHOCUTEIHLHO COOTBETCTBYIOIIMX BBIILUIAT. Beab HeompeneneHHOCTh, Mpu-
CYTCTBYIOI[asi B HAYYHBIX MyONMKAIMAX ¥ MHOOPMALMOHHBIX MCTOYHHMKAX MPAKTHYECKOrO XapakTepa, HPUBOAUT
K cBOOOJJHOM MHTEPNpETAlMU U MOAMEHBI aHAJM3UPYEMbIX MOHATHH APYT IpyroM 0e3 YEeTKOTO pacrpesesieHHs OT-
BETCTBEHHOCTH CTOPOH B Pa3JIMUHBIX JOpPMax CyIOXOACTBA.

Kniouegvie cnosa: TpaMnoBoe CyIoX0JCTBO; JIMHEHHOE CyI0XOACTBO; JEMEPEIXK; AETCHIIEH; CTAIUIIHOE BpeMs;
yapTep-napTus; KOHOCAMEHT
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POLYSEMICITY OF THE TERMS «DEMURRAGE» AND «DETENTION»
APPLIED IN THE PRACTICE OF LINER AND TRAMP SHIPPING

Purpose. The presented study aims to systematize the definition of the terms «demurrage» and «detentiony,
which are used in the theory and practice of maritime transportations, but are characterized by different meaningful
definition when used in liner and tramp shipping, which requires the need for a comparative analysis.
Methodology. For the stated comparative analysis, the applied information sources allowed to determine the speci-
ficity of the terms «demurrage» and «detentiony» both at the scientific level and at the level of practical implementa-
tion. Findings. The authors proved that despite their synonymous character, the terms «demurrage» and «detention»
have fundamental differences when used in transportation contracts for the vessels of liner and tramp shipping. Tak-
ing into account the specific conditions of these organizational forms of shipping, the terms, the meaningful inter-
pretation of which are the object of the study, have a different object of accrual, the procedure for substantiating the
value of the corresponding rates and the procedure for calculating the total amount. Originality. The authors for the
first time carried out a study in the context of two forms of organization of maritime transport (tramp and linear) and
established the semantic features of the marine terms «demurrage» and «detention». Practical value. The commer-
cial practice of transport companies, in particular shipping ones, is closely connected with technical, technological,
organizational, legal, economic and even linguistic issues. The last aspect concerns the role of the accuracy of un-
derstanding of the terms by the parties to the transportation contracts concluded by shipping companies (liner and
tramp shipping) with counterparties, since it is the responsibility of a material nature that follows from them. Clear
interpretation of the terms is crucial to prevent possible disputes regarding the relevant payments. Uncertainty,
which is currently present in scientific publications and literary sources of practical nature, leads to a free interpreta-
tion and substitution of the analyzed terms with each other without a clear distribution of the parties' responsibility
in different forms of shipping.

Keywords: tramp shipping; linear shipping; demurrage; detention; laytime; charter party; bill of lading
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HYDROELECTRIC ROAD RAMP

Purpose. The purpose of the study was to elaborate on a renewable source of energy using daily vehicles' traffic.
The research question was how to produce electricity by using vehicle's kinetic energy and water-contained energy.
In this paper «hydroelectric road ramp» is described as an auxiliary energy source which can be used in smart cities.
Methodology. By conducting the literature review of adjacent methods and existing inventions, combining princi-
ples of work of these inventions, the system for producing electricity without destroying nature has been designed.
Findings. Based on the supposition that 200 vehicles per hour pass over a ramp, the findings show that power gen-
erated by the system equals to 405,34 W. Considering the fact, that city roads function around the clock we can mul-
tiply the obtained result by 24 hours. Thus, we can accumulate a lot of electricity for efficient using in necessary
goals. Even considering the fact that road capacity is different hour by hour, there is an opportunity to generate
enough electricity for its conservation and further usage. Originality. From one side ‘hydroelectric road ramp’ is the
system of generating electricity by using principles of work of conventional hydroelectric power station and pneu-
matic water sprayer, from the other side it is a speed breaker which may improve the safety conditions on the road.
Practical value. The calculations we obtained led us to the theoretical conclusion that electricity getting from new
source can be effectively used in the 'smart city' such as: powering street lights, traffic lights or serve as a comple-
mentary source of energy for e-mobiles charging points.

Keywords: alternative energy; kinetic energy; water-contained energy; electricity; smart city; speed breaker

tested in some countries and proved its effective-
Introduction ness or 'Design of Power Generation Unit Using
Roller Mechanism' which is implemented by using
simple drive mechanism such as Roller, some in-
terfaced Electrical components and chain drive
Mechanism [6].

Nevertheless, we propose novel non-
conventional method called ‘hydroelectric road
ramp’ that is significantly different from the pro-
posed by previous researchers. ‘Hydroelectric road
ramp’ serves not only as a speed bump for traffic
calming, but also it is a new method of generating
electricity by using principles of work of conven-
tional hydroelectric power station [7] and pneumat-
ic water sprayer [10].

There is a fact that renewable energies are con-
sidered as proper alternative energy, which reduces
carbon dioxide emission. This means renewable
energy like wind energy, solar, tidal, biomass, geo-
thermal which are not harmful for environment can
be used as alternative. As a car passes over a speed
breaker most of kinetic energy is wasted as heat in
it. However, the speed bumps on roads, where
huge amount of vehicle's kinetic energy is wasting,
can be used to retrieve this kinetic energy and gen-
erating electricity [1].

There are some methods of converting vehicle's
kinetic energy into electrical energy such as fol-
lows: «Electro-Kinetic Road Ramp' [2] which was
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Purpose

The purpose of the study was to elaborate on
a renewable source of energy using daily vehicles'
traffic. The research question was how to produce
electricity by using vehicle's kinetic energy and
water-contained energy. The calculation of power
output has been calculated considering approxi-
mate identified variables. Also during the calcula-
tion we considered X vehicles per hour, however
practical result can be distinguished from the theo-
retical one due to stochastic process of the vehi-
cle's movement. We have presumed that electricity
getting from new source can be conserved and
used in traffic lights, powering streets or serve as a
supplementary source of energy for electro mobili-
ty charging points.

This paper does not provide a detailed analysis
of material properties and technical characteristics
of the system elements such as turbine, electronic
pressure controller, tank, etc., as well as cost calcu-
lation. The study is purely theoretical, as a practi-
cal experiment requires significant resources.
Therefore, approximate initial numerical data
which are shown in Fig.2 have been used during
energy calculation.

Methodology

Publicly accessible sources like standards, sci-
entific articles, and reports contain limited infor-
mation on the proposed method of electricity gen-
erating. To overcome this shortcoming, further
information is collected through the literature re-
view of adjacent methods and existing inventions.
Combining principles of work of these inventions,
the necessary result was received. Fig. 1 illustrates
the research approach, which includes a literature
review of several relevant inventions in order to
collect information and create a non-conventional
method of producing electricity.

The calculation methodology included the fol-
lowing steps:

— calculation of the volume of the reservoir;

a finding of the gauge pressure in the tank after
n number of pumps;

— amount of water in each stroke of the pump
has been found;

— identification of an absolute pressure inside
the tank;

— determination the velocity at which the water
leaves the tank using the Bernoulli equation;

— calculation of the volume rate of flow;

— calculation of power generated by the sys-
tem.

Research question:
How to produce electricity by using vehicle's

kinetic energy and water-contained energy?

<7

Research approach

Literature
review

1. Hydroelectric power station
2. Pump pressure water sprayer
3. Water gun

I

1. Model construction
2, Calculations

s

| Results |

Fig. 1. Research methodology

Model description

The ramp serves as launching mechanism [4]
for hydroelectric power station by harnessing the
kinetic energy of automobiles that drive over ramp.
It is not dangerous for the vehicles and cannot be-
come the cause of waste petrol when a car passes
over it [5]. Because on the road surface it serves
only as a conventional speed breaker, however in
underground it connects with mini station produc-
ing electricity with water usage [8]. Fig. 2 repre-
sents the ramp structure and principle of work.

Slab of the ramp connects with the cylinder
which serves as a piston rod of the pump. Every
time automobiles pass through this plate the piston
moves down and up pumping air into a partially
water-filled tank. Motion is possible thanks to the
spring installed under the plate. If necessary, sev-
eral springs can be installed. The reservoir is air-
tight, but it has valve to let the incoming air in
from the pump.
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Fig. 2. Energy ramp structure

As more air is pumped in, the air in the reser-
voir is compressed, increasing in pressure; the wa-
ter is also pressurized by the now compressed air.
Upon opening the nozzle valve, the pressurized
water is pushed out through the nozzle as the air
attempts to re-equilibrate with atmospheric pres-
sure [3].

In case of our study, the nozzle valve is an au-
tomatically controlled valve operated by the elec-
tronic pressure controller. The controller activated
automatically according to the adjustments of the
specialists, i.e., when the pressure in tank reaches
certain value or is excessive. It means that every
time, when electronic pressure controller identifies
pre-defined value of pressure in the reservoir it
transmits a signal to open the nozzle valve.

This air pressure system allows production of
a solid, continuous stream of water. The water jet
rotates the turbine connected with the generator
which produces electricity [9]. In the case of this
research, we supposed that it is necessary to use
special turbine that must be created by 'pelton tur-
bine' principle. All necessary dimensions must be
performed by professionals.

The water, bouncing off the turbine, flows into
an open reservoir located under the turbine. Then it
flows again into the main tank through the non-

return valve. Thus, the system is constantly recy-
cling the same water. Therefore ‘Hydroelectric
road ramp’ can be counted as renewable energy
source.

To start the system, only the initial water filling
of the container is required. Refilled is necessary
only in emergency cases such as water leakage,
evaporation of water, repair of the structure, etc.
However, the limitation of this design is the tank
cannot be refilled unless depressurized. Opening
a pressurized reservoir while there is pressure re-
maining in the system can result in copious local
water spray or even an unexpected consequence.

Fig. 3 illustrates the operation of the ‘hydroe-
lectric road ramp’

Pressing on the ramp

JL

Creation of compressed
air in tank

<5

Release of water jet

JL

S

Rotation of turbine

JL

S
Shaft rotation
CONVEersion moo

electricity

Fig. 3. Process diagram of the ramp

Findings

For all calculation, we used assumed dimen-
sions of the ramp which is shown in Fig. 2. Since
the tank represents a combination of cylinder and
frustum then the total volume of the tank is the
sum of their volumes:

V.=V, +V;. (1)

The volume of cylinder:
V, =nr?h, )
V, =3,14x0,2°x1,5=0,18 m®. (3)
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The volume of frustum:

V, =%nh(R12 +RR, +R?), (4)

v, Z%x3,14xo,2(0,22+0,2 x0,1 +0,1%) =

=0,014 m®. (5)
The total volume of tank:
V, =0,18+0,014=0,194 m* =194 1.  (6)

The assumption is made that volume of water
equal 150 1. The volume of air is then the differ-
ence between the volumes of the tank and the wa-
ter within it:

V, =V, -V, ©)
V, =194-150=441, (8)

To identify an absolute pressure at location 1
we used the following formula:

P,=RP +P,, 9)

where, P, — atmospheric pressure (101325 Pa);
P, —gauge pressure.

Using an assumption that 200 vehicles per hour
pass over ramp, we calculated the gauge pressure
in a tank after n pumps:

nkV,

P = , 10
=Y, (10)

where, n— number of pumps (n=400), because one
car pushes on slab two times by front and rear
wheels; P, - atmospheric pressure (101325 Pa);

V,— amount of water in each stroke of the pump;

V, — total volume of tank.

Amount of water in each stroke of the pump
can be found by next formula:

(11)

where, V,, — volume of water; n— number of
pumps

150

VvV, =—=0,375(1).

P 400 )

Thus, gauge pressure equal:
~ 400x101325x%0,375

™ 194-400x0,375

(12)

=345426 (Pa). (13)

Consequently, location 1 has the following ab-
solute pressure:

P, =101325+ 345426 = 446751( Pa ). (14)

To define the velocity at which the water leaves
the tank is used the Bernoulli equation. The Ber-
noulli equation is used to connect two locations
within a single fluid. We chose our two locations
as being at the surface of the water in the reservoir
(location 1) and at the exit of the nozzle (location
2). This means that:

1 1
R +§pr +pgh, =P, +§pvi +pgh,, (15)

where, P,— absolute pressure at location 1;

p— density of water (1000 kg/m?®); v,— water
velocity at location 1. We approximate that v, = 0;

g — acceleration of gravity (g = 9,81m/s?%);
h,— height between location 1 and location 2
(h,=0,575m); P,— pressure at location 2. Loca-

tion 2 touches the air and has pressure 1atm =
101325 Pa; v,— water velocity at location 2; h,—

height at location 2. This variable is neglected,
which means that h,=0.

In this case the equation acquires a new form:

v, z\/z(Pl +pgh, - PR,) ,

(16)

p

o \/2><(446751+1000><9,81><0,575—101325) ~
2 1000
=26,5(m/s). (17)

If the water exits the tank through the hole with
diameter 0,02 m, the volume rate of flow can be
calculated by this equation:

Q=Av=mnr?v, (18)

Q=314x0,01°x26,5=0,008 (m* /s ). (19)
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Despite the fact that in modern conditions un-
der favorable working conditions of the best sam-
ples hydraulic efficiency can achieve 94 — 95 %.
We decided to consider that efficiency of proposed
mechanism is about 50%, which means that
e= 0,5. Power generated by the system can be
calculated with the next formula:

A_E = e_Amgh = eghA_m

P=e—= ,
At At At

(20)

where, e — efficiency of mechanism; g — accelera-
tion of gravity (g = 9,81 m/s?); h— head in me-
ters. Since the pressure at location 2 equal 1 atm,

then h= 10,33 (m); AA—T—— flow volume in
kg /sec.
Thus,

P =0,5%9,81x10,33x8=405,34 (W ). (21)

Originality and practical value

From one side ‘hydroelectric road ramp’ is the
system of generating electricity by using principles
of work of conventional hydroelectric power sta-
tion and pneumatic water sprayer, from the other
side it is a speed breaker which may improve the
safety conditions on the road. This is a new system
which is located underground and may use differ-
ent types of water including wastewater (rain,
snow, hail) with preliminary filtration. Using the
Bernoulli equation, other different formulas, and
assumptions, we calculated the approximate power
generated by the system. The calculations we ob-
tained led us to the theoretical conclusion that elec-
tricity getting from new source can be effectively
used in the 'smart city' such as: powering street
lights, traffic lights or serve as a complementary
source of energy for e-mobiles charging points.

Conclusions

The amount of electricity generating using pro-
posed system is flexible, because the movement of
vehicles on the road is a stochastic process. It is
impossible to predict exact quantity of vehicles

pass over ramp. Moreover, intensity of movement
depends on different conditions and circumstances
such as rush hours and traffic jams. Nevertheless,
calculation result's based on the supposition that
200 vehicles per hour pass over ramp looks enough
fair and the power generated by the system equals
to 405,34 W. Considering the fact, that city roads
function around the clock we can multiply the ob-
tained result by 24 hours. Thus, we can accumulate
a lot of electricity for efficient using in necessary
goals. Even considering the fact that road capacity
is different hour by hour, there is an opportunity to
generate enough electricity for its conservation and
further usage.

Among the main contribution of the paper we
highlight the possibility of producing almost free
electricity based on renewable energy. Our results
may have high relevance for innovation and devel-
opment. Key advantages of the proposed system
are as follows:

— renewable source of energy;

— possibility to increase amount of electricity
generating per hour;

— possibility to conserve and use electricity for
different goals;

— possibility of modernization of proposed sys-
tem.

As the practical application and improvement
of the new method is an enormous and complex
task, not only intuitively but also physically, future
research is expected to proceed in several direc-
tions. Our future plans, based on this research, in-
clude:

— modernization of the ramp model by integra-
tion of information systems;

— detailed analysis of hardware and software
model;

— significant increase of the shaft rpm using
high pressure nitrogen gas (N, ) in system;

— addition of supplementary elements such as
drain, filter, plumbing for using wastewater (rain,
hail, snow, etc.);

— assessment  of  socioeconomic
(e.g. electricity cost reduction).

benefits
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I'TIPOEJEKTPUYHA JOPOKHA ECTAKAIA

Meta. OCHOBHOIO METOIO LILOTO JIOCHIPKEHHS € PO3po0Ka NOHOBIIOBAHOT'O JXKEpesia eHepril 3 BUKOPUCTAHHIM
II0JIEHHOTO PyXy TPaHCMOPTHUX 3aco0iB. [Ipobiema nociiKeHHsI MOJsITae B MOIIYKY CIIOCO0y BUPOOJIEHHS €IEeKT-
PHMKH 3 BUKOPHCTaHHSIM KiHETHYHOI eHeprii aBToMoOuns it eHeprii Boau. Y wiif cTarTi riApoeseKTpu4Ha JTOPOXKHS
paMIla ommcaHa SK JONOMDKHE JDKEpeno eHeprii, sKe MOXKHAa 3acTOCOBYBAaTH B «IHTEJIEKTYAJIbBHHX MicTaxy.
Mertoanka. Ilicng ormany niTepaTypH IIONO CYMDKHHX METOJIB, HAasSBHUX BHHAXOMIB 1 00’€IHAHHS BUBYCHUX
NpUHOUIIB poboTn Oyia 3amporoHOBaHAa EKOJOTIYHO Oe3leyHa cucTeMa BUPOOHMITBA —EJIEKTPOEHEpTil.
PesyabraTn. Ha migcrasi npumymenHs, mo 3a roAnHy Mo ecTakaii mpoibxmkaoTs 200 aBTOMOOILIB, yCTaHOBIICHO,
110 TIOTY)XKHICTh, T€HEpOBaHa cUcTeMoto, opiBHIOE 405,34 Br. bepyun 1o yBaru, mo MicbKi JOpPOTH IPamio0Th Iii-
71071000BO, OTPUMaHMK pe3yabTaT MOMHOXKHUMO Ha 24. TakuM YMHOM, MOKHAa HAKONHMYHUTH 0araTto eIeKTpoeHeprii
JUIA epeKTHBHOTO BHKOPHUCTAHHS B HEOOXimHMX mijsax. HaBiTe 3 ypaxyBaHHSIM TOTO, IO MPOIYCKHA 3aTHICTH J10-
pOTH 3MIHIOETBCS IOTOINHH, € MOKIIMBICTh BUPOOJISITH IOCTATHRO €JIEKTPOCHEPTil s 11 30epekeHHs i oJaIbIo-
ro Bukopuctants. HaykoBa HOBH3HA. 3 0THOr0O OOKY, TiIpOENEKTPUYHA JOPOXKHS ecTakaia — 1ie CHCTeMa IreHepy-
BaHHS €JEKTPOCHEPrii 3 BHKOPHCTAHHAM HPUHIMIIB POOOTH 3BHYANHHOI TiAPOENEeKTPOCTaHIii # IMHEBMAaTHYHOIO
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BOJIOPO3IIJIIOBaYa, 3 IHIIOT0 OOKY, BOHA BUKOHYE POJIb JIEXKAYOTO MONILEHCHKOro, MO MOXKE MiABHUIIUTH Oe3NeKy
JopokHbOTO pyxy. IlpakTuyna 3HaunMicTs. [IpoBeneHi po3paxyHKU J03BOJMIM HaM 3pOOMTH TEOPETHYHHN BH-
CHOBOK, III0 OTPUMAaHHS €JIEKTPOEHEPTii 3 HOBOTO JpKEpena MOKHA e()eKTUBHO BUKOPHCTATH B «IHTCICKTYaIbHOMY
MICTI», HATIPUKJIAA, JUIS KUBJICHHS BYJIWYHUX JIIXTapiB, CBITIO(OPIB, a00 AK TOJATKOBE IKEPEN0 SHepTii Ui MyHK-
TiB TiA3apAIKEHHS IeKTPOMOOLTIB.

Knrouosi crosa: anbTepHaTHBHA €HEPTris; KIHSTHYHA €HEPTisl; €HEpris BOIW; €JICKTPHKA; «iHTEIEKTyaJbHE Mic-
TOY; JIEIKAUYMH MOTIIEHChKHUI
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TUIPODJIEKTPUUECKAS JIOPOKHAS DCTAKAIA

Iesab. OCHOBHOM 1IENBIO TAHHOTO MCCIIEAOBAHUS ABISIETCS pa3pabOTKa BO30OHOBISIEMOTO HCTOYHUKA YHEPTHU
C HCTIONIb30BaHUEM €KETHEBHOTO ABWKEHMS TPAHCIOPTHBIX cpeAcTB. IIpobieMa mcciae10BaHUS COCTOUT B TOHMCKE
cnoco0a MpOU3BOJCTBA JIEKTPUYECTBA C UCIIOJIb30BAHHEM KHHETHYECKOW YHEPTrHHM aBTOMOOWIISI M SHEPTUHU BOJIBL
B aT0ii cTaTthe ruapo3IeKTpUUecKas JOPOXKHAS paMIila ONMMCaHa KaK BCIIOMOTATENbHBIM HCTOYHHMK SHEPIHH, KOTO-
pBIf MOJKHO TNPUMEHATh B «MHTEIUIEKTyaJbHBIX ropofax». Meroguka. ITocie o630pa nutepaTypbl MO CMEXHBIM
METOJIUKaM, CYNIECTBYIOIIUM H300peTeHHsIM U OOBbEIMHEHMS] W3y4YCHHBIX MPHHIMIIOB paOOThl ObLIa MpeIoKeHa
9KOJIOTHUECKH Oe30MacHas cucTeMa IPOU3BOJICTBA 3JIeKTpoIHepruu. Pe3yabTarel. Ha oCHOBaHMM ITpeaNON0KEHNUS,
YTO 3a Yac I0 3cTakane mpoexaroT 200 aBToMOOMIIEH, YCTaHOBIEHO, YTO MOIIHOCTh, TeHEpUpPYyeMast CHCTEMOH,
pasHa 405,34 Br. [IpuanMas Bo BHUIMaHHUE TO, 9YTO TOPOJICKUE JOPOTH PabOTAIOT KPYIIIOCYTOYHO, ITONYyICHHBINA pe-
3ynbTaT yMHOXaeM Ha 24. TakuM 00pa3oM, MOXKHO HAKOIHUTh MHOTO 3JIEKTPO3HEPTHH IS 3PPEKTUBHOTO HCIONb-
30BaHUS B HEOOXOMMBIX IENsIX. Jlake ¢ yd4eToM TOro, 4TO MPOITyCKHas CIOCOOHOCTh JOPOTH W3MEHSETCs OT Jaca
K 4acy, eCTb BO3MOXHOCTb BBIPA0aTHIBaTh JOCTATOYHO 3JIEKTPOIHEPTUH IS €€ COXPAHEHWS W JajbHEHIIEero Hc-
nosib3oBanus. HayuHnasi HoBu3Ha. C OHOH CTOPOHBI, THAPORJICKTPUYECKasl JOPOKHAS 3CTaKalga — 3TO CHCTEMa
TeHEpUPOBaHUS 3JIEKTPOIHEPTUH C UCTIONH30BAaHHEM HPUHILIUIIOB Pa0OThI OOBIYHON THIAPOIIEKTPOCTAHIMN U ITHEB-
MaTHYECKOT'O BOAOPACHBUINTENS, C IPYrOM CTOPOHBI, OHA BBIIOJHSIET POJIb JIEKAUETO MOJHIEHCKOT0, YTO MOXKET
MOBBICUTH 0€30MacHOCTh JAOPOKHOTO JBIDKeHUS. IlpakTudeckass 3HaUYMMOCTh. [Ipon3BeeHHbIE pacyeThl M03BO-
JIMITA HaM TIPUATH K TEOPETHYECKOMY BBIBOJLY, YTO HOIYYEHHUE DIIEKTPOIHEPTHH U3 HOBOTO UCTOYHHUKA MOXKET OBITH
3 (QEKTUBHO HMCIIOIb30BAHO B «MHTEILICKTYalIbHOM TrOpOJie», HapuMep, JUIs IUTaHUS YIMYHBIX (OHapei, CBETO-
(OpOB MM B Ka4ECTBE AOIOIHUTEIFHOTO HCTOUHUKA SHEPTHH JUIS ITYHKTOB ITOJ[3aPSAKH SIIEKTPOMOOHIIEH.

Kniouegvie cnosa: anbTepHaTHBHAS 3HEPIUs; KHHETHUYECKAsl SHEPTHS; SHEPTHS BOJBI; SIICKTPHUECTBO; «HHTEN-
JIEKTyaJIbHBIM TOpo1»; JIeXKauuid NoJMUEHCKUI
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OIITUMIBAIIMHI TATOBI 3AJIAUI HA 3AJIIBHUYHINA MEPEXKI

Mera. Pobota nepenbadae po3pobieHHsS iHOOPMAIIITHOTO # aNTOPUTMIYHOTO 3a0€3MeUYeHHs U MMPOBEACHHS
ONTUMI3AIIITHUX TSATOBO-CHEPTETHYHIX PO3PaXyHKIB HA 3aJII3HUYHIA MEpexkKi 3 METOI0 1X MOJANBIIOT0 BUKOPUCTAH-
HS B cUcTeMax e(peKTHBHOTO YIPaBIiHHSA IepeBi3HUM mporiecoMm. MeToanka. B ocHOBI mocmimkeHHs — rpadoaHa-
JITHYHA CUCTEMa, MOZENb PyXy I0i3[a 3 pI3HUMHU TUIAMHU TATH, METOAN ONTHMAILHOTO YIPaBIiHHA NOI310M 1 QyH-
JTAMEHTANbHI alTOPUTMH Ha 3BaKEHHX rpadax i3 MOKJIMBAMH MapaJedbHIMA peOpamu (ayramu). Y KOMIDICKCI i
CKJIaI0B1 CHCTEMH 3a0€3MeUyI0Th 3HaX0KEHHs Ha rpad-cXxeMi HUILXIB 32 33JlaHUMHU KPUTEPIsSIMH, ITPOBEICHHS OII-
TUMI3aLiHUX TATOBO-€HEPreTUYHUX PO3PAXYHKIB, a TAKOXK MOPIBHIBHOIO aHAJII3y OTPUMaHHUX pe3ynbTatiB. Jloc-
TOBIPHICTH PE3yJIbTAaTiB HEOJAHOPA30BO MEPEBIPEHO HASIBHUMHM CIIOCOOAMHM ISl Pi3HOT CKIIaJJHOCTI MIEPETOHIB 3a IJIa-
HOM 1 npodinem Tpacu. [ [bOro BUKOPUCTAHO JIaHi, OTPUMaHi B pe3yJIbTaTi MPOBEJACHHS KOHTPOJIBLHHX MOT3/I0K 13
3aCTOCYBAHHSIM TMHAMOMETPHYHUX BaroHiB, a TAKOX MPOBEACHO MOPIBHUIBHUI aHali3 PeXUMIB poOOTH IOi3/IB,
pPO3paxoBaHMWX Ta OTPHUMAHMX KBali()iKOBAHMMH MAIIMHICTaMH Ha pi3HHX rneperonax. PesyabraTu. Po3risHyTo
mpobieMy epeKTHBHOI eKCIUTyaTallii pi3HUX THMIB 1 MomuQikamiii JOKOMOTHBIB, 3aIiSHUX y peaii3amii rpadikis
pPyXy HOi3IiB pi3HOrO NMpHU3HAYEHHS i HaBaHTaKCHHS. HaBeIeHO MOCTAaHOBKY MPSIMHUX Ta OOEPHEHHUX ONTHMIi3allii-
HUX, 32 PI3HAMH KPUTEPiIMH, pS)KUMHHUX 3a7ad Ha 3aJli3HUYHIA Mepeki i BapiaHTH 1X ePEKTUBHOTO pO3B’sI3yBaHHS.
[Momano aHami3 pe3ynbTaTiB pPO3POOJICHOTO MaTEeMAaTHYHOTO 3abe3ledeHHs i imei peami3oBaHUX AalTOPHUTMIB.
HaykoBa HoBH3HA. Y po0OTI 3aIpONIOHOBAHO MOCTAHOBKY MEPEXXHHX ONTHMI3alliiHUX 3ajad, AKi BUHHKAIOTh Ha
eramax po3poOIieHHs TuTaHy (GOpMYBaHHS IOi3/1iB, TOOYHIOBHU rpadikiB pyXy, OLIHKA IPOIYCKHOT 3MaTHOCTI H po3-
paxyHKy ONTUMAaJIbHUX MapaMeTpiB CKIaJ0BUX IpadikiB pyxy Toio. BaxkinuBuM € cucTeMHHMI MijXiJ, Mo 3abe3me-
YMB MOEJHAHHS PO3pOOJICHOT MOJIeNi Mepeki B YHIBEpCcalbHUX TepMiHax Teopil rpadis i3 cucTeMoro akTyaizanii ix
napameTpiB. TAroBo-eHepreTHUHi po3paxyHKH MPOBEACHO METOIaMH KOMOIHATOPHOT onTUMi3alii, 1110 3a0e3Me4nIo
MaKCHMaJIbHUH PiBEHb aBTOMATH3alii MPOILeCy PO3B’sI3yBaHHS BEIMKOrO HA0OPY NPSMHUX Ta 00EPHEHUX PEKUMHHUX
3aj1a4 13 pi3HUMHU KpuTepisimMu onTuManbHocTi. [IpakTuyna 3HavynMicTh. Po3pobineHo indopmaniiine i anropuTmi-
yHe 3a0e3neueHHs Ul aBTOMAaTW3allii Mpolecy pO3B’A3yBaHHS NPSMHX Ta OOEPHEHHX PEKUMHHUX TATOBO-
SHEePreTHYHHX 3aJa4 Ha 3aJTi3HWYHINA Mepexi, Ke MPOHIUIO anpoballifo B MPoIeci po3paxyHKy OCHOBHHX CKJIA/I0-
BUX U1t popMyBaHHA rpadikiB pyxy, aHai3y peKUMIB BEJICHHS IOT3/1iB, OI[IHKH BHOOPY ONTUMAIIFHUX MapaMeTpiB
PEKOHCTPYKIIi1 KOJITHOTO MMOJIOTHA IS IIBUIKICHUX 1 HOBUX THIIIB MOT3/iB (JIOKOMOTHBIB).

Kniouosi cnosa: TSAToBi po3paxyHKH; 3aJli3HUYHA Mepexka; (GyHIaMEHTaIbHI aJTOPUTMH; PEXUM PyXy; ONTHMa-
JIBHUH pexuM; Tpadik pyxy; Oesnexa pyxy; MaTeMaTHdHe 3a0e3MeueHHs

Beryn mo. Y 0ararboX BHIIaJKaxX BHHHUKAE HEOOXIIHICTH
3a0€3MeYUTH MaKCUMaJlbHy peati3alilo MpOIycK-
HOi 1 MepeBi3HOI 371aTHOCTI, ONEPATUBHOTO KOPH-
TyBaHHS, 3a MOTPeOH, MOTOKIB BaroHiB i MOi3IiB,
BIZIMOBIAHO 1 rpadikiB pyXy B pa3i BUHUKHEHHS
HEIITaTHUX CHUTYyalid Tomo. Yci mporecu Ha Me-
pPeXi 3aJi3HULIB € B3a€MOIOB’SI3aHUMHU, TOMY iX
notpibHO aHamizyBaTH B KoMIuiekci. CHCTeMHUI
aHaJIi3 TaKuX MpPOIIEeCiB BUMArae HassBHOCTI TIEBHUX
IHCTPYMEHTIB — CHCTEM OIEPATUBHOI PO3POOKH
wiany (OpMyBaHHS, ONEPATHBHOTO IUIAHYBaHHS
poOOTH CTaHIIN 1 TMPOKIaNaHHS HHUTOK Tpadika

3adi3HUIS SIK CKJIQJHA CHUCTEMa € OJHHM i3
HaHOIUIBIINX CIIOKHMBAYiB MAJINBA, €IEKTPOSHEPTil
Ta IHIIUX MaTepialbHUX 1 HemarepiallbHuX
pecypciB. OcHOBHA Tpo0JieMa 3aIi3HUYHOTO TPaH-
cnopty — epeKTHUBHE YNPAaBIiHHS OTOKaMHU BaH-
TaXIiB 1 MacakupiB Ha BCiX eTamax — BiJ X Gopmy-
BaHHsI JI0 Micllb JIocTaBKU. EekTuBHICTh QyHKITI-
OHYBaHHSl TaKol CHCTEMH BHMarae 3a0e3NeunuTH
OpTraHi3alliro MOTOKiB BaroHiB i iX yHOPSIKOBaHOTO
PYXy B CKJIaZiax IMOi31iB 3TiHO 3 rpadikamu pyxy,
3 MaKCHMAJILHOIO 0e3MeKol, eKOHOMIYHICTIO TO-
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pyXy noizniB Tomo. Ha >kanb, Takux cuctem, siki 6
Yy peanpHOMY 4daci 3a0e3nedyBaidi ONTHMAlbHE
pO3B’sI3aHHS 3ralaHuX 3ajad, Ha 3aJTi3HUII YKpai-
HU HE icHy€e. BiJICyTHICTh CHCTEMHOTO MiAXOIY J0
MPOBENEHHsI HAYKOBHX JIOCHIDKEHb HE CIIPHsIE pe-
amizarii HasBHOTO HAyKOBOT'O KaapOBOTO IOTEHIIi-
aly K 3arajiomM B YKpaiHi, TaK i B caMiil CTpyKTypi
3aJTiI3HUII 30KpeMa.

Crmicok BHKOpHCTaHUX pKepen [1-24] mictuthb
po0OTH, y SKUX HaBEACHO PO3POOIIEHHS alrOpUTMi-
YHOTO 3a0e3MevYeHHs AJsl PO3B’A3yBaHHs ONTHMIi3a-
mifHMX 3amad Ha Mepexkax [1-2, 10-11]; momemi
pyXy moi3ia i pesynbTaTd ix anpobarii [3-9]; moc-
JIDKEHHSI 3 TeMU po0oTH 3a KopoHoM [10-22].

VY HaBeJeHOMY CIHCKY € HebaraTo 3aBepIIeHHX
poOiT, TPUCBIYCHUX TATOBUM pO3pPaxyHKaM Ha
3aTi3HUYHIN Mepexi Ykpainu. B ornsmosiit poOoTi
[3] momano mepernik HassBHUX METO/IB BU3HAYCHHS
CHEPrOONTHMAIIBHUAX PEXKHUMIB PYXy €JIEKTPHIHOTO
pyxoMoro ckiamy 0e3 MOpiBHSUIBHOTO aHami3y ix
BUKOPHUCTAHHS ¥ ampoballii i3 3aJy4eHHsIM peallb-
HUX JaHHUX. 3a3HaueHO, 10 3a3BHUail Il o0Y10-
BU ONTHMAJBHOTO YIPABIIHHS PYXOM Ioi3/a 3a-
CTOCOBYIOTH TPUHIMI MaKCHMyMy akKaJeMika
JI. C. Ilontpsrina. OpHoyacHO B poOOTI HaBeseHi
i aprymMeHTH Hee(DeKTHUBHOCTI HOTO BHKOPUCTAHHS
came JUIs pO3B’sI3yBaHHS TATOBHX 337ad.

Y IOCHiKEHHSX, SKI TMPOBEACHI 3a MEKaMHU
Vkpainu [12-24], npobneMy onTuMizarii TpaekTo-
pii MBUAKOCTI PyXy MOI3/IB PO3ITISIAIOTE y CYKYTI-
HOCTI 3 mpoOiieMamy onTuMizamii rpadikiB pyxy,
eKCIUTyaTallii oi3/1iB 32 YMOBH ONTUMAILHOTO KOPH-
TYBaHHS P&KUMIB PyXy B pasi ix 3aTpuMKu (MakcH-
MaJibHe HAOJIVKEHHsI JI0 3aIUIaHOBAHOIO PO3KIIAY),
noOy10BH epeKTHBHOI iH(pOpMaIIiitHO-10pa 4ol cuc-
TeMH MaluHicTa Tomo. [Ipu mpoMy it onTuMizartii
TPA€eKTOPii PyXy MHOI3/iB BUKOPHUCTOBYIOTH ONTHMA-
JIbHI CTpaTerii i METO/ 1 HEJTIHIHHOTO 1 JJMHAMIYHOTO
nporpaMyBaHHs T 3a0e3MeYeHHs] eHeproe(eKTHB-
HHUX PEXHMIB PyXy 3 OOMEXKEHHSMH IIBHIKOCTEH
1 IIPOITYCKHOO 3/IATHICTIO TOIIIO.

VY Garathox BHIIE3TralaHuX poOOTax HaBejaeHa
iH(hopMaris momo anpoOartii po3poOIIeHOro MaTe-
MaTHYHOTO 3a0e3neveHHs] B OKpPeMHX KpaiHax,
a TaKkoX HaliOHaJIbHI OCOOJMBOCTI EKCILTyaTaii
i (QyHKUIOHYBaHHS 3aJi3HUYHOTO TPAHCIIOPTY.
Besnepeuno, cBoi 0co0aMBOCTI icHYIOTH 1 B YKpai-
Hi, SIK1 [TOJISATAIOTH Y HACTYITHOMY:

— [EHTpaJli30BaHe  YNpPaBIiHHS
MPOLIECOM Ha 3aJli3HUYHIN Mepexi;

MEPEBI3HUM

— HE3HAYHa 4YacTKa TIPUBATHOTO KamiTaly
B YIIpaBIiHHI 1HPPACTPYKTYPOIO YKPATHCHKOI 3ai-
3HHLI;

— 3HAQYHA MPOTSHKHICTh 3aTI3HUYHHUX KOJIH
1 pO3BUHEHICTh CTaHLIHHOT iHPpacTpyKTYypH;

— BIIMIHHOCTI 3a TTapaMeTpaMt ¥ TEXHOJIOTIEI0
yIpaBIiHH BiJl €BPOINEHCHKOT KOMIHHOI CHCTEMU;

— HEMOBHA eJICKTpUQIKaIlis 3aJ1i3HHIIb, O 3Y-
MOBJIIO€ 3MiHY TATH Ha PO3IITHHIX MYHKTaX.

OkpeMi 0COOTUBOCTI BIUIMBAIOTH SIK HA TEXHO-
norito GyHKUIOHYBaHHS 3ali3HMII, Tak 1 HA OCTa-
HOBKY ONTHMI3aIiHUX 3a1ad. ToMy MeBHI TeXHO-
JIOTIYHI pIMEHHSA ISl 1HO3EMHUX 3ajli3HHIb HE
MO>KHa 0e3M0cepeTHbO MEPEHOCUTH Ha YKpPaiHChKY
3aJTI3HULIIO.

