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MogaenrBaHHs 3a0pyAHEHHS JOBKLLJIA B pa3i eMicii aMiaKy 3 MOIIKOAKEHOT0
TPYOONIpoOBOIY

Mera. L1s pobGota niepenbayae po3poOKy TiIpaBIidHOI MOJEII ISl PO3PAaXyHKy HECTAlliOHAPHOTO BUTOKY aMiaKy
3 TOMIKOKEHOTO TPYOOIIPOBOAY Ta IMIUICMEHTAIIIO i€l MOJIEINi B YHCENBHY MOJIENb MIPOTHO3Y aBapiHOTO 3a0pya-
HeHHs aTMocdepu. MeToauka. [[jist po3B’si3aHHs OCTABJCHOT 3a/1a4i BUKOPUCTAHO PO3PaXyHKOBI 3aJI€KHOCTI TiIpa-
BJIIKM HaITipHUX MOTOKIB. JIJisi po3paxyHKy IpOLIECY BHIIAPIOBAHHS amiaky 3 MOIIKOKEHOTO TPyOOIpPOBOLY TaKOK
BUKOPHCTaHO eMIIpHYHy Mojeib. [y po3paxyHKy Hpoliecy PO3NOBCIO[DKEHHS aMiaky B aTMoc(epHOMY HOBITpi
BUKOPHCTAHO TPHUBHUMIpPHE PIBHSIHHS KOHBEKTUBHO-IH(DY3iHHOTO nepenocy nomimku. [1in yac MaTeMaTuuHOTO Mojie-
JIFOBaHHSI PO3MOBCIOJDKEHHS aMiaKy 3 MOIIKOKEHOT0 TpyOONpOBOy BPaXxoBaHO 3MiHY 3 BHCOTOIO HIBUIKOCTI BITPO-
BOTO MMOTOKY, @ TAKOX 3MiHY 3 BUCOTOK BEPTUKAIBHOTO KoediiienTa arMochepHoi audy3ii, JMHAMIKY 3MiHHU 3 4aCOM
IHTEHCHBHOCTI BUTOKY aMiaky 3 IOLIKO/KEHOTo TpyOorpoBoay. it YicenbHOro po3B’ s3aHHs TPUBUMIPHOTO ande-
PEHIIaTEHOTO PIBHSAHHS IEPEHOCY aMiaKy B aTMOC(EpHOMY TOBITpi 3IiHCHEHO HOTO (hi3UUHE PO3IICIUICHHS: BUILIIC-
HO PIBHSHHS, IO OITHCY€ NEPEHOC JOMIIIKH 32 PAXyHOK KOHBEKIii, piBHAHHS, II0 OIKCY€ MEPEeHOC JOMIIIKHU 3a pa-
XYHOK atMoc(epHOi qudys3ii, Ta piBHIHHSA, 1[0 OIMICY€E 3MiHy KOHIIGHTpAIil aMiaKy B MOBITPi BHACHIZOK [il JpKeperna
emicii. [y 9uceTpHOTO IHTErpyBaHHS PIBHSHHA KOHBEKTHBHOTO MEPCHOCY aMiaKy B IOBITPI BUKOPHCTAHO METOJ
Mak-Kopmaka, piBHsHHS Au(y3iHHOTO HEpeHoCy JOMIIIKY — MeTo| Piduap/coHa, piBHSHHS, 110 OIHCYE 3MiHY KOH-
LEHTpallii amiaky Iij Ji€ro jpkepena emicii, — meron Eiinepa. PesyabTaTtu. Ha ocHOBI po3pobieHol Mojesi HecTarli-
OHApHOT0 BUTOKY aMiaky 3 MOUIKOXKEHOTO TPYOOIPOBOY Ta YHCEIbHOT MOJIENi PO3IIOBCIO/PKEHHS aMiaKy B aTMOC-
(bepHOMY MOBITpI MMPOBEJCHO OOUNCITIOBAIBHUI EKCIIEPUMEHT JUIsl OLIHKM PiBHS 3a0pyAHEHHS! aTMOC(EPHOTO MOBIT-
Ppsi Ta MiICTWILHOT MOBEPXHI Y BUIAJIKY aBapiiHOr0 BUTOKY aMiaKky Ha JIUIsHII, Je amiakonpoBig « TonbarTi — Onecay
nepetruHae piuky JHinpo. OTpuMaHo JaHi 100 HecTaioHapHoro 3a0pyaHeHHs noBKinl. HaykoBa HoBu3Ha. Po3-
pOOJIEHO MaTeMaTHYHy MOJIEIIb, IO I03BOJISIE PO3PAaXOBYBATH HECTAI[IOHAPHUH MPOLIEC BUTOKY aMiaKy 3 ITOIIKOKe-
HOTO TPYOONPOBO/IY. 3alpOIIOHOBAHO YHCEIILHY MOAENb Ul BU3HAUEHHS oOnacTeil 3a0pyIHeHHs B pasi aBapiifHOro
BUTOKY aMiaky 3 amiakornpoBony «Tonbsarti — Onecay. [lpakTuyuna 3Haunmictsb. Ha 6a3i po3pobieHoi Mozeni cTBo-
PEHO KO/, L0 JI03BOJISIE OTIEPAaTUBHO MTPOTHO3YBATH ANHAMIKY 3a0py/HEHHS! HABKOJIMIIIHBOTO CEPEI0BHIIA 32 aBapiii-
HOTO BUTOKY amiaky. 3alporioHOBaHa MaTeMaTHYHa MOJIeJIb MOXKe OyTH BUKOPHCTAHA I1ijl 4ac pO3POOKH IUIAHY JIiK-
Binamii aBapiitroi curyarii (IINTAC) mis XiMidHO HeOe3MeuHNX 00’ €KTIB.

Kntouosi crosa: aMiakompoBif; XiMigHe 3a0pyIHEHHS aTMOoc(epH; aBapiifHa eMicis; MaTeMaTHYHEe MOJISTIOBAaHHS
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Beryn

ABapiifHMII BUKU XiIMI9YHO HEOE3METHNX PEUo-
BuH [1-5, 7-14], Hampukiam, i3 MOIIKOMKEHUX
TpyOompoBoaiB (puc. 1) cTBOproe 3arpo3y iHTEH-
CHBHOTO 3a0pyJHCHHS HABKOJHIIHBOTO Cepeo-
BHILIA Ta PU3UKY ypaKeHHA Jroaei. ToMy BUHHKaE
mpo0JieMa MPOrHO3YBaHHS HACIIIKIB TAKOTO BUTO-
Ky. [nsa mporHosyBaHHs Macmrta®y aBapiitHOro
3a0pyaHEHHS OOBKULIS B pasi aBapiiiHOi emicii
XimMiyHO Hebesmeynux pevosuH [1, 3,4, 7-9] Bu-
KOPHUCTOBYIOTh Pi3HOTO KJIACY MOJISINI: aHAJIITUYHI,
YHCeNbHI, MoJieNlb ['ayca, HOPMATUBHY METOJHKY,
mo pospobrnena mis JACHC ([epxaBHa cmyx0a
VYkpainu 3 Ham3BuuaiiHumx curyaniid). Lli momeni
3pY4YHi JJIs1 MPAKTHYHOTO BUKOPUCTAHHS Ta JAIOTh
MOJKITUBICTh IIBHIKO BU3HAYUTH PiBEHb XIMIYHOTO
3a0pyTHEHHST HaBKOJIMIIHBOTO cepenoBumma. [lix
Yac 3acTocyBaHHsI OyJlb-SIKOi MPOTHO3HOI Moedi
BKpail BaKJIMBO KOPEKTHO BH3HAYUTH IHTCHCHUB-
HICTB JDKepena emicii XiMiuHO Hebe3meyHoi pevo-
BUHM, 10 MOTPAIUIA€ B TIOBITPA 3 MOIIKOIKEHOTO
obnajHaHHSA. AHANI3 JITEpaTypHUX KEpel, MPHC-
BSYCHUX MPOTHO3YBAHHIO 3a0pyJAHEHHS HABKOJIH-
ITHBOT'O CEPEIOBUIIA 332 aBapIMHUX eMICil amiaky,
MOKa3aB, 110 MPOTHO3YBaHHS BUKOHYIOTD i3 BHKO-
PUCTaHHAM TIOCTIHHOTO 3HA4YeHHS IHTEHCHBHOCTI
BUKHYy amiaky Q, TOOTO mpoIec BUKHUIY € CTaIlio-
HapHUM 13 TOYKHM 30py emicii HeOe3nmeuHoi pedo-
BUHU. Takwil MiAXiJ] € JOCUTHh CIPOIICHUM, OCKi-
JBKA HE BifjoOpaxae ¢i3uKy Mporecy BUKUIY aMi-
aKy 3 TpyOOmpoBOy, 1110 MepedyBae Imijl HaJIUIII-
KOBUM  THCKOM. Y pasi TOSBH  OTBOpPY
B TpyOONpOBOJIi 3 4YacOM Ma€ Miclle 3HWKEHHS
HaJUTMIIKOBOIO TUCKY aP,. YHacminok mporo 3mi-

HIOETBCSL 3HaueHHs Q — IHTEHCHBHOCTI BUKHUIY

XiMiYHO  HeOe3Ne4YHOi  pPEYOBHHH,  OCKIIBKH
Q= f(aPR,,t). Tobro mpouec emicii amiaky 3 Tpy-
OOMPOBOJIY € CYTTEBO HECTAIlIOHAPHUM.

Ie 3HAYUTH, MO 3aAJICKHO BiJl Yacy Mae MicCIe
pi3HE «HABaHTAXXCHHS» BiJl BUKHJY aMiaKy Ha 3a-
OpyJIHEHHS HABKOJIMIIIHBOTO CepeaoBUIa. Tomy
JUIS aJIeKBaTHOI OIIHKHM piBHA 3a0pyJHEHHS Ha-
BKOJIMIIHLOTO CEPEJIOBUINA 32 aBapiliHOTO BUKUIY
amiaky 3 MOLIKO/KEHOr0 TPYyOOIPOBOy HOTPIOHO
BpaxoOBYBaTH 3MiHy THUCKY 3 4aCOM B aMmiakoIpo-
Bomi. Y Wil poOOTi 3alpoOrOHOBAHO MOJENb, 3a
JIOTIOMOI0I0 SIKOT I1e MOKHa 3poOuTH. [100ynoBy
i€l MOJIENi PO3MIISIHYTO B TiJApaBIiYHOMY HaOIHU-
xeHHi.  OcoOIUBICTIO  3allPOMOHOBAHOI MO

€ Te, 1[0 BOHA BPaxOBYy€ HECTAL[lOHAPHUI Mpolec
BHTOKY amiaky 3 TpyOOmpoBomay, TOOTO 3MiHY
3 9aCOM BUTPATH aMiaky, IO IOTPAILISE B IIPUPO-
JIHE HaBKOJIMIIHE CEPEIOBUILE.

Puc. 1. ABapiifHuii BUTIK amiaKy
[https://www.mda.state.mn.us/ammonia-incident-
summaries]

Fig. 1. Emergency outflow of ammonia
[https://www.mda.state.mn.us/ammonia-incident-
summaries]

Merta

OCHOBHOIO METOIO0 POOOTH € Po3poOKa METOIy
PO3paxyHKy HECTalliOHAPHOTO BHUTOKY aMiaky
3 MOUIKO/PKEHOTO TPYOONPOBOAY Ta MPOTHO3YBaH-
HS piBHS 3a0pyAHEHHS JOBKULIS B pa3i MOIIKO-
JOKeHHS amiakorpoBoay «Tombarti — Onecay.

MeToauka

PosriisHeMo 1oOymoBy METOIy PO3paxyHKy
HECTAI[IOHAPHOTO BUTOKY aMiaKy 3 TOIIKOIKEHOTO
TpyOomnpoBoay. Bim3Hauumo, mo amiak y TpyOi
siBJIsse co0Or0 meperpity pimuny. CepenHild Haj-
JIUIIKOBUIA TUCK B amiakonpoBoi «Tomparti —
Opnecay» Omusbko aP," =35ar. V pasi nossu oTBO-

Py B CTIHII TpyOOITPOBOAY ITiJl THCKOM MOYHETHCS
IHTCeHCUBHHI BUTIK amiaky. [Ipomec BuUKumy amia-
Ky 3 TpyOu OyZieMo TOJIUISTH Ha [IBa ETAIIH:

1. llepmwmii eran — HamipHUN BUKWJ amiaky
3 TpyOONPOBOYy BHACTIIOK HAJIMIIKOBOIO THUCKY

AP, B HBOMY.

2. J[lpyruii eran — BUKWJ aMmiaky 3a paxyHOK
Horo BumaproBaHHs (ITiCJII CKWAAHHS HaUIMIIKO-
BOTO THCKY).

Macy amiaky, KMl BHTIKa€ 3 MOIIKO/KEHOTO
TpyOompoBoay, HOJAHO TaK:
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M =M, +M,,

ne M; — maca amiaky, 110 IOTPAIUTh B aTMOcQe-
PY B pa3i HamipHOTO BHWKHAY 3 HOIIKOIKEHOTO
Tpybomposoxny; M, — Maca amiaky, 1110 BUIIapOBY-
€THCS TICIS HATIPHOTO BUKUAY amiaxy.

AJTOPUTM PO3paxyHKY IHTEHCHUBHOCTI BHKHIY
amiaky (Macu amiaky M, Ta iHIMX HapaMmeTpiB)
Ha TepmoMy ertari OyneMo BHKOHYBaTH B Takid
MOCHIIOBHOCTI:

1. Buznayaemo 00’em amiaky W B cekii ([1o0-
BXKMHa cekmii L =5 kM) 3a BifCyTHOCTI HaUTHTII-
KOBOT'O THUCKY AP, :

W=S-L,

me S=0,785d° — miomIa MOMEPEYHOro Tepepisy
Tpydomnposoay, d =0,355m — giametp Tpybompo-

BOJY.

2. Po3paxoByemo macy amiaky M y Tpy0Oi 3a
YMOBH, KOJU He OyJ0 O HaIMITKOBOTO THCKY Ta
3pIPKEHUH aMiak 3aroBHIOBAB O TPYOOIPOBIT SIK
HECTHCIIMBA PiJNHA!

M=W.p,

ne p — minbHicTs (0,68 kr/Mm3).

3. BuzHauaemMo «HaJUTHIIKOBUN» 00’€M aMiaky
aW B cekilii 32 HasBHOCTI HaJUIMIIKOBOTO THCKY
aP,:

AW =BWAP",

ne B — xoedimieHT 00’ €MHOTO THCKY.
4. BU3Ha4aeMO «HAJUTMIIKOBY» Macy amiaky
aM B cekuii 3a HaAIUIIKOBOTO THCKY AP, !

aAM =paW .

5. Buznauaemo 00’eM amiaky, IO BUXOJUTH
3 OTBOPY B TPyOOIpOBOIi 3a yac al:

n
aP,

Q=p-0,/29 ——at, @)

J€ ® — IUIOLa OTBOPY, 3 SIKOIO BUTIKAE aMiak;
[ — Koe(ilieHT BUTpATH; Y — MUTOMA Bara.
BimzHaunmo, 1o 3Ha4eHHs N BiANOBiJAE 3Ha-

4eHHIO (DI3WYHOrO MapamMeTpa Ha MONEPEITHBOMY
9acOBOMY KpPOLIi.

6. Busnauaemo wmacy amiaky, IO BHXOJUTH
3 OTBOpPY B TpyOOmpoBOIi 3a Hac at:

am=pQ.

7. Bu3HagaeMo «HAJIMIIIKOBHIT» 00’ €M Ta Macy
amiaky, 110 3aJUIIuiIacs B TpyOi micis yacy at:

AW ™ =W -Q;,
AM™ =paM —am,

Ile To3Hadka N+1 — BiamoBigae 3HaYEHHIO IMapame-
Tpa Ha HOBOMY YaCOBOMY KPOIIi.

8. BuzHauaemMo 3MiHY HaJUITHIIKOBOTO THUCKY
B TpyOi BHACTIIOK BUTOKY amiaky 3a 9ac at:

AP™ = AP —AP,

AW n+l
W-B
9. lanmi mpoueaypy po3paxyHKy HOBTOPIOEMO,
IIOYHHaK04Yu 3 II. 5, Ta BU3HaA4Ya€EMO HOBi 3HAa4YCHHA
aW, Q, aM, aP Ha HOBOMY 4acOBOMY KpOII.

ne AP =

Po3paxyHOK 3a IUMH 3aJI©KHOCTSAMH 3aKiHUY-
€THCS1, KOJIM HAJUTMIIKOBUAN TUCK Y MOLIKOPKEHOMY
TpybompoBoai Oyzae AopiBHIOBaTH Hymo. Ha mei
MOMEHT Yacy Maca amiaky, BUKMHYTa 3 MOIIKO-
JKEHOro TpyOompoBoay, Oyae nopiBHIoBaTH M, .
VY tpyOonpoBoi 3aMUIIUTECA Maca amiaky M, .

Cuiy mOKpecIuTy, Mo I pO3paxyHKy BUTpa-
TH aMmiaky Ha 0a3i 3amexxHocti (1) BHKOpHCTaHO
eKCIIepUMEHTANIbHI 3HaYeHHs1 KoedilieHTa BUTpa-
TH OTBOPY, OTpuUMaHi pasimre [12].

VY 3anponoHOBaHi METOIWIN MOTPIOHO ITiaK-
pPECIUTH Ilie OJHY TepeBary — BOHA JIA€ MOXKIIH-
BICTh pO3paxyBaTu 3MiHYy 3 YacoM BUCOTH h cTpy-
MEHsI aMiaKy, [0 BUKHIAEThCS 3 TPyOOIpoBOY.
st 11bOro BHKOPHCTOBYIOTH BiJIOMY TiJIpaBiiduHa
3aJIeKHICTB!

hat) = 22O

)
Bemnunna h(t) 3miHmO€TBCS 3 yacoM — BOHA

3MEHIIYEThCS (PUC. 2), OCKUIBKU 3 YaCOM 3MEHIIIY-
€ThCS BEIMYMHA HAJUTMIIKOBOTO THCKY 4P, (t)

B aMiaKOIPOBO/II.
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Puc. 2. Cxema 3MiHH BUCOTH BUKUAY CTPYMEHS aMiaKy
B pasi 3MiHU THCKY B TpyOONPOBOII:
a — BEIIMKHUH THCK; 6 — MaJIMi THCK

Fig. 2. Scheme of the change in the height
of the emission of an ammonia jet when
the pressure in the pipeline changes:

a — high pressure; b — low pressure

Pospaxynok mapamerpa h(t) e mocuts Bakiu-

BUM, TOMY IO HOTO 3HA4YCHHS A€ MOXKIMBICTDH
Y MOJIEINi BiITBOPIOBATH peajbHy (i3UKY MPOIECY
BUKHUJY aMiaKy.

Takox ciifi BiA3HAYUTH, IO 3TiTHO 3 PIBHSAH-
HsM bepHymi B pasi 3MiHH T€OMETPUYHOI BUCOTH
aMiaKoOMpPOBOJY Z Ma€ Miciie 3MiHa TUCKY P B Tpy-
6ompoBoi (puc. 3). ToOTO y ABOX CYCIJHIX Tepe-
pizax TpyOONpoOBOY, IO MalOTh Pi3Hi 3HAYEHHS Z1,
Z», 3HaueHHs TUCKY P (Bucotu hi, hy) Oyze pizue.

|

h1 o
—
hy
Zl —
|} /f Z£2 D

Puc. 3. Cxema 3MiHM THCKY B TPYOOIPOBO/II
B pa3i 3MiHM T€OMETPUIHOT BUCOTH Z

Fig. 3. Scheme of the change in pressure
in the pipeline when changing
the geometric height z

s BpaxyBaHHS I[LOTO MOTPIOHO JO PO3p00-
JIEHOT MOJIei BHECTH JaHi IMIOAO0 3MiHM T€OMETpH-
YHOI BUCOTH aMiaKOTPOBOY Ha MEBHIH JiISHIII.

Ha ngpyromy erami po3paxyHKY iHTEHCHBHICTh
MOTPAIUITHHS aMiaky 3a OJUHUIO Yacy 3a paxy-
HOK BUNApIOBaHHS OyZeMO BH3HAYaTH Ha 0a3i eM-
nipuaHOi Mozeni [6]:

Q=(5,83+4,1-V)P\G,

ne V — mBHAKICTh NOBITpsA, G — MoJIeKysipHa Ma-
ca, P — THCK HacHYEeHHX TIapiB.

Macy amiaky, 110 BUIIapuiIacs 3 TpyOOIpoBoay
3a yac dt, po3paxoByeMo Tak:

M=Q-S-dt,

JIe S — Ioma OTBOpY.
[Iporec po3paxyHKy 3aKiHYYETHCS, KOJIH
M =M,, T06TO 10 MOMEHTY yacy MOBHOTO BHUIIa-

prOBaHHS aMiaky (Ti€l 4acCTUHH DiIWHH, IO 3aJTH-
muiacs Micis HallipHOTO BUKWAY aMiaky 3 IOI-
KOJDKEHOTO TPYOOIIPOBOY).

Jus mpoBeneHHsT po3paxyHKiB Ha 0a3i 3ampo-
ITOHOBaHO{ MOJIENI TiAPaBIIYHOTO BUTOKY aMiaky
3 TOUIKOPKEHOTO TPYyOONpOBOAY SK TOYATKOBI
JaHi CJIif 3aJaTH:

1) o1y OTBOpPY B aMiaKOIIPOBOII;

2) IOBXKHMHY CeKIlii TpyOH;

3) HaUTMIIIKOBHI THCK B aMiaKOMPOBO/Ii HA MO-
MEHT aBapii;

4) po3paxyHKOBHI KPOK 32 4aCOM;

5)koedilieHT BUTpaTH.

[IporpamMua peamizaifisi po3rasSTHYTOI MOAENi
BHKOHaHa anroputMidaolo MoBoo FORTRAN.
Po3pobneno mnporpamy PruD.exe. PesymbraTom
pobotu nporpamu PruD.exe € auHaMika 3HIDKEHHS
HaJIMIIIKOBOTO THUCKY B TPyOOIPOBOJi, 3MiHA BH-
COTH CTPYMEHIO aMiaky 3 4acoM, JUHaMiKa 3MiHU
3 4acOM MacH amiaky, 110 BHXOIUTh 3 TPYOOIpo-
BOJY.

VY HaBeleHHX HWKYE TaOJUIAX IOKAa3aHO PO3-
PaxyHKOBI JiaHi 11010 3MIHU HA/JTUIIIKOBOTO THUCKY
B aMiaKOITPOBO/Ii Ta MacH aMiaKy, 10 BUKUJAETHCS
3 HBOTO Yy BHIIAJIKy MOSIBU OTBOpY. Po3paxyHok
BMKOHAHO 11 momi otopy S = 0,096 M?, koedi-
ienT Butparu B3sito 0,18 [1].
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Tabnuus 1

CymapHa KilbKicTh aMiaky, BUKMHYTa
3 TPyOONIPOBOAY 32 YaCOM

Table 1

The total amount of ammonia emitted
from the pipeline over time

Yac Maca
10c¢ 11711 xr
50 ¢ 54 461 xr
70c¢ 73 470 xr
257 ¢ 171 146 kr
275 ¢ 172 911 kr
Tabnuns 2

3MiHA HAJIMIIIKOBOIO THCKY
B aMiaKoNpoBoOi

Table 2
Change in excess pressure
in the ammonia pipe
Yac Hapunikosuii Tuck
10¢ 32,59 ar.
50 ¢ 23,97 ar.
70¢ 20,14 ar.
257 ¢ 0,45 at.
275¢ 0,10 at.

Sk GaumMmo 3 HaBeIEHWX TAONHIL, 13 YACOM
3HAYEHHS HA/JIMIIKOBOTO THCKY B aMiaKOMpPOBO/II
LIBUJKO 3MIHIOETHCS, L0 BIUIMBAE HA KIUIBKICTbH
€MITOBaHOTO B MOBITPs amiaky. Po3paxyHku moka-
3aJd, 10 MEepHIMK eTan BUKHUIY amiaky 3 IOIIKO-
JDKEHOTro TpyOonpoBoay (BHKHI 3a PaXyHOK Haj-
JIUIIKOBOTO THCKY) 3aKiHYYEThCS MPHONIHM3HO 32
280 c, Ta TIOYMHAETBCS JIPYTHH eTam — BUMAPIO-
BaHHs amiaky 3 TOMIKOKEHOTo Tpybomposoay. I3
HaBEJCHUX DPEe3yJbTaTiB BHUIHO, IO HA MEPIIOMY
eTari Mae Mmicue Ay)Ke MIBUAKE MOTPaIuITHHS 3Ha-
YHOI MacH aMmiaKy B HaBKOJMIIHE cepenoBuie. Lle
noTpiOHO BpaxoBYBAaTW MiA Yac OLIHKH 3a0pyn-
HEHHS MPUPOAHOTO HABKOJHUIIHBOIO CEpPEelOBHILA
Y BHIIQJIKY TTOIIKO/KEHHST aMiaKOTIPOBOJLY.

PesyabTaru

Ilpocrosysanuns 3abpyonenna oosgkinna. Jami,
BHKOPHCTOBYIOUH TiIpaBIiYHy MOJENh HECTaIlio-
HapHOTO BHUTOKY amiaky 3 MOIIKOIXEHOTo Tpy0o-
MPOBOJTY, HaBelleHY BHUIIE, MH BHKOHAIU MPOTHO3
3a0pyOHEHHS IOBKULIS B pa3i aBapiiiHOi eMmicii
amiaky Ha amiakorpoBoi «Tomesatti — Opnecay.
Jns MozpenroBaHHS TpOLECY MOMIMPEHHS aMiaky
B TIOBITpI BHUKOPHCTAaHO PIiBHSIHHSI KOHBEKTHBHO-
audysiiiHoTO NepeHocy aomimku [2, 3, 5]

oC ouc avc o(w-w,)C
=+ + +
ot x| oy oz

+0C =

=div(pgradC)+

3.0y (05(x-x)o(y-%)3(z-2). @

ne C — xoHmeHTpamis amiaky; U,V,W — KOMITOHe-
HTH BEKTOpa IIBUIKOCTI BITPOBOTO IOTOKY;

3(x—x)d(y-y;)8(z—-z) -
Hipaka; |,t=(px,uy,|,tz) — xoeilieHTH TypOyJICHT-

Hoi nudysii; X;,Y;,Z; — KOOPIAHHATH JKEpea BH-

JenbTa-(QyHKIs

KUy aMiaky; ¢ — KOe(DIIlieHT, 110 BPaXOBY€E XiMi-
YHUI PO3MaJl AOMIIIKY, BAMUBAHHS omajgamu; Q —

IHTEHCHBHICTh BUKUAY aMiaky; W, — IIBHIKICTh

9
rpaBiTaniiiHoOro ocifanus; t — yac.

Kpaiioi ymoBu ainst piBHsiHHS (1) pO3MIISIHYTO
B [2].

[Tix yac BUKOPUCTAHHS MOJEIIOBAIBLHOIO PiB-
HsiHHS (1) BpaxoBaHO HEPIBHOMIPHICTH IIBUAKOCTI
MOBITPSI 32 BUCOTOIO Ta BEPTUKAIBHOTO KOe(illi€H-
ta audys3ii:

p m
z) o[ 2

U=sU | — | 5 K=K — | 5
4 4
p‘x:“y:kou’

ne p=0,15; m=1; k; =0,2; k, =0,1+1.
VY po3poOneHiii umcenbHIH MOAETl BHUXOAY
CTPYMEHS 3pi/DKeHOro amiaky BenmuuHy h(t) 3a-

IaeMo HaOOpPOM TOUYKOBHX JKEpeN eMicii y BHUIIIs-
ni nenbra-gyHkmii Jipaka. Cyma TOYKOBHX JDKe-
pelt IOpiBHIOE Maci aMiaky, 110 BUKUHYTa 3 TPy0O-
MIPOBOJTY Ha PO3pPaxyHKOBHI Yac {.
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JIJ1s 4MCcenbHOro IHTErpyBaHHS I[bOTO PIBHSHHS
3MIHCHIMO TaKe PO3IICTUICHHS:

oC ouC

_+_

ot OX
oC ovC

_
ot oy

@ﬁ(w—wg)c
0z

©_2(,%).2
a M) Tyt

@+GC=0;
ot

0;

0; (4)

oc +£( @j.
voy ) a\Ma )
(6)

%iq(t)ﬁ(x—xi(t))8<y—yi<t>)- (")

Le posmeruienHs Mae Gi3WYHANA CEHC: TepIi
tpu piBHAHHA (1)—(3) MOIENIOIOTH MONIMPEHHS
amiaky 3a paxyHOK pyxy moBitps. PiBHsHHS (4)
OTHCY€E TIOMIMPEHHS aMiaKky B TOBITpi 32 PaxyHOK
TypOynentHoi nudysii B atmocdepi. PiBasans (5)
omucye 3MiHy KOHLIEHTpalii amiaky 3a paxyHOK
BUMHBAHHS OMajaMyd abo 3a PaxyHOK XiMiYHHX
MepPeTBOPEHb. 3MiHa KOHIIEHTpAIlil aMiaKy BHACIi-
JIOK il JoKepena eMicii MOAETIOEThCS PIBHIHHSAM
(6). 1y1st urceNbHOTO IHTETPYBaHHS MEPIINX TPHOX
PIBHSHb BHKOPUCTOBYIOTH MeTox Mak-Kopmaka.
Jlnst aucenbHOTO PO3B’si3aHHS PiBHAHHS (4) BHKO-
pucToBYIOTh MeTOJ1 Piuapcona, a piBHsHb (5), (6)
— Metog Eiinepa.

Pesynomamu uucenvrnoco mooenrosanns. Huxk-
4ye HAa  pUCYHKax  IMOKa3aHO  pe3yJbTaTH
PO3B’si3aHHS 3a7a4i 3 BU3HAYCHHS 30H 3a0pyIHCH-
Hs B pa3i aBapiiiHOi eMicii amiaky 3 TpyOOTIpOBOTY.
[IporHo3yBaHHS BUKOHAHO 3a TAaKWX JOJAATKOBUX
JIaHUX:  pO3MIpU  PO3paxyHKOBOI  oOmacrti
3 000x2 100x1 000 m; mBUAKICTH BITPY Ha piBHI
Z=10 m nopiBHIOE 7 M/C; 3HAYEHHS KOE]IIIEHTIB
nmugy3ii po3paxoBYIOTh Ha 0a3i 3aJIeXHOCTEH, Ha-
BEJICHUX BHIIE M1 9ac PO3MIISALY HPOTHO3HOI MO-
JIeJTi; HATIpSIM BITPY MiBAeHHO-3axigHui. el BiTep
nMe B Oik ¢. BoBHUIH, pO3TaIioBaHOro Ha MpaBo-
My Oepesi p. dninpo.

®)

Puc. 4. Cxema po3paxyHKoBoi 001acTi
(amiakompoBin «TomestrTi — Omecay,
o nepetuHae p. Juinpo), Google image 2020

Fig. 4. Computational domain (place where
«Tolyatti — Odesa» ammonia pipe line crosses
River Dnipro), Google image 2020

Ha macTynHmX pHCYyHKax HaBeICHO 30HH 3a-
OpynHeHHsT arMocepHOro TmOBITps  (piBEHb
z2=6m).

Puc. 5. 3ona 3abpyarenss, t = 50 C:
1-C=251t/m%2-C=591/M

Fig. 5. Contamination zone, t =50 C:
1-C=25g/m3;2-C=59g/m?

)

Puc. 6. 3ona 3abpyzanenns, t = 80 C:
1-C=411t/M%2-C=941/™

Fig. 6. Contamination zone, t = 80 C:
1-C=4.1g/m%2-C=9.49g/md
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Puc. 7. 3ona 3abpynuenns, t = 320 C:
1-C=491r/Mm3;2-C=11,6 /M3

Fig. 7. Contamination zone, t = 320 C:
1-C=49g/m%2-C=11.6g/ms

Ha nmactymHOMy eTami MpOTHO3YyBaHHS 3JiiAcC-
HEHO PO3paxyHOK KimbKocTi amiaky G , 1m0 ociB Ha
Pi3HI OUISHKH, SKi TOTPAIMIA i1 BIUIUB JHKepena
emicii. Po3paxyHok miei BemuumHU Oa3zyBaBCs Ha
po3paxyHKy kKoHIeHTpamii C amiaky Ha piBHI mij-
CTHIIbHOI TIOBEPXHi, Y YHCENbHIA Mozeni me Oyna
BenuunHa Z2=0,2 m.

V T1abn. 3 mokaszaHa KUIBKICTb JOMIIIKH, IO
OCiB Ha TOBEPXHIO TIOJS, PO3TAIIOBAHOTO OiNs
c. BopHuru.

Tabnuus 3

KisbkicTs amiaky, o norpanuia
HA N0OBEPXHIO NOJIiB

MOYMHAETHCS TOTPAIUIIHHS aMiaky B TIOBITpS 3a
pPaxyHOK BUTIAPIOBAHHA KPi3b OTBIpP y MOIIKOJDKE-
HOMY TpyOOTIpOBO/II.

Binznaunmo, 110 yac po3paxyHKy ckiagae 4 c.

HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYMMICTh

Po3pobieno matematuuHy MoOJeNb, IO JTO3BO-
JIsi€ PO3PaxOBYBAaTH iHTEHCHBHICTh HECTaliOHAPHOT
eMicii 3piHKEeHOoro amiaky 3 IMOIIKOIKEHOTO TPY-
6onpoBoay. Mogens 6a3yeTbcsi Ha BUKOPHCTaHHI
PO3paxyHKOBUX 3alle)KHOCTEH TigpaBiiku. Bona
JI03BOJISIE IPOBOTUTH PO3PAXyHOK AWHAMIKH BUTO-
Ky aMiaKy 3 ypaxyBaHHSIM 3MiHH HaJUIAIIIKOBOTO
TUCKY B TOIIKOJKCHOMY amiakorpoBosi. Takox
pO3pOOTIEHO YHCENbHY MOJENb IS OLIHIOBaHHS
piBHA 3a0pyIZHEHHS MOBKUIIA B pasi aBapidHOL
eMicii amiaky 3 MOIIKOPKEHOTO TPYOOIIPOBOY.

[loOynoBany rispaBiidHy MOZeNIb aBapiiiHOTO
BHTOKY aMiaKy 3 TOIIKOPKEHOTO TPYyOOIpOBOIY
IMIIJIEMEHTOBAHO B PO3POOJIEHUM KOJ, 10 J103BO-
Jisi€ BU3HAYMTH JWHAMIKY 3a0pyJHEHHS JOBKiUISL
3a aBapiiHOTO BUTOKY amiaky. lle mae MoxnmBicTh
OTpUMATH HAyKOBO OOIDYHTOBaHY iH(opMaIlio
po AMHAMIKY 3a0pyIHEHHs JOBKULIA B pa3i aBa-
pifiHOTO BHKHI aMiaKy.

Mopnens Moxe OyTH BUKOpHUCTaHA i 9ac Mmpo-
BEJICHHSI CEpIMHMX pO3PaxyHKIB 13 BHU3HAUYCHHS
MacIiTady 3a0pyAHESHHS JOBKLISA B pa3i aBapiii Ha
amiako- abo iHMHX TPyOONPOBOAX, IO TPAHCIIO-
PTYIOTH XiMIYHO HeOe3Ie4Hi PEUOBHHH.

BucHoBku

1.3aHpOHOHOBaHO MaTeMaTuiHy MOJCJIb dU-

HaMiKH aBapiifHOrO BUTOKY amiaky 3 ITOIIKOJIKe-

HOTO aMiaKOIIPOBOJY.

2.Mogenb 103BOJISIE OMEPATUBHO BU3HAYUTH
3MiHy 3 4YacOM BHUTpaTH amiaky, II0 HOTpaIuisie

Table 3
The amount of ammonia that hit the surface
of the fields
Yac KinpkicTh amiaky
3 xB 0,79x10% kr
5x8 0,23x10% kr
10 xB 0,31x10° xr
20 xB 0,11x10% kr
25 xB 0,15x10° kr

I3 manux Tabmuub 6aYMMO, 1[0 3 YacOM 301NIb-
HIYETHCS CTYMiHb 3a0pyJHEHHS IMiJICTHIBHOI TIOBe-
pxHi. Takox MOTPiOHO BiA3ZHAYUTH, IO O MOMEH-
Ty yacy npuoau3Ho t = 4,6 XB NIpUNUHSAETHCS HaIli-
PHHUI BUKH] amiaKy 3 IOIIKOJKEHOro TpyOormpo-
BOLy, TOOTO WPUIHMHAETbCI aKTUBHA (asza
3a0pyIHEHHSI HAaBKOJHMIIHBOTO CEPeIOBUIIIA, a Aai

B TIOBITPS B pasi po3repMeTH3ailii aMiakompoBo/Iy.

3. Bukopucranus 1oOymoBaHoi Mozeni Ha
NPaKTHI JI03BOJIIE HAYKOBO OOIPYHTOBAaHO BH-
3HAaYaTH IHTEHCHBHICTH eMicil Ikepema 3a0pya-
HEHHSI, 1110 HEOOXIHO 3HATH IIiJ Yac 3aCTOCYBaHHs
MIPOrHO3HHUX MOAENEN.
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Modeling of Environmental Pollution by Ammonia Emission from a Damaged
Pipeline

Purpose. This work provides for the development of a hydraulic model for calculating the unsteady ammonia
outflow from a damaged pipeline and the implementation of this model into a numerical model for predicting emer-
gency air pollution. Methodology. To solve the problem, the calculated dependencies of the pressure flow hydrau-
lics were used. An empirical model to calculate the evaporation of ammonia from a damaged pipeline was also used.
To calculate the process of spreading ammonia in atmospheric air, a three-dimensional equation of convective-
diffusion transfer of impurities was used. Mathematical modeling of the spread of ammonia from a damaged pipe-
line takes into account the change with height of the wind flow velocity, as well as the change with height of the
vertical coefficient of atmospheric diffusion, the dynamics of changes over time in the intensity of ammonia leakage
from the damaged pipeline. For the numerical solution of the three-dimensional differential equation for the transfer
of ammonia in atmospheric air, its physical splitting is carried out: an equation that describes the transport of an
impurity due to convection is singled out separately, an equation that describes the transport of an impurity due
to atmospheric diffusion and separately an equation that describes a change in the ammonia concentration in air due
to the action of the emission source. The McCormack method is used to numerically integrate the equation for the
convective transfer of ammonia in air. The Richardson method is used to numerically integrate the equation of diffu-
sion transfer of an impurity. The Euler method is used to numerically integrate the equation that describes the
change in ammonia concentration under the influence of an emission source. Findings. Based on the developed
model of unsteady ammonia outflow from the damaged pipeline and the created numerical model of ammonia prop-
agation in the atmospheric air, a computational experiment was carried out to assess the level of atmospheric air and
underlying surface pollution in the event of an emergency ammonia outflow in the section where the Tolyatti —
Odessa ammonia pipeline crosses the Dnipro River. Data on non-stationary environmental pollution were obtained.
Originality. A mathematical model that allows calculating the unsteady process of ammonia outflow from a dam-
aged pipeline has been developed. A numerical model is proposed to determine the areas of contamination during an
emergency ammonia outflow from the Tolyatti — Odessa ammonia pipeline. Practical value. Based on the devel-
oped model, a code has been created that makes it possible to promptly predict the environmental pollution dynam-
ics during an emergency ammonia outflow. The proposed mathematical model can be used in the development of
emergency response plan for chemically hazardous facilities.

Keywords: ammonia pipeline; chemical atmosphere pollution; emergency emission; mathematical modeling
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MoaenroBaHHS 0i0JI0TIYHOTO OYMIIEHHS CTIYHUX BOJ B A€POTEHKY 3 PYXOMHUM
OioneHo30M

Meta. OCHOBHOIO METOIO CTATTi € POo3po0Ka YHCENBLHOT MOJIEN JJIsl aHaJi3y Mpolecy 0i0JOriYHOTO OYHMIIEHHS
CTIYHHUX BOJ B PEAKTOPi 3 pyXxoMuM OiorieHo3oMm. MeToauka. [[jis MaTeMaTHYHOTO MOJICIIOBAHHS MPOIleCy 0i0JI0Ti-
YHOTO OYMIICHHS CTIYHMX BOJ B PEAKTOPI 3 pyXOMUM OiOLIEHO30M BUKOPUCTAHO TiPOJMHAMIUHY MOJENb HEB 3KO1
0e3BuxpoBoi Teuii. KpalioBi yMOBH 111 MOJIENTIOBAILHOTO PIBHSHHS PO3pPax0BaHO Ha MOBEPXHX Oiopeakropa, TBe-
pAMX CTIHKAX, BEPXHii MOBEPXHI; HAa BXIJHIN TpaHMUIl; HA TPAHMIN BUTOKY 31 criopynu. s po3paxyHKy Mpolecy
PyXy aKTHBHOIO MyJy Ta cyOcTpaTy B 6i0peakTopi BUKOPHCTAHO MOJEIb MacONepeHOCY, 0 BPaXOBY€E KOHBEKTHB-
Ho-mu(y3iftHMA pyx. [Iporec 0ioNOTiYHOTO OYHUINIEHHS BOJIHU B Till YacTHHI OiopeakTopa, e HeMa€e PyXOMUX HOCIiB
OioreHo3y, po3paxoBaHo Ha 6a3i mozeni Monod. A mporec 0ioJOTIYHOTO OYHUINEHHS BOAM B YacTHHI OiopeakTopa
3 PyXOMHUMH HOCISIMH pO3pax0OBaHO Ha 0a3i eMIipuYHOI MOJeli B Tpu ertanu. Ha mepmomMy erami BU3Ha4€HO CyOCT-
pat 3a monomororw Moxeni Harremoes. Ha npyromy erami po3paxoBaHO IIBHIKICTh «CIIOXKHBAHHS» CyOCTpaTy
B OiorutiBii. Ha TpeThOMy eTami BU3HAYEHO 3MiHY KOHIICHTpAIlii cyOCcTpary B 30Hi, JI¢ pO3TaIIOBaHi HOCIi OiOICHO3Y,
3a PaxyHOK KOHBEKTHBHOIO PyXy, TU(y3ii cyOcTpary B MOTOII Ta HOro ASCTPYKILI B OIOIUTIBIl HA HOCISAX. XaOTHYHHUN
PyX HOCIiB 0i0o1I€HO3Yy B peakTopi 3MO/IeIbOBAHO Ha 0a3i MapadosiyHoro piBHAHHA qudy3ii. s uucenbHOrO iHTErpY-
BaHHS MOJICNIIOBAJIbHUX PIBHSIHb BUKOPHCTAHO KiHIIEBO-Pi3HUIEBI cxeMu. Pe3yjbTaTh. 31iiCHEHO POrpaMHy peati-
3aI1ifo o0y I0BaHOI YKceapbHOT Mojiesi. [IpoBeIcHO 00UYHCITIOBANEHII EKCIIEPUMEHT 13 BU3HAYCHHS e(h)eKTHBHOCTI 010-
JIOTIYHOTO OYMILEHHS CTIYHMX BOJ y Pi3HMX yacTHHax Oiopeakropa. HaykoBa HoBu3Ha. CTBopeHO eheKTHBHY Oara-
TO(paKTOPHY YHCENBFHY MOJIEIB, IO JO3BOJISIE OMEPATUBHO aHAII3YBATH €(EKTUBHICTH 0i0JIOTIYHOTO OYHIICHHS CTid-
HHX BOJ B a€POTEHKY 3 PyXOMHMH HocisiMu OiorieHo3y. IlpakTuuna 3HaunmicTh. CTBOpEeHa JIBOBHMIpHA YHCEIIbHA
MOJIeTTh MOKe OYTH BUKOPHCTaHa JJIsl IPOBECHHS CEPiHIX PO3PaxyHKIB Ha €Talli MPOEKTYBaHHS CHCTEM 010JIOTI9HO-
T'O OYHIIIEHHS CTIYHUX BOJ T4 aHaJi3y e(DEeKTHBHOCTI pOOOTH 0i0pEaKTOpIB 3a pi3HUX YMOB €KCIDTyaTallii.

Knrouogi crosa: ouuiieHHsT BOIy; 0i0JOTIYHE OYHMIICHHS BOAW; MAaTEMaTHYHE MOJICTIOBaHH:I; 010peakTop; Mo-
neap Monod; pyxomi Hocil GioneHo3y

Beryn IIeHHS (i€l 3a/1a4i HalvacTile BUKOPHCTOBYIOTH
0aTaHCOBI, eMIIpUYHI Ta aHATITHYHI Moeni [3—6].
Ane B JesIKMX BHIIQJIKaX, I[i MOZENI HE MOXYTb
JaT¥ HaJIHHOTO pe3ysbTary, 00 BOHM HE Bpaxo-
BYIOTh y TIEPIIY Yepry reoMeTpuyny GhopMy peax-

Jnst BU3HAueHHS €(QEKTHBHOCTI 010JIOTiYHOTO
OYMILEHHS BOAM HA CTalil NPOEKTYBaHHS aepOTEH-
KiB TIOTPiOHO BUKOPUCTOBYBAaTH CIIELiajibHI Mare-
maTrusi mojzeni [1, 2,6, 7]. ¥V mamn yac myist BHpi-
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TOpa Ta TPOIEC TIAPOTUHAMIKH, & TaKOX PSA iH-
IIUX TapameTpiB. Y 3B’S3Ky 3 LUM aKTYaJIbHOIO
Mpo0JIEMOI0 € Po3po0Ka MaTeMaTUYHUX MOJIENCH,
IO JI03BOJISIIOTh TEOPETUYHO JIOCIIKYBATH IPO-
1ec 0i0JIOTIYHOTO OYHIIEHHS CTIYHHX BOJ B acpo-
TEHKaX 3 ypaxyBaHH;IM HaHOiJbII BayKIHUBUX (Dak-
Topis [8-16, 19].

Meta

OCHOBHOIO METOIO HAIlIol poOOTH € Po3podKa
CFD-moneni mporecy Oi0JIOTiYHOTO OYHINCHHS
CTIYHMX BOJ B aepOTEHKaX i3 PyXOMHUM OiOIeHO-
30M.

MeTtoauka

PosrnsHeMo minxin IS MOJAETIOBAaHHS PyXy
HOCI1B GiorieHo3y B peaktopi (puc. 1).

1
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Puc. 1. Cxema po3paxyHKOBOi 007acTi:
1 — o0xacTh, Ie po3TaIIOBAaHHUHA PYyXOMHI 0i0TICHO3

Fig. 1. Scheme of the calculation area:
1 — area where the mobile biocenosis is located

[Mo-nepure, Bi3HAYMMO, IO MPOLIEC PYXY HOCI-
iB y peakropie € CyTT€BO XaOTHYHHH Ta JIOCHUTh
CKJIQJIHUH 13 MEXaHIYHOI TOYKH 30py: Ma€e MicIe
B3a€EMOJIiSl HOCITB OJWH 3 OJHHM, BIUIMB IIOTOKY
BOJIM Ha HOCII, BIUTUB Oynh0aIIoK MOBITPs Ha pyX
HOCIiB. YpaxyBaTH Bci BUIH B3a€MO/IiT HEMOKIJINBO
B MaTeMaTU4HIi MOJEIi, TOMYy Mif 4ac moOyaoBU
noTpiOHO POOUTH MPUITYIIEHHS, 1 JOCUThH CYTTEBI.

I3 Touku 30py Teopii MaconepeHocy KoxeH py-
XOMHH HOCiH OlOIUIIBKM MOKHa PO3IIIAAATH K
«TBEPAY» IOMIIIKY, 10 3HAXOIUTHCS B MEPEMIIIy-
BaHHI, y peakTopi. [IpunycTuMo, 1o pyx HOCIiB He
BIUIMBA€ Ha TiAPOJMHAMIKY MOTOKY CTIYHHUX BOJ
y peakTopi. OCKUIBKH pyX HOCIiB OiOILTIBKH € Xa0-
THYHUM, TO JJIsl ONHUCY IBOTO PyXy B peaktopi Oy-
JIEMO BHKOPHMCTOBYBATH TaKHMP MIAXiJ XaOTHYHHUI

pyx cyOcTaHIii MOAEIIOe Apyra MOXiJaHA BiJ KOH-
neHTpanii miei cyocraniii. Tomi mporec xaoTwud-
HOTO PyXy HOCIIB OiOTUTIBKH OyIeMO MOJCIIOBATH
TaKUM PiBHIHHSIM:

oC
ot

azca+ o°C,
PV He oy2

a

=W

: )

ne p, — koedinienT audysii, Ca — KOHIEHTpALis
PyXOMHX HOCIiB, t — Hac.

Po3risiHeMo rpaHWYHI YMOBH Ui MOJENIOBA-
JBHOTO PiBHSHHS:

oC,

— Ha TBEPJMX MOBEPXHIX peaKkTopa =0,
on
Ie N — OMWHWUYHUN BEKTOP 30BHINIHBOT HOpMAi
JI0 TBEPJIOI CTIHKH;

— Ha HIDKHIH CiTIi, 1€ TOTIK HAJXOAUTh Y 30HY
3 Hocismu, C, =0;

— Ha IpaHHILi BUTOKY ckpisb ciTky C, =C,,, ne
C
XOMUX HOCITB B 00’ €Mi BOJIH.

ITouatkoBa ymoBa: 3at=0 C, =C,, ne Cy, —

m — MaKCHMaJIbHO MOJXIJIMBAa KOHLCHTpALLA PYy-

BiJIoMa KOHIIEHTPAIIisl pyXOMHX HOCIIB y peaKTopi.

Takum ynaOM, Mogenb (1) € mudysiiiHo Mo-
JISJUTIO PyXY HOCIiB OiolieHo3y B peakropi. [1in uac
MOJIETIIOBAaHHS MPOIIECy PyXy HOCIiB 0i0omeHO3y Ha
0a3i piBasHHEA (1) mMpumycTHMO, 1O HOCIi HE 3a-
JUIIAIOTh 30HY po3TallyBaHHA. Ha mpaktuimi me
JOCSITAE€THCS THM, 1[0 Ha TPAHHUIAX 30HH PO3TALIO-
BYIOTBCS CITKH, SIKi HE JaI0OTh MOXJIMBOCTI HOCIsSIM
BUITH 13 30HU.

3MiHy KOHIIEHTpallii pyXOMHX HOCIIB y Pi3HHX
TOYKAX PeaKkTopa BU3HAYAEMO HIIIXOM PO3B’SI3aHHS
piBusHHS  audy3ii (1). OcCKinbKH, KOHIEHTpAIis
HOCIIB y pi3HHX TOYKaX peakTopa 3MIiHIOEThCS 3 Ya-
coM I, To Oynme 3miHIOBaTHCS €()EKTUBHICTH OYH-
IICHHS BOJM B Pi3HUX YaCTHHAX PEaKTOpa.

Mooenw ciopodunamiru. J{nst po3paxyHKy Hepi-
BHOMIPHOTO TIOJISI IIBUAKOCTI IMMOTOKY CTiYHUX BOJI
y OilopeakTopi BHKOPHCTOBYEMO TaKe pIBHSHHS
TiAPOIMHAMIKY:

2 2
52__2;._F f?__g;-:: (); (:2)
ox= oy
U:E; V:E, 3
OX oy
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ne P — moreHmian mBuUaKOCTI; U,V — KOMIIOHEHTH
BEKTOpA IIBUJKOCTI MOTOKY CTIYHUX BOJ y Oiopea-
KTOPI.
KpaiioBi yMOBH 17151 MOJENIOBAIBHOTO PiBHSAH-
HsI TaKi:
— Ha TIOBepXHsAX OiopeakTopa, TBEpPIUX CTiH-
. . OP 0S oX
Kax, BepxHiii moBepxui — =0, — =0, — =0,
on on on
Ie N — ONWHWYHUN BEKTOP 30BHINTHLOI HOpMAai
10 TIOBEPXHi,

. . oP
— Ha BXIOHIA TpaHUMi: %zvn, S=S§,,
X =X,,, ae Vn — WBUIKICTH Tewil; S, X, —
BiJIOMa KOHIICHTpAILis;
— Ha  TpaHwWIi , BUTOKY 31  CIOpyIu:
P =R, +const, ﬁzo, a—x=0
n on

Mooenv bionociuno2o ouuWeHHs CMIYHUX 600
y peaxkmopi. 3anpoIrOHOBaHI MOJICIIIOBAJIbHI PiB-
HSIHHSI MOYXKHA TTOIUTUTH Ha TaKi TPyIH:

1.PiBHsiHHA A7 po3paxyHKy OioJOri4HOTO
OYUIIICHHS CTIYHUX BOJI Y Tili YaCTUHI CHIOPYIH e
HEMae pyxXoMoro OiomeHo3y. Y mii o0IacTi BUKO-
PHCTOBYEMO TaKi MOJICIIOBaJIbHI piBHSHHS [7, 19]:

0S ouS ovS
ot ox oy
0 0S 0 0S
=— | |t (D)
oX ox ) oy oy
0X ouX ovX
ot  ox oy
0 oX 0 oX
e £ Sl Rl el IO
oX ox ) oy oy
dX
—=puX -K X ; 6
at Qe d (6)
ds u
—=-=X; 7
dt Y ()
B S
H = Hinax S+K, '

ne K, — koedilieHT BUMHPaHHS aKTUBHOTO MYJLY;
t — wac; X(X,Yy,t) — KOHLEHTpalisi aKTHBHOI'O
myry;  S(Xy,t) —

My, (t) — mapamerp B ocsx X, y, Z i3 IIMHOM Ya-

KOHIEHTpallisi cyOcTpary;

CY; Umax — Tapametp y Mozeni Monod; Y — emmi-

ux,y),

V(X,Y) — KOMIIOHEHTH IIBUIKOCTI BOJAHOTO MOTO-

puuHMi mapamerp; K, rnapameTp;

KY; My, M, —KoedimienTn audysii BIANOBIAHO
B HaIIpsIMKy X, Y ; t —yac.

2.PiBHSHHA A0 poO3paxyHKy Oi0JIOTi4HOTO
OUMIIICHHS BOAM B Til YaCTHHI CIIOPYIH, AC € PY-
xomuit Giorenos (puc. 1, mosurtist 1).

Pozpaxynok mpomecy nmecTpykiii cyodcrpary
B 30Hi, JIe PO3TalIOBaHi PyXoMi HOCIi, 31IHCHIOEMO

B Tpu eranu. [lo-mepmie, Ha 06a3i Mmozeni
Harremoes Busnauaemo mapamerp r [18, 19]:
r=k,-(S)", @)

ne S — KoHueHTpais cybcTpaTy, /M3, mapameTp

ka — BU3HAYAETHCA CKCIICPUMECHTAJIBHO.

[o-apyre, po3paxoBYyEMO MBUAKICTh «CIIOXKH-
BaHHs» CyOCTpaTy Iy B O1OIUTIBII Ha 0a3i eMItipuy-
Hoi Mozeni [17, 18]:

rL=r-w, 9

Jie W — akTUBHA ILIOIIA TIOBEPXHI HOCIIB.

Ha Tpethomy eTari BU3Ha4a€MO 3MiHY KOHIICH-
Tpamii cyOcTpaty B 30HI, Jie poO3TamIoBaHi HOCIi
0ioIeHO3y, 32 PaXyHOK KOHBEKTUBHOTO PYXY, IH-
¢y3ii cybcTpaTy B mOTOIi Ta HOTrO JAeCTpyKIii
B O10ILTIBII HA HOCISX.

JIns omucy X MpOLECiB BUKOPUCTOBYEMO Ta-
Ki pIBHSHHS:

— JUIS 3aMpPOTIOHOBAHOI MOJIENI MOTPiOHO 3HATH
KIUIBKICTh PYXOMHUX HOCIIB, 5IKi € B KOHTPOIEHOMY
00’eMi, Ta BU3HAYUTH Napamerp I Ha 0as3i iHpop-
Marii Mpo aKTUBHY IUIOILYy TOBEPXHI B3a€MOJIl
i Ka;

— Ul PO3paxyHKy IOJI HIBHAKOCTI MOTOKY
CTIYHHUX BOJ y OiopekTopi (K y 30Hi, Jie € pyxomi
HOCIi B OIOILTIBIN, TaK i B 30HI, Jie IX HEMA€) BUKO-
PHUCTOBYEMO PiBHSHHS AJISl TOTEHL{iaTy IBUKOCTI.
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ITocTaHOBKY KpaillOBUX yMOB ISl MOJEIOBA-
JBHUX PIBHSHB PO3MIISHYTO B [1, 2].

TakuM 4YMHOM, y paMKax 3alpoOHOHOBAaHOI MO-
neni mporiec 610J0TiYHOTO0 OYMINCHHS B peaKkTopi
MPOXOJUTh y ABOX 30HAX: y 30Hi, A€ € PyXOMi HO-
cii, Ta B 30Hi, € IX HEMAE.

Juia mpoBeieHHsT po3paxyHKiB MOTPIOHO 3a1a-
TH YUCENBHICTh PYXOMHX HOCI{B y peaxTopi, Iio-
Iy aKTUBHOI TOBEpPXHi, L0 BHKOPHUCTOBYETHCS
B IpoIieci 010JIOTIYHOTO OYUIIICHHS.

UrcenpHe iHTErpyBaHHA MOJEITIOBAIBHUX PiB-
HSHb 3IIACHIOEMO Ha 0a3i Pi3HUIEBHUX CXEM, IO
po3risiHyTI B [7].

AJTOpUTM pO3B’SA3aHHSA 3a7adi 3 OIIHKU edeK-
THBHOCTI POOOTH peakTopa 3 PyXOMHMH HOCIIMHU
TaKuu:

1. Po3B’s13yeMo 3a7auy TiApOJMHAMIKY IIISIXOM
BU3HAYEHHS TMOJI1 TOTEHIiamy IBUAKOCTI. Jlms
I[LOT'O BUKOPHCTOBYEMO piBHsHHS (1).

2. Bu3HauaeMo 1osie HMIBHIKOCTI TOTOKY CTid-
HHX BOJI Y peakTopi 3a 3anekHicTio (3).

3. Biu3Hauaemo mose KoHIeHTparii cyOcTpary
B PEaKkTOpi 3 ypaxyBaHHSIM IIBUAKOCTI TOTOKY Ta
mudys3ii Ha MOMEHT Jacy t.

4. BuzHadaemMo I0JI€ KOHIIEHTpAIlli aKTHBHOTO
MYJy B pEaKTOpi 3 ypaxyBaHHSIM IIBUAKOCTI TOTO-
Ky Ta au¢y3ii Ha MOMEHT 4acy t.

5. Po3paxoByemo mpotiec necTpyKilii cyocTparty
B 30Hi, /e HEMa€ PyXOMHX HOCIiB Ha MOMEHT 4acy
t. JIist 1150T0 BUKOPHCTOBYEMO 3ajexHicTs Monod.

6. PozpaxoByeMo mporiec pyxy HOCIiB y peak-
TOpi Ha MOMEHT 4acy t 3a piBHsHHAM (1).

7.Ha ocHOBi MO pO3MOAITY PYyXOMHX HOCIiB
0ioleHO3y B PEakTOpi HA MOMEHT 4acy t, po3paxo-
BYEMO TapaMeTpH, II0 BH3HAYAIOTHCS 3aJICKHOC-
Tamu (8), (9).

8. Po3paxoByemo mporiec pyxy Ta JECTpYKIii
cyOcTpaTy B 30Hi, Jie € pyxoMi Hocii 0ioIleHO3y Ha
MOMeHT vacy t. I 1boro BHKOPHUCTOBYEMO PiB-
HsHHS (3-7).

9.Po3paxyHOK  TOBTOPIOEMO,  MOYHMHAIOYH
3 1. 3, JUIs BU3HAYEHHs HOBUX 3HAYEHB IapaMeTpiB
Y pEaKTopi JJisi HOBOTO MOMEHTY 4Yacy.

Pe3yabTaTn

Hwkde HaBeneHO pe3yiabTaTH OOYHCIIOBAIb-
HOTO EKCIEPUMEHTY, 10 OyB MpoBeJeHUN Ha 0as3i
po3pobineHoi gucensHOi Mozeni. Po3paxyHku BH-
KOHAHO 3a TaKuX BUXiAHMX manux [19]:

S,, =150 Mr/n — KoHUEHTpauisd cyOcTpaTy
(BIIK08), IO IOTpAILISIE B CIIOPYLY;
X, =1200Mr/m — KOHLEHTpaliss aKTUBHOIO

MYy, 1[0 TIOTPAILISE B CIIOPYIY;
po3mipu GiopeakTopa 20X5X5 M;
Q, (t) = 4 704 M*/106. — BUTpaTa CTIYHKX BOL;
He =ny =310 M7/106.;
Mmax =1.04 — mapamerp;
K, =100 mr/n — napamerp;
Ky =0.055 o01./100. — KoedilLieHT, 110 Bpaxo-
BY€ 3arn0eib MiKpOOpraHi3MiB,
Y =0.55 — napamerp;
aKTHMBHA IUIoMIa oBepxHi Hocis — 0,001 M2,
MaKCHMaJlbHa KUIBKICTh HOCIiB y peakTopi —
C,,=120-10% wrr./m®.
[MowatkoBa ymoBa (mast MomeHTy dacy t = 0):

S;, =150 mr/n — KoHLEHTpauis cyocTpary B peax-

in

TOpi;  KilbKicTh  HOCiiB y  peaktopi C,

=90-10°wrr./™m% X, =1200 Mr/n — KOHUEHTpaLis
AKTHBHOTO MYITY.

Ha puc. 2 nokazana cxema po3paxyHKOBOi 00-
nmacti. Jnst 3py4HOCTI B HIH BHIIEHO HAEKiTbKa
30H. 30Ha Ne 1 po3TamioBana B Tiif YaCTHHI, e Ma€
MicClle TIOTPAIUISHHS CyOCTpaTy B peakTop. Y 30Hi
Ne 2 € pyxomi Hocii GionieHO3y. 3ona No 3 mpumu-
Ka€e JI0 BHUXIJHOTO OTBOpPY 3 peaktopa (TyT, sKi
B 30H1 Ne 1 Hemae pyxoMux HOCIiB 0iomeHO3Y ).

Hwxue Ha puc. 3-8 mnokazaHo po3moaid
KOHIIEHTpaIlii cyOCcTpaTy Ta KOHIIEHTpaIii pyxo-
MUX HOCIIB 0iOIIEHO3Y B PEaKTOpi JJS Pi3HUX MO-
MEHTIB 4acy. BinzHaummo, 1mo dac — 0e3po3mip-
Huil. KoHIeHTpallis UX BEUYUH € yCEePETHCHOO
3a NIMPUHOIO peakTopa. KoxkHe 4ucio Ha HaBeje-
HUX PUCYHKaX IOKa3ye KOHIIEHTpaIito cyocTpary
Ta PyXOMHUX HOCI{B y BIJICOTKaX BiJi MAKCUMaJIbHOT
KOHIeHTparii (mas cyOcTpaTy s KOHIIEHTpAIlis
cTtaHoBUTh S;, =150 MrI/)1, a MakcuMabHa KOHIIE-

HTpaIlisi PyXOMHX HOCIIB OIOIEHO3y JIOPIBHIOE
C,,=120-10% wr./m).
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Puc. 2. Cxema po3paxyHKOBOI 001acTi:
1 — niBa Mexa 30HH, Jie € pyXoMi Hocil 6iolieHo3y; 2 — 30Ha,
Iie € pyxomi Hocil 6iomeHo3y; 3 — mpaBa Mexa 30HH, [ € py-
xoMi Hocii Gioneno3y; 4 — mepiia 30Ha; 5 — TpeTs 30Ha

Fig. 2. Scheme of the calculation area:

1 — left boundary of the zone where there are mobile bioceno-
sis carriers; 2 — zone where there are mobile biocenosis
carriers; 3 — right boundary of the zone where there are mobile
biocenosis carriers; 4 — first zone; 5 — third zone

Y

0 X

Puc. 3. Po3nopin xoHIeHTpAIiii cydcTpaTy
B OiopeakTopi Ha moyaTtok po3paxyHky (t = 0)

Fig. 3. Distribution of substrate concentration in the
bioreactor at the beginning of the calculation (t = 0)

0

Puc. 4. Po3no/iin KOHIEHTpallii pyXoMHX HOCIiB
0io1eHO3y B 0iOpeakTopi Ha MOYATOK PO3PAXYHKY
(t =0, gncity «99» BifmoBigae KOHIEHTPALIIT
C,, =90-10%mr./m°)

Fig. 4. Distribution of the concentration of mobile bio-
cenosis carriers in the bioreactor at the beginning of the
calculation (t = 0, the number 99 corresponds to the
concentration C, = 90-10%pieces/m?)

Y
—

0

X

Puc. 5. Po3mozin xorneHTparii cyoctpaty
B Giopeaxropi (t = 0,091)

Fig. 5. Distribution of substrate concentration
in the bioreactor (t = 0.091)

Y

—

X

Puc. 6. Po3mosin koHIeHTpaItii cyocTpaTy
B Oiopeakropi (t = 0,148)

Fig. 6. Distribution of substrate concentration
in the bioreactor (t = 0.148)

0 X

Puc. 7. Po3moaisn KOHIIEHTpAIIT pyXOMHUX HOCIiB
6ioreno3y B O6iopeakropi (t = 0,172,
qucty 99 BiAMOBiTae KOHICHTPAIIiS

C,, =120-10%wr./m®)

Fig. 7. Distribution of the concentration of mobile
biocenosis carriers in the bioreactor (t = 0.172,
the number 99 corresponds to the concentration

C,, =120-10%pieces/m?)
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0 X

Puc. 8. Posnonin xonnenTparii cyocTpaTy
B 6iopeakropi (t = 0,175)

Fig. 8. Distribution of substrate concentration
in the bioreactor (t = 0.175)

AmHani3z HaBeIGCHUX PUCYHKIB MOKa3ye, 10 Hak-
OLIBII aKTHUBHO MPOIEC OYHINEHHS CTIYHUX BOJ
MIPOXOJUTH BeepeauHi 30HU Ne 2, ToOTO 30HH PO3-
TalIyBaHHS pyXOMHUX HOCIiB 0i0omeH03Yy.

Ha puc. 9 nokazana 3miHa KoHIEHTpaIlii cy0Oc-
TpaTy B CE€pelrHi TPhOX XapaKTepHUX 30H Oiopea-
KTopa (piBeHb Y = 2 M).

S, Mr/n
= i

\ _L'\"“Q—.\.
120 \
MR T

IS 2
- 8

~

sl

= 1 \
—

0 i
0 001 002 003 004 005 006 007 008 t,TOX

Puc. 9. Po3nopin xoHmeHTpariii cyocTpaTy
B OiopeakTopi 3 4acoM:
1 — mepmoi 30HH; 2 — y 30Hi, JIe € pyxoMi Hocii OiomeHo3y; 3 —
y TpeTiii 30Hi
Fig. 9. Distribution of substrate concentration in the
bioreactor over time:

1 —first zone; 2 — in the zone where there are mobile
biocenosis carriers; 3 — in the third zone

VY Tabn. 1 moka3zaHO pPO3MOALNT KOHIEHTpALil
PYXOMHX HOCIiB OiOI€HO3y Ha IMOYaTKy 30HH iX
po3ranryBaHHsI B 0iopeakTopi (mouaTok 30HU Ne 2,
piBeHb Y = 2 M), a B Ta0). 2 TOKa3aHO PO3MOIiI
KOHIIEHTpAIlil pyXOMHUX HOCIiB 0i0I[eHO3Y B IEHTPI
30HH Ne 2 (piBeHB Y = 2 ™).

Tabnums 1

Po3noain koHueHTpauii pyxomux HociiB 6ioneHo3y
HA MOYATKY 30HH iX po3TaulyBaHHs
(mouaTok 30uu Ne 2)

Table 1

Distribution of the concentration of mobile
biocenosis carriers at the beginning of their
location zone (beginning of zone 2)

Yac, t C, mr./™M3
0 90 000
0,021 72 330
0,045 71 700
0,088 70510
0,117 69 680
0,144 68 950
0,165 68 380
Tabnuus 2

Po3noain koHueHTpaunii pyxomux HociiB 0ioneHo3y
B 1leHTPi OiopeakTopa (30Ha Ne 2)

Table 2

Distribution of the concentration of mobile
biocenosis carriers in the center of the bioreactor

(zone 2)

Yac, t C, mr./M3

0 90 000
0,021 74 280
0,045 71 960
0,088 70 980
0.117 70 250
0,144 69 620
0,165 69 100

Ak MoxxHa Oaunty 3 Tabn. 1, 2 yHACHIIOK PyXy
HOCITB O10IICHO3y Ma€ MicIle 3MiHa iX KOHIIEHTpAaIIii
B Pi3HHMX Toukax OiopeakTopa. Takoxk MOKHa BiJ-
3HAYUTH, 10 HA MOYATKY 30HHU PO3MIIICHHS HOCIIB
MIBUAKICTh 3MIHM iX KOHIIEHTpALii Oiiblia HiXK
y neHTpi 300U Ne 2. YHaCIIJIOK Takoi 3MiHH Oyje
MaTH Miclle 3MiHa €()eKTUBHOCTI OYMINEHHS CTid-
HUX BOJ| Y 30HI pO3TalllyBaHHS PYXOMHUX HOCIIB
OioneHo3y. Yac po3paxyHky — 5 c.
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HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYUMICTh

[loGynoBaHO uMcenbHY MOJENb ISl aHalizy
mporiecy O10JOTiYHOTO OYHWINEHHS CTiYHHUX BOI
y GiopeakTopi 3 pyxoMuM OiorieHo30M. BruzHauen-
HS1 TIOJISI IIBUKOCTI TMOTOKY CTIYHUX BOA Yy Oiopea-
KTOp1 3MIMCHIOETHCS Ha 0a3i MOJEN TOTCHIIIab-
HOTO pyXy. MozemoBaHHs NepeHocy cyocTpary,
aKTHUBHOTO MYIJy B OiopeakTopi, e HeMae pyxo-
MUX HOCIIB, 3/IIMCHIOEThCS Ha 0a3i PIBHSAHHS KOH-
BEKTHBHO-ITN(Y31HHOTO MacomnepeHocy. Y miid 00-
JIacTi TIporiec OiOJIOTIYHOTO OYHWIICHHS 3HiHCHIO-
eTbest Ha 0a3i moneni Monod. Ipouec Gionoriyno-
TO OYWINEHHS B 30Hi, JIeé PO3TAIIOBaHI PyXoMi
HOCI1, pO3paxoBy€eThCS HA 0a3i eMITIPUIHOT MOJIETI.

Pozpo6nena gricensHa MOJeNb MOXe OyTH BH-
KOPHCTaHa Ha eTalli IPOEKTYBaHHs crnopya 0iojo-
TYHOTO OYMIICHHS BOJH.

BucHoBku

VY crarti posrnsayto HOBY CFD-mopnens, mio
JIO3BOJISIE aHATI3yBaTH MpoIec 0i0JIOTIYHOTO OYH-
IIeHHS CTIYHUX BOJ Y PEaKTopax i3 pyxoMum 06io-
[IEHO030M. MoJenb 1a€ MOKIMBICT PO3PaXxoOBYBa-
TH MPOLIEC OYMIICHHS 3 ypaxyBaHHIM XaOTUYHOTO
pyXy HociiB 6iomeHo3y. OCHOBY Mozenmi CKiafia-
0T (PyHIaMEHTaNIbHI PIBHSIHHS MEXaHIKU CYILThb-
HOTO Cepe/IOBHIIIA.

VY mnopanemomy mependadeHo po3poOKy Tpu-
BumipHOoi CFD-monmemi wa 06asi piBHAHB pyXy
B’sI3KO1 piAWHM.
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Simulation of Biological Wastewater Treatment in Aerotanks with Moving
Biocenosis

Purpose. The main purpose of the article is to develop a numerical model for the analysis of the process of bio-
logical wastewater treatment in a reactor with a mobile biocenosis. Methodology. For mathematical modeling of the
process of biological wastewater treatment in a reactor with a moving biocenosis, a hydrodynamic model of a non-
viscous vortex-free flow is used. We calculated the boundary conditions for the modeling equation on the surfaces
of the bioreactor, solid walls, and the upper surface; at the inlet boundary; at the outlet boundary from the building.
To calculate the process of movement of activated sludge and substrate in the bioreactor, a mass transfer model is
used, which takes into account the convective-diffusion movement of the substrate and activated sludge. The pro-
cess of biological water purification in that part of the bioreactor where there are no mobile biocenosis carriers will
be calculated based on the Monod model. The process of biological water purification in the part of the bioreactor
where there are mobile carriers is calculated on the basis of an empirical model in three stages. The first stage is
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determined using the Harremoes model. At the second stage, the rate of substrate «consumption» in the biofilm is
calculated. At the third stage, the change in the substrate concentration in the zone where the biocenosis carriers are
located is determined due to convective movement, substrate diffusion in the flow and its destruction in the biofilm
on the carriers. The chaotic motion of biocenosis carriers in the reactor is modeled based on the parabolic diffusion
equation. Finite-difference schemes are used for numerical integration of modeling equations. Findings. The soft-
ware implementation of the constructed numerical model is carried out. A computational experiment to determine
the efficiency of biological wastewater treatment in different parts of the bioreactor was conducted. Originality. An
effective multifactorial numerical model has been created, which allows quick analysis of the efficiency of biologi-
cal wastewater treatment in an aeration tank with mobile biocenosis carriers. Practical value. The created two-
dimensional numerical model can be used for serial calculations at the stage of designing biological wastewater
treatment systems and analysis of the efficiency of bioreactors under different operating conditions.

Keywords: water treatment; biological water treatment; mathematical modeling; bioreactor; Monod model; mo-
bile biocenosis carriers
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Improving the Methodology of Placing Peripheral Devices for Monitoring the
Technical Condition of Rolling Stock

Purpose. Based on the research work of units and parts of rolling stock undercarriage in transient modes of
emergency situations it is proposed to optimize the sequential placing of peripheral contactless devices for technical
control of locomotives and cars on railway lines. Methodology. Investigation of transient processes of temperature
increase of faulty axle bearings of locomotives and cars during remote technical diagnosing allows one to organize
theory and hardware construction of the peripheral systems for testing the rolling stock on the move. Automatic con-
trol of the technical state of the rolling stock on the move — the last and in some cases the only possible process step,
which allows revealing unacceptable defects in rolling units and thereby prevent emergencies in railway transport.
Findings. Based on the research it was proposed a solution to the optimization problem of placing peripheral control
devices of rolling stock when moving according to the criteria of the linear and exponential nature of heating defec-
tive axle boxes of wheelsets and other units of undercarriage. The risks of train stop on the railway line because of
the erroneous classification of normally heated axle boxes as overheated, as well as the consequences of classifica-
tion of overheated axle box as normally heated axle boxes were evaluated. Originality. Optimization model of plac-
ing peripheral control devices based on probabilistic criteria for evaluating the degree of permissible risk that, at
a minimum, should not be exceeded during the transition to control technical means. A functional block diagram of
test hardware diagnostics for the wheelsets when determining the gradations of digital indicators of defects was pro-
posed. Practical value. The value of the results obtained lies in the improvement of a method of placing technical
control peripheral devices and diagnosing rolling stock when determining the distance between the control stations
in the same direction and organizing tracking modes for railcars with developing defects. From a technical point,
reduced error probability is directly related to traffic safety and diagnostic algorithms.

Keywords: rolling stock; axle boxes; temperature control; method of placing; unit diagnostics

Introduction and the axle-box body on the move. The rate of
increase in the temperature of the axle neck de-
pends on the nature of the axle box malfunction; to
neutralize this tendency, the development and im-
plementation of technical devices for controlling
the temperature of axle boxes, brake discs and
blocks is accelerated in order to prevent emergency
situations.

At the same time, modern conditions impose on
systems for diagnosing and control of undercar-
riage not only the requirements for detecting faulty
elements, but also for early detection of emerging
defects. This tendency actualizes the task of im-
proving the methodology for determining the loca-

With the development of remote control of the
train movement and an increase in the coverage
areas of centralized dispatching systems, the possi-
bilities of visual observation of the technical condi-
tion of the undercarriage of cars and locomotives
of trains along the route are reduced. On the rail-
ways of the world, peripheral systems for contact-
less control of the undercarriage of cars and loco-
motives in motion are widely used.

Overheating of the axle boxes of cars is charac-
terized by an unsteady heat exchange mode and
a temperature increase of the wheelset axle neck
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tions of peripheral control devices for rolling stock,
taking into account the option of tracking cars with
heating axle boxes.

The basis of the strategy for optimizing the
placement of peripheral diagnostic devices on
railway lines is the recommendations developed
based on statistical data and evaluation of the risks
degree. The heating of the axle neck, at which the
axle box should be considered emergency (over-
heated), is at the level above 100-140°C. For axle
boxes with roller bearings, the temperature of the
axle neck in the range of values up to 300°C
changes at a speed of 2 to 15°C per minute, and in
the range of values from 300 to 800°C (the approx-
imate temperature of the axle neck fracture) reach-
es the values of 18— 20°C/min. The maximum rates
of increase (gradients) of the axle neck temperature
are also characterized by its statistical data on frac-
tures. Thus, according to foreign data, the fracture
of the axle neck if there is no lubrication for axle
boxes with rolling bearings occurs after 55-60 km.
According to the statistics of All-Russian Scientific
Research Institute of Railway Transport, the car
mileage to the axle neck fracture is no more than
45-50 km. If an unacceptable heating of the axle
box is not detected in time, its destruction occurs
[5, 9, 14].

During the operation of the axle box, heat from
the bearing is transferred to the axle box body. The
value of the temperature rise of the axle box body
ATy is determined by the temperature of the axle
neck, the temperature of the outside air and the
speed of the train. The heating of the axle box
body due to solar radiation, its thermal resistance
during heat transfer from the bearing to the body,
the presence of moisture on the axle box surface,
etc., have a great influence on the value ATup. Tak-
ing into account the influence of individual inter-
fering factors, the distribution of the probability
density of the real values of the temperature excess
ATan OF normal (curve 1) and overheated (curve 2)
axle boxes with rolling bearings is shown in Fig. 1.

The sets of AT values for normally operating
and overheated axle boxes have an intersection
zone. This indicates the impossibility of error-free
recognition of overheated axle boxes by ATum val-
ue. Indeed, if we select a certain value of AT as
a recognition criterion, for example, 20°C, then
a certain number of overheated axle boxes, ATu, Of

which is lower than this value, will not be detected,
and vice versa, a certain number of normally oper-
ating axle boxes, ATy Of which is higher than
20°C, will be taken as overheated. Tracking the
rate of increase of axle box temperature at control
points to a value exceeding the permissible one
during operation indicates the statistical nature of
these dependencies [3].

0,20
0,16
0,12
0,08

P ( A]:;G)

0,04

0 6 12 18 24 30 36 °© 48
ATKG'—>
Fig. 1. Distribution of AT, values for axle
boxes with rolling bearings

It follows from the above that the automation of
the process of detecting overheated axle boxes will
be successful only when using statistical methods
for processing the measurement results.

Purpose

Based on the study of the operation of units and
parts of the rolling stock undercarriage in transient
modes of the development of emergency situa-
tions, the article provides optimizing the sequential
placement of peripheral contactless devices for
technical control of locomotives and cars on rail-
way lines.

Methodology

The existing network of train observation
points sets the degree of permissible risk, which, at
a minimum, should not be exceeded during the
transition to control by technical means. The de-
pendencies identified during the analysis of the
data make it possible to form a strategy for placing
the control devices of heating axle boxes, focused
on risks. In this case, the only and sufficient pa-
rameter of the axle box malfunction is its tempera-
ture, considered as an indicator of the risk of de-
railing.
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Probabilistic assessment of the reliability of
remote technical control of car wheels during train
movement. Let us turn to probabilistic estimates of
the reliability of detecting overheated and normally
heated axle boxes. An overheated axle box skip-
ping may lead to a violation of traffic safety along
the route. In addition to losses from train stops,
which can be quantified, more severe cases are
possible, which are evaluated by other criteria (for
example, losses from rolling stock wrecks and ac-
cidents).

At the same time, the erroneous recognition of
a normally heating axle box as faulty is associated
with additional costs for stopping the train on the
running line. Comparison and optimal choice of
indicators among these components are made on
the basis of statistical data. From a technical point
of view, reducing the probability of errors is direct-
ly related to traffic safety and diagnostic algo-
rithms.

The parameter selected as an estimate for diag-
nosing is compared with the setting — the boundary
value of this parameter. If the value of the parame-
ter does not exceed the setting, the object is con-
sidered suitable, otherwise it is rejected [4, 10].

The conditions for making a diagnostic deci-
sion change over time, and the probability of error
increases. The boundary values for making a deci-
sion are different for each category of equipment
for detecting overheated axle boxes (for example,
the boundary value for running line multifunctional
hardware components set (MHCS) is 120°C; for
the devices placed before the service points it is
equal to 100°C, etc.). Due to the above-mentioned
the specific value of the set is expanded to the field
of possible values, which complicates the diagnos-
tic process. External conditions (influence of solar
radiation, ambient temperature) have a significant
impact on the increase in the number of diagnostic
errors. Due to these reasons, making a decision on
the state of the object will be more objective with
three-position evaluation of the object state [8, 16].
Having supplemented the minimum and maximum
values of the parameter being diagnosed with the
zone of an indefinite decision, the decision-making
algorithm is modified as follows:

— if the parameter being diagnosed does not
exceed the minimum value, a decision is made on
the suitability of the object;

— if the parameter exceeds the maximum value,
then the object is considered faulty;

— when the parameter values are in a certain
range between the minimum and maximum values,
the object is subject to monitoring in the tracking
mode. At the same time, to determine the suitabil-
ity, fixation of the parameter under control is used
for each diagnostic point [15].

Let us show that in the case of using the de-
scribed decision formation, the error probability
decreases. To do this, we apply a probabilistic ap-
proach and consider one of two alternative cases
(axle boxes operate in normal mode or in an over-
heated state). With normally heating boxes, the
distribution probability density of the controlled
parameter is fairly accurately approximated by the
Rayleigh distribution [10]:

p()=(x/ *)exp[ <(x* /) , (1)

where x — the value of the parameter being con-
trolled; o — root-mean-square deviation; p(x) —
probability distribution density.

Distribution (1) has a pronounced asymmetric
nature with a maximum and with a characteristic
drop to zero and is a special case of the Weibull
distribution with density

_a a—1 _ a
E(X) = ;(X/G) exp[ (X /o) } 2

with o= 2 and a special case of the distribution of
a random variable &= \/E/ n with the density

n-2 2
ol'(n/2)| o2 2\o
atn=2.

A gradual temperature increase of the axle box
leads to the Weibull distribution, and random tem-
perature changes due to the influence of solar radi-
ation or other factors lead to the Rayleigh distribu-
tion. Thus, the Rayleigh distribution is, in a certain
sense, universal in nature and can be used when
setting up threshold devices.

Wheelsets belong to the undercarriages and are
one of the most important elements of the car.
Therefore, they are subject to special, increased
requirements of the State Standard, the Rules for
the Technical Operation of Railways, Instructions
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for the Inspection, Repair and Formation of Car
Wheelsets, as well as other regulatory documents
during the design, manufacture and maintenance
[13].

Particular attention should be paid to monitor-
ing the condition of wheelsets when the train is
moving, which makes it possible to detect defec-
tive wheelsets in advance, transfer the information
received to the nearest inspection station for de-
tailed diagnostics by technical personnel [19].

Structurally, the system for automatic control
of the technical condition of axle boxes is a com-
plex dynamic system. It includes the object of con-
trol — a wheel or axle box, test diagnostic control
equipment and a decisive device for determining
the conditions for further operation of rolling stock
under control. This device provides a decision
(based on the class assigned to the detected defect)
on the further movement of the defective car (for
example, about moving without restrictions, mov-
ing to the nearest repair depot for preventive con-
trol and repair, about immediate exclusion from
operation).

The converter of parameters converts the state
space of the object under control (wheel — axle
box) E into the space of electrical signals S, subject
to further processing:

S =Q(E), (4)

where Q — space transformation operator of the
object state into a signal space. The operation algo-
rithm of this operator corresponds to the action of
analog-to-digital converter used to measure con-
tinuous values of measured defects and issuing
a digital equivalent in a form consistent with the
operation of the attribute generator [1, 21].

The attribute generator (object state code) con-
verts the signal space S into the attribute space X,
which characterizes the state of the object:

Xi =R(S), ()

where R — operator of transformation of signal
space into attribute space.

The classifier, based on the analysis of the at-
tributes of the object state, performs the function of
classification, that is, it generates a signal indicat-
ing that the attribute vector belongs to the corre-
sponding class of states:

v=L(X), (6)

where L — classifier operation algorithm.

The algorithm for making a decision in favor of
one of the state classes of recognition objects de-
pends on the decision method. Two methods are
possible: constant sample size decision and se-
guential decision.

In the first case, there are n attributes (n =
const) X1, X5, ..., X, which belong to one of the
classes of states Qi. The hypotheses that the sample
values belong to the a priori known distributions
Wh (Xl, Xo, ceey X, / Qi) and Wi (Xl, X, ey X, / QYJ)
we denote by Hi and H,; and the decisions consist-
ing in making appropriate hypotheses by vyi and v;.
Establishing a decision rule is reduced to dividing
the n-dimensional attribute space (X1, Xz, ..., Xu)
into two non-intersecting areas A; and A;, that is:

(X, Xg X ) A =5
(Xy, X0 X, ) € A ;.

Since during classification it is necessary to de-
limit the intersecting areas of the attribute space
into non-intersecting areas of state classes using
the discriminant function, classification errors are
inevitable. There are two kinds of errors: the prob-
ability of a «false alarmy» (error of the first kind),
that is, the probability of making a decision about
a malfunction of an object at a time when it is ac-
tually working:

_ A
PfaZP{L—Ji}ZP{(Xl,xz,...,xn)eaji}z
_j jw( Xl’xz’ 5 X )jdx dX,..dX,; (7)

and the probability of «missing» a faulty object
(error of the second kind), that is, assigning the
sample to the class Q;, although it reflects the Q;-th
class of the state:

I:>miss = P{Y_J}z P{(Xlaxz,...,xn)ei}z
Hj Qj

—j jw( X)}de .dX, . (8)

Obwously, with a glven (constant) sample size,
it is impossible to simultaneously make the proba-
bilities of «false alarm» and «missing» arbitrarily
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small. You can only change their ratio by moving
the separating function. The optimal equation of
the discriminant function can be obtained based on
the Bayes criterion, which minimizes the average
risk of making a wrong decision [16]. When using
Bayes' criterion, the discriminant function will take
the form:

D(Xy, Xp,eers X, ) =

P(Q. W C. —C.
=¥x(xl,x2,...,xn)=M, (9)
(Qi )Wn Cji _ij

where P(Q;, P(€;), QA — a priori the probabilities
of the corresponding state classes; AM(X1, Xz,..., Xn)
— likelihood function;

Cij Ci

¢ — loss cost matrix whose rows corre-
spond to hypotheses H; and H; and columns corre-
spond to solutions i and v;.

The minimum value of the average risk:

R=P(Q)C; +P()Cji + P(2)(C; —Ci)P, —

ii CJ'J'

_P(Qi)(cji _ij)(l_ Pmiss)’ (10)

where Ps,, Pmiss — «false alarmy» and missing proba-
bilities determined by the discriminant function.

At various stages of the implementation of
equipment for detecting axle box malfunctions,
when a priori information about the statistics of the
parameters under control is still insufficient, other
criteria for optimality of the decision can also be
used, which are special cases of the Bayes criterion
(the Neumann—Pearson criterion, Kotelnikov crite-
rion, etc.) [2, 17].

However, regardless of the criterion used, clas-
sification by constant sample size is as follows:

— the likelihood ratio A(X1, Xz, ..., Xq) is calcu-
lated with the measured attribute vector;

— the hypothesis Hi, depending on whether the
found point is located above or below the discrimi-
nant function is accepted or rejected.

With the sequential classification method, the
number of attributes (sample size) can vary. The
decision-making procedure is reduced to the ful-
fillment of the condition B < A(X1, Xa, ..., Xn) <A.

The decision is made in favor of the hypothesis
H;, as soon as the inequality A(X1, Xz, ..., Xn) > A,
is satisfied, and as well as in favor of the hypothe-
sis H; — if the inequality A(X1, Xz, ..., Xn) < B is
satisfied.

If the result of calculating the likelihood ratio
for n attributes falls between the stopping bounda-
ries A and B, then the next (n+1)-th attribute is be-
ing formed, and the calculation procedure is re-
peated.

It is proved [14] that the stopping boundaries
providing the set probabilities of «false alarm» and
«missing» are determined from the expression:
_1-P P

miss ‘B= miss ] (11)
Pfa 1- Pfa

A

The defect recorder, guided by the decision y;,
adopted by the classifier, issues information Jg
about the belonging of the state of the object under
control to the corresponding class of states, that is:

Ja =H (), (12)

where H — operator of the signal transformation of
the classifier by the informatory.

Thus, the generalized analytical record of the
hardware test fault detection process, constructed
on the basis of expressions (5) — (7) and (10), has
the form:

Jg =H(L(R(Q(E)))).

The general functional diagram of the test
hardware diagnostics is shown in Fig. 2 [16].

(13)

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/230220

© V. V. Burchenkov, 2021

29


http://creativecommons.org/licenses/by/4.0/

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

Hayxka ta nporpec TpaHcnopTy. Bicaux JIHIIponeTpoBCEKOro

HaLliOHAJBHOTO YHIBEPCHTETY 3alli3HUYHOT0 TpaHcnopTy, 2021, Ne 1 (91)

EKCIUTYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

Equipment for automatic test diagnostic control

Converter- .
Cor_ltrol of parameter Recognltlon
object Ei state of the Si=Q(Ei attributes
(wheel-axle - object —» generator
box) under
control

Classifier
of
X=K(S)) fault Ui:L(XIi) Defect recorderd5=Q(U)
class
of

the objects

Defect recorder

<

Fig. 2. Block diagram of the system of automatic test diagnostic control
of axle boxes and wheels during the train movement

The decision-making device on the basis of
component defects and unacceptable parameter
values given in the Belarusian Railway Standard
for wheelsets STP BCh 17.310-2015 [8] deter-
mines the gradation of digital indicators of defects.

For this purpose, the study of the heating nature
of the axle boxes deserves attention. The statistical
data of tracking at the control points of the axle
box temperature rise to a value exceeding the per-
missible one during operation made it possible to
identify heating of axle boxes of two fundamental-
ly different types. They are: «2linear» — the axle
boxes are characterized by a uniform, linear tem-
perature rise at several control points until it reach-
es its limit value; «Exponential» — there is such
a rapid temperature increase of the axle box be-
tween two points that at the next point its limit val-
ue has already been exceeded and an immediate
train stop is required [11].

Axle boxes of the «lineary type. According to
the statistical characteristics of the data of the
«tracking» option (for the MHCS-02 equipment), it
is possible to calculate the average increase in both
the axle box temperature and the temperature dif-
ference between both axle boxes of the same axle
(Fig. 3). Increase in each of these parameters can
result in excess of its limit value and more often,
the excess of the set temperature difference of the
axle boxes is observed.

The influence of the section parameters, such as
increased movement resistance in curves of a small
radius or the maximum permissible speed, on the
temperature rise of the axle boxes has not yet been
revealed.

While the train stop at the stations, the cooling
of the faulty axle box may occur, and, therefore,
the increase in its temperature slows down, hence,
when assessing the route, it is necessary to pay
attention to the train movement time between two
control points.

120

~-~-@-~- -Temperature difference

- .- Axle box temperature

y=0,2871x «9.6557 o

<A e
. #""y=0,3533x+35,648

60 T —
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Fig. 3. Linear temperature change of the heating axle
box y = 0.2871x + 9.655 and temperature difference
of two axle-boxes y = 3533x + 35.648 of one axle

Based on the collected statistics, it is possible
to calculate the limit values for the average tem-
perature rise of the axle boxes (in degrees per
kilometer), which are typical for the overwhelming
majority of measurements that have already taken
place (Table 1).

Numerous cases of the axle box temperature
exceeding its limit value were considered. This
allows, on the one hand, to check the correctness
of the choice of this temperature value in opera-
tion, and on the other, to establish how long a train
with a faulty axle box can still move without de-
railing [6, 14].
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Table 1

Average temperature increase of axle boxes
(in degrees per kilometer)

Proportion of cases, %
Parameter

95 100

Average increase in the
absolute temperature of a 0.35 0.40

faulty axle box
Average increase in temper-

ature difference between 0.33 0.38

axle boxes of one axle

Findings

The temperature value is taken as the value, at
which the grease in the axle box loses its proper-
ties, the linear course of the temperature curve is
no longer preserved, and then an exponential tem-
perature increase occurs. Based on practical expe-
rience, it is possible to choose this value equal to
about 120°C and, based on the linear temperature
increase, calculate the distance that, after reaching
its limit value, the train can pass without derailing
for each specific case.

Thus, it seems possible to use the available data
both on the maximum temperature rise and on its
rise, determined online for a specific case.

These data are also of interest for the organiza-
tion of operation, since they make it possible to
determine the station most suitable for servicing
a faulty car (check with a possible subsequent
change in the movement order) [8].

Axle boxes of «exponential» type. As a result of
the analysis of the identified heating axle boxes, it
was found that in many cases the axle box temper-
ature in the interval between two adjacent control
points does not grow linearly, but so quickly that
already at the next control point, an excess of its
limit (the so-called alarm) value (in absolute terms
or by the difference in temperature of the axle box-
es of one axis) is observed.

It seems appropriate to mathematically describe
the temperature change in these cases by an expo-

nential function of the form y=ae® (see Fig. 4),

the parameters a and b of which are determined
empirically. In this case, it is also possible to dis-
tinguish between the temperature rise of the faulty
axle box and the temperature difference between
the axle boxes of one axle.