VY cyuyacHHX yMOBax IOCHOAAPIOBAHHS OCUTbH
aKTyaJbHOIO MPOOJIEMOI0 € OTPUMAaHHSA MaKCHMa-
JILHOTO TPUOYTKY. ONUH 13 MOKJIMBHX HUIAXIB IMO-
JTa€ y CTBOPEHHI cucTeMu (popMyBaHHS OOIpYH-
TOBaHHX Tapu(iB Ha BaHTAXKHI U MacaXUPChKi Te-
pEeBe3eHHs1, Hanpukial, 30iibenHs: TapudiB adbo
3MEHIIICHHsI COOIBApPTOCTI MEPEBE3CHb 1, BIAMOBI-
HO, Tapu(iB Ha HuX. TATOBO-€HEpreTHYHI po3pa-
XYHKH Ha MEPEXi 3aJIi3HHUIb JTO3BOJIIOTh: J0CsATa-
TH MaKCHMAJIbHOI MacH TOI3/iB; YIPaBISATH IIBH/I-
KICTIO TIEpeBE3€Hb Yy MEeBHUX Jiama3oHax; mepepos-
MOJUIATA IIOTOKM B CHCTEMI 3aji3HHIb, IO
MPUBOJIUTH A0 3POCTaHHS CTYIEHS BUKOPUCTAHHS
MOTY>KHOCTi JIOKOMOTHBIB; HapOIIyBaTH MPOILYCK-
Hy ¥ TepeBi3Hy 34aTHICTh MIUISHOK 1 HAIPSIMKIiB.
VY KiHIIEBOMY MiJICYMKY 3HIKYEThCS COOIBapTICTh
nepeBe3eHb.

Meta

OcHoBHa MeTa poOOTH — 3aMPONOHYBATH METO-
I BUKOPHCTAHHS TSATOBO-CHEPTETUYHUX PO3PaAXy-
HKIB Ha 3aJi3HWYHIA Mepexi s e(peKTHBHOTO
yIpaBiliHHS NepeBi3HUM mponecoM. OTHUM 13 MO-
JKJIIMBHX TIIXOIB 11010 3a0e3rneucHHs e()eKTHB-
HOTO YIpPAaBIiHHA € BUSBJICHHS Ta MaKCHMallbHa
peasizarlisi HassBHOTO IMOTEHIIaTy OITUMI3allii.

JI1st JOCATHEHHS OCTaBIEHOT METH HEOOX1IHO:
po3pobuTH iHTerpoBaHe iHQOpMaliiiHe 3a0e3re-
YEeHHS JUI TSATOBO-CHEPreTUYHUX PO3PaxyHKIB Ha
3aJi3HUYHIN MepeKi; MOCTABUTH OCHOBHI ONTHMi-
3allifHl 33j]aui pO3paxyHKy PEKUMHUX Napamer-
PiB; PO3pOOUTH aIrOPUTMHU 3HAXOIDKEHHS €HEepro-
ONTUMAJILHUX MapLIPYTiB PyXy MOi3iB 13 pI3HUMH
TUIAMH TATH.
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MeToauka

J1n1st po3B’sI3aHHS TIOCTABIICHHUX 32184 BHKOPHC-
TaHO 3aCO0W MaTEMaTHYHOTO Ta IMITalliiHOTO MO-
JICITIOBAHHS 13 3aCTOCYBAaHHSM KJIacH4YHUX (pyHma-
MEHTAJILHUX QJTOPUTMIB Ha 3BaXXCHUX Tpadax.
Po3pobieHy MaTeMaTwuHy MOJENb pyXy TOi3na
B TMPOCTOPOBUX KOOPAMHATAX 13 PO3MOALICHOIO
MAacol0 B3ZIOBXK TPAEKTOPIi pyXy peani3oBaHO YHC-
JIOBUIM 1HTETPYBaHHS MOJEIi METOJIOM CKIHIEHHUX
pizHHIE. PO3paxyHOK ONTHMANBHHUX TPAEKTOPIH
HIBHIKOCTI PyXy Ha rpad-cxemi 3ali3HUI MpoBe-
JIEHO 3TIMHO i3 3aJaHUMU KPUTEPIsIMH ONTHMAITh-
HOCTI METOJIaMH KOMOIHATOPHOT ONITUMI3aIlii.

PesyabTaTtn

Po3pobreno rpadiunmii peaaktop, skuii 3a0e3-
meynB (OPMYBAHHS MaTEMaTHYHOI MOZEIN CTPYK-
TypH 3alli3HUYHUX KOJiH, iH(popMariitHoro 3a6e3-
TICYEHHsI JUIs1 pO3B’SI3yBaHHS TATOBO-CHEPTETUYHUX
3a/a4 Ha MEpexi 3ai3HUIl, MPOKJIaJaHHS OITH-
MaJbHHUX 32 3alaHUMH KPHUTEPISIMH MUIIXIB MK
PI3HUMH PO3IINBHUMH ITYHKTaMH, aBTOMAaTH3aIliI0
npoliecy po3B’si3yBaHHS PEKUMHHX 3ajad Ui To-
Tped® omepaTuBHOrO (hopMyBaHHS Ta 3MiHH rpadi-
kKiB pyxy Ttomo [4-9]. HaBenmeni mnpukiagu
PO3B’sI3yBaHHS OCHOBHHMX HaOOpiB 3a7ay miATBep-
JDKYIOTh BHCOKY €(EeKTHBHICTh pO3pPOOJIEHOT0 Ma-
TEMaTHYHOT'O W MporpamHOro 3adesnedeHHs. Pos-
HMIMPEeHHsT cepu eKCIUTyaTallii MporpaMHOro KoM-
IJIEKCY JO3BOJIUTh NpUHAMATH OOTPYHTOBaHI pi-
HIEHHS Ui OpraHizamii pyxy mHacakHpChKUX
1 BAHT2XXHHX TOI3/IB Y pealbHUX MMOCTIHHO 3MiHIO-
BaHUX CUTYaIlisIX.

Mepexa 3aJdi3HUYHMX KOJiH. 3amaHHs 3aii3-
HUYHOT Mepexi B TepMiHax rpadis 103BoJsie hop-
MautizyBatu 00’€ekT. s po3B’si3yBaHHS ONTHUMI3a-
MIHHUX 3a]1a4 Ha 3aJi3HUYHIA MepeKi BUKOPHUCTO-
BYIOTh BiloMi (YHJaMEHTaIbHI alTOpPUTMH Ha
rpadax [1-2]. Pi3He BaroBe «HaBaHTAKCHHS»
00’exTiB Tpada HA CXeMi 3alli3HHUIb YMOKIIMBIIOE
MOCTaHOBKY Ta pO3B’SI3yBaHHS PIi3HHX ONTHMi3a-
HmidHUX 3ama4d. Bara peOpa Moke Bka3yBaTh Ha
JIOBXKHHY TIEPEeroHy MIX JIBOMa CTaHIIsIMK; Hai0i-
JBILLYy Bary pyxoMoro ckiany, sika JOIMyCTHMa IS
mi€l AUSIHKY NUIAXY; 3aTpaTHI pecypcu Ha TATY;
MPOIYCKHY 3IaTHICTh (CEpEAHE YUCIIO MOI3IIB, 110
MPOXOJATH MO WiH AIISHII MPOTAroM A001) TOLIO.
VY mporeci pyXy MHOi3/iB 3MIHIOETHCS iX B3a€EMHE
pO3TallyBaHHS, MOTYXHICTh TATH 1 IIBUJIKICTS,

OCKUTBKM BOHM B OKpPEMi MOMEHTH 4Yacy 3Haxo-
ISATHCS Ha PI3HUX YaCTHHAX TI03J0BKHBOTO MPodi-
mro0. Yce e BHKIHMKA€E 3MiHHE HABAaHTAKCHHS Ha
TATOBI MiJCTaHIN] 1 BIUIMBAE€ HAa BEJIUYHMHY BTpAT
€JIEKTPOCHEPTil B KOHTAKTHIN Mepexi.

Posrisremo po3pobrneny cucremy iH(opma-
UiAHOT MIATPUMKM PEKUMHHX TATOBUX 3ajad.
CrpykTypy 3aii3Hunb (puc. 1) 3aaHO YacTKOBO
OpIEHTOBAaHUM MYIbTUTPAdOM i3 MONKINBUMH TIa-
panenbHIMH (Y TTApHOMY YM HETIapHOMY HarpsiM-
Kax) abo 4YacTKOBO Opi€EHTOBAaHMMHU peOpamu.
CTpyKTypa B OCHOBHOMY € TUTAHAPHOIO (TTOCKOIO).
[TnaHapHICTh MOPYHIYETHCS B OKPEMHX YacTHHAX
rpag-cxeMrd Ta Ha OKpeMHX 00 €KTax THUIy pPO3-
JUIBHOTO TYHKTY.

Pozpobnena indopmarmiiina 6aza s OMTHMI-
3amii peXxuMiB pyXy MOi3/1iB BKIIIOYAE:

— MepeNik  PO3AUIbHUX IYHKTIB  (CTaHIIH,
po3’i3/iB, OJIOK-TIOCTIB, KIIFOYOBUX MAPKIB CTAHIIIH);

— OCHOBHI TEXHIYHI XapaKTEPUCTHUKU PO3IiNb-
HUX MYHKTIB (HaJeKHICTh 110 3ami3Huli, kox €CP,
Ha3Ba, CIeliaiizalfisa 3a poJoM POOOTH, cCHCTEMa
YIpPaBIiHHSA CTPLIOYHAMH TIEPEBOIAMHN);

— OCHOBHI TEXHIYHI XapaKTEPUCTUKH IEPEro-
HiB (KOJIi{HICTh, OPIEHTOBAHICTh pyXy MOI3/iB
(ynepen, Ha3az, HEOPIEHTOBaHE), HASIBHICTH €IIEKT-
pudikarii, MeXi CTaHIIIH);

— MO3AOBXHINH Npodinb 1 MiIaH Ko, Jomyc-
TUMI IIBHIKOCTI PYXY, HasBHICTh OOMEXEHb IIIBH-
JKOCTI pyXy TOI3/1iB, KOOpAWHATH HEUTpPaIBHUX
BCTaBOK;

— TepemiK, KOOPAUHATH, KIacu(iKallis Moi3HIX
CBITIIO(OPIB;

— rpadoaHaTiTHYHI CXEMH PO3IITBHUX MYHKTIB.

Jlist BCiX BHIB TSATH M TOYOK Ha KOJIi 3agaHa
MaKCHMaJlbHa IIBHUIKICTb. Bynb-ske oOMexeHHS
IIBUIKOCTI MA€ MOYaTOK il (KOOpJauHaTa Killome-
Tpaxy) i TOBEpHEHHS JI0 MAKCUMAIILHOT'O 3HAYEH-
Hi. Y BUIQJIKY pelaryBaHHS OOMEXeHb LIBHIKOC-
Tel KOpHCTyBad 3aJla€/3MIHIOE 3aJlaHi MMapaMeTpH.
JloBxxrHa W KOOpAMHATA KiHIIS OOMEKEHHS 004HC-
JOEThCsl aBTOMaTHYHO. CHcTeMa JI03BOJISIE KOITiIO-
BaHHSA Ta IPUCBOEHHS OOMEXKEHHS IIBUIKOCTEH
3 iHmoro Buay pyxy. JomatkoBe oOMexeHHs
MIBUAKOCTI Ma€ MOYaToK il (KOOpauHaTa Kijlome-
Tpaxy), JOBXHHY 1 TOBEPHEHHSI JO MAaKCUMAaJILHOT
LIBUAKOCTI. [HTEpBaiM M0NATKOBHX OOMEKEHb
HIBUJIKOCTI HE MOXYTh MEPETHHATHCH M CO00I0.
CucreMa JI03BOJISIE CKOTIIOBATH JIOJIATKOBI 0OMe-
JKEHHS IIBUAKOCTEH 3 1HILIOTO BULLY PYXY.
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Puc. 1. Yactuna rpad-cxeMu 3ami3HALI YKpaiHU
Fig. 1. Part of the graph-scheme of the Ukrainian railways
Tabnaums 1
OcHoBHI 00’€kTH i iX aTpUOYTH
Table 1
The main objects and their attributes
‘ O06’extn ATpubytn
KOJI;
Has3Ba;
3aJII3HUII, 10 K0T HaJIeKUTh CTaHIIis;
‘ Cranmii KaTeropii CTaHIIl: MPOMiXHA, DUTFHIYHA, BY3JI0Ba, COPTYBAIbHA, KOMOIHOBaHa, ITaCa)KUPCHKa,
BaHTA)XXHa,

3ac00HM KepyBaHHs CTPLIOYHUMHE riepeBoaamu Ha ctanuii: J{I1, MPLI, EII, MII, PV;
KO y JIOBITHUKY CTaHIIIi

iHdopMallis Mpo MoYaTKOBY Ta KiHIIEBY CTAHIIIi: BiZICTaHb BiJ OCI 10 MeXIi CTaHLii, BiJIcCTaHb BijI OCi
JI0 BX1/IHOT CTP1JIKK, OOMEXEHHsI IIBUAKOCTEH Y TOPJIOBUHI CTAaHIIIT
(151 TONOBHOI/014HOT KOJTiT B 000X HAaNpsAMKax JUlsl BCIX BUIIB PYXY);
npuctpoi CLIb Ha neperoHi: aBTOOJI0KYBaHHSsI, HAIlIBABTOMATHYHE OJIOKYBaHHS,
ITeperonn KITFOY-)K€31T; 1HIIIi;
iH(pOpMaIis Ipo KOl Meperony: JOBXIHA, Opi€HTaMis (I1BOOIYHA, HETIapHA, TApHA);
mupuHa: 1520; 1435;

esleKTpudiKais: HeeleKTpr(]iKoBaHa, 3SMIHHOTO CTPYMY, IOCTIHHOTO CTpyMY;

BJIACTHBOCTI KOJIi: KIJIOMETpaXx, Mpodisib, KpUBI, IIBUIKOCTI. HEUTPaJIbHI BCTABKH, J10JJaTKOBI
00OMeXeHHsI NIBUAKOCTI, 130JIALiiHI CTUKH, Tu1aTGopMu

Jinpani «ineHTr}iKaTop» — JUIs IWBUANIOTO MOMIYKY MOTPiOHOT IIbHHI

V Tabnuii mo3HaueHo:

JLI — mucnietuepcpka nentpaiizamis; MPL — mapmipyTHoO-penelina nuentpanizamist; EL] — enexTpudHa neHTpai3amis;

MII — mexaHiuHa HeHTpatizanis; PY — pydHe ynpasniHas
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Tabnuus 2

OcHOBHI ck/1a10Bi 00’€KTiB i IX XapaKkTepucTHKa
Table 2

The main components of objects and their characteristics

OCHOBHI CKJIaJIOBI

.. XapakTepuctruka
00’€KTIB paKTep
[Tpodine Mae HaOIp €IEMEHTIB i3 IEBHOIO TOBKHHOIO M YXUIIOM.
[Tix yac penaryBanHs Tpodinio0 KOPUCTYBAY 33/1a€ JOBXUHH M YXWIIN HOBHX €JIEMEHTIB
. a00 3MIHIOE 3HAYEHHS HAsBHUX.
[Mpodins . . . .
[Mons «Iloyarox», «Kinenp» (abconroTHi koopauHath) i «[louatok (KimoMmeTpax)y,
«Kinenp (xioMeTpaxk)» 00UHUCIIOIOTHCS aBTOMAaTHYHO.
CyMa JIOBXXHH YCiX eJIeMEHTIB HOBUHHA OYTH PIBHOIO JOBXHMHI KOJIi1, IKY peJaryloTh.
[TapameTpu eJeMeHTIB KPUBOI: OYATOK (334al0Th KOOPIUHATOIO KIIOMETPaXKy), JOBKHUHA,
Kpusi pazniyc, TiIBUIICHHS 30BHINTHBOT pEHKH.
KpuBi He MOXYTb IEpETHHATHCE.
Heiirpanshi HeifitpansHi BcTaBku — IIe Ha01p HEMEPETHHHIX iHTEPBAIIiB,
BCTaBKH AKi 33/1a10Th KOOPJMHATAMH KiJIOMETPaXKy.
Tnatgopmu KoskHa Kodis meperoHy Moske MicTUTH Habip miatdopm.
p [TnaTdopmy 3a1ar0Th KOOPAMHATOIO i HA3BOIO.

[30i14LiiiHI cTUKHA

[30mAMIiitHI CTHKH MOXYTh OYTH NMPUB’I3aHUMH J0 CBITIO(OPIB, 5Ki, Y CBOIO 4epry, OyBa-
I0Th OJHOCTOPOHHIMHU 200 JBOCTOpOHHIMH. TOOTO 130JAMIHHNI CTHK 3a4al0Th HACTYITHIMHU
napaMeTpamMM: KOOpAWHATA, THII, THIT AJIsl 3BOPOTHOTO HATIPSIMKY.
Po3pi3HAIOTHCS HACTYITHI TUNH 130JALIHHUX CTHKIB: BXiTHUH CBiTIIO()Op, BUXiTHUI CBIT-
n0¢hop, NONepeKYBaNbHUI CBITI0(HOP, NPOXiTHUHN CBITIIO)OP, 130MIALIHHUA CTHK.

T'opnoBunu
CTaHIH

Cucrema 103BOJIS€ BiIOOpaXkaTH i peaaryBaTv iH(GopMaito Ipo ropJIOBUHH CTaHIIN
okpemoi niunpHuLI. [HopMalis MPo KOXKHY TOpPJIOBHHY BKJIIOYAE: BIJICTaHb BiJl OCi
JI0 MEXI CTaHIlii, BiICTaHb BiJl OCi 0 BXiJIHOI/BUXIIHOI CTPUIKHM CTaHIi{, 0OMEXEHHS IIBHU-
JIKOCTEW Y ropJioBHHI (IIBUAKOCTI 3aJIaF0Th OKPEMO JJIsl KO)KHOT'O HAPSIMKY,
JUTS TOJIOBHOT/019HOT KOJIii, TSI KOYKHOTO BHIY PYXY).

Cranmiiini kol

CraHiifHa KoJIisi, OKpiM BIaCTUBOCTEH, IKi XapaKTepHi IS BCiX KOJMiH (IOBXHWHA, Opi€HTa-
1is1, IUpUHA, eIeKTpudiKamis, Tpodiis, KpUBi, 0OMEKEHHS MIBUIKOCTI TOMIO), MAIOTh IIe
1 HaCTyIHI: HOMep, THII (TOJIOBHA, TpUAMAaIIbHA, BilIpaBHA, IPUHAMAILHO-BiIIIpaBHa,
COpPTYBaJIbHA, COPTYBAIBHO-BI/IIPaBHA, CTIOBCHKA, 3’ €IHYBalIbHA,
3aBaHTa)KyBaJbHO-PO3BAHTAXKYBAIbHA Ta 1H.); IPU3HAYCHHS (IACAKUPCHKA,
3aBaHTAXKYBAIbHO-PO3BAHTAXKYBaJIbHA, KOMOIHOBaHa, MaHEBPOBA),

KOpHUCHA JJOBXKHHA.

CrpinouHi nepe-
BOJIU

CrpinouHi nepeBoi¥ MalOTh TaKi BIACTHBOCTI: KOJ, THII (IIpaBuUii, JIiBUil, CAMETPUYHHUH,
NepexXpecHui, TIyXui nepeTrH), mapka xpectounu (1/6; 1/9; 1/11; 1/18; 1/18m; 1/22).
KoskeH THIT CTPIJIOYHOTO NEePEeBO/ly BU3HAYAE KUIbKICTh CTAHLIMHUX KOJIiii, SIKI BiH 3’ €HYE,
1 IpaBmIIa pyxy IMOI3/iB MO HUX KOJIsIX.

Touku Bxoay Ha
CTaHIIIO

Touku BXOJly Ha CTaHIIIO — I1e MexXi i cxemu. BOHM BiNOBiIal0Th KOOPAUHATAM MEX, SIKi
3a/1aHi y BIACTUBOCTSX TIEPETOHIB, IO MPWISATAIOTH 10 CTAHIIII.

Tynuku

Jlo Tynuka Moxke OyTH i €THaHA TITBKH OJTHA CTAHIIIIfHA KOs

@DiKTHBHI BepIIH-
HU

@DIKTHBHI BEPIINHA BUKOPHUCTOBYIOTH ISl OUTBII HAOYHOTO TpaiqHOTO MPEICTABICHHS
CXEMHU CTaHII1 (BIAMOBIIAOTH 3MiHI HANPSAMKY MPOKJIAJaHHs CTaHIIHHUX KoJiit). Bix dik-
TUBHOI BEPIIMHA MOXYTh BUXOJUTH PIBHO JIBi CTAHIIIIHI KOJIi.
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Fig. 2. Properties of station tracks
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Fig. 3. Rules of movement through railroad switches

Ha mepexi 3ai3HHIE MOXKYTh BUHHKATH Pi3HO-
MaHITHI ITAaTHI # HEINTaTHI CUTYyallii, siki BUMara-
I0Th MPOKJIAJAHHS 3aMICTh IONEPEIHBOIO HOBOIO
ONTUMAJILHOTO NUIAXY PYXY 3a TUM YM 1HIITUM KPH-
TepieM. J[OBXKHMHOI NIIIXY Y 3BakeHOMY Tpadi Ha-
3MBaIOTh CyMy Baru pebdep (ayr). PeamizoBaHo mo-
JKJIMBICTh 3a/1aBaTH, BUOMpATH 3 043U JaHUX YH PO-
3paxoByBaTH Bary NEpPEroHiB — BiJICTaHb, MaKCUMa-
JIbHA Maca 1oi3fa 3aJaHol JOBKHMHH, KOe(IlieHT

CTaHy TIOJIOTHA, KOE(]Iili€HT 3aBaHTaKEHOCTI 3a
MPOIYCKHOIO 3/IaTHICTIO, CepeIHs IBHIKICTh, KOe-
¢imienT ekoHOoMiuHOCTI Tomo. [1i yac TpacyBaHHS
NUISIXIB (BUMUIEHHS TIOCIIIOBHOCTI PO3JIUTBHUX My~
HKTIB) MOKHa TaKOX BHKOPHCTOBYBaTH JIOJaTKOBI
YMOBH Ha THIT TSTH, MiHIMaIbHI YXWIH, BKJIIOYEH-
HSI/BUKIIFOUEHHS] OKpEMUX HAOOPIB PO3MUIBHHUX My-
HKTIiB TOIIO. MOXJIMBI e ¥ iHII BUIW Bar pos-
JUJBHUX IYHKTIB — MPONYCKHA Ta mepepoOHa 371a-
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THICTh (MaKCUMaJIbHA 1 ONEpaTUBHA Ha 3a/IaHOMY
IHTEepBaIi Jaci) 3a BUIAMH OTepalliid, MaKCUMaJTb-
Ha KITBKICTh Ta MOBXWHA MPUAMATHHUX CTaHITIH-
HUX KOJIM Tomo. BcraHoBieHHS Baru 00’ €KTIB
rpag-cxeMu 3aJ1i3HUYHOI MEpexi JO3BOJISE 3HAXO-
IUTH ONTHMAJIBHI MUIAXW 32 33JlaHUMH KpUTEpis-
MU. Y pa3i NpOKIaJaHHs TPAEKTOPIK pyXy MOi3/iB
32 TUMH YHM IHIIMMHU KpUTEpisiMH MepeadadeHa
MOJKJIMBICTh ypaxyBaHHS 1X B3a€EMHOI'O BIUIUBY Ha
pexuM pyxy, rpadik pyxy Tomo. Takox € MOXKIH-
BICTh CHHXPOHI3YBaTH B 4aci PSKUMH PyXy MOi3-
IiB Ha MeperoHax i po3aUIbHUX MyHKTaX. Jlerans-
Hillle PO3TIISTHEMO IIi 3a/avi ye B poboTax 3 aB-
ToMaTu3amii MmoOynoBH ONTUMalbHHUX Tpadikis
PYXy MOT3AiB.

AaroputMu Ha rpag-cxemi 3aaizHumi. OcHo-
BHa XapaKTepUCTHKA aITrOPUTMIB Ha rpadax — 1me
iX ckimamHicTh. BoHa B OCHOBHOMY IIOB’s3aHa
3 mapameTpamu rpada (KimbKiCTh BEpIIHH, pedep,
PO3MOJiN BEMTUYHHU CTETICHS BEPIIHH, 3B S3HICTH
rpada (BeplIMHHA Ta peOepHa) TOIIO. Y HAIOMY
BUMAJIKy CTEMiHb BEpPUIMH € HE3HAYHHUM, i TOMY
CKJIaJIHICTh OIMBIIOCTI (pyHIaMEHTANBHUX aJTOpH-
TMIB Ha Takux rpadax Oyne He3HA4YHOo, IO JO-
3BOJISIE OPTaHi30ByBaTH MepebipHi Mpoueaypu mHo-
IIyKy ONTHMAalbHUX BapiaHTIB 3a JEKiTbKOMa 3Ba-
KEHUMH TapaMmerpamu. Tak, st 3B’ si3HOTO Tpada
G(V,E) 3 HEBEIUKUM MaKCUMAJIbHUM CTEIICHEM

BEpIIMH VeV , i3 TOYHICTIO JI0 JIESIKOI KOHCTaHTH,
CKJIaJIHICTh aJTOPUTMIB 3HAXOJDKEHHS HAHKOPOT-
IIMX IUIAXiB € piBHOIO O(|E|Ig|V[) [18-19]. Ilo3u-

TUBHOIO BJIACTUBICTIO HaWKOPOTIIMX LUIAXIB € TE,
mo OyJb-fKa 4YacTUHA HaWKOPOTHIOTO NUISAXY
€ HalikopoTmol. [[fo BIacCTHBICTH BHKOPHCTOBY-
I0Th y 3aflayax AMHAMIYHOTO IporpamyBaHHs. 30-
KpeMa, QJITOPHTM 3HAaXO/PKEHHS HaHKOPOTIIOTO
nusixy @noiga—Bopmenna [20] rpyHTyeThcsl Ha
METOA1 JMHAMIYHOTO NPOrpaMyBaHHsI, IIO J103BO-
JISi€ CTaBUTH W PO3B’A3YBaTH OKPEMi ONTHMI3alliii-
Hi 3371a4l MaTeMaTUYHOrO MPOTpaMyBaHHs 3a BiJ-
MOBIIHOT TTOCTaHOBKW. 3HAaYHWU Habip omTuMiza-
LiHHMX 3a71a4 i3 MOIIYKY MakCHMaJbHOI MPOIYCK-
HOl 3/IaTHOCTI W MOTOKY MIiHIManbHOI BapTOCTI
PO3B’SI3YIOTh 13 BHKOPUCTAHHSM aJIrOPUTMIB TO-
LIyKy MiHIMalbHOTO po3pi3y B rpadi TpaHCHopT-
Hoi Mepexi (Teopema Dopma—Pankepcona) [21].
J1J1st IOTO JIOCHTH TIOJIATH 3aTI3HHMIIO SIK TPAHCIIO-
PTHY MEpEXy.

Tsropo-eHepreTu4yHi po3paxyHKu Ha rpad-
cxemi 3adi3Humi. CucremMa po3paxyHKy peXUMIiB
pyXy TOI3IiB CKIamaeThes 3 iH(pOpMamiifHOTO 3a-
Oe3mevyeHHs, CUCTEMH 3aflaHHs PO3PaxyHKy, alro-
PUTMIYHOTO ¥ TpOTrpaMHOrO 3abe3medyeHHs, Tab-
JUYHOTO ¥ rpadigHOro MpeACcTaBIeHHS pe3yibTa-
TiB MozemoBanHs [14]. Vci pexxuMHI 3aaa4i moc-
TaBJIeHI ¥ pO3B’s3aHi sIK 3aJadi ONTUMAaJILHOTO
KepyBaHHA, 10  3abe3meumno  edeKThBHE
PO3B’sI3aHHS TOCTaTHRO MOBHOTO HAOOpy MPSMUX
Ta 00CpHEHHUX PSKUMHUX 3aad [14]. MaremaTuy-
Ha MOJENb TSATOBUX 3aC00IB € MaKCUMAaJIbHO aJleK-
BaTHOIO. BUKOPHCTAHO TIOBHY MHOXXUHY TSATOBHX,
CTPYMOBHX, CHEPrOBUTPATHUX, TEIJIOBUX, OIiPHUX
XapaKTePUCTHUK JUIS BCIX THITIB MPUBO/IIB 1 BarOHIB,
a TaKOX PO3IOJIICHY Macy B3JIOBX JIOBXKHHH II0-
i3ma, ska mMpuB’s3aHa IO EHTpPa Mac TATOBHX 3a-
co0iB 1 BaroHiB. Y po3paxyHKax 3aCTOCOBaHO Tpa-
€KTOPI0 pyXy MOi3aiB 0e3 ii cipsMieHHS Ta Bpa-
XOBaHO BIUIMB OCHOBHHX 30BHIIIHIX (aKTOPiB:
TEMIIepaTypy TMOBITPs, CHJ 3YCTPIYHOTO BITpY,
MiIBATOHHUX TeHepaTopiB Tomo. Po3pobnene an-
rOpUTMiuHE 3a0€3MeUYEeHHS JAO03BOJMIO MOCTABUTH
Ta pO3B’A3aTH NOCTATHHO MOBHUH HAOIp MPAMUX Ta
obepHeHMX 3a1ay ontumizartii [14-15].

KpuTepii onTumizaunii Ta pecypcu Ha ix pea-
gizaniro. OMHUM 13 TIEPCIIEKTUBHUX 3acO0IB Tif-
BUILIEHHSI eHEProe()eKTUBHOCTI € ONTHUMIi3allis py-
Xy TOT3/1iB 3a JIOOMOTOI0 CTpaTerii KepyBaHH:.
Butparu eneprii Ha OKpeMUX OTepaIisax 4u JiIsH-
Kax pyxy Ioi3ay, 3arajibHi €HEepreTU4Hi BUTPATH
BCciel 3ami3HMYHOI Mepexi € 3HauHuMu. Jlocmi-
JDKEHHSI €Heproe()eKTUBHHUX CTpaTeriii KepyBaHHS
MPOBEICHO 3 BUKOPUCTAHHAM TeOpii ONTUMAILHO-
ro KepyBaHHS JUIsl TOIIYKY TPAEKTOPiH (KpUBUX
IIBUIKOCTI), SIKI TapaHTYIOTh Oe3leuHy W eHepro-
30epexHy poboty noizaa. Ilpornec mouryky onrtu-
MaJBHOI TPAEKTOPii IBUAKOCTI PyXy HA3WUBAIOThH
ONTHUMI3aIli€l0 TPaeKkTOpii moizma. OnTuManpHa
TPAEKTOPisl € OCHOBOKO IJIsl ONTHMI3allii mporecy
eKCIUTyaTallii moi3is.

Onrtumizanist poOOTH 3aJTi3HUIIB Y MIEPITY Yepry
MOB’si3aHa 3 PO3pOOJIEHHAM TpadikiB i PO3KIA/IB
pyxy noizais. IIpouecy po3pobienns rpadika py-
Xy MOT3JIB NEPeayloTh TAroBi po3paxyHku. [Ipo-
OmeMu po3pOONEHHS PO3KIANy pyxXy MOi3diB
€ CKJIaJHUMH Ul BEJTMKOMACIITaOHUX TPaHCIIOPT-
HUX Mepex. SIKiCTh pexxuMy pyxy Ioi3jia Ta Horo
rpadika Oe3mocepeHbO BIUIMBAE Ha BapTiCTh
i sKicTh mocyr. OuiHka rpadika 3a cTaOUIBHICTIO
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W MyHKTYyaJbHICTIO HOro peanizamii y BelTukomac-
mMTa0HIN 3aTi3HUYHIA Mepexi € TyKe BapTiCHOIO
W TPyIOMICTKOIO TpOIEAyporo. lmeambHuit pyx
MOT3/IB — 1€ JOTPUMAHHS 3a3JaJierifb po3pooiie-
HOTO Tpadika, a HECTIOAIBaHi MOAii MOXKYTh HPHU3-
BECTH O MOro MOpYyLICHHS. Y TakoMy BHUIAAKY
MOi3/1 MOBHHEH SIKOMOTa IIBHUIIE TTOBEPHYTHUCS 10
cBoro rpagika 3 MiHIMAIBHUMH 3aTpaTamMu, 1100
YHUKHYTH KOH(IIKTIB 3 IHITUMH TOI3JaMH.
OnrtumaneHe KepyBaHHS CKJIAJa€ThCs 3 MOCHI-
JOBHOCTI pyXy B PEXHMi TATH, BHOIrYy, raabmy-
BaHHS W ONTHUMAIbHUX KOOpIWHAT, iX 3MiHH (TIe-
pEeMUKaHHS) 3 ypaxyBaHHSIM YCiX HasgBHHX OOMe-
XeHb. JlomaTtkoBuMu 0OMEKEHHSIMU MOXYTh OyTH
yac npuOyTTs (BiANpaBiIcHHS), 4ac ab0 IBUIKICTh
MIPOXOJKEHHS Yepe3 MPOMDKHI CTaHIii i KOH(ITIK-
THI MICISI Ha TIEpEroOHax 1 PO3AUTPHUX IYHKTaX.
TakoX TpaexkTOpi0 Moi3ga 0OMEXYIOTh AesKi 4a-
COBl ¥ MIBHUIKICHI MapaMeTpy MIOJ0 PO3MIIIEHHS
curHamizamii. Hampukian, meBHI TpOMDKKH Yacy
MIXK CyMDKHUMH IOI3/IJaMH MOTPiOHI IS CITPaIlto-
BaHHS CHUTHAJIIB, sIKi HEOOXiJHI IS JOTPUMAaHHS
6esnexn pyxy. Tak, jkOBTI cUTHamu 0OOB’S3KOBO
BUMararoTh, 00 MOi31 3MEHIIUB CBOI LIBH/I-
KicTh. He MeHIT BayKIIMBUM KpUTEPIEM ONTUMI3aLlil
3a YMOBH 3aTPHMKH I0i37a € 3MEHIICHHS Jacy 3a-
TPUMKH, BIAMIOBITHO, 1 CIIOKUBAHHS €HEPTIi.
OcHOBHHI HEJOJIK HAasBHUX KIACUYHUX METO-
JiB ONITUMAJIEHOTO KEPYBaHHS IOJISITAE B TOMY, IO
BOHM BHMAararoTh 3HaYHOTO 4acy Ha OOYHCIICHHS
4yepe3 TPYIHOLI 3 MONIYKOM ONTHMAIBHUX TOYOK

Hoimomy O

HHER

nepeMuKanHsi. Ha ckmagHicTh OOYMCICHHS BIUIU-
BalOTh OOMEXEHHSI MIBUIKOCTI W PO3paxyHOK Tpa-
nieatiB. DopMyBaHHS ONTUMAIBHOTO KEpPYBaHHS
B pEaJbHUX yMOBaX BUMara€e po3poOJICHHS OiIbII
e()eKTUBHUX METO/IIB.

Yucaosi eKCIlepPUMEHTH. MMpuxnagu
PO3B’si3yBaHHsl 3agady. MapupyT nOpsMyBaHHS
noizna OyneMo 3aiaBaTH SIK MOCHIJOBHICTH PO3-
IUTPHUX TYHKTiB. s xokHOTO mOi3ma Oymemo
BBa)KaTH, 1110 HOro mo4yaTkoBa M KiHIIEBA LIBUIKO-
cTi € HynboBUMHU. OO’ €KT «I0i3A» MOXKHA 3a/aTH,
SIKIIIO € BIJOMHM TaKWi HaOlp mapaMeTpiB. modar-
KOBa U KiHIIeBa CTaHIIIi; TIEPEITiK THITIB TOKOMOTH-
BiB; KINBKICTh BaroHiB; CyMapHa YW [OBaroHHa
Maca BaHTaXy TOIIO. YBa)KaTUMEMO TaKOX Bifo-
MHMH TIapaMeTpy 30BHIIIHIX YMOB. TeMIIEpaTypy
1 TYCTHHY TIOBITpSI, HAIIPSIM BITPY  iH.

Jns mpoknanaHHs NUIIXiB Ha rpad-cxemi Me-
peXi 3aMi3HUI peari3oBaHO BimoMmi (yHIaMeHTa-
JIBHI aNTOPUTMH Ha rpadax — MOMIYK ONTHMAaIEHO-
ro MapumpyTy 3a 3aJaHHM KpUTEpieM 1 3aJaHOr0
Baror pedep i BepIuH.

Hpuxnaxg 1. IlpoknamanHs TpaekTopil pyxy
noi3zia uepe3 By3I0Bi cranilii JIbBIBCbKOro By3ia.

Binminnicte MapumipyTiB Ha cxemax (puc. 4)
OB’ s13aHa 31 crerjaiizamiero Koaii. Tak, JiapHUI
KoJiil Bix cranmii CKHHUIIIB IO CTPIIOYHOTO TIepe-
Boxy Ne 44 cranuii JIpBiB q03BONAE pyX MOi3AiB
TUIBKU B TIADHOMY HAIPSMKY, 10 YHEMOXKIIMBIIOE
i BrioueHHs B MapmpyT xinbHHUML [ligOipri—
Komapme.

AN

Puc. 4. HaiikopoTmmii MapmpyT Mixk ctanmismu [1inGipui #f Komapre:
a — Bin I1in6ipuis 1o Komapnoro; 6 — Bix Komaproro mo ITinGipiiis

Fig. 4. The shortest route between Pidbirtsi and Komarne stations:
a — from Pidbirtsi to Komarne; b — from Komarne to Pidbirtsi
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Mpuxnang 2. Po3paXyHOK peXHMY BeICHHS
BaHTAXXHOTO Moi3aa. BizsbMemo ainpaUII0 KoBeas—
Capun—Kopocrens i ckiajg noizga — 57 mopoxkHiX
MiBBAaroHiB, TATOBHI JIOKOMOTUB — TEIUIOBO3 cepii
2M62. OCHOBHI YMOBH BEJCHHS MMOi3/1a:

— BiANpaBIeHHA 3 TPAH3UTHOTO MApKy CTaHIIi1
Kogenn 13 019HOT KOTIT;

— TpsSMYBaHHS i3 3yITUHKOIO Ha cTaHIlii CapHu;

— mpuOyTTS 13 3ynmuHKOI Ha craHmii Kopo-
CTCHB;

[E TAC Raitway

Cxema  [loni  Kopueryoausxi A

© o] ¥ | 100%
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¥ 355500, PIBHE
350002, 3A0NBUHIBNAC, .

S

— IIBHJKICTE PyXy pO3paxyHKOBa IS
rpacdika pyxy noizai Ha 2018 pik.

s mepioro BapiaHTa po3paxyHOK Oyze mpoBe-
JICHO JUTSl IPSIMYBaHHS 32 YMOBH MiHIMAJIEHOTO Yacy
nepeOyBaHHS M0i37]a Ha TIEPETrOHi, Y JYyTOMY Bi3bMe-
MO PEeKHM MAKCUMAITLHOTO BUKOPUCTAHHS XOJOCTO-
r'0 XO/y 3 IPUTaAJIbMOBYBAHHSM Ha CITYCKaX.

Ha puc. 8-9 naBeneHo pexum pyxy moizaa 3a
MiHIMaTbHHAN Yac, a Ha puc. 10-11 — pexxum pyxy
moi3zma 3a 4ac, 110 Ha 5 XB OUIBIIMK 3a MIHIMAJIb-

HUH,.
o e |

0. NEPK KOPAMOTM
&

CAPHM

e
@ 42009

m‘““:}-—-‘
N .

Puc. 5. Bubip nimsHUII po3paxyHKy Ha MOJITOHI

Fig. 5. Selection of the calculation section at the operating domain

PospaxyHox rpadixa pyxy noisaa M =]
Sapaanna  IHcTpymenT  Pospaxydok | CTeoputi dopran LLAM-3 ans oBox Hanpamkis | PospaxyHok oBMekeHs LUBMAKOCTI | Buxia
Dinerus
Ainerus |- Hosa aineruua - ] e
Mosatkosa koopamHara: |0 -2 |0 KOBENE TRAHZ.MAPE ~
Kiruesa koopaunaTa: [2s8517 =] [346308, KOPOCTEHEN-Z ~ I gei Mouarkosa wenakicrs [km/roa): [0 =
Hazsa nyHkTy Koopavnara | 3ununka | Tpusanicts [#s]| FCon. konis ~ [ TyHKTH Nepesipry raner

i|| BENMEMEA Mic 279829 o e fl
KMOYKKH 284733 ] v
|| karwe 286729 ]
||| Fosk=B KA 289723 ]
HMrUel 2914239 o
|| [moCT-meaEHHKUR 291863 ]
KOPOCTEHb-M-3 295517 Cd ol T -
Meiiza I
2MEZ BaHT ~| Craaancizaa: 581+ 57)
i | J Maca: 1494 (240 + 1264] K-Te oces: 240 [12 + 228) I Denatrcosa tara
[ armamc ~|  Doewuna: 834 (36 + 738) & yroBHx Baronas: 59,91
MN:  |Hazea KinericTs Maca NiaearoHHi FreHepaTopH
I 1 EEE 1 240(240)
2 nissaron 57 1254 [22)

Puc. 6. 3amanns ckiany moi3ma i yMOB IpSAMYBaHHS Ha TUTBHUIN Y BiKHI
«Po3paxyHOK Tpadika pyxy moizaa» Moayis «Tsrosi pospaxyukm» nporpamuoro kommiekcy IAC «Railway»

Fig. 6. Train formation and the conditions of running along the section
in the «Calculation of train movement» window, «Traction calculations»
module of the GAS «Railway» software complex
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MapameTpyn pozpaxyHky

Macamupobkui

B aHT s

[ putdicEk MG

WEMAKIGHUIA NacaKHpCBRHE
WEMAKICHUE BaHT amHUE

LT OpMT:
K prepiti:

Kpok [m]:

™ ana nnargopr

|F'o:3riH 00 MAKCHMANEHOT WEHAKOCTI T3 1T NiGTPHMYEaHHA

|MiHiMl_-|M yacy

[V BpaxnBysaTi iS0nauiiHi cTKK

3anac WEMAKOCTi NPM HYNEOEDMY NPMCKOPERH [M/c]:

MiHitMaNEHE NPUCKOPEHHA NEM PYCT HA XOA0BMHE NosWUias (MAc 2]
W EtaricTE NpM AKIE NPUIMHAETECA PEXMM NOYATEY Py=y [kra/rog):
K.OpHOOp 0018 MaKCHMANEHO! WEWIKOCTE

MiHiraneHa goBMHA Niky O8MeEsreHE WEMAKOCTI [r]:

[V PozpasoBysari posroHu Ta ransmysaqHa

D.OI'IHCTHMG I.I.IBHU.KiCTb F3 FAMOEMYEIHHAR

[ MosaueicTe NGTRMMYBETH CTANY WEMAKICTE MPH FaibMYSaHH Ha Crycky

W BMakicTe, MpM AKIA NOYMHAETECA FanBMYBSHHA NPU NiZHEOMY FanbkyBaHHI [Kid/rad):

MiHitaNnEHa WEMAKICTE, NPM AKIA NOYMHAETECA FaNbYESHHA NPM NiSHBOMY FanbMUBaHH [ki/roa):

1000

] PesynsraTi pospasyrky

apazg, | Cracysaru |
Puc. 7. ®opmyBaHHs napaMeTpiB A TATOBO-EHEPTETUYHUX PO3PAXyHKIB
Fig. 7. Formation of parameters for traction-energy calculations
ol

Tpaic Tafauui | Posknag

36eperm Tabanuo | Creopyn dopmy LAN-3 ~

CreopuTi opmy monepegxers

Po3paiyBaTyt EXOHOMIKD EHepril Npw 36inbLIeHHi 4acy xoay | Mepesipki ransm

Burpat

Bigpiskn TArosv nACTaH L

POSAIMLHUA MUHKT KoopauHaTa nAaH - npoine PO3paHUHaK puRy eHEpreTHKa ﬁ‘
Hasea now () [ ki M) | wn | R pisol (v) | W marc. (km/rog) | [seadron) [wsk () [sac(e]  |oran oTpu [A) supara nanea [kr/ve) | Temmeparypa ['C)
0. KOBE/Nb TPAH3.NAPK ] 0 O0(a) 0 (xBr.ron) 0@ |
[ 5 22 1400 [ 0 0 0 Tara; Moswuse 11710 4525 E74 15.33
5 5 0 1400 Ll £.28 5 5.73 Tara; Mo 1100 4471.88 7.818 16.47
7B 178 0 0 Ll 2413 75 22.26 Tara; Noswis: 1500 314229 11.593 16.82
175 135 0 0 4 2.25 175 36.02 Tara; Moz 1500 2657.85 118 16.35
185 2 24 0 4 275 185 3613 Tara; Moz 1500 263365 118 17.02
a3 24 0 4 34 21 3893 Tara; Noswi 13.0M1 36115 10.38 17.41
| 24 0 4 .91 3n 4395 Tara; Noswi 13.0M1 016,34 10.38 1764
B/ 45 24 0 4 4 381 56,41 Tara; Moswuis: 500 1037.91 2.985 1765
405 505 36 0 4 39,93 405 57.58 Tara; Moswuis: 510 104038 2.383 1768
505  EO5 36 0 4 3961 505 BE.63 Tara; Moswuis: 511 105078 2.93 17.72
805  E55 36 0 4 |12 605 76.78 Tara; Moswuis: 50 0666 3022 17.74
655 785 03 0 4 38.83 655 2039 Tara; Moswuis: 50 107612 2041 17.78
755 85 03 0 4 32 755 2374 Tara; Moswuis: 50 109,59 2081 17.83
855 @5 03 0 4 7.78 855 93,22 Tara; Moswuis: 510 10871 3108 17.87
955 1085 03 0 4 37.38 955 1088 Tara; Moswuis: 510 1210 3133 17.92
1055 1185 03 0 4 37.02 1055 118.47 Tsra; Nosws: 50 113157 2157 17.97
155 1295 03 0 4 ®7 165 128.24 Tara; Nosws: 51 11406 2177 18.02
1255 1285 03 1600 4 5 1255 138.08 Tera; Nosws: 50 11464 213 18.04
1285 13 A7 1600 4 647 1285 141.04 Tsra; Noswis: 50 114716 2191 18.09
1385 1390 A7 1600 4 644 1385 150,91 Tara; Nosws: 470 2211 232 18.09
1380 4% A7 0 4 36.43 1330 15181 Tara; Noswis: 470 92221 232 18.11
1430 1805 A7 0 4 3636 1430 161.3 Tara; Moswuis: 300 73776 1841 18.11
1505 1895 08 0 4 3634 1605 16278 Tara; Noswis: 300 737.91 1841 181
1535 1625 08 i 4 613 1695 171.72 Tera; Noswis: 300 73878 1,843 181
1625 1630 42 0 4 613 1825 17471 Tara; Noswis: 300 73308 1844 181
1630 1634 42 500 4 ;.12 1630 1762 Tara; Moswuis: 300 73913 1844 18.09
1684 1734 42 500 4 36.03 1684 18059 Tsra; Nosws: 41 93374 2328 1811
1734 1834 42 500 80 36,32 1734 185.6 Tara; Noswi 13-0M 303,38 10.38 18.45
1834 1934 42 500 80 39.35 1834 19516 Tara; Noswis 1301 296055 10.38 18.75
1934 1970 42 500 80 4201 1934 20401 Tara; Noswis: 1301 287981 10.38 18.85
1970 2005 42 0 80 42.73 1970 207.07 Tara; Noswis: 1301 2807.07 10.38 18.34
2005 2050 62 0 80 43.43 2005 209,99 Tara; Noswis: 1301 786,58 10.38 19.08
2050 2150 62 380 80 4438 2050 21368 Tara; Noswis: 1301 2762.09 10.38 193
2150 2290 ¥ 380 80 4692 2150 221.65 Tara; Nozwuis: 13-0MM1 2r5.88 10.38 1953 J
Yac sonuve} [26461 Saranewi sumpari enexTpoekepril (B roa): [27456.18 Jarasi srpamnaniea i [232 Dcwoea - aonTeoes Tara
Saxpra |
JaraneHi BUTPaTK enexTpoenepril [KBT.rog); |27456.18 232

Yac =oay [#s]: |264.81

ZaraneHi EMTPaTH Nanuea [T]:

Puc. 8. PesynbraTu epnioro BapiaHTa TATOBO-CHEPTETUYHOTO PO3PAXYHKY
BeJICHH: 10132 Ha ainbHuLI KoBenb—Capau—KopocteHnsb

Fig. 8. Results of the first option of the traction-energy calculation in the train
running on the Kovel-Sarny-Korosten section
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Puc. 9. Fpa(b 1YHUHN (bp ArMCHT PO3PaxXyHKOBO1 PEIKUMHO1 KapTHU BEACHH: 110131a
Ha OUIBHUAIIL KOBGJ’IL—CapHI/I—KOpOCTeHB 34 NIEPpIINM BAPIAHTOM
Fig. 9. Graphic fragment of the calculated mode map in the train running
on the Kovel-Sarny-Korosten section by the first option.
22 Pesynbratn pospaxyriy = e,
Mepeittn Ha inwy dopuy
Tpagic Tatnui| Fosian
36epertn Tabnuure | Craopumn dopnty LUAN-3 ~ | Creoputi dopmy nonepeakert | Po3paxysaTi eKOHOMIN eHEpril npn 3GinbLLeHH vacy xoay | Mepesipin ranbm | Butpary | Biapisku TArosMx niacTanwiit
poaqinEHA KT roopauHaTa nnan - npodine pozparyHOK pury enepreTika i‘
HazEa o, () | Kinu () | ysan R kpusoi (m) ¥ varc. [kv7ron) W (kem/ron) | wsss () | sac (o] cran crpym (4] Eurpara namusa [krixs) | Temneparypa (‘T
0. KDBENb TPAH3.NAPK [1] 0 0 [x8) 0 [kBT.roa) 0m |
0 5 22 1400 40 o o 0 Tara; MNosuuis 11-M10 4525 B.74 16.39
5 75 0 1400 40 6.28 5 5.73 Tara: NMoazuuis: 11-N0 4471.88 7819 16.47
N 178 0 0 40 2419 75 22.26 Tara; MNoguuis: 15101 34829 11.599 16.92
178 185 o o 40 3225 178 35.02 Tara; Noswuis: 1500 2E57.85 e 16.95
1685 21 24 0 40 3275 185 3613 Tara: Nosuuia 1500 263365 116 17.02
21 am 24 0 40 34 21 38.92 Tara: MNosuuis 13-0M1 FE115 1038 174
an 38 24 o 40 3w7a 3 48.95 Tara; Nosuyis 13-001 301634 10,38 17.64
3 405 24 0 40 40 341 5541 KonocTi xin 0 a 17.63
405 505 35 0 40 397 405 57.58 XonocTHi xia o i 1762
505 E0S 3E o 40 3839 A05 BB.8 XonocTuii xin o o 176
B05 655 36 0 40 36.88 605 76,37 KonocTi xin 0 a 17.59
B35 755 03 0 40 3605 B85 81.3 KonocTHil Kia o i 17.57
755 773 03 o 40 3429 758 31.54 XonocTuii xig o o 17.57
773 873 03 0 40 34 773 9344 Tara; Nosuuia 13001 36115 10038 17.96
873 961 03 0 40 EPA-TS 873 1035 Tara: MNosuuis 13001 30321 1038 18.25
361 1061 03 o 40 40 961 111.67 XonocTuii xig o o 18.23
1061 1161 03 0 40 3|52 1061 120.84 XonocTi xin 0 a 18.21
1161 1255 03 0 40 3706 1161 130,36 XonocTHi xia o i 18.19
1258 1288 03 1600 40 3877 1265 139.66 XonocTHii xig o o 1818
1285 1385 17 1600 40 3538 1285 142,69 XonocTHi Hin 0 a 18.16
1385 1390 17 1600 40 12 1385 153.05 XonocTHi xia o i 18.16
1390 1398 1.7 o 40 34.07 1380 153.58 XonocTHii xig o o 1816
1338 1438 17 0 40 34 1398 154.43 Tara: Nosuuia 13001 FE1.15 10038 18.54
1495 1508 1.7 o 40 3817 1498 164.4 Tara; Nosuyis 13-0M1 300454 10,38 18.56
1508 1552 Rik:) o 40 3842 1608 168.06 Tara; Nozuyis: 13001 299337 10,38 187
1552 1535 08 0 40 40 1552 163.38 XonocTHi Hia 0 a 187
1595 1625 08 o 40 3967 1595 173.26 XonocTuil ki o o 18.69
1625 1630 42 o 40 3943 1625 175.99 XonocTii xig o o 18.69
1630 1684 42 500 40 334 1630 176.45 XonocTHi xia 0 a 18.68
1684 1734 42 500 40 38.98 1684 18141 XonocTuil ki o o 18.67
1734 1834 42 500 80 38.44 1734 186.06 Tara; Nozuyis: 13001 299236 10,38 18.98
1834 1334 42 500 a0 41.38 1834 195.08 Tara: Nosuuia: 13001 2857.95 10038 19.25
1934 1970 42 500 80 4376 1934 203.54 Tara; Nozuyis: 13001 277e s 10,38 19.34 ﬂ
Yac xoay [xe): |269.87 JaraneHi surpary enekTpoenspril (KBT.roa): [24773.96 SaransHi BuTpaTH namvsa [l |2.204 DcHoBHa - AoaaTKoBA TArE
Jaxpn |
Yac moay [=e): |269.87 3araneHi BUTRATH enekTposHepril (kBT rogl |24773.96 ZaraneHi BWTPATH nanuqes (1] [2.204
Puc. 10. PesyabraTu 1pyroro BapiaHra TSrOBO-€HEPIETHYHOTO PO3PAXyHKY BEACHHS
noizaa Ha auibHULI Koens—Capuu—KopocTeHn
Fig. 10. Results of the second option of the traction-energy calculation
in the train running on the Kovel-Sarny-Korosten section
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Puc. 11. I'pacdiuanii pparMeHT po3paxyHKOBOI peXKUMHOI KapTH BEICHHS
noizaa Ha ainbHALI KoBenmp—Capuu—KopocTeHs 3a IpyruM BapiaHTOM

Fig. 11. Graphic fragment of the calculated mode map in the train
running on the Kovel-Sarny-Korosten section by the second option.

Y nepmoMmy BUNAAKY PO3PAXYHKOBUH Hac
NpsAMyBaHHS MO13/71a 0€3 ypaxyBaHHs 4acy CTOSHKH
ckiagae 272 XB, BUTpaTa AU3EIBHOIO NalMBa Ha
Tary noizna — 2 350 xr. Y apyromy BapiaHTi po-
3paxyHKOBHI 4ac TpsMyBaHHS moi3ga 0e3
ypaxyBaHHs 4acy CTOSIHKU ckinanae 277 XB, BUTpa-
Ta AW3EIFHOTO TAKMBA Ha TATY Toizma — 2 260 k.
VY upoMy BHNaAKy 30UTBIIEHHS Yacy pyXy Moizaa
Ha JUIBHUII Ha 5 XB 3a0e3mneuye ekoHOMiro B 90 kr
JIU3EJILHOTO TaJliBa.

Hpuxnag 3. Po3paxyHOok uacy Ha pyx Ta
MiHIMaTbHUX TAJIWBHO-CHEPTETHYHHX BUTpAT 13
PI3HUMH THIIaMHU JIOKOMOTHUBIB. 3a/JaHO MapameT-
pu. movarkoBa craHLis — JKmepuHKa, KiHIEeBa —

IT’saruxarku—CrukoBa, cknax moizmga — 50 miBBa-
rouiB 1o 40 1, nokomotusu — BJI-80 1 M62.

Posrnssremo nBa BapiaHTH.

Bapiantr 1. Haiikopormmii nomsix MK
cranmisimu  Kmepunka ¥ [I’aruxarku—CTrkoBa
MO>KHa 320€3MeYUTH PyXOM: Ha 3MiHHOMY CTPYyMi
MK craHiisMu JKmepuHka—BamHsapka, Ha Teruio-
BO3HIN TsA31 MK cTaHuisMu Bamuspka—l[BiTkoBe,
Ta Ha 3MIHHOMY CTpYMi MiXk ctaHIisiMu L[BiTkoBEe—
Il sTuxatku—CTuKOBa.

Pesynbrar MoerOBaHHS: Yyac Ha MepeMillieHHS
— 591 xB (64+330+196); BapTicTh CHEPrOBUTPAT —
14 648 rpu (1 365+9 130+4 153).

_ioix

| W s [ra) |Yac [x8] | Brmrpami HaTary |

e o ——————_ a3 a1d 1 36892 rpn

Bannapka - Uemkose 267575 3301 9130,36 rpH.

Uemkoee - MN'ATM=aTku-CTUEDES 227,23 196.4 4 152,60 rph.

57262 | 590,90 | 14547.88

4| | I3
JakpMTH I

Puc. 12. Po3paxyHok yacy i BUTpart (y I'pH) Ha IIepeMillleHHs 11013/1a B pa3i BUKOPHCTaHHS KOMOIHOBAHOT TATH

Fig. 12. Calculation of time and expenses (in UAH) for the train movement in case of combined traction usage
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Bapianr 2. HailikopoTmmii nuisix ans enek-
TPUYHOI TSITH 3MIHHOTO CTPYMy MIDXK CTaHIISMH
Kmepunka—I1’ sTuxatkn—CTHKOBA TIPOJIATAE depe3
dacris.

& rac Railway

Cxema  faHi  InTepsamd  Tarosipospaxydin  Tpadikk  Jonomora

P O| ﬁ o‘&f

80% =t | [pH0BATH MiTiH ‘ JinsHAuA
z -

i

e 29509 K aukie

-
%
409704, Baiisopon

411901, Nopiana

Pesynprar: wac Ha mepemimeHHs — 514 XxB;
BapTicth enepropurpar — 10 311 rpH.

=1oix|

42730 Poracnan
F 4

= ’\i‘";. e,

448501, Norrazak

448703, Nonrasa-Misa

427702, PySnieka,__

/ [
)
P
ST Fiposorpan ',
o PSP s5gazs, Memsffren-Criosa
ra I
¢ & ? -
i 4

| 2|

Puc. 13. 3HaX0mKCHHS HAMKOPOTIIOTO MUIAXY JIJIS IEBHOTO BUAY TSTH

Fig. 13. Finding the shortest track for a particular type of traction

| L g [rra)

- O] =]

| Burpari Ha TAry

| Hac [=8]

BO07 603 5136  10311.20rpn.
BO7.80 | 51360 | 10311.20
4| | i

SakpuTi I

Puc. 14. Po3paxyHOK yacy i BUTpaT Ha IepeMillleHHs 101371

Fig. 14. Calculation of time and expenses for the train movement

[nsgx MiX CTaHIISAMH €IeKTPOBO3 3MIHHOTO
CTpyMy mpoliae mBuanie i 3 MeHmmMu Ha 42 %
3aTpaTaMy y TPUBHSX Ha EHEPIeTHYHI PECYpPCH.

Hpuxaan 4. Po3paxyHOK BUTpAT Ha TATY IOi3-
na Ha gumeHUII  Moctuckka—JIpBiB—KpacHe—
Piue—Capuu. Ha rpad-cxemi (puc. 15) moxHa
BUJIUTMTH TP JUIBHHMIN, SKi BiAPI3HAIOTHCS TUIIOM
TATOBOTO EJIGKTPOINIOCTayaHHA. Tak, Ha JiIbHHUII
Moctucska—JIbBiB KOJTi{ enekTpudiKoBaHO
nocTitHuM cTpyMoM Hanpyroro 3 kB. Ha minpaumi

JIsBiB—KpacHe—PiBHE /i€ cuCTeMa TATOBOTO elleK-
TPOTNIOCTaYaHHS 3MIHHOTO CTPYMy HaIpyroro
27 xB, a minpHunsg xoniii PiBHe—CapHu Heenek-
TpudikoBaHa.

Po3paxyHOK Ha IUIBHHISX HPOBEAEMO IS
MONEPEIHBO BU3HAYEHOIO CKJIANy Ioi3na W 3anxa-
HUX cepill IOKOMOTHBIB. Y pe3ybTaTi OTPUMY€EMO
BiJICTaHb, Yac XOAYy, BUTPATU Ha TATY MOi3la, Cy-
MapHi BHTpaTH Ha BeJCHHS W OpraHizaiilo Mpo-
ITyCKaHHSI MMOTI3/(iB 13 PO3MOALJIOM IO JITbHULISX.
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i TAC Railway

Cxema  [Jani  KopncTyseuskigari lnmepsann  Tarosi pospaxynkn  [padika  fonowmora

Yo lwy” B A 0% 2| Npwcosaru i Moxasyeami Taroei niacTamuyi

374204, MOCTWCEKA- 374401, CYNI0BA BMWHA

374407, CYOOBA BAWHA 374509, TOPOOOK-NbBE.

350801, PAIMBUNIE 350708, PYAHA-NOYAIBCEE

ACOIOA_ALLALIA AALAIDEL Y AEACAA AEACA

13305 Kinekicts konii 2
18629 Kinwicts konii 2

374603, FOPOAOK-MBE. 374628, 3aTOKA 3130 Kinekicts konii: 2
374628, JATOKA 374647, MIWAHA 7305 KinekicTs konik 2
374647, MIWAHA Crp. 202720 Pyaro 9450 KinericTe Kok 2
Crp. 202/206 Puano 374670, PYOHE 1350 Kinekicts konik: 2
374670, PYOHE 374685, 54 NAPK 2145 Kinericte konii 2
374885, 51 NAPK. Crp. 44 MNosis 1110 Kinericte konif 2
Crp. 44 Mesie 370006, NLBIB 1385 Kinekicts konike 2
370006, NBBIB 370010, BA.N.1479 KM 2415 Kinbricts koni 2
370010, BN.N1479 KM 370203, NI A3aMHE 4175 KinewicTe Kkonii 2
370203, MIA3AMYE 0, MIA3AMYE BAHT 1215 Kinericts kanii 2
0, MIO3AMYE BAHT. 370218, NI ABIPUI 5660 Kinericts konii 2
370218, NIABIPLI 379301, BOPWOBKYM 9990 KinekicTe Konii 2
373301, GOPIIOBHYM 379706, 34JBIP'A 13650 Kinesicrs koniic 2
379706, 3ALBIPA 379809, KPACHE 13385 Kinswicte konii 2
379808, KPACHE 0, KPACHE 3000ME.NAPE 1450 Kinewicte konii 2
0, KPACHE 300MNB.NAPK 351103, KM IB 14770 Kinesicrs koniic 2
351109, 0XMIB 351005, 3450N0TUI 13280 Kinkicts konii 2
351005, 3AB0NOTUI 0, Bpaan BN 11650 Kinekicts konii 2
0, Bpagu BN 350805, EPO.IM 1185 Kinericre konii 2
350905, EPOOM 350801, PALMBINIE 10385 KinskicTs koniic 2

21825 Kinsricts koniie 2

e

BAacTusocTi AiAsHALI -

36eperti  Peaarysarsa  IHCTpyMenTH  3akputi

Hasea ginsanit |

[374204, MOCTHEEKAT - [385504. CPHIM

oo [36 Mesiocera |
Mosatkopa cTamuia Kinuesa cTaHuia Loexsra Bnactueocti

606, PALOWWH

n

i
I 502, M0N0EK

348002, HOBOMPA-BONUHCE

(§74ﬁ_80, HAAHKOBHMI

. 1,

Puc. 15. linpaunsg Moctucska—JIsBiB—KpacHe—PiBHe—Capan

Fig. 15. Mostyska-Lviv-Krasne-Rivne-Sarny section

L ™
Ty g — gy e T X
Moi=g L s (kra) Yac [xe] Burpat HaTary | Bu1Tpartu sa cTaekaru
MOCTH - NEBIE 70385 ER.2 2089957 £ 190367
NEBIB - FIBHE 206.41 185.7 4818.237 18153767
PIBHE - CAPHK g7.0e5 4.4 5 368.807 9194.437
36388 33630 12246.58 33538.55
L 3akpuTu

Puc. 16. BapricTs eHepreTHYHNX Ta 32 BUTPATHUMH CTaBKaMH Ha TATYy HOI31y

Fig. 16. Cost of energy and the expense of traction train

VY Hamr yac mpaBiiHHS YKp3aJli3HUII BUBYA€E
MOJKJIMBICTD 3aKYIiBJII HOBUX JIOKOMOTHBIB. [Jist
IHOTO aHANI3YIOTh IX TATOBI W CTpPyMEHEBi Xa-
pakrepuctuku. /s npuknany, Ha puc. 17 Hase-
JIEHO HOMIHAJIBbHI TATOBI i CTPYMEHEBI XapakKTe-
PHCTHKH JIOKOMOTHBIB J1BOX (hipm — Alstom (po-
Ooua Ha3Ba Ambcrom 8 (UA)) it KHP (masBa

BKI'-2 — amanrartist (KHTalCBKOT0) €IEKTPOBO3a
cepii HXD2 BupoOHuurBa mist PecryGuiku
Binopycs).

Bucoky sikicTh JOKOMOTHBIB i3 HaBEACHUMU
TSATOBO-CTPYMEHEBUMH T1apaMeTpaMu XapakTe-
pHU3y€E MPOTIOPLIHHUHN 3B’ 30K MK BETHYMHAMHU
CTPYMY, CHJIOIO TSITM ¥ MIBUIKICTIO PYXY.
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Xonosi noauui - PoariHa KSPakTEpHCTHKE T padikit | POspasyHkaB HapakTEHCTHRM

_—_ ¥ 861 I 331528
BKI-2 Crpypekrans [V Binofipawari Haaeu pewne ¢ ey e

WemakicTe / |Euna TAMM (k) |ET|:gM
58100 3850
10 58000 3800
E5 40780 2600
70 3770 2500
a0 33650 2200
90 23600 1550
a0 2E500 1750
110 24500 1600
120 22500 1500
Ronoei nosuwi Posrinia xapakrepucetika  Mpadiku | Pospasyrrosi xapakTepreTiig
AnkcTpom 8A (UA)
WenakicTe i |Ew|a TArM [Kro) |ETng
7ES00 4350
55600 3600
51000 3350
40800 2600
100 30600 2000
120 25300 1700
Puc. 17. Tsrosi # cTpyMeHeBi XapaKTepUCTHKU JIOKOMOTHUBIB!
a—BKI'-2; 6 — Ansctpom 8 UA
Fig. 17. Traction and jet characteristics of locomotives:
a — BKG-2; 6 — Alstrom 8 UA
Mpukaang 5. JlochikeHHS HOMIHAJBHUX Ta JlocipkeHHsT TIPOBENIeHO 3aco0amMu  MOJIEITFO-

EKCTPEMAITBHUX TEXHIKO-€KOHOMIYHHMX BJIACTHBO-  BAJIBHOTO KOMIUIEKCY Y CKJIaJi BAaHTAXKHHX IOi3JiB
CTell HOBHMX IIEPCIIEKTHBHHUX JIOKOMOTHBIB s  Ha AuteHuII [’ stuxarkn—MuponiBka. Po3paxyHko-
3aii3HULl YKpaiHu. Ba LIBUJKICTh (B3ATa VIS LIi€l KaTEeropii AUTbHUII) —

55 xM/roa. 3a BU3HAYEHHSIM, PO3PaXYHKOBA IIBHUJI-
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KiCTb — [UIIX, KW TpPOXOAWUTH TOBHOBArOBHUii
01311 Ha PO3paxyHKOBOMY Timiiomi 3a 1 ros i moB-
HOTO BHKOPHCTAHHS HOTYXXHOCTI JIOKOMOTHBA. Po-
3paxXyHKOBUH MiIHAOM — II¢ HAHOUIBI BAXKKUH ISt
PYXy B IIbOMY HAmpsMKy €JIEMEHT MpOQuI0 KOJii,
Ha SIKOMY JIOCSITA€THCSI PO3PAXyHKOBA IMIBHIIKICTB,
IO BiAMOBiga€ PO3PAaXyHKOBiM CHJI TSTH JIOKOMO-
TuBa. Jlocuts MOBruil i HaWOLIBII KPyTHH mixiom
ITHKY OepeMo 3a po3paxyHKOBHIA.

VY nmpuknagi 5 BUKOPUCTaHO MapaMeTpH: CKIaj
moizma — 70 BaroHiB; HaBaHTKCHHSI — KPHUTHYIHA
Bara. Ha puc. 18 rpadiuni 3amexHOCTI HaBeICHO
JUTS TIOI3]TiB 13 Pi3HUMH THUIIAMU JIOKOMOTHUBIB 1 Ma-
cu (y mpaBoMy KyTO4YKax 3BepXy Ta 3HU3Y). Po3pa-
XOBaHI MaKCHMaJbHI MacH HaBEJIEHO 3JTiBa Y BepX-
HBOMY KYTKY. Po3paxyHOK mokasas, 10 IS JIOKO-
motuBa ¢ipmu Skoda (poGoua nazBa Illkoma-8)
CKJIaJI TI013/1a 32 Baroto Moke OyTH OLIbIINM.

Peaynerati posy
& Pesy, pozpaxynxy —

= |l )

Aosigka  Aani v

Ereprosarpan | Hac pyxy

E(m)

Simens ZEX12

T R SRt R

29 oo b eooeeoh o

o =

Eneprosarpam, BT roB, k-

F T ST R

Simens 2EX12

E(m, v} ans Llikopa-S

Wangecrs

EHeprosaTpam, KB fop, K

Yac pyxy

Puc. 18. Pe3ynbraTu nociimkeHHs eHepro3arpart sk (QyHKIi Macu 1 IBUIKOCTI MOi3AIB
Ha finpHun [’ sTuxaTku—MupoHiBka

Fig. 18. Results in the research of energy costs as functions of mass and speed of trains
at the Piatykhatky-Mironovka section

KOJIIT — TIEPEroHH 3 MAaKCUMAaJbHUM 3HAYECHHSIM
YXWIy Ha MigidoMi (CIyCKy) 3a JOBXKHHH YXHITY,
sIKa Mae€ MEePeBUIIYBATH 3arajbHy JIOBKUHY CKIIATY
noizna (puc. 19).

AHaJOTI4HI JOCHIPKEHHS TPOBEACHO IS iH-
mux JokoMoTuBiB — BKI'-2, Anbcrom 8A (UA)
TOIILIO.

Mpukaan 6. 3HaxX0PKEHHS] KPUTHYHUX YXHITIB.
BusnaueHo ckianHi U BEAESHHS M0I34a TUILHULI

I’ sstuxarkn—3HaM’siHka 3Ham’ sHKa—MUpOHiBKa

— 3 —
pO3PawHOK MAKCHMINLHOMD T3 MIHIM2ALHOTO YXWUAIE @ P MAKCMMAALHOTO Ta MIHIMAABHOIO )'XVIJH.E - ”~ Ig
Deeoasa o (2000 A FEanaEaT | Rosse nawar [2000 = Fostae [
MaKcuvsnsH yiin . .
Fr———
Marcymanenl yoin; 10485 Marcumansran yan: | 3517
Koopaunany: 10606 - 12606 Koopmwary: [166.124 - 168124
Kinowerpaw; [395.720- 333,720 Kinowerpan: [TE740 1540
Possinsningwcrs [410735, RKOBIEKS - 410701, JENEHA Pasainesingscrv: | 122308, KOPCIH - 422221, COTHHIN
Wirivsnsrist goan it o
Mitiraansui yaan: |-9.015 Mivimaaneruiii yaun: |-8.168
Koopauwar: [40.508-42.508 Keopiany; [172 129722
Kinomerpasw: | 366018 - 364 018 Kinowerpa: |175.048 - 173648
Posainosi nyricry |$10608, IACTHEA. - £11008, KOPONIBKE Posinei nyry. [ 122505, LIBITKOBE - 422501 WHCTHHIERA
Banps s |

Puc. 19. Pe3ynbraTtn 3HaX0/KEHHS €KCTPEMAIBHIX YXUIIIB

Fig. 19. Results of finding extreme gradients
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HaykoBa HOBH3Ha Ta MPaKTHYHA
3HAYHUMICTD

Y poOoTi 3amporoHOBaHO MaTeMaTHYHE
W mporpamMHe 3a0e3MeueHHs JUIsl: MPOKJIATaHHS
NUISAXIB 32 BCTAHOBJICHUMH KPUTEPISIMH OITH-
MaJBbHOCTI MDK  BHAUIGHHIMH  PO3UTBHAMH
MMyHKTaMH; PO3B’S3YBaHHS PSKUMHUX 33a4
BEJICHHS TOI3MIiB i3 PI3HUMU TUNAMH TATH SK
3a7a4i ONTHMAIBHOTO KEPYBaHHS PyXOM Ha Me-
pexi 3ami3HUIb. Y BCIX BHMNAAKax 3abe3redeHa
ABTOMATHU3allisl MPOLECY PO3B’SI3yBaHHS OCHOB-
HAX PEXUMHHUX 3a1ad i3 PI3HUMH KPUTEPiISIMH
ONITUMATBHOCTI.

Po3pobrennit nporpaMHuii KOMIUIEKC MPOii-
IOB amnpoOariiro 1 UIsi po3paxyHKy OCHOBHHUX
CKIIaioBUX (opMyBaHHS rpadikiB pyxy, BHOOPY
ONTUMANBHHAX TapaMeTpiB PEKOHCTPYKIi To-
JIOTHA ¥ aHami3y SKiCHUX MapaMeTpiB pyxy HO-
BHUX MIBHIKICHHX JOKOMOTHBIB Yy CKIIafi maca-
KUPCHKHX 1 BAHTAXHUX TIOI3/IiB.

BucHosku

MepexxHuil BapiaHT TATOBUX PO3PaxyHKiB
7A€ MOJXKITUBICTh TIOCTAHOBKH W PO3B’S3aHHS
CKOHOMIYHHX 337134, 3a/1a4 GopMyBaHHSI HOpMa-

TUBHOI 0a3u Ta MPOBEIEHHS YUCIOBHX EKCIIe-
PUMEHTIB UTSI TIONIYKY ONTHMAIbHUX DIllIeHb 3a
YMOBH PEKOHCTPYKIIil MOJIOTHA, OIHKH e(peKTy
BiJl BUKOPHCTAaHHSI HOBUX JIOKOMOTHUBIB 3a TSTO-
BO-CHEPreTUYHUMH U XOJOBHMHU XapaKTEPHUCTH-
KaMH TOIIIO.

Po3pobrnennii MepexxHUI BapiaHT TATOBUX
PO3paxyHKiB 3a0e3mneuye:

— ONTHMI3aIliI0 TPAEKTOPIl PyXy MOI3IIB JIS
3amanoro rpadika,;

— ¢opMyBaHHS SKICHUX (ONTUMAIbHUX 32
0e3meKor0, CTIMKICTIO # IHTETpaIbHUMHU PECYpPC-
HUMU 3aTpaTamu) TpadikiB pyxy;

— eKCIUTyaTalilo TMoi3/iB 32 yMOBH OIITH-
MaJIbHOT'O KOPHUTYBaHHSI PEKUMY PYXY Y BHIIQJI-
Kax X 3aTpUMKH (MakCUMalbHO TOYHA pe-
ai3allis 3arIaHOBaHOTO PO3KIIANY);

— IHTerpamilo TATOBHUX, OE3MEKOBHX Mapa-
METpiB Ha MEPEeToHax i PO3MUTbHUX MYHKTaX i
Yac MpOKIaAaHHA rpadika pyxy;

— nobynoBy iH(pOpMaIiiHO-T0paI40i  CH-
CTEMH MaIlMHICTA.

9.
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ONTUMHN3ALNOHHBIE TAT'OBBIE 3AJJAYU HA
KEJE3HOAOPOXKHOU CETHU

Leas. Pabora npexycmarpuBaeT pa3paboTKy HH(GOPMAIMOHHOTO M aJTOPUTMHYECKOTO 00ECIeYeHUs ISl IIPo-
BE/ICHHS ONTHMHU3AIMOHHBIX TATOBO-IHEPIETUYECKUX PACYETOB Ha XKEJIE3HOJIOPOXKHOW CETH C IIEJbI0 UX JalbHei-
LIEro MCHOJIBb30BaHUS B cHCTeMaX 3(QQEeKTUBHOrO yIpaBJieHUs MMEpeBO30YHBIM mporeccoM. Meroanka. B ocHoBe
uccienoBaHus — rpadoaHaINTHYECKasi CUCTEMa, MOJEIb ABMKEHUS 10€3]a C Pa3IMYHBIMU THUIAMH TSATH, METO/BI
ONTHMAJIEHOTO YIPAaBJCHUS MOE370M U (pyHIaMeHTalbHBIE AITOPUTMBI Ha B3BEIIEHHBIX Ipadax ¢ BO3MOXHBIMH
mapaielbHBIMA peOpaMu (ayraMu). B KoMIUIekce 3TH COCTaBIAIONINE CHCTEMBI 00OECIICYMBAIOT HAXOXICHHE Ha
rpad-cxeme MyTei Mo 3aJaHHBIM KPUTEPHSM, MPOBEICHHUE ONTHMHU3ANNOHHBIX TATOBO-IHEPIETHYECKUX PACUETOB,
a TaK)Ke CPaBHUTEIHHOTO aHAJIN3a MOJYYCHHBIX Pe3yabTaToB. JJOCTOBEPHOCTh PE3yNIbTATOB HEOJHOKPATHO IPOBE-
peHa UMEIOIUMUCS COCO0AMU ISl Pa3IMYHON CIOKHOCTH TEPEroHOB MO IUiaHy u npoduto Tpaccesl. s 3Toro
HCIIOIb30BaHbI JIaHHBIC, MOJIYYCHHbBIC B PE3yJbTaTe MPOBEICHUS KOHTPOJIBHBIX MOE3/I0K C MPUMEHEHHEM JUHAMO-
METPUYECKUX BArOHOB, a TAKXKE MPOBEJCH CPaBHHUTENbHBII aHAIN3 PEKUMOB PabOTHI MOE3J0B, PACCUMUTAHHBIX
Y TIOJIyYEHHBIX KBaJH(UIIMPOBAaHHBIMU MAalIMHUCTAMK Ha Pa3jIMuHBIX TeperoHax. Pesyabrarel. PaccMoTpena npo-
onema 3(h(HEeKTUBHON SKCIUTyaTaIllUH PA3IMYHBIX THIIOB ¥ MOAM(UKAIIUI JIOKOMOTHBOB, 3aJCHCTBOBAHHBIX B Peaju-
3aiuK rpa)MKOB JIBHXKEHHS TT0E3/I0B Pa3IMYHOr0 Ha3HAUYEHHs M Harpy3ku. [IpuBeaeHa MmocTaHOBKa NPSIMBIX U 00-
PATHBIX ONITUMU3ALMOHHBIX, 10 PA3JIMYHBIM KPUTECPUAM, PEIKUMHBIX 3a1a4 Ha )Keﬂe3HO,£[OpO)KHOI>i CCTU U BAPUAHTLI
ux 3G ¢exkTUBHOTO perneHus. [IpuBeneH aHaau3 pe3yabTaTOB pa3pabOTaHHOIO MAaTEMAaTHUYECKOro OOECIICYCHHUS
U WJieu peanu3oBaHHbIX anroputMoB. Hayunasi HoBu3Ha. B paboTe mpeyioskeHa MOCTaHOBKA CETEBBIX ONTUMHU3A-
LHOHHBIX 3a/1a4, BO3HUKAIONIMX HA dTamax pa3paboTKH MiaHa (OPMUPOBAHUS TOE3/I0B, MOCTPOCHHS IpapuKoB
JIBIDKCHUS, OL[EHKU MPOITYCKHON CIIOCOOHOCTH, PacueTa ONTUMAJIBbHBIX MAPaMETPOB COCTABISIONIUX rPadUKOB IBH-
KEHUsI ¥ Jp. BaKHBIM SIBISIETCSI CHCTEMHBIH MOIX0J], KOTOPBINA 00ECIeUuIl COYeTaHHE pa3paboTaHHOW MOJIEIN CeTH
B YHUBEPCAIbHBIX TEPMHHAX TEOPHU TPa(OB C CUCTEMOM aKTyalH3allMd UX MapameTpoB. TSAroBO-3HEPreTHYECKUE
pacyeTsl MPOBEICHBI METOAAMHU KOMOWHATOPHON ONTUMH3ALIUH, YTO 00ECICUMIIO MAKCHMANBHBIN YPOBEHb aBTOMa-
THU3AIMU MpoIiecca pelieHus 60IpIIOro Habopa MPSIMBIX U OOPATHBIX PEKUMHBIX 33734 ¢ Pa3IMYHBIMH KPUTEPUSIMU
ontuManbHoCcTH. [IpakTHyeckas 3HaUnMOCTh. PazpaboTaHo MHPOPMAIMOHHOE U AITOPUTMUYECKOe o0ecieueHrne
JJIA aBTOMaTU3aluy nponecca peuieHusd npAMbIX U O6paTHI)IX PEKUMHBIX TATOBO-3HEPTECTUUCCKUX 3aJiad Ha KEJIC3-
HOJIOPO’KHO# CEeTH, KOTOpOe MPONLIO anpoOaluio B MPOLECCEe pacyeTa OCHOBHBIX COCTABIISIOIINX Ui GopMHUpOBa-
HHUS Fpaq)I/IKOB JABWKCHUS, aHaJIn3a PCKMUMOB BCICHUA MTOE3/10B, OLICHKN BI)I60pa ONITUMAJIBHBIX MapaMETpPOB PEKOH-
CTPYKIHU IYTEBOI'O IMOJIOTHA JJI1 CKOPOCTHBIX XU HOBBIX TUIIOB IMTOE€3/10B (HOKOMOTI/IBOB).