In order to correctly determine the distance be-
tween successively placed control points, at which
the heating axle boxes are reliably detected, it is
possible to combine both of these parameters,
choosing their values for unfavorable situations. Of
particular interest is the case when at one control
point the measured temperature is approximately
equal to the ambient temperature, for example, a —
25°C (Table 2), and at the next point its limit value
has already been exceeded, as a result of which the
damage to the axle box takes place [1, 7].

Thus, there are several scenarios for determin-
ing reasonable distances between two consecutive
control devices, and the use of a combination of
the worst parameters does not seem to be accepta-
ble from the point of view of the necessary ex-
penditures.
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Fig. 4. Exponential temperature change of the heating
axle box y = 53%9223 and temperature difference
of two axle-boxes y = 2399428 of one axle

Table 2

Values of parameters a and b for axle boxes
of «exponential» type

Parameter Parameter value

determination
method Q bl Ay bdt

Observation:

— current 53.8 | 0.0196 18 0.056
—in a special 250 0.037 3 3

case

— worst case 65.0 0.037 33 | 0.1351
Calculation 69.0 0.040 49 0.15

Especially unfavorable is the case when the
temperature of the axle box at the control point is
slightly lower than the alarm value «hot», and
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therefore the train can freely run to the adjacent
section of the line. For this case, when determining
the distance between the sensors of the heating
axle boxes, one should use the value of the pa-
rameter b known from observations (it can be
rounded up in the direction of increasing safety)
and select the parameter a 1°C higher than the val-
ue «hoty.

Optimization model for the placement of pe-
ripheral control devices. If we take as a basis the
linear temperature increase of the axle box, then,
knowing how much the temperature rises on aver-
age (see Fig.5), one can choose an appropriate
distance between two adjacent points for placing
control devices based on the temperature limit val-
ues.

The data obtained using the model (Fig. 5) can
be supplemented by the results of the inspection of
the train at the station.

= Brake risk function Equivalent
T ; arameters
-~ Risk function for heating axle boxes para
Destruction
oz safety
7 < fooior
£ A factor
8 / Acctjpll\ublc
7 risk
ol g ¢ g 2 £
g -:) = safety 5 —: 5 5 MHCS-02 D f
< = ROV — 5-02 ctor
5 % E margin 5| % E E " heating ¢ ‘|e‘§('u,)l &
2 = for brakes 2| heating axle boxes
b= [ ol e il o ol
5 2 S AT 'S S
L %) %) 7117} %) 7] ~Q_0) 7
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T = T = = | centre heating detector
= > ==z = =
Distance

Fig. 5. Model for choosing the distances
between two adjacent control devices depending
on the degree of risk due to the temperature
increase of the axle box

A car building worker when inspecting by the
contact method (by touching the axle box cover by
the back of his hand), establishes that the tempera-
ture has been exceeded, or visually, according to
the appearance of the axle box cover, when the
axle box is overheated. Fig. 6 shows the tempera-
ture dependence of the axle box cover on the air
temperature at different values of the temperature
of the axle neck of the wheelset. The characteristic
of this dependence indicates a low accuracy in the
visual determination of the level of heating of
the axle box body. When using measuring trans-
ducers — bolometers (MHCS-01D and MHCS-02

complexes) or photon sensors (MHCS-03) — it is
possible to detect a heating axle box in advance,
first of all it refers to axle boxes of the «linear»

type.
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Fig. 6. Dependence of the temperature
of the axle box cover on the air temperature
at different values of the axle neck temperature

The existing automated rolling stock control
system (ARS CS) sets the degree of acceptable
risk, which, at least, should not be exceeded when
switching to control by technical means. Early de-
tection of the heating axle box of the «linear» type
allows arguing for the increase in the distance be-
tween the points of the detector placement in com-
parison with the intervals between the available
train observation points. In this case, it can be as-
sumed that at the previous point, the temperature
of the axle box (or the temperature difference be-
tween the two axle boxes) is 1°C lower than the set
value. A linear temperature increase in the ob-
served case allows one to get its rounded value,
which can be used to determine the distance.

Originality and practical value

The model for optimizing the placement of pe-
ripheral control devices was developed based on
probabilistic criteria to assess the degree of ac-
ceptable risks, which, at least, should not be ex-
ceeded when switching to control by technical
means. A functional diagram of test instrumental
diagnostics with a decider for wheelsets in deter-
mining the gradations of digital defect indicators is
proposed.

The value of the results obtained consists in
improving the methodology for placing peripheral
devices for technical control and diagnostics of
rolling stock when determining the distance be-
tween control points in the same direction and or-
ganizing tracking modes for cars with developing
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defects. From a technical point of view, the reduc-
tion in error probabilities is directly related to
movement safety and diagnostic algorithms.

Conclusions

The dependencies revealed during the analysis
of the calculated data make it possible to supple-
ment the risk-oriented strategy for placing control
devices for heating axle boxes with the results of
practical observations. In this case, the only and
sufficient parameter of the axle box malfunction is
its temperature, which is considered as an indicator
of the risk of train derailment. The operator of the
data transmission system of line points (DTS LP),
when optimizing the placement of control points
can use the values measured in practice to calculate
the economic efficiency of measures. Due to the
technical means of temperature control distributed
over the network, it is possible to detect a heating
tendency in advance and coordinate the implemen-
tation of appropriate measures [18, 20].

To correctly determine the distance between the
peripheral control points, at which the heating axle
boxes are reliably detected, it is advisable to com-
bine both of these parameters, choosing their val-
ues for unfavorable situations. The probability of
detecting heating axle boxes on the road network
depends on the density of the placing peripheral
devices. The use of a linear model of the dynamics
of heating process of axle box makes it possible to
obtain a rounded value of the distance between
successively placed control points. The tempera-
ture difference between the hottest axle box and
the average temperature of the remaining axle box-

es on the controlled side of the car is a more per-
fect criterion for determining the distances.

It was found that the highest confirmation of
the readings is recorded when the dynamics of the
axle box heating is above 1°C per 1 km of the car
run. At a train speed of 60 km/h, this corresponds
to a heating rate of 1°C/min.

Further data transfer to the road separation
server using the options for tracking the «suspi-
cious car» with its known route allows drawing
conclusions about the increased damage probabil-
ity or about the need for a denser placement of
control points. Tracking these parameters along the
entire train route using sequentially located control
devices is promising for developing a strategy for
optimizing the placement of such devices [12, 15].

With regard to other potential malfunctions of
cars and locomotives (for example, to flats on the
rolling surface of wheels), three gradations of de-
fects have been established when determining their
parameters to predict the development and opti-
mize the placement of technical means of control,
which ultimately can lead to more rational use of
the MHCS. For example, on the railway lines of
the Belarusian Railway, the interval for the MHCS
installation in the same direction is 30-35 km, in
some sections, this interval can be reduced to
20-25 km with the introduction of subsystems for
detecting flats, dragging parts and control devices
of rolling stock derailment. In order to increase the
efficiency of using the information received by the
maintenance points operator from the peripheral
points, the MHCS complexes must be installed at
a distance not exceeding 10 km from the railway
junction.
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Y10CcKOHAJIEHHS] METOIMKHU Po3MileHHsI nepudepiiiHux npucrTpois
KOHTPOJII0 TEXHIYHOT0 CTAHY PYXOMOI'0 CKJIaAy

Mera. VY crarTi nepeabadeHo Ha MiAcTaBl AOCIKEHHS poOOTH BY3JIiB 1 JieTalleil X010BOT YaCTHHU PYXOMOTO
CKIaay B TEPEeXiHUX pEeKXUMax PpO3BUTKY aBapidiHMX CHUTyalili ONTHMI3yBaTH IIOCIIJIOBHE pPO3MIILIEHHS
nepudepiiHIX OE3KOHTAKTHHUX NMPHUCTPOIB TEXHIYHOTO KOHTPOJIO JIOKOMOTHBIB 1 BaroHiB Ha 3aJi3HWYHUX JIHISAX.
Metoauka. JlocnipkeHHS nepexiiHuX e(eKTHUX IPOIECiB INABHIICHHS TeMIepaTypH HECHpaBHUX OYKCOBHX
MIiAMUITHAKIB JOKOMOTHBIB 1 BarOHIB 32 YMOBH TEXHIYHOI'O JUCTAHIIHHOTO JiarHOCTYBaHHS J03BOJISIE CUCTEMATH-
3yBaTH TEOPilO i amapaTHy oOynoBYy nepudepiiHUX CHCTEM IEPEBIPKH PyXOMOTo CKJIady Ml yac pyxy. ABToma-
TUYHHAN KOHTPOJIb TEXHIYHOTO CTAaHy PYXOMOTO CKJIAMIY IiJ 9ac PyXy — OCTaHHS i B Psi/ii BUMAAKIB €IMHO MOXIIHBA
TEXHOJIOTiYHA OTIepallis, 10 J03BOJISIE BUSBUTH HEIPUITYCTHMI Je(EKTH B PyXOMHUX OAWHUIIX 1 THM CaMHM 3aro0i-
I'TH BUHUKHEHHIO HA/J3BHYAHMX CHUTYaIliil Ha 3ami3HWIHOMY TpaHcmopTi. Pe3yabTaTu. Ha mifcraBi mocmimkeHHS
3alpONIOHOBAHO PO3B’A30K 3a/a4i ONTHUMI3aIll po3MilIeHHs nepudepiifHnX 3aco0iB KOHTPOIII0 PyXOMOTO CKIIamy
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i1 yac HOro pyxy 3a KPUTEpisIMH JiHIHHOTO i eKCIIOHEHIIAILHOTO XapaKTepy HarpiBaHHs Je(EeKTHUX OyKC KoJic-
HUX Map Ta IHIIMX BY3J1iB X0/10B0T yacTuHH. OI[iHEHO PU3MKHU 3YNHMHKH TOI3/1iB HA MEPEroHi Yepe3 MOMMIKOBE Biji-
HECEeHHs OyKc, SKi HOPMAJIbHO TPIlOTHCS, A0 KIIAcy MEeperpiThX, a TaKoK HACHIIKH BiJHECEHHS MeperpiTux OyKc 1o
KJIacy THX, sIKi HOpMaJbHO rpifoThess. HaykoBa HOBU3HA. Moaens onTHMi3amii po3MIleHHs epudepiitHux npu-
CTPOIB KOHTPOIO pa3poOiieHa Ha MiAcTaBi HMOBIpHICHUX KPHUTEPIiB NI OIIHKH CTYIIEHS IOIYCTHMHX PH3HKIB,
SIKAH, K MiHIMyM, HE TOBHHEH OYTH IEPEBUILICHHH ITi] 9ac IMEPEeXOoAy IO KOHTPOIS TEXHIYHUMH 3aco0aMu. 3ampo-
MTOHOBaHO (PYHKI[IOHAIBHY CXEMy TECTOBOTO amapaTypHOTO MiarHOCTYBAaHHS 3 PO3B’S3yBaJIbHUM HPUCTPOEM IS
KOJIICHUX Tap MijJ 4a BU3HA4YEHHs rpajnauid uudpoBux nokasHukiB nedekris. lpakruyna 3nauumicts. LliHHICTH
OTPUMaHUX PE3YJIbTATIB MOJIATaE B BJOCKOHAJICHHI METOJMKH PO3MIlleHHs! eprdepiiHIX NPUCTPOIB TEXHIYHOTO
KOHTPOJIIO W J1arHOCTHKH PYXOMOTO CKJIJy ITil 4ac BM3HAYEHHs BiJCTaHI MK IMOCTAaMH KOHTPOJIO B TOIYTHOMY
HanpsiIMKy Ta OpraHizalii pekUMiB CTEXKEHHs JUIS BAaroHIiB 3 Ae(eKTaMH, L0 PO3BUBAIOTHCS. [3 TEXHIYHOI TOUKH
30py, 3HIKEHHSI BIPOT1THOCT] IIOMUJIOK MPSIMO TOB’si3aHe 3 OE3MEKO0 PyXy Ta allrOPUTMaMH J1arHOCTYBaHHS.

Kniouosi crosa: pyxomuil ckiaj; OyKCOBI BY3JIH; TeMIEpaTypHUH KOHTPOJIb; METOJMKA PO3MILEHHS; JiarHoC-
THKa BY3IIiB
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Improvement of Technology of Passenger Intermodal Transportation with
Involvement of Railway Transport in the Conditions of Tourism Development

Purpose. The main purpose of the authors is to define and methodically substantiate the ways to increase the ef-
ficiency of intermodal passenger transportations with the involvement of high-speed trains as an auxiliary mode of
transport in terms of sea and river tourism. Methodology. In the process of research the following was used: the
method of factor analysis — to determine the factors influencing the attractiveness of tourist travel using high-speed
trains as ancillary transport; method of skipping stops — to increase the efficiency of using high-speed trains as an
auxiliary mode of transport when making tourist trips; methods of construction and training of generative-
adversarial networks for the formation of model of passenger flows forecasting, on the basis of historical data of
multivariate time series; method of genetic algorithms — to optimize the model of mixed-integer programming,
which allows obtaining the optimal scheme of high-speed trains on the line. Findings. In order to preserve the at-
tractiveness of tourist travels and increase the route speed of trains, it is proposed to improve the technology of
planning their work based on the method of skipping stops. A mathematical model of mixed-integer programming
has been formed, which simultaneously provides the attractiveness of tourist travel and profitability for railway op-
erators. To prepare the initial data, a method for forecasting passenger flows based on multivariate time series has
been developed. The optimization procedure of the generated model was implemented in the form of software in the
Matlab language. Originality. The method of skipping stops, which was first used to improve the technology of
intermodal passenger traffic, was further developed in the work. An original method for predicting passenger flows
based on multivariate time series using a modern model of generative-competitive neural networks is proposed.
Practical value. The obtained results are aimed at improving the methodological approaches to the formation of
modern technologies of intermodal passenger transportation and the realization of the potential of high-speed rail
transportations as a basis for the comprehensive development of tourism.

Keywords: intermodal passenger transportations; high-speed rail passenger transportations; skip-stop method;
genetic algorithms; neural networks; multivariate time series forecasting; tourism development

Introduction don. Then in 1843 he organized boat trips on the
Thames. Almost at the same time on the American
continent on the legendary wheeled steamer
«Mississippi», the company «American EXpress»
opened regular tours on the Mississippi. Similar
cruises began to take place on the Nile, Rhine, and
Danube. There are many water travel routes in the
United States and Canada, such as cruises to observe
marine mammals, for example, whales, orcas, or
polar bears. However, to get to the ocean coast you
need to use other modes of transport. The sphere of
water tourism is rapidly developing in Ukraine as
well. Thus, the number of cruises on the Black Sea

Bringing the tourism industry to the modern level
needs support in the form of new transport technolo-
gies. This thesis is relevant not only for countries
with a large number of tourist locations, but primari-
ly for countries such as Ukraine, Canada, USA,
where in order to get to them you need to cover long
distances using different modes of transport. How-
ever, transport cannot only be an aid to tourism, but
also play a key role in tourism activities. For exam-
ple, the English pastor Thomas Cook, from whom
the history of modern tourism is derived, for the first
time organized a rail journey from Liverpool to Lon-
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and the Danube River increases annually in the port
of Odessa. But to get to Odessa from such big cities
as Kyiv or Lviv it is necessary to overcome consid-
erable distances. Therefore, in order for these routes
not to lose their attractiveness and in order to attract
new customers, it is necessary to introduce new
transport technologies.

Under these conditions, it is advisable to use
high-speed rail transport as an auxiliary mode of
transport, which is the main passenger transport in
Ukraine. Thus, such trips are intermodal passenger
traffic. Thus, the urgent task is the formation of
modern technologies for managing intermodal pas-
senger traffic with the involvement of high-speed
rail transport.

Due to the relevance of this topic, it is becom-
ing an increasingly popular object of research in
recent years. One of the main directions of re-
search in this area is the formulation and solution
of problems related to the optimization of train
planning. In [2], based on the analysis of the rail-
way system in the Paris region of France, the prob-
lem of operational re-planning is solved, in which
stops on railway lines can be missed by trains in
case of limited traffic disruptions. For this purpose,
a model of linear programming is presented, the
objective function of which minimizes both the
time of restoration of the traffic schedule and the
waiting time of passengers. However, this model is
only aimed at overcoming the problems associated
with the malfunction of the transport system. [13]
proposes a solution to the problem of planning the
operation of high-speed rail lines by simultaneous-
ly optimizing the schedule of trains and their bind-
ing to passenger platforms at stations using the
Lagrange relaxation method. However, this ap-
proach allows reducing the train movement time
by only a small amount. In [3] using the model of
mixed programming, the problem of simultaneous
optimization of the operational schedule of traffic
and stops of suburban trains is solved. However,
this model is aimed only at reducing the waiting
time of the passenger in case of train delay. [10]
also solves the problem of optimizing stops and
train schedules taking into account the probability
of delays. However, the model does not take into
account the data on passenger traffic. In [6], to re-
duce the waiting time for trains by passengers,
a model based on a hybrid methodology for model-

ing discrete events is proposed, but this model is
focused on use in subways and not on trunk lines.
[1] proposed a model for constructing train sched-
ules based on optimizing the number of stops, but
this model is also focused on urban rail transport.
In [14], a model of mixed integer programming is
proposed to automate the process of constructing
train schedules on high-speed lines in China. How-
ever, this model does not solve the problem of at-
tracting passenger traffic, and its main focus is to
optimize the use of rolling stock. In [12] the model
of mixed integer programming which allows to
minimize the general time of movement of day
trains is resulted. However, this model is also not
aimed at solving the problem of increasing comfort
for passengers. Its purpose is to reduce the impact
of high-speed railway maintenance processes on
high-speed trains by changing their routes. In [11]
the possibility of applying an integrated approach
to the optimization of intermodal transportation in
the implementation of transport links between the
Japanese cities of Miyazaki and Fukuoka is con-
sidered. It is proposed to introduce an operational
integrated schedule of railway and road transport
and its operational adjustment, the introduction of
a single ticket and even the coordination of the de-
sign of rolling stock in the design of trains and
buses. However, the practical implementation of
such developments is associated with significant
difficulties. In [8] the possibility of optimizing the
trajectory of the passenger on the basis of improv-
ing the technology of processing and exchange of
information in the intermodal transport system,
including rail and air transport is studied. However,
this study primarily focuses on adjusting intermod-
al operations in the event of delays and does not
take into account the dynamics of passenger traffic.

Thus, the tasks of optimizing the functioning of
high-speed rail systems in the implementation of
intermodal rail transport are relevant. However, in
the context of the use of high-speed rail transport
as an aid in the implementation of tourist travel,
considerable attention should be paid to the attrac-
tiveness of transport services for passengers. To
this end, it is necessary to investigate the factors
influencing the attractiveness of the use of high-
speed rail transport in intermodal transport and the
corresponding impact of these factors on the dy-
namics of passenger traffic.
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Purpose

The purpose of the work is to improve the
technology of intermodal passenger transport with
the involvement of high-speed rail transport in
terms of tourist travel.

To achieve this goal, the following tasks were
set:

— To analyze the technology of passenger in-
termodal transportation with the involvement of
railway trains as an auxiliary mode of transport. To
determine the parameters of the process of realiza-
tion of the railway part of the route, which are the
main factors influencing the attractiveness of tour-
ist travel in general.

— To form an optimization model of high-speed
trains route management in the direction of tourist
passenger traffic. In order to provide the optimiza-
tion model with the initial data to form a model for
forecasting passenger traffic on the high-speed
line.

— Carry out modeling using the formed models
and analyze the results.

Methodology

An important aspect of the process of formation
of modern technology for managing of high-speed
railway transport operation is the possibility of ap-
plying the latest methods that use mathematical
apparatus related to the branch of artificial intelli-
gence or related fields. This approach is not a mat-
ter of time or a tribute to fashion, but a vital neces-
sity, as it is the only way to overcome the obstacles
associated with, for example, obtaining qualitative
forecasts or combinatorial complexity when per-
forming calculations on real models of large di-
mensions.

Formation of railway transport management
technology at realization of intermodal transpor-
tations in the conditions of development of tour-
ism

Analysis of the technology of intermodal trans-
portation with the involvement of railway transport
in terms of tourist passenger traffic.

High-speed rail systems require careful tech-
nical planning and decision-making on the basic
elements and modes of operation. These elements
have a complex relationship. Failure to take into
account at least one factor may call into question
the possibility of the existence of such a system.

Recently, in many developed countries, the
availability of high-speed rail transport is becom-
ing another impetus for the further development of
tourism. For example, high-speed rail transport
participates in the implementation of intermodal
passenger transport in the implementation of tour-
ist cruises using water transport (Fig. 1).

s
Fig. 1. The scheme of interaction between modes
of transport during intermodal

transportation in the service
of tourist passenger traffic

In order for the tourist flow not to decrease, it is
necessary to make this trip attractive for the tourist.
According to the results of research [9], it was es-
tablished which factors affect the attractiveness of
tourist travel using high-speed rail transport

(Fig. 2).
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18%

6%

5%

28%

43%

B reduced travel time and
quick access to
tourist object

B quick access to the railway
station

O frequency of running of
high-speed train on line

O opportunity to visit other cities

B other (ticket price, comfort,
aerophobia, curiosity)

Fig. 2. Significance of factors influencing the decision
to make tourist trips using high-speed rail transport

Thus, since high-speed lines already exist, we
first identify the factors that directly affect the de-
cision to make a tourist trip. Thus, the second most
important factor (28%) is the time of access to the
railway station, which depends on the density of
stops on the line or the availability of convenient
bus routes to get to the railway station. The most
important factor (43%) is the total duration of trav-
el using ancillary modes of transport to move to a
tourist location or change to tourist modes of
transport (water transport).

However, it should be noted that the total dura-
tion of the trip includes the time of access to the
railway station. Thus, to increase the attractiveness
of travel, it is necessary to develop mechanisms to
influence these two factors: the time of access to
the railway station and the time of the high-speed
train.

Passengers' access times and, accordingly, the
total travel time are related. In turn, they also de-
pend on many factors, such as the area covered by
the zone, which depends on the density of the sta-
tions. The speed of trains depends on the density of
stops on the line. The attractiveness of the trip is
also influenced by the frequency and population of
trains. They, in turn, depend on the number of
working fleet of trains, line capacity and tariffs and
other economic factors. The study of the serious-
ness and sophistication of such interrelated com-
plexity encourages careful elaboration of decision-

making procedures for the planning, design and
operation of such lines and the continuous com-
prehensive monitoring of their operation.

Thus, the travel time to the tourist location or to
the tourist mode of transport consists of the time of
access (arrival by other modes of transport) of pas-
sengers to the railway line, the travel time by rail
and the transfer time between rail and water
transport. The transfer time depends primarily on
the consistency of the schedules of these modes of
transport and the time to overcome the distance
between the terminals. However, first of all, it is
necessary to single out the factors directly related
to railway transport — the time of access of passen-
gers to the railway line and the time in the move-
ment of a high-speed train. You can use the utility
function to quantify the attractiveness of a trip.
Linear utility functions are often used as a utility
function in such problems [7].

In Fig. 3, the general function of the usefulness
of travel for the passenger is represented by a line-
ar relationship (3). The dependence of utility on
access time to the railway station, which, in turn,
depends on the number of stops on the line, in
some studies is presented as a convex function (1).
Then the difference between curves (3) and (1) is
a concave curve (2). It represents a utility function
of the duration of the trip, which depends on the
speed, which, in turn, depends on the number of
stops on the line.
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Fig. 3. The dependence of the usefulness of a tourist trip on the number of stops on
the route of a high-speed train

This feature is obviously declining. However,
we also argue that this concave shape of this curve
is correct, because the greater elasticity in the ini-
tial section of the speed reduction is in line with
the psychology of tourists, as small changes in
travel duration have little effect on decision-
making. To specify the utility function more precise-
ly, it is proposed to build it on the basis of a five-
parameter logistic function [5]. This approach will
make it possible to give it the desired shape, taking
into account the importance of utility and elasticity
at certain points in the field of its calculation.

Increasing the speed of trains on the line
through technical modernization of tracks, automa-
tion and rolling stock is often impossible or eco-
nomically impractical. Under such conditions,
a rational way to achieve this goal is the formation
of methods for organizing the movement of high-
speed trains and the development on their basis of
appropriate management technology.

One of the methods that allow to reduce the
movement time of passenger trains is the method
of «skip stop».

The idea of the method is that express trains of
several types run on the line, during the stop opera-
tion each train visits only a fixed subset of stations.
Skipping several stations allows you to reduce the

L

cycle time and increase the route speed.

Formation of the optimization model of man-
agement of routes of high-speed trains on a direc-
tion in the conditions of service of a tourist pas-
senger flow.

Skip-stop technology allows you to increase the
route speed on the line and reduce the frequency of
stops compared to the standard scheme of the or-
ganization; however, at the same time it can com-
plicate the planning process. In addition, this tech-
nology may result in the lack of direct communica-
tion between some stations on the route, but due to
the increase in speed, the line capacity is increased.
However, passengers who do not leave at the final
station of the route do not belong to the tourist pas-
senger flow, and therefore for them the speed has
little effect on the level of usefulness. For most of
these passengers, it makes little difference whether
a train belongs to the InterCity+, InterCity or regu-
lar interregional trains. Thus, although these pas-
sengers can be transported by other categories of
trains, it is still necessary to minimize the loss of
passenger traffic for high-speed rail companies and
maximize profits by attracting new passengers.
Thus, the objective function of the model, which
represents the profit of the railway operator, can be
written as follows:

k
C(X)zéticketN ZU #S
TS () (5
j=1

+

dec
+1))

#S #S

+iz > 8wtV (L5001, (55)-2x, (3))) > max, ()

i=L j=lb=j+1
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where 1, (s;), 1y (s,) — indicator of functions

that return the value 1 in the case of belonging to
the station s; or station sp to the set of stops X; i-th
train; X — vector of Boolean variables correspond-
ing to the inclusion of stops at the stations of the
route of all trains on the line; Xj— an elements sub-
set of the vector of Boolean variables correspond-
ing to the inclusion of stops at route stations for the
i-th train; k — the number of routes and trains on

the line; ©{° — stop time according to the schedule

acc

at the j-th station of the route; ;™ - additional

time for acceleration after stopping at the j-th sta-
tion of the route; t{* — additional time for braking
before stopping at the j-th station of the route; y;,

— passenger traffic between stations j and b; sj,sp—
elements of the plurality of stations representing
the j-th and b-th stations of the route, respectively;

8, —a variable factor that determines the relative

1y, (51) =1
1y, (545 )=1,
T j
#S #s
j1b=j+1
stop_std

where T; — standard stop time according to

the schedule at the j-th station of the route; q — pas-
senger capacity of one high-speed train on the line.

The first and second restrictions prevent the ex-
clusion of stations corresponding to the starting
and ending points of passengers. The third re-
striction prevents the reduction of train stops at
stations below the normative values. The fourth
restriction prevents the current number of passen-
gers from being exceeded after the disembarkation
operations at each station of the route for each
train. Thus, this objective function and the system
of constraints represent a mathematical model of
mixed-integer programming. The elements of the
variable vector o represent the relative shares of
passenger traffic and can take any value in the
range from O to 1. In fact, with the help of a vector
d we can get a detailed plan of ticket sales at all
stations of each train, which is important when

stop > Tstop_std

share of the total passenger traffic between stations
j and b, which is transported by the i-th train on the
line; #S — power (number of elements) of the set of
route stations; T,— the time the train is in motion,
provided that all stops are included in the route; L
— route length; C,,. — the average ticket price for
a tourist (passenger who goes to the final station of

the route); ¢l — ticket price between stations j

and b; U(...) — a function that returns the value of
utility depending on the route speed of the train;
N(...) — linear function that returns the value of
passenger traffic depending on the value of utility;
Sgn(...) —sign function.

This objective function is represented by a cri-
terion that expresses the income of the company-
operator of high-speed rail transport from the sale
of tickets in terms of tourist passenger traffic. This
objective function is subject to optimization with
the following restrictions:

i=1...k
i=1...k
, (@)

> Sij,byj’b(l—Sgn(lxi (s5)-1, (Sb)))(sj SS)(Sb >s)<q, VseS, i=1..k

planning speed on the line. Integer constraints are
imposed on vector elements, as they can only take
a value of 1 or 0, which corresponds to the pres-
ence or absence of a stop at a given station, respec-
tively. To solve problems of this type, specific al-
gorithms based on combinatorics, graph theory,
etc. are developed. In addition, to optimize the
model and obtain the result it is necessary to have
high-quality forecast data of passenger flows.

Formation of the forecast model.

The initial data for solving the forecasting
problem are the historical data of passenger flows
between the stations of the railway line on which
high-speed trains run, which are time series. Mod-
els based on the modern mathematical apparatus of
neural networks are a powerful tool, which is suit-
able for solving time series forecasting problems.
However, the difficulty is that the historical data of
correspondence of passenger flows can be repre-
sented not by ordinary time series, but by multidi-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/228106

42

© T. V. Butko, V. M. Prokhorov,
L. O. Parkhomenko, A. O. Prokopov, 2021


http://creativecommons.org/licenses/by/4.0/

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

Hayxka ta nporpec Tpancrnopty. Bickuk JIHinpornerpoBcbkoro
HALliOHAJIBHOTO YHIBEPCHTETY 3aJi3HHYHOTO TpaHcnopry, 2021, Ne 1 (91)

EKCILUIYATALIISA TA PEMOHT 3ACOBIB TPAHCIIOPTY

mensional ones. Theoretically, they can be predict-
ed separately, but in this case, it is necessary to
create a number of individual models that will be
equal to the dimensions of the multidimensional
time series, and also to configure or train them
separately. But the main disadvantage of this ap-
proach is that in this case, the relationship between
the data of parallel series will be impossible to take
into account. Predicting multidimensional time
series is a non-trivial problem that is almost impos-
sible to solve even with the use of modern neural
networks of standard architectures. Although there
are classical, regression-based models, such as the
vector autoregressive model (VARM). Regression
models are unable to predict data that, for example,
are affected by seasonal factors, and have many
other limitations. At the present level, such a prob-
lem can be solved only by using the latest devel-
opments in the field of artificial intelligence. In
2014, a model called the Generative Adversarial
Networks (GAN) [4] was proposed. This model is
based on the original algorithm of machine learn-
ing without a teacher, which is implemented on
a structure of two parallel convolutional neural
networks, which are configured to work against
each other. One neural network, called a generator,
generates new instances of data, and the other,

Historical data of multivariative
time series

a discriminator, evaluates them for authenticity.
Thus, the discriminator decides whether each copy
of the data it is considering belongs to the training
data set or not. This model was developed for pro-
cessing graphic images. However, multidimen-
sional time series can also be represented as graph-
ical images. The numbers of pixel lines correspond
to the numbers of elementary (one-dimensional)
time series, the numbers of pixel columns corre-
spond to consecutive moments of time, the numer-
ical values of the elements of time series represent
the intensity of pixels (shades of gray). The genera-
tor network (G) generates images using data matri-
ces that contain random noise. The discriminator
network (D) (Fig. 4) receives the generated images
and «real» images, which were obtained on the
basis of historical data of time series of passenger
flows. The purpose of the generator is to learn to
generate such images that the discriminator will
consider true and the purpose of the discriminator
is to learn to recognize «fake» images. As a result
of parallel training of both networks the generator
gets ability to generate such images which the dis-
criminator recognizes as «real». These images pass
through the discriminator and are interpreted as
multivariate time series forecast data.
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Fig. 4. Scheme of functioning of the multivariate time series forecasting model on the basis
of generative-adversarial network

The proposed forecast model based on the gen-
erative-adversarial network was implemented in
the Matlab environment. The simulation was per-
formed using real data on passenger flows on the
line connecting Kyiv-Pasazhyrskyi and Odesa-
Holovna stations. Fig. 5 shows the dynamics of
assessing the quality of the generator and discrimi-
nator networks during training. This graph shows

that the process of setting up both networks went
well, because the discriminatory network domi-
nates over the generator and at the same time, their
estimates do not approach the extreme limits (O or
1). The gradual decrease in the amplitudes of oscil-
lations also indicates the stabilization of both net-
works.
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Fig. 5. Dynamics of quality assessments of generator and discriminatory networks during training

Table 1 shows the actual data of correspond-
ence of passenger flows between stations and fore-
cast data obtained using the formed model for

April 24, 2019, as well as actual data for the previ-
ous week.

Table 1
Correspondence of passenger flows between stations on the line

, | sationof | station of 17.04]18.04] 19.04 [20.04]21.04] 22.04[23.04 24.04

boarding | unboarding fact fact | forecast | diff.
1 | Kyiv-Pass. | Vinnytsia | 26 | 43 44 | 46 | 47 | 47 | 44 | 29 33 4
2 | Kyiv-Pass. | Zhmerynka | 17 | 29 28 21 | 20 | 10 | 30 |18 18 0
3 | Kyiv-Pass. | Vapniarka | 22 | 32 24 36 | 24 | 13 | 31 |20 17 -3
4 | Kyiv-Pass. Podilsk 21 | 33 36 36 | 39 | 43 | 44 |20 20 0
5 | Kyiv-Pass. Odesa 375 | 703 | 698 | 693 | 757 | 672 | 713 [407| 402 -5
6 Vinnytsia | Zhmerynka | 29 | 49 | 40 | 45 | 47 | 36 | 44 |25 27 2
7 Vinnytsia | Vapniarka | 27 | 56 34 | 47 | 60 | 43 | 59 |28 24 -4
8 Vinnytsia Podilsk 11 6 16 13 | 15 | 24 | 21 |10 11 1
9 Vinnytsia Odesa 294 | 361 | 375 | 329 | 372 | 462 | 368 (246| 241 -5
10 |Zhmerynka| Vapniarka | 20 | 45 | 42 | 46 | 46 | 27 | 48 |32 32 0
11 | Zhmerynka| Podilsk 22 | 18 27 27 | 36 | 35 | 23 |22 22 0
12 | Zhmerynka Odesa 68 | 176 | 121 | 97 | 191 | 142 |145|94 91 -3
13 | Vapniarka Podilsk 15 | 33 39 39 | 28 | 28 | 32 |16 19 3
14 | Vapniarka Odesa 96 | 166 | 174 | 177|179 | 171 |170|97| 100 3
15 Podilsk Odesa 87 | 142 | 140 | 139|162 | 144 |149| 84 84 0
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The mean absolute percentage error used to as-
sess the quality of the time series forecast was
MAPE = 5.9583%. This accuracy of the forecast is
sufficient to develop a scheme of routes of high-
speed passenger trains.

Model optimization.

An abstract line with 15 stations was chosen as
the initial data for optimization of the formed mod-

el. The average distance between the stations is
40 km. The average values of stop, acceleration
and deceleration times are 1 min, 6 min and 7 min,
respectively. The running speed of the train is
160 km/h. Table 2 shows the data on the corre-
spondence of passenger flows between stations on
the line.

Table 2
Correspondence of passenger flows between stations on the line
frt: 1 2 3 4 5 6 7 8 9 |10 (11|12 | 13 | 14 15
1 - 20116 |13 (11|12 9 (3|5 |2 |4 |11 2 |13 489
2 - - |23|11| 5|15 3|4 3|1 |55 |5 12| 21
3 ~ | -] -]12|16|12|1|12|5 |5 |5 |6 |5 |5]| 24
4 — | -]-]-|5|7|18|7|8|6|8|2|1]1]| 12
5 — | -]-]-]-1]12|9|18|5|2|3|1|5 ]3] 12
6 — | -]l-]-]-]-]2|1|15|12|5|5|16|5 | 20
7 — | -]l-]-]-]-]-]12|12|5|11|18| 5 | 8| 13
8 -] =-]-]-]-]-|11|12|14|5 |11 || 11
9 — -]l -]1-]1=-]1-]=-|=|-|17|5|18| 5 |14 13
10 == =]=]=-]1=-]=-|-|-18|23|12|6 | 11
11 — == =]=1=-]1=1=|=|/=-|-12|41]2] 18
12 — === =1=1=1=|=/=-|=-|=-151]1]17
13 — === === === === 12| 19
14 S I = I ey ) ) R D 00
15 e e e

Since the objective function and the constraint
system represent a model of mixed-integer pro-
gramming, this problem belongs to the problems of
combinatorial optimization, and, therefore, its solu-
tion requires a search of a large number of variants
of vectors of control variables. The vector of varia-
bles must contain information about the presence
of a stop at all 13 stations (there are always stops at
the start and end stations). Then, when planning
the routes of only two trains at the same time, the
number of possible variants of the train running
plan will be:

N = 2K(#5-2) — 22(15-2) _ 9% _67108864. (3)

Since there are no general effective exact meth-
ods of solution for combinatorial optimization
problems of large dimension, it is expedient to ap-
ply modern approximate metaheuristic methods,
which include, for example, the method of genetic
algorithm (GA). The GA method is a method of
stochastic search, the effectiveness of which is due
to the reproduction of mechanisms for the devel-
opment of adaptation and transmission of heredity
of living nature, such as selection, crossing and
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mutation. Thus, for the use of GA, the solution
must be represented as a chromosome. In this case,
the chromosome contains genes containing Boole-
an variables that carry information about the pres-
ence or absence of stops at the route stations of
each of the trains.

To optimize the model, we used a floating-point
genetic algorithm (FPGA) with integer constraints
imposed on some variables. Fig. 6 shows the dy-
namics of convergence of the objective function
during the execution of the genetic algorithm using
a software product implemented in Matlab.
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Fig. 6. Dynamics of convergence of the objective function
of the genetic algorithm during model optimization

Since the standard GA procedures provide for
the minimization of the objective function, and the
objective function of the developed model is sub-
ject to maximization, the minimization of this
function, taken with a minus sign, was carried out.

train A

Fig. 7 shows a diagram of the running of two high-
speed trains on the line in terms of the use of rail-
way transport as an auxiliary in intermodal passen-
ger traffic in the service of tourist passenger traffic.

B A A AlB

8 13 14 15

train B

Fig. 7. Scheme of running two high-speed trains on the line,
obtained as a result of model optimization
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The optimization results indicate that the
formed model allows to save up to 90% of the po-
tential tourist passenger traffic and to process
about 50% of the passenger traffic between the
intermediate stations of the route.

Findings

The possibility of further development of tour-
ism and achievement of new quality standards in
any country requires modern transport. For high-
quality organization of cruises on sea and river
vessels, it is necessary to provide fast and comfort-
able delivery of passengers using other modes of
transport. Thus, high-quality organization of tourist
trips is impossible without modern technologies for
managing intermodal passenger traffic. An im-
portant role in organizing such trips can play high-
speed passenger transport as an ancillary mode of
transport. However, the success of its use in this
role depends on the ability to organize its work in
such a way as not to reduce the tourist attractive-
ness of the trip as a whole. In the analysis of fac-
tors influencing the attractiveness of the use of
trains as ancillary transport, it was found that the
key factor is the time of the high-speed train. The
introduction of modern technical means to increase
the running speed of trains on the line may be im-
possible or impractical. Under such conditions,
a rational way to solve the problem is to develop
technology for planning high-speed train routes
based on the method of skipping stops. The formed
mathematical model is aimed at preserving the
tourist passenger flow and at the same time the
maximum processing of passenger flows between
intermediate stations of train routes. This approach
will not only provide comfortable conditions for
transporting tourists, but will also allow railway
operators to maintain the level of profitability of
transportation. A linear utility function was used to
numerically represent attractiveness. In order to
obtain high-quality initial data for calculations,
a high-precision forecast model was formed. The
use of modern artificial intelligence technologies,
such as generative adversarial networks, has en-
sured high accuracy of forecasting and overcoming
the difficulties associated with multivariate time
series. The use of a modern mathematical appa-
ratus of genetic algorithms made it possible to find
a vector of variables in which the extremum of the

objective function is achieved with sufficient accu-
racy. Confident convergence of the genetic algo-
rithm in the process of solving the problem (Fig. 6)
indicates the adequacy of the formed model.

Originality and practical value

It should be noted that the method of skipping
stops has been used before, but mainly as a tempo-
rary regulatory measure without a certain mathe-
matical basis. However, in this study, it is used as
part of a mathematical model of mixed-integer
programming. It allows to actually get a compro-
mise solution, which is the basis for building
a scheme of operation of high-speed trains. This
approach provides an opportunity to maximize the
involvement of tourist passenger traffic in the im-
plementation of intermodal transport and maintain-
ing the profitability of high-speed rail operators.
Building a forecast model based on the generative-
adversarial neural network, the primary purpose of
which is image processing, to obtain accurate pre-
dictions of passenger flow parameters based on the
data of multi-variable time series is also a new sci-
entific approach.

Conclusions

1. The analysis of tourist trips with the use of
water modes of transport revealed the need to im-
prove the technology of intermodal passenger
transport to improve the performance of high-
speed trains in the case of their use as ancillary
transport. It was found that the main factor influ-
encing the attractiveness of tourist travel using
trains as ancillary transport is the duration of the
trip. It in turn depends on the precinct speed.

To numerically assess the dependence of the at-
tractiveness of a tourist trip on the speed of the
train, the use of the utility function is proposed.

2. In order to increase the route speed of high-
speed trains, it is proposed to improve the technol-
ogy of planning their work on the basis of the
method of skipping stops. Based on the use of this
method, a mathematical model of mixed-integer
programming is formed, which simultaneously
provides the attractiveness of tourist travel and
profitability for railway operators. In order to pro-
vide the optimization model with high-quality ini-
tial data, a model of passenger traffic forecasting is
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formed on the basis of modern neural network
technology, the error of which exceeds 6%.

3. Given the significant combinatorial complex-
ity of the problem, to optimize the existing model,
it was proposed to use the mathematical apparatus
of genetic algorithms. To this end, software has

been developed in the Matlab environment. The
optimization results indicate that the formed model
allows to save up to 90% of the potential tourist
passenger traffic and to process about 50% of the
passenger traffic between the intermediate stations
of the route.
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YaockoHaIeHHS TEXHOJIOTiI MACAKUPCHKUX IHTEPMOIAJIbHUX NepeBe3eHb i3
3aJIyYeHHAM 3aJII3HUYHOI0 TPAHCIOPTY B YMOBAX PO3BUTKY TYPH3MY

Merta. 3a OCHOBHY METy aBTOPH CTaBJISITh BU3HAYECHHS Ta METOIMYHE OOIPYHTYBAaHHS LUISAXIB MiABUIIEHHS ede-
KTUBHOCTI MACAKUPCHKHUX IHTCPMOAATIBHUX MEPEBE3CHb 13 3aIyUCHHIM MIBUAKICHUX TOI3/IB SIK JOMOMIXKHOTO BHILY
TPAHCIOPTY B YMOBaxX 31HCHEHHsS] MOPCHKHX Ta PIYKOBUX TYPUCTUYHUX Mopopoxeil. Meroguka. Y mporieci qocii-
JOKEHHS OyJI0 BUKOPHUCTAaHO: METOJ] ()aKTOPHOTO aHaji3y — JUIsl BU3HAUSHHs (haKTopiB, IO BIUIMBAIOTH HA TPUBAOIIH-
BICTH 3IIHCHEHHS TyPUCTHYHHX ITOJIOPOXKEH 13 BUKOPHUCTAHHSAM LIBHIKICHUX TO{3[iB SIK JOTIOMIXXHOTO TPAHCIIOPTY;
METO/]] POITYCKy 3YIMHHOK — JUIS 3’ICYyBaHHS NULAXIB MiJBUIICHHS €(EKTUBHOCTI BUKOPHCTAHHS IBHIKICHHUX IOi3-
IB SIK TOTIOMDKHOTO BHIY TPAHCIIOPTY I 4Yac 3AIHCHEHHS TypHCTHYHMX IOJOPOXKEH; METOAN MOOYy/IOBH Ta HaB-
YaHHS T€HePaTHBHO-3MarajlbHUX HEHPOHHUX MEpex — A1 JOPMYBaHHS MOJIENi IPOTHO3YBAHHS IAaCaKUPOIIOTOKIB,
Ha OCHOBI ICTOPUYHUX JaHUX MYJIBTUBAPIaTHBHUX YaCOBHX PSIiB; METOA TCHETHIHNX AJITOPUTMIB — JUIS ONTHMi3a-
il Mozesni 3MilIaHO-IIJIOYMCENLHOTO NPOrpaMyBaHHsI, sKa J03BOJISIE OTPHMAaTH ONTHUMAIIbHY CXEMY KypCyBaHHS
LIBUAKICHUX M0i3/iB Ha JiHii. Pe3yapTaTrn. I3 MeToro 30epekeHHs NPUBaOIMBOCTI 311HCHEHHSI TYPUCTHYHUX TOJ0-
pOXel Ta MiABHIICHHS MapIIPyTHOT MIBUIKOCTI MOi3/IiB 3aIPOMNOHOBAHO BIOCKOHAJICHHS TEXHOJIOTII MJIaHyBaHHS 1X
poOOTH Ha OCHOBI METOJY MPOIycKy 3ymuHOK. CHOpMOBaHO MaTeMaTU4Hy MOCIb 3MIlIAaHO-IIJIOYHUCETBHOTO TPO-
rpaMmyBaHHs, sIKa OJJHOYACHO 3a0e3rneuye NPUBAOIMBICTD 3IMCHEHHS TypHUCTHYHHMX MOAOPOXKEH Ta peHTabenbHICTh
JUIsl 3QJTI3HUYHKX OTepaTopiB. J[yis MiIrOTOBKK BUXIHUX JAHUX PO3POOJIEHO METOJI IPOrHO3YBAaHHS MACaKUPOIIOTO-
KiB Ha OCHOBI MYJIFTHBapiaTHBHUX YacoBUX psmiB. [Iponenypy ontumizarii chopMoBaHOi Mozeni Oy0 pealizoBaHO
Yy BHIJIAJII IPOTpaMHOTO 3a0e3rnedeHHs MOBOlo Matlab. HaykoBa HoBH3HA. Y poOoTi HaOyB MOAATBIIOTO PO3BUTKY
METO/] IPOIYCKY 3yNUHOK, SIKMH yrepiie OyI0 3aCTOCOBAHO JUIsl BIOCKOHAJIEHHS TEXHOJIOTI] IHTepMOAAIbHUX Haca-
KHUPCHKUX TIepeBe3eHb. 3aNpONOHOBAHO OPUTIHAJIBLHUN METO]| IIPOTHO3YBAaHHS MACAXKUPOIIOTOKIB HA OCHOBI MYJIb-
TUBAPIaTUBHUX YAaCOBHX PSIiB i3 BUKOPHUCTAHHSIM CYYacHOI MOAENI IeHepaTHBHO-3MarajibHUX HEHPOHHUX MEpEex.
IIpakTuuna 3Ha4ynMicTs. OTpUMaHi pe3yabTaTH CIPSIMOBAHI HAa BJOCKOHAJICHHS METOANYHUX MiIXO0AIB 110 Gopmy-
BaHHSI CYYaCHUX TEXHOJIOTIH 1HTEpPMOAAJIbHUX MAaCAKUPCHKUX IepeBe3eHb Ta pealizallii NoTeHIiany IBHUAKICHOTO
3aJIi3HUYHOTO TPAHCTIOPTY SIK OCHOBH BCEOIYHOTO PO3BUTKY TYPU3MY.