Kniouegvle cnoea: TATOBbIE PACUEThl; KEIE3HOAOPOKHAS CETh; (PYHIAMEHTAJIbHBIC aJTOPUTMBI; PEIKUM JIBHKE-
HUSE, ONITUMAIIBHBIN PeXKM; rpa UK JBUKEHHUS; 0E30MACHOCTh JBIDKCHHUS; MATEMATUIECKOE 00eceYeHue
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OPTIMIZATIONAL TRACTION TASKS ON THE RAILWAY NETWORK

Purpose. The paper involves the development of information and algorithmic support for conducting the opti-
mization traction and energy calculations on the railway network for their further use in decision-making systems —
systems for efficient management of the transport process. Methodology. The system is based on the graph-analytic
system, the model of the train with different types of traction, the methods of optimal control of the train and the
fundamental algorithms on the weighted graphs with possible parallel ribs (arcs). In the complex, these components
of the system provide finding the tracks on the chart-diagram according to the given criteria, conducting the optimi-
zation traction-energy calculations according to different criteria, as well as conducting a comparative analysis of
the obtained results. The reliability of the results has been repeatedly checked by available methods for varying
complexity of race according to the plan and profile of the course. For this purpose, data obtained as a result of con-
trol visits using dynamometric cars were used. Also a comparative analysis of the modes in operation of trains, cal-
culated and received by gualified drivers on different races was conducted. Findings. The problem of efficient oper-
Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/171774 © M. T. Ilputymna, O. A. ITaceunnk, 2019

62



ISSN 2307-3489 (Print), ISSN 23076666 (Online)

Hayxka ta nporpec TpaHcnopTy. Bicaux/IHinpomneTpoBcsKkoro
HaL[iOHAJIIBHOTO YHIBEPCHTETY 3aJIi3HUYHOro TpaHcnopty, 2019, Ne 3 (81)

EJIEKTPUYHUI TPAHCIIOPT, EHEPTETUYHI CUCTEMU TA KOMITJIEKCH

ation of various types and modifications of locomotives, involved in the implementation of trains schedules for dif-
ferent purposes and loads is considered. Presentations of direct and inverse optimization, according to various crite-
ria, of the regime tasks on the railway network and variants of their effective solution are given. The analysis of the
results of the developed mathematical support and the ideas of implemented algorithms is given. Originality. The
paper proposes the establishment of the network optimization problems that arise at the stages of the developing the
plan for the formation, construction of traffic schedules, transmission capacity assessment and the calculation of
optimal parameters for the composite graphs of motion, etc. The system approach is important to ensure the combi-
nation of the developed network structure in the universal terms of the graph theory with the system of actualization
of their parameters. Pull and energy efficiency calculations are carried out by combinatorial optimization methods,
which ensured the maximum level of automation of the process in solving a large set of direct and inverse regime
problems with different optimality criteria. Practical value. The information and algorithmic support for the auto-
mation of the process in solving the direct and reverse regime traction-energy problems on the railway network was
developed. It was tested in the process of calculating the main components for the formation of traffic schedules,
analysis of train driving modes, assessment in choosing the optimal parameters of the track reconstruction for high-
speed and new types of trains (locomotives).

Keywords: traction calculations; railway network; fundamental algorithms; mode of movement; optimal mode;
schedule; traffic safety; mathematical support
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LABORATORY TEST RESULTS OF GLUED INSULATED RAIL JOINTS
ASSEMBLED WITH TRADITIONAL STEEL AND FIBRE-GLASS
REINFORCED RESIN-BONDED FISHPLATES

Purpose. The authors’ aim is to evaluate more precisely the deterioration process of glued insulated rail joints
with polimer-composite and steel fishplates regarding to own laboratory tests. Methodology. The laboratory tests
were executed by three-point static and three-point dynamic (fatigue) bending tests’ measurement results related to
glued insulated rail joints with fibre-glass reinforced polymer-composite fishplates (brand: APATECH). During the
research the static three-point bending tests were performed on rail joints assembled with three different rail profiles
(MAV48, 54E1 (UIC54) and 60E1 (UIC60)) with three specimens, measured on 13 different support bay values be-
fore fatigue test, as well as after 3.5 million loading cycles (the degradations process was checked after every
0.5 million cycles) on polymer-composite and steel fishplated rail joints. Findings. The investigation of fiber-glass
reinforced and steel fishplated rail joints (three-point static and dynamic bending laboratory tests) are in progress.
Considering to them, the mechanical deterioration processes were able to be determined by measurements of deflec-
tion values compared to original ones (i.e. before fatigue tests). The differences can be pointed out by analysis of
measurement results related to both types of glued insulated rail joints (steel and polymer-composite fishplated
ones). Originality. The goal of this research is to investigate the application of this new type of glued insulated rail
joint and to determine the ultimate lifetime of the investigated rail joints, e.g. how much time they can be safely held
in the railway track without damage. In the international literature no one has investigated this field of glued insulat-
ed rail joints. Practical value. The fibre glass reinforced resin-bonded fishplated glued insulated rail joints and ‘con-
trol” steel fishplated glued insulated rail joints were built into railway line (between Kelenfold and Hegyeshalom state
border) in Hungary at three different locations. In this article the investigation of deterioration process of glued-
insulated rail joints and steel fishplated glued insulated rail joints are demonstrated only by laboratory bending tests.

Keywords: laboratory tests; fibre glass; fishplate; railway joint; degradation

lems are for example the implementation of glue
Purpose material, endposts, rail ends and wear of rail profile

In this paper the authors summarize the laborato- """ COMeT and plastic deformation.

ry three-point bending tests results related to glued In the mterna‘qonal I|teratu_re the resfearchers
insulated rail joints with special fibre-glass resin- have peen dealt with thg following .Su.b'FOp'_CS relat-
bonded (Russian branded, exact type: APATECH) ed to msulate_d or glued msulate_d ralljomts.. .
reinforced plastic fishplates, as well as traditional — regulations related to design, mechanical di-
steel fishplates. Regarding to fisplated glued insu- Mensioning and formation [15, 26], _

lated rail joints the most problems are the false rail- — specification of common failures and failure
way control signs due to rail ends failures which re-  tyPes of rail joints and identifying of the reason of

sulting the railway capacity restriction. Other prob- ~ failure [9, 10, 21, 23, 24, 25, 29, 36, 38, 39, 40, 45,
50, 54, 65, 69)],
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— enhancement and improvement of rail joints
(mechanical joints, insulated joints, as well as
glued insulated joints) and components of these
rail joints [2, 12, 19, 21, 22, 23, 25, 27, 29, 31, 36,
39, 45, 53, 54, 58, 69],

— evaluation of the significance of various ma-
terials of rail endpost on bearing capacity and stiff-
ness of rail joints [2, 16, 21, 22, 23, 25],

— analysis of rail joints in structural and elec-
trical ways [2, 8, 9, 10, 11, 12, 13, 14, 16, 19, 21,
22, 23, 24, 25, 27, 28, 29, 31, 32, 33, 36, 37, 38,
45, 50, 52, 53, 54, 55, 56, 57, 58, 65, 68, 69],

— investigation of elastic and plastic defor-
mation (mainly vertical deflection) behavior of rail
joints, as well as the stress-strain distribution in the
rail head and fishplates; analysis of wheel-rail con-
tact related to stress-strain distribution and wear
process [2, 8, 9, 10, 12, 13, 16, 18, 19, 23, 24, 27,
29, 32, 33, 36, 37, 45, 50, 53, 54, 55, 56, 57, 58,
68, 69],

— examination of the effect of the arc longitu-
dinal form at railhead edges on the evolved stress
values in the rail head [12, 57],

— analysis of support characteristics of rail
joints, railway tracks and also ballast settlements
[1, 34, 35, 36, 45, 64],

— examination of bonding material (between
fishplates and rail webs) quality suitability [51, 52,
65, 66],

— investigation of the amount of used bonding
material between due to assembly procedure, as
well as the influence of the glue surface markings
on bearing capacity of the whole rail joints [51, 52,
65, 66],

— analysis of glue material de-bonding symp-
tom [52, 53, 65],

— investigation of the influence of the usage of
square and inclined rail joints on the structural be-
havior of the rail joints [8, 11, 12, 13, 18, 36, 37,
58, 65],

— examination of the effect of the thickness of
the endpost element [19, 21, 22, 25, 57, 58],

— analysis of lipping (and/or ratchetting) at rail
ends next to endpost element [24, 25, 27],

— analysis of electric arc burning at insulated
rail joints in high-speed railway stations [17],

— examination of dynamic effect due to under
sleeper pads [34],

— development of special methodologies and

techniques for localizing and identification of
faults (electrical and/or structural) in rail joints [2,
7, 13, 25, 40, 49, 55, 56, 59, 65],

— examination of dynamic effects due to rail
joint failures and or defects [9, 10, 11, 23, 31, 32,
33, 40, 50, 51, 55, 60, 61, 64, 68, 69],

— taking into account of dynamic effects of
railway vehicles on railway tracks as well as meas-
urement of equivalent conicity [3, 4, 6],

— examination of calculation and assessment
methods of railway track geometry measurement
data executed by track geometry recording cars
from the viewpoint of real chord values [5].

Foreign research teams used the methods as
follows:

— finite element modelling, static and dynamic
approximation [10, 12, 13, 16, 23, 24, 29, 36, 37,
45, 50, 53, 54, 68, 69],

— laboratory tests [2, 13, 21, 22, 24, 25, 27, 39,
52, 54, 56, 57, 65, 66],

— field tests [2, 9, 10, 11, 18, 23, 31, 33, 34, 38,
40, 52, 53, 54, 55, 58, 59, 60],

— calculations based on mathematical
physical theories, i.e. MATLAB [17],

— mathematical computation of degradation
and maintenance assumption [41, 42, 43, 44, 51],

— loT techniques,

— electrical measuring methods [14, 28],

— signal processing for non-destructive testing
of railway tracks [59],

— mathematical (statistical) regression analysis
and artificial intelligence, as well as artificial neu-
ral networks [41, 42, 43, 44].

— The authors mention some relevant results
related to laboratory tests from literature review:

— The results of literature [2] indicated that dy-
namic stresses in bonded insulated joints are able
to be reduced nearly 40% in joint bars by a combi-
nation of design improvements on insulated joint
components. Improved fishplate material proper-
ties are expected to lead to considerably reduced
risk of bar fatigue failures in track. With improved
insulated rail joints the bending stress in the fish-
plate at its critical middle section was able to be
reduced by around 22%. The authors of article [2]
published that the usage of forged alloy steel fish-
plates reduce the risk of fishplate failures especial-
ly under fatigue loading. Ceramic end post material
as a structural element of a glued insulated rail

and
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joints lower dynamic compressive fishplate stress
by approx. 24% and tensile stress by approx. 17%
based on laboratory testing. The completed labora-
tory tests to compare the improved insulated rail
joint including all component level improvements
against a standard (normal) insulated rail joint veri-
fied that the improved assembly has 15% less de-
flection, 49% less compressive and tensile stresses
on the fishplates [2].

— In paper [13] the edge effect to the wheel/rail
rolling contact problem was examined with labora-
tory tests and validated 3D finite element model that
considers contact and material non-linear character-
istics. A special test rig with a full-scale wheel was
designed to be able to taking into account the rolling
contact load on railhead. An image analysis meth-
odology (so called Particle Image Velocimetry,
P1V) was applied to specify the vertical, horizontal,
as well as shear strains on the rail end face. Com-
mon strain gauge method was applied to validate the
vertical strain received from the PIV method. A vir-
gin railhead edge demonstrated a notable amount of
plastic deformation in the first loading cycle com-
pared to following loading cycles. More than twenty
thousand microstrains ratchetting was measured for
the hundred loading cycles with both the loaded
(approx. 130.7 kN) and unloaded (approx. 50 kN)
vehicle wheel loads. Deeper plastic zone was result-
ed on the rail end face related to the loaded than the
unloaded vehicle wheel load. The experimental as-
sembly and laboratory test setup are able to be ap-
plied to study the wheel/rail contact (interaction)
problem with different rail test samples and loading
conditions [13].

— An experimental investigation and improve-
ment of insulated rail joints end post performance
were executed in PhD thesis and two papers [21,
22]. The aim of this PhD thesis was to specify the
resistance to sliding wear, impact wear, roll-
ing/sliding contact wear, compression wear of five
different end post materials with different charac-
teristics against train steel wheel material, as well
as the effect of tests parameters and lubrication on
these tested materials. The end post materials were
classified into thermoplastic materials and thermo-
setting materials according to melting point tem-
perature. The thesis resulted that the performance
of the insulated rail joints can be improved with se-
lection of the optimum end post material. The best
choice is the epoxy glass material for end post el-

ement based on better resistance during ‘sliding’
tests, as well as better wear resistance with lower
temperatures (i.e. without melting) [21, 22].

— Paper [24] introduced an experimental meth-
od that ensures measurement of the progressive
ratchetting at rail end next to end post. A special
test rig was designed for this research. The rig also
provided the capability of testing of the wheel/rail
rolling contact conditions. The authors measured
and analysed the following parameters: e.g. verti-
cal strain variation along depth of unsupported rail
end, accumulation of plastic strain, as well as they
had to validate their finite element model using la-
boratory test results. The article pointed out that
the unsupported railhead edge within the gap of the
insulated rail joint was found to accumulate mo-
mentous plastic strain during the passage of each
wheel, with the rate of accumulation being the
highest during the initial period of the wheel pas-
sage. The top corner of the railhead edge is the
most vulnerable position [24].

— Experimental modelling of lipping in insulat-
ed rail joints and investigation of rail head material
improvements were executed in article [25]. Lip-
ping tests of different types of steel rail head over
different types of endpost have been performed by
rolling and sliding twin disc test machine. Lipping
in these laboratory tests has been caused by both
the bulk deformation of the steel at the endpost and
influenced by the tractive force and ratchetting of
the steel at the running surface. Higher steel grades
and epoxy glass end post materials resulted the op-
timum solution (lower plastic deformation during
the executed laboratory tests [25].

— Article [27] summarized the results of test
series performed with full-scale sections of rail that
had been treated by laser cladding (1-2 mm thick
layer of high performance material) on the rail
head. During laboratory tests wear, lipping of insu-
lated block joints and bending fatigue of clad sam-
ples were measured. The wear rate of the clad
samples was approx. 78-89% lower than that of
the standard R260 (rail steel grade) reference sam-
ple. Cladding of either side of an insulated block
joint significantly improved its lipping resistance
and allows it to withstand c.a. 3 times the energy
input into the contact compared to a standard un-
clad sample. A section of rail clad with martensitic
stainless steel was tested with fatigue bending test
with five million cycles at a stress range of
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350 MPa (it passed to R260 steel grade). Bend
tests were executed regarding to standard prescrip-
tion of flash but welded rail in the UK [27].

— In paper [39] microstructural changes in the
nearness of endposts of insulated rail joints made
from both surface coated and uncoated rail were
examined using methods of optical and scanning
electron microscopy. Damaged insulated rail joints
made from pearlitic head hardened rail steel mate-
rials were compared with head hardened rail steel
laser coated with martensitic stainless steel materi-
als, from those the last mentioned had an increased
service life [39].

— Characterizing and inspecting for progressive
epoxy debonding were introduced in article [51]
related to glued insulated rail joints. Paper [51]
deals with detailed manner with the debonding phe-
nomena in the interface between fishplates and rail
webs. Measurements showed that epoxy debonding
tends to begin at the endpost element near the top
edge, bottom edge, or both edges of the fishplate.
Debonding can occur on all four rail-fishplate inter-
faces within a rail joint. The size of the debonded
region did not vary considerably between the so
called field side (outer side) and the so called gage
side (inner side). However, there was a considerable
trend for one end of the rail joint to have more
debonding than the other end [51].

— Gallou et al. [53] different methods for ex-
ternal reinforcement of insulated rail joint, e.g.
strap rails, beams. Usage of strap rails reduced the
vertical deformation of a suspended insulated rail
joint. This kind of improvement resulted higher de-
flection than the plain rail. However, the strap rails
are recommended as a cost-effective external rein-
forcement for maintaining the insulated rail joints
performance over time. Usage of 39% stiffer I-
beam sections reduced the vertical deformation of
a suspended insulated rail joint to a higher level
than that obtained by strap rails. More robust
beams can reduce the deflection of insulated rail
joints to a level similar to that of plain rails. The
effect of external reinforcement on the reduction of
displacement and dip angle of an insulated rail
joint is more critical for soft or softer support char-
acteristics. The structural reinforcement reduced
the total dip angle of a suspended insulated rail
joints for all support circumstances by a considera-
ble level. The total dip angle had not a linear corre-
lation with the stiffness increase [53].

— Buggy et al. [55] dealt with laboratory and
field (in-situ) strain measurement methodology us-
ing optical fibre Bragg grating sensors. The tech-
nique is adequate for measurement of e.g. insulated
rail joints (fishplates) or switch blades. The sensors
detect the signals during the passage of a tram/train
over the sensor location. For the fishplates, a con-
trolled series of investigations was undertaken in
which the torque of the fishplate bolts was
changed, both in a laboratory and in railway track.
Both measurement methods showed and verified
that it is possible to measure strain as an indicator
of bolt-torque, and wavelet-based assessment of
the time series facilitated the use of principal com-
ponent analysis to classify the signals by bolt-
torque. The usage of this technology would allow
continuous monitoring of railway track compo-
nents, offering significant safety and economic
benefits over current practices [55].

— Article [56] demonstrates a laboratory test
method for determination residual stresses in insu-
lated rail joints with usage of neutron diffraction
technique. Neutron diffraction analyses were car-
ried out on the samples in longitudinal, transverse
and vertical directions, and on 5 mm thick sliced
samples cut by Electric Discharge Machining
(EDM). Old (ex-service) rail samples, irrespective
of loading conditions and service times, were
found to have similar depth profiles of stress dis-
tribution [56].

— A reflection based ultrasonic approach was
applied to condition monitor glued insulated rail
joints through to failure, under the application of a
dynamic shear load [65]. The technique monitored
the glued interface, a key failure site in glued insu-
lated rail joints, using a normally incident longitu-
dinal ultrasound wave. Measured reflection coeffi-
cients showed that the failure of glued insulated
rail joint started with the degradation of the glued
insulating layer. The results showed that ultra-
sound can be used to monitor the condition glued
insulated rail joints [65].

— Nicoli et al. [66] performed laboratory tests
with a lot of types of glue materials of glued insu-
lated rail joints. The authors mainly used common,
standard adhesive material tests to characterize
glued insulated rail joints” adequacy. The different
tests were not intended to give a unique indication
in terms of the combination of adhesive, insulator,
and surface treatment that guarantee the best over-
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all performance for a real insulated rail joint. Nev-
ertheless, it was observed that one of tested adhe-
sive material had the best apparent shear strength
measured with single lap joints, although it did not
show the best performances in other tests [66].

The authors’ aim is to compare the behavior of
polymer-composite fishplated (fishplate type:
APATECH, rail joint type so called MTH-AP), as
well as control steel fishplated (type GTI and
MTH-P) glued insulated rail joints in railway track
and determine the exact deterioration process as
a function of loading cycles (or elapsed time). The
authors® future task is to investigate and perform
diagnostic analysis of experimental (with fibre-
glass reinforced fishplates) and control (with tradi-
tional steel fishplates) glued insulated rail joints
from straightness tests and track geometry record-
ing car measurements and determine the variation
of state characteristics of these rail joints.

This article is the continuation of the authors
previous papers [25, 45, 46, 47]
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Methodology

In this chapter the history of authors’ research
related to laboratory tests is presented. These tests
were executed with three pieces of specimens, one
specimen for MAV48 (48.3 kg/m and 48.5 kg/m),
one for 54E1 (54.43 kg/m) and one for 60E1l
(60.21 kg/m) rail profiles, which assembled by
MAV-THERMIT Ltd. in 2016.

Before starting the laboratory tests, the authors
had to determine the laboratory test parameters. It
should be mentioned, that there isn’t currently val-
id European or national standard or technical spec-
ification for the polymer-composite fishplated
glued insulated rail  joints,  therefore

CEN/CENELEC: WG18/DG11 [15] standard was
applied, which refers to the steel fishlpated glued
insulated rail joints’ laboratory tests. The examined
formation of glued insulated rail joints with
APATECH branded fishplates in railway track are
shown in Fig 1.

Fig. 1. Glued insulated rail joints with special fibre-glass reinforced plastic (polymer-composite)
fishplates (brand: APATECH) in railway track (authors’ photo)

During the first part (Research + Development
between 2015-2017 vyears) of the three-point
laboratory bending test series the considered pa-
rameters, characteristics, the process of testing
were as below.

Static shear tests of glue materials

There were 2 periods of shear test series of glue
materials: 54 pieces of glued specimens (c.a. 150-
200 mm long rail, 300-400 mm long fishplates
glued on both sides) were prepared and they were
tested. The laboratory tests were executed with
8 different types of glue materials. Based on the
calculated shear strength values the IBI and IAI

glue material were chosen for further laboratory
tests [25, 45, 46, 47]. The reason that these types
were chosen: glue material IBI is commonly
applied at Osterreichische Bundesbahnen (OBB,
Austrian Railways) for glued insulated rail joints,
glue material IAI had very high shear strength.

Bending tests

During the static three-point bending, fatigue
(dynamic) and static bending breakage tests the
authors defined the parameters, according to the
standard [15], as well as Zimmermann-Eisenmann
superstructure calculation method, the values of
bending moments were calculated separately for
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different rail profiles depending on the maximal
loading force and the supporting interval. The
computed values of bending moments are shown in
Table 1 (specimens were assembled by MAV-
THERMIT Ltd.). The testing parameters were the
followings:

— static three-point bending test without
breakage, before fatigue (BF), on supporting bays:
1000, 1200 and 1490 mm,

— vertical load consists of two phases:

o in the first phase: a pre-load is applied
that the tested rail joint should Ifitl (move)
into the desired position,

o in the second phase: a load is applied
up to the calculated maximum value (hold
this peak load for 2 minutes) and then release
it to the unloaded (0) position,

— three-point dynamic bending fatigue test with
3.5 million loading cycles (bays: 1200 mm),

— static three-point bending tests without

breakage after fatigue (AF), bays: as mentioned
before,

— static three-point bending test until breakage
(failure), bay: 1490 mm,

— number of specimens: 9 (length of
specimens: 2x850 mm=1700 mm). 3x2 pieces of
specimens for each rail profiles that prepared
(assembled) by IAI type glue material, and 3
pieces with IBI type glue material,

— the MAV-THERMIT Ltd. prepared more 3
specimens without glueing for control.

Meanwhile the three-point bending tests
(before fatigue and after fatigue) the maximum
vertical displacement in middle of the bay
(thousandth mm precisely) depends on the
maximum force, these parameters were measured
and recorded.

Results of these laboratory tests were published
in [25].

Table 1

Calculated values of bending moments

Rail profile Support bay [mm] Max vertical force [kN] Bending moment [kNm]
1490 114.44
60E1 1200 142.10 42.63
1000 170.52
1490 109.66
54E1 1200 136.17 40.85
1000 163.40
1490 93.18
MAYV 48 1200 115.70 34.71
1000 138.84

During the 2nd part of the research (additional
tests that are supported by the UNKP-18-3 New
National Excellence Program of the Ministry of
Human Capacities) the authors executed more
laboratory tests, namely additional
(supplementary) three-point bending tests. The
considered parameters, characteristics, the process
of testing were the followings (Fig. 2.):

— static three-point bending test before fatigue
(initial static test, without breakage),

— three-point dynamic fatigue test with 0.5-0.5
million loading cycles (altogether 7x0.5 million
cycles, the applied support bay length was
1200 mm for every specimens),

— static three-point bending test with very
precise  vertical  displacement  (deflection)
measurements after every 0.5 million loading
cycles until the final 3.5 million loading cycles
(remark: this measurement was performed
certainly before the first dynamic tests, t00),
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— vertical  displacement  measurement in
7 different points with symmetric support layout,

—on 13 different support bay values
(900...1490 mm, on 50 mm latitude steps),

— from antecedent research: investigation of
steel fishplated glued-insulated rail joints that were
already bear fatigue tests with 3.1 million loading
cycles — execution of additional three-point
dynamic bending tests with 0.4 million cycles,

— after 3.5 million loading cycles additional
measurements on symmetric support bays with all
the rail joint specimens (with polymer-composite

and steel fishplated glued insulated rail joints, too,
between 600 and 900 mm support bay values),

— after 3.5 million loading cycles additional
measurements on asymmetric support bays with all
the rail joint specimens (with polymer-composite
and steel fishplated glued insulated rail joints, too,
between 600 and 900 mm support bay values),

— vertical displacement measurements in
9 different points with symmetric support layout,

— the maximum vertical displacement values
were measured at two locations (in the middle of
the support bay length, and in the middle of the
specimen).

Fig. 2. The 3-point bending test arrangement of the laboratory measurement

The authors give an example for the required
time period related to laboratory tests: the value of
dynamic bending moment according to 54 rail
profile specimens on 1200 mm support bay:
Fmin=5 KN, Fma=136.2 kN, f=5 Hz sine signal
(Mmnax=40.85 kNm) 0.5 million loading cycles
required approx. 27.77 hours. Completion of
fatigue test with 3.5 million loading cycles for one
specimen is about 194.44 hours.

The goal was to evaluate the more accurate de-
terioration process of glued insulated fishplated rail
joints.

Findings

In the followings additional results of three-
point bending tests are introduced.

During the first part of the test-series [25, 45,
46, 47] (before fatigue and after fatigue) vertical
displacement in the middle of the bay length as
a function of vertical force value were measured

and recorded. After the test it was experienced that
the vertical displacement values related to applied
maximum vertical force values were higher for
polymer-composite fishplated glued insulted rail
joints than the limit value prescribed for steel fish-
plated rail joints in standard [15] but the tested
specimens were passed the laboratory tests without
any problems. So the fatigue tests were done with-
out any crackings, failures and breakages, there
was not any visual failure neither on the fishplates
nor on the rail end posts.

Symmetric support bay layout

After the the second part of test series (i.e. the
additional  laboratory  tests, supported by
UNKP-18-3) the sentenced findings are the
followings:

— The goal was to evaluate the deterioration
process of polymer-composite fishplated glued
insulated rail joints as well as steel fishplated glued
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insulated rail joints by detailed and sophisticated
laboratory tests.

— Calculated parameters that can be compared
to the first (BF) measurement values (from 0.0 to
3.5 Mio. loading cycles).

— Investigation of the change of calculated
parameters (ratio: how it has been changed from
the first measured data (BF)).

— Analysis of the measured values depending
on the applied force vs. vertical deflection (slope
of the curves — linear fitted lines). The measured
data were represented in graph related to the three
rail profiles and loadings (before fatigue test (BF)
until 3.5 million loading cycles on 900...1490 mm
support bay lengths). Fig. 3 shows average vertical
deflection values in the middle of the specimen
related to MAV 48 rail profile on 1000 mm
support bay. The separated curve in graph on the
right side is related to the non glued (WG, i.e.
without glueing) specimen. This graph shows that
how much higher deflection values occur if the any
adhesive material isn’t applied in insulated rail
joints with fishplates. Fig. 3 demonstrates that

glued insulated rail joints with traditional steel
fisplates had much smaller vertical deflections in
the middle of the specimen than with special
plastic fishplates. Fig 4. illustrates an example for
deflection ‘curve’ for the whole length rail joint
specimen.

— Linear regression functions can be fitted to
the recorded data series (uploading section until
e.g. 90 kN or peak force values), these can be
applied to determine the variation of the tangent
values (for different cases).

— Calculation  of  stiffness  characteristic
parameters which depends on the tangent of the
linear regression functions (mentioned above) and
the support bay length values (unit: KN/mm/mm).
Fig. 5 shows the so far executed measurements and
calculated stiffness characteristic values related to
48 rail profile specimens on all support bay
lenghts. The graph shows that the highest stiffness
value is related to steel fisplated glued insulates
rail joint specimens. Curiosity, behavior of all rail
joints is quite similar.
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Fig. 3. Average deflection as a function of applied vertical force
(48 rail profile, 1000 mm support bay length)
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Fig. 4. Deflection ‘curve’ for the whole length rail joint specimen
(48 rail profile, 900 mm support bay length, symmetric layout)
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Fig. 5. The stiffness characteristic values as a function of support bay lengths (48 rail profile)

— Representation of values as a function of
different support bay lengths, as well as fatigue
loading cycles.

— Representation of ratio of stiffness
characteristic values, which value depends on the
first measured data (before fatigue).

— Depiction of measured vertical displacement
values (in 9 different points along the specimens),
illustration and calculation of the area below the
graphs (i.e. integer, with trapezoid rule) — to be
able to check the state change process of
specimens according to fatigue loading cycles. The
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area (integer) values were computed from the
values below the ‘curve’ that is illustrated in Fig. 6
for every support bay length value related to
specimen with 48 rail profile with applied
maximum vertical force. Determination of the ratio

12000
10000
8000

6000

4000

Area under the curve [mn?]

y =9.3917x - 3238.7

relative to the first measured data related to every
support bay length, it seems there is linear
correlation between this parameter and the support
bay length values for all three rail profiles.

R® = 0.9775

y =4.0384x - 1649.7
R?=0.9792

y =3.7182x - 1858.4

R? =0.9748
(,)Q N (,)Q S ;)Q N
RSN SN RN S R

Support bay [mm]

—e—48 WG2_Max kN —e—48 A3 BF_Max kN

48_A3 15m_Max kN

48 A3 05m_Max kN —e—48 A3 1.0 m_Max kN

48 A3 20m_Max kN —e—48_A3 25m_Max kN —e—48_A3 AF Max kN

Fig. 6. The calculated area values under the curve as a function of support bay lengths (48 rail profile specimen)

Asymmetric support bay layout

After 3.5 million loading cycles bending tests
were performed on asymmetric support bay layouts
for all the rail joint specimens (polimer-composite
and steel fishplated joints, too) between 600 and
900 mm. Measurements were executed similarly to
the symmetric layout, however, this (asymmetric
layout) was measured only after 3.5 million fatigue
loading cycles. The values were calculated and
compared relatively to the results from symmetric
layout after 3.5 million loading cycles. Values
were recorded for three different support layouts
per support bay length values (e.g. on 600 mm
support bay layout the arrangements from the
middle of the specimen were the following: 150-
450 mm, 200-400 mm and 250-350 mm).

Originality and practical value

The role of the glued insulated rail joints with
fishplates is to ensure the continuity of rails with-
out horizontal and vertical steps, avoiding the di-

rectional ‘refraction’ between rail ends. Rail joints
are the weak points of the track, because their fish-
plates can compensate only the 60% of the moment
of inertia of the rail. Wheels hits the following rail
end during through-rolling the rail end gap, which
is disadvantageous for the whole railway super-
and substructure, too. Dynamic effects are much
higher in case of vertical and/or horizontal steps.

Insulated rail joints can be applied in suspended
and supported joints depending on their type in
case of value of sleeper space and wheel load pre-
scribed by manufacturer. High tensile strength
bolts with great forces are used to ‘press’ fishplates
and rail together. In this way high friction force
can be achieved, it causes that the high tensile
forces cannot open the rail joints. Plastic profile
lining plate (end post) is built between rail ends.
Insulated rail joints can be produced in plant as
prefabricated elements with given length rails, as
well as on the field, where they are assembled.

The usage of glued insulated rail joints with
glass-fibre reinforced plastic fishplates is able to
eliminate the electric fishplate circuit and early fa-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/171781

74

© A. Nemeth, S. Fischer, 2019



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec TpancnopTy. Bicaux [{HIIponeTpoBCLKOro

HaLliOHAJBHOTO YHIBEPCHTETY 3alli3HHYHOTO TpaHcnopTy, 2019, Ne 3 (81)

3AJIIBHUYHA KOJIISI TA ABTOMOBUIBHI JOPOI'

tigue deflection and it can ensure the isolation of
rails’ ends from each other by aspect of electric
conductivity.

After the first series of laboratory tests, rail
joints for field tests were manufactured with usage
of ‘A’ type glue material. The polymer-composite
fishplated glued insulated rail joints and the as-
signed control glued insulated rail joints (for com-
parison) were built-in the track in four different lo-
cations, with three different rail profiles, for three
different speed categories (Biatorbagy, Tatabanya,
Gyor, Lébény-Mosonszentmiklds railway stations,
every is in the MAV No. 1 main railway line,
Kelenfold-Hegyeshalom state border). According
to railway maintenance experiences of Hungarian
Railways (MAV) and Raaberbahn, Gyér-Sopron-
Ebenfurth Railway (ROeEE, in Hungarian:
GYSEV), glued insulated steel fishplated rail joints
need a lot of maintenance source (money and
work) due to rail deformations (settlements). Us-
age of plastic fishplated glued insulated rail joints
can be solution to the problems of keeping the con-
struction specifications in place during installation
into railway track.

Conclusions

The authors represented the results of addition-
al laboratory tests on glued insulated rail joints
with traditional steel fishplates, as well as fibre-
glass reinforced plastic fishplates. The aim of this
research was to determine the ultimate lifetime of
the investigated glued insulated rail joints by la-
boratory three-point static and dynamic bending
tests.

The authors sentenced the following important
facts derived from this part of their research.

The authors tried to investigate and analyse the
conformity of the glued-insulated rail joints with
glass-fibre reinforced plastic fishplates (brand of
fishplates: APATECH) according to laboratory and
field tests. Glue material type “Al was chosen for
the detailed laboratory tests series, as well as for
field tests. This type of adhesive material had very
high shear strength during laboratory tests, and it
ensured good initial results from bending tests, as
well as axial pulling tests.

The main goal should be to compare the behav-
iour of different types of glued insulated rail joints
(i.e. traditional steel fishplated one, as well as plas-
tic fishplated one). The traditional steel fishplated

glued insulated rail joints are commonly applied at
most Railways/Railway Companies, but there are
some problems with them, e.g. the so called short
circuit due to rail ends’ plastic deformation (e.g.
ratchetting, etc.), or failure of end posts, or electric
insulation problem between fishplates and rails,
breakage, etc. Glass-fibre reinforced fishplates are
produced of electric insulation material, so no fur-
ther insulation layer is needed. It should be men-
tioned that the expected deformation of glued insu-
lated rail joints with this kind of plastic fishplates
are resulted with higher deformation values (verti-
cal deflections, settlements). This fact was verified
by the authors’ measurement results.

The test series of the authors consisted not only
laboratory tests [25] but field tests (in real railway
track [25, 45, 46, 47]).

The authors would like to define the accurate
deterioration process of the investigated glued in-
sulated rail joints as a function of loading cycles.
They applied three different rail profiles, many
support bay length values, as well as symmetric
and asymmetric support bay layouts, too. The la-
boratory dynamic fatigue tests are useful because
they can simulate loading of many years (e.g. the
applied 3.5 million loading cycles means more
than 5 years related to the Hungarian No. 1 main
railway line, Kelenfold-Hegyeshalom state border),
but it needs only 194.44 hours in the laboratory, as
well as laboratory tests ensure (ideal) controlled
and regulated test conditions.

The authors determined in [47] that the glued
insulated rail joints with Apatech branded fish-
plates — on the basis of railway track measurements
— are not a general solution for replacing the steel
fishplated glued insulated rail joints in the CWR
railway tracks. The authors think that not only stat-
ic but dynamic railway track measurements of
glued insulated rail joints as well as their assess-
ment can be a very interested research direction in
the future.

The authors applied ultimate 3.5 million load-
ing cycles during their laboratory tests, but it has to
be mentioned that the European standard for steel
fishplated glued insulated rail joints requires only
3.0 million. It has to be mentioned that e.g. in Aus-
tria this requirement is stricter than the European
standard, i.e. the number of prescribed minimum
fatigue loading cycles is 5.0 million [67].
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More parameters were calculated in this article
from the results of three-point bending tests:

— stiffness ~ characteristic ~ value  (unit:
KN/mm/mm),

—area under the curve (mm2), so called
integer.

These parameters and their change were de-
fined as a function of loading cycles, support bay
values for different rail profiles, as well as for steel
and glass-fibre fishplated glued insulated rail
joints.

The presentation of the measured results can be
performed by their original values, as well as ratio
to the measured value for the same support bay
length and same rail profiles, glued specimen, be-
fore fatigue test state. Or in other case, it can be
compared to the cases, without glueing. In this way
very expressive graph can be prepared.

Summarizely, glueing ensure approx. 2.5 times
differences in the calculated parameters (compared
to ‘without glueing’ cases, of course), it means
glueing reduces elastic deformation (for the same
given loading) related to insulated rail joints with
glass-fibre reinforced approx. 2.5 times.

It should be mentioned that the increasing load-
ing cycles raise the evolved deformations com-
pared to the initial stage (before fatigue), e.g. glued
insulated rail joint with 48 rail profile resulted with
approx. 80%, with 54 rail profile 70%, as well as
with 60 rail profile 90% is the stiffness characteris-
tic value after 3.5 million loading cycles.

In case the stiffness characteristic values after
3.5 million loading cycles are calculated for steel
fishplates as well as plastic fishplates, the results
are the following related to 900 and 1200 mm sup-
port bay length values correlated to glued insulated
rail joint specimens with plastic fishplates, before
fatigue test:

— 900 mm support bay length:

o 48 rail profile:

o steel fishplated joint: +35%,

e plastic fishplated joint: —24%,
o 54 rail profile:

o steel fishplated joint: +649%,

e plastic fishplated joint: —31%,
o 60 rail profile:

o steel fishplated joint: +2%,

e plastic fishplated joint: —36%,

— 1200 mm support bay length:

o 48 rail profile:

o steel fishplated joint: +50,6%,

o plastic fishplated joint: —21%,
o 54 rail profile:

o steel fishplated joint: +59%,

o plastic fishplated joint: —33%,
o 60 rail profile:

o steel fishplated joint: +35%,

e plastic fishplated joint: 9%,

It can be concluded that the laboratory tests
‘use’ simple two-supports mechanical structure
model, but in reality the mechanical structure mod-
el is much more complicated, e.g. continuous beam
with more supports that can elastically or plastical-
ly settle. This kind of model is e.g. Zimmermann
or the enhanced Zimmermann-Eisenmann model.
In case continuous beam with more rigid supports
is considered, the maximum bending moment de-
creased with 24.5% (i.e. Winkler model,
M=0.1888xFxL, where ‘M’ is the bending mo-
ment in kNm unit, ‘F’ is the vertical force in kN
unit, and ‘L’ is the support bay length in m unit;
correlated to the M=0.25xFxL equation).

According to the measurement results it can be
an opportunity to be able to calculate deflection
values, stiffness characteristic values, or ‘area un-
der the curve’ values for variant support bay length
or variant loading cycles. It should be mentioned
that these values are able to be only ‘prognosed’
values.

In case the stiffness characteristic value is con-
sidered (as a function of loading cycles), there can
be determined two separate sections related to
plastic fishplated glued insulated rail joints:

— 1st: 0...1.0 million loading cycles,

— 2nd: 1.0...3.5 million loading cycles.

In the 1% section the tangent of the linear re-
gression function is much higher than in the 2™
section, where the ‘lines’ tend to be plain. The tan-
gent values of the graphs (in case the stiffhess
characteristic value in kN/mm/m unit) for 48 and
54 rail profiles are approx. —0.07, for 60 rail profile
is approx. —0.03. It results that glued insulated rail
joints with fibre-glass reinforced plastic fishplates
with 60 rail profiles are 2.33 times ‘stiffer’ than the
other two ones — related to stiffness characteristic
value, considering applied loading cycles.

In case Fig. 4 is considered, it can be stated that
the glued insulated rail joints with fishplated re-
sults a so called ‘knuckle’ in the rail, because the
deflection ‘curve’ has a ‘refraction point’ in the
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line of vertical force, in this way the continuous
beam structure model isn’t the best solution for
modelling and calculations.

The authors sentence that at this stage of the
research (given stage of data processing of results)
it can’t finish with accurate result for the lifetime
of the tested glued insulated rail joints. However, it
can be seen that the failure won’t be/isn’t assumed
in the next some 100.000 loading cycles, maybe
nor in the next some million loading cycles.

Based on the field tests there were no structural
and geometric problems, signal and interlocking
interruptions during the three-year observation

period, or any other situation with inspected glued-
insulated rail joints.

The authors would like to continue their re-
search in the determined direction and publish the
new results in papers.
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PE3YJ/IbTATH IABOPATOPHHUX BUIIPOBYBAHb KJIEMOBHUX
I3OCTHUKIB I3 TPAAUIHIMHUMU CTAJIEBUMHU U ITOCUJIEHUMHN
CKUVIOINTACTUKOBUMUA HAKJIAJIKAMUA

Mera. ABTOpH nependavaroTh OUIBII TOYHO OLIHUTHU MPOLEC 3HOCY KICHOBUX 130JIbOBAaHUX PEUKOBHX 3’€IHAHb
i3 MOJIMEPHO-KOMIO3UTHUMH 1 CTaJeBUMH HakKJIaJKaMH 32 JIOIIOMOTOI0 JIaDOpaTOpHHX BUIPOOYBaHb.
Metoauka. JlabopaTopHi BUNpPOOYBaHHS MPOBOJIIIKCS 3a JOMOMOIOK PE3yJbTaTiB BHUMIPIOBAaHb CTATHYHHX 1
JUHAMIYHUX (BTOMHHUX) BUIIPOOYBaHb Ha TPUTOYKOBHI 3TMH KJICHOBUX 130JIbOBAHUX PEHKOBUX CTHKIB, TTOCHICHUX
CKJIOIIACTUKOBUMH TIOJIIMEP-KOMITO3UTHUMHU Hakiagkamu (mMapka APATECH). VYV xoai mociimkeHHs Oynu
MPOBEICHI CTAaTHYHI BHIIPOOYBaHHS HAa TPUTOYKOBHH 3TMH PEHKOBHX CTHUKIB 31 CTaJeBUMH U MOIiMep-
KOMIIO3HTHHMH Hakiagkami. JUis BHIPOOYBaHb BHUKOPHCTAHI 3pasku TphoX pisHux mnpodimis (MAV4S, 54E1
(UIC54) Ta 60E1 (UIC60) micnst 3,5 MIIH [UKIIIB HABaHTAXEHHsI (IIPOLIEC 3HOCY MepeBipeHo micis KoxHux 0,5 MitH
mukmiB). [lepen mpoBemeHHsSM BuIpoOyBaHP Ha BTOMY 3pa3Kd OyJlno BHMIpSHO Ha 13 pIi3HHX 3HAYCHB.
PesyabraTn. Y Hamr dac IpoOBOJSTH JOCIHIIKEHHS MOCHICHUX CKJIOIUIACTHKOBHUX 1 CTaJEBUX PEHKOBHX 3’€IHAHBb
(TpUTOYKOBI CTAaTM4HI W JAWHAMIYHI BUNPOOYBaHHS Ha BUTWH). [3 ypaXyBaHHSIM LHUX JOCIIDKEHb IPOLECH
MEXaHIYHOro PyiHyBaHHs 0yJI0 BU3HAUEHO IIJISIXOM TOPIBHIHHS 3HAYCHb BUTHUHY 3 BUXIJHUMHU 3HaYCHHSIMHU (TOOTO
JI0 BUNPOOYBaHb Ha BTOMY). 3a JONOMOTOIO aHaJli3y pe3yJibTaTiB BUMipIOBaHb OTPUMaHI BIIIMIHHOCTI IOA0 000X
TUMIB KJICHOBUX 130JIbOBAaHMX PEHKOBUX 3’€IHAHb 31 CTAJCBMMH I TI0JIIMEP-KOMIIO3UTHUMHU HAKJIAJKaMH.
HayxoBa HoBH3HA. Y pe3ylbTaTi JOCHIIKEHHS] BUBYEHO 3aCTOCYBaHHs HOBOTO THITY KJIEHOBHX 130JIbOBaHUX pei-
KOBHX CTHKIB 1 BU3HAYE€HO OCTATOYHHUII TEPMiH CIIy>KOU LIMX PEUKOBHX 3’€JHaHb, 30KPEMa, CKUIbKH 4acy iX MOXkHa
0e3IeYHO BWKOPHCTOBYBAaTH Ha 3alli3HUYHIA KOJii 0e3 MOMKOMKeHb. Y MDKHApOIHIN miTeparypi s cdepa
KICHOBUX pEWKOBHX CTHKIB He Oyma pociimkeHa. I[Ipakruyna 3HaumMicTh. PelKoBi CTHKH, TMOCHICHI
CKJIOTUTACTUKOBHMH HAaKJaJKaMH, a TaKoX IKoHTponbHil i307p0BaHI KIEHOBI pEHKOBI CTHKH 31 CTalIeBUMHU
HaKJTagkaMu Oynu BOYMOBaHI B 3ali3HUYHY JIHII0O MDK JepxkaBHHM KopaoHoM Kemendpémpn i Xex'emanom B
VYropmuHi B TPhOX PI3HMX MiclsgX. Y I CTaTTi Npouec 3HOCY KIEHOBHMX 130JIbOBAaHMX PEWKOBHX CTHKIB
IIPOJIEMOHCTPOBAHO TUIBKH 32 JIOTIOMOTOI0 JIAOOPaTOPHUX BUNPOOYBaHb Ha BUTHH.

Kntouosgi cnosa: mabopaTopHi BUIpoOyBaHHS; CKIOIIACTHK; HAKJIaKa; peHKOBUN CTHK; pyHHYBaHHS
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PE3YJbTATHI JABOPATOPHBIX UCITBITAHUHM KJIEEBBIX
MN30CTBIKOB C TPAANMIIMOHHBIMHU CTAJIBHBIMH U
YCHUJIEHHBIMH CTEKJIOIIVIACTUKOBBIMHA HAKJIAIKAMUA

Lleab. ABTOpHI NpeAIoaraoT 00Jjiee TOYHO OLIEHHUTH MPOLECC H3HOCA KIICEBBIX H30JIMPOBAHHBIX PEIbCOBBIX CO-
€IMHEHUH C TOJMMEPHO-KOMIIO3UTHBIMH M CTaJbHBIMH HAaKJIaJIKaMH C IOMOIIBIO J1a0OpaTOPHBIX HCIIBITAaHHH.
Metoauka. JlabopaTtopHble HCIIBITAHUS TPOBOJMIINCH C TIOMOIIBIO PE3YJIBTATOB U3MEPEHUH CTaTHYECKUX U JMHA-
MHUUYECKHX (YCTaJIOCTHBIX) UCTIBITAHUN Ha TPEXTOYEUHBIH M3THO KIIEEBBIX N30JMPOBAHHBIX PEJILCOBBIX CTHIKOB, YCH-
JICHHBIX CTEKJIOIUTACTUKOBBIMHE TMOJIMMEP-KOMIO3UTHEIMU Haxnaakamu (mapka APATECH). B xone uccnenoBanus
OBLIM IIPOBEICHBI CTATHYECCKUE UCIIBITAHNS HA TPEXTOUCUHBIH H3THO PETbCOBBIX CTBIKOB CO CTAJIBHBIMH U IOJUMEp-
KOMIIO3HTHBIMH HaKiagkaMu. JUis HCIBITAHMI KCTIOTb30BaHbI 0OPA3IBI TPeX pasnuyHbIx npoduieii (MAVAS, S4E1
(UIC54) u 60E1 (UIC60) mocie 3,5 MIIH IHKIJIOB HATPY3KH (TIPOIECC U3HOCA TIPOBEPSIICS MOCHe KaKABIX 0,5 MITH
uKIIoB). Ilepen NpoBeneHHEM YCTAIOCTHBIX UCHBITAHHN 00Opa3lbl ObUIM M3MEpPEeHBI Ha 13 pa3sIMYHBIX 3HAYCHUU.
PesyabTaTel. B HacTosiee BpeMs BeAyTcsl pabOTHI IO MCCICAOBAHHIO YCHIICHHBIX CTCKJIOIUIACTHKOBBIX U CTallb-
HBIX PEJILCOBLIX COGI[I/IHCHI/Iﬁ (TpeXToqeque CTaTHUYCCKUC U JHUHAMUYCCKHNEC UCIIbITAHUA Ha I/I3FI/I6). C Y4Y€TOM IaH-
HBIX I/ICCHC[[OBaHI/II‘/‘I MMPOUECChI MEXaHUYCCKOTO pa3pyIICHUA ObLTH OIPCACIICHBI IMTYTEM CpaBHCHUSA 3HAaYCHUH 1/13r1/16a
C MCXOIHBIMM 3HAUEHHUSAMHU (TO €CTh J0 MCIBITAaHHH Ha ycTanocTs). C MOMOINBIO aHaIM3a Pe3ylbTaTOB U3MEpEHUM
TMOJYYCHBI OTJIWYUA IO TUIIAM KJIICCBBIX HU30JIUPOBAHHBIX PEJIBCOBLIX COC}II/IHGHI/Iﬁ CO CTaJIbHBIMU H MOJHUMEP-
KOMITO3UTHBIMH Haknaakamu. Hayunas noBu3Ha. [lo pesynbraTaM ncciienoBaHHS M3yY€HO NPUMEHEHHE HOBOTO
TUIIA KJIICEBBIX U30JIMPOBAHHBIX PEJILCOBBIX CTBIKOB U ONPECACIICH OKOHYATEJIbHBIN CpOK CJ'Iy)K6I)I JaHHBIX PEJIbCOBBIX
COCIMHECHUH, B YaCTHOCTH, CKOJIEKO BPEMEHH UX MOXKHO 0€30IacHO HCIIOIb30BAThH HA JKEJIC3HOJOPOKHOM IIyTH Oe3
NOBpeXeHUI. B MexIyHapomHO#l nuTepatype 3Ta 00JacTh KICEBBIX PENbCOBBIX CTHIKOB HE OBLIA MCCIICIOBAaHA.
IIpakTHyeckasi 3HAYMMOCTb. PeNbCOBBIC CTHIKH, YCHUJICHHBIE CTCKJIOILIACTUKOBBIMH HAaKJIAIKAMH, CKICCHHBIMH
CMOJIOH, a Takxke [KoHTponbHBIE] H30JIMPOBAHHBIC KIIEEBBIE PENBCOBBIC CTHIKH CO CTAJIBHBIMU HaKIaAKaMH OBUIH
BCTPOCHBI B XKEJIC3HOJOPOXKHYIO JIMHHIO MEXAY rocynapcTBeHHOH rpanuneii Kenenpénsn u Xenpemanom B BeH-
TPHHU B TPEX Pa3HBIX MecTaX. B maHHOH cTaThe mpouecc U3HOCA KJICEBBIX M30JIMPOBAHHBIX PEIBCOBBIX CTHIKOB MPO-
JIEMOHCTPUPOBAH TOJIBKO C IOMOUIBIO JIAOOPATOPHBIX MCIBITAHHUI Ha U3THO.

Knouesvie crosa: nabopatopHble HCIBITAHUS; CTEKIOIUIACTUK; HAKIIAJIKa; PEIbCOBBIN CTBIK; pa3pylleHHE
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IMPACT OF CARS WITH 25 TF/AXLE LOAD ON THE TRACK
CONDITION

Purpose. The research is aimed at determining changes in the state of the geometrical parameters of the railway
track, depending on the passing tonnage in dynamic interaction with the 25 tf/axle load rolling stock.
Methodology. For data acquisition, the authors carried out a statistical analysis of the indicators of digital measure-
ments of the track condition by KVL-P track-measuring cars. Using the program of calculating the mean-square
deviation of the geometric parameters of the track, the deviation of the track parameters within the test sections was
estimated. Findings. During the observation period it was found that on average the intensity of track strain accu-
mulation increases. However, according to the results of the factor dispersion analysis with 0.95 probability, it is
impossible to unequivocally state the impact of the factor of using the cars with an axial load of up to 25 tf/axle on
the deterioration of the track condition parameters. Herewith it should be noted that the share of cargo carried in the
cars with axial load of up to 25 tf/axle during the observation period was less than one per cent. According to the
values of the mean-square deviation, the state of the geometrical parameters of the track and their predicted changes
were estimated, which showed that the increased axial load will lead to decreased life of the rails, which are the
most expensive elements of the track structure, shortened service life of the railroad switches and increased labor
costs for workers involved in track repair and maintenance. The corresponding reduction of inter-repair periods,
which corresponds to the standards, is projected. In order for heavy-duty wagons not to destroy the infrastructure,
there must be at least two limitations: by the types of goods transported and by the speed of movement.
Originality. The authors conducted a study to assess the impact of cars with 25 tf/axle load on the state of the geo-
metric parameters of the railway track and proposed solutions to the issue of introducing the 25 tf/axle load rolling
stock in Ukraine. Practical value. On the basis of the obtained results it is possible to estimate the impact of the
axial load on the intensity of the track condition changes and to predict the reduction of inter-repair periods in con-
nection with the track deterioration and in accordance with the train speed restriction.

Keywords: railway track; cost standards; stress; vertical and lateral forces; axle load

Introduction funding, the introduction of axle load of 25 tf/axle
can lead to a significant deterioration of the track
and hence to the restriction of train speed, as re-
flected in the scientific works of domestic and for-
eign scientists [1, 2, 3, 4, 13, 14-19, 20].

Taking into account the above, increase in the
axial load can lead to increased costs for materials
and labor, which will undermine the introduction
of heavy cars.

The increase in freight capacity on the Ukraini-
an railways is closely related to increased axle
load. In recent years, in many countries of the Eu-
ropean Union (EU) with 1520 mm gauge, the axle
load is 25 tf/axle in accordance with the technical
specifications [8]. In addition to the EU, such axle
load was introduced by the countries neighboring
to Ukraine, namely Russia, Byelorussia, the Baltic
States.

In Ukraine, the axle load is 23.5 tf/axle, which Purpose

is a restraining factor in the organization of transit
freight transportation. In addition, at present,
Ukraine already has a rolling stock with an axle
load of 25 tf/axle, which must meet the conditions
of wear-life and durability. In the case of limited

Increasing the carrying capacity of cars up to
25 tons per axle is considered as one of the priority
directions of railways development. It is estimated
that the productivity of such cars is higher by
7-10% due to increased inter-repair mileage and
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reduced traction costs assuming transportation of
one ton of cargo. But a heavier car wears the track
more intensely [9].

In order to solve the problem issues, the authors
of the article aim to analyse the changes in the state
of the geometric parameters of the railway track,
depending on the passed tonnage in dynamic inter-
action with the rolling stock, the axle load of which
is 25 tf/axle.

Methodology

The work was carried out by the employees of
the Track and Track Facilities Department and the
Track-Testing Branch Research Laboratory, which
is accredited as part of the testing center of the
DNURT (accreditation certificate of NAAU No.
2N0011).

These tests were carried out in accordance with
the program and methodology of conducting tests of
impact on the track of the 25 tf/axle load rolling
stock, heavy-duty trains. In order to obtain statistical
data, the program envisaged assessing the impact of
cars with an axle load of 25 tf/axle on the state of
the geometric parameters of the railway track, as
well as comparing them with the projections.

Statistical surveys were conducted on a single-
gauge section of r.st. Ukrainska — r.st. Kakhovske
Sea (PCh-4 Melitopol, regional branch of
«Prydniprovska Railways»). The section is one-
track railway, of the V-VI track category. With the
density of freight traffic G = 5.5 million tons km
gross / km per year, the tonnage passed during the
observation period is 225 million tons gross. The
station Dniprorudne is located on the section.

Given that from the side of railway station
Kakhovske Sea to the railway station Dniprorudne
all cars go with a load of 23.5 tf/axle, and from r.st.
Dniprorudne to r.st. Ukrainska — tested cars with
load of up to 25 tf/axle, two test sections were con-
sidered separately:

1) From 30 to 22 km of the block r.st.
Kakhovske Sea — r.st. Dniprorudne, rolling stock
with axial load of up to 23.5 tf/axle.

2) From 20 to 3 km of the block r.st. Dne-
prroudne — r.st. Ukrainska, rolling stock with
25 tf/faxle load [3].

Equipping of track measuring means and track
facilities with modern computer technology can
significantly improve methods for assessing the

geometry of rail track and expand the range of
practical problems solved by these methods.

As it is known, for estimating the track state
and planning the track work, some European rail-
ways use the mean square deviation (MSD) of the
track geometric parameters (TGP) and the fore-
casts of their changes. For example, this practice is
adopted at the railways of Austria, Great Britain,
the Netherlands, and others [10].

MSD is the most common index of dispersion
of the random variable values relative to its math-
ematical expectation.

MSD shows how much the average value of
a characteristic deviates from its average value.

Since the magnitude of MSD characterizes the
deviation of the track across the entire considered
front, it allows us to estimate the actual state of the
track on the experimental section [9].

In this case, a linear model is used that de-
scribes the variability of the MSD of TGP depend-
ing on the tonnage passed along the track section.

The mean square deviation is always greater
than the mean linear deviation.

A small value of the mean square deviation indi-
cates that these points are closer to the mean (math-
ematical expectation) of the sample, while large
values of the standard deviation indicate that the
points are distributed in a wider range of values.

The practical use of MSD for data sampling is
to estimate the magnitude of how much they devi-
ate from the mean value.

The initial data used for the studies of the actu-
al track state with the help of MSD of TGP were
the results of measurements of the track state by
KVL-P railroad cars.

In our studies, for this purpose, we obtained
copies of the electronic files with the records of the
results of the track-measuring car passage along
some sections of the Pridniprovska Railways.

The TGP MSD calculation program is devel-
oped at the Track and Track Facilities Department
of DNURT in MS Excel. This program allows you
to evaluate the MSD of the track geometrical pa-
rameters within the experimental sections. Con-
verting the records of track-measuring cars we ob-
tained a tabular data on six geometric indicators of
the track state (pocket of the left and right lines,
position in plan of the left and right lines, pattern,
level) [8]. Information on each indicator was con-
sidered at intervals of approximately 1.84 m.
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Findings

In order to analyze the track state according to
the proposed method, all records of the track-
measuring car for April — November 2018 are pro-
cessed. Each electronic file is recognized and in-
cluded in a document with the name of the sheet,
which corresponds to the month and year.

The track state indicators for April 2018 on the
1st section are shown in Fig. 1
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Fig. 1. Explanation of electronic file
for April 2018 (2018 _04)

Taking into account the lack of accuracy, when
binding the measurement commencement to the
distance in kilometers, at first all records (for each
month) were adjusted in such a way that the initial
base would coincide.

Also, taking into account that during measure-
ments a slip of a measuring wheel can occur, the
given step (1.84 m) may differ from the actual one
in different trips. This step in the data for each
month of observations was also corrected (Fig.2).

17 16

Fig .2. Non-coincidence of highs
at the end of the section

According to the proposed method, all records
of the track-measuring car for April — November
2018 were processed. The information for each
month was stored in a separate sheet MS EXEL
with the sheet name corresponding to the month
and year.

For each value of the indicator its deviation
from the mobile mean value was -calculated

(Fig. 3).
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Fig. 3. Dependence of horizontal forces
on running speed

Upon defining the MSD of all parameters for
each kilometer of each section, we built the consol-
idated tables and the charts of MSD change by the
passed tonnage (monthly data tied to the passed
tonnage).

The deviation of a certain value from the mid-
dle line was found by approximating the values
located at a distance of 50 meters before and after
this value. Approximation is carried out according
to the polynomial of the second order.

After composing the equations, we constructed
the mean square deviation graphs. The graphs are
shown in Figures 4.

To sum up these figures, the mean value is giv-
en, determined by the formula:

S L+RL+LL+RP+LP+P
6

)
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where L — level in mm; RL- right levelling in mm;
LL- left levelling in mm; RP- right pocket in mm;
LP— left pocket in mm; P —pattern in mm.

Change in MSD of track state parameters
depending on the passed tonnage

1.90

¥ = 0033134059

——_R2=06851 -

1.70

1.50

e
1.10 Ve
/s
s
0.90
0.70
0.50
162.0 162.5 163.0 1635 1640 1645 1650  165.5
—L —RL
LL P
——RP ——RP
—Mean e Linear {(Mean)

Samples of MSD changes are depicted in Fig-
ure 3. The graphs show the equations of the trend
lines, which determined the intensity of the change
in MSD for the test period for each kilometer.

Change in MSD of track state parameters
depending on the passed tonnage

v = 00T =L
R® = 0.2302

0.70
0.50
170.0 170.5 171.0 1715 172.0 172.5 173.0 173.5
—L —RL
LL P
—RP —RP

Mean 0 e Linear (Mean)

Fig. 4. Change in mean square deviation on the section of 22-30 km (23.5 t/axle) and 3-18 km (25 t/axle)

Upon determining the intensity of the change in
MSD of TGP depending on the passed tonnage in
the sections of r.st. Kakhovske Sea — r.st. Ukrain-
ska, by means of factor dispersion analysis we es-
timated the influence of the axial load on the inten-
sity of track state changes [7].

From the charts it is seen that the intensity in-
creases by 20%, therefore one can conclude that
the axial load affects the state of track geometric
parameters. But given the significant spread of
these values, we conducted the factor analysis.

To do this, all the received intensities (for kil-
ometers) are divided separately for sections 1 (up
to 23.5 t/axle) and 2 (up to 25 t/axle). Output data
and the results of the conducted factor analysis are
presented in Fig. 4.

The factor dispersion analysis confirmed that,
with a probability of 0.95, it cannot be asserted that
during the observation period, the axial load af-
fected the intensity of the growth of track irregular-
ities.

It should be noted that with the density of
freight traffic along the section of 5.5 million
tkm/km per year, during the period of observations
(April-October 2018) 5.5/12*6 = 2.75 million tons
of cargo was passed, while the cars with an axial
load of up to 25 t/axle transported about 3 ths. tons,
which was about 0.1 per cent.

It should also be noted that according to Fig. 3,
the average intensity of the growth of track irregu-
larities on the sections with axial load up to 23.5 t
was 0.0144 mm/m.t, while on the sections with
axial load up to 25 tf — 0.0172 mm/m.t.

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/171297

90

© O. M. Patlasov, E. M. Fedorenko, 2019



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J{HinponeTpoBcbKoro
HaL[lOHAJIIBHOTO YHIBEPCHTETY 3aJIi3HUYHOro Tpancnopty, 2019, Ne 3 (81)

3AJIIBHMYHA KOJIII TA ABTOMOBUIBHI JOPOI'

Increase in intensity under axial loads
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Fig. 5. Factor dispersion analysis of impact of 25 t/axle load cars on the intensity of track deterioration increase

Originality and practical value

The research was conducted for the possibility
of estimating the impact of cars with 25 t/axle load
on the state of geometrical parameters of the rail-
way track and suggested the ways of solving the
issue of introducing the 25 t/axle load rolling stock
in Ukraine.

Conclusions

Having performed the analysis of the change in
MSD of TGP depending on the density of freight
traffic, the passed tonnage and the repairs, having
obtained the general mean adjusted value in the
sections of r.st. Ukrainska — r.st. Kakhovske Sea
before and after the modernization, we see that the
general mean adjusted value of MSD of TGP on
the track sections Ukrainska — Kakhovske Sea is
equal to 1.62 mm.

We analysed the changes of the MSD of TGP
depending on the density of freight traffic on the
track sections Ukrainska — Kakhovske Sea and

made the conclusion that at the same volume of the
passed tonnage the value of the freight traffic den-
sity does not affect the value of the MSD of TGP.

The obtained MSD of TGP allow to give an as-
sessment of the track state and to plan the perfor-
mance of track work, including track repair with
greater efficiency than by the existing norms. Be-
fore and after the repairs, it would be advisable to
carry out the analysis of the MSD of TGP and to
further assess the track state and plan the track re-
pair in accordance with this method according to
the actual state of the track.

Thus, we can conclude that in order to obtain
the MSD in both direct and circular curves and
ease curves, the basic value for determining devia-
tions can be found by approximating the actual
values by the second order polynomial.

With the continuous introduction of 25-t/axle
load cars, the track maintenance cost will increase
by 6-8%. We recommend the corresponding reduc-
tion of inter-repair periods, which corresponds to
the standards stipulated [7].
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BILJIUB BATOHIB 3 OCbOBUM HABAHTAKEHHSIM 25 TC/BICh HA
CTAH 3AJIBHUYHOI KOJIII

Mera. JlocnimKkeHHS CIIpsIMOBAaHE HAa BH3HAYCHHS 3MiH Y CTaHI TEOMETPHUYHHUX MapaMeTpiB 3ai3HUYHOI KOl
3aJICKHO BiJI TIPOIYIIEHOTO TOHHAXY 33 IWHAMIYHOI B3a€EMOZII 3 pyXOMHUM CKJIaIOM i3 HaBaHTaKCHHAM 25 TC/BICh.
Metoauka. /{51 TOCSATHEHHS METH aBTOPU NMPOBENM CTATUCTHYHUIA aHali3 MOKa3HUKIB BHMIpIOBaHb CTaHY KOJii
BaroHaMmu-kojieBuMmiproBadyamu THny KBJI-II. 3a momomMoror mnporpamu po3paxyHKy CepeaHbOKBaIPaTUYHOTO
BiIXWJICHHS TEOMETPUYHHX IapaMeTpiB KOJil OMIHEHO BIAXWIICHHS IMapaMeTpiB y MeKaX IOCTiTHUX MiJITHOK.
Pe3yabTaTi. 3a nepiol cocTepeKeHb BUSBICHO, IO IHTCHCUBHICTh HAKONMYEHHs edopMartii Kodii B cepeqHEOMY
3pocrae. OfHaK 3a pe3yabTaTaMu (PaKTOPHOTO MUCIEPCIHHOTO aHali3y 3 UMOBIPHICTIO 95 % HEe MOXKHA OJHO3HAYHO
CTBEPJUKYBATH TIPO BIUIMB BaroHiB 3 OCbOBHM HABaHTAXKCHHSM 10 25 TC/BiCh Ha MOTIPIICHHS MOKAa3HHUKIB CTaHy KO-
mii. Tlpy npoMy Ciiji 3a3HaYMTH, IO YaCTKa BaHTaXy, MEPEBE3EHOT0 y BaroHax 3 OCHOBUM HABAHTAKEHHSIM 0
25 Tc/Bich, 3a MepioJl CIIOCTEPEKEHb CKIIala MEHIIIE OJJHOTO BiZICOTKA. 3a MOKa3HUKaMH BEJIMYHHH CEepeIHbOKBaApa-
TUYHOTO BIJXWJICHHS OL[IHEHO CTaH F€OMETPUYHUX IapaMeTpiB Kouii Ta X MPOrHO3HI 3MiHHM. AHai3 MOKa3as, L0
I/IBUILIEHHS] OCLOBOTO HABaHTAXKEHHsI ITPU3BEJIE JI0 3MEHILIEHHS peCypCy eKcIulyaralii pelok, siKi € HalJI0poKINM U
3 CJIEMCHTIB BEPXHBOI OyJOBH KOJIii, CKOPOUCHHS TEPMIHY CIY)KOM CTPIIOYHHX MEPEBOMIB i 30LIBIICHHS BUTpPAT
mpami poOITHHKIB, 3afHATHX PEMOHTOM 1 YTpUMaHHAM Kojii. PekoMEeHIOBaHO CKOPOYCHHS MiKPEMOHTHHX
nepioiB, sKe BiAMOBigae HopMaTuBaM. s TOTo, M00 BETMKOBAaHTa)KHI BAarOHH HE PYHHYBAIU 1HPPACTPYKTYpY,
Ma€e JIiATH sSK MIHIMyM JaBa OOMEXKEHHS: 3a BHIAMH BaHTaXiB, SKi IEPEBO3STH, 1 3a IOBUAKICTIO PYyXY.
HaykoBa HOBH3HA. ABTOpH IIPOBENHN JTOCTIKCHHS OI[IHKH BIUIMBY BaroHiB 3 OCHOBUM HAaBaHTaXXEHHSIM 25 TC/BIiCh
Ha CTaH FeOMETPUYHUX MMOKA3HUKIB 3aJII3HMYHOT KOJIIT i 3alpONOHYBAJIM LUISIXM BUPILIEHHS MUTaHHS W00 BIPO-
Ba/DKCHHS B YKpaiHi pyXOMOro CKJaay 3 OCbOBUM HaBaHTaXeHHsM 25 Tc/Bick. [IpakTuyna 3HaunMicTs. Ha ocHo-
Bi OTPUMaHHX PE3yJIbTATIB MOXKHA OLIIHUTH BIIMB OChOBOI'O HABAHTA)KCHHS HA IHTEHCHMBHICTh 3MiH CTaHy KOJIii Ta
MPOTHO3YBaTH CKOPOYEHHS MDKPEMOHTHUX TEPMIHIB y 3B’SI3Ky 3 HOTO MOTIPIIEHHSM 1 BiANOBITHO IO OOMEXEHHS
HIBUAKOCTI PyXy TOT3/1iB.

Knrouosi crnoea: 3aii3HAYHA KOJIisl; HOPMHU BUTPAT; HANPY)KEHHS; BEPTUKAIbHI i OOKOBI CHJIM; OChOBE HaBaHTa-
KEHHS
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BJIMSTHUE BATOHOB C OCEBOM HAI'PY3KOM 25 TC/OCh HA
COCTOSAHMUE KEJIE3HOJOPOXHOI'O IYTU

Heas. VccnenoBanue npeaycMaTpuBaeT ONpeeCHHEe U3MEHEHU B COCTOSHUM F€OMETPUUECKUX MapaMeTpoB
KEJIE3HOJOPOXKHOTO IMYTH B 3aBUCHMOCTH OT IPOITYIIEHHOTO TOHHAXa NPH INHAMHUYECKOM B3aUMOJACHCTBHUH C TI0-
IIBIDKHBIM COCTaBOM C Harpyskoit 25 tc/ocs. Meroauka. s mocTHKeHUS LeNN aBTOPHI MPOBEIH CTAaTHCTUICCKUH
aHaIN3 TI0Ka3aTeNel M3MepeHid COCTOSHUS MyTH BaroHamu-mytensMeputessiMu tana KBJI-T1. C momormsio mpo-
TpaMMBI PacueTa CPeIHEKBAAPATHIECKOrO OTKJIOHECHHS T€OMETPUIECKUX ITAPAMETPOB OLIEHEHBI OTKJIOHEHHS Tapa-
METPOB B MpenesiaX OMBITHBIX y4acTKOB. Pe3ysbTaThl. 3a mepros HaOMIOACHHUH BBISBICHO, YTO MHTEHCHBHOCTD
HakoIUIeHHs1 eopMalMu IIyTH B cpelaHeM Bo3pacraeT. OnHAaKo mo pesynbraram (PaKTOPHOTO JWUCIIEPCHOHHOTO
aHalu3a C BEPOSTHOCTBIO 95 % Henb3s OJHO3HAYHO YTBEPXKJAaTh O BIMSHUU BaroHOB C OCEBOM Harpys3kod 1o
25 1c/ochk Ha yXy/IIEHHE MOoKa3arTeleil cocTosiHus myTH. [Ipu 3TOM ciieryeT OTMETHTb, UTO J0JIS IEPEBO3UMOTO I'PY-
3a B BaroHax ¢ OCEBOW Harpyskoil 1o 25 Tc/och 3a meproj HaOMOAEHUH COCTaBMila MeHee OJHOro mpoueHTa. 1o
TNoKaszaTejisiM BCIWMYUHBI CPECAHCKBAAPATHUCCKUX OTKIIOHCHHUSA OILICHECHO COCTOAHHUEC TI'COMETPHUUYCCKHUX IMMapaMETpOB
IMyTU U UX NIPOTrHO3HBIC U3BMCHCHMUS. Amnamnus I10Ka3ajl, 4YTO MOBBIIICHUC 0CEeBOM HarpyskKu MnpuBeaCcT K YMCHbIICHUIO
pecypca 3KCIUTyaTalliy PEeNIbCOB, KOTOPBIE SBIIAIOTCSA CaMbIM JIOPOTHM 3JIEMEHTOM BEPXHETO CTPOCHHUS IYTH, CO-
KPAIIEHUIO CPOKA CIYXKOBI CTPEIOYHBIX ITEPEBOJOB M YBEJIMUCHHIO 3aTpaT TPyAa paOOTHHKOB, 3aHATHIX PEMOHTOM
U COEpKaHUEM ITyTH. PEKOMEH/I0OBAaHO COKpalIeHNE MEXPEMOHTHBIX EPHOIOB, KOTOPOE COOTBETCTBYET HOPMATH-
BaM. J[i1 Toro 4ToObBI GONBIIETpY3HBIE BAarOHBI HE pa3pyIain HHPPACTPYKTYPY, LOIDKHBI JEHCTBOBATh KAK MUHH-
MYM JIBa OTPaHWYEHHS: 10 BHAAM IIEPEBO3MMBIX I'PY30B U IO CKOPOCTH ABIDKeHHSA. HayuHast HOBU3HA. ABTOpPBI
MIPOBEJH MCCIEAOBAHUE IS OLICHKU BIIMSIHUSI BarOHOB C OCEBOM Harpyskoi 25 Tc/och Ha COCTOSHHE T€OMETpHUC-
CKHX TOKazaTesiel KeJIe3HOJOPOXKHOTO MYTH U MPEUIOKWIN MyTH pelIeHHs BOIpoca MO BHEAPEHHUIO B YKpauHe
MOJIBMYKHOTO COCTaBa C OCCBOU Harpy3koit 25 tc/ock. IlpakTuyeckasi 3HaYMMOCTh. Ha OCHOBE TONyYeHHBIX pe-
3yJbTAaTOB MOXHO OUCHUTH BJIUSHUC 0CEeBOM Harpys3kv Ha MHTCHCUBHOCTb W3MEHEHUM COCTOSHHUS IIyTAU U IPOTrHO-
3UPOBATH COKPAICHUC MEKPEMOHTHBIX CPOKOB B CBA3U C €0 YXYAUICHUEM U B COOTBETCTBHUU C OTPAHUYCHUEM CKO-
POCTH IBI)KEHUS 1OE3/10B.

Knrouegvie crosa: %ene3HOOPOKHBIN MyTh; HOPMBI PACXOJ0B; HANpPSIKEHHE; BEPTUKAIbHBIC U OOKOBBIE CHJIBI;
oceBast Harpyska
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SPECIFIC EVALUATION METHODOLOGY OF RAILWAY BALLAST
PARTICLES’ DEGRADATION

Purpose. The most railway lines in the world have so called traditional ballasted superstructure. The authors
think that it is important to learn about the process of ballast degradation. There are only two types of standardized
laboratory test methods in the EU to assess railway ballast particle degradation and describe the rock physic charac-
teristics, but are not suitable for modelling the railway stress-strain circumstances of ballast materials, and they par-
ticles. In this paper the authors represent some conclusions from their research that the authors experienced during their
individual fatigue laboratory test and from new additional tests. With these kind of testing methods, the deterioration
process of railway ballast particles can be assessed more realistic and precisely. Methodology and new directions.
There are two types of laboratory tests which are presented in this article. The first one was performed by using
a shear box with a special layer structure that is loaded by dynamic, pulsating force; while the second one was exe-
cuted by using a 140 mm diameter HDPE tube with its original closing element that is loaded by ZD-40 machine.
Findings and problems. There is a development after the R&D work made and published in 2014, in 2017 and 2018
years the ballast particle deterioration process is given according to more intermediate fatigue cycles with individual
measurements that show more precise «picture» about the full particle degradation, i.e. breakage process. The authors
give more accurate correlation functions between the calculated parameters and load cycles during fatigue. However,
there are many factors in the test that need to be improved in the future. Therefore, the authors have discovered other
additional tests. Originality. The most important goal of the authors that supplement the currently used regulation with
new measurement methods. Practical value The authors’ developed and new methods may serve as a basis for a future
instruction or regulation. The publishing of this paper was supported by EFOP 3.6.1-16-2016-00017 project.