Kniouosi cnosa: iaTepMoiabHi MaCaKUPCHKI MEPEBE3CHHS; MIBUAKICHI 3aJII3HAYHI MACAKUPChKI MMEPEBE3CHHS;
METO/]] IPOIYCKY 3YIHMHOK; TeHETHYHI aJITOPUTMHU; HEHPOHHI MepeKi; NPOrHO3YBaHHS MYJIbTUBAPIATUBHUX YaCOBHX
PAAIB; PO3BUTOK TypU3MY
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Development of Analytical Methods for Calculating Time Standards for
Shunting Operations

Purpose. The article is aimed to conduct a historical analysis of the development of analytical methods for stand-
ardizing the duration of shunting operations, as well as assessing their compliance with the existing operating condi-
tions of railway transport. Methodology. The research in this article was carried out on the basis of an analysis of
literary sources and methods of the theory of the organization of the operational work of railways. Findings. The
standardization of the duration of shunting operations is one of the most important tasks of the theory of operational
work of railways. The existing method of standardizing the duration of shunting operations developed in the first half
of the 20th century and is used to this day. The performed analysis shows that the scientific principles underlying it
generally correspond to the modern conditions of the railway transport. Additional research in this area can be asso-
ciated with assessing the influence of the initial location of cars on the tracks on the average duration of shunting
operations, taking into account the influence of length restrictions of the cars groups being moved, as well as moni-
toring the implementation of established norms by statistical methods. The article also shows that the values of modern
time standards for shunting operations, in many cases, are set for technical means and technologies that were used in
railway transport in the 50—70s of the 20th century and do not correspond to the operating conditions of real stations
and sidings of industrial enterprises. Therefore, they require revision. Originality. In this paper, based on historical
analysis, the process of development of methods for setting the time for shunting operations is described and the
factors influencing the current value of norms are established. Practical value. The research results make it possible
to identify the reasons for the discrepancy between the existing time standards for performing shunting operations and
the real operating conditions of stations and sidings of industrial enterprises, as well as to establish the main elements
of the methodology for standardizing the duration of shunting operations that require revision.

Keywords: railway transport; railway station; private siding; shunting operations; time standards

Introduction operations is primarily performed at metallurgical
and mining enterprises, as well as in the seaports.
Recently, there have been significant changes in the
operating conditions of railway transport. An in-
crease in the share of own cars resulted in the need
for additional selection of cars according to the
owners, and the aging of the freight car fleet — ac-
cording to the technical condition. Under these con-
ditions, one of the most important tasks of the the-
ory of operational work of railways is the regulation
of the duration of shunting operations. The existing
methodology for standardizing the duration of
shunting operations was formed in the first half of
the 20th century. During this time, significant
changes have occurred, both in the conditions and

Shunting is one of the main elements of the
freight railway transportation. Shunting operation is
any movement of railway rolling stock along the
station and other tracks in order to provide train op-
eration and production activities of the enterprises.
Shunting includes all movements of rolling stock
along station tracks, including traveling outside the
station, as well as displacements along the sidings,
except for the movement of trains from and to the
railway line. Shunting operation requires significant
amount of time, fuel, and other resources. About
10% of expenditures associated with general rail
transportations are accounted for by shunting oper-
ation. Moreover, a considerable amount of shunting
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technology of railway transport operations, as well
as in the mathematical methods used to calculate the
norms. Therefore, studies aimed at performing
a historical analysis of the development of methods
for standardizing the duration of shunting opera-
tions are relevant. The issues of standardizing can
become even more relevant in the future with the
adoption of the new Law of Ukraine «On Railway
Transport». Its draft provides for the separation of
station services into a separate type of additional
and auxiliary services of the railway infrastructure,
as well as the presence of technological processes of
sidings operation at the enterprises.

Scientific methods of standardization of techno-
logical processes are based on their mathematical
models. At present, the methods of simulation of
technological processes on a computer are becom-
ing increasingly popular when assessing the perfor-
mance of railway stations and sidings of industrial
enterprises [1, 3, 6, 33-35, 37]. However, this in no
way diminishes the importance of developing ana-
Iytical methods that establish functional dependen-
cies between the performance indicators of railway
transport and the factors influencing them. These
methods make it possible to obtain the necessary es-
timates with insignificant labor costs; they can be
directly used in optimization procedures, as well as
make it possible to assess the influence of individual
factors on certain operation indicators of the railway
transport.

Purpose

The purpose of this article is to conduct a histor-
ical analysis of the development of analytical meth-
ods for standardizing the duration of shunting opera-
tions, as well as assessing their compliance with the
existing operating conditions of railway transport.

Methodology

According to the definition, standardizing is the
process of establishing maximum permissible or op-
timal regulatory values in various fields of activity.
One of the most common rationing problems, which
is solved in railway transport, is the standardizing
the duration of shunting operations. In the general
case, the value of the time standards for shunting
operations depends on the calculation methodology
applied, which establishes how and what opera-
tional indicators should be taken into account, and

depends on the established time standards for their
performing.

The regulatory and reference base that regulates
the process of standardizing the duration of shunting
operations in Ukraine is composed by the following
documents:

— «Methodology instructions for calculating the
time standards for shunting operation performed in
railway transport» [10], which regulate the process
of standardizing the duration of shunting operations
in the traffic economy of Ukrzaliznytsia JSC;

— «Service regulations of railway sidings» [19],
regulating the interaction of Ukrzaliznytsia JSC and
the enterprises-owners of sidings;

— «Manual for the design of industrial railway
stations (to Building Codes and Regulations
2.05.07-85)» [18], which regulates the procedure
for determining the required technical equipment of
the industrial stations under design;

— other normative and reference documents.

These documents contain calculation methodol-
ogies, time standards for shunting movements, pre-
paratory and final operations, and complex shunting
operations.

It should be noted that the methods for calculat-
ing the time standards for shunting operations set
forth in these documents have both common fea-
tures and differences. As an example, the formula
for time standard for train sorting can be considered.
According to [10], this standard should be estab-
lished from the expression

T, =Ag +Bn, @
and according to [18] from the expression

T, =1,2( Agk, + Bk, ke, +1, @)

cur
where 4, B —are constant coefficients, depending on
the method of performing shunting operation, meas-
ured respectively in min/cut and min/car;
g, n — respectively, the number of cuts and cars in
the train; kg, k, —repeat coefficients of sorting cuts

and cars; k., — coefficient that takes into account
increase in the time of sorting cars when the lead
track is located in the curves of a small radius; t., —

time for coupling groups of cars on the track, min.
Both of the given expressions represent linear

dependences of the duration of the shunting opera-

tion on the number of cuts and cars in the train.
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However, expression (2) takes into account a larger
number of factors and has a more complex structure
than expression (1). In addition, the presence of
a factor of 1.2 and a larger value of the coefficient
B leads to the fact that the calculation by formula
(2) for the same conditions gives a significantly
longer time standard for sorting cars as compared to
expression (1). Taking into account that both ex-
pressions describe the same process, documents
[10] and [18] require agreement. It should be noted
that the time standards for performing shunting op-
erations are directly or indirectly used to solve the
following tasks:

— substantiation of the sufficiency of technical
equipment for the development of the planned vol-
ume of work, or the need for its development;

— technical regulation of the work of railways;

— setting standards for the time and cost of
transport services during the preparation of con-
tracts for transport services between Ukrzaliznytsia
JSC and enterprises, as well as between enterprises.

Under these conditions, the problem of the ade-
guacy of time standards for shunting operations that
really occur in railway transport becomes very rele-
vant.

The research in this article was carried out based
on analysis of literary sources and methods of the
theory of organizing the operational work of rail-
ways. The problem of standardizing the duration of
shunting operations has more than
100 years of history, and many prominent scientists
in the field of railway transport have devoted their
work to its solution. Separate articles are devoted to
the study of the scientific contribution of these sci-
entists, which contain additional information on the
essence of the issue [16, 25, 26].

Findings

The issue of standardizing the duration of shunt-
ing operations has always been relevant for the or-
ganization of the operational work of railways. Ac-
cording to [4], engineer Rikhter I. 1., assistant of the
head of the Nikolayev railway proposed the first
standards for the organization of shunting opera-
tions at stations in 1877. . I. Rikhter emphasized the
importance of the problem of organizing shunting
operation in his work «Notes on the reorganization
of stations on the Nikolayev railway» published in

1878, where he indicated that about 40% of train de-
lays are associated with unsatisfactory organization
of shunting operations at stations.

According to [5], in the 30s of the 20th century,
there already existed a «Manual on the organization
of shunting operation at large stations.»

Subsequently, based on the prevailing theory of
shunting operation, the standard station of the Min-
istry of Railways of the USSR in 1955 developed
(in accordance with [27]), approved in 1956, and in
1957 published the «Guide for the technical stand-
ardization of shunting operation»[20] (hereinafter
referred to as «Guide»). Subsequently, the «Guide»
was reprinted several times in the USSR [21-24],
and after its collapse in the Russian Federation [11,
13] and in Ukraine [10]. An important factor that
must be taken into account when analyzing the
change in the time standards for shunting operations
is that until 1978 the standardization unit was an ac-
counting two-axle car with an estimated length of
7.5 m [20-23]. At the same time, in the problems of
rationing and planning, a four-axle car was taken
into account as two two-axle cars, a six-axle car —
as three, etc. After 1978, the standardization of the
duration of shunting operations began to be per-
formed for a four-axle car with an estimated length
of 15 m [24].

Scientific research aimed at developing methods
for setting the duration of shunting operations
started at the end of the 19th century and have not
lost their relevance to this day.

One of the main indicators that is subject to
standardization when performing shunting opera-
tion is the duration of shunting movement. To nor-
malize this indicator at the early stages of the devel-
opment of railways, the formula for the duration of
uniform movement was used. Thus, in [15, 17], to
determine the duration of shunting operations in
minutes, the following formula was used

_ 0061y, )

e Vmov ’
where |, — length of movement route, m; v, —
movement speed of shunting train, km/h.

The problem of using expression (3) to normal-
ize the duration of shunting operations is associated
with the complexity of estimating the value v, de-
pending on the operating conditions. Therefore, ex-
pression (3) is used, as a rule, only in educational
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literature, and in the practice of railways, other ap-
proaches are used.

The world's first scientific research related to the
study of shunting at railway stations was carried out
in the Russian Empire by an engineer (later profes-
sor) A. N. Frolov. In 1899, he performed the timing
of the duration of shunting operations at the stations
Rtishchevo and Atkarsk [29, 30]. Based on the sta-
tistical processing of the results of these observa-
tions, A. N. Frolov established a relationship be-
tween the number of cars in a shunting train and the
time spent on a shunting trip (movement of a loco-
motive or locomotive with cars with a change in di-
rection)

— in the daytime

t =3.6+0.10n;

mov
— in nighttime
to, =45+0.12n;

mov
—in average
t., =4.07+0.112n.

Professor I. I. Vasilyev performed an analysis
and generalization of theoretical studies based on
the traction calculations of engineers M. M. Pro-
todyakonov, A.M. Gribanov, and others, as well as
field observations of the operation of real stations.
Based on the studies performed, it was concluded
that the duration of shunting semi-trips (shunting
movement without changing direction) and shunt-
ing trips (shunting movement with changing direc-
tion) is linearly dependent on the number of cars in
the train.

t . =a+bn,

(4)

where a, b — coefficients, the values of which are
determined based on observations of the station op-
eration, measured respectively in min and min/car.

The results of these studies are published in [2].
This work also noted a significant difference in the
value of the coefficient a of expression (3), obtained
by Prof. Frolov A. N. based on time observations
and traction calculations. It is indicated that it is
caused by additional operations performed during
shunting movements, such as coupling and uncou-
pling cars, transmitting and receiving commands,
changing locomotive operating mode, etc. The
method for estimating the parameters a and b of the

mov

model (4) based on time observations is given in [2,
21]. At the same time, it was noted that during ob-
servations, one should record idle period and cases
of irrational methods of its performing. The imple-
mentation of these provisions of the methodology is
associated with a significant amount of subjectivity.
Moreover, in different conditions, locomotive driv-
ers can perform shunting at different speeds, which
is not fixed by the methodology [2, 21]. Therefore,
the collection and interpretation of statistics on the
duration of shunting operations is time-consuming
and must be performed by qualified observers.
«Guide» [21] also gives the network time standards
aand b for the semi-trips of displacement. The value
of the coefficient a was set depending on the move-
ment distance, and b on the movement distance and
the state of the brakes of cars in the train (engaged
or disengaged). Starting from the 3rd edition of the
«Guide» [22], only network time standards a and b
began to be published without a methodology for
obtaining them for each station. As a result, the con-
nection between the time standards for car displace-
ment and the local operating conditions of railway
stations and sidings was lost. Formula (4) was
adopted as the main method for standardizing the
duration of shunting movements since 1964 [21]
and was used until the collapse of USSR, as well as
in the Russian Federation until 1998 and in Ukraine
until 2003. The values of the coefficients a and b
were slightly corrected in 1972 in [23]. In 1978, the
values of the coefficients b were doubled due to the
transition to calculation in four-axle cars instead of
two-axle cars [24].

Modern studies of the dependence of duration of
shunting movements on the number of cars in the
train, the route length and the maximum allowable
speed [36], carried out based on the methods of
planning factorial experiments, indicate that there is
no reason to reject the linear dependence of the du-
ration of car rearranging on these factors.

In addition to the coefficients a and b for calcu-
lating the time standards for displacement of cars,
the coefficients a and b were also given in [20] to
determine the duration of cars movement performed
as part of complex shunting operations, such as
pushing, pulling, pulling back, idle trips, as well as
time standards for acceleration and braking of trains
during displacements and kicks. In [21], these
standards were transferred to the appendix, and,
starting from [22], they were no longer published.
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Alternative approach to assessing the duration of
shunting movements is based on performing trac-
tion calculations. In accordance with [2], engineer
M. M. Protodyakonov performed the first in the
USSR traction calculations for shunting operation
in 1929 and published in the work «Method for
comparing types of small stationsy. Due to the cum-
bersomeness of traction calculations and the lack of
accurate data for their implementation, the methods
for determining the duration of shunting move-
ments, based on a simplified solution of the motion
equation, were developed, such as the method of
Professor L. V. Odintsov [15]. In this case, the pro-
cess of movement is divided into three elements: ac-
celeration, movement at a constant speed, braking,
and the total time spent on moving locomotives and
cars is determined by the formula

0,06(1 . —I
tmov = tab + M + text ) (5)

Ve

where t,, —time spent on acceleration and braking,
min; |, — distance of acceleration and braking, m;
v, — constant speed movement; t,,— extra time

spent on coupling and uncoupling a locomotive or
locomotive with cars to the train, taken equal to
0.20-0.25 minutes.

The distance covered by the shunting train dur-
ing acceleration and braking, as well as the time
spent on acceleration and braking, were determined
by the formulas

2 2
= 4.17v; N 4.17v; ’ (6)
fo—w, f,+w,
Vv Vv

C C

t = ’
® = o(h —wy)  2(f, +w,)

where f,, f, — respectively, the specific traction
force and the specific braking force, kg/t (the di-
mension is given in accordance with the system of
measurements used by the USSR); w,, — specific
motion resistance, kg/t.

If 1., >, then the shunting movement in-
cludes all three elements (acceleration, movement
with constant speed, braking) and the time spent is
determined by expression (5). Otherwise, shunting
movement includes only two elements (acceleration
and braking). In this case, from expression (6), the

maximum permissible acceleration speed v, is es-

tablished, and the duration of shunting movement
was determined from expression

tmov :tab +text '

The proposed approach is rather cumbersome
and has not been applied in the practical work of
railways.

The formula that takes into account the permis-
sible movement speed during shunting, as well as
the procedure for its derivation, is given in [20] (for
the sake of commonality in this article, the time was
calculated in minutes, and in the original work [20]
the calculation was performed in seconds)

_(04PN)Via  0.08l,,

, 7
mov 120 v, S

max

where a — coefficient taking into account the time
required to change the locomotive speed by 1 km/h
during acceleration, and the time required to change
the locomotive speed by 1 km/h when braking
sec/km/h; B — coefficient taking into account the ex-
tra time to change the speed of each car in the shunt-
ing train by 1 km/h during acceleration and the extra
time to change the speed of each car in the shunting
train by 1 km/h when braking, sec/km/h per car;
Vo — Permissible movement speed during shunt-
ing, km/h.

In [20], the values of the coefficients were also
presented, which were a.=2.40 sec/km/h (includ-
ing 1.00 sec/km/h acceleration and 1.40 sec/km/h
braking) and B =0.10sec/km/h per car (including
0.04 sec/km/h acceleration and 0.06 sec/km/h brak-
ing of 1 car in the train).

In [28], expression (7) is somewhat modified
and presented in the form

_ (0 +BN)Viay  0.08l,

+1
mov 120 Y/

pf 1
max

where t — the time standard for preparatory and

final operations, which, according to [28], for semi-
trips of displacement is 0.2 minutes.

When deriving expression (7), it is assumed that
the shunting movement includes three elements (ac-
celeration, movement at a constant speed and brak-
ing). Therefore, this expression gives an incorrect
result for short distance movements, which consist
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only of acceleration and braking. To solve this prob-
lem, in [20], a figure was presented with the depend-
ences of the maximum speed of shunting movement
on the number of cars in the train and the length of

the route of displacement v, (1,.,.n). The princi-

ples of constructing these dependencies are not
given in [20]. A derivation of formula (6) similar to
[20] is given in [9]. It is also indicated here that the
maximum possible value of the acceleration speed
V... IS set from the condition of the ratio of the

max

power and traction force of the locomotive. The fact
that the maximum permissible acceleration speed
when moving over short distances is also limited by
the braking conditions is not mentioned in [9].
Moreover, the dependences V,, (I,0,,n) in [20] are

determined only at distances of more than 100 m.
Therefore, it is difficult to fully use the methodol-
ogy described in [20] for practical purposes.

Since 1964, after the publication of the second
edition of the «Guide» [21], expression (7) has not
been used to standardize the duration of shunting
operations. Expression (7) started to be used again
after the introduction of «Methodological guide-
lines for calculating the time standards for shunting
operations performed in railway transport» [11] in
the Russian Federation in 1998. In 2003, Ukraine
published its «Methodological guidelines for calcu-
lating the time standards for shunting operations
performed in railway transport» [10], which practi-
cally repeated the text of the Russian analogue. The
methodologies [10, 11] established the values of the
coefficients a=244sec/km/h and p=0.10
sec/km/h per car. In contrast to [20] in [10, 11],
there are no indications on the choice of the maxi-
mum permissible acceleration speed in (7), and ta-
bles 5.1-5.4 in these regulatory documents contain
incorrect standards for traveling over short dis-
tances. This fact is indicated in [7, 31]. To solve the
problem, it was proposed in [7] to calculate the time
standard for movement over distances less than

L (o Brvg,
a 7.2

according to formula

- /Imov((x+[3n)
mov 500 '

Additional questions to the methodology de-
scribed in [10, 11] arise due to the fact that the value
of the coefficient g = 0.1 sec/km/h for a four-axle
car with roller bearings exactly repeats the value of
the coefficient  in [20], established for
a two-axle car with slider bearings. It should be
noted that the standards [10] are still in force in
Ukraine. At the same time, in 2007, the Russian
Federation published the «Time standards for shunt-
ing operation performed at the railway stations of
Russian Railways JSC, the standards for the number
of shunting locomotive crewsy [13]. Here the tabu-
lar values of the time standards for displacement of
cars for short distances, as well as the values of the
coefficients a.=0.73 sec/km/h and
B=0.13 sec/km/h per car were corrected. In [13],

there is no information about the locomotives for
which the value of the coefficient o was obtained,
however, the accelerations that these locomotives
must realize during the displacement significantly
exceed the values of the accelerations described in
the literature, which are realized by shunting loco-
motives during intensive acceleration and braking
during kicks in the process of sorting cars.

An important element of shunting operation is
preparatory and final operations, such as switching
of points, uncoupling and coupling a locomotive,
coupling and uncoupling cars, inspecting cars, en-
gaging and testing cars brakes, fixing cars with
shoes and removing them, giving commands, re-
ports and their perception, etc. Also, significant time
expenditures are associated with the passage of
workers from one place of performing operations to
another. The need to account for these operations is
indicated both in the scientific and educational liter-
ature during the formation of the theory of shunting
operation in railway transport, however, no signifi-
cant attention was paid to the problem of standard-
izing and accounting for such operations. In partic-
ular, in [2] it is indicated that 0.2-0.25 minutes
should be added to the duration of the semi-trips to
give commands and change the locomotive move-
ment direction. In [15] it is indicated that it is nec-
essary to add 0.2 minutes to the duration of the
semi-trips for coupling and uncoupling of the loco-
motive to the train, etc. As specified in [27], accord-
ing to the data of standard station of the USSR Min-
istry of Railways, the time spent on preparatory and
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final operations when performing shunting of dis-
placement was set to one semi-trip, and the time
standards for preparatory and final operations dur-
ing sorting, collecting, pushing and inspecting of
cars to one accounting two-axle car. Also, the dura-
tion of individual preparatory and final operations
during the validity period of the 1st [20] and 2nd
[21] editions of the «Guide» can be estimated from
the tables with examples of calculating time stand-
ards for the stations. The third edition of the
«Guide» [22] contains a table «Standards of time,
min, for performing other operations» with standard
duration values of preparatory and final operations
for the railway network. The number of operations
in this table was supplemented from edition to edi-
tion, and if in [22] only 9 operations were indicated,
then in [13] 36 operations is indicated.

Considering that standard technical means are
mainly used in railway transport, the duration of ele-
mentary preparatory and final operations can be esti-
mated by the methods of mathematical statistics and
are recommended for use throughout the entire rail-
way network. At present, it is advisable to revise the
standards that have been in force since 1967, which
in many cases were established administratively.

It should be noted that the standards include both
the time standards for elementary and complex pre-
paratory and final operations. Considering that there
is no description of the actions performed in the pro-
cess of these operations, it is rather difficult to es-
tablish their compliance with the operating condi-
tions of a certain station. In particular, it is possible
to trace the change in the time standards for opera-
tions associated with the engagement of brakes of
the cars in the shunting train.

In [20], there is no time standard for engagement
and testing automatic brakes. The example shows
the calculation formula

t, =1.5+0.25n.

In [21], there is also no time standard for engage-
ment and testing automatic brakes. The example
shows the calculation formula

t, =2.19+0.30n.

After 3 years, the 3rd edition of the «Guide» was
published [22], starting from which the duration of
the operation of «engagement and testing automatic

brakes of cars in a shunting trainy started to be nor-
malized. In [22], the time standard was established

ty, =3.0+0.07n. (8)
In [23], the time standard was established
t,, =3.0+0.10n.

In [24], with the transition to standardizing for
four-axle cars, the standard was established

t, =3.0+0.14n. (9)

The same standard has been preserved in [10, 11,
13], but the name of the operation has changed and,
at present, it sounds like «charging the brake line
and testing the autobrakes of cars in a shunting
trainy. The absence of a list of elementary opera-
tions that the standard developers took into account
as part of the complex operation «engagement and
testing automatic brakes of cars in a shunting train»
or «charging the brake line and testing the au-
tobrakes of cars in a shunting train» does not allow
explaining the significant difference in the observed
values indicated in [20, 21] and the normative val-
ues in [22], the difference in examples on the stand-
ardization of shunting operation with local cars be-
tween [24] and [10, when, while preserving in [10]
the standard (9) from unchanged [24] (and in fact
(8) from [22]) a significant number of operations as-
sociated with the automatic brakes engagement
were added to the example.

In the 20s of the 20th century in the USSR pro-
fessor I. 1. Vasilyev, engineers V. S. Larionov,
N. A. Morshchikhin, and others investigated the
problems of standardizing the duration of complex
shunting operations. In the course of these studies,
based on analytical calculations, calculation formu-
las were obtained for assessing the duration of such
complex operations as sorting cars of a train into
several tracks, collecting cars from several tracks
into one train, blocking of trains, etc. The existing
methodology of standardizing the duration of com-
plex shunting operations is mainly based on the re-
search of Professor I. I. Vasilyev, the results of
which are detailed in [2]. This methodology is based
on the assumption of a linear dependence of the du-
ration of the shunting movement on the number of
cars in the shunting train (4), as well as the equal
number of cars on each of the tracks. Professor Va-
silyev examined the method of sorting cars by flat
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shunting and various methods of sorting cars by
shocks loose shunting. At the same time, flat shunt-
ing means when vehicles are continuously moved
from one place to another with engine attached.
Loose shunting means pushing vehicles by kicks
with the help of an engine and allowing them to roll
with engine unattached.

In particular, under such assumptions, the mini-
mum duration of sorting trains by flat shunting will
be determined by the formula (the formula from [9]
IS given)

T, =2a9 +bpn+2\/(ap +a, —a )b,ng  (10)
or

T, =Ag+Bn+C'\ng . (11)
where as, bs — shunting parameters for sorting and
pulling back semi-trips, min and min/car; ap, by —
shunting parameters for pulling semi-trips, min and
min/car; a — shunting parameters of trips of a single
locomotive for the next group of cars, min;
A, B’, C'— constant coefficients.

The time standards for loose shunting can also
be reduced to form (11).

The time expenditures on other complex shunt-
ing operations can also be calculated by analogy
with (11). In particular, the time expenditures on
collecting cars from several tracks to one can be es-
tablished by formula

T =Up+Fn+P.np.

where p — the number of tracks from which the cars
are collected; U', F’, P’ — constant coefficients.

(12)

Taking into account that the dependence Jng is

close to linear, then expression (11) can be simpli-
fied and presented in the form of expression (1).
Similarly, when the dependence is close to linear,

expression (/np (12) can be represented as

T.q =Up+Fn. (13)

It is the expressions (1) and (13) that are practi-
cally used in the operational work of railways.

In [32], a formula was derived for assessing the
time of sorting cars on the basis of expression (7).
As a result, it was established that the duration of

sorting cars can be determined by a linear depend-
ence (1). It was also assumed in the study that the
coefficients A and B in formula (1) significantly de-
pend on the length of the station necks.

The assumption of the equality of the number of
cars in cuts, when deriving formula (10), was ac-
cepted without justification, and in the 30s of the
20th century there was a rather intense debate about
the possibility of reducing the duration of car sort-
ing by taking into account the real size of the car
groups [12]. However, from a scientific perspective,
this issue has not been fully investigated. Also, the
methodologies for standardizing complex opera-
tions given in [2, 20, 21] do not take into account
the various restrictions that may occur in the opera-
tional work of railway stations, such as the length of
the lead tracks, the power of locomotives, etc.

Expression (10) contains only the time expendi-
tures on shunting movements. However, sorting of
cars includes a significant number of preparatory
and final operations. Mostly the number of these op-
erations is proportional to the number of shunting
movements. Some preparatory-final operations are
associated with the passages of shunting master
along the train, and the number of such operations
is proportional to the number of cars. In [2] it is rec-
ommended to take into account the time spent on
preparatory and final operations by increasing the
coefficients a. However, according to [20], the time
spent on preparatory and final operations was at-
tributed to one car of the train. In particular, during
the train breaking-up, extra time expenditures per
car were set at Cexrt = 0.12 minutes, when forming
one-group and two-group trains -
Cext = 0.2 min., multi-group — Cext = 0.3 min. With
this approach, the order of performing shunting op-
erations during the sorting process and the number
of parts into which the train is divided does not af-
fect the time spent on preparatory and final opera-
tions, which somewhat does not correspond to the
real process. However, in the then operating condi-
tions of the railways, the error in estimating the time
for car sorting was insignificant.

The development of methods for standardizing
the duration of shunting operations took place in the
period of the 30-50s of the 20th century, when the
crossing and carrying capacity of railway transport
significantly lagged behind the needs of the econ-
omy in transportations. Therefore, there was an ur-
gent need to intensify labor productivity, which had
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a significant influence on the value of the time
standards that were set for railway stations. The pro-
cess of performing field experiments to estimate the
value of the coefficients a and b of expression (10)
is described in [2]. These coefficients were estab-
lished for the conditions of sorting cars with slider
bearings in sorting yards without taking into ac-
count the operation of securing when switchers
switch points individually and give visual com-
mands to the locomotive drivers. In fact, the ob-
tained coefficients a and b represent the minimum
possible time spent on shunting movements in the
most favorable conditions. However, even under
these conditions, the value of the standard values of
the coefficients A and B in expression (1) is signifi-
cantly lower than the value of these coefficients,
which can be obtained by direct calculation accord-
ing to the data of educational and scientific litera-
ture. Explanation of the reason for this discrepancy
can be found in [20] and [21]. The method of sorting
cars by flat shunting in the works of the 30-50s of
the 20th century was described as outdated and at
that time, there was propaganda aimed at the wide-
spread use of various methods of sorting by loose
shunting. In accordance with the 1st edition of the
«Guide» [20], when setting the time standard for
sorting cars by flat shunting, it was taken into ac-
count that 50% of the sorting semi-trips were carried
out by flat shunting, and 50% by loose shunting.
Further, in accordance with the 2nd edition of the
«Guide» [21], it was taken into account that only
25% of the sorting semi-trips were carried out by
flat shunting, and 75% — by loose shunting. Starting
from the 3rd edition [22] of the «Guidey, the meth-
odology for deriving formulas was no longer pub-
lished, however, the values A = 1.01 min/cut and
B = 0.25 min/car given in it correspond to the con-
dition when 89% of shunting is performed by loose
shunting and only 11% by the flat one. It should also
be noted that due to the difference in time expendi-
tures on preparatory and final operations, in the 1st,
2nd and 3rd editions of the «Guide» [20-22], the
coefficients A and B were indicated for the train
breaking-up, as well as large, in relation to them,
time standards for the formation of group and pick-
up trains. In the 4th edition [23] of the «Guidey,
only lower values of the coefficients A and B were
left. In the 5th edition of the «Guide» [24], the time
standards for complex operations were recalculated
from two-axle cars into four-axle cars. Considering

that two-axle cars were excluded from operation as
early as 1965, in 1978 there were no significant
changes in the operational work of railways associ-
ated with a change in the structure of the car fleet.
Also, a comparison of the «Guides» of 1972 [23]
and 1978 [24] shows that the time standards for
movement and preparatory and final operations cal-
culated according to them have not changed signif-
icantly. At the same time, the standards of time for
complex operations were reduced by 19-25%. At
present, in many cases, sorting by loose shunting is
prohibited because the safety requirements of rail-
way workers, the safety of rolling stock and cargo
cannot be ensured. Flat shunting is performed en-
tirely in accordance with the definition of this
method, when the cars are moved by locomotive un-
til they stop on the tracks. Under such conditions,
the values of the time standards for sorting cars
given in [10] do not even correspond to the physics
of the processes performed during shunting. More-
over, since the 1950s, significant changes have
taken place in the operation of railway transport. In
particular, at present, in most cases, the switching of
points is performed not manually, but remotely,
which undoubtedly increased the safety level of
shunting operation, but led to the fact that the as-
sessment of the situation by workers is not carried
out directly, but according to data of devices, while
visual commands were replaced by verbal ones.
Therefore, the time spent on the preparation of
routes has increased in comparison with that
adopted in [24]. Moreover, in the case when the
sorting of cars takes place under conditions of elec-
trical centralization of switches and signals, the
shunting train should pass behind the oncoming sig-
nal, not behind the switch of changing the move-
ment direction, which increases the movement dis-
tance in comparison with [24]. The transition of
rolling stock from slider bearings to rolling ones
made it possible to significantly reduce the move-
ment resistance of cars and reduce the cost of train
traffic, but this resulted in an increase in the stand-
ards and a change in the order of train fixation. And,
finally, the introduction of radio communication al-
lowed one shunting master to carry out shunting op-
eration without an assistant, but at the same time the
number of movements of the shunting master be-
tween the work sites increased significantly and the
possibility of parallel execution of preparatory and
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final operations was lost. For these and other rea-
sons, the application of 70-40 year old time stand-
ards leads to significant differences between the es-
timated and observed duration of shunting opera-
tions.

The performed analysis shows that at present,
when calculating the time standards for complex
shunting operations, it is accepted that their duration
linearly depends on the number of elementary oper-
ations performed and the number of cars taking part
in them. These assumptions generally correspond to
the operating conditions of railway transport; how-
ever, they require clarification for shunting opera-
tions occurring under various restrictions.

To date, a significant number of differences in
the work of railway transport have accumulated
from the conditions for which the time standards for
complex operations were established in [20-24].
For this reason, in order to obtain reliable time
standards, it is not enough to carry out a propor-
tional increase in the norms, as it was done in [18],
but it is necessary to comprehensively revise the
standardizing methodology itself. Obtaining general
standards for public railway stations and sidings of
industrial enterprises is impossible due to signifi-
cant differences in technical equipment, staffing and
operation technology. In these conditions, it is ad-
visable to return to the practice of calculating indi-
vidual standards, which was performed during the
period of validity of the «Guidelines» of the 1st and
2nd editions [20, 21]. At the same time, methodo-
logical materials for the calculation should contain
process charts for all elementary and complex
shunting operations.

An important scientific problem in the field of
rationing the duration of shunting operations, which
has also not been resolved to date, is the determina-
tion of which value of the indicator is the norm. In
the general case, the duration of shunting operation
is a random variable, which is influenced by a sig-
nificant number of random factors. Ignoring this
fact leads to situations that are described, for exam-
ple, in [12], when the value close to the minimum
possible is set as a standard and, further, its devia-
tions are recorded. In this regard, it is advisable to
consider the possibility of adaptation and applica-
tion of statistical methods for controlling technolog-
ical processes based on Shewhart's charts [8] in the
process of shunting operation. These methods imply
the establishment of a set of control limits instead of

one standard value. The presence of such limits
makes it possible to establish not only the compliance
of the duration of individual operations with the es-
tablished standards, but also the compliance of the
standards with the ongoing technological process.

Originality and practical value

In this work, based on historical analysis, the
process of development of methods for standardiz-
ing the time for shunting operations is described and
the factors influencing the current value of the
standards are established.

The research results make it possible to identify
the reasons for the discrepancy between the existing
time standards for performing shunting operations
and the actual operating conditions of stations and
sidings of industrial enterprises, as well as to estab-
lish the main elements of the methodology for
standardizing the duration of shunting operations
that require revision.

Conclusions

1. Scientific methods of standardizing the dura-
tion of shunting operations, which are used in the
railway transport of Ukraine, were developed in the
30s of the 20th century. They are based on
a linear representation of the dependences of the du-
ration of shunting operations on the number of ele-
mentary operations and the number of cars partici-
pating in them. Modern time standards for shunting
operations were mainly established in the
50-70s of the 20th century.

2. To date, significant changes have taken place
in the operation of railway transport compared to the
conditions of its operation during the period of es-
tablishing the time standards for the duration of
shunting operations. In this regard, it is necessary to
carry out a comprehensive revision of these stand-
ards. For the existing operating conditions of rail-
way transport, it is advisable to move away from the
practice of applying general network time standards
for complex shunting operations and return to the
calculation of individual standards for individual
stations and sidings of industrial enterprises.

3. The applied calculation methods allow setting
the time standards for shunting operations with suf-
ficient accuracy for practical purposes. The issues
of standardizing the duration of shunting operations
under conditions of limiting the length of shunting
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trains, assessing the influence on the value of the shunting movements under conditions of using sta-
time standard of the initial distribution of cars onthe tistical methods of control technological processes
tracks, as well as standardizing the duration of require additional research.
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P03BHTOK aHAJITHYHUX METOAIB PO3PAaXyHKY HOPM 4acy Ha MaHEBpPOBI
omepauii

MeTta. ABTOpH CTaTTi CTaBIISTH 32 METY ITPOBEJCHHS aHAIII3y PO3BUTKY aHANITHYHUX METO/iB HOPMYBaHHS TPH-
BaJIOCTI MAHEBPOBHUX OIIEpaIliif, a TAKOXK OLIHKY IX BiJOBiTHOCTI HAsIBHUX YMOBaM POOOTH 3aJTi3HHYHOTO TPAHCIIO-
pty. Metoanka. JlochikeHHS B IIiif CTaTTi BUKOHAHO HA MiJICTaBl aHAI3Y JITEPaTypHUX JHKEPEI i METOJIB Teopil
opraHizauii ekcruryaTainiiinoi podotu 3amizHunb. Pe3yabTatnm. HopMmyBaHHS TpHBaJIOCTI MaHEBPOBHX OIlepariit
€ OJIHI€I0 3 HAHBAKJIMBIIIKNX 337124 Teopii eKkcIuTyaTaniitnol podoTu 3amizHuipb. HasiBHAa MeTOMKa HOPMYBAHHS TPH-
BaJIOCTI MaHEBPOBUX OMEpalliil ckyanacs B mepuriil momoBuHI XX CTOMTTS W BUKOPHCTOBYETHCS IO HAIINX THIB.
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EKCIUTYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

[IpoBeneHuit aHami3 MokKa3ye, 0 HAYKOBI MPUHIIKITY, 3aKJIaJICHI B OCHOBY 3a3HaYCHOT METOAMKH, Y I[IIIOMY BiAMOBI-
JTAIOTh YMOBaM POOOTH 3aTi3HMYHOI'O TPAHCIIOPTY. Y TOM ke Yac i3 pO3BHUTKOM MaTEMAaTUYHUX METOJIB 3 SIBUJIACS
MOXKJTUBICTh OTPUMYBATH OUJIBIIT TOYHI OIIHKM BUTPAT Yacy Ha MaHEBPOBI omepairii. ¥ cTaTTi moka3aHo, 10 3aCTOCO-
BYBaHi 3apa3 3HauUCHHS HOPMATHBIB Yacy Ha MAaHEBPOBI omepallii y 6araTbox BUIMAAKaX YCTAHOBIICHO JJIS TEXHITHHX
3ac00iB 1 TEXHOJIOTIH, Ki BHKOPHCTOBYBAJIN Ha 3alli3HUYHOMY TpaHcropTi B 50—70-Ti poku XX CTONITTS, TOMY BOHH
HE BIATOBIAIOTH Cyd4aCHUM YMOBaM poOOTH CTaHINH 1 Tia i3HUX KOJIH MPOMHUCIIOBUX MiIMPUEMCTB Ta BUMAaraloTh
nepersaay. HaykoBa HoBu3HA. Y 1ii poOOTI Ha MiZCTaBl aHAJI3y OMKMCAHO MPOIEC PO3BUTKY METO/IIB HOPMYBaHHS
yacy Ha MaHEBPOBI OMepallii Ta BCTAHOBJICHO (haKTOPH, IO BILIMBAIOTH Ha CydacHy BenuuuHy HOpM. IIpakTmyna
3HAYNMicTh. [IpoBe/IcHI OCITIIKEHHS J03BOJIAIOTh BUSIBUTH MPUYMHU HEBIIMOBITHOCTI MK HasSsBHUMH HOPMATH-
BaMU Yacy Ha BUKOHAHHS MaHEBPOBHX OMEpaIliil i peaTbHUMH YMOBAMH POOOTH CTAHIIIH Ta IMiJ’ I3HMX KOJIH MPOMH-
CJIOBUX TiAMPUEMCTB, a TAKOXK YCTAHOBUTU OCHOBHI €JICMCHTH METOJJUKH HOPMYBaHHS TPUBAJIOCTI MAHEBPOBHUX OIIe-
palliif, 110 BUMATaloTh MEePETIIsTy.
Kniouosi crosa: 3ani3HUYHUI TPAHCIIOPT; 3aJIi3HUYHA CTAHIIIS; i1 13HA KOJIis; MaHEBpOBa poOOTa; HOPMH Yacy
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Determination of Reserves for Reducing Delays and Increasing the Capacity
of the Street-Road Network in Gomel as a Factor of Reducing Losses
in Traffic

Purpose. Often, the existing level of traffic capacity of road network facilities in large cities is insufficient. This
is often due to the fact that urban growth is significantly ahead of the reconstruction and renovation of the corre-
sponding infrastructure. As a result, traffic delays of various kinds occur on city roads, accompanied, first of all, by
economic losses. Therefore, the search for reserves to reduce various types of losses associated with insufficient
traffic capacity of the road network when organizing urban traffic is the purpose of this work. Methodology To de-
termine the reserves for increasing the traffic capacity of the road network and reducing various kinds of delays, the
method of deterministic analysis was used, the method for calculating the cycle according to F. Webster, based on
the use of phase coefficients and time lost in the cycle (as the sum of transient intervals), the method for measuring
the intensity of car traffic in the traffic flow, as well as the methodology for calculating economic losses arising
from delays in the movement of vehicles. Findings. A study of delays and time expenditures and the corresponding
economic losses that occur at typical objects of the city's street-road network (regulated intersections) has been car-
ried out. The reserves of their reduction, and as a consequence, the increase in the capacity of both individual sec-
tions and the city's road network as a whole, have been determined. Originality. The use of this method on real ob-
jects of the road network allows developing the scientific interpretation of the methods used and expanding the
scope of their application. Practical value. Assessment of emerging problems of traffic capacity and associated
losses (including economic ones) makes it possible to determine the most promising ways to determine the traffic
capacity reserves and, as a result, reduce economic losses.

Keywords: traffic capacity; road network; accident losses; economic losses; infrastructure; road traffic

Introduction masked and merge with really inevitable costs, as
a result they get used to them and they seem to be
not noticed. However, they are almost equally dis-
tributed among all members of society as various
taxes. Economic losses mean unnecessary delays
caused, for example, by a speed decrease in com-
parison with the norm, as well as stops and over-
runs of transport, delays of passengers and pedes-
trians, excessive fuel consumption, wear or dam-
age to the vehicle due to poor-quality traffic condi-
tions, etc.

Traffic loss is the socio—economic cost of the
non-compelled costs of the driving process. When
determining economic losses from traffic delays at
a regulated intersection, a uniform speed of

In one form or another, losses are present in all
spheres of activity and, accordingly, have a differ-
ent form — from wasted time to human losses. At
the same time, almost any of them can be inter-
preted from the standpoint of the economy — to
calculate economic losses using (if necessary) the
cost estimates of objects and phenomena and the
corresponding coefficients. Losses in road traffic
are classified into economic, environmental, acci-
dent and social. In terms of scale, economic losses
significantly exceed all combined. In addition, this
type significantly affects the level of well-being of
the population of our country, however, they are

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/229169 © D. P. Khodoskin, 2021

65


http://creativecommons.org/licenses/by/4.0/

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

Hayxka ta nporpec Tpancnopty. Bicaux /IHinponeTpoBcskoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOrO TpaHcnopTy, 2021, Ne 1 (91)

3AJIIBHUYHA KOJIISI TA ABTOMOBUIBHI JOPOT'

60 km/h is taken as the normative one. Anything
that differs from this regime in the direction of de-
creasing speed and increasing unevenness is consid-
ered to be an unforced cost that causes losses. How-
ever, this speed at a controlled intersection is only
possible for transit traffic flows. At the same time,
for turning, especially for right-turning traffic flows,
in most cases it is physically unattainable, since it is
determined by a relatively small turning radius of
the trajectory of traffic flows [2, 3, 4, 5, 8, 9].
Turning radii are determined by many factors,
a certain number of which does not depend on the
organization of traffic, therefore they must be
measured, and not determined by calculation. Con-
sequently, less than 60 km/h speed of turning traf-
fic flows to some extent is a forced cost and does
not lead to losses. Therefore, in each specific case,
for turning traffic flows, it is necessary to deter-
mine the maximum speed, below which unforced
costs begin, which already lead to losses. The de-
termination of the reference speed of turning traffic
flows is carried out taking into account the tasks
being solved, depending on the turning radius of
the trajectory of the movement, which is deter-
mined according to the scale plan of the object.

Purpose

The existing level of traffic capacity in large
cities is rarely sufficient. This is often due to the
fact that urban growth is significantly ahead of the
reconstruction and renewal of the corresponding
infrastructure. As a result, traffic delays of various
kinds occur on city roads, accompanied primarily
by economic losses. Therefore, finding opportuni-
ties to reduce various kinds of losses associated
with insufficient traffic capacity of the road net-
work when organizing urban traffic is the purpose
of this work.

Methodology

To determine the reserves for increasing the
traffic capacity of the road network and reducing
various kinds of delays, the method of determinis-
tic analysis was used, the method for calculating the
cycle according to F. Webster, based on the use of
phase coefficients and time lost in the cycle (as the
sum of transient intervals), the method for measuring
the intensity of car traffic in the traffic flow, as well
as the methodology for calculating economic losses

arising from delays in the movement of vehicles.
And Rankin's «Traffic Loss Determination» meth-
odology was also used, with some changes corre-
sponding to the specific object of the road network
under study.

Findings

Economic losses at controlled intersections are
usually calculated only for controlled traffic. Eco-
nomic losses in uncontrolled traffic are insignifi-
cant — less than losses in controlled traffic, which
is explained by the low traffic intensity, so they are
not calculated. A certain compensation for these
losses is made by choosing the annual fund of time
for the operation of the road network facility and
a certain increase in the estimated traffic intensity
compared to the average value. Losses from traffic
and pedestrian traffic costs are calculated. Among
the costs of traffic, delays, stops, overrun and ex-
cessive fuel consumption are considered, and when
pedestrians are moving, delays and overruns. Of
greatest interest in the analysis of the object under
consideration are the costs associated with the
movement of vehicles. Transport delays and stops
are calculated for each lane in each direction, and
the losses caused by them are summed up within
the intersection. Over-mileage and losses from it
are determined only in the case of prohibition or
assignment of turns, which, as a rule, is accompa-
nied by over-mileage with all the ensuing conse-
guences. Losses from excessive consumption of
fuel are determined for the so-called calculated
total traffic flow. Pedestrian delays are determined
for each pedestrian crossing, and losses from them
are added up within the intersection. Pedestrian re-
passage and losses from it are determined only in
the case of the closure of the pedestrian crossing or
significant (more than 6 m from the pavement line)
assignment of the crossing from the intersection
[10].

Losses on the stretch are determined for
transport from delays, stops, over-mileage and ex-
cessive fuel consumption. Stops on the stretch can
occur in the event of overload, the presence of an
unregulated pedestrian crossing, etc., delays can
also occur when the average technical speed of the
traffic flow differs from the normative one
(60 km/h). In this case, losses from excessive fuel
consumption are also determined. The overtravel
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often occurs outside the investigated stretch, how-
ever, the losses from the overtravel are calculated,
since its cause lies in the investigated coordinated
direction.

When determining the cost of unit costs, the
value of the gross domestic product, the cost of
fuel, the cost of the car and its operation, as well as
the loss of profit by consumers (10% of the cost of
costs) due to irrational use of the car are also taken
into account.

The cost of excessive fuel consumption when
calculating losses at a regulated intersection was
included in the cost of delays, stops and overruns
of transport and is not calculated separately. The
numerical values of the specific overrun and spe-
cific overtravel are determined from the results of
experimental measurements or are specified in the
initial data. The values of specific delays, specific
stops and specific fuel consumption are determined
by calculation.