Keywords: individual laboratory test method; railway ballast material; particle degradation; breakage; dynamic
fatigue test; static pressing test; CT equipment; 3-D image analysis

«hammeringy of rails at rail joints, defects of weld-
ing...etc.) [1, 2, 4, 38, 39, 40, 41, 50, 52],

— natural and environmental effects (freeze,
melt, sunshine, rain, wind, flood, etc.),

— effects at turnouts caused be railway vehicles
[50, 52],

— effects at level crossing caused by road vehi-
cles,

Purpose

For the railway transport the most widely used
superstructure is the ballasted track [23, 24]. The
ballast bed bears significant forces and plays im-
portant role in load carrying «chainy». Each part of
the track receives static and dynamic effects in dif-
ferent proportions [1, 2, 50, 52]. The forces and

stresses do not transmit consistently in the «sleep-
er-ballast bed» interface, as well as «grain-grain»
connections in the ballast bed. These kinds of ef-
fects are the following (without completeness):

— dead weight loading (according to the au-
thors’ analysis, it is negligible),

— vehicle forces and effects (on perfect or quite
perfect quality track),

— previous geometric and/or structural features
on defective track (defects of track geometry,

— effects of tamping machines’ hammers dur-
ing operation,

— other relevant effects (e.g. other vehicle ef-
fects, etc.) [0032, 0034].

The degradated ballasted track cause significant
geometric changes that cause structural, stability
and drainage problems. These problems could
shorten the lifetime of the track even in a short
term [1, 50, 51, 52].

In nowadays practice it is obvious aspect that
required quality ballast [9, 13, 29, 30, 33, 34, 35,
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36, 37, 46, 47, 49] is achievable in requested quan-
tity.

It would be important to embed crushed stone
materials with better rock physic properties as
railway ballast bed. Using these ballast materials
would also facilitate production, transportation,
installation, operation and maintenance.

In reality, the previous assumption is not evi-
dence: the employed and developed laboratory
testing methods by the authors and the MSZ EN
13450:2003 product standard [37] (in Hungary the
Modification 4 in MAV 102345/1995 PHMSZ
[30]) can be suitable for redound and raising with
the higher volumes of the LArg and MpeRB.

The developed testing method may be a pro-
posal for the elaboration or modification of new
assessment and measurement method and the revi-
sion of the values’ limits.

There are two types of standardized laboratory
test methods in the EU which could describe the
rock physic characteristics of the railway ballast
and determined in the MSZ EN 13450:2003 prod-
uct standard [37]:

— Los Angeles abrasion test (MSZ EN 1097-
2:2010) [0021],

— Micro-Deval abrasion test (MSZ EN 1097-
1:2010) [0020].

These laboratory test methods are not suitable
for modelling the railway loads in a real manner
with the dynamic force and vibration [0035, 0037],
but they can be absolutely useable for satisfy defin-
ing the abrasion characteristics of a given aggre-
gate sample and for ensure the checking of the
quality level. For the objective judgement of con-
formability special laboratory breakage test has to
be used that consider the more real operation cir-
cumstances and stresses.

The unique laboratory test method was devel-
oped in 2015 [17], because the standardized tests
cannot consider the real breakage and abrasion (i.e.
loads from vehicles and other effects). The results
of the test were compared with the related regula-
tion of MAV (Hungarian Railways). The individu-
al laboratory test helps to calculate the required
time intervals of ballast screening.

The authors research the theme’s extensive in-
ternational literature. Foreign researchers are ac-
tively publishing in the research topic, so there is
a comprehensive literature in different areas and
different methods: laboratory tests; field tests;

DEM and FEM modelling methods and 3D grain
shape improvement [6, 14, 15, 22, 31, 32, 42, 43,
48]. Based on this the authors represent the own,
individual solution for the unique laboratory test
procedure (method) that is able to simulate the
stresses more realistic.

The second, additional test is very different
from the original one. The authors put ballast par-
ticles to a HDPE (water) tube (lined with single
layer 1200 g/m? geotextile) with its original clos-
ing element and loaded by ZD-40 machine static to
an ultimate loading value step by step. Before and
after each loading stage, ballast sample — with all
the particles in the tube — are scanned by a CT
(computer tomography) equipment [7, 10, 11, 25,
26]. Because of loading a small aggregate, almost
every particle’s degradation is trackable.

Hopefully with this new method the authors
can achieve breakthrough results, which may serve
as a basis for a later standard.

Methodology and new directions

Individual laboratory test

In 2014 a Research & Development project was
completed with the finance support of Colas
Eszakkd Ltd.; the public information was pub-
lished in [17].

In 2017-2018 laboratory test series with im-
proved parameters and modified circumstances
were performed [16, 18, 19, 20, 21, 27].

The authors executed the tests with two types
of ballast samples because of the different rock
mechanic properties (ballast samples from Colas
Eszakké Ltd.). The samples’ basic properties were
different from each other (LAre and MpeRB val-
ues). The load cycles were the following: 0.1 mil-
lion; 0.2 million; 0.5 million; 1 million; 1.5 mil-
lion, 3 million and 5 million. Every ballast sample
should be separate for each fatigue test.

The aspects and detailed parameters of the la-
boratory test are included in a previous publication
[27]. Such parameters which have been taken from
the wide literature research are the follows used by
the authors to get results:

- Fv (%),

— BBI,

— Bg,

— d<22.4 mm in mass percentage,

— d<0.5 mm in mass percentage,
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— d<0.063 mm in mass percentage,

— deo/dyo ratio,

— C¢ ratio,

— M ratio,

— A ratio.

The goal was to effort determine mathematical-
physical trends and correlation between character-
istics (see above point) and loading cycles of fa-
tigue test.

Application of the CT (X-ray) equipment

While there is a wide range of literature availa-
ble for the 3-D image analysis, the authors found
very little source related to testings of railway bal-
last and/or civil engineer granular materials with
CT equipment. The CT (X-ray) equipment is avail-
able to the authors in the laboratory of Audi Hun-
garia Faculty of Automotive Engineering at Szé-
chenyi Istvan University, Gy6r (Hungary) [7, 10,
11, 25, 26].

X-rays are a form of energy distribution in the
family of electromagnetic vibrations. Computer
tomography is a development of traditional X-ray
screening technology.

The basic data of the device and some relevant
data for one measurement can be read in the au-
thors’ previous paper [20].

The numbered and 3-D scanned ballast parti-
cles are placed in a 140 mm diameter (inner di-
mension) HDPE tube (originally a water tube) with
its original closing element (see Figure 3) and put
it into the CT equipment (digitally technic).

Fig. 3. The HDPE tube with the sample

The measurement method is the following (for
the 3-step loading):

— washing, drying and numbering of all the
stones,

— measuring the weight of the stones and tak-
ing photo of all of them,

— inserting the stones into the HDPE tube
(lined with single ,

— placing the HDPE tube into the CT equip-
ment and recording CT 3-D model (initial model),

— loading with ZD-40 machine (until 300 kPa),

— another recording by CT equipment (2nd
model),

— loading with ZD-40 machine (until 600 kPa),

— another recording by CT equipment (3rd
model),

— loading with ZD-40 machine (until 900 kPa),

— another recording by CT equipment (4th
model),

— measuring the particles after the loading
(weight, photographing),

— washing and drying the particles,

— measuring the weight and photographing
once again.

The one-step loading measurement method is
very similar to the previous mentioned one, the
authors had to save two recording with the CT
equipment (before as well as after loading) and the
loading was up to 1800 kPa.

X-ray procedure

Homogeneous beam was emitted through the
sample, which diffuses and penetrates (it depends
on the material) and as a result of the adsorption,
the distribution of the quantum of the x-ray chang-
es and weakens in the image plane, blackens the
detector to varying degrees. This creates the x-ray
images; that depends on the quality of the ballast
material. X-rays can also detect tiny cracks after
the loading.

Computer tomography procedure

The object under examination is illuminated
with a thin, flat X-ray beam. There is a detector
which placed behind the object senses where and
how much of the beam has been absorbed along
a line. In the same plain, the beam is illuminated
from several directions, and a drawing of the de-
tails in the plain (slice) is drawn from the measured
intensity curves. The plain is then pushed away
and rotated again. At the end of the procedure, the
spatial structure of the test body can be mapped.
«Structure» refers to the arrangement of details
that can be distinguished from X-ray transmission
capability. Modern CT (X-ray) equipment crawls
several slices (up to 1260) at a time, and a test can
be performed in a few minutes with the necessary
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calculations. The available CT equipment can be
seen in Figure 4. Figure 5 shows an example for
measurement.
Basic data of the device, and some relevant
data for one measurement:
— A 360° rotation produces 1260 projections
(CT-images).
— The number of the lines are 104.
— In case of multi slice: distance between two
slices is 210 mm.
— Number of the pixels: 2048 x 2048 (used:
1024 x 1024).
— 2D-pixel size: e.g. 0.19124188 mm.
— 3D-XY-pixel size: e.g. 0.18966927 mm (the
edge length of 1 spatial pixel — so called ‘voxel’).
— 3D-Z-pixel size: e.g. 0.1896692 mm.
— X-ray tube: Y.TU 450-D09.
— Tube voltage: 0...450 kV (used 210 kV).
— Current: 2.60 mA (it is related to 210 kV;
e.g. 1.213 mA for 450 kV).
— Focus: small.
— Filters:
o Al: 0.00 mm,
Cu: 1.50 mm,
Sn: 0.00 mm,
Pb: 0.00 mm.

O
O
O
O

Fig. 4. The CT (X-ray) equipment with
the HDPE tube from two viewpoints

Fig. 5. Preview of a CT measurement, as well
as the board of the software

As described above, before and after the loading
tests — like the fatigue test — the HDPE tube with the
ballast material was scanned by the CT equipment.
The authors used CT equipment for the analysis of
the breakage. The CT machine’s own software is
able to build the spatial frame of the ballast set and
the 3-D model could be used in the free software
version of GOM 2018 (projection system). The pa-
rameters are the following that can be determined
by using the 3-D model:

— displacements of the particles,

— volume,

— the set of the particles can be identified.

The weight of the particles after the test was
redefined.

After that, the authors performed some loading
test with just one-step and the values reached even
the 1800 kPa (2000 kPa). The step-by-step loaded
and scanned sets can be compared with the soft-
ware.

Figure 6 and Figure 7 show some photo from
the laboratory measurement.

Fig. 6. Some weighted and numbered particles
before loading
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Figure 8 and Figure 9 show 3-D images (mod-
els) made by CT (X-ray) equipment. The samples
in the HDPE tube were static loaded with compres-
sion stresses of given values (in Figure 7 from
right to left: 0, 300, 600 and 900 kPa; in Figure 8
from right to left: 0, 1800).

Fig. 7. Numbered particles in the lined HDPE tube be-
fore (top) and after (bottom) loading (Test series #3, i.e.
maximum compression stress: 1800 kPa)

Fig. 8. Recorded 3D images (models) from the loaded
aggregates in 3 (4) steps by CT equipment related to test
series #2 (from right to left — step #0: before loading,
step #1: max. compression stress is 300 kPa, step #2:
max. compression stress is 600 kPa, step #3: max. com-
pression stress is 900 kPa)

Fig. 9. Recordings from the loaded aggregates in 1 (2)
steps related to test series #3 (from right to left — step
#0: before loading, step #1: max. compression
stress is 1800 kPa)

The authors suppose that the speed of the load-
ing is also a relevant parameter that will be exam-
ined in the future.

Findings and problems

In recent papers [16, 17, 18, 19, 20, 21, 27] the
relevant correlations were presented in some
graphs related to the calculated parameters in case
of the individual fatigue laboratory tests.

There is enormous time requirement of this
type of testing method, so this is the reason why
the authors would like to try to find other meas-
urement methodologies, like the measuring with
the CT equipment. It can take 1 to 1.5 month to
reach the 5 million cycles in the testing method
and the authors used «fresh» ballast material for
every measurement (after 100,000, 200,000,
500,000... etc. cycles).

Other problem is the extruded polystyrol layer
was significantly deformed during the dynamic
test, so in this year the main goal is to evolve the
modified layer structure. Changing it for a stiffer
and harder layer could help the research in better
way.

At the second laboratory tests the evaluation of
the results is still ongoing.

The graphs below show the loading curve for
the 3-step load and the one-step load (see
Figure 10. and Figure 11.).

The loading curves show that they do not reach
the upper limit of the load in a straight line, but
they move down in certain places. In these places
the ballast particles displacements from each other
and breaking. With increasing the load, the frac-
tures in the loading curve are increasingly greater.

Compression test — Series #2

oy
N

iy
o

A e max. 300 kPa

e==max. 600 kPa

max. 900 kPa

Vertical loading force (kN)
(o2}

0 2 4 6 8 10 12
Compression (mm)

Fig. 10. Loading curves of loadings with max.
300-600-900 kPa compression stress values
(3-step loading)
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Compression test — Series #3
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Fig. 11. Loading curve of loading with max.
1800 kPa compression stress value (one-step loading)

The loading curve rises much steeper after eve-
ry (little) breakpoint.

The preliminary results show the quantity of
the «resty» particles from the entire ballast aggre-
gate from the 3-step loading laboratory test (with
the HDPE tube). This value calculated from the
weight of the original numbered, washed and dried
particles without loading and washed and dried
particles after the latest loading (it is a percentage
value, however it should be taken into account that
up to 30% of some stone have broken down). The
values can be seen in Table 1. The values written
with slanted letters show the values that involve the
rate of those stones that split into several pieces.

Table 1

The broken particles of the ballast aggregate after
300-600-900 kPa compression stress (the 3-step load-
ing test)

The weight of the broken parti-

Series number of the tests cles [%]

0.18%
0.14%
3.18% (6.26%)
1.13%
1.06% (3.90%)

6 1.65% (3.64%)

Table 1. shows that none of the samples con-
tains more than 1.7% (with the exception of Series
2#) of the powder of the stone after the latest load-
ing. The percentage of broken stones is also less
than 4%, including the number of stones that fell
into several larger pieces (not powder, like the pre-
vious case).

The authors also investigated that in the tube
which particles were broken down mostly of the

g A W N P

rows. Table 2 show the degradation for each rows
(ratio of after-loading-weight and before-loading-
weight in percentage).

Table 2

The broken particles of the rows
at the 3-step loading test

Series number of
the tests

Number of the
row

The weight of the
broken particles

[%]

0.10%
0.06%
0.13%
0.13%
0.47%

0.00%
0.27%
0.11%
0.09%
0.27%
0.09%

5.45%
0.62%
1.28%
5.73%
2.80%

0.15%
1.59%
2.04%
0.57%
1.17%

0.24%
0.34%
0.67%
0.31%
4.33%
0.21%

~NOo OB WON PP OO PN PEPI OO PMMODNMREPEP OGO ODNPRFEP([O OGO BMWOODNMP|OOOBMMODNDPR

0.51%
0.05%
0.54%
0.35%
6.68%
0.43%
0.91%
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According to the values (with the expection of
Series #2) the particles are mostly broken in the
lower and middle part (three before the bottom) of
the aggregate.

During the test particles in the HDPE tube
moved significantly during the test (mainly on top
of the aggregate). The authors would like to ana-
lyse particle movements in the future.

Originality and practical value

The most important goal of the authors that
supplement the currently used regulation with new
measurement methods, because the original stand-
ardized tests are not loading the samples realistic.
The authors’ developed and new methods may
serve as a basis for a future instruction or regula-
tion.

Conclusions, future scope

The authors would like to reduce the time re-
guirement of newly developed testing methods
with improved manner. The authors combine the
compression tests with 3-D image analysis (full-
field 3-D shape measurement) with the help of CT
(X-ray) equipment. The measurement method was

developed, the procedure of evaluation methodolo-
gy is in progress.

Beside them field tests are planned in the Hun-
garian railway lines. The authors plan to collect
samples from old railway lines where ballast ag-
gregates have known PSD (particle size distribu-
tion) at the time of construction.

In the laboratory the authors always work in
idealized conditions. This is the reason why the
particle breakage values are much higher than the
values in real circumstances (see measurement re-
sults from 2014 and 2017-2018). Besides, the au-
thors could test only one kind of loadings. Tamp-
ing machines also break ballast particles during
work, so this kind of effect is also needed to be
considered in the future research. Delivery of the
crushed stone to the site can also be an important
parameter that has to be considered.

The authors plan to work with DEM simula-
tions [12, 44, 45], for this a spatial model must be
built. The simulations with the laboratory tests
would be comparable.
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YJIOCKOHAJIEHA METOJIUKA OLIIHKA PYHUHYBAHHSI YACTOK
SAVIIBHUYHOI'O BAJIACTY

Mera. binpuricTs 3a1i3HUYHUX JIiHIH y CBITI MAlOTh Tak 3BaHy TPAIUIIHHY BEPXHIO OYIOBY KOJIii 3 OalacCTHUM
mapom. Ha gymKky aBTOpiB, A1 rapaHTyBaHHS O€3IEKH PyXy BaXKJIMBO BHBUMTH IPOIEC pyHHyBaHHS OaJlacTHOTO
mapy. ¥ €C icHye TiJIbKU JBa THUIH CTAHAAPTHUX METOJIB JIAOOPATOPHUX BHIIPOOYBAHb ISl OIIHKH CTYICHS pyH-
HYBaHHS 4aCTOK 3aJli3HUYHOTO 0alacTHOTO IIapy i omucaHHs iX Qi3MYHMX XapaKTEpPHUCTHK. AJle BOHM HE NPHIATHI
U MOJICITIOBAHHS HAIPY>KEHO-1e(hOpPMOBAHOTO CTaHY 3aI3HUYHUX OAJIACTHUX MaTepiaiiB i IX 4acTok. Y Mii cTat-
Ti aBTOPHU MPEACTABISIOTh METOAM BUNPOOYBaHb, 33 JOIIOMOTOIO SKHX MPOLEC PYHHYBaHHS 3aJli3HUYHMX YacCTOK
0anacTy MOXKHA OILIHUTH OUTBIN peaniCTHYHO ¥ TouHO. L{i MeToau 6a3yroThCs HA BUCHOBKAX 13 JOCIIIKEHb, 1H/UBI-
IyaJbHUX JIA0OPATOPHHUX BUIIPOOYBaHb Ha BTOMY, a TAKOX 13 TOJATKOBUX BHMPOOyBaHb. MeToauka. Y poOoTi mo-
JIaHO JIBA THIU JIAOOpaTOpHUX BUIPOOyBaHb. [lepuinii OyB BUKOHAHUI i3 BUKOPUCTAHHSM 3CYBHOI KOpPOOKH 3i crie-
LIaJIbHOIO IIAPYBATOI0 CTPYKTYPOIO, K4 HaBaHTAXEHA TUHAMIYHOIO, MYJIbCYIOUOI0 CHIlor0. JIpyruil TuI — i3 BUKO-
pHUCTaHHIM TPyOH 3 MOJETHIICHY BHCOKOI IIITHHOCTI AiaMeTpoM 140 MM 3 OpHTiHAIBHOIO 3aMipHOIO JIETaJUIo, Ha-
BaHTakeHOI0 MamnHo ZD—40. PesyabraTu. [licns HayKkoBo-#oCIiTHMX PO3pOOOK, MPOBEJEHUX 1 OIMYOIiKOBaHUX
y 2014 poui, crioctepiraeTbcsi pO3BUTOK METOJIIB OLIHKYM pyHHYBaHHs OanacTHoro mapy. Y 2017 it 2018 pokax min
Yyac BUNPOOYBaHb PyHHYBAaHHS YacTOK OajacTy Oyio 37ificHeHO 3 OLIBIIMMHU NPOMIKHUMHM IMKJIAMH BTOMH Ta OK-
peMuMH BUMipaMH, sIKi O17bII TOYHO MOKAa3ylOTh IIOBHE PYHHYBaHHS 4acToK, TOOTO mporec pyitHyBanHs. [IpoBene-
HO KOpEJIAIII0 MK PO3paXxyHKOBHMH IapaMeTpaMy i IUKJIaMH HaBaHTa)KeHHS Ha BToMy. OHaK Iijg yac BUIpoOy-
BaHHS 3aJMIIAETHCS Oarato QakTopiB, sKi MOTpeOyIOTH moJinmieHHs. TOMy aBTOPHM ONMCYIOTHh 1HII JOJATKOBI
tectn. HaykoBa HOBM3HA. Y po0OOTi 3amponoHOBaHA BIOCKOHAJIEHA METOAWKA OI[IHKH PYHHYBaHHS 0anacTHOTO
Iapy 3ali3HWYHOI KOJdii, SKa Ja€ OUTbII TOYHI Pe3yNbTaTH HOPIBHSIHO 3 TPAaAWLiHHAMH METOJaMH BHMipIOBaHb.
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IMpakTnyna 3Ha4YuMicTh. MeTou, po3po0ieHi aBTOpaMu MOXKYTh CITy)KMTH OCHOBOIO JUIS CKJIAJIaHHS HOBHX 1HCTpY-
Kuiit abo mpasw. [TyGuikanist miei crarTi Oyna nmigrpumana npoexrom EFOP 3.6.1-16-2016-00017.

Knrouosi crosa: aBTOpCHKHI Ta0OpPaTOPHUA METOI BHIIPOOYBaHb; 3alli3HUYHUI OanacT; pyWHYBaHHS YacTOK;
BHIIPOOYBaHHA HA AWHAMIYHY BTOMY; BHIIPOOYyBaHHA Ha cTaTwdHWi THCK; KT-007MamHaHHs; aHai3 TPUBUMIiPHOTO
300pakeHHS
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YCOBEPHIEHCTBOBAHHASA METOAUKA OLIEHKH PA3PYILIEHUSA
YACTUL KEJE3HOJOPOXKHOI'O BAJIJIACTA

Heab. bonbIIMHCTBO XKENE3HOIOPOKHBIX TUHHUN B MUPE UMEIOT TaK HAa3bIBAEMOE TPAJAULUOHHOE BEPXHEE CTPO-
eHHe MyTH ¢ OayutacTHeIM citoeM. [1o MHEHHUO aBTOPOB, U oOecieueHns: 6€30IMaCHOCTH IBM)KEHHS BAXKHO U3yUHUTh
npouecc paszpymenus damtactaoro cinos. B EC cymecTByeT TOIbKO /1Ba THMA CTaHAAPTHBIX METOAOB Jaboparop-
HBIX HUCIIBITAHWH U1 OIIEHKH CTEIICHHW Pa3pyLICHUS YaCTHIl JKEJIC3HOAOPOXKHOTO OAIaCTHOTO CJIOS M OIMCAHHS
(GU3MYECKUX XapaKTepUCTUK TOPHBIX mopoi. Ho oOHM HE NpPUrogHBI Ui MOJECIUPOBAHUS HANpPSHKEHHO-
JeOpMUPOBAHHOTO COCTOSHHS YKEJIE3HOIOPOKHBIX OAJTACTHBIX MAaTEpHAJIOB U MX 4acTull. B naHHOMW cTaThe aBTO-
PBI IPEACTABIIAIOT METOJBI HCIBITAaHUH, C MOMOIIBI0 KOTOPBIX MPOLECC PaspyLICHUs >KEJIe3HOAOPOXKHBIX YaCTHIL
Oajacta MOXKHO OLIEHHTH 0oJiee PeaMCTHYHO M TOYHO. DTU METOAbI 0a3upyIOTCA Ha BBIBOAAX M3 HCCIICIOBaHUI
aBTOPOB, MHIMBUIYaIbHBIX Ja0OPATOPHBIX UCIBITAHUN Ha YCTAIOCTh, @ TAK)KE W3 JONOJHHUTENbHBIX HCIBITAHUM.
Metoauka. B pabore npencraBiieHbl 1Ba THIIA JJaOOPATOPHBIX MCIIBITaHUI. [1epBbIii OB BBIMOJIHEH C HCIOJIB30Ba-
HHEM CJABUTOBOI KOPOOKH CO CHENHALHOM CIOMCTOH CTPYKTYpOH, KOTOpas HarpyxeHa AMHAMHUYECKOMH, IyIbCH-
pyromeii cuinoif. Bropoii THII — ¢ HCHIOIp30BaHUEM TPYOBI U3 IMOJIMATHICHA BBICOKOH IIIOTHOCTH nuametpoM 140 Mmm
C OpHUTHHAJIBHOW 3amuparomiell neTanblo, HarpyxkeHHoi wmammHONH ZD—40. Pesyaprarpl. [locme HaydHO-
HCCIe0BaTEIbCKNX Pa3paboTOK, MPOBEACHHBIX U OmyOsmkoBaHHEIX B 2014 rony, HabmomaeTcs pa3sBUTHE METOIOB
OIICHKH pa3pyieHus 6ammactHoro ciost. B 2017 u 2018 rogax Bo BpeMst HCIIBITAHUH pa3pylIcHHE 0aJLTaCTHBIX Ya-
CTHI[ OBUIO OCYIIECTBIECHO C OOJBIIMMHU NPOMEXYTOYHBIMU LIUKJIAMH YCTAJIOCTH C OTACIBHBIMH U3MEPEHHAMH, KO-
TOpbIe OOJIee TOUHO MOKA3bIBAIOT MOJHOE pa3pylLIEHUE YacTull, T. €. mpolecc paspyuieHus. [IponsseneHa Koppes-
U] MEKAY pacueTHBIMH MapaMeTpaMy M HUKIAMU Harpy3kH Ha ycTanocTs. OHaKO BO BPEMs HCIIBITAaHUIT OCTaeTCs
MHOro (aktopoB, TpeOyromux yiyuiieHus. [103TOMy aBTOPHI ONMCHIBAIOT JpPYrHe JAONOJHHUTENbHBIE TECTHI.
Hayunas HoBu3HA. B paboTe npe/ioxkeHa yCOBEPIIEHCTBOBaHHASI METOIMKA OLIEHKH pa3pylieHHs 0aJu1acTHOTO CIIOs
KEJIE3HOJIOPOKHOTO IIyTH, KOTOpas JaeT 0ojee TOYHbIE pe3yJbTaThl 110 CPABHEHHUIO C TPAIUIMOHHBIMH METOIaMHU
n3Mmepennil. IIpakTuyeckasi 3HAYNMOCTb. MeTopl, pa3paboTaHHBIE aBTOpaMH, MOTYT CIIy)KHTb OCHOBOW JUISl CO-
CTaBJICHWSI HOBBIX WHCTPYKUMH wiu mpaBwil. IlyOnmkanmst paHHOM crTaThM ObUla IOJJIEp)KaHa IIPOEKTOM
EFOP 3.6.1-16-2016-00017.

Kniouesvie crosa: aBTopckuid 1ab0paTOPHBIA METO/ MCIBITAHHMN; XKEJIE3HOIOPOXKHBIN OajtacT; pa3pylieHue Ja-
CTHII; UCIIBITAHUE Ha IMHAMHYECKYIO YCTAJIOCTh; HCIIBITAHNE HA cTaTndeckoe aasieHue; KT-obopynoBanne; ananmm3
TPEXMEPHOTO H300paKEeHHS
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MOJAEJIOBAHHSA HABAHTAKEHOCTI TA AHAJII3 HAIIPYKEHO-
JAE®OPMOBAHOI'O CTAHY EJIEMEHTIB IIOPTAJIY KPAHA

Mera. 32 OCHOBHY METYy Ili€i poOOTH MM CTaBUMO MOJICIIOBAHHS HABAHTAXKEHOCTI MOPTANY IiJ] Yac poOOTH Kpa-
Ha «A30Benby», aHadi3 (paKTHYIHOTO HAIPYXKEHO-AE(HOPMOBAHOTO CTAHY CIIEMEHTIB METAJOKOHCTPYKIII IOpTaiy.
O0’eKTOM JOCIIKEHHs € 3aKOHOMIPHICTh PO3MOALTY Halmpy>XeHb B eleMeHTax mopraity. Meroauka. [lyns mocsr-
HEHHSI TIOCTaBJICHOT METH BUKOPUCTAHI METOJIM: aHAJITUYHUX 1H)KEHEPHUX PO3PaXyHKIB, IMITAL[IITHOTO MOJEIIOBaH-
HSl, CKIHUCHHHMX CJICMCHTIB, Bi3yaJIbHO-ONTHYHUN METOX Il Yyac OOCTEXKEHHS CTaHy METAJIOKOHCTPYKIII KpaHa.
Pesyabraru. I3 Bukopucranusim CAD/CAE-cucremu 0yno 3M0/€Nb0BaHO HABAHTAXKEHUH CTaH METAIOKOHCTPYKIT
MOPTAJPHOTO KpaHa Ta BHUKOHAHO pPO3PaxyHOK I Ha MIIHICTh METOJOM CKIHUCHHHMX eJieMeHTiB. HaBeneHo
pe3yNbTaTH PO3paxyHKIB Ta aHaji3y HalpyXeHo-aehopMoBaHOro cTaHy. OTpuMaHa 3aKOHOMIPHICTH PO3MOALTY
Hampy)XeHb B €JEMEHTaX KOJOHM HAaOYHO IIOKa3aja, M0 HANpy>XEHHS pPO3IOJUICHI HEpiBHOMIPHO;
HaTpy>KeHO-1e(hOpMOBaHHUI1 CTaH €IEMEHTIB MOPTATY € JOCUTH CKJIAJHUM, HEPIBHOMIPHHUM 1 MOTpedye MoJepHi3a-
uii. HaykoBa HoBu3Ha. OTpuMany moJaibIIni pO3BUTOK HasiBHI METOAU MPOEKTYBAaHHS METaJOKOHCTPYKIIIH 1op-
TAJIFHUX KpaHiB. YIIEpIle 3alpoOHOBAaHO METOANKY ITPOEKTYBAHHS palioHaJbHUX METaJIOKOHCTPYKIIH 3a KpUTEpi-
SIMH PIBHOMIPHOCTI PO3NOALUTY HAIpPyXeHb Ta IUIABHOCTI CHIIOBOTO MOTOKY, SIKi TAKOX yIepIle OTpUMallid HayKOBe
0o0TpyHTYBaHHA. YTepiie po3poOiieHi TBEPIOTLIbHI MOJIENI METaJIOKOHCTPYKIIIi MOPTaIbHOTO KpaHa, sKi J03BOJII-
I0Th BH3HAYaTH 3aKOHOMIPHICTh pO3IMOALTY Halpy)KEeHb/HaBaHTQXXEHb 1 IUIABHOCTI CHIIOBOTO MOTOKY B HHX.
IpakTuyna 3Ha4YuMicTh. Po3po0iieHO Ta BIPOBaPKEHO MPOCTOPOBY TBEPAOTIIBHY KOMIT FOTEPHY MOZEIb MOPTAILy
KpaHa «A30Belby. 3alpONOHOBAHO METOIUKY MIIHICHOTO aHai3y Ta PalliOHAILHOTO MPOSKTYBAHHS METAJIOKOHC-
TpyKIii nmopranebHUX KpadiB. [logaHO HayKOBO OOIPYHTOBaHI pPEKOMEHJAllii 3 PEMOHTY # MOCHJICHHS €JIEMEHTIB
HopTay KpaHa «A3oBelb». Pe3ynbraTu TEOPETHYHUX 1 MPAKTUYHUX AOCIIKEHb MOXYTh OYTH BUKOPHCTaHI JIs
BUKJIQJIaHHS HaBYAJIbHUX KypciB «IIpoeKkTyBaHHS MeTaJeBUX KOHCTPYKLIH ITiAHOMHO-TPAHCTIOPTHUX MAaIInHY,
«OCHOBHM aBTOMaTH30BaHOTO IMPOEKTYBAaHHS MAIINHY», «ABTOMaTH30BaHe npoektyBanHs [ITM», «PeMoHT, MOHTaX
i 3mamenas [ITMy». Hamnpukman, nani pe3ynapratd BUKopHcTOBYIOTh y JIBH3 «IIpma3oBchkuii nepkaBHUN TeX-
HIYHHAH YHIBEPCUTET».

Kniouosi cnosa: MeTanoKOHCTPYKIis, MOPTAIBHUHA KpaH; MOJAETIOBAHHS; HABAaHTa)KEHICTh, METOJ CKIHUCHHUX
€JIEMEHTIB, CUHTE3, OIITUMI3aLlist

€JIEMEHTIB 1 KpiIUIeHHS pedep »KOpCTKOCTi Oins
Beryn 3BapHHX MIBIB, TPIIIIMHU B OCHOBHOMY MeTalli, po-
3MIapyBaHHS KPOMOK OCHOBHOTO MeETajy Ta iH.
[Ipudomy BOHM MOXYTh 3 SIBISITHCH 1 B JIOCHUTb
HOBHUX (3—5 pokiB ekcryatarii) mammuHax. [Ipu-
YMH TAaKUX SBUII, JOCITIAUTH SKi MOXHA 3aBISKH
JeTalbHOMY aHajli3y HalpyXeHO-IeQOpPMOBAHOTO

[lin yac ekcrulyaTaiii BaHTa)KOMiiHMaTbHUX
MmamuH (BIIM), y Tomy uucii ¥ mopTanbHHUX Kpa-
HiB, JIOCUTh YacTO BHHUKAIOTh IE(EKTH HECHHX
METaJIOKOHCTPYKIiH: TPIIMHKA Y MICISIX 3’€IHAHb
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cTaHy, MOxe OyTu Oarato (He 3aBXIOM BAami pi-
LICHHS MiJl 4ac IPOEKTYBAaHHS; YMOBU €KCIUTyaTa-
1ii). Y KO)XHOMY OKpEMOMY BHUMAJKY IMPUYMHA OJI-
Ha abo iX Kinbka. BuHuKae HEOOXiAHICTH MpOBe-
IIEHHS PEMOHTIB, IO HE 3aBXKIN €()EKTHBHO, OCKi-
JIbKU nedexru BUHUKAIOTh MIOBTOPHO.
[ligBumIeHHs eKCIUTyaTamiiHOI HAIiHOCTI ImiIiio-
MHO-TpancnoptHux MamuH (IITM) nuisxom ytou-
HEHHS HasBHUX 1 pO3POOKH HOBHUX METOIUK PO3-
paxyHKy IXHiX MeTaJeBUX KOHCTPYKLiH € akTya-
JHHUM HayKOBO-TEXHIYHUM 3aBJaHHSIM.

Ha namy aymky, sK 3aX0AM 3 PEMOHTY, Tak
1 TPUUHATTA KOHCTPYKTUBHUX pIiIllleHh MiJ dac
MPOEKTYBaHHs (BU3HAYCHHS TEOMETPUYHUX Mapa-
METpiB) TIOBUHHI I'PYHTYBaTHUCh Ha SKICHOMY aHa-
W31 HapyXeHO-Ie(hOPMOBAHOTO CTaHy METaJo-
KOHCTPYKIii Ta ii eJeMeHTiB, po3paxyHKax Ha Mi-
nHicTh. Ha choroami e € MOXJIMBUM 3aBISIKH 3a-
CTOCYBaHHIO METOJy CKIHUYEHHHX EJIEMEHTIB,
CydYacHHUX MEPCOHATBHUX KOMIT FOTEPIB 1 BiAMIOBIA-
uux cucrem CAD/CAE.

Paninie B po6oTi [2] BUKOHAHMI aHaNi3 HasB-
HUX METOJIB MPOEKTYBaHHSI ¥ OomTHMi3allii MeTa-
JEBUX KOHCTPYKLIH, y TOMY 4YHCIi MeTaleBHX
koHcTpykiin BIIM. Llefi meton HaOyBae Bce 0Oi-
JBIIOTO 3acTOCYBaHHS. TpaauimiiiHi po3paxyHKH
KPaHOBUX METAJIOKOHCTPYKIIIH Ha MIIHICTb, fKi
3aCTOCOBYIOTBCS Y MEPEBaXKHIN OLIBIIOCTI, 3aCHO-
BaHI Ha TPUITYIIEHHI TUIOCKOI CXeMH iX poOoTH,
TOHNI SIK IX €JNEMEHTH MpPAaLIOIOTh SIK MPOCTOPOBI
cucremu. OJTHaK, HA JTAHWH Yac MOCTYMOBO 3HUKAE
HEOOXiMHICTh B PO30WBII Ha IUIOCKI €JIEeMEHTH
1 B3araji B po3paxyHKY i30JbOBaHUX BEJIHKHX BY3-
JIB METATOKOHCTPYKIIiH.

Pazom i3 THM BiJICYyTHI METOJMKH, sIKi O TIporu-
CyBalli TOCIIIOBHICTh PO3POOKH MOJIENIEH, MPHii-
HSTTS PO3PaxXyHKOBHX CXEM, BUMOTH JIO PO3paxy-
HKIB 1 O OTPUMaHUX PE3yJbTATIB i Yac MpoeK-
TyBaHHS MeTanokoHcTpykuid IITM i3 3acrocy-
BaHHSAM METO/AYy CKiHUYEHHHX eJEMEHTIB 1
BukopuctanasiMm CAD/CAE-cucrem. IlepcriekTus-
HUM € HaIlpSIMOK BUKOPHCTAHHS €JIEMEHTIB METOLLY
TOMOJIOTIYHOI OoNnTUMI3alii MmiA Yac MpPOEKTyBaHHS
METaJIeBUX KOHCTPYKIIH, SKHH € JOCHTh PO3IO-
BCIOKEHNM [2, 3, 5-7].

Meta

3a OCHOBHY METY IIi€i poOOTH MU CTaBUMO MO-
JIETFOBAaHHS HABAHTAXXCHOCTI MOPTAJy il 4ac po-
0oTu KpaHa «A3zoBelb» (puc. 1) ta anami3 dakru-

YHOTO HaIpy>KEeHO-1e(hOPMOBAHOTO CTaHy eJeMEeH-
TiB HOTO METAIIOKOHCTPYKIIii.

O0’eKTOM JOCTIIHKCHHS € 3aKOHOMIPHICTh PO-
3MOITY HAMPYKEHb B €JIEMEHTaX MOpTaiy.

a—a

KonoHa
Purenb

Puc. 1. Kpan nopransauii «A30Be1b»:
a — 3araJbHAR BUTJIAO, 0 — IopTall Ta KOJIOHA

Fig. 1. Port Azov Crane:
a — general view; b — gantry and pillar

MeTtoanka

VY poborti [3] mis Bu3HAUEHHS HaBaHTAKEHOTO
CTaHy, 3 ypaxyBaHHSM peKoMeHanmii
i nanux [4], Oyna po3poOieHa po3paxyHKOBa CXe-
Ma (pHc. 2) Ha MijicTaBi reOMETPUYHUX MapaMeTpiB
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KpaHa 1 MJiIOYMX HaBaHTAXEHb. 3amporoHOBaHA
METOJINKa PO3paxyHKy W omTumizarii (migcuieH-
HSI) METAJIOKOHCTPYKIIIi MOPTATBHOTO KpaHa 3 BH-
KOPHCTaHHSIM CY4acHOTO iHCTpyMEHTapito, po3po-
0JIcHa TIPOCTOpPOBa TBEPAOTLIHLHO-IehOpMOBaHA
MOJIENIb TIOPTaNy KpaHa «A30Belb», 3reHepOBaHa
ciTka cKiHueHHHX eneMeHTiB. Takok y [3] Oyma
3allpONOHOBaHa PO3PaxyHKOBa cxeMa i BU3HAUCHI
HaBaHTa)XEHHS, 1110 JIFOTh Ha METAIEBy KOHCTPYK-
wito, BHUKOHAHUM aHawi3 HaIpy>XeHo-
1eOpMOBAaHOTO CTaHy METATOKOHCTPYKIIi KOJO-
HA. MICIl IPHUKITaIaHHs CHITI Ta X HaINpsSMOK 30e-
PEXeHi JUIs pO3B’SI3aHHS 1[bOTO 3aBJIAHHS.

Jis (GakTUYHOTO W TMOJANIBIIOrO aHai3y Ha-
MPYKeHO-1e(hOPMOBAHOTO CTaHy METAIOKOHCTPY-
KIIii mopTany KpaHa BUKOHAHO YTOYHEHHH po3pa-
XYHOK METO/IOM CKiHYEHHHUX €JIEMCHTIB.

Po3paxyHKOBI HaBaHTaXEHHs 1 ix KoMOiHaIlil
B3STi BIATIOBIAHO IO HOPM PO3PaxXyHKY METAIOKO-
HCTpYKILiH mopransHux KpaniB [4]. Po3paxynko-
BUl BUMaaok 1l 3 BU3HaYEHHS MIIIHOCTI METAJIEBUX
KOHCTPYKI[if BpaxOBye€ MaKCHMajibHE (TpaHUYHE)
poOoue HaBaHTaXKEHHS, SIKE BKIIIOYAE, OKPIM HaBa-
HTa)X€Hb BIJl BJIACHOI Ta HOMIHAJILHOI Baru BaHTa-
Ky W BaHTa)X03aXOIUTIOBAIBHOTO TPHCTPOIO, Ta-
KO’ 1 MaKCUMaJIbHI JUHAMIYHI HABaHTAXKEHHS, 1110
BUHUKAIOTH IIiJ] 9ac Pi3KUX IYCKIB 1 €KCTPEHOTO
raJbMyBaHHS MEXaHi3MiB, PaliTOBOrO BBiIMKHEHHSI
(BUMKHEHHS) €NEeKTPUYHOTO CTPyMy, 1 TPaHWYHI
3HAYCHHS BITPOBOTO HABAHTAKEHHS POOOYOro

CTaHy.
(2210

R=36n

Puc. 2. Po3paxynkosa cxema [3]
Fig. 2. Calculation scheme [3]

3ycuiuis 0yJ10 po3paxoBaHO 3a JIBOX BapiaHTIB
BaHTAKCHHSI.

Bapianr [: mparioe TiIbKH MeXaHI3M MigHoMY,
KoMOiHalis HaBaHTaxeHb 11 a:

1) Bara BanTaxy — G;

2) xoe(illieHT TUHAMIYHOCTI — 1]

3) KyT KOCOTO MiTiHOMY — Ol

BapianT II: mpairorore MexaHi3MU 3MiHH BH-
JIOTY 1 TOBOPOTY.

Komb6inarist HaBanTaxkess I B:

1) Bara BanTaxy — G;

2) KyTH BIIXWJICHHS KaHATIB BiJf BEpPTHUKAI —
an, Pu (y TUIOMIMHI TOWIAHHS CTPLIN ¥ HepreHan-
KYJISIDHO JIO TUIONIMHU TOWJTAaHHS CTPLIH BiAIOBIA-
HO);

3) cunum inepuii goTHYHI cTpiam i Xo60Ta I
yac moBopoTy kpaHa — 0,5-Fic, 0,5-Fix Biamosin-
HO;

4) cunu imepmii mig 4Yac 3MIiHM BWIBOTY —
0,5 Fis;

5) cuna BiTpy po6odoro crany — Pi.

Pe3yabTaTtu

MeTon CKIHYCHHHX €IIEMEHTIB peali30BaHO
B CAD/CAE-cucremi. 3rigHo 3 KpecieHHsIM Oyia
po3pobnena komm 'torepHa 3D-momens 31 30epe-
JKEHHSAM TeOMeTpUYHUX mapameTpiB (puc. 3) [3].
[Micns mepeBipku Mozeni Ha aJleKBaTHICTH OyIo
NPUIHATO PIIIEHHS: K OTIOPH MOPTAITy 3aCTOCYBa-
TH LIapHipHE 3aKpiIUIEHHS, UIs 9Y0Tro OyJH 3Moie-
npOBaHi BiAmoBigHI eneMeHTH (puc. 4). Take pi-
IICHHS JI03BOJIMJIO IMITYBaTH HPOLEC MOXIHBOTO
MPOBOPOTY XOZOBOTO KOJieca BIJHOCHO peHKH
B pe3yJsbTaTi aedopmariii METaIOKOHCTPYKIIIT mop-
Tay, 10 OUTBIIO MIpOK BIATIOBiAAa€ MOBEMIHII
peanbHOro 00’ €eKTa.

[Ticas po3poOku Mozeni Oysia 3reHepoBaHa CiT-
Ka CKiHYCHHHUX eJeMeHTiB. Po3mip MiHIMaIbHOTO
CTPIXKHS B3ATO MEHIIMM 32 MiHIMaJbHUI IreoMeT-
PHUYHHIA PO3MIip y MOJEITI.

Y pesymbTaTi MOJENIOBAaHHS  HAaNpy>KEHO-
nehOpMOBAHOTO CTaHy OyJIM OTpUMaHIi eImopu Po-
3MOATy €KBIBAIGHTHUX HAIPYXXEeHb Yy MOJEI,
eMIOpY HOPMAaIbHHUX HANpPYKEHb Y TPhOX IUIOIIHU-
Hax, eropa pPo3noaiy koedilieHTa 3anacy MillHO-
CTi, €IMopa HAPABJIEHOCTI CUJIOBHUX IOTOKIB, €IIO-
pa po3MOAiNy EKBIBAJICHTHHUX HampyXeHb (VOn
Mises) i3 3acrocyBanHsM oOMexeHHs [SO s
JIBOX BapiaHTiB HABAHTAKEHb.

[onepenniii aHai3 HaIpy>KeHo-
e OpPMOBAHOTO CTaHy MOPTAY 3a MEPIIUM 1 JIpY-
UM BapiaHTOM HaBaHTAXCHHS IOKa3aB, L0 Haid-
OipII HeCTIPUATIIMBUM (OLIbIII 3HAYEHHS HAIPY-
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JKeHb) € TepIInii BapiaHT. 3araJbHUN BUTIISA €II0-
pH pO3MOITY eKBiBAJIEHTHUX HANpy>KEHb HaBeJe-
HO Ha puc. 5. Mojens npescTaBieHa y nedpopmo-
BaHOMY BUTJISII — JJis OUTBIIIOI HAOYHOCTI BCi Je-
¢dopmanii 30imbmeHo y 30 paszie. Posrmsaemo ii
O17IBII AETANIBHO.

a—a

Micys
NPUKIAOAHHS
cun

Micysa
3AaKpinjieHHs

Puc. 3. Monens noprainy:
a — 3araipHuil BUTIIAA; O — TIepepi3

Fig. 3. Gantry model:
a — general view; b — section

Puc. 4. Micn 3akpiruieHHs Mojeni (301UTbIIeHO)

Fig. 4. Places for fixing the model (enlarged)

von Mises [N/mm~2 (MPa))
2350
188.0

141.0

Puc. 5. 3aranbHuil BUTIISA] €IOPH PO3MOALITY CKBIBa-
JICHTHHX HaIrpy>keHb Ha JeopMoBaHii
MmoJedni (yci nepeminieHHs 30inbmeHo B 30 pasis)

Fig. 5. General view of the distribution diagram of
equivalent stresses on the strained model
(all displacements are increased by 30 times)

Ha emtopi po3noziny exBiBaJIGHTHUX Hampy-
JKeHb (puc. 5) CBITJII AUISHKHA BiANOBIIAIOTH MEH-
IIMM 3HAYEHHSIM Hampy>KeHb, TEMHI — OUIbIINM
3HaueHHAM. HeoOXimHO BHSBHTH MicCLil KOHIIEHT-
paiii Hanpy>KeHb, OCKUIBKU TaKi JUISTHKH MOXYTh
OyTH JDKEepesioM IOSIBH TPIIIUH 1 pyHHYBaHb KOHC-
TpyKuii. s O6ibI HAOYHOTO BiOOpaXKeHHS Mak-
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CHUMaJbHO HAIPYKEHUX AUISTHOK METaJOKOHCTPY-
Kmii mo0yqoBaHO emopy i3 3aCTOCYBaHHAM 1H-
CcTpyMeHTy «oOMeskeHHs SOy, skuii nae 3Mory He
BiOOpakaTH AUISIHKH (3pOOHMTH iX MPO30PUMH),
HAINpYKEHHS B SKUX € MCHIIMNMH 32 BCTAHOBJICHE
(rpaHuuHe) 3HaueHHs. ['paHMYHE 3HAYCHHS Ha-
npyxeHsb y3aro 113 MIla. ¥V pesynbrati oTpuMano
enIopy, Ky NpeACTaBIeHO Ha puc. 6.

Sk BugHO 3 emopu (puc. 6), MOKHA BHIUTATH
HACTYIHI €JIEMEHTH, SKi € HalOiIbIl HaBaHTaXxe-
HUMHU:

1 — BHyTpimHI KyTH Micus 3’€THAHHS OIIOPH
H Oasky;

2 — 30BHINIHIA JIUCT PUreNIs HAJ 1 Mia Mporo-
MOM JUIsl BXOLY;

3 — BepxHii 1 OOKOBHH JNHCTH B MICIIX
3’€HAHHS 3 KOJIOHOIO;

4 — kyToBa niadparma BcepenuHi pUres;

5 — BHYTpIImIHI KyTH Micls 3’€IHaHHS OalKA 3
OamaHcUpoM MeXaHi3My NepecyBaHHs KpaHa.

Puc. 6. BinoOpaxeHHs1 HAOLTBIT HABAHTAXKCHHX €JIe-
MEHTIB IICJIsl 3aCTOCYBaHHS
obomesxennst 1SO (113 MITa)

Fig. 6. Displaying the most loaded elements after
applying the ISO limit (113 MPa)

Ha emropi HanpaBieHOCTI CHJIOBHX ITOTOKIB
(piBHOMIpHOCTI pO3MOiTy HampyxeHb) (puc. 7)
HAOYHO BHJIHO €JIEMEHTH METAIOKOHCTPYKIIii, SKi
OuTbII eeKTUBHO (JUIsi MPUHHSATOT PO3PaxyHKOBOT
CXeMH) 3a/isiHi B Iepenadi CHJI BiJ MicIsl iXHBOTO
NPUKJIaJaHHA 10 OMOPHOI yacTWHU KpaHa. [linsH-
KM, SKI HE 3aJisHI B Tepeaayi Cuil, € MPO30PHMHU.
Sk Oaummo, JOCUTH OaraTo TaKHUX CJIEMEHTIB

y KOHCTPYKUIl 0ajKku W omopw, 0 CBiYUTH HPO
HE Ty’Ke BIaji KOHCTPYKTHBHI pimeHHs, 60 3a0e3-
MIEYCHHS TUIABHOCTI CHIIOBOTO TIOTOKY € BasKJIMBUM
MPUHIHUIIOM KOHCTPYIOBAHHS.

Hetanpuuit aHai3 HaIpyXeHo-
neOpMOBAHOTO CTaHy i3 3aCTOCYBAaHHSIM HasBHO-
ro incrpymenrapito cydacaux CAD/CAE-cucrewm,
MpoBeIeMO Ha MpHKiaai enementa 1 (puc. 6).

Ha puc. 8 npencrasieHo enropy po3noaiity ek-
BIBAJICHTHHX HanpyxeHb Von Mises (MIla) y micui
3’€IHAHHA OTIOPH i OaJKH (BHYTPILIHIN KYT).

a—a

Puc. 7. Emtopu HanpaBieHOCTI CHIIOBHX MOTOKIB:
a, 6 — pi3Hi BUAN HA MO

Fig. 7. Episodes of direction of power flows:
a, b — different views on the model
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Puc. 8. 3HaueHHs ekBiBaIeHTHHX HampyxeHb (MIla)
y MicIli 3’ €THAHHS OMOPH Ta OAIKH

Fig. 8. The value of equivalent stresses (MPa) at the
point of the connection of the support and beams

AHaii3 JoKyMeHTauii 3 OOCTEXEHHS MeTajo-
KOHCTPYKIII KpaHa IOKa3aB, IO B 3a3HAYCHOMY
CIEMEHTI HasBHi: TpIIMHA TOPYY 31 3BapHUM
IIBOM, PO3IIAPYyBaHHS OCHOBHOTO METATy IO KpO-
M (puc. 9), MO MIIKOM BIiAMOBIga€ MICIIO KOH-
HEeHTpalii eKBiBAICHTHUX HAIpPYKEHb, OTPUMaHO-
MY TiJI Yac MOJETIOBaHHS HABAHTKEHOTO CTaHy.

Vi

PoswapyBaHHA

Puc. 9. ®ororpadist qUISTHKE METATOKOHCTPYKIIIT
3 BUSIBJICHUMH JehekTamMu

Fig. 9. Photo of metal structure section with revealed
defects

Axmio posrisuyty (puc. 10, a) BeKTOpHY erto-
Py PO3MOJiTY HOPMAIBHUX HANpPYXEHb (JOBXKHHA
CTPIJIOK Ha BEKTOPHOMY IIPEICTaBJICHHI eIop
MpONOpLiiiHa BEIWYMHI HalPY>KEHb) Yy BEPTHKAIb-
Hilt mwronmHi (Bick Y, puc. 3), TO MOXHa Oa4YnTH,
mo MakcuManbHuMHU (214 MIla) e HampyKeHHs
cruckanus (puc. 10, 6). 3HaUeHHS HANPYKEHb PO-
3TATHEHHS csararoTs /7 Mlla.

>
l i S 3Hadenue:[-214  NmmA2 (MPa)
»*

o
77 N/mmA2 (MPa)
] 7 L
.
!

i

SV (Wfmm2 (MPa])

.-‘.-'.s-..-/\ 2 -

e 4 20

—HREY 2
e 120

E 11 -

7 MMM AZ (MP3)

NEIRVETIANN

Puc. 10. 3aranbsauil BUTIISA;
a — BEKTOPHOTO TPEICTaBICHHS eMOPU PO3MOIITY HOPMAb-
HHX HANpPY>XEHb Y BEPTUKAJIBHIN (Bich Y) MIIOMIHMHI;
6 — 301IbIICHHH BUTIISA AUSTHKA A — HAampsiM PO3TATHEHHS N,
HampsaM cTHcKaHHIV

Fig. 10. General view:

a — of the vector representation of the distribution diagram of
the normal stress in the vertical plane (axis Y); b — the en-
larged view of the section A — direction of stretching/,
direction of compression\

Crin 3a3HAYUTH, 1o HaIpy>KEHO-
neGOopMOBaHUI CTaH 3MOJCTBOBAHO JIJISI KOHKPET-
HOTO PoOOYOro CTaHy KpaHa, MOJENb € CTaTHY-
Hoto. Lleit ¢akT MOXKHA BIIHECTH JI0 HEIOJMIKIB BH-
KOPHUCTAHOTO TPOTPaMHOTO CepeoBHUIla, 00 s
OTpPHMAaHHS HaIPYXEeHO-/1e(hOPMOBAaHOTO CTaHy 3a
IHIIMX YMOB (HANPHUKIIAJ, 1HIII MOJOKEHHS CTPLIN
KpaHa BiJHOCHO PEHKOBOI KoJii) HEOOXiTHO pO3-
pPOOHUTH HOBY PO3PaXyHKOBY MOJIENb 1 TIOBTOPUTH
po3paxyHok. Hum Oisibliie Oyjie pO3rIISTHYTO MOK-
JIMBUX BapiaHTIB PO3PAaXYHKOBUX CXEM, THM OUIb-
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me iHdopmanii MOKHa OTpHMAaTH TPO HAMpyKe-
HUN CTaH €JIEeMEHTIB METaJIOKOHCTPYKINI i dac
ekciuTyaTamii. He Mo)kHa BiIKHIATH TIPHITYIIEHHS,
IO MiJ 9ac poOOTH KpaHa JiesiKi Halpy>KeHHS 3Mi-
HIOIOTh HANpSAMOK Ha PO3TILIAYBaHIM AUIAHIN, IO
{ IPU3BOAMTH 0 PO3MIAPYBaHHSI METAy Ha TOP-
LIEeBil TOBEPXHI JIUCTA.

Posrnsaemo (puc. 11) BeKTOpHY emropy po3rmo-
Iy HOpPMaJbHHUX HAIPYXEHb y TOPHU30HTAIBHIN
mwionwHi (Bick X, puc. 11) s 1mi€i * AUISHKH.
BunHo, 1110 B mi# MJIONIMHI TaKOX AIFOTH Pi3HOCTI-
psAMOBaHI HAmNpyKEHHS, XO4ya 3a piBHEM MaioTh
JIeII0 MEHII 3Ha4eHHs: cTHCKaHHA — 62 MIla, po-
3TsirHeHHs — 52 Mlla.

Puc. 11. 36inbIIeHuit BUTIIA BEKTOPHOTO
MPE/ICTABICHHS €MIOPU PO3MOIiTYy HOPMATBbHUX
HAINpyXeHb y TOPU30HTAJIbHIHN (Bich X) IUIOMIHMHI
(minstaKa A, puc. 10) — Hanpy)KeHHS CTUCKaHHAK
HAIPY)XEHHS PO3TATHEHHS 7}

Fig. 11. Enlarged view of the vector representation
of the distribution diagram of normal stresses
in the horizontal plane (X-axis) (section A, Fig. 10)
com-pression stressesk, tension stresses?)

Ha BekTopHili emopi po3nojily HOPpMaTbHHX
Hamnpy)XeHb Yy TOPU3OHTaJbHIN TuTOmUHI (Bick Z,
puc. 12) nns miei K TUISTHKA BHIIHO, IO TIEPEBAXK-
HO JIIOTh HampyXeHHs cTuckanus — 136 MITa.

[IpoBenenuii aHami3 JOBOOUTH, L0 HAIpPYKe-
HUHW CTaH pPO3IJsAyBaHOI JMUISHKHM € CKIIQIHUM, il
KOHCTPYKIIiS HEeIOCKOHajda (IO TaKOX IiaTBEp-
JDKEHO MPAKTHKOI eKCIUTyarailii) Ta morpedye
MoJepHizamii. Y mporeci ekciulyaramii KpaHa He
MO>KHa BHOCHUTHU CYTT€BI 3MIiHM B HOTr0 KOHCTPYK-
Ii10, TIOBHOIO MipOI0 HE Ma€ 3MOTH BUKOPHUCTATH
pe3yIbTaTH CTPYKTYPHOTO CHHTE3Y, IIO JO3BOJIH-
70 © Tepepo3MOAIIMTH MaTepial y KOHCTPYKLII,
3MIiHUTH ()OPMY €IIEMEHTIB Ta iH.

Puc. 12. 36inbI1eHnit BUTIIA BEKTOPHOTO
MIPECTaBICHHS SIIOPH PO3IOIITY HOPMAITbHIX
HAIpPY)XeHb y TOPU30HTAJIBHIH (BiCh Z) MUIOLIMHI
(minsaKa A, puc. 10) — Hanpy>KeHHS CTUCKaHHAN,
HaIpy>KeHHS pO3TATHEHHAN

Fig. 12. Enlarged view of the vector representation of
the distribution diagram of the normal stresses in the
horizontal plane (Z axis) (section A, of Fig. 10) —
compression stressN, tension stress

I3 BUKOpUCTAaHHSIM OTPHUMAaHHX Pe3YJbTATIB 3a
HaBEJICHOI0 METOIWKOI Habararo Jerme Oyio
0 BHECTH 3MiHM B KOHCTPYKIIIIO IIIe Ha eTari mpoe-
KTyBaHHS. MoxHa Oyno O MOBHOI MIpOIO BHKO-
pUCTaTH  pe3yiabTaTH  aHai3y  HaIPy>KEHO-
1e(OpMOBAHOr0 CTaHy METaJIOKOHCTPYKLIi, mapa-
METPUYHOTO U CTPYKTYPHOTO CHHTE3IB i3 METOIO
BUHAWJICHHA ONTUMAJBHOI, 13 TOYKU 30pYy PiBHA
1 piBHOMIPHOCTI pO3MOJITy HaNpyXeHb, KOHCTPY-
kmii. OTpuMaHi pe3ynbTaTH, i3 MOJAIBIIAM Mapa-
METPUYHUM CHHTE30M, JIAI0Th 3MOTY MOZIEPHi3yBa-
TH KOHCTPYKIIIFO Ta 3MEHIIIUTH PiBEHb i1 HAIpyXKe-
HOCTi, THM CaMMM ITiIBUIITUTH HAIHHICTE 1 Oe3me-
YHICTb eKCIUTyaTallii. Bussieni IUISTHKHA
3 MakCHUMaJIbHUM PiBHEM HAIPY>KEHOCTI J03BOJIS-
FOTH OLITBII SIKICHO TTPOBOJIUTH OOCTEKEHHS ITiJT 4ac
eKCIUTyaTallii, OCKUIbKH camMe BOHH TMOTPeOYIOThH
OinbImoi yBaru.

HaykoBa HOBH3HA Ta IPAKTHYHA
3HAYHMICTh

VY poboTi oTprMany NOJaNbIINA PO3BUTOK Ha-
SIBHI METOJIU NPOEKTYBaHHS METaJOKOHCTPYKLIN
MOPTaJbHUX KpaHiB. YIeplie 3alporoHOBaHO Me-
TOJIUKY TIPOEKTYBaHHS palliOHaTbHUX METaIIOKOH-
CTPYKLIH 32 KPUTEPIsIMU PIBHOMIPHOCTI PO3MOALTY
HamnpyXeHb 1 IJIaBHOCTI CHJIOBOTO IIOTOKY, SIKi
yIepine OTpUMalii HayKOBE OOTpYHTYBaHHs. YTie-
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pIiie po3poliieHi TBEPAOTUIFHI MOAETI METAIIOKOH-
CTPYKIIii TOPTAIHHOTO KpaHa, SIKi JO3BOJISIFOTH BH-
3HaYaTH 3aKOHOMIPHICTb  PO3MOALTY  Hampy-
JKCHb/HABAHTAXCHD 1 TUIABHOCTI CHJIOBOTO MOTOKY
B HUX.

Po3po6iieHo Ta BIpoBaKeHO MPOCTOPOBY TBE-
PAOTUIBHY KOMIT IOTEPHY MOJENb MOpTaly KpaHa
«A30Belby». 3apOMOHOBAHO METOJHMKY MillHICHO-
r0 aHami3y ¥ pamioHaIFHOTO MPOEKTYBAaHHS MeTa-
JIOKOHCTPYKLii mopTansHux KpaHiB. [logano Hay-
KOBO OOIPpYHTOBaHI pPEKOMCHIAIl 3 pPEMOHTY
W TOCWIEHHIO eIIEMEHTIB [MOpTaly  KpaHa
«A3zoBelb». Pe3ynprat TEOpPETHYHHX 1 MPaKTHY-
HUX JOCHTIKeHb BUKOpUCTOBYIOTH y JIBH3 «Ilpu-
A30BCHKUN JEepP)KaBHUW TEXHIYHHN YHIBEPCUTET»
i 9ac BUKJIAJaHHS HaBYaIbHHX KypciB «lIpoek-
TyBaHHSI MeTajeBux KOHCTpykui [ITMy, «OcHo-
BU aBTOMAaTHU30BAHOTO MPOCKTYBaHHS MaIllHHY,
«ABToMaruzoBaHe mpoekTyBaHHs [ITMy», «Pe-
MOHT, MOHTaX 1 3MarieHus [1TM».

BucHoBxku

MopnenroBaHHS HaBaHTKEHOTO CTaHy IIOp-
TaJHHOTO KpaHa U JAeTaJbHUIA aHaNi3 HAPYKEHOTO
CTaHy METaJOKOHCTPYKIIil, BUKOHAHUU IS MICIIs
3’€JIHAHHS OINOPU ¥ OaJiku, JO3BOJISIFOTH CTBEp-

JDKYBATH, 10 MICI KOHLEHTpaLii MaKCUMaIbHUX
HarpyXeHb 30iraroTecsi 3 (HaKTUIHAMH MICISIMU
mosiBM  nmedektiB  y  HEX.  Hampyxkeno-
nehOpMOBaHUN CTaH EJIEMCHTIB BKA3aHOI MIJISTHKU
€ JIOCUTh CKJIAJHWM, OCKUIBKH pPa3oM i3 Harpy-
KEHHSIMU CTHCKaHHS BUHHKAIOTh HAIIPY>KEHHS PO-
3TSATHEHHSI, SIKI MOXYTh B3a€MO3MIHIOBATUCS TIiJT
4ac po0oTH.

3acTocyBaHHS HaBEICHOI METOIWKH JIOCIi-
JDKEHHSI HampyXeHO-1e(OpMOBaHOTO CTaHy Ie Ha
eTari MPOeKTyBaHHS J03BOJUTH MPUAMATH OLIBII
BJIaNTi, 3 TOYKH 30py 3a0e3rmeyueHHs! TIaBHOCTI CH-
JIOBOTO TIOTOKY, KOHCTPYKTOPCBHKi PIIlIeHHs, MiHi-
Mi3yBaTl Macy KOHCTPYKIIi 32 paxyHOK Iepepo3-
MIO/IUTY MaTepiaiy.

Iloganpmuii pO3BUTOK HABEAECHOI METOAUKHU
JIO3BOJIUTH PO3POOJATH CHPOIICHI MOJCNI s
OB e(hEeKTHBHOTO BUKOPUCTAHHS Yacy, PecypciB
mporpaMHOTo 3a0e3ledeHHs W KOMII IoTepa, 3a-
CTOCOBYBATH IIpOTrpaMHe 3a0e3neueHHs, MO0 peati-
3y€ METOJM TONOJIOTIYHOI ONTUMi3allii, a B Mali0y-
THHOMY ¥ aauTHBHI TexHojorii [5-13] y Burotos-
JIEHHI  eJeMEHTIB  KOHCTPYKIii  IiJH#OMHO-
TPaHCIIOPTHUX MAINH, TPUKIAIH YOr0 BXKE MOXK-
Ha Oauntu B komnanii Caterpillar [7].
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MOJAEJIUPOBAHUE HAI'PY KEHHOCTHU U AHAJIN3 HAITPAKEHHO-
JAE®@OPMUPOBAHHOI'O COCTOAHUA SJIEMEHTOB ITOPTAJIA
KPAHA

esab. OcHOBHOH IENTBbIO AaHHOW pabOTHI ABISIETCSI MOACIUPOBAHNE HAIPYKEHHOCTH MOpTalia Ipu paboTe Kpa-
Ha «A3o0Bel», aHanmn3 (PaKTHYECKOTo HANpPSHKEHHO-Ie(OPMHUPOBAHHOIO COCTOSHUS DJIEMEHTOB METAJIIOKOHCTPYK-
1un noprana. OOBEKTOM HCCIET0BaHNA ABISCTCA 3aKOHOMEPHOCTD paclpe/IesIeH s HallpsDKEHUH B 3JIEeMEHTax Mop-
Tana. Meroauka. [l HOCTHXKEHHS MOCTABJIEHHON IIENTM HCIOJIB30BAHBI METOMBI: aHATUTHUYECKUX HWHIKEHEPHBIX
pacueToB, UMHTAIMOHHOTO MOJIEIMPOBAHHS, KOHEUHBIX 3JIEMEHTOB, BH3YyaJIbHO-ONTHYECKHH MeTOJ mpu obcieno-
BaHUH COCTOSIHHSI METAIIOKOHCTPYKIMU KpaHa. Pesynbrarsl. C ucnons3oBannem CAD/CAE-cuctembl 6510 CMO-
JIETMPOBAHO HArpy>KEHHOE COCTOSIHUE METAJUIOKOHCTPYKIIMH MOPTAJIBHOTO KpaHa M BBHIIIOJIHEH pacyueT ee Ha Mpod-
HOCTh METOJIOM KOHEYHBIX JJIEMEHTOB. [IpuBemeHBI pe3ynabTaThl pacyeTOB W aHAIW3a HaNpsHKEHHO-
neopMupoBaHHOTO cOCTOsIHUS. [ToTydeHHast 3aKOHOMEPHOCTh pacIipeAeeH s HalpsDKeHNH B 37IEMEHTaX KOJIOHHBI
HarJISHO TOKa3aia, YTO HANpSDKEHHs pachpeieeHbl HepaBHOMEPHO; HaIpsKEHHO-I1e(OPMHUPOBAHHOE COCTOSHHE
JIEMEHTOB IOpTaJla  SBJISIETCS  JIOCTATOYHO  CIIOKHBIM, HEPAaBHOMEPHBIM M TpeOyeT MOJAEpHHU3AlNH.
Hayuynasi HoBu3Ha. [lomydmim panbHeinee pasBUTHE CYLIECTBYIOIIME METOABI IPOSKTHPOBAHUS METAJIOKOH-
CTPYKIIMH HOPTaJIbHBIX KPaHOB. BrepBble mpesyioskeHa METOAMKA MPOEKTHPOBAHUS PallMOHATIBHBIX METAJIOKOH-
CTPYKIMH MO0 KPUTEPHSAM PAaBHOMEPHOCTH paclpe/ieNeHus] HaNpsDKeHUH U IUNIaBHOCTH CHJIOBOTO IOTOKA, KOTOpBIE
TakXKe BIIEPBbIC MOJIYYMIM HaydHOe 00OCHOBaHWE. BrepBbie pa3paOoTaHBl TBEPAOTEIbHBIE MOJIEIH METAJUIOKOH-
CTPYKIIMM TOPTAJIHHOTO KpaHa, KOTOpPbHIE MO3BOJIOT ONPEAETIATh 3aKOHOMEPHOCTh pAacIHpeAesieHHs Hampsbke-
HUI/HArpy30K M IUIABHOCTH CUJIOBOTO MOTOKa B HuX. [IpakTHYeckasi 3HaYUMOocCTh. Pazpaborana u BHeIpeHa Mpo-
CTPaHCTBEHHAs! TBEPJOTEJIbHAS KOMIBIOTEpPHAs MOJAETh HOopTaja KpaHa «AsoBemy. [IpemnoxeHa MeTOOUKa MpoU-
HOCTHOIO aHaJli3a U PallMOHAIBHOTO MPOEKTUPOBAHUS METAJNIOKOHCTPYKIMH MOPTAIbHBIX KpaHOB. IIpeanoxeHsl
Hay4YHO 00OCHOBaHHBIC PEKOMEH/IALIMH 110 PEMOHTY M YCHJICHHIO 3JIEMEHTOB IOpTana KpaHa «A3oBeny. Pe3ynsraTsl
TEOPETHYECKHUX U TPAKTUYECKUX HCCIIEIOBAaHUN MOTYT OBITh MCIOJIB30BaHbI IIPU IPETOIaBaHUH y4eOHBIX KypCcOB
«IIpoekTupoBaHue METANIMYECKUX KOHCTPYKUUH MOJIBEMHO-TPAHCHOPTHBIX MamMH», «OCHOBBI aBTOMAaTU3UPO-
BaHHOTO NMPOEKTUPOBAHMS MAIIUH», «ABTOMAaTU3UpOBaHHOE npoektupoBanue IITM», «PeMOHT, MOHTaX U CMa3Ku
I[ITM». Hanpumep, maHHble pe3ynbTaThl HcIoNb3yloT B I'BY3 «lIpua3oBckuil rocyJjapCTBEHHBIH TEXHHUYECKHH
YHHUBEPCHUTETY.

Kntouesvie cnoea: METaINIOKOHCTPYKINUS, MOPTAJIBHBIA KpaH; MOJAEIUPOBAHUE; 3arPyKEHHOCTb; METOJ KOHEY-
HBIX JIEMEHTOB; CHHTE3; ONITUMH3AIINS
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MODELING OF LOADING AND ANALYSIS OF THE STRESS-STRAIN
STATE OF PORTAL CRANE GANTRY ELEMENT

Purpose. The main purpose of this work is to simulate the gantry loading during operation of the Azovets portal
crane, the analysis of the actual stress-strain state of the gantry metal structure elements. The object of the study is
the pattern of stress distribution in the gantry elements. Methodology. To achieve this purpose the following meth-
ods were used: analytical engineering calculations, simulation modeling, finite elements, and visual-optical method
for examining the state of the crane metal structure. Findings. The loaded state of the metal structure of the portal
crane was modeled with the use of the CAD/CAE system and its strength was calculated by the finite element me-
thod. The results of calculations and analysis of the stress-strain state are given. The obtained regularity of stress
distribution in the pillar elements clearly showed that the stresses are unevenly distributed. The stress-strain state of
the portal elements is rather complicated, uneven and requires modernization. Originality. The existing methods for
the metal structures design of portal cranes were further developed. For the first time, a methodology of designing
rational metal structures according to the criteria of uniform stress distribution and smoothness of the power flow
was proposed. For the first time, the criteria for assessing the uniformity of stress distribution and smoothness of
power flow scientifically substantiated. For the first time, solid-state models of the portal crane metal structure were
developed, which allow determining the pattern of stress/load distribution and smoothness of the power flow in
them. Practical value. A spatial solid-state computer model of the Azovets portal crane and a methodology for
strength analysis and rational design of the metal structure for portal cranes were developed and implemented. The
recommendations for repair and strengthening of the gantry components of the Azovets portal crane were scientifi-
cally grounded. The results of theoretical and practical research are used in the State Higher Educational Institution
«PSTU» in teaching the courses «Designing Metal Structures LTM», «Basics of Computer Aided Design of Ma-
chinesy», «Automated Designing LTM», «Repair, Installation and Lubricants LTM».

Keywords: metal construction; portal crane; modeling; workload; finite element method; synthesis; optimization
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AHAJIN3 U TIEPCIIEKTUBBI UCCJIEJJOBAHUM BJIUSIHUS
CBY-U3JIYYEHUA HA CTPOUTEJIBHBIE PACTBOPBI U BETOHbBI

Leas. B nanHo#i paboTte mpeamnonaraeTcst UCCIEA0BATh BIMSHNAC YCIOBHH M MapaMeTPOB MHKPOBOJIHOBOTO W3-
JMy4eHHUs Ha M3MEHEHHE (M3MKO-MEXaHWIECKUX CBOMCTB CTPOMTENBHBIX MATEPHAJIOB, B YAaCTHOCTH OLICHHUTH CTa-
OMIBHOCTD MX MPOYHOCTHBIX XapakTepUCcTUK. MeToamMka. Bbuti NCTIONb30BaHbI CIEIYIOMINE METOABI: HCCIIe0Ba-
nue BiustHAsT CBU-HarpeBa Ha KWHETHKY CBOMCTB M3IEIHH; ONpEeNICHHE Mpeeaa IPOYHOCTH PACTBOPOB U OeTo-
HOB Ha C)KaTHe; CPaBHUTEIbHBIN aHann3. B kauecTBe 00pa3noB ObUIM H30paHbl IEMEHTHO-TIECUaHbIe KyOUKH pa3me-
poMm 5x5x5 cM, m3rotoBieHHbIXx cornmacHo JACTY B B.2.7-187:2009, ¢ BeIIEpKKOW IS TPHOOPETCHUS HMHU
MapoYHOM NMPOYHOCTH B TeueHHe 28 cyTok. Pe3yjbTaTbl. DKCHEPUMEHT 3aKIIIOYAJCS B ONpPECICHUM BIMSHUA
MorrHocTH CBY-u3mydeHus U MpoAOoKUTEIBHOCTH €r0 BO3JIEHCTBUS HA U3MEHEHNE MIPOYHOCTHBIX XapaKTEPUCTUK
CyXuX (eCTeCTBEHHOH BJIAXKHOCTH) 00pas3IioB M 00pa3IoB, HACHIIICHHBIX BOJOH. B xone skcnepumenTta Ob110 Mpo-
BEJICHO HCIIBITAaHUE HA IIPOYHOCTH MPU OJTHOOCHOM CXKaTHM CYXUX M HACBHIIIEHHBIX BOIOM 00pa3IoB, MpeaBapUTEIIh-
HO TIOABEPTHYTHIX Bo3zeicTBri0o CBY-m3myueHns (MUHIMAIBHOM, CpeiHel 1 MaKCUMAaJIbHON MOIITHOCTH) B JHaIa-
30He BpeMeHH oT 1 10 3 muH. HanGonpmmme paszpymatoniie Bo3neiicteus CBU-u3mydeHus Ha IIeMEHTHO-TICCUaHbIe
00pa3mpl OCTUTHYTH MpH 3HadeHHsX MommHoctd oT 500 mo 900 BT W mpomomKuTtenpbHOCTH 2—3 MUH.
Hayunas HoBu3Ha. B nanHO# pabote uccnenosano BiustHre MomHocTd CBU-u3mydeHns: 1 npogoinKUTETbHOCTH
€ro BO3JICHCTBHS Ha INPOILECC Pa3pyIICHHs IEMEHTHO-TIecUaHbix oOpasnos. IIpakTuyeckasi 3HAYMMOCTb. YcTa-
HOBJIEHO, 4TO 00paboTka MarepuasnoB CBY-n3myuennem obiieryaeT nporece nx paspyuienus. [IpeioxenHas Tex-
HOJIOTHS TIO3BOJIUT TIOJIyYUTh HayYHYIO 0a3y [uisi ucrionb3oBaHus CBU-u3irydeHns ¢ nenbio pa3pyneHus He TOJIBKO
0eTOHa U APYTUX CTPOUTENIBHBIX MaTEPHUAIOB, HO M TOPHBIX MOPOA. Takxke MepCleKTUBHBIM HalpaBJIeHHEM SBIISCT-
cs u3ydeHue obpaTHOH 3amaun — npuMmeHeHne CBY-u3mydeHus Ipu pacTBOPEHUH OCTOHHON WM IPYro cTpou-
TENbHOM CMECH BOJIOM, UTO B AaJbHEHIIIEM, ITOCIIE €€ 3aTBEPICBaHMs, IPUBEIET K MOBBIIICHUIO IPOYHOCTH U3IECTHI.

Kniouesvie cnosa: CBU-n3nmydenne; oOpasisl IEMEHTHO-TIECYaHbIX KYOMKOB; SKCIIEPUMEHT; MOIIHOCTh U3JIyde-
HUS; IPOYHOCTH; MIPOIIECC PAa3pyLICHUS

MX, TOATOMY B TOCJEIHHE ToAsl Habmromaercs
pOCT HHTEpeca K MPAaKTUYECKOMY HCIOJIb30BAHUIO

B Hactosmee Bpems CBY-smeprertuka urpaetr  CBU-sHepruu B MPOMBIILIEHHBIX METSX.
CYLIECTBEHHYIO POJIb BO MHOT'HMX OTpaCIIsIX 3KOHO- OcCHOBHBIC HaIIPaBJICHUS HUCIIOIH30BAHUS dHEP-
MHUKH. OHa OTHOCHMTCS K YHMCIIy DHEProcOeperaro- T'id CBEPXBBICOKHX YaCTOT:

BBenenue
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— OTTauBaHME MEP3JbIX TPYHTOB;

— pa3ymnpodHeHHe U ApoOJIeHUE MOPOJ;

— pazzeneHye pyabl Ha COCTaBIISIIOIINE;

— TIOJIHOE M3BJICUEHUE METAJUIOB U3 OTXOIOB U
mIamoB [7].