Using the example of a typical regulated inter-
section located in a residential area of Gomel-city,
we will consider measures to reduce delays and
thereby reduce economic losses.

This intersection connects Mazurova Street
with entrances to sleeping areas and to the parking
lot to the Almi and Vesta stores (Figure 1). Near this
crossroads there are residential buildings, bus stops
for route vehicles, various shops. Thus, the flow of
vehicles is diverse (cars and trucks, public

transport, etc.).

Fig. 1. The scheme of the investigated
controlled intersection

The main road, Mazurova Street, has a G2 road
category. Accordingly, there are two carriageways
— 2 lanes in each direction (entrances A and C), the
width of which is 4 m, however, when approaching

the intersection, there are additional lanes for mak-
ing maneuvers (turns left and right). Secondary
road — entrances to shops (entrances B and D) —
they have three lanes (two of which face the inter-
section), at entrance B the width of each lane is
3.5 m, and at entrance D the width of the carriage-
way is 9 m. There is a dividing strip on the Ma-
zurova Street. The main flows of vehicles move
from entrances A and C, the direction of their
movement is predominantly transit.

Traffic delays are a measure of the effective-
ness of traffic management. At a controlled inter-
section, they primarily depend on the quality of the
traffic light cycle, the optimization of which is one
of the ways to reduce economic losses. The traffic
light facility is one of the most significant places
where economic losses are concentrated, mainly
from delays and transport stops. In turn, delays and
stops of transport are the most important indicators
of the functioning of a traffic light object and their
determination is necessary when calculating and
optimizing a traffic light cycle [6, 7, 11, 12].

Knowing the average arrival rate q=1/T and
departure rate gu=21/Tw, as well as the duration of
the cycle (C) and the green signal (t;), we can de-
termine the total delay value by dividing it by the
number of cars passed, defined as:

n=q-C. 1)

In the first, very rough approximation, it can be
assumed that each stopped car is delayed for a time
equal to half the time the red signal is on. Since for
stopped cars, in the first approximation, the pro-
portion of the red signal in the cycle is proportion-
al, the specific delay is approximately equal to:

dztﬁ.tﬁ:i’s (2)
2 C 2-C

where ty, — duration of the prohibition signal on, s;
C — duration of the traffic light cycle, s.
Considering that ¢, =C-(1—1), we can
write:
_ 2
d zM (3)
2
where A— the proportion of the green signal in the
cycle:
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tZ
A c’ (4)
where t; — duration of green signal on, s.

This formula is used for rough calculations
when evaluating options for organizing traffic on
large sections of the road network, most often at
the initial design stage. However, this formula does
not take into account several very significant fac-
tors.

First, the arrival is far from uniform — both in
terms of the number of arriving vehicles at the stop
line per cycle, and the moment of their arrival
within the cycle itself.

Departure of vehicles from stop lines (satura-
tion flow) can be equally uneven, which is associ-
ated with the composition of the traffic flow, the
location of vehicle types in front of the stop line
(for example, trucks and buses first, and then cars,
or vice versa), and also an extreme variety of driv-
ing conditions. Finally, relatively short-term over-
loads are possible, when not all vehicles manage to
pass the stop line in a given cycle and remain for
the second, or even the third - fourth cycle. Taking
into account these factors and their combinations,
the calculation of the transport delay becomes
sharply complicated and it is almost impossible to
obtain accurate values. Therefore, the approach
proposed by F. Webster has gained widespread
acceptance, which considers two components of
the total delay - deterministic and random:

d=d, =d,, (5)

where d; — deterministic component, correspond-
ing to the uniform arrival and departure of the ve-
hicles; d2 — the random component, taking into ac-
count the random nature of the arrival and depar-
ture of the vehicle.

In expanded form, Webster's formula takes the
form:

d:c-(l—m2 N S
2-(1-1-X) 2-9-(1-X)

—0.65- X#** . 3 % , (6)
q

where X — the traffic load factor;

X=—I1_,
Qyy -
where q — arrival rate, auto/s; gqu — saturation flux,
autof/s.

It was found that the simplified Webster's for-
mula gives good enough results:

(7)

X2
q-1-X)

Webster's formula is not applicable in the area
of very high loads, when X — 1 and overloads,
when X > 1, which is clearly seen from its struc-
ture, where the expression (1-X) stands in the de-
nominator [1].

Pedestrian delays are determined by the formula:

d,=05-C-(1-2,)*,s (9)

where 4,, — the percentage of green signal in the
cycle for pedestrians.

For calculations, the lanes from entrance A will
be considered. In ten traffic light cycles, 8 cars
turned to the right, 17 cars turned left, 157 vehicles
turned straight (from the left lane 95 vehicles, from
the right 62). The intensity of traffic in the lane for
turning to the right is 48 auto/h or 0.013 auto/s,
along the lane for the left turn 102 auto/h or 0.028
auto/s, directly from the left lane — 570 auto/h or
0.16 auto/s, directly from the right lane — 372 au-
to/h or 0.1 auto/s.

Let us calculate the specific delay:

2
C-a-1"
1-1-X

d=045-

(8)

2
o 1-4)
d zf=10.32 S.

The load factor for each lane is:
Xt =102/(1800-0.51) =0.11;

X gpaignas =570/ (1800-0.51) = 0.62;

X, =48/(1800-0.51) = 0.05

right
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Delay of vehicles is:

_ 2 2
d,. =0.45. 86-(1—0.51) . 0.11 _
1-0.51.0.11 0.028-(1-0.11)
=10.1s;
86-(1—0.51)* 0.62°
dstraightl =0.45- ( ) + =
1-0.51-0.62 0.16-(1—0.62)
=16.4s;
86- (1—0.51)? 0.41°
dstraightz =045- + =
1-0.51-0.41 0.1-(1-0.41)
=13s;
_ 2 2
g = 0.45- 86-(1—0.51) . 0.05 _
1-0.51-0.05 0.013-(1-0.05)

=9.6s.

Pedestrian delay is:
2
d, =0.5-86-(1—£j =12.3s
86

Traffic at the intersection under study is of high
intensity and, as shown by the analysis results,
there is a high value of vehicle and pedestrian de-
lays. The investigated intersection is accepted for
analysis as typical for the city of Gomel. The num-
ber of objects of the road transport network in the
city with a similar configuration, traffic light con-
trol system and, as a consequence, and similar
problems in the field of traffic management is quite
large. In this regard, the data obtained can be used
as an analytical base for a certain segment of the
city's road network. From an economic point of
view, the magnitude of the delays obtained can be
characterized using the approved reduction coeffi-
cients, which take into account not only the magni-
tude of delays in seconds, but also their type (de-
lays of pedestrians, vehicles of various types).
Since the processes occurring in the world econo-
my and the country's economy do not allow an un-
ambiguous assessment of economic losses in na-
tional monetary units in the long term, the corre-
sponding reduction coefficients can be used only
taking into account the reduction to conventional

monetary units and subsequent conversion into the
national currency as of a specific period. This ap-
proach will allow the obtained results to be as
close to real ones as possible and will make them
comparable in different time periods. The resulting
value of economic losses from delays only at the
considered intersection (as one of the most com-
mon types of intersections in Gomel-city among
the objects of the road network) is about 5-6 thou-
sand Belarusian rubles (or 2300 conventional mon-
etary units) in year. However, if we take into ac-
count the losses associated with delays in the
movement of specialized vehicles (ambulances, the
Ministry of Emergency Situations, other special-
ized vehicles), then this amount may increase sev-
eral times. If we take into account the economic
losses for all similar objects of the street and road
network, then the annual amount can reach 2-3 %
of the city budget (about 2 million conventional
monetary units per year). Thus, it is necessary to
strive to reduce vehicle delays, increase the traffic
capacity of road network facilities (in particular,
regulated intersections), which will lead to an in-
crease in traffic speed, a decrease in travel time,
fuel consumption, gas pollution and noise.

Originality and practical value

It is important to note that although the method
used to analyze the capacity of the selected object
of the road network is not completely new, howev-
er, its application in the course of a comprehensive
assessment of economic losses arising from delays
on sections of the road network and their insuffi-
cient capacity allows the best not only to determine
the emerging economic losses, but also, as a con-
sequence, on the basis of the results obtained, to
determine the most promising ways to determine
the capacity reserves and reduce economic losses.
The use of this method on real objects of the road
network allows developing the scientific interpre-
tation of the methods used and expanding the
scope of their application.

Conclusions

In conclusion, it should be noted that the main
possibilities for reducing delays and the corre-
sponding loss of time (and, as a result, economic
losses) can be called the use of a number of
measures associated with changing the structure of
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the traffic light cycle. Since at the intersection un-
der study, in direction A, the two middle lanes are
considered more loaded, it is proposed to optimize
the traffic light cycle at this intersection.

The regulation cycle is 86 s, the duration of the
green signal for pedestrians is 40 s. After the opti-
mization of the traffic light cycle (namely, chang-
ing the duration of the green signal for pedestrians,

taking into account the equipment with a safety
island) using a specialized software product, pe-
destrian delays slightly increased, however,
transport delays in the two middle lanes decreased
by 3 seconds. In addition, this will also lead to
a reduction in cases of violation of road traffic
rules by pedestrians (namely, crossing a passing
part at a prohibiting traffic light).
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BusHaueHHsi pe3epBiB 3HMKEHHS 3ATPUMOK i 30/IbIIIEHHA MPOILYCKHOI
3aTHOCTi BYJIMYHO-A0POKHBOI Mepe:xki M. 'oMeJib IK (PAKTOP CKOPOYEHHHA
30MTKIB B IOPOKHbOMY PYCi

Meta. Yacto HassBHHI piBeHb NMPOIMYCKHOI 3JaTHOCTI 00’ €KTIB BYJIMYHO-IOPOXKHBOT MEPEXKI y BEIMKHX MicTax
OyBae HemocraTHIM. Lle moB’s13aHO mepenyciM i3 THM, IO 3POCTaHHS MICT 3HAYHO BHIIEPEIKAE PEKOHCTPYKIIO
1l OHOBJIEHHS BIIIOBIIHOT IHPPACTPYKTYpH. SIK HACHIIIOK, HA MICBKHX JIOPOTaX BUHUKAIOTh 3aTPUMKHU PyXY Pi3HOTO
XapakTepy, CyNpoBOKYBaHI EKOHOMIYHUMH 30UTKaMu. ToMy MOUIyK pe3epBiB [Jisi 3HWKEHHS PI3HOTO POAY 30MT-
KiB, MOB’s13aHMX 13 HEJOCTaTHHOIO MPOITYCKHOIO 3/1aTHICTIO BYJIMYHO-IOPOXKHBOI MEPEXi MiJ yac opraHizamii Mich-
KOT'0 IOPO’KHBOTO PyXy, € MeTOlo Hiei pobotn. MeToauka. i1 BU3HaUCHHS pe3epBiB 301IbIICHHS MPOMYCKHOI 3/1a-
THOCTI BYJIMYHO-TOPOKHBOI MEPEeXi Ta 3MEHIICHHS Pi3HOIO POy 3aTPUMOK 3aCTOCOBaHO METOIHUKY ACTEPMiHOBA-
HOTO aHaNi3y, METOANKY PO3paxyHKy nukiy 3a @. BedctepoM, 3acHOBaHY Ha BUKOPHCTaHHI (pa30BUX KOeQIIli€HTIB
1 BTpaueHoro B MUK Yacy (SK cyMy MEepeXiTHUX iHTEpBajiB), MCTOIUKY BHUMIPIOBaHHS iHTEHCUBHOCTI PYXY aBTO-
MOOLTIB Y TPaHCHOPTHOMY IOTOI, @ TAKOXK METOJUKY PO3PaXyHKy €KOHOMIYHHX 30WTKiB, II0 BUHUKAIOTH Y pasi
3aTPUMKH PyXy TPaHCHOPTHHX 3aco0iB. PesynbraTrn. [IpoBeneHo mociijkeHHs 3aTPUMOK pyXy Ta BUTpAT 4dacy
W BIAMOBIIHUX iM €KOHOMIYHHMX 30UTKIB, XapaKTEPHUX AJISl TUIOBUX 00’ €KTIB BYJIMYHO-IOPOXKHBOI MEpexi micra
(perynboBaHUX TEpeXpecTh). Bu3HaueHO pe3epBH iX 3HMKCHHS 1, SIK HACIIJOK, 30UIhIICHHS MPOIYCKHOI 3JaTHOCTI
SIK OKPEMHX IIEPErOHiB, TaK 1 B LIJIOMY BYJINYHO-I0POXHBOI Mepexi micra. HaykoBa HoBH3HA. 3acTOCYBaHHS 3a-
3HAUEHOT0 METOJy Ha pealibHUX 00’€KTaX BYJIMYHO-IOPOKHBOI MEpEkKi JO3BOJIMIIO PO3BUHYTH HAYKOBE iHTEpIIpe-
TyBaHHS BUKOPHCTOBYBaHMX METOAMK 1 pO3IIUPHTH iX chepy. [IpakTuuna 3HaunmicThb. OuiHKa HassBHUX MPo0IeM
MIPOIYCKHOI 3aTHOCTI ¥ CYymyTHIX 30MTKIB JO3BOJII€ BU3HAYMATH HAWOUIBII MEPCIICKTHUBHI pe3epBH 301TbIICHHS
MIPOIYCKHO 3TATHOCTI 1, SIK HACIIOK, 3HUKCHHS CKOHOMIYHHX 30HUTKIB.

Knrouogi cnosa: mpolryckHa 31aTHICTB; BYJIHYHO-IOPOXKHS Mepexa; aBapiliHi BTpaTH; eKOHOMIYHi BTpaTH; iH-
(bpacTpyKTypa; JOPOXKHINA pyX
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Improvement of Video Measuring Systems for Electric Traction Network
Diagnostics

Purpose. The purpose of the article is system analysis of the state of electric traction networks, as well as methods
of complex diagnostics of the contact network from a moving laboratory car to increase the resolution capability of
the systems for monitoring the quality of interaction between the contact network and current collectors.
Methodology. The problem was solved by theoretical analysis and experimental studies of the current collection
parameters, a generalized model of the device for monitoring the wear of the overhead wire and its functional units in
order to determine the factors affecting the control error, as well as the development of methods that reduce the spec-
ified error. The apparatus of factor analysis, the theory of optoelectronic circuits and methods of statistical information
processing were used. Findings. Innovative approaches and qualitatively new diagnostic tools are proposed that allow
expanding the functionality of the laboratory cars for testing the contact network for power supply enterprises of
electrified railways, industrial and urban electric transport. Hardware and software have been developed to improve
the system for measuring the parameters of the overhead wire and other components of the contact network.
Originality. The theoretical maximum permissible, from the point of view of the contact network operation, error in
monitoring the wear of the overhead wire and other components of the electric traction network has been determined.
A method for increasing the resolution capability of a stereo television system and an adaptive lighting system is
proposed. It consists in preliminary image transformation and expansion of the dynamic range of image measurement.
The ways of introducing a high-speed real-time compression algorithm and using LED backlighting are proposed.
Practical value. The quality of the contact network diagnostics in difficult conditions for video surveillance has been
improved. A camera with a built-in image compression module without losing its performance is proposed, which
allows capturing and transmitting full-frame images to a computing complex for the application of new diagnostic
algorithms for contact network components. The modernized video measuring systems for the wear of the overhead
wire for monitoring the grounding of the contact network supports are proposed, as well as elements of track facilities
located in the visibility zone of specialized cameras, which ensure the operability of the systems at any time of the
day at speeds up to 160 km/h. An air curtain subsystem was implemented to protect the cameras.

Keywords: diagnostic systems; contact network; overhead wire wear; optical measurement methods

lines of railways and urban electric transport is
Introduction a contact network (CN), the failures of which lead
to delays of trains, urban electric transport and, as
a consequence, to economic damage [1-12]. Anim-
portant feature of the CN is its participation in the
current collection, which causes the appearance of
loads requiring the improvement of interaction

The basis for ensuring the traffic safety is sys-
tems for diagnosing the state of infrastructure de-
vices, which allow predicting their possible failures
and eliminating emergency situations in
a timely manner. A non-redundant link of electrified
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models of current collectors with the CN and the de-
velopment of a theory of high-current contact to im-
prove the diagnostic systems [3, 14]. The unique-
ness of the CN places high demands both on the de-
sign of its devices and to the methods of their tech-
nical operation [4, 7].

Reliable and economical operation of the CN is
impossible without automated diagnostic devices
that allow detecting the locations of malfunctions or
other aberrations, as well as analysing them to de-
velop managerial decisions to ensure the uninter-
rupted movement of the rolling stock [9, 11-13, 16].

Railway and industrial companies in many
countries strive to eliminate interruptions in the
movement of trains and electric industrial and urban
electric transport through high-quality diagnostics
of the CN and malfunction repair. In this case, the
economic aspect associated with the optimization of
the service life of the CN devices and, first of all,
the overhead wire (OW) plays the most important
role [7, 8].

Today, the triangulation method for determining
the height and zigzag of the OW, the phase measur-
ing method based on the use of light sources, the
method of monitoring the position of the video cam-
era system and OW wear are known in application.
The existing methods are based on one of two basic
principles: contactless measurement or contact one,
when the sensor is installed on the current collector
and touches the overhead wire. Using the contact-
less systems, measurements can be made at any
movement speed, but the measurement accuracy is
reduced. Contact systems have higher accuracy, but
they provide measurements at low speeds [15, 17].

The optical method of automatic control in-
volves installation of several optical systems on the
roof of the laboratory car for testing the contact net-
work (LTCN), which films the catenary suspension
with supporting structures on the move from differ-
ent points and transfers the resulting images to
a storage unit.

In the measurement system, specialized high-
speed television cameras are used, and fan-shaped
raster pulse laser illuminators are used to illuminate
the overhead wires.

On the German Railways Network (DBAG), for
monitoring small devices, such as bolt heads or torn
wire strands of the carrier cable, the optics resolu-

tion is 1-2 mm, and the flash duration when illumi-
nating the object should not exceed 45 ps. When
measuring the OW wear, comparison with previous
results is not required. A comparison with the cross-
section of the new wire is enough here. The meas-
urement accuracy of this type is 0.1 mm, and a de-
crease in the wire thickness can be detected already
at a length of 2-3 cm [15, 17].

In recent years, qualitatively new diagnostic
tools have been developed based on video measur-
ing systems. Their speed and detection reliability
when diagnosing the CN elements have been in-
creased. Computing power has been significantly
increased, new more advanced photoreceiving com-
ponents and image processing algorithms have been
developed [9, 13-17]. Therefore, there is
a scientific problem of improving video measuring
diagnostics systems to ensure reliable and econom-
ical current collection on electrified lines of rail-
ways and urban electric transport.

Purpose

The main purpose of the article is a systematic
analysis of the state and development prospects of
electric traction networks of electrified railways and
urban electric transport, the development of hard-
ware and software for improving video measuring
diagnostic tools and expanding the functionality of
laboratory cars for testing the contact network.

Methodology

In our opinion, in the current situation, it is nec-
essary to solve the problem of complete replace-
ment of most of the devices of electric traction net-
works of railways and urban electric transport by in-
vesting significant funds in modernization. This is
evidenced by the experience of foreign countries.
On many railway sections of transport corridors, as
well as in large cities, a new CN is required, and
only in this case safe and economical operation of
the power supply for train traction system and urban
electric transport will be ensured [6, 14].

The problem of increasing the resolution capabil-
ity of the quality control systems of the current col-
lectors and CN’s interaction from the moving labor-
atory car was solved using a complex approach. This
approach includes theoretical analysis and experi-
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mental research of the parameters of the control ob-
ject — overhead wire (OW), modelling of the control
device of the wear of overhead wire and its func-
tional units, determination of factors influencing the
control error [3, 4, 7, 10]. At the same time, the ap-
paratus of factorial analysis, the theory of optoelec-
tronic circuits and methods of statistical information
processing were used to determine the theoretically
maximum allowable error in monitoring the wear of
the OW and other components, from the point of
view of the operation of CN.

Findings

Analysis of the state and development prospects
of electric traction networks of railways and urban
electric transport. At all stages of the development
of railways, electrification was the leading link in
their reconstruction, qualitatively changing the op-
erational work (Fig. 1). For the period 1994-2011
more than 1700 km of the operational length of rail-
ways were electrified, the polygon of electrified
lines was increased by 21%, while the volume of
electric traffic increased to 89.7%. The highest elec-
trification rates were achieved in 2011-2012 on the
sections of the accelerated movement of passenger
trains with an operational length of 176 km. The
specific weight of the length of electrified lines in-
creased to 47.3%, and the specific weight of electric
cargo turnover was more than 91.2% [1].

The task of further electrification was planned in
the volume of phased implementation: in total for
the period 2013-2020 — about 1 841 km. However,
this program failed. At the same time, in recent
years, there has been a tendency for the develop-
ment of urban electric transport in large cities.

The rate of ageing of power supply devices,
given the existing funding shortfall, continues to
outstrip the rate of reconstruction. The length of the
electrified lines operated beyond the average period
(40 years) increased from 5012 km (or 52.0%) in
2007 to 6393 km (or 62.3%) in 2012, and in 2020
up to 6820 km (or 67.9%). Today, 73% of the total
number of traction substations of urban electric
transport operate with a service life of more than
40 years, and 43% with a service life of more than
50 years. Thus, a complete reconstruction of more
than 80% of the length of the contact network and
traction substations of urban electric transport is re-
quired. There is no global experience in operating

a contact network with such ageing rates. Specific
damage to CN, which has served for 40 years or
more, is 2.7 times higher than in the sections with
a service life of 10 years [1, 2].
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Fig. 1. Specific weight of electric traction
in the railway network length and
in the total cargo turnover

Analysis of the replacement dynamics of the
main CN devices (Fig. 2) shows that the average
values and root-mean-square deviations (shown in
brackets) have the following values: overhead wire
— 188 km (80 km); carrier cable — 134 km (79 km);
high-voltage insulators — 40 thousand pcs.
(17 thousand pieces); supports — 2340 pcs.
(751 pcs.). Thus, the existing rate of replacement of
the main devices of the CN is incommensurate to
the rate of their ageing, and since 2021, it can cause
a snowballing growth of failures [2].
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Fig. 2. Replacement dynamics of the main
elements of the CN
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Analysis of the number of damages at all junc-
tions of the CN of the railways for different periods
shows that the most often fail the overhead wire and
cables, insulators, droppers, clamps and parts.
Fig. 3 shows the failure dynamics of these devices
for railways. This is explained by the fact that struc-
turally all other elements of the CN are designed to
support the OW in the set position. Failures of any
element of the CN often result in OW failure. On the
other hand, the OW is the element of CN that di-
rectly interacts with the current collector. Interac-
tion with the current collector during the current col-
lection process causes intensive ageing of wires and
a large number of sudden failures caused by mal-
functions of the electric rolling stock.

140 1
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—a— Wires and cables

—
(=]
(=)

i Insulators

o0
=
1

Clamps and parts

2015

oY
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Failure number
=
=

[
=
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Fig. 3. Failure dynamics of the most damageable

catenary devices

Over the past 10 years, there has been a tendency
for an increase in the number of CN failures due to
mechanical and electromechanical wear of drop-
pers, as well as clamps and parts. The height deple-
tion of the support structures, which occurred on
a significant part of the polygon due to multiple
track repairs, also became a problem. The specified
problem can be solved only with the overhaul repair
of the CN [2].

Calculations have shown that over the past
10 years, there have been changes in the failure
risks, which reflected the growth of ageing, wear
and degradation processes of the CN. The most sig-

nificant is the risk of OW failures. The risk of fail-
ures of catenary suspension and current collectors in
monetary terms is so great that it requires drastic so-
lutions in the field of investments both in overhaul
repair or construction of new catenary suspension
and current collectors of electric rolling stock, and
in new systems for diagnostics of current collection.

Analysis of damage to power supply devices for
urban electric transport shows that the overwhelm-
ing amount of damage is accounted for by contact
networks, especially in the sections with
a service life of more than 40 years. Significantly
less damage occurs at traction substations (TS).
Damage distribution by the types of devices:
CN —49.7%; TS — 5.4%; cable lines and trackways —
44.6%.

The ratio of mathematical expectations and root-
mean-square deviations of damage to the contact
network and current collectors as a result of delays
of trams and trolleybuses in percent of the total
number of delays over the past 10 years are as fol-
lows: 194.5 and 15.5, which is 64.3% and 3.4%, re-
spectively.

The need to expand tram and trolleybus lines and
modernize power supply devices in a resource-sav-
ing environment requires new technologies for the
design, construction and operation of infrastructure
facilities. For the first time in Kharkiv,
a new generation of traction substation with dry
transformers, 12-pulse rectification circuits, digital
protection and equipment diagnostics was put into
operation, ensuring operation according to condi-
tion. It is necessary to create automated systems for
laboratory cars for testing CN of trams
(LTCN-T), which recognize hidden defects in CN
(Fig. 4), as well as laboratories on the basis of trol-
ley buses or trucks for trolleybus CN. This task is
posed in our country for the first time [7-12].

The modern LTCN-T include an optical-me-
chanical unit; laser fast-acting system for OW diag-
nostics; video surveillance and information pro-
cessing system; additional power supply system;
complex control panel and functional panel; rota-
tion angle sensors, stresses, lateral displacements,
ambient temperature, car movement speed.
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Fig. 4. LTCN-T:
a — appearence; b — workplace in the car;
¢ — operation of the video surveillance system and information processing synchronously
with the determination of the car geolocation

LTCN-T allows controlling the current height
position, OW displacement; OW suspension de-
fects; OW wear; distance travelled; movement
speed; ambient air temperature; CN voltage;
GLONASS/GPS coordinates; CN state with the
help of video recording.

The tram laboratory for a comprehensive assess-
ment of the infrastructure state, in addition to the
LTCN-T parameters, allows performing measure-
ments of track depression and alignment, longitudi-
nal track gradient, acceleration on the bogie and
body, track width, rail wear, CN support dimen-
sions, as well as video monitoring of the rail track,
connections of assembling joints, connection of
supply cables, inter-rail connections.

For example, a specialized video system
(Fig. 4, c) records a video image, the viewer of

which is shown on the screen. The programs work
synchronously. This makes it possible to stop the
tape in the places where clarification is needed (for
example, a large zigzag), enter the video program at
this place and take a photo with the necessary com-
ment to analyse, issue to the repair site and for ser-
viceability.

The use of LTCN-T allows obtaining objective
data on the CN state, conducting an automated as-
sessment of the CN state by one or several passes,
linking the measurement results to a place on the
map and performing video surveillance of the CN
infrastructure. All the above makes it possible to
create databases on the state of the contact network,
track, cable lines, etc., as well as the conditions for
the transition of their service by state. The solution
of the problem allows improving the assessment
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quality of the CN state and reducing the possibility
of failures, as well as ensuring energy and resource
saving in the process of passenger transportations.

Video measuring systems for diagnostics of con-
tact networks. In recent years, hardware and soft-
ware have been developed to improve the system for
measuring the OW parameters and other CN com-
ponents. A method for increasing the resolution of
a stereo television system and an adaptive lighting
system is proposed. It consists in preliminary image
transformation and expansion of the dynamic range
of image measurement. The quality of CN diagnos-
tics in difficult conditions for video surveillance has
been improved. A camera with a built-in image
compression module without loss of its fast action
has been proposed, which allows capturing and
transmitting full-frame images to a computer com-
plex for the application of new CN diagnosing algo-
rithms [8, 10, 15, 16].

The stereo television system is based on a spe-
cialized fast-acting television camera of a new gen-
eration, and the lighting system can operate both in
continuous and in pulsed mode with a duration of
light pulses from 20 ps. Cameras can be equipped
with lenses with automatic iris control according to
the P-iris standard; serial interface; serial interfaces
and high-speed video compression module and
frame grabber.

For the enterprises of power supply of electrified
railways, industrial and urban electric transport, in-
novative means of complex diagnostics of the CN
state have been developed. They are laboratory cars,
which provide monitoring of OW wear, the state of
high-voltage insulation, heating of electrical con-
nections, grounding of supports on rail.

An automated video-measuring system for mon-
itoring the CN supports grounding and its other
equipment, as well as elements of the track facilities
located in the visibility zone of specialized cameras,
which ensure the system's operability at any time of
the day at speeds up to 160 km/h, is proposed: dis-
cretization of image lines along the track length
from 0.5 mm; the value of the electronic shutter at a
speed of 160 km/h is not more than 22 ps; the num-
ber of pixels in a line is at least 1000. An air curtain
subsystem is implemented to protect the cameras.

Development of new diagnostic tools for the
contact network and improving the efficiency of ex-
isting ones is a priority area of activity of DAK-

Energetika LLC, which carries out the entire range
of works, including research, design, manufacture,
installation, commissioning, warranty and service.

The manufactured measuring equipment is in-
cluded in the State Register of Measuring Instru-
ments and Register of Measuring Instruments, Test
Equipment and Methods of Measurements Used in
Ukrainian Railway OJSC, and is metrologically cer-
tified and protected by patents.

Improvement of WEAR laser fast-acting system
for measuring the parameters of the contact wire.
The Aptima MT9M413C36STC video sensor used
in the WEAR system has a 100-bit output data bus
that transmits a block of 10-bit brightness readings
of 10 neighbouring pixels of the current line per one
cycle of the operating frequency f.. Each line of the
image has a size of 1280 pixels and is transmitted in
a block consisting of 128 f. cycles. For contactless
measuring of the profile of the worn out OW part,
measuring the position of the OW relative to the
current collector axis, detecting OW overturns and
lateral slopes of the OW clips (dropper, pull-off,
etc.), LTCN is equipped with WEAR fast-acting la-
ser diagnostic OW system.

This diagnostic system belongs to the group of
systems that measure OW wear by its profile, their
operating principle is indicated in [8, 10, 13].

The measuring system consists of 8 laser fan-
shaped emitters, in which the collimated laser beam
is converted into a flat fan out light beam
0.3-0.6 mm thick using a spreading system, and
4 matrix television cameras. When the fan beam of
light strikes the OW, a visible line of its intersection
with the plane is formed on the wire surface, in
which the correct beam lies. It is this intersection
line that is distinguished by the processing system
from the resulting image of the current frame of the
television camera. In this case, the shape of the fixed
line weakly depends on the OW inclination and is
mainly determined by its wear. The program pro-
vides the ability to display a 3-D OW model with
imposed measured wear for the selected camera
(Fig. 5).

The use of LED illumination, which effectively
illuminates the entire surface of the lower part of the
overhead wire and clamps, together with the possi-
bility of obtaining a full frame of the image at the
input of the information-computing complex, can
significantly increase the informativeness of the
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WEAR system. Thus, many unclear situations
caused by the insufficient informativeness of the

visual or programmatic assessment of the received
frames corresponding to the CN section that causes

measuring system can be resolved in real time by  questions.
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Fig. 5. Reconstructed 3-D model of the worn-out section
of the OW (a) and a photograph of this place (b)

The second important aspect of the WEAR sys-
tem modernization is the need to obtain full-frame
illuminated images of the CN elements at a high
speed for continuous scanning of objects of interest.
Based on the optical characteristics of the lenses, the
frame resolution and the distance at which the
cameras are located relative to the measured objects,
the field of view along the OW s
[ = 37 mm. The maximum speed at which the
WEAR system operates is v = 72 km/h. The maxi-
mum time 7 of receiving one frame, at which
continuous scanning of the CN is provided, is
determined by the expression 7=c - (// v), where ¢
=0.0036 is the reduction coefficient of values to the
Sl system.

With the given values / and v T = 0.00185 s,
which corresponds to the frequency of obtaining
frames f = 541 fps.

The required bandwidth of the channel C for
transmitting only an uncompressed image for
a frame with a resolution r and a bitness of one pixel
n is determined by the following expression:
C=r-n-f Withr=1280"-128 and n =10
C =846 Mb/s.

Test results of the WEAR system. The automated
system for measuring the wear of the overhead wire
installed on the LTCN was tested along the 1 and 2
station track in variable cloud conditions at
a temperature of +28°C. A double contact wire MF-
100 is suspended within the test section. Automated
measurements were carried out at a measuring car
speed of 37 km/h.
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Manual wear measurements were taken between
the 69th and 71st supports along the first station
track. For accurate synchronization of measure-
ments, manual measurements were carried out next
to the dropper and pull-off clips, since such places
can be easily identified using the measurement data
from the WEAR system. The measurements results

point at the mark of 4 473 cm (right wire), where
there is strong lateral wear of the wire and an error
could be made during manual measurements.

Table 2

Results of manual and automated measurements
of OW wear along the second station track

are given in Table 1. _ _ Distance | Manual Wear system
It was found that at the points being checked, the from  |measurements, | measurement, | Error, mm
difference between the automated measurements of  support, mm mm
the WEAR system and manual measurements of the cm left | right | left | right | left | right
residual height does not exceed 0.26 mm. 0 115 115] 114] 113] 01| o2
Table 1 25 | 925 104/ 9.11| 1043| 0.14| —0.03
Results of manual and automated
measurements 1075 | 9.27| 11.2| 9.04| 10.63| 0.23| 0.57
of OW wear along the first station track 1174 | 9.27| 11.75| 9.35| 11.7 | -0.08| 0.05
Distanc Manual Wear system 1211 | 9.38| 11.65| 9.19| 11.63| 0.19| 0.02
e from measurements, measurement, Error, mm
support, mm mm 1982 | 9.75| 10.95| 9.78| 10.88| -0.03 0.07
cm left right | left right left | right 2767 | 9.45| 10.12| 9.89| 9.855| —0.24] 0.265
0 1047 8.1 | 10.3| 835 0.17|-0.25 2839 | 10.1| 10.15f 10.03] 10.01| 0.07| 0.14
075 957 | 949 | 95 9.29 0.07| 0.2 3557 | 1045 11.55| 10.37) 11.7 | 0.08| -0.15
150 | 10.13| 9.57 [10.16 9.54 |-0.03] 0.03 4 390 11 | 11.15| 10.73] 10.94| 0.27| 0.21
850 945| 892 | 9.8 8.9 |-0.35 0.02 4408 | 9.32| 11.25| 8.9 | 11.05| 0.32| 0.2
1875 | 9.36 9.1 9.3 8.98 0.06| 0.12 4 420 11 | 11.05| 10.7| 10.75| 0.3 0.3
2875 8.5 9.38 | 8.65| 9.05 |-0.15| 0.23 4446 | 11.65 11.15| 11.32] 10.85| 0.33| 0.3
3745 | 8.17| 8.75 | 8.25 8.9 |-0.08|-0.15 4473 | 11.27) 11.16| 11.1| 10.35| 0.17| 0.81
4025 | 98 | 871 | 95| 876 | 0.2|-0.05 S _
Originality and practical value
4085 | 924 | 871 | 97| 87 |-0.26/ 0.01 _ _ o
1875 9 593 | 912] 893 | 012 owt The theoretical maximum permissible, from the
' ' ' e ' point of view of the contact network operation, wear
5850 | 98 | 935 | 95| 9.2 | 0.24| 023 control error of the overhead wire and other compo-
6000 | 937 967 | 92| 95 | 016| 026 hents of the electric traction n_etwork has be_en de-
termined. A method for increasing the resolution ca-
6075 | 92 | 976 | 9 | 961 | 0.25] 0.15 pability of a stereo television system and an adap-

During the test drive on the second station track,
several places were found where, due to lateral wear
of the overhead wire, the wear area reached the
clamp itself, as a result of which the bite wear began
(Fig. 5).

The difference between manual and automatic
measurements (Table 2) does not exceed 0.33 mm
in the residual wire height, except for the reference

tive lighting system is proposed, which consists in
preliminary image transformation and expansion of
the dynamic range of image measurement.

The quality of diagnostics of the contact network
in difficult conditions for video surveillance has
been improved. A camera with a built-in image
compression module without loss of its perfor-
mance has been proposed, which allows capturing
and transmitting full-frame images to a computer
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complex for the application of new diagnostic algo-
rithms for the components of the contact network of
electrified railways and urban electric transport.

Conclusions

To reduce the wear of the overhead wire and cur-
rent collector plates, to ensure reliable and econom-
ical current collection in the process of transporta-
tion by electric transport, high-quality diagnostics
of the electric traction network is required. The pro-
posed video system has the following speed charac-

teristics: obtaining a JPEG image with a compres-
sion ratio of k> = 10 and a resolution of 1 280 x 128
at a speed of 976 fps. In this case, the required max-
imum speed of compressed data transfer does not
exceed 85 Mb/s. The system is equipped with fast-
acting LED backlighting, which makes it possible
to obtain a continuous illuminated image of the CN
elements in real time. Thus, the improvement of the
WEAR laser fast-acting system can significantly in-
crease the reliability and reduce the detection time
of emerging OW malfunctions and other CN com-
ponents.
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YaockoHa/IeHHs BiIeOBUMIPIOBAJILHUX CHCTEM NIarHOCTUKH eJIeKTPOTAr0BOI
MepeKi

Meta. OCHOBHOIO METOIO CTATTi € CHCTEMHHH aHaNi3 CTaHy EJIEKTPOTATOBUX MEPEIK, a TAKOK METO/IB KOMILICK-
CHOI AiarHOCTHKH KOHTaKTHOI Mepexi (KM) 3 pyxomoro BaroHa-nabopaTopii IUTs i IBUIIEHHS PO3AUIBHOT 31aTHOCTI
CHCTEM KOHTPOJIIO IKOCTi B3a€MO/Iii KOHTAKTHOI Mepexi i cTpyMmonpuiimadiB. Meroauka. [TocraBneny 3anaqy BUpi-
IIEHO [UITXOM TEOPETUYHOTO aHATI3Y Ta EKCIIEPUMEHTAIBHIX JOCIIKEHb TapaMeTPiB CTPYMO3HATTSI, y3araJlbHEHOT
MOJIEJI IPUCTPOIO0 KOHTPOIIIO 3HOCY KOHTakTHOTO mpoBoy (KII) Ta ioro ¢yHKIIOHATBHHUX BY3JIiB 13 METOIO BU3HA-
4yeHHsI (aKTOPIB, 110 BIUIMBAIOTH HAa MOXUOKY KOHTPOJIIO, & TAKOXK PO3POOKH METO/IIB, 1110 3HWKYIOTh 3a3Ha4YeHY MO-
xubKy. Ilpu 1OMY BHKOpPHCTaHO amapaT (AaKTOPHOTO aHali3y, TEOPIF0 ONTUKO-CICKTPOHHUX CXEM
1 METOJM CTaTUCTUYHOI 00poOKH iH(popMalii. Pe3yabraTn. 3anpornoHOBaHO 1HHOBALINHHI MIXOAU Ta SKICHO HOBI
JIiarHOCTU4HI 3aC00H, 10 JI03BOJISIOTH PO3IIUPUTH (DyHKIIOHATBHI MOYKIIMBOCTI BaroHiB-1ab0paTopii BUIPOOYyBaHHS
KOHTaKTHOI Mepexi M TiJNPHEMCTB €JIEKTPOIOCTauyaHHsA elIEeKTPH(IKOBAHUX 3ali3HMIb, IPOMHCIOBOTO
I MICBKOTO €JIeKTpOTpaHcnopTy. Po3po0ieHo amapatHi Ta mporpaMHi 3aco0u AJ1s1 BIOCKOHAJICHHS CHCTEMH BUMIpIO-
BaHHS NapaMeTpPiB KOHTAKTHOTO IPOBOJY Ta iHIINX KOMIIOHEHTIB KOHTAaKkTHOI Mepexxi. HaykoBa HoBU3HA. BusHa-
YEeHEe TEOPETHYHY MAaKCUMAaJIbHO JOIYCTUMY, i3 TOUKH 30py CKCILTyaTallii KOHTAKTHOI MEpexi, IMOXHOKY KOHTPOIIIO
3HOCY KOHTAKTHOTO IIPOBOJY Ta iHIIMX KOMITOHEHTIB €IEKTPOTATOBOI MEpEXi. 3alPOITIOHOBAHO METO/ MiABUIICHHS
PO3IUIBHOT 3IaTHOCTI CTEPEOTENIEBI3IHHOT CHCTEMHU 1 alallTUBHOI CUCTEMH OCBITJICHHS, IO TOJISITAE B ITOTEPEHiH
TpaHcdopmarii 300paXkeHHs i PO3LMIMPEHHI AMHAMIYHOTO Jiarna3oHy BUMIpIOBaHHs 300paKeHHs. 3alporNOHOBaHO
LIISIXH BIPOBaXKEHHS BUCOKOILIBHIKICHOTO aJiI'OPUTMY CTUCHEHHS peajIbHOTO Yacy i 3aCTOCYBaHHS CBITJIOA10IHOTO
mizcBiuyBants. IlpakTuvHa 3HAYNMICTD. [TiBUIIICHO AKICTh AIarHOCTHKH KOHTAKTHOT MEPEXi B CKJIQIHUX JUIS Bi-
JIEOCIIOCTEPEIKECHHS YMOBaX. 3apONIOHOBAHO KaMepy 13 BOYJ0BaHHM MOJyJIeM CTUCHEHHs 300paXkeHHs O0e3 BTpaTH 11
LIBHUKO/II, IO 03BOJISIE 3aXOIUIIOBATH 1 NepeAaBaTH B 00UMCIIOBAIbHIIN KOMIUIEKC TOBHOKAPOBI 300pasKeHHS ISt
3aCTOCYBAaHHS HOBUX aJITOPUTMIB JiarHOCTHKH KOMIIOHEHTIB KOHTaKTHOI MepexXi. 3arponoHOBaHO MOAEPHI30BaHi Bi-
JICOBUMIPIOBAJIbHI CHCTEMH BHUMIPIOBAHHS 3HOCY KOHTAKTHOTO NPOBOJY, KOHTPOIIIO 3a3¢MJICHHS OIIOP KOHTaKTHOI
MEpexi, a TaKOXK EIEMEHTIB KONIHHOTO TOCIIOAapCTBa, PO3TAIIOBAHOTO B 30HI BHIUMOCTI CITeIlialli30BaHUX KaMep,
K1 3a0€3MedyI0Th Mpale31aTHICTh CUCTEM y Oyb-Kuii yac 1001 Ha MBHAKOCTSX 10 160 km/rox. s 3axucty kamep
peali3oBaHo IIiICHCTEMY OBITPSHOT 3aBiCH.

Knrouosi crosa: cucremu miarHOCTHKH, KoHTakTHa Mepexa (KM); 3Hoc xoHTakTHOTO TpoBoxay (KII); omruusi
METOJIU BUMIPIOBaHb
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Use of Fine-Grained Heat-Strengthened Steels to Increase the Operation
Quialities of Bunker Capacities from Thin-Walled Galvanized Profiles

Purpose. The work is aimed to study the use efficiency of fine-grained heat-strengthened steels (mainly
10G2FB) for steel bunker capacities. At the same time, the structural scheme of such a structure using corrugated
steel sheets is considered as the main variant. Methodology. To achieve this purpose, a series of numerical calcula-
tions was carried out for a steel bunker capacity of a pyramidal-prismatic type with overall dimensions in plan view
of 6x5.2 m and a total height of 4.5 m. The capacity was designed for complicated working conditions, in particular,
increased loads, including long-term dynamic ones. The potential possibility of operating the container under condi-
tions of high or low temperatures was also taken into account. At the same time, both the traditional structural
scheme of a bunker capacity with horizontal stiffening ribs and the developed structural scheme based on corrugated
steel sheets were analyzed. The calculations were carried out by the finite element method based on the SCAD for
Windows project complex. Findings. Based on the results of the analysis and comparison of the data obtained in
numerical calculations, it was found that the use of fine-grained heat-strengthened high-strength steels (for example,
steel 10G2FB) for bunker capacities, both the traditional structural scheme with stiffening ribs and the developed
structural scheme based on corrugated sheets, allows reducing material consumption by about 30% in both cases. At
the same time, due to the good performance of fine-grained heat-strengthened steel 10G2FB, both at high and at low
temperatures, it can be effectively used for steel bunker capacities that work in difficult conditions. Originality. The
possibility and efficiency of the use of fine-grained, heat-strengthened high-strength steels for the construction of
a steel bunker capacity is estimated. At the same time, such an estimation was given not only for structures of the
traditional structural scheme with horizontal stiffening ribs, but also for bunkers with a developed structural scheme
based on corrugated sheets. Practical value. From a practical point of view, quantitative parameters of the stress-
strain state were obtained during investigations of various design variants for a steel bunker capacity. The data are
presented in a compact form that is easy to evaluate and compare. They allow us to state about the improvement of
the operation characteristics of capacities and the potential reduction of the risks of their failures and accidents dur-
ing operation.

Keywords: fine-grained heat-strengthened steel; thin-walled galvanized profile; finite element method; bunker
capacity

Introduction modern conditions of Ukraine are described in the
publication of a master's student of Dnipro Nation-
al University of Railway Transport named after
Academician V. Lazaryan (DNURT), whose thesis
was devoted to this issue [2].

Thin-walled galvanized profiles are widely
used for steel silo capacitive structures designed

In recent decades, a fairly new and interesting
direction in the practice of creating and further op-
eration of building structures for various purposes
is the use of thin-walled galvanized profiles. Some
features of their production and application in
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mainly for grain storage. However, various factors
often cause failures and accidents of such struc-
tures [3]. The situation is further complicated by
the small thickness of the profiles themselves (not
more than 3 mm), which forces creating packages
of several sheets connected by bolts (Fig. 1).

Fig. 1. Packets of sheets from thin-walled galvanized
profiles for steel silo capacitive structures

Such silo capacities are often installed at facili-
ties related to transport and storage operations.
These include, for example, railway stations or
river and seaports.

In addition to silo capacities, bunker tanks are
also often located at such facilities. They, like si-
los, perform the technological functions of accu-
mulation and dosed distribution of bulk material
stored in them over time.

Regarding bunker tanks, especially those oper-
ating under difficult production conditions and de-
signed for high loads, one of the co-authors of this
article, Professor D. O. Bannikov, has developed
a special design scheme [10]. It is designed to ab-
sorb not only static but also dynamic loads, which
are quite significant in bunker-type tanks.

However, to obtain the desired load-bearing
ability, it is often necessary to lay in the hopper
structure thickness of the load-bearing elements
not less than 10 mm. This is especially true in the
case of operation of such facilities under adverse
and complicated conditions: high loads, low or
high temperatures. It is for these conditions that the
use of fine-grained heat-strengthened high-strength
steels of the 10G2FB type instead of traditional
steels of the usual St3 type proved to be quite effi-
cient. It was tested on the example of blast-furnace
jacket structures and confirmed its high practical

efficiency [4]. The choice of steel type is due to the
new technological capabilities of Metinvest Engi-
neering OJSC, which has mastered the production
of such steels with improved mechanical properties
and an expanded range of sheet thicknesses.

10G2FB steel was used during the design of the
steel pyramidal-prismatic bunker of the bypass
track of furnace-charge feeding. The customer of
the object is Pivnichstal PJSC, so the bunker facili-
ties operate at low temperatures.

The general description of a design of these
bunker constructions, the theoretical substantiation
of possibility and efficiency of use of steel
10G2FB are presented in the separate publication
[15]. The bunkers are made according to the tradi-
tional structural scheme with horizontal reinforcing
stiffening ribs. The calculated economic effect in
the prices of 2019 amounted to about 0.5 million
UAH (almost $ 20,000), and the total weight re-
duction was about 4 tons per bunker with dimen-
sions of 6x5.2 m in plan, with a total height of
4.5 m and a usable volume of 40 m®.

However, as has been repeatedly noted in the
monograph [10], as well as in many other works by
Professor D. O. Bannikov, the traditional structural
scheme with stiffening ribs has certain reserves of
load-bearing ability. It is possible to use them due
to the specially developed panel structural scheme
based on corrugated sheets of steel.

Purpose

In regard to the above, the purpose of our pub-
lication is to study the efficiency of fine-grained
heat-strengthened steels (mainly grade 10G2FB)
for steel bunker tanks. Thus, structural scheme of
such structure with the use of corrugated steel
sheets variant was considered as the basic.

Methodology

First of all, it should be noted that the work of
corrugated steel sheets is quite complex. The cur-
rent normative document of Ukraine on the design
of steel structures [6] does not pay special attention
and does not contain relevant recommendations for
the design of such structural elements.

This issue is partially addressed in a recently
published monograph [1]. However, the correspond-
ing analytical solutions, even for the simplest cases,
have a whole system of empirical correction factors.
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Thus, in the domestic research practice there are
actually no full-fledged theoretical developments
that would allow theoretical determining of the
load-bearing ability of corrugated steel sheets.

The situation is further complicated by such an
aspect as the lack of clear recommendations in the
current regulations [5] to determine the loads from
the action of bulk material on the structural ele-
ments of the bunker capacity.

Since the use of corrugated steel sheets for ca-
pacitive structures is the newest direction in con-
struction, the foreign literature is also quite limited
in terms of the application of analytical approach-
es. For example, in the classic monograph [12]
there is no information on such topics.

Currently, in foreign practice there are only
partial studies of corrugated profiles, primarily
closed-type profiles [14]. Another part of the re-
search covers the search for more efficient protec-
tive surfaces for thin-walled profiles [13]. Also,
some studies raise the issue of mounting and manu-
facturing of structures of thin-walled profiles [17].

However, even the accumulated European ex-
perience in the calculation and design of corrugat-
ed profiles, presented in the national standards [7,
8], which are translations of the relevant European
standards, is quite limited. These standards provide
only general recommendations for determining the
stress-strain state for some cases, but there are no
full analytical solutions.

Given this situation, as the main research meth-
od the finite element method was chosen, which
has become extremely popular in recent decades
and which is constantly being modernized [20]. Its
practical implementation took place on the basis of
SCAD for Windows domestic project complex [9].
This choice was made according to the construc-
tion orientation of this complex, in contrast to oth-
er developments, such as SolidWorks, Cosmos-
Work, Nastran or WinMachine, which have a ma-
chine-building orientation [16]. During the re-
search, the experience of school of soil mechanics
of DNURT was also used [18, 19].

As already mentioned, steel pyramidal-
prismatic bunker was the object of the study. The
height of the prismatic part was 0.5 m, and the py-
ramidal hopper — 4.0 m. The prismatic part also

formed a bunker beam, through which the capacity
rested on the elements of the bunker trestle. The
width of the discharge mouth, as well as its length
were taken equal to 1.2 m, the angle of hopper in-
clination with such geometric dimensions was
about 60°.

Slag scrap, whose density, according to the ini-
tial data, reaches 3 t/m?® and the internal friction
angle is 45° is provided as one of the loaded bulk
materials. The minimum coefficient of dynamics,
according to the customer data, was 1.3. In addi-
tion, it was necessary to take into account the ac-
tion of vibrating feeders, whose operation mode is
provided around the clock. Technological load
from the sole weight of bulk material is set in ac-
cordance with the developments presented in the
monograph [10].

The constructed finite-element models for re-
search were plate systems (Fig. 2.) The finite ele-
ment is an isoparametric shell element from the
standard library of the SCAD for Windows com-
plex. Fastening of bunker capacities is modeled in
such a way to receive the hinged scheme of their
operation.

Findings

A separate issue during the research was to de-
termine the characteristics of steels, provided for
the design of steel bunker capacity. The tests were
conducted by a specialized organization, State
Enterprise Ya. Yu. Osada Scientific Research Tube
Institute (SE SRTI). Both the chemical composi-
tion of steels (Table 1) and their tensile mechanical
characteristics for different temperatures were de-
termined separately (Table 2).

The chemical composition was determined by
photoelectric spectral analysis on Spectromax
X LMMO04 atomic emission spectrometer manufac-
tured by SPECTRO in Germany. According to the
test protocols, the room temperature was +24 °C,
relative humidity — 40%.

The mechanical characteristics were established
during the tensile test of standard cylindrical spec-
imens with a diameter of 10 mm on a test machine
type P-5.
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Fig. 2. Finite-element model of steel hopper capacity:
a — traditional structural scheme with horizontal stiffening ribs;
b — developed structural scheme with horizontal corrugated elements
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Thus, based on the obtained test results in terms
of operation of the bunker capacity under difficult
conditions of high loads, as well as high and low
temperatures, 10G2FB steel grade was the best. It
has a mixed structure of fine ferrite and dispersed
carbide and of the second phase carbonitride,
which is achieved by microalloying and controlled
rolling with the addition of chromium, niobium,
vanadium and titanium. These admixtures have
a grinding effect on the original austenitic grain
[11]. It also provides 10G2FB steel with good im-
pact resistance at KCV 1 = 59 J/cm? and KCU™® =
39 J/em?. Therefore, steel grade 10G2FB was taken
as the main for the design of steel bunker capacity.

As a result of the numerical calculations, quan-
titative results were obtained (Table 3), and the
general pictures of the deformed state are shown in
Fig. 3 (for ease of perception, half of the model is
presented).

As can be seen from the results obtained, for
the bunker capacity designed with horizontal cor-
rugated elements, the deformed state is more uni-
form. Accordingly, the stress state is also more
uniform, with fewer stress concentrators, which is
very important for difficult operating conditions
(especially for low temperatures). Weight indica-
tors remain almost the same.

Table 1
Chemical composition of tested steels
Mass fraction of elements, %
Steelgrade | hon (©) Ma(”,sl?gese silicon (Si) Sulfur(S) | Phosphorus (P) Chr(oc'?)i“m
St3sp 0.16 0.50 0.20 0.004 0.009 0.04
09G2S 0.09 1.64 0.55 0.004 0.009 0.03
10G2FB 0.09 1.64 0.55 0.004 0.009 0.03
Steel grade - - Masts fraction of eleme?ts, % _ _ -
Nickel (Ni) Copper (Cu) Vanadium (V) Aluminum (Al) Niobium (Nb) Titanium (Ti)
St3sp 0.03 0.01 - 0.04 - -
09G2S 0.05 0.03 0.001 - - -
10G2FB 0.05 0.03 0.001 0.033 0.05 0.02
Table 2
Mechanical properties of tested steels
Steel grade Test teryperature, Yield strength, MPa Strength limit Relgtive elonga- | Contraction ratio,
C 002 P o, MPa tion, s, % v, %
+20 - 278 418 36 67
St3sp +600 108 - 155 60 87
+800 37 - 55 83 76
+20 - 343 492 36 74
09G2C +600 167 - 227 40 85
+800 63 - 48 91 77
+20 - 462 584 27 65
10G2FB +600 258 285 27 83
+800 73 84 59 86
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Table 3
Quantitative results of numerical analysis
Indicator Constructive scheme with horizontal
stiffening ribs corrugated elements
St3sp steel 10G2FB steel St3sp steel 10G2FB steel
Stability coefficient 13.41 5.14 15.27 6.43
Wall deflection, mm 7.27 14.24 5.15 7.35
Weight, kg 15 456 11 216 15532 11 310

It should also be noted that the presence of
a corrugated surface on the inside of the bunker
capacity creates additional opportunities for special
self-lining due to the retention of bulk material. In
the practice of design, this method of lining the
inner surface is created artificially, attaching spe-
cial horizontal retaining elements, which in turn
increases the complexity of manufacturing the
structure.

Originality and practical value

This publication evaluates the possibility and
efficiency of using fine-grained high-strength
steels for the construction of steel bunker capaci-

im |
1
|

a NN

ties. And the similar estimation is given not only
for constructions of the traditional structural
scheme with horizontal stiffening ribs, but also for
bunkers with the developed structural scheme on
the basis of corrugated sheets.

From the practical point of view in the course
of the conducted researches of various structural
variants of steel bunker capacity, quantitative indi-
cators of a stress-strain state are received. The data
is presented in a compact and easy to evaluate and
compare form. They suggest an improvement in
the performance of bunkers and a potential reduc-
tion in the risk of their failure and accidents during
operation.

Ay

Fig. 3. Deformed state of steel bunker capacity made of 10G2FB steel:
a — traditional structural scheme with horizontal stiffening ribs;
b — developed structural scheme with horizontal corrugated elements
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Conclusions

Based on the assessment of the stress-strain
state of the steel bunker capacity, made of steels of
different grades, it should be stated the following:

1. The use of fine-grained heat-resistant steels
of high strength (for example, 10G2FB steel grade)
for bunker capacities of both traditional structural
scheme with stiffening ribs, and developed struc-
tural scheme based on corrugated sheets can re-
duce the material consumption of the structure by

2.Due to good performance at both high and
low temperatures, fine-grained heat-resistant steel
grade 10G2FB can be effectively used for steel
bunkers operating under difficult conditions. Such
conditions include working conditions in the
northern regions or with hot bulk materials.

3. It should be noted the possibility of improving
the performance of steel bunker capacities, in par-
ticular durability and reliability, due to the improved
mechanical properties of the steel type used. In op-
eration, this potentially reduces the possible costs of

about 30% in both cases.

10.

11.

12.

13.

14.

repairing and maintaining bunker capacities.
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3acTocyBaHHS APiOHO3EPHUCTHX TEPMO3MILIHEHHUX CTAJIEH ISl MiJIBUIIIEHHS
eKCILIyaTAlIHNX AKOCTeH OYHKePHUX €EMHOCTEM i3 TOHKOCTIHHHMX
OLIMHKOBAaHMX NpodiiiB

Mera. Y poborti nependadeHo NocaiinTi eheKTHBHICTh 3aCTOCYBAaHHS APIOHO3EPHUCTUX TEPMO3MIIIHEHUX CTa-
ne#t (mepeBakHo Mapku 10I2DB) mis craneBux OyHKepHUX €eMHOCTEH. [Ipu oMy SIK OCHOBHHMI BapiaHT PO3IIISHY-
TO KOHCTPYKTHBHY CXEMY TaKoi CHOPYIHY 3 BUKOPUCTaHHIM cranieBUX rodpoBanux nucrtiB. Meroauka. s gocsr-
HEHHS [OCTaBJICHOI METH IPOBEICHO CEePii0 YHCEIbHUX PO3PaxXyHKIB CTajeBOi OyHKEpHOI €MHOCTI MipaMigaabHO-
MPU3MATUYHOTO TUIY 3 Ta0apUTHUMH PO3MIpaMH B IIaHi 6x5,2 M if 3arajbHO0 BUCOTOIO 4,5 M. €EMHICTh CIIPOEKTO-
BaHO ISl YCKJIQJIHEHUX YMOB POOOTH, 30KpeMa MiJIBUIIEHNX HABAHTa)KEHb, Y TOMY YHUCII i TPUBANIUX JTUHAMIUHHX.
TakoX 110 yBaru B3sTO MOTEHIIHHY MOXIIUBICTh €KCIUTyaTallii €MHOCTI 32 yMOB MiJBHIIEHNX a00 MOHMKXEHUX TEM-
neparyp. [Ipu 11boMy IpoaHasi30BaHO SIK TPaJULiHHY KOHCTPYKTHBHY CXeMy OYHKEpPHOI €MHOCTI 3 TOPHU30HTAJb-
HUMH pedpaMu KOPCTKOCTI, TaK i po3po0JieHy KOHCTPYKTUBHY CXeMYy Ha OCHOBI CTaJeBHX ToppoBaHHX JIUCTiB. O0-
YHCIICHHS MPOBEICHO METOJOM CKIHYCHHHX eJeMEHTIB Ha 0a3i mpoektHoro komiiekcy SCAD for Windows.
PesyabraTn. Ha mincrasi aHamisy Ta 3icTaBlIeHHS OTPUMAaHMX IIiJ 4ac YUCEINBHUX PO3PAXYHKIB JaHUX YCTaHOBIIE-
HO, 1[0 3aCTOCYBaHHS JPiOHO3EPHUCTUX TEPMO3MIIHEHUX CTaJeld BUCOKOI MIITHOCTI (Ha MPHKIA CTali
Mapku 10I20B) mis OyHKEpHUX €MHOCTEH SIK TPaAMLiHOT KOHCTPYKTHBHOI CXeMH 3 pedpaMu )KOPCTKOCTI, TaK
1 po3p0o0IIEHOT KOHCTPYKTHBHOI CXEMH Ha OCHOBI TO()POBAHUX JIMCTIB TO3BOJISIE 3HIU3UTH MAaTEPialOEMHICTD CIIOPY-
1 ipubnusHo Ha 30 % B 000X Bumajakax. [Ipu oMy 3aBIISIKH XOPOIIUM MTOKa3HUKAaM POOOTH sIK 3a IigBuiie-
HUX, TaK i 32 NOHMKEHUX TeMIeparyp IPIOHO3EpHHCTA TEPMO3MIIIHEHA CTallb Mapku 10I2MB moxe Gytu
e(QexTHBHO 3acTOCcOBaHAa I CTAIEBHX OYHKEpHMX €MHOCTEH, sKi IpalIOIOTh B YCKIAJHEHUX YMOBax.
HaykoBa HoBHM3HA. OmiHEHO MOXKJIMBICTh Ta €EKTHBHICTh 3aCTOCYBAaHHS JPiOHO3EPHUCTHX TEPMO3MIIIHEHUX CTa-
JIe BUCOKOT MIITHOCTI A7l KOHCTPYKIii cTaneBoi OyHkepHOi eMHOCTI. [Iprdomy moxiOHy OIiHKY HaJaHO HE TUTBKH
JUIsl CTIOpY/J] TPAAULIHHOT KOHCTPYKTHBHOI CXEMH 3 TOPU3OHTAJIILHUMHU peOpaMu >KOPCTKOCTI, a i u1d OyHKepiB i3
PO3pO0JIEHOI0 KOHCTPYKTHBHOIO CXEMOIO Ha OCHOBI rodpoBaHux JucTiB. IIpakTnyHa 3HauMMicTh. [3 npakTuaHOi
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TOYKH 30pY B XOJli MPOBEACHUX AOCIIKEHb PI3HOMAHITHUX KOHCTPYKTUBHHX BapiaHTIB CTalleBOi OYHKEPHOI €EMHO-
CT1 OTPUMaHO KUIBKICHI MOKa3HUKH HANpyXeHo-1e(hopMOBaHOTO cTaHy. /laHi IpencTaBIeHo B KOMIIAKTHIN Ta 3pyd-
Hill 17151 OIIHKY # 3icTaBieHHA (popMi. BOHM T03BOJAIOTH CTBEPKYBATH PO MOJIMIICHHAS eKCIUTyaTallifHIX XapaK-
TEPHUCTUK €MHOCTEH 1 MOTSHIIIfHEe 3HIDKEHHS PI3HUKIB IX BiIMOB Ta aBapii mig 9ac eKCIuTyaTarii.

Knrouosi cnosa: npibHO3EepHUCTAa TEPMO3MIITHEHA CTallb; TOHKOCTIHHUH OITMTHKOBAaHUH MPO(]isb; METOX CKiHIEH-
HUX CJIEMEHTIB; OyHKEepHA €EMHICTh
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PYXOMMH CKJAJ I TAT A NOI3IB
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MaremMaTu4Ha MOJeJIb BU3HAYCHHS PU3UKIB HA 3AJi3HUYHOMY TPAHCHOPTi
i Yac JIarHOCTUKU OYKCOBHMX BY3JIiB BAHTAKHUX BAarOHIB

Merta. [locni/ukeHHS CHOPSIMOBaHO HA PO3pOOKY MaTeMaTHYHOI MOAENI BH3HAUCHHS PHU3HKIB Ha 3aJTi3HUYHOMY
TPAHCIOPTI [T 9ac JIarHOCTUKH OYKCOBHX BY3JIiB BAHTQ)KHUX BATOHIB, SKa TO3BOJHUTH HAIATH OLIHKY OC3MEKH py-
Xy B pa3i BaHT@)XXHHUX IepeBe3eHb. MeToauka. i1 po3poOkn MaTeMaTHYHOT MOAETI BU3HAYEHHS PU3HKIB Ha 3aJIi3-
HUYHOMY TPAHCIIOPTI BUKOPUCTAHO O€3NepepBHY CTAaTUYHY MOJENb 3aJeKHOCTI PIBHS 1HIUBIIYaNbHOTO MiAXOAY
00CITyrOBYIOYOr0 MEpCOHANy Bifl PiBHS 3arajbHUX iHTepeciB (Opurana, 3miHa). [Ipu npomy OyJi0 PO3MISIHYTO TPU
BU/IU 3aJISKHOCTEH: ONTHUMICTHYHY, HEUTpaJIbHy, ecuMicTuuHy. PesyabTarn. Po3pobiena mateMaTHyHa MOJEINb,
sIKa JIO3BOJISIE, T1iJ] 4ac A1arHOCTUKK OYyKCOBHMX BY3JIiB BAHTQ)KHUX BaroHiB, OLIIHUTH PU3HMKH 1 PiBEHb 0€3MEKH PyXy
MOI3/IB, @ TAKOX BU3HAYMTH MOJAJIBIII 3aX0/IH 100 3HIKEHHS PU3UKIB. Y IpOLEC] OL[IHKK PIBHS IHAWBIAyaIbHUX
MIZAXO/IB 1 3arajbHUX IHTEPECIB OKPEMOr0 MiAPO3/ily 3ali3HHUII IMiJ{ YaC BUKOHAHHS TEXHIYHOTO 0OCIyrOBYBaHHS
Ta PEMOHTY OyKCOBOTO By3Jla BAHTAKHHUX BAaroHIB OyJIM pO3MISTHYTI BapiaHTH IPaHMYHUX MOXKIMBOCTEH IHOTO ITiJ-
pO3iTy, IpY IBOMY BCTaHOBJICHI €KCTPEMalbHi 3HAYSHHS 33 PIBHOBAYKHOTO PO3MOALTY, U1 BUNIAJKy JOMiHYBaHHS
TEXHIYHOTO KOHTPOJIO OyKCOBOTO By3Jla BAHTAXKHMX BaroHIB Ta ISl BUIAJAKY JAOMiHYBaHHS PEMOHTIB OYyKCOBOTO
By3Jla BaHTaXXHUX BaroHiB. Haykosa HoBm3Ha. Briepiie po3po6ieHo mMareMaTHdHa MOJIENb PU3HKIB Ha 3alli3HNY-
HOMY TPaHCHOPTI, 110 (HOPMYETHCS PN BUKOHAHHI TEXHIYHOTO OOCITYyrOBYBaHHS Ta PEMOHTY BaHTa)KHHX BaroHiB,
sIKa JI03BOJISIE BU3HAYMTH PiBEHb Oe3Meli pyXy IiJ 9ac BUKOHAHHS BaHTaKHHUX NEPEBE3E€Hb TA HAMITUTH IT0JAJIBIII
3aXO0/IM LI0/I0 3HWKEHHS pu3HKiB. HaOyB 1moasipIoro po3BUTKY METO AOCIIKEHHs e()eKTUBHOCTI CUCTEMH TeX-
HIYHOTO OOCIIyrOBYBaHHS Ta pEMOHTY OyKCOBOI'O By3Jia, 1[0 Ha BiJJMiHY BiJl HaSBHOT'O BCTaHOBIIIOE 3JIEKHICTh Ki-
JIBKOCTI TEXHIYHUX OOCITyrOBYBaHb BArOHHUX OYKC BiJ KIIBKOCTI IX PEMOHTIB B €KCIUTyaTallii Ta JO3BOJUTH ITiIBHU-
LIMTH piBeHb Oe3neku pyxy. [IpakTnyHa 3HAYMMIicTh. 3aCTOCYBaHHS OTPUMaHMX MaTeMaTHYHUX MOJIeJIed pU3HUKIB
Ha 3aJI3HUYHOMY TPAHCHOPTI MOXKE 3HM3MTH PH3MKH IIiJ Yac MPOBEACHHS A1arHOCTUKH OYKCOBUX BY3JiB BaHTaX-
HUX BaroHiB i3 METOO MMiABHIICHHS JIOKAJIBHOTO UM 3arajibHOTO PiBHS O€3MEKH PyXy MOI3/iB.

Kniouosi crosa: Ge3nexa pyxy IMoi3iB; puU3HK; OyYKCOBHH By30JI; MIarHOCTHKA; BAaHTa)KHI BaroHW; 3aJi3HUYHUI
TPaHCIIOPT

Beryn OIHMM i3 TOJIOBHHX 3aBJIaHb 3aJI3HUYHOTO TPaHC-
MOPTY, & TAKOXK BKIIMBOIO CKJIAJIOBOIO HOTO edek-
TUBHOT POOOTH i pPO3BHUTKY € 3abe3redeHHs Oe3re-
KU pyXy, Ha sIKy Oe3locepesHbO BIUTMBAE HAJii-
HICTb €JIEMEHTIB PYyXOMOTO CKJIAAy W TEXHIYHHX
3aco6iB iHdpacTpykTypu [3, 8, 23, 25].

3ami3HUYHUIA TPAHCHIOPT HA BHYTPIIIHEOMY
PUHKY HaJla€ 3HAYHY YaCTHHY TPAHCIIOPTHUX MOC-
JyT, TIOB’sI3aHMX 3 OpraHizali€ro Ta 3ade3lnedeH-
HSIM TIpOLiecy MEepeBe3eHHs BAaHTAXIB 1 MacaXHpiB.
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PYXOMMI1 CKJIAJL I TATA TTOI3/11B

YcrmintHe BUPIMICHHS 3aBHaHHS 3a0e3IICUeHHS
HeoOXimHOTO piBHSA Oe3lekn pyxy Ha 3alli3HHMII
MOJISITa€ B MIATPUMII HaJIS)KHOTO TEXHIYHOIO CTa-
Hy ¥ HaJliIfHOCTI B MEPIIy Yepry BarOHHOTO IapKy.
Bbesneka pyxy mpu npomy Moxke OyTH OIliHEHA pH-
3MKaMH MOXIIMBUX BiJMOB BaHTa)KHHX BaroHiB
MicJIsl BUKOHAHHSI TEXHIYHOTO OOCITYrOBYBaHHS Ta
pemonTy. Tomy 3a0e3nedeHHs HU3BKHX 3HAYCHb
PU3MKIB Yy TMpoleci eKcIuTyaTamii 3ali3HHYHOTO
TPAHCIOPTY IiJ] Yac TEXHIYHOTO OOCITyrOBYBaHHS
Ta PEMOHTY MOXE OYTH IOCSTHYTO HAaJIEKHUM
IIPOLIECOM JIarHOCTYBAaHHSI BaHTAKHUX BaroHiB,
OCKUJIbKM BOHHM CKJIaJar0Th HaWOLIbIIy YacTUHY
3 YChOTO PYXOMOTO CKIaay IiJi 4ac BaHTAXKHHX
nepeBe3eHHb [2, 4].

[ndopmaris mpo BiIMOBU €IEMEHTIB BaHTaXK-
HUX BaroHiB, 10 BUHHKAIOTH y TPOILIECI EKCIUTya-
Tarii, sBIsEe CO0OK NesKnid HaOlp CTAaTUCTHUYHHX
TaHUX, BUKOPHCTAHHS SKUX Ja€ MOXIIUBICTB IPO-
BECTH aHam3 nux BigMoB. Ha mizcrasi BimoMol
CTaTHCTUYHOI iH(OpMaIii Tpo BiAMOBU eleMEHTIB
BAaHTQ)KHUX BaroHiB MO)KHA CTBEpPIKYBaTH, IO
HaHOIbIIA TX YacTKa Ipunaaae Ha OyKCOBI By3JIH.

VY xoxi aHani3zy BiIMOB OyKCOBUX BY3JIB BaH-
TaXHUX BaroHiB yCTaHOBIICHO, 110 MailKe BCi BOHU
MOB’si3aHI 3 HESKICHO TPOBEACHUM PEMOHTOM
1 TEXHIYHUM OOCITyTOBYBaHHSIM, Ha MPOLEC SKOTO
ICTOTHO BIUIMBA€ HETOTPUMAHHS TEXHOJOTii BUKO-
HaHHS, 30KpeMa i JoAChKuid (akrop [24]. s
3HW)KCHHSI PU3UKIB, IO JOMYCKAIOTBCS TiJ[ Yac
PEMOHTY ¥ TEXHIYHOTO OOCITyrOBYBaHHS BaHTaX-
HUX BaroHiB, HEOOXiIHO 3aCTOCOBYBAaTH METOIU
JIarHOCTYBaHHA OYKCOBHX BY3IJIB 1 TOAAJBIIUI
PO3paxyHOK PHU3MKIB JUIsl OI[IHKKA O€3MeKn pyXy Ha
3aJ1I3HUYHOMY TPaHCIIOPTI.

VY poborax [13, 22] HaBeICHO METOJUKH aHAIIi-
3y JiepeBa BiIMOB JJIsl OLIHKK Oe3neku pyxy. Taki
METOJIMKH BHKOPUCTOBYIOTH JUIS  ITiJBHIICHHS
e(eKTUBHOCTI TEXHIYHOTO OOCIYrOBYBaHHS 3aJi3-
HUYHOTO TPAHCIIOPTY ¥ 3HMKEHHs pru3nKiB. Kijbka
MeTojiB y poborax [14, 20] npeacTaBisioTh MO-
JITIIeHI METOAWKH aHall3y JepeBa BiIMOB s
MPUAHSTTS PillICHb.

PoGotu [12, 16, 24] 3acHOBaHI Ha ClEHApIIX
aBapii 3 ypaxyBaHHSIM JIOJCBKOrO (hakTopa.
VY poborax [9, 11] HaBeaeHO MOZEN PU3UKY JUIS
OLIIHKH Oe3neku pyxy. Y podotax [10, 26] 6e3neka
PYXy HOB’s13aHa 3 IPOLIECaMU CUCTEMH TEXHIYHOTO

00CITyTOBYBaHHS €JIEMEHTIB TPAHCIIOPTHOI CHCTe-
M.

VY [17, 18] naBemeHo cucTeMy imeHTH(IKAIT
PHU3WKIB Ha 3aJi3HUYHOMY TPaHCIOPTi Ta 3aCTOCO-
BaHO METOJ eKCIUTyaTamiiHol HaIHOCTI JUIA OIli-
HKHU Oe3neku pyxy. AHami3 pusuky [19] naB mox-
JUBICTb BUKOPHCTOBYBAaTH CTOXaCTHYHI METOAU
omiHku Oe3meku pyxy. Y [2, 6, 21] npencrasieHi
METOJIN OIIIHKYM PU3UKIB 1 MOMJIUBOCTI IIiIBHIICH-
Hsl O€3MeKH pyXy MijJ Yac MPOEKTYBaHH:, eKCILTya-
TaIii Ta TEXHIYHOTO 0OCITYrOBYBaHHS 3ac00iB Tpa-
HCIIOPTY 3aJli3HHIIb, OCOONUBY YBary MpHIIICHO
KOHCTPYKLii BaHTa)KHUX BaroHiB 1 iX BIUIMBY Ha
0e3meKy pyxy.

Meta

OCHOBHOIO METOI poOOTH € Po3poOKa MaTeMa-
TUYHOI MOJEl BU3HAUCHHS PU3UKIB Ha 3aji3HUY-
HOMY TPaHCIOPTIi MiJ Yac AIarHOCTUKHA OYKCOBHUX
BY3JIiB BAHT&KHHUX BAaroHiB, SKa J03BOJIUTH HAJTATH
OLIIHKY Oe3MeKH pyXy B pa3i BaHTaXKHHX IepeBe-
3€Hb.

MeToanka

Bukopucraemo napamerp P, — iMOBIpHICTb yc-
MIIHOTO BHUKOHAHHS IIOCTABICHOIO 3aBJAHHSI
3 TEXHIYHOTO OOCIYrOBYBaHHS H PEMOHTY OyKCO-
BUX BY3JIiIB BaHTaXXHUX BaroHiB, 3a SIKHM MOJKHA
HaJaTH OI[IHKY SKOCTI IX BMKOHAHHS. 3alMIIEMO
3aJICKHICTh JIUIsl 3a3HAYCHOr0 TMapaMeTprl WMOBIp-
HOCTI B 3araJIbHOMY BUTJISII:

n
Px :szi (1_Phi)/n’ (1)
i=1
ne P, — iMOBipHICT BUKOHAHHS BiJIOBiIHOI i-0i

orepariii 3 TeXHIYHOTO OOCIyrOByBaHHS W PEMOH-
Ty OYKCOBOrO By3/la BaHT@)XKHHX BaroHiB; B
IMOBIPHICTh JTOMYIIEHOI TMOMMIIKM ITiJ{ 4aC BHKO-
HaHHS BIAMOBIIHOI i-01 omnepallii 3 TEXHIYHOTO 00-
CIIyrOBYBaHHS W PEMOHTY OYKCOBOI'O By3Jia BaH-
Ta@)XHUX BAaroHiB; N — KUIBKICTH Omepauii 3 TeXHi-
YHOTO 00CIIyroByBaHHS i peMOHTY OyKCOBOT'O BY-
371a BAHTKHUX BaroHis..

SIKIT0 IIOCTaBIIEHE 3aBAAHHS 3 TEXHIYHOIO 00-
CIIyTOBYBaHHSI W PEeMOHTY OyKCOBOT'O By3Jla BaH-
T@)XHUX BaroHiB BUKOHaHE Oe3 JOMyLICHHs MTOMU-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2021/230223

© JI. A. Mypansn, L. B. ITinenko, B. 1O. Illanonauk, 2021

95


http://creativecommons.org/licenses/by/4.0/

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

Hayxka Ta nporpec Tpancnopty. BicHuk J{HiponeTpoBcbKoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2021, Ne 1 (91)

PYXOMMI1 CKJIAJL I TATA TTOI3/11B

JIOK OOCITyTOBYIOUMM TIepcoHaioM, TO Bupas (1)

Mmatume 3HaueHHs P, =1.

ITix gac 3mificCHEHHS TEXHIYHOTO KOHTPOJIO BH-
KOHAaHHSI TEXHIYHOTO OOCIYTOBYBaHHS W PEMOHTY
OYKCOBOTO By3Jla BAHTQ)XKHHUX BaroHiB PU3UK HOTO
BiaMoBu R, nopiBHIo€ BenmnunHi R, =1-PB, =0.

AJe B 3araJbHOMY BUTIISAII PU3UK BiAMOBU OyKCO-
BOT'O By3J1a BAHTKHUX BaroHiB B XOJi 3/iHCHEHHS
TEXHIYHOTO KOHTPOJII0O BUKOHAHHS TEXHIYHOTO 00-
CIIyTOBYBaHHA W PEMOHTY IMOTPiOHO BH3HAUYATH 32
TaKUM BHPa30M:

R, =(-R)R =0, 2)

ne B, — IMOBipHICTH IONMyLIECHOT MOMUIKH y Pas3i

BUKOHAHHSI TEXHIYHOTO KOHTPOJIIO TiJ 4Yac MpHid-
HATTS OyKCOBOTO By3JIa BaHTAKHUX BaroHiB i3 pe-
MOHTY.

Pusnk BigMOBM OyKCOBUX BY3JiB BaHTaKHHX
BaroHiB, sIKi MPU3BENU 0 TPAHCIOPTHHUX MOJIH,
BU3HAYAEMO 33 BUPA30M:

R =52, 3)

ne K, — KUIbKiCTb BiIMOB OyKCOBHX BY3IIiB BaH-

TaXHUX BaroHIB IiJl Yac eKCIUTyaTaiii, SKi MpH3-
BEJIH JI0 TPAHCTIOPTHUX TO/IiH;

n

z K; — cyma BCiX BiIMOB BaHTa)KHUX BaroHiB MiJ
i-1
Yac eKCIUIyaTallii, sKi PU3BEJIN 10 TPAHCIIOPTHUX
MO,

Maroum HasBHI JiaHi, BUSBJICHI MPUIaaMH KO-
HTPOJIIO KOJIICHHUX TIap, MOXKEMO PO3paxyBaTH pH-
3WK BiIMOBH OYKCOBUX BY3JIiB BAaHTRXKHUX BaroHiB
MiJ yac 3MIACHEHHS TEXHIYHOTO KOHTPOJI BHKO-
HaHHS PEMOHTY 3a BHUPa30M:

n

Z Kil‘lK - Ke
=1

Rop =2, (4)

ne K, — KUIBKICTh BiIMOB OyKCOBHX BY3IIiB BaH-

T@)XHUX BaroHiB 4epe3 HeJOTPUMAaHHS BUMOT €KC-
mwryaranii abo ¢i3W4HOro 3HOCY, SKI BHSIBICHI
npuiagamMu Kontpomwo; K, —— i-Ta BiiMoBa Oyk-
COBHUX BY3JIiB BAHT)KHUX BaroHiB IIif] 4ac €KCILTY-
aTarlii, ki BUSABJICHI NMPUJIaAaMHu KOHTPOIIO KOJIic-
HUX T1ap.

Sx6m HEe Oyno BHSBIEHO HECIPAaBHOCTI OyKCO-
BUX BY3JIIB BaHTaXHHX BaroHiB MiJ yac eKCIUTya-
Talii mpuIagaMyd KOHTPOIIO KOJIICHUX Tap, TO MO-
KHa OyJo O CTBEPKYBaTH, III0 BOHU IPU3BEIHU J0
BiJIMOB, SIKi MIEpeHIIUIN B KaTEropito TPaHCTIOPTHUX
noxii. Lle moBoauTh TOM (hakT, 10 3aCTOCYBaHHS
TEeXHIYHUX 3ac00iB 1 MpHUIaiB, a TaKOX BIJICYT-
HICTh BIUIMBY JIIOJICBKOTO YHHHHKA JIO3BOJISE 3HU-
3UTH PU3UKH BiTMOB OYKCOBUX BY3IiB BAaHTAKHUX
BaroHiB ITiJ] 9ac iX eKCIuTyaTarii.

Jnst Toro mo0 3HU3UTH BIUIUB JIFOJCHKOTO
YUHHHMKA SK i 9ac MPOBEACHHS TEXHIYHOTO 00-
CIIyrOBYBaHHs Ta PEMOHTY, TaK 1 MiJl Yac BUKOHAaH-
HS TEXHIYHOTO KOHTPOJIO, HEOOXiTHO 3aCTOCYBATH
METOJI Ta 00JIaJIHAHHS JIJISl IIarHOCTHUKH OYKCOBHUX
BY3JIiB BaHTa)KHUX BaroHiB 3a BiOpamiiHUMH Xapa-
krepuctukamu [1]. Lle 103BOIHMTH 3HU3UTH PiBCHB
PHU3HKY BiIMOB OYKCOBHX BY3JIiB IiJ] 9ac €KCILTya-
Tawil BAaHTA)KHUX BaroHis.

Ha mpaktuni mig gac BUKOHaHHS TEXHIYHOTO
00CIIyroByBaHHS Ta PEMOHTY OYKCOBOTO BYy3Ia
BaHTa)XHUX BaroHiB iCHYE Jiesika Oe3rnepepBHa cra-
TUYHA MOJICIb 3AJICXKHOCTI PIBHS 1HIUBIAYaIbHOTO
MiIX0/1y 00CIyroByrOUOro nepconany (x) i piBHs
3arajbHUX iHTepeciB (Opurama, 3mina) (y) [5, 7,
15]. Sk mpaBumio, iCHYye TPH BH/M 3aJI€KHOCTEH:
ONTHMICTUYHA, HEWTpaJbHA, MECUMICTHYHA. AHa-
JITUYHO 11l 3aJIEKHOCTI MAKOTh BUTJISA.

. 2.
— onTHMicTHYHA — X =1—Yy°;
— HeWTpampHa — X=1-VY;
. 2
— necumictuuna — X =(y —1)°.
I'padiuHo 1i 3ameXHOCTI MiJ Yac BHKOHAHHS
TEXHIYHOTO OOCIyTOBYBaHHS Ta PEMOHTY OYKCO-

BOIro BYy3Jla BaHTaXXHHX BaroHiB HaBCACHO Ha
puc. 1.
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N

\

PiBens 3aranpHUX iHTEpECIB

PiBeHp iHAMBIAYaTBHOTO MMiAXOILY

Puc. 1. I'padiuni 3anexxHOCTI piBHS 1HIUBITYaTEHOTO
MiAXO0/y il YaC BUKOHAHHS TEXHIYHOT'O 00CITyroBY-
BaHHS Ta pEMOHTY OYKCOBOTO By3Jla BAHTa)KHUX Baro-
HIB BiJ piBHS 3araJleHUX iHTEpECiB:

1 — onTUMicTHYHA; 2 — HEWTpanbHa; 3 — MECUMICTHYHA

Fig. 1. Graphic dependencies of the level of individual
approach during the maintenance and repair of the axle
box of freight cars on the level of common interests:

1 — optimistic; 2 — neutral; 3 — pessimistic

Sk iHTErpanbHi KpUTEpil BU3HAYEHHSI CTpATeTi-
YHO ONTHMAJILHOIO CIIiBBIJIHOIICHHS PIBHIB JI0CS-
THEHHS 1HAMBIIYaJbHOTO MIJIXOAY M 3arajbHUX
iHTepeciB MiJ Yac BUKOHAHHS TEXHIYHOTO OOCITy-
TOBYBaHHS Ta PEMOHTY OYKCOBOTO BY3Jla BaHTaX-
HUX BaroHiB MOXyTb OyTH oOpaHi Ba BUIH — MY-
JIBTUILTIKATABHUNA Ta €BKJI1IOBUI;

Y, =xy; =Y, =x* +y?; (5)
SIK1 JUTS TPHOX BHIIB 3AJISKHOCTEH MatOTh BUTIISI:
— ONTUMICTUYHUM:
Y, ==Yy Y, =(@-y*)? + ¥
— HEUTPAJIIbHUMN:
Y, =(1-y)y; Y, =(1-y)* + Y%
— IECUMICTUYHMIA:

Y, = (y-1?y; Y, = (y-1*+y>

Pe3yabTaTn

CrpaTeriyHo onTUMaibHE CIiBBIIHOIICHHS Pi-
BHIB JIOCATHCHHS 1HIMBITyaqbHUX MiJXOJIB 1 3ara-
JBHUX IHTEPECIB MiJ Yac BUKOHAHHSA TEXHITHOTO
0o0CITyTOByBaHHSI Ta PEMOHTY OYKCOBOTO BYy3la
BaHTa)XHHUX BaroHiB HaBeJCHO B TaOI. 1.

Tabnuus 1

CrpaTeriyno onTuMaabHi ciBBiAHOIIEHHS
JOOCSITHEHHs piBHIB iHAMBINyaJIBLHUX HigX0iB
i 3araabHuX iHTepeciB mix yac BUKOHAHHSA
TeXHIYHOro 00CIyrOBYBaHHS Ta PEMOHTY OYKCOBOI0
BY3J1a BAHTA:KHUX BaroHiB

Table 1

Strategically optimal ratios of achieving the levels
of individual approaches and common interests dur-
ing the maintenance and repair of the axle
box of freight cars

. Mertpuka IHTerpajlbHOI'O KPUTEPIIO
Bun crpareriunoi p p pHTep
3aJIEKHOCTI . .
MYJIbTHILTIKATHBHA €BKJIII0BA
ONTUMICTUYHUN 0,58 0,7
Heitrpansuuii 0,5 0,5
[TecumicTnuamit 0,67 0,4

TakuM YHHOM, 3aJIS)KHO BiJl CyO’€KTHBHOTO
BHOOpPY BUAY CTpaTeriyHOl 3aJeXKHOCTI MiX piB-
HEM JIOCSTHEHHS 1HAWMBIIYallbHOTO MiIXOAy U piB-
HEM JIOCSITHEHHS 3arajlbHOr0 IHTEpeCy Ta BHIOM
METPUKHU IHTErpaJbHOTO KPHUTEPIilO i 4ac BHKO-
HaHHS TEXHIYHOTO OOCIYrOBYBaHHS Ta PEMOHTY
OYKCOBOTO By3Jla BaHTQXKHUX BAaroHiB MOXHa OIli-
HUTH B CTATUYHOMY PEXHMi X ONTHMAIbHE CITiB-
BIHOIIICHHS.

Ha ocHOBiI HaBeneHUX 3alie)XKHOCTEH Ha puc. 1,
sIKi OYZyTh BUCTYNATH KPUBUMH I'DAaHUYHUX MOXK-
JUBOCTEH OKPEMOTO MMiAPO3/IiTY 3ai3HUII TiJ Yac
BHKOHAHHS TEXHIYHOTO OOCITyrOBYBaHHS Ta PEMO-
HTy OyKCOBOTO By3Jla BaHTXKHUX BaroHiB, PO3IIIs-
HEMO B3a€EMO3aJIEKHOCTI KITLKOCTI TEXHIYHUX 00-
CIyroByBaHb (X)1 KiJBKOCTI PEMOHTIB OyKCOBOTO

By3Jla BaHT@KHHUX BaroHiB (Y), BUXOISYH 3 MaK-

CUMAJIbHUX MOXKJIMBOCTEH OKPEMOTro MiapO3/iny
Xmax T2 Yy BiATOBiAHO. Lli 3anexHOCTI HaBese-

HO Ha puc. 2.

max
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3
Q

KinmpKicTh TEXHIYHHX OOCITYTOBYBaHbB >

KinbKicTh peMOHTIB Ymax

Puc. 2. KpuBi rpaHUYHIX MOKIIMBOCTEH OKPEMOTO
MAPO3 LTy 3aJTI3HHUII i1 YaC BUKOHAHHS TEXHIYHOTO
00CITyTOBYBaHHS Ta pEMOHTY OYKCOBOTO By3Jia
BaHTa)KHUX BaroHiB:

1 — piBHOBa)XkHa; 2 — TOMiHyBaHHS TEXHIYHHX 00CIyrOBYBaHb;
3 — IOMiHyBaHHs PEMOHTIB

Fig. 2. Curves of the limit possibilities
of a separate railway subdivision during
the maintenance and repair of axle box of freight cars:
1 —equilibrial; 2 — dominance of maintenance;
3 — dominance of repairs

Juis piBHOBaXKHOI 3aJIe)KHOCTI i Yac BHKO-
HAHHS TEXHIYHOTO OOCIYrOBYBaHHS Ta PEMOHTY
OYKCOBOr0 By3j1a BaHTO)XHUX BaroHIB 3aIUIIEMO
PIBHSHHS:

y=a-+bx.

(6)

[Ipu 11bOMY MaKCHMaJIbHE 3HAUEHHS KUJIBKOCTI
PEMOHTIB OYKCOBOTO By3Jia BaHTa)XKHHUX BaroHiB

,Z[OpiBHIOBaTI/IMeZ ymax =da, a MakCHMaJIbHEC 3Ha-

YEeHHS! KUTBKOCTI TEXHIYHUX OOCIyroByBaHb OYyK-
COBOrO By3Jla BAaHTaKHMX BaroHis a-+bx . =0.

Toni b= _ Ymax )
Xmax
BuximHa 3aJIe)KHICTh 3 ypaxyBaHHSIM 3HAYCHb

Koe]ilieHTiB MaTUMe BUIIIAL;

X
Y = Yinax 1—X—

max

BuxopucTtoByroun MyIbTHILTIKATUBHUN KpHUTE-
pii

J =xy > max, (7)
3aIHIIEMO TS [IbOTO BUTIAZKY KPUTEPIii:
X
J =XYax | 1=—— | > max.
max
3HaliieMO eKCTpeMyMH HaBeleHOi (QyHKIiT

(J=0):

X X
ymax 1-— ﬂ = O,
Xiax Xiax
X = Xmax
ext 2
M,
ext 2

Jauti 1yist BUIaIKiB, MPeICTaBICHUX KPUBUMHU 2
i 3 Ha pHc. 2, 3aNMIIEMO 3arajibHe PiBHSHHS y BU-
TJISI:

y=a+bx+cx?.

(8)

Juis 3amexHOCTI B pasi JOMiHYBaHHS TEXHIYHO-
r0 KOHTpPOJIIO OyKCOBOTO By3Jia BaHTa)KHHX Baro-
HiB (KpuBa 2, pHC. 2) MaKCUMalIbHE 3HAYSHHS Ki-
JbKOCTI peMoHTIB (3a X=0) popiBHIOBaTHME:
Ymax = &, @ MoxinHa B Toui X =0 HopiBHIOE:

3./ =b+ 2cx|X:0 =0,

Toxi b=0 mig pOro BUMAAKY.
3anumemMo MOYaTKOBE PIiBHSHHA 31 3HAl/IeHU-
MU KoeilieHTaMu:

2 _
Ymax + Xy +CX° =0 ,
3BIJICH:
c= ——yg‘ax :
X

max
VY pe3ynbTaTti MaTUMEMO:

X2

Y = Yiax 1- X2

max
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3anummemo kputepiit (7):

2

J =Xy | 15—

max

—> max.

3HaifIleMo eKCTpeMyMH HaBeJeHOI

(J=0):

¢byHKIil

2 2
X 2X"Y max )
Yoax | 1= —— |~ 2 =0;
max Xmax
Xmax .
Xext = = 0'58)(ma1x’

B3

2
yext = g ymax ~ 0166ymax'

Jia 3anexHoCTi B pa3i MOMiHyBaHHS KLTBKOCTI
PEMOHTIB OYKCOBOTO By3Jla BaHTXHUX BaroHiB
(xpuBa 3, puc. 2) MakcuMallbHEe 3HaYCHHS KiTbKOC-
Ti peMOHTIB (3a X =0) JIOpIBHIOBATUME: Y, o, = &,
a noxigHa B Toui X =0

y=b+2cx,,, =0,
Toni b= _2CXmax JUISL PO3TIIIHYTOIO BUIMAJKY.