MUKpPOBOJIHOBOE H3JIyueHHE HUMEeT psil mpe-
HUMYILIECTB:

— OBICTPBIA N OECKOHTAKTHBIA HAI'PEB;

— MPaKTHYECKH K JIIOOOMY y4acTKy Harpesae-
Moro Tena npocto nepenaercs CBU-sneprus, a He
TeIuIa;

— paBHOMEpHBIH Harpes,;

— obecrieunBaeT BO3MOXHOCTb MPAKTUYECKU
MI'HOBEHHOT'O BBIKJIFOUEHHs TEIUIOBOIO BO3ZCH-
cTBUS Ha 00pabaThIBa€MBbIil MaTepHa;

— CBY-narper umeet Boicokuii KI1J] mpeobpa-
3oBanusi CBU-sHepruu B TEIUIOBYIO 3SHEPrUIO,
Teoperudeckoe 3HadeHme otoro KIIJ 6musko
K 100 %;

— BBICOKHH YpOBEHb 0€30MaCHOCTH U aBTOMa-
TU3ALHH.

Heo0xomumo oTMETHTB, YTO CIOCOO paspyiie-
HUS TBEPHABIX CTPYKTYp ¢ Hcmonb3oBaHneM CBY
pas3pabaTeIBaeTCsl MPUMEHHUTEIBHO K TOPHBIM IIO-
ponaM. M3ydeHueM jxe paspyLIaroIero BIMSHUS
CBY-u3nyueHus: Ha CTpOMUTEIbHBIE MaTEepHUasbl, B
YaCTHOCTH Ha OETOHBI U 3aTBEPIEBILUE PACTBOPBI,
MPAaKTUYECKU HUKTO HE 3aHUMAJICS, KaK U HE 00b-
CIVHSUIA BOGIMHO JIEHCTBUE TaKUX IapaMeTpOB,
KaK MOIIHOCTh W3IY4YEeHHs, MPOJOKUTENHFHOCTD
BO3CUCTBHS M BIUSHHUE BIQKHOCTH Ha MX (hu3u-
KO-MEXaHHUYECKHE CBOMCTBA.

B pa6orax B. M. Ilerposa [6] man 0630p mpu-
MEHEHHUS! MOILHBIX HCTOYHHUKOB AJIEKTPOMArHHT-
Horo noist CBY B ropHON NpOMBINUIEHHOCTH AJIS
pasynpodHeHHus TOPHBIX MOPOJ, TPHUBEICHBI -
JNEKTPUYECKHE XapaKTePUCTUKH MHHEpaJoB, pac-
CMOTpPEH MEXaHHM3M TEPMOMEXaHHYECKOro paspy-
menust mopoasl CBY-nonem u TpeboBaHus K pe-
XKUMY pa3ylpOuHEHHs TMepe] MOMOJOM, a TaKke
OIIMCAaHbI PE3YNbTaThl MPOOHBIX KCIIEPUMEHTOB.

B cBoto ouepenp B mccnenoBanmsx H. Satish
[10] yka3aHO Ha MOJIOKUTEIBHOE BIMSHHUE HHU3KO-
SHEPTreTHUECKUX 3HAYEHUIl MHKpPOBOJIHOBOIO W3-
nydenus: B auanazone 150 BT Ha oOpazoBanue
TEPMHUYECKUX TPEUIMH B CTPYKType oOpa3ioB Oa-
3aJIBTOBBIX MTOPO/I.

B cBoeii padote D. A. Jones [14] moxenupyeT
MpeBapUTEIbHOE BO3HUKHOBEHHE TEPMAIbHBIX
TpemuH B o0pasnax pyaHBIX MOPOJA OT ACUCTBUS

CBY-m3nmyuenust st oOJerdyeHnss UX MOCIeayro-
LIET0 pa3pylIeHHUS.

Pejman Nekoovaght [12, 13] yka3ssiBaeT, uTO
MHUKpPOBOJIHBI INIPOHUKAIOT B IOPOLY M CO3MAIOT
MaKpO/MHUKpPOpa3pyIIeHHsT Ha IIOBEPXHOCTU TOp-
HBIX TOPOJ U3-3a K03((HUIMEeHTa TEIIOBOTO pac-
LIMPEeHUs] BHYTPU 3€peH, YTO 00Jjerdyaer mporecc
pa3pyLeHHs.

KomMmmekcHele uccrnenoBaHus, MPOBEICHHBIE
B pabote [11] mocBsimeHB MPaKTUYECKOMY MpHU-
MEHEHUI0 MEXaHWYECKOTO pa3pyLICHHUs TI'OPHBIX
MIOPOJI IPU TIOMOIIM MUKPOBOJTHOBOTO M3JIy4€HUS,
TaK)Ke MPEJCTABIEHO TPEXMEPHOE MOJIETTMPOBAHNE
rusHUS CBY - m3mydenus Ha HampspKeHHS B 00-
pasuax rpaHura.

B cratbe U. A. XKemxypucra [3] mokazaHo, 4To
MUKpPOBOJHOBass oOpaborka momem CBY riwaHm-
CTBIX KOMIIO3ULIMH MOJOXKUTEIBHO OTpa)KaeTcsl Ha
MIPOYHOCTHBIX CBOHCTBAaX 000KKCHHBIX U3JICIINN.

[IpenBaputenpHble aHATUTHYECKHUE HCCIEA0-
BaHMs, NPUBEICHHBIE B padote [9], moka3bIBaioOT,
yto npu ucnonb3oBanun CBY-uzmyuenus B obOmna-
CTH XHMHUH, CTPOUTEILHBIX MaTepHajoB 0c000
BaXXHYIO POJIb Hapsiny ¢ OOBEMHBIM BHYTPEHHHM
pa3orpeBoM Marepuana WrpaeT TaK Ha3bIBaeMBbIN
HeTepMuyecKuil 3P PeKT.

Bnusane CBY-u3nyyeHuss Ha He3aTBEPIEB-
IIyl0 OCTOHHYIO MJIM PAacTBOPHYIO CMECh HMMEET
COBEpIIEHHO MHOM pe3ynbTaT. B mpouecce npuro-
TOBJIEHUSI PacTBOpa Ha OCHOBE IIEMEHTa MPOBOJISAT
ero oOiydeHHe 3JeKTPOMArHUTHBIM IIOJIEM I10CTIE
pacTBOpeHHsI BOJIOM.

Ecnmu mpu TemnoBoit 006paboTKe MPOUCXOIUIIO
HarpeBaHUE BEPXHUX CJIOEB MaTepuana W IHocie-
IyIollas mepenaya Teria oT 0osee HarpeThix cio-
€B K MEHee HarpersiM, To mpu obpaborke CBU-
W3Ty4YeHUEM MPOUCXOUT BHYTPEHHUI Harpes Oe-
TOHHOW WM pacTBOpHOU cmecu. OOmydeHue pac-
TBOpPa OCYIIECTBISIOT AJIEKTPOMAarHUTHBIM I10JIEM
CBEPXBBICOKOM  4YaCTOThI, COMPOBOXKIAIOIIEECS
HarpeBoM pacTBopa.

HenecoobOpazno npumenenne CBY-uzmyueHus
IIpH yJAJIEHUU BOJABI M3 BHYTPEHHHX CIIOEB pac-
TBOPHOM CMECH 3a CUET BO3AECUCTBUS HA MOJIEKYJIbI
BOJBI, PE3YyNbTaT 3aKJIIOYAaeTCs] B TOBBIIICHUH
MIPOYHOCTH M3JENNH Ha OCHOBE IIEMEHTHBIX pac-
tBOpOB [1, 8].

UccnenoBannsa ApxxanaukoBa A. B., beruenko-
Ba B. A. 1 Ipyrux HOCAT HECKOJBKO Pa3pO3HEHHBIN
xapakrep. B pa6ore [5] chopmymmpoBansl Tpe6o-
BaHus Kk CBY — reneparopy, onpeneneH Auana3zoH
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ANIEKTPOAVHAMUYECKHX MapaMeTpoB, B Mpeaenax
KoToporo wucrnois3oBanue CBY-uzmyueHus s
paspyiieHus 6eToHa Hanbosee 3h(HEKTUBHO.

[lepcriekTHBHBIM HampaBleHHEM HCCIIE0Ba-
HUH SBISIETCA HE TOJBKO MpolieMa OIeHKH Kade-
CTBa 00ECICYCHUs CTa0MIIBHOCTH TPOYHOCTHBIX
XapaKTepPUCTUK MarepuanoB [4], HO W BIMAHHE
YCIIOBUIT MHKPOBOITHOBOTO M3IY4YeHHS Ha M3MEHe-
HUE UX (U3NYCCKUX CBOUCTB.

B nanHoit paboTe cienaHa MOMBITKA UCCIEIO-
BaTh BIUSHUE MOITHOCTH U3IYYCHUS U MPOIOIIKH-
TEIHHOCTH €r0 BO3JECIHCTBHA Ha Ipolecc paszpylie-
HUS IIEMEHTHO-TIECYAaHbIX 00Pa3I0B. JTO MMO3BOJIUT
MONyYUTh  HAy4YHYI0  0a3y  HCITOIB30BaHUS
CBUY-m3myueHust ansi paspymieHusi He TOJIbKO Oe-
TOHAa MU AOPYIUuX CTPOUTCIBHBIX MAaTCpHaioB, HO
Y TOPHBIX MTOPO/I.

Hean

OCHOBHO# 1ICJIbI0 JIAaHHOW HAyYHOW pPadOThI
ABJISICTCS HUCCJICAOBAHUEC BJIIUAHUA yCHOBI/Iﬁ u 1ma-
paMEeTpOB MUKPOBOJIHOBOTO H3JIyYEHHUS Ha H3Me-
HEHHE (PHU3MKO-MEXaHUYECKUX CBOWCTB CTpOH-
TCJIBHBIX MAaTCpUajIOB, B YaCTHOCTU OLECHKa CTa-
OMIIFHOCTH WX TIPOYHOCTHBIX XaPaKTEPUCTHUK.

Jns mocTrKeHUs TOH Leld HeOoOXOIUMO DKC-
NEPUMCHTAJIBHO BBIABUTL BJIHMAHUC TJIIMTCILHOCTU
u MomHoctd CBY-uznyueHuss Ha OPOYHOCTHBIE
XapaKTePUCTUKH O0pa3loB [EMEHTHO-TIECYaHOTO
pacTtBopa.

MeTtoauka

B pabore ObUIM WMCTIONB30BAHEI CIEAYIONINE
MeToAbl: uccnenoBanue BiausHus CBU-narpesa Ha
KHHETUKY CBOWMCTB M3JIEIHMU; ONpeCIICHUE Tpee-
Jla IPOYHOCTH PAcTBOPOB M OETOHOB Ha CXKATHE,
CpaBHHUTENBHBIN aHanu3. st mpoBeneHUs JKcrie-
pumenTa npumMeneHa neus CBY mapku «Fairline»
C JMana3’oHOM W3JIYYCHUS: MUHUMAIbHBIA —
100 Bt, cpemumit — 500 BT, MakcUManbHBIA —
900 Bt, a Tarxxe mpecc KL-200/R xommanum
«Tecnotesty.

B xauectBe 00pa3ioB ObuUM W30paHBI IIEMEHT-
HO-TIECHaHble KYOMKH pasMepoM 5x5x5 cm. Hx
MPEIBAPUTEILHO MPUTOTOBMIIA W3 HEOOXOIUMOI0
KOJIMYECTBA IIEMEHTHO-TIECUAHOTO PAacTBOpa CO-
ctaBa 1:3 (o macce) pu BOJOIEMEHTHOM OTHO-
mennn B/I] = 0,45. KonuuecTBO KOMIIOHEHTOB
JO3UPOBAJIA C KCIIOJIb30BAHUEM DJIEKTPOHHBIX BE-
coB. LleMeHT c meckoM TepeMelnBaiyd B TeUCHUE

1 muH. 3aTeM B LEHTpe CyXOil CMecH cHaeiain
JYHKY, B KOTOPYIO NOOaBHIM BOILY B HEOOXOAM-
MOM KojuuecTBe. Boma BHOUTHIBalach B CMeECh
B Teuenne 30 ¢, ociie 9ero CMeCh IepeMenTuBaIn
BPYYHYIO KPYIJIBIM LINAaTeJeM B TeUeHHE § MHH
(mo HOpMaM He MeHee 5 MUH NPH MepeMEIIMBaHUN
BPYYHYIO).

ITony4yeHHOU pacTBOPHON CMECHIO HOPMAJIBHOU
KOHCHCTEHIIMU 3arloNHWIN (HOopMBbl — KyOHKH. 3a-
TEM KaXIylo ¢opMy BUOpHpOBaIM Ha BUOPALMOH-
HOM cTojie B TedeHue 15 c. [lanHas penenrtypa
ObUIa HCIONB30BaHA MPH M3TOTOBJICHUH BCEX KY-
OoukoB my1st uccnenosanus. [locie BeIAEPKKH B Te-
YeHHe CYTOK KyOWKW HW3BIEKIH u3 (GOpM U IOMe-
CTWIM B IKad ¢ BIRKHBIMH ONWIKAMH JUISL TIPU-
oOpeTeHHs MpovHOCTH B TeueHue 27 cyTtok. [locne
28 CYTOK BBIIEPXKH KyOMKH OBUIM TOTOBBI AJIS
MpOBEACHUs SKCIIepuMenTa [2].

PesyabTarsl

g mpoBeneHust SKcrepuMeHTa ObUTH TpUTo-
TOBIJICHHI 24 IIEMEHTHO-TIECUaHBIX KyOHWKa. DKCIe-
PUMEHT 3aKJIIOYaJCs B ONPENCICHUU BIIMSHUI
morrHoctd CBY-usnyueHus U IPOIOSIKUTEIBHO-
CTH €r0 BO3JCUCTBUA HA U3MEHEHUE MPOYHOCTHBIX
XapaKTEePUCTUK CyXUX (€CTECTBEHHOW BIAYKHOCTH)
00pas3IoB 1 00pa3I0B, HACKIIIICHHBIX BOJIOM.

B xoze skcniepuMeHTa OBIIIO TPOBEACHO WCITHI-
TaHHWE Ha NPOYHOCTH NMPU OJHOOCHOM CIKATHUU CY-
XWX W HACHIIIEHHBIX BOJOW 00pasoB, MpeIBapu-
TEIbHO TOABEPTHYTHIX  Bo3aeWcTBuio CBU-
M3NTydeHus] (MHHAMAIBHOH, CpeqHed W MaKCH-
MaJbHOW MOIIIHOCTH) B JHala30HEe BPEMEHH OT
1 1o 3 MuH.

Jus skcniepuMeHTa ObUTH B3ATHI 6 KyOHMKOB
(3 cyxux W 3 HACBHINICHHBIX BOIO), KOTOpPBIE HE
noaBepraauch  BozaeiicTBuio  CBY-msmydenws
U CITY’KUJIM KOHTPOJIbHBIME oOpa3iiamu. Ha ucribi-
TaTENIbHOM TIIpecce ObUIa OIpenesieHa WX Mpod-
HocTb. [Io pe3ynbraraM Tpex HCHBITaHUHI CpefHee
3HAYEHHUE NMPOYHOCTH 00PA3IIOB COCTABUIIO:

— s cyxux — 37,2 H/mm?;

— JUIS HACBIIEHHBIX Bo0i — 30,5 H/MM?.

Ha cnemytomem »srtame sKcriepuMeHTa OBLITH
B3ATHl 9 KyOHWKOB, KOTOpHIC B TEUCHHE 2 U HACHI-
manrck BoAod. HacelieHHbIe BO/IOW KyOWKH OBI-
nu noasepkeHsl CBY-u3nyuenuto B TeueHue 1, 2
1 3 MUH Ha MHHAMAJIBHOH, CpETHEN U MaKCHMaJlb-
HOM MOIIHOCTH. Pe3ynbTaTbl UCHBITAHUNA MpUBE-
neusl B TaoO. 1.
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TabOnuma 1
IIpoyHOCTH HACHIIIEHHBIX BO/IOH 00pa3L 0B
Table 1
Strength of water saturated samples
Bpewms Bo3zeiictBus CBY- ITpOYHOCTH HACHILEHHBIX BOOK 06pasios, MIla (H/Mm?)
H3IYHCHHA MomHocts 100 BT MomHocTts 500 BT MomHocts 900 Bt

1 MuH 29,64 (2,78)" 28,53 (6,42) 26,16 (14,20)

2 MMH 27,65 (9,31) 27,11 (11,08) 22,92 (24,82)

3 MuH 26,5 (13,08) 17 (44,24) 16,12 (47,13)

- B CKOOKax YKa3aHa noreps Npo4YHOCTH B % OTHOCHTEIHHO KOHTPOJIbHBIX 06p8.3LIOB

Ha nocneanem stame skcnepuMeHTa ObUIN HC-
MOJIb30BaHbl OYepenHble 9 LEeMEHTHO-TIeCYaHbIX
KyOWKOB €CTECTBEHHOH BiaxxHOCTH. OOpa3ibl ObI-
1 noasepxeHsl CBU-n3nydeHuo B TeueHue 1,

2 1 3 MUH NIpU MUHUMAJIbHOM, cpeHel u Mak-
CHUMaJIbHOM MOUIHOCTH. Pe3ynbTaThl HCHBITAHUN

MIpUBEICHBI B Ta0OM. 2.

Tabnuna 2
IIpouHoCcTH cyxux o0pa3uoB
Table 2
Strength of dry samples
Bpewms Bo3neiicteus CBU- ITpoYHOCTH 06PA3IIOB eCTECTBEHHOM BIakHOCTH (cyxux), MIla (H/mMm?)
3Ty ICHITA Mormnocts 100 Bt Momnocts 500 Bt Momnocts 900 Bt

1 MuH 36,16 (2,7)" 36,08 (2,9) 32,23 (13,3)

2 MuH 34,65 (6,8) 32,05 (13,8) 28,33 (23,8)

3 MuH 33,91 (8,8) 27,7 (25,5) 27,33 (27,03)

* — B cKOOKax yKasaHa I0Teps MPOYHOCTH B % OTHOCHTENIBHO KOHTPOJILHBIX 06pa3loB

OoOpabotka  oOpasior  CBY-usnyueHuem
B OOJIBIIIEH CTENEHH BIMSET Ha CHIDKEHUE TIPOYHO-
CTH HACBIIICHHBIX BOJIOW 00pa3moB. DTO MPOUCXO-
JIUT U3-3a TOTO, YTO MOJIEKYJIbI BOJIbI, HAXOISAIICH-
Cs B CTPYKTYypE PacTBOPHOM CMECH, NPH Harpene
MOJI BO3/ICWCTBUEM MHKPOBOJIHOBOTO H3IY4YCHUS
HAa4YMHAIOT AaKTHUBHOE JIBWKEHHE (KoJjeOaHus
B IIpeJieNiaX OTHAEIbHBIX KJIaCTEPOB), IPUUEM B XO-
JIe ATOTO JBIDKEHUS TPOUCXOAUT (popMHpOBaHHE
MUKPOHAPYIICHHIA.

Bo3aelicTBue MUKpPOBOJIHOBOIO M3JIy4Y€HMs] Ha
IIEMEHTHO-TIeCYaHble  00pa3ibl  €CTeCTBEHHOU
BIIQKHOCTH (CyXH€) MPUBOJUT K CHIDKEHUIO HX
npouHocTH ot 2,7 mo 13 % mpu amamazone CBY-
mryaennst ot 100 o 900 Bt B Teuenne 1 muH, OT
8,8 mo 27 % npu BO3IEHCTBUM B TEX K€ JHAIa3o-

Hax MOII[HOCTH B TeyeHue 3 MuH (puc. 1).

Ho cnemyer oTMeTuth, YTO MNEPCHEKTUBHBIM
HaIpaBJICHUEM JNaJbHEUIINX UCCIEIOBAHUN SIBIIS-
eTCs u3yueHue oOpaTHOM 3ajqauu, a UMEHHO IIpH-
MeHenne CBY-u3zjiydeHus mpu pacTBOpeHHH Oe-
TOHHOM WM JAPYroil CMECH BOJOH, YTO B Jajb-
HEeilllleM, TIOClIe €€ 3aTBEpJieBaHus, IPUBEIET
K TIOBBITIICHUIO TPOYHOCTH MU3JICTTUH.

HaunGonpmee Bozneticteue CBU-u3mydenus Ha
CHIDKEHHE TPOYHOCTH 00pasloB (MPU MOIUTHOCTH
m3nydeHust 900 BT u mpomomKHUTENBHOCTH €ro
neiictBust 3 MuH) HaONIOMAaeTCs MPHU TPEIBaAPH-
TEJIBPHOM HUX 3aMauyuBaHuu — 10 47 % mo cpaBHe-
HATO ¢ 27 Y% CHIKEHHS MPOYHOCTH B CYXUX 00pas-
nax (puc. 2).
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uc. 1. CHWXeHHe IPOYHOCTH CYyXHUX 00pa3loB B % B 3aBUCUMOCTH OT JJIHMTEILHOCTH M3IyYEHUs
Puc.1.C y 6 % y

Fig. 1. The strength reduction of dry samples in %, depending on the duration of radiation

27,3

- 255

CHMKeHue NPOYHOCTU B %
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D AnTenbHOCTb U3NyyeHun

e+ MUH.MOWHOCTb 100 BT = == CpegH. MOWHOCTb 500 BT === MaKc.mowHoCcTb 900 BT

Puc. 2. Camxenue IIPOYHOCTH BJIA’KHBIX O6p33HOB B % B 3aBUCHMOCTH OT JJATCIIBHOCTU U3ITYUCHUSA

Fig. 2 The strength reduction of wet samples in %, depending on the duration of radiation

Haunbonpme  paspymaromme  BO3IACHCTBUS Hay4yHnasi HOBU3HA M NpaKTHYeCKAs
CBY-uznydeHus Ha MEMEHTHO-TIECYAHBIE 00PA3IThI 3HAYMMOCTDb
JOCTUTHYTHl MpU 3HAaYEHUsX MomHocted ot 500

B mporecce mcciaeqoBaHUM YCTAaHOBJIEHO, YTO
110 900 Bt B Teyenue ot 2 10 3 MuH. P y ’

HauOonbpmiee BrusHUe CBU-msznyuenuss Ha (op-
MHpPOBAHNE WCKYCCTBEHHBIX TPEIIUH U MHUKpPOHA-
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pyLIeHHii B  IIEMEHTHO-TIeCUaHbIX  OOpa3max
HabmronaeTcs Npy UX NpeABAPUTEIBHOM HACHIIIIE-
HUM BOJOW M HMCIOJBb30BaHMHM MOIIHOCTH H3IIyde-
aus ot 500 o 900 Bt B Teuenune 3 MuH.

[Ipu MeHbIIEH TPOTOIDKUTENFHOCTA OOIyde-
HUS HAOJIOAAIOTCS HECKOJIBKO MEHBIINE TOoKa3a-
TeNW TOTepH LEMEHTHO-TIECYaHBIMU 00pa3naMu
MIPOYHOCTH OTHOCHUTEIBHO KOHTPOJIBHBIX 00pas-
noB. OgHAaKO clenyeT OTMETUTh, YTO KOHTPOJIb-
HBIH 00pasel] HACHILEHHOTO BOJOW IEMEHTHO-
[IECYaHOT0 PacTBOpa (WM, O CYTH, MEIKO3EpHU-
cToro OetoHa) uMmen UMb 82 % MPOYHOCTH CyXO-
ro o0Opasiia.

VYBnaxHEHUE LEMEHTHO-TIECYAaHOIO0 pacTBOpa
nepea MOCIENYOIMM MHMKPOBOJIHOBBIM 0OIyue-
HUEM CIOCOOCTBYET CO3/laHHIO B OCTOHHOM Teje
MHUKPOHAPYILIEHUH M, COOTBETCTBEHHO, YIIPOILAET
MIPOLIECC pa3pyLICHHs.

BriBoabI

YCTaHOBICHBI PEKOMEHIOBAaHHBIC MMapaMeTPhbl
00paboTKu 00pa3moB st O0JerdeHus Iporecca
pa3pylieHus [IEMEHTHO-TIECUaHOT 0 PacTBOPa!

— NpeABapUTEIILHOC HACHIIICHHE OETOHA BO-
10H;

— MowHocTh CBY-u3nyuyeHus: Wi MOIy4YeHUs
my4amux pe3ynsTatoB 900 Br;

— TPOJIOIDKUTENHFHOCT, 00pabOTKH W3ITyUYCHH-
eM 2—3 MHH.

[Ipu oTCYyTCTBMM BO3MOXKHOCTH HACBIIIEHUS
O0etoHa B0 3(D(EKT OT ACHCTBUS MUKPOBOJIHO-
BOro u3iydeHuss momHocTbto 900 BT ¢ Tol xe
MPOJIODKUTENILHOCTRIO (2—3 MuH) Oymer Ha 62—
65 % Hwke (IPOYHOCTH CyXUX OOpa3lOB COCTaB-

nset 27 Mlla mo cpasuenuto ¢ 17 MIla ans Bmax-
HBIX).

[IpoBeneHHble HccaeI0BaHMs, HA HAIl B3I,
MIEPCIIEKTUBHBI NIPH PEIICHUH OJHOM U3 aKTyallb-
HBIX 3KOJIOTHYECKUX MPOoOJieM, & UMEHHO OYHCTKU
U «peadMIUTalu» CTPOSHHM, 3arpsi3HEHHBIX pa-
JUOAaKTHBHBIMM OTXOAAMH. B OCHOBE Takoro me-
TOJa OYMCTKH JIEXKAT JIBa Mpoluecca: 1) OTKOJIBI Ha
CBOOOJHOI MOBEPXHOCTHU MOJ ACHCTBUEM yIAPHOM
BOJIHBI, T€HEPUPYEMOMN MpH JIOKAJIbHOM HarpeBe
MTOBEPXHOCTHOTO CJIOA TBEPAOTO TeNla MOIIHBIM
CBY-u3nyuenueM; 2) Xpymnkoe paspylieHHE TpH-
MOBEPXHOCTHOTO CJIOSI TIPH CIBUTOBOW Jedopma-
OUU W3-3a CHIBHOW aHW3OTPOIHOCTH HAaNpsDKECH-
HOTO cOCTOsIHUA. K HECOMHEHHBIM JOCTOMHCTBAM
METOJa OYUCTKHU C HCIIOJIB30BAHHEM MOIIHBIX HM-
NyJbCHBIX NOTOKOB CBY-u3nmyueHus OTHOCSTCS
JUCTAaHIMOHHOE YIPAaBJICHHE IPOLIECCOM, TapaH-
TUPYIOIIEe OTCYTCTBUE MPAMOT0 KOHTAaKTa Iepco-
HaJla C paIMOAKTUBHBIMU 3arpsA3HCHUSAMHU, OTHOCHU-
TeJibHasi 0€30MacHOCTh UCIIOIb3YEMOI0 B TEXHOJIO-
Ty 3JICKTPOMArHUTHOTO HM3JIYYCHHA W, HAKOHCII,
BO3MOXXKHOCTh CO3JIaHHs MOOMJIBHOH YCTaHOBKH.
B cBs131 ¢ BbIIIECKa3aHHBIM NPEACTABIAET HHTEPEC
omnpenereHue XxapakTepHelx napamerpoB CBU-
M3JIy4YCHUS IS paspylIeHHUs TOBEPXHOCTHOI'O
ciost OETOHA, MCIIONB3YIOLIErocs Ha aTOMHBIX
CTaHIMAX.

Bo3moxuao wucnons3oBanue CBY-uznyuenuit
B TE€XHOJIOTHHN HU3T0OTOBJICHUS 66TOHOB, CTPOUTECIIb-
HBIX PAacTBOPOB M CMECEW, a Takke MpU nepepa-
00TKe, LIEMEHTUPOBAHUH >KUIKUX M TBEPIBIX pa-
AUOAKTUBHBIX OTXOJ0B, B YaCTHOCTHU HX 3aXOpO-
HEHUM.
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AHAJIIB I HEPCHEKTHBHU JOCJTIIKEHDb BIUINBY HBY-
BUITPOMIHIOBAHHSA HA BYAIBEJIBHI PO3YNHU U BETOHU

Mera. V wiit po6oTi mepegdadeHo TOCTIAUTH BIUTUB YMOB i MapaMeTpiB MiKpOXBHIIHOBOTO BUIIPOMIHIOBAHHS Ha
3MiHY (I3UKO-MEXaHIYHUX BJIACTUBOCTEH OyIIBENbHUX MaTepiaiiB, 30KpeMa OLIHUTH CTaOIIBHICTh iX MII[HOCTI.
Metoauka. bysio BUKOPHCTaHO HACTYIHI METOH: NOCIiKeHHs BBy HBU-HarpiBaHHs Ha KIHETHKY BJIaCTHBOC-
Teil BUPOOiB;, BU3HAYEHHS MEXI MIIIHOCTI pPO3YMHIB i OETOHIB Ha CTHCK; MOPIBHSUIBHUHA aHami3. Sk 3paszku Oymo
B3SITO [IEMEHTHO-IIIIAaHI KyOHUKH po3MipoM 5x5%5 cm, BurotosieHi 3rigno 3 JICTY b B.2.7-187:2009, i3 Butpum-
KOIO 7151 Ha0yTTsI HUMHU MapovHOi MinHOcTi npotaroM 28 ni6. PesyabraTn. ExciepuMeHT mondras y BU3HaYCHHI
BIUIMBY MOTy>kHOCTI HBY-BUNIpOMiHIOBAaHHS i TPHBAJIOCTI HOTO BIUIMBY Ha 3MiHY MIITHOCTI CyXHX (IIPHPOIHOI BO-
JIOTOCTI) 3pa3KiB i 3pa3KiB, HACHYEHUX BOJIOI0. Y XOJi €KCIIEPUMEHTY OYyJIO NMPOBEICHO BUIIPOOYBaHHS Ha MILHICTh
Yy pa3i OJHOBICHOTO CTHCKaHHS CYXWX 1 HACHYEHHMX BOJOIO 3pa3KiB, fKi IIONEPEJHbO 3a3HalM BIUIHBY
HBY-BunpomiHtoBaHHS (MiHIMaJIbHOI, cepesHbOl i MakCHMaJIbHOI IOTYKHOCTI) B Jiama3oHi yacy Bixg 1 no 3 xs.
HaiiGinpmmii pyliHiBHuH BrutmB HBU-BUNpOMiHIOBaHHS Ha HEMEHTHO-IIIIIAHI 3pa3KM JIOCSATHYTHH 3a 3HaYCHHS
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motyxHocTi Big 500 mo 900 Bt i TpuBamocti 2-3 xB. HaykoBa HoBH3HA. Y 1ill poOOTi JOCTIHKEHO BIUTUB MIOTYX-
Hocti HBUY-BumpoMiHIOBaHHS 1 TpWBaloCTi Horo mii Ha mporec pyHHYBaHHA IEMEHTHO-TIIMAHUX 3pa3KiB.
[pakTHyHa 3HAYUMICTB. YCTaHOBIICHO, IO MapaMeTpu 00poOku MaTepianiB HBY-BHIIpOMiHIOBaHHIM MOJIETIIYE
npotec X pyiHHyBaHHs. 3alpOIIOHOBaHA TEXHOJIOTIS JI03BOJINTh OTPUMATH HayKoBy 0a3y s Bukopucrtanus HBY-
BUIIPOMIHIOBAHHSI 3 METOIO PYHHYBaHHS HE TiJbKHM O€TOHY W 1HIIMX OyAiBENbHUX MaTepialiB, ane i FipChbKUX MOpis.
Takok nepcreKTHBHUM HAIPSIMKOM € BUBUYCHHS 3BOPOTHBOI 3a1a4i — 3actocyBanHss HBU-BunpomiHroBaHHS 1ij 4ac
3aMmillyBaHHs OETOHHOI a0 iHIIOT Oy/iBeIbHOI CyMillli 3 BOAOIO, IO B IIOJANIBIIOMY, icis 11 3aTBEpAiHHS, ITpU3Be-
Jie 710 MiJIBUIIEHHS MIIIHOCTI BUPOOIB.

Knrouosi cnosa: HBU-BUIIPOMIHIOBaHHS; 3pa3KH [EMEHTHO-TIMAHNX KyOWKiB; €KCIIEPUMEHT; MOTYXHICTh BU-
MIPOMIHIOBaHHS; MIITHICTB; IPOIIeC pPyHHYBaHHS
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ANALYSIS AND PERSPECTIVES OF RESEARCH ON THE INFLUENCE
OF MICROWAVE RADIATION ON MORTARS AND CONCRETES

Purpose. In this work, we study the influence of the conditions and parameters of microwave radiation on the
change in the physico-mechanical properties of building materials, in particular the problem of assessing the stabil-
ity of their strength characteristics. Methodology. The following methods were used in the work: the study of the
influence of microwave heating on the kinetics of the products™ properties, the determination of the ultimate com-
pression strength of mortars and concrete and comparative analysis. 5x5x5 ¢cm cement-sand cubes made according
to the SSU B V.2.7-187: 2009 were used as samples. They were cured during 28 days for grade strength acquiring.
Findings. The experiment was to determine the effect of microwave radiation power and the duration of its influ-
ence on changes in the strength characteristics of dry (natural moisture) and water-saturated samples. In the course
of the experiment, the uniaxial compression strength of dry and water-saturated samples previously subjected to
microwave radiation (minimum, average, and maximum power) during 1-3 minutes was performed. The greatest
destructive effects of microwave radiation on cement-sand samples are achieved at power values from 500 to 900 W
and duration from 2 to 3 minutes. Originality. In this work, the effect of the following parameters of microwave
radiation is investigated: the radiation power and the duration of its effect on the destruction process of cement-sand
samples. Practical value. The established parameters of processing samples with microwave radiation facilitate the
process of their destruction. This will provide a scientific basis for the use of microwave radiation in order to destroy
not only concrete and other building materials, but also rocks. Also a promising direction is the study of the inverse
problem — the use of microwave radiation when dissolving the concrete or mortar mixture in water, which later, after
its solidification, will lead to product strength increase from these mixtures.

Keywords: microwave radiation; samples of cement-sand cubes; experiment; radiation power; strength; destruc-
tion process
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4) OpuriHan eKCIIepTHOTO BUCHOBKY.

¥YBara! 3rigHo 3 Mi>kHapOJHHMH CTAHAAPTAMH SIKOCTi HAYKOBHUX MyOJIiKaniii HeoOXiTHNM €: HAsSBHICTh aB-
Topchkux posmmpenux (250-300 ciiB) i cTpykTypoBanux pestome (pedeparis — abstracts), y T.4. anrmificbkor Mo-
BOIO, PeleH3iH, NpUCcTaTeHUX CHHCKIB JIiITEpaTypy B pOMaHChbKOMY ajidasiTi TowIo.

Bukiag 0CHOBHOT0 MaTepiajy CTaTTi IOBUHEH MaTH TAKi eJleMeHTH:

—  BCTYIH: IIOCTaHOBKA NTPOOJIEMH, aHANI3 OCTaHHIX JOCIIKEHb;

—  Mery,

—  MeTOAMKY: BHKJIaJ OCHOBHOTO Marepiaily JOCIHiKCHHS 3 HTOBHIUM OOIPYHTYBaHHSAM OTPUMAHUX HAYKOBUX
pe3ynbTatiB. JIoKIagHO OMUCYIOTh 3arajlbHy METOIUKY AOCIIKEHHS, 1100 HOro pe3yabTaTh MOTIH OyTH BiATBOpeE-
Hi: OITUCYETHCA MOCTIIOBHICTh BUKOHAHHS JOCIIIKEHHS, 00T pYHTOBYETHCSI BHOIp BUKOPHCTOBYBAHUX 1 BUKIIAJA€Th-
s CyTh IIPOIIOHOBAHUX METOJIIB 1 MOJIeJIel, 3MICTOBHO BU3HAYAETHCS, 1110 CaMe JIOCIIIKYBaJIOCs KOXKHUM METOJIOM;

—  Ppe3yJbTaTH: MICTATh €KCIIEPUMEHTANIbHI YM TEOPETHYHI J[aHi, OTpHUMaHi B poOoTi, AJIs JeMOHCTpalii Toro,
110 OTPUMAaHO HOBE pillIeHHs POOJIeMH, 1 0 poOOTa € 3HAYHUM KPOKOM BIIEpe/1 y MOPIBHSAHHI 3 MONEPEHIMH J0C-
mipkeHHsMu. Jlani nogaroteest y opmi tabnuis, rpadikis, giarpam, piBHsAHb, GoTorpadiil, puCyHKIB, CTaTHCTHY-
HUMH OLIiHKaMu. Pe3ynbTaTi MOBMHHI OyTH BHKJIJIEHI KOPOTKO 1 YiTKO, NPU IIbOMY MICTHTH JOCUTH iH(popMarii
JUIsl OL[IHKK 3pOOJIEHMX BUCHOBKIB, TAKOX Ma€e OyTH OUEBHIIHO, YOMY JUIsl aHaNi3y oOpaHi came 1 JaHi;

—  HAYKOBY HOBH3HY Ta MPaKTH4YHY 3HAUYMMicTh. HaykoBa HOBH3HA OTPHMAaHMX PE3yJIbTaTiB BUKIIAIA€THCS
apryMEeHTOBaHO, KOPOTKO i 4iTko. JIo HaykoBOI HOBHM3HM HE MOXXHA BITHOCHUTH NMPUKIAIHI PE3yNbTaTH (crocobw,
MIPUCTPOI, METOJUKH, CXEMH, aIrOpuT™Mn). IIpakTnuHe 3HAYEHHS OTPUMAHUX PE3yJbTATiB CTAHOBIATH BiJIOMOCTI
PO BUKOPHUCTAHHS PE3YJIBTATIB TOCITI/DKEHb 00 peKoMeHallii 3 iX BUKOPHCTaHHS,

—  BHCHOBKH: HEOOXiTHO HABECTH JOCSATHYTI KUTBKICHI Ta SKiCHI IOKa3HUKH JOCHIHKCHHS, BUKIACTH PEKO-
MEH/IAIT 3 TX BUKOPHCTAHHSL.

3 ycix nuTaHb 3BepTaiiTecs 10 peaakiii ;KypHaJ1y 3a aJpecoro:
HaykoBo-TexHiuna 0i0omioteka (aya. 166),
JIHIpOBCHKMI HAITIOHATBHUH YHIBEPCUTET 3aTi3HUYHOTO TPAHCTIOPTY iMeHi akanemika B. JlazapsiHa,
By Jlazapsmna, 2, M. JIHinpo, Ykpaina,
49010
e-mail: visnik@diit.edu.ua

Caiit xypHaiy: http://stp.diit.edu.ua/
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