3anuuieMo MOYaTKOBE PIBHSHHA 31 3HAWICHU-
MU KOeQillieHTaMH:
2 2
Yinax + 2CXax +CX° =0

max y

3BIJICH:

_ Ymax .
Cc= 2

max

b= —pJmax

Xmax

e pa3 3anumemMo piBHSIHHS:

2x X2
Y = Yia | L
max Xmax
2x  x°
J =Xy | L ——+ | =
max Xmax
2
X
= XYpmax | I=—— | — max.
max

3HaifIleMo eKCTpeMyMH HaBeJeHOi (YyHKIii
J=0):
y 2
Ymax 1-—1| -
max
X X
“2Yax | 1= |% =0,
max Xmax

ext

X
= % ~ 0,33X s

yext Zgymax ~ 0'44ymax

PosrnsnyTi BapiaHTH TpPaHUYHUX MOMKIIMBOCTEH
OKPEMOTro MiJAPO3aUTy 3alli3HHUIIl 32 PIBHOBaKHOI
3aNIeKHOCTI, Y pa3i TOMiHyBaHHS KiJIBKOCTI TEXHi-
YHHUX OOCIYroByBaHb a00 PEMOHTIB OYKCOBOTO
By3Jla BaHT&)KHUX BAroHiB, IAIOTh MOJJIUBICTb
o0patn TEeXHIKO-eKOHOMIUHI IMapamMeTpu poOoTH
OKPEMOTO MiAPO3ALTYy 3aMi3HHUII Ta MOJIENb s
OLIIHKA BHKOHAHHS TEXHIYHOTO OOCIyrOBYBaHHS
1 peMOHTY OYKCOBOTO By3JIa BAHTR)KHUX BAaroHiB.

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYMMICTH

ABTOpH 11i€i pOOOTH BIIEpIE 3aMPOINOHYBAIH
MaTeMaTUYHy MOJIeNIb BH3HAUYEHHS PU3UKIB Ha 3a-
J3HUYHOMY TPAHCHOPTI MiJ] Yac JiarHOCTUKU OyK-
COBUX BY3JiB BaHT)XXHHX BaroHiB, siKa JIO3BOJISIE
HaJaTH OI[iHKY Oe3leKkwu pyxy B pasi 3iliCHeHHs
BaHTQ)XHUX IEPEBE3€Hb Ta BU3HAYMUTH ITOJAIBIII
3aXO0JIM [IO/I0 3HWKECHHS PU3HKIB.

HalyB mopmanpmoro po3BHTKY METOX JOCITi-
JOKeHHS €(QEeKTUBHOCTI CHUCTEMH TEXHIYHOTO 00-
CIIyTOBYBaHHSI Ta PEMOHTY OyKCOBOTO By3Ia, IO
Ha BIJMIHY BiJl HASBHOT'O BCTAHOBJIIOE 3aJICKHICTh
KIIBKOCTI TEXHIYHMX OOCIyrOBYBaHb BarOHHHX
OyKc BiJ KUTBKOCTI X pEMOHTIB B eKCIUTyaTaIii Ta
JIO3BOJIUTH MiJIBUIIUTH PiBEHb OE3MEKH PYXY.

BucHoBku

VY mpoueci OWiHKK PiBHSA 1HAWBITyaIbHUAX Mif-
XO[IIB 1 3arajibHUX 1HTEPECIB OKPEMOTI'O ITiIPO3IiITy
3aJII3HULI i YaC BUKOHAHHS TEXHIYHOIO 00CIy-
TOBYBaHHS Ta PEMOHTY OYKCOBOTO BY3Jla BaHTaX-
HHX BaroHiB B yMOBaX HEBU3HAYCHOCTI OYJIO PO3T-
JISHYTO BapiaHTH T'PAaHMYHUX MOXKJIMBOCTEH I[LOIO
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niaposainy. Ilpu oMy BCTaHOBIEHO, WO 32 PiB- X, =0,58X .\ Ve =0,66Y,,» @ JUISL BHIAAKY
HOB&KHOTO PO3MOITY EKCTPEMaNbHi 3HAYEHHS  joMiHyBaHHS PEMOHTIB GYKCOBOTO By3/Ia BAHTAXK-
Xext = Xmax | 2 Yext = Ymax / 2 A BUIALKY JOMi- gy aromip Xexe = 0,33X =0,44y, ...
HyBaHHA TEXHIYHMX OOCIYroByBaHb OYKCOBOTO

By3JIa BAaHTAXHUX  BaroHiB JOPIBHIOIOTH

max ! yext
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Mathematical Model of Risks in Railway Transport During Diagnostics
of Axle Boxes of Freight Cars

Purpose. The research is aimed at developing a mathematical model for determining the risks in railway
transport during the diagnostics of axle boxes of freight cars, which will provide an assessment of traffic safety in
the case of freight transportations. Methodology. To develop a mathematical model for determining the risks in
railway transport, a continuous static model of the dependence of the level of individual approach of service person-
nel on the level of common interests (crew, shift) was used. Three types of dependencies were considered: optimis-
tic, neutral, pessimistic. Findings. A mathematical model has been developed that allows assessing the risks and the
level of train traffic safety during the diagnosis of axle boxes of freight cars, as well as determining further measures
to reduce risks. In the process of assessing the level of individual approaches and general interests of a particular
railway subdivision during maintenance and repair of the axle box of freight cars the variants for the limit possibili-
ties of this subdivision were considered. At the same time extreme values for equilibrium distribution, for a case of
dominance of maintenance and for a case of dominance of repairs of freight car’s axle box were established.
Originality. For the first time, a mathematical model of risks in railway transport was developed, which is formed
during the maintenance and repair of freight cars. It allows determining the level of traffic safety during freight
transportations and outlining further measures to reduce risks. The method of studying the efficiency of we System of
maintenance and repair of the axle box has been further developed, which, in contrast to the existing one, establishes
the dependence of the number of maintenance of axle boxes on the number of their repairs in operation and will
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increase traffic safety. Practical value. The application of the obtained mathematical models of risks in railway
transport can reduce the risks during the diagnostics of axle boxes of freight cars in order to increase the local or
general level of train traffic safety.

Keywords: train traffic safety; risk; axle box; diagnostics; freight cars; railway transport
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YK 629.463.02:519.87

0. B. POMIHY, A. O. IOBCBKA?"

Ka¢. «BaroHu Ta BATOHHE FOCMOAAPCTBOY, JlepkaBHUIl yHiBEpCHTET iHQPACTPYKTYPH Ta TEXHONOTIH, By, Kupuiisceka, 9,
Kuis, Ykpaina, 04071, Ten. +38 (067) 813 97 88, en. nomra fomin1985@ukr.net, ORCID 0000-0003-2387-9946

2’Kad. «[mKeHepis BaroHiB Ta SKiCTh IPOAYKIi», YKPAaTHCHKUI Nep/KaBHUI YHIBEPCUTET 3aIi3HUYHOTO TPAHCIIOPTY,

. Meiiepbaxa, 7, Xapkis, Ykpaina, 61050, ten. +38 (057) 730 10 35, en. momra alyonalovskaya.vagons@gmail.com,
ORCID 0000-0002-8604-1764

JocaigkeHHs] BEpTHKAJbHOI IUHAMIKHA HECYYHX KOHCTPYKIIA BAHTAKHUX
BAroOHiB i3 KpyrJjamux Tpyo

Mera. lle nocnipkeHHs CIpsIMOBaHE Ha BH3HAUCHHS BEPTHKAIBHOI JHHAMIKH HECYYHX KOHCTPYKILIl BaHTaX-
HHX BaroHiB i3 kpyriux tpy0. Meroauka. [IpoBejeHO MaTeMaTHYHE MOJCIIOBaHHS AWHAMiYHO! HABaHTAKEHOCTI
HECYYUX KOHCTPYKLil OCHOBHMX THIIIB BaHTQ)XHUX BaroHiB i3 Kpyriux TpyO: MiBBaroH, KPUTHUH BaroH, BaroH-
mwiatopma, BaroH-xomep. JlOCTiHKEHHST MPOBEACHO B IUIOCKIH cucTeMi KoopauHaT — rwionudi XZ. Ilpu npomy
BPaxoOBaHO, IO BaroH PyXa€ThCsl MPY)KHO-B’SI3KOI0 KOJIEIO Tak, IO peakiii Kouii mpomopuiiHi gk ii nedopmaii,
TaK 1 mBUAKOCTI Hi€el nedopmarnii. Y3410 10 yBaru pyx BaroHiB y mopoxHboMY cTaHi. CTUKOBY HEpPIiBHICTh OIUCAHO
nepioguyHor0 (yHKII€. Po3paxyHoK mpoBelneHo 3a MBUAKOCTI pyXy BarosiB 80 km/roa. Po3s’s3ok mudepeniiia-
JMbHUX PIBHSHB PyXy 3iilicHeHO B mporpamHomy komiuiekci MathCad i3 Bukopucranusm metony Pynre—Kyrra.
PesyabraTi. Ha migcTaBi MaTeMaTHYHOrO MOJCIIOBAHHS JAMHAMIYHOI HABAHTa)KCHOCTI HECYYHMX KOHCTPYKLIH Ba-
TOHIB i3 KPYIIIUX TPyO OTPHIMAaHO OCHOBHI MOKA3HUKH iX TUHAMIKH: IPUCKOPEHHS, K1 TIIOTh Ha HECYdi KOHCTPYKIIi1
B [IEHTPi Mac, CHJIH, IO IiFOTh Y PECOPHOMY MiABIIIYBaHHI Bi3KiB, KoeimieHTH AuHAMIKH. [IJ11 miBBaroHa, KPUTOTO
BaroHa, a TaKOX BaroHa-xoIlepa NPHCKOPEHHs B LEHTPI Mac Hecydoi KOHCTpYyKUii mepebyBaroTh y Mexax 0,4 g,
a BaroHa-iatgopmu — 0,5 g. YcTaHOBIICHO, IO OTPHMaHI MOKa3HUKN AWHAMIKH BaroHIB i3 KPyrimx TpyO mepedy-
BalOTh Y MEXax JIONMyCTUMUX. [IprCcKOpeHHsI, sIKi TII0Th Ha HECY4l KOHCTPYKII BaroHiB i3 KPyIJHX TpyO, Maixke He
BIJIPI3HSIOTHCS BiJ] THX, [0 OTPUMaHI JJIs BATOHIB-MPOTOTHIIB. [Ipy IbOMY XiJ] BATOHIB OI[IHCHO 5K «BIAMIHHUI» —
MiBBaroH, KpUTHH BaroH, BaroH-xomep Ta «xoOpwuit» — Baron-uiatrgopma. HaykoBa HoBu3Ha. Y po0oti Bnepiue
301 ICHEHO MaTeMaTH4HEe MOJICIIOBAHHS TUHAMIYHOI HABAaHTA)KEHOCTI HECYYMX KOHCTPYKLIM BaroHiB i3 KpYIJHX
TpyO Ta OTPUMaHO OCHOBHI MOKa3HHUKH iX nuHamiku. IlpakTuuHa 3HaYuMicThb. [IpoBenieHi JOCIiIKEHHS CIIPUSATH-
MYTh CTBOPEHHIO PEKOMEHAALIH 1110JJ0 MPOEKTYBAHHS HECYYMX KOHCTPYKIIH BaHTa)XHUX BAaroHIB i3 KPyriiuX Tpyo,
a TaKOXX MOXYTb OyTH KOPUCHUMHM HATPALFOBAHHSAMH I1iJ] YaC CTBOPSHHS iHHOBAIIHHUX KOHCTPYKLiil BaroHis.

Knrouogi cnosa: BaroH; Hecyda KOHCTPYKIIisl; TMHAMIYHA HaBaHTAXKEHICTh; BEPTHUKAJbHA AWHAMIKA; TPAHCHIOPT-
Ha MexaHika

Beryn 3MEHIIIEHHIO BUTPAT Ha BUTOTOBJICHHS BAroHiB, iX
EKCIUTyaTallilo, a TAKOX MiJBHUIICHHIO e(PEeKTUBHO-
CTI MIEPEBI3HOTO MPOIIECY.

BusHaueHHs TUHAMIYHOI HABAHTAXXEHOCTI ITiB-
BaroHa mojeni C70 3 ypaxyBaHHSIM pi3HOi BUCOTH
LeHTpa Baru HaBesneHo y [8)]. Po3paxyHkoBi cuiy,
SIKi JIIFOTh Ha Ky30B BaroHa, yCTaHOBIIEHO Ha TifIC-
TaBi HOPMaTUBHUX CTaHIAPTIB JUIs 3aii3HAND Ku-
Taro.

3’sicyBaHHS OCHOBHHUX JUHAMIUHUX ITOKa3HUKIB
BaHTQ)XHHUX BaroHIB 3 YPaxyBaHHSAM IOMEPEYHUX
3MillleHb Bi3KiB onucaHo B [7]. OTpuMaHo naHi, ki
JIO3BOJISIIOTH  OIIIHUTH BIUTAB TOTIEPEYHOTO 3Mi-
IICHHS Bi3KiB BaroHa Ha MMOKa3HUKU OE3MEKU PyXYy.

OpHak 3aa4y BH3HAUEHHS BEPTHKAIBHOI Ha-
BaHTKEHOCTI HECYYMX KOHCTPYKIiHi Barosis

[TnigHe QyHKIIOHYBaHHS TPaHCHOPTHOI ramysi
3YMOBIIIOE€ HEOOXIJIHICTh YNIPOBAKEHHS B €KCILTY-
aTalilo Cy4acHHX TPaHCIOPTHUX 3ac00iB. OCKiib-
KM OCHOBHHUI CErMEHT NEPEeBi3HOTO Ipolecy Bil-
BEJICHO 3aJlI3HUYHOMY TPAHCIOPTY, TO JO CTBO-
pPEHHS CydacHUX KOHCTPYKIIili BaroHiB IMOTPiOHO
nepea’ BIATUCS 0coONMBI yMOBH. 30KpeMa Iie
CTOCYETBCS IX HECYUUX KOHCTPYKIIiH.

BaxiBUM HamnpsiMOM CTBOPEHHS TIEPCIIEKTHB-
HUX BaHTQXHHUX BAaroHiB € ONTHMIi3aLisl iX HECYUHX
KoHCTpyKIiH. [le no3Bommino 6 3MeHIUTH X Mare-
plaloeEMHICTh 32 YMOBH JIOTPUMAaHHSI BaHTaXOIIiJI-
HOMHOCTI He HIKYE 3a BIINOBIAHI KOHCTPYKLil
BaroHiB-poToTHIiB. Take pillleHHs CHOpHUITUME
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3 ypaxyBaHHSM 3MEHIICHHS X MaTepiaJoeMHOCTI
B ITUX POOOTaxX HE PO3TIIHYTO.

JocnipkeHHIO TUHAMIKH PYXOMOTO CKIIaay
3 BUKOPHCTaHHSM CKCIICPUMEHTANBHOTO BaroHa-
nabopatopii npucesiuero poboty [5]. PosrmsayTo
MOJKIIMBY CHJIOBY JIil0 Ha PEMKy Ta KOJIECO pyXo-
MOTO CKJIQAy MiJ Yac MPOXOIKEHHS CKJIagHOI [ii-
JISTHKA KOJTii.

OniHKy JUHAMIYHUX SKOCTEW BaHTAKHUX Ba-
TOHIB Ha Bi3KaX MEPCIECKTUBHOI MOJICIII HABEJIEHO B
[14]. OrpumMaHO eKCIIEpUMEHTANbHI 3alI€KHOCTI
OCHOBHHUX TUHAMIYHUX ITOKa3HUKIB pyXy MiBBaro-
HIB 13 BUKOPUCTaHHAM Bi3KiB Mozeni 18-9771, sxa
Mae pi3HI mapameTpu KoB3yHiB. lle mae moxiim-
BiCTh BHOOpPY MapaMmeTpiB KOB3YHIB JJIsi OTPHUMAaH-
HSl HAHOUTBIIOrO eeKTy 31 3HWKEHHS TUHAMi4HOT
HaBaHTa)KEHOCTI SIK BaroHa, Tax 1 Koumil.

OpnHak y mux poOOoTax MPUIIEHO yBary IIo-
JIIIIIEHHI0 TOKA3HUKIB IUHAMIKA BaroHiB IUIIXOM
BUKOPUCTAHHS HOBHX 200 MOJCPHI30BaHHMX THIIIB
Bi3KiB. [Ipu bOMy He B34TO 70 yBaru Hecydi KOH-
CTPYKIIil BaroHis.

Oco06IMBOCTI MOZIEpHI3allii Ky30BiB BAHTXKHUX
BaroHiB Ha Cy4aCHOMY €Talli PO3BUTKY TPaHCIIOP-
THOI ramy3i omucado B [15]. MeToro Takoi Mozmep-
Hi3allii € MOJOBXKEHHS CTPOKY eKCILTyarallii Baro-
Ha. Takoxx y poOOTi 3ampOIOHOBAaHO BIOCKOHA-
JICHHS CHCTEMHU MiarHOCTUKM TEXHIYHOTO CTaHy
MOJIEPHI30BaHHUX KY30BiB BaroHiB.

3axo/MiB MO0 ONTHMI3aIll Ky30Ba BaroHa
3 METOK0 3MEHIIIEHHS MaTepiaoeMHOCTI B pOOOTI
HE 3aMpOorOHOBAHO.

CTpyKTYpHO-AMHAMIYHUIA aHaJli3 BaHTaXXHOTO
Barona mojano B [13]. Po3paxyHOK mpoBeIeHO 3a
METOJIOM CKIHYEHHUX eleMeHTiB. [Ipu 1poMy po3-
TIISTHYTO OaraTopiBHEBY CHCTEMY BiJIBHOCTI Baro-
Ha.

Pe3ynbTaT BU3HAYCHHS TUHAMIYHOT HABaHTA-
JKEHOCTI IMiBBaroHa IIijf 4ac NepeBe3eHHs Ha 3alli3-
HUYHOMY mopomi HaBeneHo B [9, 11]. Ilpu ubomy
PO3TIISIHYTO BHIIQJIOK KOPCTKOTO 3aKpIIUICHHS KY-
30Ba BiJTHOCHO MalTyOH, TOOTO BiJICYTHICTh BIIACHO-
IO CTYIEHs BIILHOCTI ITiJ] Yac KOJIHMBAaHb 3ajIi3HUY-
HOTO TIOpOMa.

BaxmBo 3a3HauMTH, M0 B IMX poOOTax He
B3STO JIO yBard BU3HAYCHHS BEPTUKAILHOI TUHA-
MIKH Ta OLIIHKY X0y BaroHa.

JlocnipkeHHsT BIULTMBY OCbOBOTO HAaBaHTAXKEHHS
Ha JIMHAMIYHI TTOKa3HUKH IiBBaroHiB, a TAKOX IO-

Ka3HHMKH iX B3a€MOii 3 KoJiero ommcano B [16].
[IpoBeneHo MaTeMaTHUYHE Ta KOMIT FOTEPHE MOJIe-
JIFOBaHHS JTMHAMIYHOT HABAaHTAXKEHOCTI IMiBBaroHa
i 9ac pyxXy 31 MBHUIKOCTSIMH B Jiana3oHi Bix 50
10 90 km/ron B kpuBHX pagiycamu 350 1 600 m.

BusHaueHHs MIITHOCTI Ky30Ba IiBBaroHa 3 ypa-
XYBaHHSAM OTPUMAaHUX pE3YNbTATiB JUHAMIYHOI
HaBaHTAXKEHOCTI B pOOOTI HE TIPOBEICHO.

Pesynbpratn BTOMHOTO aHali3y Ky30oBa BaroHa
cepii S (g) mmns naBemeHo B [17]. PospaxyHok
3MIACHEHO 3a METOJIOM CKIHYEHHHX EeJIEMEHTIB.
Po3pobieHo Ta BepudikoBaHO TPUBUMIPHI MoIemi
JOCTTIDKYBaHUX BaroHIB Ta BU3HAYCHO MOKA3HUKU
1X MILIHOCTI.

OpHak TUTAaHHIO ONTHMI3allii Ky30Ba BaroHa
3 METOI0 3MEHIICHHS MaTepiaJOEMHOCTI B iil po-
00Ti yBaru He NPUAIJICHO.

Meta

OCHOBHOIO METOIO CTATTi € JIOCIIPKEHHS Bep-
TUKAJIbHOI JMHAMIKM HECYYMX KOHCTPYKIIiH BaH-
TQXHUX BaroHiB 3 Kpyrimmx TpyO. lle mo3Bonuth
OOTpYHTYBaTH MOIUIBHICTH YIPOBAIKEHHS KpPYyT-
TUX TpyO SIK HECyuyHX €JEeMEHTIB Ky30BiB BaroHiB
Ta BHM3HAYHTH BIUIMB LHOI'O BJOCKOHAJIICHHS Ha
Oesmneky pyxy. [y qOCSTHEHHs 3a3HAYE€HOi METH
MOTPiIOHO BUKOHATH TaKi 3aBJaHHS:

— CTBOPUTH pO3PaxXyHKOBY CXeMy Hecydoi
KOHCTPYKIIT BAaHT)KHOTO BaroHa JJIsi BU3HAYCHHS
OCHOBHUX TTOKa3HUKIB JMHAMIKH;

— BH3HAYWTU OCHOBHI TOKa3HUKU JHHAMIKH
BaHTA)XHHUX BaroHiB i3 KPyriux Tpyo;

— NPOBECTH aHalli3 OTPUMAaHUX pPE3YJIbTATIB
11010 BU3HAYEHHS OCHOBHMUX MOKA3HUKIB JUHAMI-
KM BaHT2)XHHUX BaroHiB i3 KPyTriux TpyoO.

MeTtoanka

Jnst 3MeHIIEHHS MaTepialoEMHOCTI HECY4YHX
KOHCTPYKIIili BarOHiB 3aIIPOIIOHOBAHO BIIPOBA/IUTH
SIK KOHCTPYKINHHI eneMeHTH Kpyrm Tpyou [10,
12]. Take TexHiuHE pimIeHHS OOTPYHTOBAHO MPO-
BEJICHUMH PO3paxyHKaMH Ha MilHicTh. [Ipu ipomy
JIOCITIJKEHHSI TPOBEJICHO JJIsi OCHOBHUX THIIIB Ba-
HTa)KHUX BaroHiB: MiBBaroH, KPUTHI BaroH, BaroH-
atgopma Ta BaroH-xomep (puc. 1).

[IpocTopoBi KOMIT'FOTEpHI MOJEIl BaHTAKHUX
BaroHiB 3 ypaxyBaHHSIM 3allPpONIOHOBAaHHX pillIeHb
HaBeJICHO Ha puc. 2.
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JInst BU3HA4EHHS OCHOBHHUX ITOKa3HMKIB JTMHA-
MIKH 3aIIPONOHOBAaHMX KOHCTPYKIIiH BaroHiB mpo-
BEJCHO PO3PaXyHKH, Ui YOrO BUKOPUCTAHO Ma-
TEMaTHYHY MOJIeJIb, HaBeieHy B [3].

Baron mpum 1mpoMy pO3IIISHYTO SIK CHCTEMY
3 TPhOX TBEPAMX TIT — HECY4YOi KOHCTPYKILIi Ta
nBOX Bi3KiB Mozeni 18—100 3 pecopHUMU KOMILIE-
KTaMH, SIKi MalOTh KOPCTKICTh Ta KOe(iIlieHT Bij-
HOCHOTO TEPTH.

VYpaxoBaHO, II0 Ha CHCTEMYy HAKJIaJICHO TaKi
3B’SA3KH:

— MepeMillleHHs Ky30Ba Ta Bi3KiB BaroHa-
m1aThOopMH y3JIOBXK OCI KOJIT OJHAKOBI: (1 = (3 =
Qs;

— KOJIICHI Tapu pyXarwThcs 0e3 MPOKOB3yBaH-
us: Prij = xrg/R, (r, i, j =1, 2), ne R — pazgiyc komne-
ca, 0,475 m;

— 4yepe3 BIACYTHICTb MpPYKHUX €JIEMEHTIB
y OyKCOBOMY MiABiIIyBaHHI migcTpuOyBaHHS Bi3-
KiB BU3HAYAIOTH ITiACTPUOYBAHHIM KOJICHHUX TIap.

MZ-NUZ TN x &

%

Puc. 1. JocmimpkyBaHi THIIH BaHTa)KHUX BaroHiB:
a — TIBBAroH; O — KPUTHI BaroH; 6 — BaroH-11aTgopma; ¢ — BaroH-XoIep

Fig. 1. Types of freight cars under study:
a —gondola car; b — covered car; ¢ — flat car; d — hopper car
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a—a

Puc. 2. Komn’toTepHi Mozieni 3a1i3HUYHUX BaroHiB, HECYYl €JIeMEHTH
KY30BiB SIKHX BUKOHAHO 3 TPYO KPYTIJIOTO Mepepi3y:
a — TIBBAroH; O — KPUTHH BaroH; 6 — BaroH-II1aTgopma; ¢ — BaroH-XoIep

Fig. 2. Computer models of railway cars, supporting elements of bodies of which are made of round section pipes:
a — gondola car; b — covered car; ¢ — flat car; d — hopper car

Kiii kouii mpomopiuidiHi sk i1 medopmartii, Tak
i mBHaKOCTI 1€l gedopmartii [3]. Ypaxosano, 1o

JlocnikeHHs NPOBEAECHO B IUIOCKIH CHUCTEMI  BaroHW pyXalThCs B IOPOXHBbOMY cTaHi. Pospa-
KoopauHar. IIpuMHATO NPUIYINEHHs, 10 BaroH  XyHKOBAa MOJENb BaroHa HaBeJcHa Ha puc. 3.
PYXa€EThCS MPYIKHO-B’SI3KOK0 KOJIEIO Tak, 110 pea-

PesyabTaTtn

(D Ms /M
klé 1 ﬂ] Lt k1 hJBl % [EX)
Ty
na(t n3(t na(t m(t
i< 2 »a—ly
Puc. 3. Po3paxyHkoBa cxeMa BaHTaXHOTO BaroHa
Fig. 3. Estimated scheme of freight car
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d? . (d . (d
M, .qu +C 0 +C-03+Cs- 05 =—Fpp '(S'QH(ESJJFS'gn(aSzD; 1)
2 . (d . (d .
M, 'd?qz +C 0, +Cy5-03+Cy5 - 05 = Fp -1+ sign aal +3ign ESZ , )

2

d d
M, ‘F% +Ca1h +Cs, Uy +Cy3- 03 + By — 03 =

dt

. d d d
= 'Slgn[af’lj"‘ kl(m +n2)+l31(am +an2j; (3)

d? d
M, 'F% +C 440, +Byy a0t
d? d
Mg 'Fqs +Cg10 +Cs, -0, +Cy5-05 + B s a

d
a4 =—k1(n1—nz)—l31'a'(am

d .
_anzj' (4)

0s =

. d d d
=Fmp 'Slgn(aézj"‘ k1(ﬂ3 +n4)+51(an3 +En4j; (5)

2

d d d d
Mg ‘qu +Cg0s +Bss 'aqe =—k1-a-(n3—114)—[31-&-(&%—&114),

ne Mi, M> — BiAMOBIAHO Maca Ta MOMEHT iHEpIIi
Hecy4ol KOHCTpYKILii BaroHa-matdopmu; Ma, Ms
— BIJMIOBIZHO Maca Ta MOMEHT 1HEpIlil MepIioro 3a
XOJIOM pyXy Bi3ka; Ms, Ms — BiAMOBITHO Maca Ta
MOMEHT 1HepLil Apyroro 3a XoA0M pyxy Bizka; Cij
— XapaKTEepPHCTHKH MPYKHOCTI €JIEMEHTIB KOJHBa-
JBHOT CHCTEMH, SIKI BU3HAYAIOTh 3HAUYECHHSAMH KOe-
bimientiB sxopctrocti npyxkuH Kr; Bij — dyHKIis
PO3CitOBaHHS; @ — MOJIOBMHA 0as3u Bi3ka; Ki — skop-
CTKiCTh KouIil; 1 — KoedimieHT nemmndyBanHs; Ni(X)
— (hyHKIis, KA OTMIHCYE HEPIBHICTh PEHKOBOT KOJIii;
Oi — nedopmariii IpyXKHUX CJIIEMEHTIB PECOPHOTO
migBimyBaHHs; Frp — cuia aOCOMIOTHOTO TepTs
B PECOPHOMY KOMILIEKTI.

CTHKOBY HEpIBHICTh ONHMCAaHO MEPiIOTUYHOIO
dyukiiero [3]:

h
t)=—(1-coswt),
n(t) =5 -coson) o
ne h — rnubuHa HEPIBHOCTI; ® — YacTOTa KOJH-
BaHb, Ky BH3HA4alOTh 3a Gopmynorw o=2mV/L
(V — mBuakicTh pyxy Barona, L — nosxuHa HepiB-
HOCT1).

(6)

Po3B’s130k mMaremartnuHoi Mopeni 3AIHCHEHO
B mporpamHomy komiuiekci MathCad 3a metomom
Pynre—Kyrra [4, 6, 18].

[TowyaTkoBe MepeMilleHHsI Ta IMIBHIKOCTI B3STO
piBHUMHU HyIO. BXimHUMEH mapaMeTrpaMu MoOAeli
€ TEeXHIYHI XapaKTePHCTUKH Ky30BiB BaroHiB, pe-
COpHOTO IiJBINIYBaHHS, a TaKOX 30yprorouoi mii.
[Tix yac mpoBeaeHHsS PO3PaXyHKIB ypaxoBaHO Ia-
paMeTpu PECOPHOro MiABIIIYBaHHS Bi3Ka MO
18-100.

Inepuiiini koedilmieHTH HECyYHX KOHCTPYKIIH
BaroHiB, fKi BPaxOBaHO IIiJ| 4aC BU3HAYCHHS JIU-
HaMIYHOi HaBaHTaXXEHOCTI y BEPTHKAJBbHIN ILIO-
eI, HaBegeHo B Ta0u. 1. Li xoedimienTn BU3HA-
YeHO 3a J0IOMOTOI0 OMIIiK MPOrpaMHOro KOMILIe-
kcy SolidWorks.

Po3paxyHOK mpoBeeHO 32 MBHIKOCTI pyXy Ba-
roniB 80 km/roa. Pe3ynbprat po3paxyHKiB HaBe-
JeHo B Tab. 2, a TakoX Ha puc. 4—7.

OTmxe, Ui TMiBBaroHa, KPUTOTO BaroHa, a Ta-
KOXX BaroHa-xorepa MPHUCKOPEHHs B LEHTPI Mac
Hecy4ol KOHCTpYKIii nepedyBae B Mmexax 0,4 g,
a BaroHa-ruiargopmu — 0,5 g.
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OtprMaHi pe3ynbTaTH [O3BOJIIIOTH 3pOOMTH  FOTHCS BiJ THX, IO OTPUMAaHi JUIA BaroHiB-
BHCHOBOK, IO MTOKa3HMKHM JHHAMIKHA BaroHiB Ile- IMPOTOTHIIB (puc. 8).
peOyBaroTh y MekKax JaomycTumux [1, 2]. [Ipu nboMy XiJ BaroHiB OI[IHEHO SIK «BiJMiH-
[IpuckopeHHs, AKi Iif0Th HA HECYydi KOHCTPYK- HHID» — IIBBaroH, KPUTUH BaroH, BaroH-XOIep Ta
1Iii BaroHiB i3 Kpyrimx TpyO, Maixke He BIAPI3HA-  «1o0Opuin» — BaroH-aTdopma (puc. 9).

Tabnuus 1
Inepuiiini koedinieHTH HecyYHX KOHCTPYKIii BATOHIB /181 BU3HAYEHHS
AUHAMIYHOI HABAHTAKEHOCTI Y BePTUKAJIBHIN miomuHi
Table 1
Inertial coefficients of supporting structures of cars for determination
of dynamic loading in the vertical plane
MowmeHrT iHepuii, BiIcOTOK 3MEHIIEHHS MaCH TOPIBHSHO 3
Tum Barona Maca, T )
T M BaroHOM-IIpOTOTHUIIOM
[liBBaron 14,6 266,1 6,0
Kputnit Baron 14,7 307,9 4.0
Baron-mardopma 11,0 101,4 4.0
Baron-xorep 14,8 230,2 5,0

Tabnuns 2

JAuHaMivyHi NOKA3HMKH JOCHIIKYBAHUX BATOHIB MiJ 4ac pyxXy B IOPO:KHbOMY CTaHi

Table 2
Dynamic indicators of the cars under study when moving in empty state
TToka3uuk 3HaYeHHs
1B KB BII® BX
Ipuckopenss Ky3oBa, m/c? 41 4,07 52 4,05
Cuuia B pecopHOMY Ii/IBillyBaHHI nepiioro Bizka, kH 41,0 41,4 40,3 41,3
Cuuia B pecopHOMY ITiIBilllyBaHHi Ipyroro Bi3ka, kKH 41,0 41,4 40,3 41,3
KoediieHT 1uHaMIKK EPIIOTO Bi3Ka 0,52 0,5 0,72 0,5
KoediieHT quHaMiKu APyroro Bizka 0,52 0,5 0,72 0,5
I1B — niBBaron; KB — kpuruii Baron; BII® — Baron-miatpopma; BX — BaroH-xormnep
NU
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Fig. 4. Accelerations acting on the supporting structure of the gondola
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Fig. 5. Accelerations acting on the supporting structure of the covered car
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Fig. 6. Accelerations acting on the supporting structure of the flat car
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Fig. 7. Accelerations acting on the supporting structure of the hopper car
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Fig. 8. Comparative analysis of accelerations acting on the supporting structures of cars
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Fig. 9. Accelerations acting on the supporting structures of cars made of round pipes

[IpoBeneHi JOCTIIKEHHS JOBOJAATH JIOILIb-
HICTh YIMPOBAKCHHS KPYTIIUX TPYO AJIST HECY4HX
€JIEMEHTIB BaroHis.

HaykoBa HOBU3HA Ta IPAKTUYHA
3HAYNMICTh

Y po0ori Brepiie 3iiiCHEHO MaTeMaTUIHE MO-
JIETFOBAHHS JMHAMIYHOT HABAaHTAXKEHOCTI HECYUYMX
KOHCTPYKI[ill BaroHiB i3 Kpyriaux Tpyo Ta oTpuMa-
HO OCHOBHI ITOKQ3HHMKH iX JUHAMIKH.

[IpoBeneHi AoCHiIKEHHS CIPHATUMYTH CTBO-
PEHHIO PEKOMEHJIAIiN MO0 MPOCKTyBaHHS HECy-
YMX KOHCTPYKIi BaroHiB i3 Kpyriux Tpyo, a Ta-
KOXX MOXYTh OyTH KOPUCHUMH HampalfOBaHHSIMH
JUTSE CTBOPEHHS 1HHOBAIliHHMX KOHCTPYKIIiil Baro-
HiB.

BucHoBku

1. CtBopeHO pO3paxyHKOBY CXeMy Hecydoi
KOHCTPYKI[ii BAHTQ)XKHOTO BaroHa JJisi BH3HAYCHHS
OCHOBHMX ITOKAa3HHKIB IMHAMIKK. JlOCIimKEHHS
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MPOBEACHO B IUIOCKIH cucTeMi koopawmHat. Mo-
JIeNTb BpaxoBYy€ MEPEMIIIeHHsS BaroHa 10 CTUKOBIN
HepiBHOCTI. [Ipy 1bOMY AOCHIIKEHO PyX BaroHiB
Yy IOPOXXKHHOMY CTaHi.

2.Bu3HaueHO OCHOBHI MOKa3HWKH THHAMIKH
BaHTaKHUX BArOHIB i3 KPYIJMX TPyO: MPHCKOPEH-
HSl, SKi JiIOTh Ha Hecydy KOHCTPYKLIIO B IIEHTpi
Mac, CHIIM, IO JIF0Th Y PECOPHOMY ITiBIlTyBaHHI
Bi3KiB, KOC(II[IEHTH JUHAMIKY.

3.IlpoBeneHo aHami3 OTPUMAaHUX PE3yJbTATIB
LI0A0 BU3HAYCHHS OCHOBHMX IOKA3HUKIB JUHAMI-
KM BaHTOXHUX BaroHiB i3 kpyraux T1py0. llpm
UBOMY JUIS TMiBBaroHa, KPUTOTO BaroHa, a TaKOX
BaroHa-xorepa MPUCKOPEHHS B LIEHTPi Mac Hecy-

4oi KOHCTpyKIii mepeOyBaioTe y Mexax 0,4 ¢,
a BaroHa-margopmu — 0,5 g.

[IpuckopeHHs, sKi AilOTH Ha HECydi KOHCTPYK-
ii BaroHiB i3 KPyriux TpyO, Maibke He BIAPI3HI-
FOTBCS BiJ TIPUCKOPEHb IS BaroHIB-TIPOTOTHIIIB,
a X1J1 BarOH1B OLIIHEHO SIK «BIIMIHHHI» — IIBBaroH,
KPUTHI BaroH, BaroH-XoImep Ta «100puii» — BaroH-
maTdopma.

YcraHoBNEeHO, MO OTPUMaHi MOKAa3HUKU JHHA-
MIKH BaroHiB i3 Kpyriux TpyO nepeOyBaroThb y Me-
Kax JIOMYyCTUMUX.

Buxmanene Bka3dye Ha JOMUIBHICTD YIIPOBa-
JOKCHHST HECYYHMX CJICMCHTIB BaroHIB i3 KPYyIJIHMX

TpyO.
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Research of the Vertical Dynamics of the Supporting Structures of Freight
Cars Made of Round Pipes

Purpose. This study is aimed at determining the vertical dynamics of supporting structures of freight cars made
of round pipes. Methodology. Mathematical modeling of the dynamic loading of the supporting structures of the
main types of freight cars made of round pipes (gondola car, covered car, flat car, hopper car) was carried out. The
studies were carried out in a plane coordinate system — the XZ plane. At the same time, it was taken into account
that the car is moving in an elastic-viscous track so that the reactions of the track are proportional to both its defor-
mation and the rate of this deformation. The studies were carried out for the case of empty cars. The joint inequality
is described by a periodic function. The calculation was performed at a speed of 80 km/h. Differential equations of
motion were solved in the MathCad software package using the Runge-Kutta method. Findings. Based on the math-
ematical modeling of the dynamic loading of the supporting structures of cars made of round pipes, the main indica-
tors of their dynamics were obtained: accelerations acting on the supporting structures in the mass center, forces
acting in the spring suspension of bogies, dynamics coefficients. For gondola car, covered car, and hopper car, the
acceleration at the mass center of the supporting structure is within 0.4 g, and for a flat car — 0.5 g. It was found that
the obtained indicators of the dynamics of cars made of round pipes are within the permissible limits. The accelera-
tions acting on the supporting structures of cars made of round pipes are almost the same as those obtained for
prototype cars. At the same time, the motion of cars is assessed as «excellent» for gondola car, covered car, and
hopper car and «good» for flat car. Originality. Mathematical modeling of the dynamic loading of the supporting
structures of cars from round pipes was carried out and the main indicators of their dynamics were obtained.
Practical value. The research carried out will contribute to the creation of recommendations for the design of sup-
porting structures of freight cars of round pipes, and can also be useful developments in the creation of innovative
car designs.

Keywords: car; supporting structure; dynamic loading; vertical dynamics; transport mechanics
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JocaigkeHHs: po0OTH BY3J1a IOBEPXOBOI0 CIOJIy4eHHs 0AJI0K MPOI3HOI
YACTHHHU 3aJI3HUYHOT0 MOCTA

Mera. [ToBepxoBe CIIOTYYCHHS 0AJIOK MPOi3HOT YACTHHH 3aTi3HHYHIX MOCTIB HAWOLIBII POCTEe 32 KOHCTPYKIIi-
€10, alle BHACIIIOK KOHCTPYKTUBHUX HEIOJIKiB BUHUKAIOTH YUCICHHI NeeKTH. MeToro 1iel poOoTH € TOCIiIKESHHS
IIPOTIOHOBAHMX PaHilIe crocoOiB MiACHICHHS By3Jla CIIUPaHHs OaJIOK MPOi3HOI YaCTHHM ITOBEPXOBOTO CIOIYYCHHS,
a TaKoX JOCIIiIKeHHs] poOOTH 3alpoNOHOBAaHOrO aBTOpOM mijcuieHHs. Meroauka. [IpoananizoBaHo crtaH MeTase-
BUX MOCTIB, EKCITyaTOBaHMX Ha 3aJi3HHUII. BUsBIEHO, IO BUpIIIAIEHUM €IEMEHTOM JUIS BU3HAYECHHS BAaHTaXKOITI/-
HOMHOCTI BCHOTO MOCTa € OajKu MPOi3HOI YacTUHH. J[JIs JOCATHEHHS MOCTABJICHOI METH 3a JOMOMOTOK METOLY
CKIHUEHHHUX €JIEMEHTIB MPOBEICHO aHaji3 HAIPY>KEHOro CTaHy By3Ja CIIMPAaHHs I030BXHBOT OaJKH Ha TIOTEPEeYHY
0e3 miJICHICHHS Ta 3 MiJCHICHHIM. BUsBICHO pallioHabHI TapaMeTpH 3alpOIIOHOBAHOTO BY3Ia MifCKiIeHHs. Po3-
PaxyHKH MPOBEICHO B MporpaMHoMy 3abe3neucHHi «Selenay. PesyabraTu. ABTOp OTpUMaB i poaHalizyBas aedo-
pMarLiifHO-Hanpy>XeHUH CTaH By3Ja CIOIYYEHHS ITO3/I0BXKHIX OalloK i3 MONEpeYHNMH 3a iX IOBEPXOBOTO PO3TaIly-
BaHHS, MiiOpaB parioHaNbHI MapaMeTpH eIEMEHTIB MiJICHICHHS BY3JIa CIIUPaHHS 0alloOK MOBEPXOBOTO CIIONYUYCHHS
Ta MpoaHallizyBaB AedOpMaliifHO-HANIPY>KEHUH CTaH HOBOTO BY3JIa CHOJyYEHHS ITO3JIOBXKHIX OAJOK i3 MOmepeyHu-
MH 32 iX OBEPXOBOTI'O PO3TAallyBaHHS Ha OCHOBI THIIOBHX MPOroHOBHX criopyx «IIpoekrcranpkoncTpykiuii» (IICK).
Amnarni3 noka3sye, 10 ICJIS IPOITOHOBAHOTO IMiJCHICHHS] MaKCUMaJIbHI HaNpy>KeHHS B TOPU3OHTAJIBHUX IMOJIMYKAX
MOSICHUX KYTHKIB TO3J0OBXHIX 1 MOnepeyHux Oajiok, M0 pyHHYyBaJd KOHCTPYKIIi, 3MeHmmaucy Ha 43-73 %.
HaykoBa HOBH3HA. Y poOOTI MPOBEJACHO aHAIi3 HAMPYKCHO-Ie(hOPMOBAHOIO CTaHy METaJIeBHX OaOK MPOi3HOL
YaCTHHU ITOBEPXOBOTO PO3TALIYBAHHS 3 YpaXyBaHHIM CIIUILHOT poOOTH 0anok i3 HecydnMu hepMami, a TaKOXK J10C-
JIJKEHO HanpyXeHo-Ae(hOPMOBaHHUI CTaH NPOIIOHOBAHOTO MiJICKJICHHS By3Jia CIIMPaHHS METalIeBUX 0aJloK 3 BUSIB-
JICHHSIM palliOHANIbHUX mapamerpiB. IIpakTHYHA 3HAYHMICTDb. 3a3HaYCHUI CIIOCIO PEMOHTY 3 IMiJICHJICHHSIM PEKO-
MEHJIOBaHO SIK HalOLIbII pallioHaIbHUAMN I MOCTa uepe3 piuky IHrynens Ha 109-my kM niHiT Bepxiuese — [lonun-
ceka (morosip Ne 94/2011-Irex—177/2011-11tO Bix 30.09.2011). 3a moganumu pesysibratamu 0yao oopmieHO
maTeHT Ha KopucHy mozenb Ne 109806 Bix 12.09.2016.

Knouosi crosa: mo3nosxHi Oankm; nedopmartis; HApyKeHHS; TIONEpeYHi OaIKH; MeTalleBi IPOTOHOBI CIIOPYAX

peuni. IloBepxoBe cmomy4eHHs Oanok MPOI3HOI
Beryn YaCTUHH HaWOUIbII TpocTe 32 KOHCTPYKIEKO
(puc. 1). Moro 3acTocoByBamy y BHIIAAKax, KOJH
OyZiBeNbHA BHCOTAa NPOI3HOI YAaCTHUHH JIO3BOJISLIA
BCTAaHOBUTHU IO37I0BXKHI OajKu Ha morepeddi [1,
3].

[lomepeuni 3B’S3KM IIOCTaBICHI TUIBKA HaJ
ormopamMu, TOOTO HaJ TMOMEPEYHUMHU OalKaMu.
SpycHe po3ranryBaHHS 0ajlOK JO3BOJHIIO CIPOC-
TUTH iX NO€AHAHHA. Y MICUSX CIUPAHHS I10370B-

ITigBUIIEHHS BaHTAXXOMIAMOMHOCTI MOCTa Ta
TOJIOBXKEHHSI EKCIUTyaTaliiHOr0 pecypcy Merale-
BUX TPOTOHOBUX CIOPYZ 3aJli3HUYHUX MOCTIB,
3 ypaxyBaHHSIM BHSBJICHUX IOIIKOJKEHb, MOKIIU-
Bi 32 YMOBH YCYHEHHS HasBHUX Je(]eKTiB yTOMHO-
ro XapakTepy, MOJepHi3alii BY3JiB CIHpPaHHS
MO3J0BXHIX 0aJOK MOCTOBOTO IOJOTHA Ha IOTe-
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JKHI OQJTK¥ TPUKPITIICH] 0 MOMEPEYHNX O0ITaMH,
MIPHYOMY OTBOPH /ISl OONTIB y MOsiCax MO3I0BXKHIX
0asok 3po0JieHi OBaJIbHUMH, 00 CTBOPUTH MOXK-
JUBICTH 3pYyIIEHHS MO3A0BXKHIX 0ajok i ycyHyTH
BHATHH TOTIEpEeYHHUX 0aJOK y TOPU3OHTAIBHIN III0-
IMHI B pasi pedopmartii noscis. Tutbku 1010 ce-
PEAHBOT TIOMIEPEYHOI OaJIKK TIO3/I0BXKHI OANKH KO-
PCTKO TPUKPIIUIEHI 10 PO3IMIMPEHUX BY3IOBHUX
(hacOHOK TO3IOBXKHIX 3B’S3KiB 1 MEPENAIOTh 1M
TaJIbMiBHI CHJIM. 3aBJISKH IOBEPXOBOMY pO3Ta-
ITyBaHHIO B TIO3IOBXKHIX OanKax CKOPOTHIIOCS YH-
CJI0 MOHTQ)KHHX CTHKIB, sIKI TIpU3HAYCHI depe3 KO-
HI 1Bi maneni [1].

4000

Puc. 1. KorcTpykuis npoi3HOi 9acTHHU
ITOBEPXOBOT'O CIIOJIyUEHHS

Fig. 1. Track-way structure of the staged connection

AJle BHACIIJIOK KOHCTPYKTUBHUX HEJIOJIKIB Ta-
KOT CIIOpY/I¥ BUHUKAIOTh YNCIICHHI e eKTu:

— ocnabJieHHsT Ta PO3pUB BEPTUKAILHUX 3a-
KJIEemoK abo OONTiB TPUKPIMJICHHS MO3I0BXKHIX
0aJIOK J10 TIOTIEPEYHUX;

— HEII[UJIBHICTh CHHUpAHHS IO3JJ0BXKHIX 0allok
Ha TOTIepPeyHi;

— TIO3[IOBXKHI TPIIIMHU B HIKHIX TOSCHUX KY-
THKaxX IMO3J0BXKHIX 0aJoK y3I0BX OOYIIKIB KyTH-
KiB Ha iX KIHIIEBHX Bipi3Kax;

— TPIIIUHH Y3JIOBXK OOYIIKIB BEPXHIX MOSCHHUX
KYTHKIB IONEPEYHHX OalloK y MICISIX CIHUpPaHHS
MMO3I0BKHIX 0aJIOK;

— BHKOJIM TOPH30HTAJIBHUX TIOJIMYOK BEPXHIX
MOSCHUX KYTHKIB HONEpeYHMX OaJIOK y 30HI CIHU-
PaHHS HO3J0BXKHIX OaJOK.

VYce 1e cBiTYHTh PO Te, M0 KOHCTPYKIIIS CIO-
mydeHHs] 0aJoK MPOi3HOI YaCTHHU 3 MOBEPXOBHUM
pO3TalllyBaHHSM IO3I0BXKHIX 1 MONEPEYHUX OAJIOK,
3aCTOCOBaHA Ha MOCTY, € HEBIAJIOI0 1 BHUMarae
MIIBUIICHHS HAaAIHHOCTI KOHCTPYKINH IPHUKPII-
JICHHS.

Merta

[IpoGiemMa B KOHCTPYKTUBHOMY BHPIIIEHHI T10-
BEPXOBOTO 3’€HAHHs O0alloK MpOIi3HOI YaCTHHH,
siKa ICHY€ ChOTOJIHI, MOJIATa€ B HEOOXITHOCTI Mif-
BHINEHHS HAJIITHOCTI KOHCTPYKIIIi By3/1a MIPHUKPIII-
JIEHHS TIO37I0BXKHIX OalloK IO MOTEepPEedHUX, TOOTO
poro miacuiaeHHi. Jg mporo HeEOOXIAHO JOCIIIuU-
T AedopMaliifHO-HaNpyXKEHUH CTaH By3Ja CIIO-
JydeHHs O37]0BXKHIX 0aJIOK 13 MOTIEPEYHUMU JI0 Ta
micyas migcwieHHs. Y Lid poOOTi Ui BU3HAYCHHS
pamioHabHUX TapameTpiB KOHCTPYKLiH ITiJaCcH-
JIeHHS By3Nla 0ajo4YHOi KIITKHA MOBEPXOBOTO CITO-
Jy4eHHS BUKOHAHO YHCEJIbHE OCTIUKEHHS Ha-
MpyKeHO-1e()OPMOBAHHOTO CTaHy LOTO BY3Ia.
Mertoro gociimkeHp OyJ0 3ampONOHYBaTH KOHCT-
PYKIIiIO MiACUIEHHS By3Ia, o0 mo30yTHcs pyiiHi-
BHUX HAIPYy)KEHb Y NETalsIX MO30BXKHIX 1 TMore-
peuHux 0anok npoizHoi yactuHu. OcoOIUBY yBary
ITiJ] 9ac JOCITiDKeHb HAMPYXeHb OyII0 3BEPHYTO Ha
BU3HAUCHHS PalliOHAJbHUX MapaMeTpiB KOHCTPYK-
1ii TiJICKUJICHHS 3a MIHIMAJIBHUX 3aTpar, OCKLIbKU
caMe BapTICThb PEMOHTY MAa€ CYTTE€BE 3HAUCHHSA
B Cy4aCHUX YMOBaX.

MeTtoauka

HeonHopaszoBo Oynu mponoHOBaHI MPOEKTH ITi-
JICUIICHHS Ta PEMOHTY TIIOBEPXOBOi KOHCTPYKIIT
Oastok mpoi3Hoi yactiHu [4]. OCHOBHI PUHIMITY 1
KOHCTPYKTHBHI PIillIEHHS MiICHJIEHHsI TIPOTOHOBHX
CIIOPYJlT MOCTIB i3 ITOBEPXOBHM PO3TaIIyBaHHSIM
0aJIOK MPOi3HOT YaCTHHU 0a3yrOThCs Ha inel 3a0e3-
MEYCHHS MAaKCHMaJbHOTO HAOJIMKEHHS pPo0OTH
MPOi3HOI YaCTHHU 3 TOBEPXOBHUM CIIOJYYCHHSIM
0aoK 10 poOOTH TPOI3HOT YaCTHHH TO3IOBXKHIX
1 TIonepeyHux OajoK 3a po3TallyBaHHS iX B OJHO-
My piBHI. KOHCTpYKTHBHO 1€ JOCATAETHCSA THM, IO
ITi]] KO’)KHOIO TI03JI0OBXXHBOIO OAITKOIO BIAIITOBYIOTh
JMOJIATKOBHIM  TOSC 13 YOTHUPHOX  KYTHKIB
125%x80x10, mo 06’exHani Mi’k 0000 Ta BCTAHO-
BJICHI B PiBHI HIDKHBOTO TIOSICA MOTIEPEYHHUX OAIOK
i€l MaHeni i 3’€JHYI0Th JOJATKOBHUH MMOSC Ta T03-
JIOBXKHIO 0aJIKy 3 BEPTHUKAIBHUMHU CTIHKAMHM IOTIE-
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peunnx Oanok. [Ipu mpomy 00’ €mHAHHS TIO3I0OBXK-
HiX 0aJIOK 1 JOJATKOBHX MOSCIB IMiABUIIYE BIBIUl
BHUCOTY TIO3JIOBXKHIX OaJioK Oijlsl MONEepEeYHMX, BijI-
MOBITHO 3HIDKYIOYHM PO3PAaxXyHKOBI 3yCHIUIS B TIO-
sicaX TIO3MOBXKHIX 0OajJoK HaJ TIOMEePEYHUMH, 30i-
JbIIye JOBXUHY CIHPaHHSA TIO3J0BXKHIX Oanok
1 30Hy mepenavi BiJl HUX 3YCHJIb Ha TONEPEUHY
0anKy Ta 3HIKY€E 3yCHIJUIA B TMOSICAX TO3IOBKHIX
0aJloK y cepenuHi MaHenel. YKa3aHe IiJCHUICHHS
0aJoK MPOi3HOT YaCTUHM JIOTIOBHEHE BCTaHOBJICH-
HAM TOPHU3OHTAJIBHUX JKOPCTKHX miadparm, sKi
3’€IHYIOTh BEPXHi MOSICH TOJIOBHUX (epM i3 T03-
JOBXHIMU OallkaMd JJisl BKJIIOUYEHHS OCTaHHIX
y cyMicHy poboTy 3 mosicaMu (epM BiJ MOI3HOTO
HaBaHTaxeHHA. JliapparMu ropu3oHTaNBHI 3MEH-
IIYIOTh TOPU30HTANIbHI 3TMHAIBHI MOMEHTH B TIO-
nepeyHrux Oaikax 1 MOJIMIIYIOTH YMOBH POOOTH
MOTIEPEYHUX OAJIOK.

Ha ocHOBI BUBYEHHS TEXHIYHOI JOKYMEHTAIii
3a TUIIOBUMH MPOEKTAMH, aHANI3y pPe3yNbTaTiB MO-
MepenHix oOCTeKEeHh NUX TPOTOHOBUX CIOPY.
[ICK 3 moBepx0oBUM CHOTy4YeHHSIM 0aJIOK MPOi3HOT
YaCTUHHM, aHAIi3y XapaKTepy Ta JUHAMIKU PO3BUT-
Ky TPIIIMH YCTAHOBJICHO TaKe:

— OCHOBHOIO TIPUYHHOIO TOSIBH TPILTUH 1 BUKO-
JB Y HIDKHIX TIOSICHUX KYTHKaX MO3Z0BXHIX 0aJI0K
y MicIIfIX IX CIIMpaHHS Ha MOMEpPEeYHi, TPIIKH 1 BU-
KOJIiB TOPU30HTAJILHUX MOJHMYOK BEPXHIX MOSICHUX
KYTHKIB TTOTIEpEYHUX OanoK i po3NajHaHb BY3IIiB
CIHpaHHS € HEJONIIKA TPUHHATOTO B TPOEKTAX
I[ICK KOHCTPYKTHBHOTO PpIillIEHHS MOBEPXOBOTO
CIOJIyuYeHHS OaJIOK, SIKE TPHU3BEJIO 0 MiCLEBUX
MEePEHANPYKEHb Y METaIi;

— HECHPUSTIIMBUM BIUIMB HA HANIPYXKEHUH CTaH
METaJly B MICIISIX TOSBU TPINIMH MaroTh Aedopma-
1ii OaJIOK, SIKi BHHUKAIOTh y Pasi CyMicHOI poOOTH
0aJoK MPOI3HOI YaCTHHU 3 BEPXHIMHU TOSICAMU TO-
JOBHHX (epM ITiJ] Yac 3aBaHTaKEHHS BCi€l Tporo-
HOBOT CHOPYAM PYXOMHUM CKJIaJOM; IPU LBOMY
BEpXHI TOSCH (epM CKOPOUYIOTHCS, IOMEpeyHi
0aJIKy 3TUHAIOTHCS B TOPU3OHTAILHOMY HAINPSIMKY
I 3aKpy4yIOTBECS, @ B MICIli CHOIy4€HHsI O30BX-
HIX 1 MONEpeYHUX OaJIOK BUHUKAIOTH JOJAATKOBUH
KyT B3a€MHOTO IOBOPOTY, Jedopmallii KiHIIeBUX
BiJJPi3KiB MOSACHUX KYTHKIB MO3JOBXKHIX Oalok Ta
nedopmanii BepXHiX HOSCHUX KYTHKIB TOIeped-
HUX 0aJIOK y MICIISIX CIIUPaHHS Ha HUX MO3I0BXKHIX
0anoK;

— y 3B’S3Ky 3 BIJICYTHICTIO JiaroHaleil rmore-
peuHHUX B’si3ed MK MO3I0BXKHIMH Oankamu (y TO-
My 4HCHl 1 B mepepizax HaJl onepeyHuMH Oarka-
MH) B pasi Jil TOPU30HTAIBHUX TIOTIEPEYHUX HaBa-
HT&XEHb Bl PyXOMOTO CKJIaay MOXJIHMBA JesKa
nedopMariisi KOHTypa MONEpevYHuX B s3ei 1 gqoaart-
KOBI Halpy»XCHHS B MOSCHUX KyTHKAaX MO3I0BXKHIX
0aJok Ha iX KiHLIEBHX BiJIpi3Kax Ta B KyTHKax IO-
MepeyHuX 0aJoK;

— 3a HasIBHOCTI HEIIIJIBHOCTI CIIMPaHHs MO370-
BXKHIX OaJlOK Ha TOTMEPEYHi 301IbIIYIOTHCS JIUHA-
MiuHI HaBaHTa)XXCHHS Ha OajKu Ta 3’ SBISIOTHCS
ocepeqKu KOpo3ii, BUIIECKU Ta BUPOOICHHS MeTa-
JIy B MICIIX CTIHPAHHS;

— Ha BiJIMIHY Big 3’€qHaHHA OaJOK IPOi3ZHOI
YaCTUHH B OJIHOMY PiBHi, 32 IOBEPXOBOTO CIIHPAH-
HA TIO3JIOBXKHIX OajoK Ha IONMEPEUHi EJICMEHTH
MIPUKPITIICHHS (3aKJICTTKH a00 OOJITH) Ta ITOHMYKH
MOSICHUX KYTHKIB 0ajlOK BHSBHUJIMCH HECIPOMOXK-
HAMH CIIPUHAMATH BEPTHKAIHHI MOMEHTH, SKI BH-
HHKAIOTh Y pa3i JiHIHHUX Ta KyTOBUX JehopMarrii
Oanok.

3 aHamizy pe3yabTaTiB OOCTEKEHh METAIEBUX
MMPOTOHOBUX CIOPYI MOCTIB i3 MOBEPXOBHUM pO3-
TallyBaHHSAM OalloK Mpoi3HOI wacTuHu [4+7] BU-
IUTMBAE, M0 B TIEPEBAXKHIM OUIBIIOCTI BUIAAKIB
KJlac MPOTrOHOBOI CIOPYAM 3a3BUYail BU3HAUa€e
KJIac OaJIOK MPOi3HOT YaCTHHU SK HAWOLIBII Aede-
KTHUX €JIeMEHTIB YyCi€i MpOroOHOBOI cCIOpYyIH
(tabm. 1).

OmnomaniTHa Je(EKTHICTh BH3HAYAETHCS 5K
0COOJIMBOCTAMH KOHCTPYKIII METaJeBUX MPOTrOHO-
BUX CIIOPY/[ i3 MMOBEPXOBOIO MPOI3HOI0 YaCTHHOIO,
Tak 1 THM (HaKTOM, IO HECTPHUATIMBHUM BILIUB HA
HaTNPY>XEHUH CTaH MeTaly B MIiCUSX MOSBH TPILIUH
MaroTh Aedopmanii 6aiok, sKi BUHHKAIOTH 3a Cy-
MiCHOI poOOTH 0aJlOK MPOi3HOI YaCTHHHU 3 BEPXHi-
MHU TMOSICAMHU TOJIOBHUX (epM.

OCHOBHMMH TPIOPUTETHUMH 3aXOJaMU 3 MiJ-
BUIICHHS BaHTAXKOIIAMOMHOCTI Ta TOAOBXKEHHS
EKCIUTyaTalliifHOTO Pecypcy METaleBHX MpPOTOHO-
BUX CIIOpPY[ 3alli3HUYHUX MOCTIB, 3 ypaxyBaHHIM
BUSIBIICHUX IOIIKO/KEHb, BU3HAYCHO MPOBEICHHS
PEMOHTHHUX POOIT, CIIPSIMOBAHUX HA YCyHEHHS Ha-
SIBHUX Ne(DeKTiB YTOMHOTO XapakTepy, MOJIEpHi3a-
L0 BY3JIiB MOCTOBOTO IMOJIOTHA MTPOTOHOBUX CIIO-
Pyl Ta BiTHOBIICHHS €KCILTyaTaIlifHOTO pecypcy.
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Tabnums 1

PesyabsTaTn kaacudikamiii 6anok npoizHoi YacTHHHI
Ta eJeMeHTIB epM MeTaIeBHX NPOrOHOBHX CHOPYA
MOCTIB i3 IOBEPX0BUM PO3TALIYBAHHAM 0aJIOK

Table 1

Classifications results of track-way stringers and
truss elements of metal spans of bridges with a
staged location of stringers

Kiac ene-
MEHTIB
depM, Kmin

JHosxuna | Kiac
nporony, | 6anok,
M K

No Poszramrysanns
3/m MocTa

Yepes piuky

Moxpa Moc-
KOBKa Ha 186-

My KM JiHi{
Kpuswii Pir —

BonnoBaxa

7,84

UYepes piuxy
[iBnennnit byr
2 Ha 49-My KM 55
ninii Banusapka
— XpucTHHIBKa

4,77 6,38

Yepes piuky
IIpyT Ha 1662-
3 MY KM JIiHii
Kypuyran —

VYHrenun

70,63 4,92 6,53

UYepes piuxy
Mamna Bucs Ha
4 995-my kM 44 4.6 8,2
nminii [1leBuen-
ko — [Tomiuna

UYepes piuxy
[aryneup Ha
109-my kM
5 | minii JlonuHCh- 55 48 6,5
ka — BepxiBie-
Be — SIcunyBa-
Ta

PesyabTaTtn

Sk Oyno 3a3Ha4YeHO paHilie, TOJIOBHOK IIPO-
OJIEMOIO 3alTi3HUYHHX TPOTOHOBUX CIIOPYI i3 TO-
BEPXOBOIO IPOI3HOK YACTHHOI € KPYTHHH MO-
MEHT, 110 BUHHMKA€E B TOIMEpeUHiil Oaiili Ta depes

4 OONTH MPUKPITIICHHS ITONEPEYHOT OANKHU 10 T103-
JIOBXHBOI NepeaaeTbesl Ha Hei. HanmpykeHHs B ro-
PU3OHTANBHUX TMONUINX KYTUKIB  JOCSTalOTh
230-330 MIIa [14], 0 3HAYHO MEPEBHIIYE PO3-
pPaxyHKOBI 3HAYEHHS OIIOPY METAIYy.

Komnu Ganku 3HaX0AThCS B OAHOMY PiBHI (I1a-
payienbHe po3MilleHHs1 0anok), Ls mpoliema He
BHHHWKA€, OCKUTBKHU BIJCYTHIN €KCHEHTPUCHUTET TI0
BHUCOTI MK TIO3JIOBKHIMU Ta MONCPESYHUMHU Oaii-
kamu [10-12].

HaitpocTimmm criocobom yCyHEHHS i€l mpo-
OyreMu MoTJI0 O CTaTH BUJIYYEHHS MO3I0BXKHIX Oa-
JIOK 13 cyMmicHOT poboTu 3 nosicamu pepm [4]. Llpo-
ro MOXHa JOCATHYTH BiJ’€THAHHSIM IO3JI0BXKHIX
0aJoK BiJ MOTIEPEYHUX, ajie TIPY IbOMY HEBHpiIIe-
HOI0 3aJIMIIATBECS Tpo0JieMa TalbMiBHUX 3YCHIIb,
FEOMETPHYHOI HE3MIHHOCTI BCi€l KoHCTpyKIii. Ta-
KOX 3a peaizalii I[bOT0 METOAY CYTTEBO 3011Ib-
IMIack OyZiBeNbHA BHCOTA MIPOTOHOBOI CIIOPY/IH,
TOMY IIef HampsiM OyB BU3HA4YEHHUH SIK TaKHH, IO
Ba)KKO PEaNi3YEThCS B [l KOHCTPYKIIIi.

HactynHuMm MeTooM, 0 MOKE MEepPEeIIKOIUTH
BUKPYYYBaHHIO TIOTIEPEYHUX Oasiok, € 00’ €THaAHHS
iX y palioHI HWKHBOTO TIOsica CIeEliaJbHUMHU
B’SI35IMH, SIK 3alPOITIOHOBAHO MPOEKTHUM IHCTHUTY-
toM «['unporpancnyts» [4]. OcHOBHa ifes — Mak-
CHUMaJIbHO 3a0e3Me4nTH HabIMKEeHHS POOOTH MPOi-
3HOI YaCTHHU 3 MOBEPXOBHM CIIOJydEHHSIM OajloK
JI0 poOOTH TIPOI3HOT YACTHHH TTO3I0BXKHIX 1 IOTe-
peuHux OayNoK 3a po3TairyBaHHS iX B OJJHOMY piB-
Hi. [Ipn mpomy 00’emHaHHS TO3IOBXKHIX OallOK
1 JIOMaTKOBUX TOSICIB IiJBUIIYE BIBIYi BUCOTY IIO-
3MOBKHIX OajJioKk Ol MONepPEeUHUX, BIAMOBIAHO
3HWKYIOUH PO3PaXyHKOBI 3yCHIIIS B TOsICaxX I03-
JIOBXKHIX OaJIOK HaJ| MONEepEeYHHMH, 301IbIIyE T0-
BXKHMHY CIIUpaHHS MO3JIOBXKHIX 0ajok i 30Hy mepe-
Jladi BiJl HUX 3yCWJIb HA MOIEpevHy Oaiky Ta 3HH-
KY€ 3yCHIUIS B TI0sicax MO3I0BXKHIX 0alloK B cepe-
IuHI  maHened. 3ycWiUlsi, IO BHHUKATUMYTb
y B’s3sX, OyIyTh YTpUMYBaTH MOIEPEYHi OanKku
BiJl BUKpY4YyBaHHS, a OONTH NMPUKPIIICHHS OYyTh
NPAIFOBAaTH JIMIIE HA 3CYBHI 3yCHIUISL. AJle Takuid
CIoCi0 HAJITO 3aTPATHHIA 3a BAPTICTIO Ta TPYJIOMiC-
TKICTIO.

[HIIMM HampssMOM YCYHEHHS MPOOJIeMH € Mif-
CWJICHHA CaMOro BYy3Jia CIMpPaHHS TO3I0BXHBOL
Oanku Ha monepeydy. s BupiiieHHs npoOieM
KOHCTPYKTHUBHOT'O DillIEHHS! TIOBEPXOBOTO CIIHpPAaH-
Hs1 0aJIOK MPOIIOHYEMO BCTaHOBJICHHSI KOHCOJIBHUX
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JIUCTIB, PO3TAIIOBAHMUX Y3/I0BXK IO30BXKHBOI Oaj-
KM Ta MPUKPIIUICHAX JO CTIHKH MOMEPEeIHOl OaIKH
il TIOCHJICHHUX CTAJICBUMH KyTHKaMU (puc. 2).

Taky KOHCTPYKIIIFO HAIIPaBIICHO HA ITiJCHIICHHS
BYy3JIa CIIUPAHHS MO3/JI0BXHLOI OallKK Ha Tomepey-
Hy, 3MCHIIICHHS HeOakaHUX AedopmMalliid, yCyHEH-
Hs TIOsIBU JIe(DEeKTIB By3Ja Ta 3MCHIIIEHHS MaTepia-
JMBHUX 3aTpar i BHTpAT Yacy IiJ 4ac PEMOHTHUX
poOirT.

Jis 3abe3neueHHs HamiHOT Ta e(EKTUBHOL
po0OTH 3alpOMOHOBAHOTO BYy3i1a HEOOXiMHO Bij-
IIyKaTH HaWBWTIHINI TMapaMeTpHu s KOXXHOTO
30ipHOTO €JIeMEHTa KOHCTPYKIII By3Jia OKPeMO Ta
3a CyMICHOT pOOOTH BCiX €JIEMEHTIB pa3oM.

s ¥ ¢+ =+
S EEEERE]

4 4, Hhad 4 ¢

Puc. 2. By3on cimpaHHS TO37J0BXKHBOT OaIK1
Ha IIOTNIEPEYHY:
1 — monepeyna Ganka, 2 — MO3JOBXKHS Oaka,
3 — KOHCOJIBbHI OTIOPHI JIUCTH, 4 — KYTHKH T ICHIICHHS,
5 — KyTHKH KpIiTUICHHS JIUCTIB JI0 T0sica MO3I0BKHBOT DKy,
6 — KYTHKH KpITUTEHHS JIUCTIB IO CTiHKHU ITOTIEPEYHOT OalIKu

Fig. 2. Support node of the stringer on the floor beam:
1 — floor beam, 2 — stringer,
3 — cantilever support plates, 4 — strengthening angles,
5 — plates attach angles to the flange of the stringer,
6 — plates attach angles to the wall of the floor beam

l'onoBHUI kpuTepiit migdopy mapamMeTpiB By3ia
— I¢ 3MCHIIEHHS HeOa)KaHWX KOHIICHTpalild Ha-
NpYyXeHb y 0ajKax MPOi3HOI YaCTHHH 31 BCTAHOB-
JICHUMH JTOJATKOBUMH KOHCOJIbHUMH JIUCTaMU
W TIOCHJICHMMH CTAJICBUMU KYTHKAMH, OTMCAHUMU
pasiiie, 3a HAWMEHIITNX MaTepialbHUX 3aTpaT.

[lapamerpu enemeHTiB, IO MiAJIATAIN JTOCIi-
JDKEHHIO, TIe:

— BEJIMYMHA KOHCOJI;

— TOBIIMHA KOHCOJIBHOTO OTMOpHOTO ((hacoHHO-
r0) JINCTA;

— pO3Mip KYTHKIB MiJCWIECHHA (BeIMYMHA Ta
TOBIIIMHA CTIHKH);

— BenmuuHA Aedopmaiii (IporuHy) XapaxTep-
HO{ TOYKH, IO BIUIMBA€E HA KyT OBOPOTY OIOPHO-
ro Tepepily MO3I0BXKHBOI 0aKH, Ta i1 3aJIeKHICTh
BiJI MiTIIOpaHUX EIEMEHTIB i ACHICHHS.

Jnst BU3HAYCHHS! BETMYMHMA KOHCOJI Oyma mo-
Oy/loBaHa MPOCTOPOBAa KOHCOJBbHA PO3PaxyHKOBA
cxeMa 31 CTPI)KHEBHX Ta IUIOCKUX KIHIEBUX ele-
MmeHTiB [11]. 3a po3paxyHKOBY MOJEINb MMO3I0BXK-
HBOI 0anKu OyJ0 B3ATO IMPOCTOPOBY MOJIEIN 13 Ki-
HIIEBUX EJIEMEHTIB y BUTIIAI IDIACTHH, IO MOJe-
JOIOTH OaNK| I1i€l TPOTOHOBOI criopyau. Po3paxy-
HKA  TpPOBEIEHO 32  JONOMOIOI0  METOAY
CKIHYEHHHX €JIEMEHTIB y MPOrpaMHOMY KOMILIEKCI
Selena 4.1.1 (minensitiamii kirou 1802619725) [9].

Po3mipu Bcix miacTuH (BEepXHS Ta HWXKHS T10-
JIUIS, CTIHKA Oaliki) 3MOJIEIBOBAaHO YIiTKO BiJIO-
BiHO M0 peanbHOiI KOHCTPyKIii. Kyrtukn migcu-
JICHHST KOHCOJI B35TO SIK CTPHIKCHb. 32 pO3paxyH-
KOBe OyJIO B35TO CTaTHYHE PIBHOMIPHO PO3IOJiJIe-
HE HABAaHTAXCHHS, BEIMYHHA SKOTO CTAHOBHTH
50 kH/M. OTpumaHy TIpOCTOPOBY MOJIENH ITOKA3aHO
Ha puc. 3.

Puc. 3. TIpocTopoBa Mojesb il BU3HAYCHHS
BEJIMYMHU KOHCOJII

Fig. 3. Spatial model for determining
the cantilever size

[TapameTp BennuuHM KOHCOII Oyio migiOpaHo
32 MAaKCUMQJIBHUMH BEJMYMHAMU HaNpPy>KEHb
y HIJKHBOMY TOSICI TO37I0BXKHBOI 0allku Ta BepX-
HbOMY TOsici mornepeunoi Oanku. OTpuMaHi Ha-
MpY>KEHHs [T0JIaHO B Ta0I. 2.
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Tabnuns 2

OTpuMaHi HANpy:KeHHS B MO310BKHIiX Ta Momepey-
HHX 0aJIKax 32 Pi3HOT BeIMYHHHN KOHCOJI

Table 2

Obtained stresses in the stringers and floor beams
for different sizes of the cantilever

MaxkcuMalbHi HalpyKeHHS,

Benuuuna MIla [Iporun
KOHCOJTI, KOHCOJTI,
oM [To3noBxkHs [Tonepeuna MM
Ganka Ganka

0 660 | —180 | 1560 120 103,4
20 188 -36 75 -18 3,2
30 72 -108 | 82,5 | 7,5 1,65
40 30 -33 84 -6 1,1
50 33 -23 88 —4 0,84
60 32 -16 88 —4 0,67
70 33 -29 88 —4 0,63
80 33 -10 88 —4 0,59
90 33 11,2 88 —4 0,56
100 33 115 88 -4 0,54

I'padhikn MakCHMaJIbHUX HalpPyXeHb MOKa3aHO
Ha puc. 4 Ta 5, a OTpUMaHi MOJIsI HANPYKEHb T10-
sICiB OaJIOK IIPH IIbOMY 300paXkeHo puc. 6 Ta 7.

G, MMA230 7
200
J04aTHI HaNpyKeHHA
150 7 e BIAEMHI HANPYIKEHHA
100

50

0

20 30
-50

80 90 100 BennuuHa

KOHCONI, M

-100 -

Puc. 4. MakcumanbsHi Hanpy>KeHHS
mo370BxHb01 Oanku, MIla

Fig. 4. Maximum stresses of the stringer, MPa

G, MnA 100

80 //—

60
= JL0/AaTHI HANPYHEHHA

40
= BipeMHi HanpymeHHs

20
0

20 A0 40 50 60 70 80 90 100
-20

-40

BennuunHa
KOHCONI, cM

Puc. 5. MakcumanbHi Harpy>KeHHs
nonepeyHoi 0anku, MIla

Fig. 5. Maximum stresses of the floor beam, MPa

MakcuManbHi HampyXeHHS TO3JI0BXHBOI Ta
MoTIepevHo] 0aJoK 3a BEIMYWHU KOHCONI Oinblie
Hix 40 cM JOCTaTHBO CTAOUIBHI.

Rl = -l&0
-£0
[
— 3]
—dl
=lﬁﬂ
= 40
= 200
= 260
— 0
— 0
— 5
E (23]
R0
T

TE0
0
— 300
— &1
Elﬂtﬂ
— 1050
E.'LLQO
=ltﬂﬂ
— 160
=l?20
=l?80
=1440
— 1500
ElSSﬂ

a—a

-1s0

B ron]

Puc. 6. Hanpy»xeHuii cTaH 1mosciB 103/10BKHBOT OalTK1
mpoctopoBoi Mojerni 6e3 koHcoui, MITa:
a— BerHbOrO; 6 — HIDKHBOTO

Fig. 6. Stress-strain state of the stringer flanges of the
spatial model without a cantilever, MPa:
a — the upper one; b — the lower one
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[IpoanaizyBaBIIH OISl TOJIOBHUX HAIPYKEHb,
MOJKHA 3 YIIEBHEHICTIO CKa3aTH, M0 poOoTa Oaok
y pasu ripma 6e3 koHcoisi. HampyxeHHst B 000X
Oanmkax CTaOLTI3yIOThCS, MOYWHAIOYN 3 BEITUYUHU
koHcomi B 40+50 cM. Ane 3a BeNMWYHMHH KOHCOII
80 cM HampyXeHHH CTaH IO3J0BXHBOI OaJIKu
€ MiHiManbHUM. [IporuHu ¢ikcoBaHOI TOUKH (IHB.
puc. 8), 10 BIUTMBA€E Ha KyT NMOBOPOTY By3JIa CIIHU-
paHHs 0aJioK, CBiIYaTh, IO 32 BEJIMYMHU KOHCOII
B 70 Ta 80 cM pi3HML 3MEHIIECHHS BETMYNHH MIPO-
THHY € KpamuM KpPHUTEpieM IS BH3HAYEHHS palli-
OHABHUX TTapaMeTPIB.

Puc. 7. HanpyxeHuii cTaH MOSCIB MO370BXKHBOT OaKu
MPOCTOPOBOI MOei 3 kKoHcoutio 80 cm, MITa:
a— BerHLOFO; 6 — HIDKHBOTO

Fig. 7. Stress-strain state of the stringer flanges of the
spatial model without with a cantilever of 80 cm, MPa:
a — the upper one; b — the lower one

Nporum, Mm

y = 3,3716x94%

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 /JlopAwmaxomcom,cu

Puc. 8. I'padix 3anexHocti nporuHy GpikcoBaHoi TOUKH
Ha TI03J0BKHINM Oal Bijl BEMMINHA KOHCOI

Fig. 8. Dependence graph of a fixed point deflection on
the stringer on the size of the console

OpHoYyacHMH aHaii3  Hampyx)eHo-nedopmo-
BaHOTO CTaHy OaJOK MPOCTOPOBOI MOAENI 3acBij-
4ye, 10 ONTHMAJbHA BEJIMYMHA KOHCOJI CTaHO-
BUTH 30 cM.

st BUpILICHHSI MUTaHb Mi00PY TOBIIMHU Me-
TaJIEBOTO JINCTA KOHCOII Ta BETMYWHU KYTHKIB IIi-
JCUIICHHST OyJIO TIPOBEACHO PO3PaXyHKH MOJET 3i
CTPHKHEBUX Ta TUIOCKMX KIHIEBHX €JIEMEHTIB, JIe
rapaMeTpy EJIEMCHTIB 3MIiHIOBAIUCh. TOBIIUHY
METAJIEBOTO JIHCTa PO3TIsAand Bim 8 mo 12 mm,
a KyTHKH TJICUICHHS Bix 80x80x7 nmo
125%125%8. 3aBanTakeHHs OaJKM TaKOX BHKOHA-
HO CTaTUYHUM PIBHOMIPHO PO3MOIiIIEHUM HaBaH-
TaXeHHsAM, BenmunHa sikoro 20 kH/m. Pesynbratn
PO3paxyHKIiB HaBeJeHO B Ta0J1. 3.

VY pe3yabTari aHai3y OTPUMAaHUX TMOKAa3HHMKIB,
MOKHa 3pOOMTH BHUCHOBKHM, LIO PO3MIp KyTHKa
Maif’)ke HE BIUIMBAE HA HAINPY>KCHUW CTaH MeTae-
BOTO TOPU30HTATIBLHOTO JIUCTa Oaok. HampykeHuit
CTaH CaMoro KyTHKa 3aJIe)KHUTh OiJIbIlIe BiJl TOBIIU-
HU TIONUIl KyTHKAa HDK BiJ] BEJIMYMHH KYTHKA,
1 HaMpyXKEeHHS PIBHOMIPHO 3MEHIIYIOThCSI 3aJIE)KHO
BiJl TOBIIMHU JIMCTa KOHCOJI Ta PO3MIipy Camoro
KyTHKa. Y pealbHUX KOHCTPYKILIAX MPOrOHOBUX
cniopya BctanoBneHi kytuku 100x100x10 ta sumc-
i ToBuMHOIO 10 MM. Tomy, 3Baxkaroun Ha yHidi-
KaIlif0 KOHCTPYKTUBHUX MPOEKTHUX PillIeHb, JIOIIi-
JIFHO B MOCHJICHHI BY3J1a CIIUpaHHs 0aJoK OJHa Ha
onHy Tex y3aTh Kytuku 100x100%10 Ta meranesi
JIMCTH TOBIIMHOIO 10 MM.
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Tabnuus 3

Pe3ysabTaTH po3paxyHKiB mapamMeTpiB eJl1eMeHTIB
miZACHIeHHS

Table 3

Calculation results of the parameters of the
strengthening elements

o | Ky, ’ xapaxep-
|| e T | ot rown,
THK T MM
1 2 3 4 5 6
A=8 43,7 | 6,0 4,18
1 | 80x80x7 | A=10 358 | 50 3,83
A=12 345 | 45 3,55
A=8 376 | 50 3,44
2 |08 aci0 | 338 | 44| 319
A=12 | 30,6 | 3,6 2,99
A=8 40,7 | 6,0 3,89
3 | 90x90x7 | A=10 36,0 | 50 3,58
A=12 32,2 | 44 3,33
A=8 36,4 | 50 3,37
4 1 90x90%x9 | A=10 328 | 44 3,13
A=12 29,6 | 4,0 2,94
A=8 38,0 | 55 3,63
5 |10 a0 [ 338 | 50 [ 33
A=12 304 | 44 3,13
A=8 32,1 | 44 2,93
6 | 100100 Ao [ 2091 [ 36| 275
x10
A=12 | 26,5 | 3,6 2,59
A=8 30,7 | 44 2,86
7 | P20 a0 | 272 [ a0 | 269
A=12 253 | 3,6 2,54
Hocnioncenns Hanpystceno-0eghopmosanozo

CMAaHy 3anponoHO8AHO20 BY31d CHUPAHHA HO300-
BIICHIX Oanok Ha nonepeuni. JIns BU3HAUCHHS Be-
JIMYMHU HaNpyXeHb y Oankax 31 BCTAHOBJICHUMH
JIOJATKOBUMHU KOHCOJbHUMHM JINCTaMU W TOCHIIe-

HUMH CTaJICBUMH KyTUKAMH, OIHCAHUMH PaHillle,
OyI10 3MOZETHOBAHO MTPOCTOPOBHIA BY30J 3’ €JHAHHS
0aJIOK MOBEPXOBOTO THUITY 3 €IEMEHTaMH IiJICHIICH-
HA (puc. 9). Jna noOynoBu Mofeni B HATypaJbHY
BEJIMYMHY TAaKOXX BHUKOPHUCTAHO KIHIEBI €IEMEHTH
TPUKYTHOI hopMH, sKi OyJI0 TEHEPOBAHO B MOBEPXHI
BiJINIOBITHOT TOBIIUHK METATY Y 30ipIIi.

Puc. 9. 3aranpHuil BUTIIA IPOCTOPOBOT MOIEI
By3JIa 3 i ICHICHHIM

Fig. 9. General view of the spatial model
of the node with reinforcement

Y pesynbrari Oylo OTpUMaHO CKiHYEHHO-
€JIEMEHTHY MOJEINb, O cKiaaaerbes 3 17 107 By3-
1B Ta 34 374 KiHIEBUX E€JIEMEHTIB.

HaBanTtaxxeHHS Ha MO/EIb BUKOHYBAJIU 32 Kpa-
HOBMMH YMOBAaMH 3 YPaxyBaHHSIM OTPUMAaHUX 3Yy-
CWJIb Y MPOCTOPOBIM Mol GepMu, aHATIOTIYHUX
HABaHTaXCHHIO TIONEPEIHIX PO3paxyHKiB 0e3 -
CHJICHHS By3J1a.

[licna po3paxyHKy OTpHMaHO IOl Hampy-
KEHb, SIKi 300pakeHo Ha puc. 10.

SIKII0 TOPIBHATH IIi Pe3yNIbTAaTH 3 TOMEPETHIM
BUIIAJIKOM, KOJM MiACUJIEHHS BIICYTHE, TO MOXKHa
KOHCTaTyBaTH, 1110 HANpYXEHHS B KyTHKax ropu-
30HTAJBHUX TOJIUIb TTO3I0BXKHKOI OalIKK 3 MijcH-
JICHHSIM 3MeHIImIoch Ha 73 % no 54 Mlla, a Ha-
MPYKEHHsI 32 BEPXHIMH TOPH30HTAJIbHUMU IIOJIU-
MU KYTHKIB TIOMEPEeYHOi OalKu 3 MiJICHICHHSIM
3MeHmmwIoch Ha 43—-48 % no 170 Mlla.
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Puc. 10. HanpyxeHuit cTaH 3a TOPH30HTAIIEHAMH T10-
JUISIMA KYTHKIB 13 migcunenasM, MI]a:
a — TIO3I0BKHBO1 OANKH, 6 — MONIEpeYHOi OanKu

Fig. 10. Stress-strain state behind the horizontal legs of
the angles with reinforcement, MPa:
a — stringer; b — floor beam

HaykoBa HOBU3HA Ta PAKTHYHA
3HAYHMICTh

VY xoni AoCHigKeHHS BUBYEHO TEXHIYHY JIOKY-
MEHTaLiI0 3a THIIOBUMHU NpoekTamu «lIpoexTcra-
JILKOHCTPYKIIi1», IMPOBEACHO aHajli3 pe3yJbTaTiB
MOTEpeIHIX OOCTEeKEHb JaHUX MPOTOHOBUX CIIO-
pya IICK 3 noBepxoBHUM CHIOIy4€HHSM OajoOK Mpo-
i3HOT YacTHUHH, aHAJIi3 XapaKTepy Ta JUHAMIKU PO-
3BUTKY TpilMH. Takox MpoaHaiti30BaHO pe3yibTa-
TH O0OCTE)XEHb METAJIECBHX MPOTOHOBUX CIIOPY.I
MOCTIB 13 TOBEPXOBHUM PpO3TaLIyBaHHAM OajloKk
poi3Hoi yacTuHU [4+7] i BUSABIEHO, IO B IEpe-
Ba)XHI OLIBLIOCTI BUIAIAKIB KJac TMPOrOHOBOL
CHOPYAHM 3a3BHYail BU3HAUYAE Kiac OaJIOK MPOi3HOI
YaCTHHU SIK HAaHOUIbIN Je(EeKTHUX €JIEMEHTIB yciel
CHOpY/IH.

y pobori JIOCTIKEHO HaIpyXeHo-
nedhopMOBaHHUN CTaH IiICUIICHHS By3Ja CITUPaHHS
MeTaJieBUX OaloK MpOi3HOI YaCTHHU MOBEPXOBOTO
posTanryBaHHS. 3alpOIIOHOBAHO HOBY KOHCTPYK-
IO TiJICUIICHHSI By3Jia CIIMPAaHHS TO3JI0BXHIX 0a-
JIOK Ha TIONepedHi 3 MiI0opoM palioHaNbHUX Ma-
pameTpiB KOHCTPYKIIi.

[IpencraBnena KOHCTPYKIs, Ha BIAMIHY Bif
MOTICPEHIX:

— HE YCYBa€ BKJIFOUCHHS B CYMiCHY poOOTY TO-
370BXKHIX OaJIOK;

— HE TPOTHJIi€ BAHUKHEHHIO KPYTHOTO MOMEH-
Ty B TIOTIEpeYHil Oani.

l'onoBHA MeTa 11i€l KOHCTPYKIIT — OLIBII TUIAB-
HO TiepesiaTu 3yCHIUIA 3 ONepeyHo] OaNKy Ha 1Mo3-
JOBXHIO, CYTTE€BO 301JBIIYIOUYH IUIONLY iX B3a€M-
HOTO CIIPaHHSI.

3a oTprMaHUMU pe3ysibTaTaMu Oyio odopmiie-
HO MaTeHT Ha KopucHy Mozens Ne 109806 Bix
12.09.2016 [2].

Oco06aUBICTIO TPOTOHOBUX CIIOPY[, CTBOPEHUX
3a  KpecieHHAMH  «IIpO€KTCTambKOHCTPYKIIi»,
€ OJIHOTHITHICTh MPOI3HOI YaCTUHH, IO JTO3BOJIUIO
PO3pOOHTH KPECIACHHS KOHCOJCH MiJACHICHHS, SKi
OigiiayTe 10 OyIb-SKHX MPOTOHOBHX CIOPYA 3a
Hi€ero cepiero. JJoIaTKOBOIO TIepeBaror Mb0ro Cro-
co0y € To# (hakT, 10 MaTUME MicCIle CyTTeEBe 30i-
JIBIIEHHST BAHTAXXOMIAHOMHOCTI MO3IOBXHIX 0a-
nok. Leit crmoci®O peMoHTy HalOiIbII palioHANb-
HUI (PEKOMEHIOBaHO Ui MOCTa 4Yepe3 piuky IH-
ryneus Ha 109-my kM niHii BepxiBuese —
Homunceka, gorosip Ne 94/2011-11rex—177/2011-
IO Bix 30.09.2011 [8]. «IIpoBemeHHS mOCTI-
JOKCHb CTaHy 3alli3HWYHMX METaJIeBUX MOCTIB
3 IBOIIOBEPXOBOIO MPOI3HOI0 YACTHHOIO Ta IUIIXH
X PEeKOHCTPYKIIIT Mif Cy4acHi BUMOTHY).

BucHoBku

3a pe3yibpTaTaMu PO3paxyHKiB Ta
KOMIT FOTEPHOTO MOJIETIIOBAaHHS BH3HAYEHO, IO
OCHOBHOIO MPUYHMHOIO TOSBU TPILUH € KOHCTPYK-
THBHA HEIOCKOHAJICTh BY3JIIB CIIUPAHHS I03/10B-
XKHIX OaJOK Ha MOMNEpPe4Hi MPOTOHOBOI CIOPYIH
3 MOBEPXOBOIO INPOI3HOK YaCTHHOK, XapaKTepHa
JUISl QaHAJIOTIYHMX KOHCTPYKIIHA. AHai3 Hanpyxe-
HO-7Ie()OPMOBAHOTO CTaHy HASBHOI KOHCTPYKITii
By3J1a CIIUPAHHS MO3/I0BXKHIX 0aJIOK HA TOTEePEeYHi
CBITYHTH MPO CKJIAAHI yMOBH POOOTH Oano4HOl
KIiTHHA. HanmpyXeHHs B TOPHU30HTAIBHUX TOJIHU-
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X KyTuKiB qocsaraiots 230-330 Mlla, oo 3aagHO
MEpPEeBHIILYE PO3PAXYHKOBI 3HAUEHHS OINOpPY MeTa-
y.

3anpornoHoBaHa HOBa KOHCTPYKIIiSI By3Jia CITH-
paHHS TO3MOBXKHIX OaJOK Ha IOMEpPedHi yCyBae
HE/IOJNIIK KOHUEHTpalii HanpyXeHb. BusiBneHo pa-
LiOHANBHI MapaMeTpH BYy3ja. BEIUYMHA KOHCOIMI
MmigcHIeHHs] cTaHOBUTH 80 CM, BEIMUYWHY €JIEMEH-
TiB BYy3J1a B3ATO 38 KOHCTPYKTUBHUMHU XapaKTepHc-

TUKaMH{ THUTIOBOTO MPOEKTY TOMY, IO IIi BETUYHHA
matoTh Manmii BrumB Ha HJ[C By3ma.

JocnimkenHs HaIpy>XKeHO-1e(hOPMOBAHOTO
CTaHy 3alpPOMOHOBAHOTO BYy3J1a CITUPAHHS MO3/I0B-
JKHIX OaJIOK Ha TIOMIEPEedHi IMOKa3ayo, IO MaKCH-
MaJbHI HaNPYXCHHS B TOPU30HTAIHLHUX TOJUYKAX
MOSICHUX KYTHKIB TO3JOBXKHIX 1 MOmepedyHux Oa-
JOK (32 IMX yMOB) 3MeHImwmch Ha 43—-73 % Ta
cranoBysITh 100—170 MIla.
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Operation Study of the Node of Stringer Staged Connection Point
of the Railway Bridge Track-Way

Purpose. The staged connections of the stringers of railway bridge track-way have the simplest design, but some
design flaws result in numerous defects. The purpose of this work is an investigation of the previously proposed
methods of strengthening the support node for the stringers of the track-way of a staged communication, as well as
investigation of the work of the reinforcement proposed by the author. Methodology. The author analyzes the con-
dition of metal bridges operated on the railway. It was found that the decisive element in determining the load ca-
pacity of the entire bridge are the stringers of the track-way. To achieve this goal, the author analyzed the stress-
strain state of the support node of the stringer on the cross-bar without and with reinforcement using the finite ele-
ment method. The discovered rational parameters of the proposed reinforcement unit. The calculations were per-
formed in Selena software. Findings. Stress-strain state of the connection point of the stringers with the floor
beamsnode on condition of their staged position was obtained and analyzed. The author selected the rational param-
eters of the reinforcement elements of the stringer support node for the staged communication and analyzed stress-
strain state of the new connection node of the stringers with the floor beams at their staged location based on typical
spans of Proiektstalkonstruktsii LLC (PSK). The analysis shows that after the proposed reinforcement, the maxi-
mum stresses in the horizontal legs of the flange angles of the stringers and floor beams, which destroyed the struc-
tures, decreased by 43-73%. Originality. The work analyzes the stress-strain state of metal stringers of the track-
way of the staged location taking into account the joint work of stringers with load-bearing trusses, as well as the
stress-strain state of the proposed reinforcement of the support node of metal stringers with the identification
of rational parameters. Practical value. This method of repair with reinforcement is recommended as the most
rational for a bridge over the Inhulets river at 109 km of the Verkhiviseve — Dolynska Railway (contract
No. 94/2011-TsTekh-177/2011-ETU dated 09/30/2011). Based on these results, a patent for utility model No.
109806 dated 09/12/2016 was issued.

Keywords: stringers; strain; stress; floor beams; metal spans
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