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IIporuo3yBanns nedopmauii B 30Hi BILIMBY MOCTOBOI'O Nepexoay Ha MiACTaBI
3alPONOHOBAHOI MATEMATHYHOI MO/IeJIi 3aIJIABHOTO MOTOKY

0. C. CaaBincbka, A. O. Ilnnka, 1. B. bamkeBu4

Jna po3pobku memodieé npocrno3y8anusa degopmayiti Ha 3aniasHux OLIAHKAX 6
30HI 8NIUBY MOCMOBUX NEPex00i8 pO3pPOOIeHA MAMEMAMUYHA MOOENb 3A8UCEHECHO20
NOMOKY 3 mMpas sHO0 POCIUHHICMIO. 3a0aia po3paxyHKy 2i0OpOOUHAMIYHUX NOI8
weuoKocmel ma mucky 8 Wmy4Ho CIMUCHymux nomokax 8i0HOCAmMbcs 00 meopii Mi-
JIKOI 800U, OCKINbKU 8ePMUKATIbHUL PO3MID (2AUOUHA NOMOKY) CYMMEBO MEHUIULL 8i0
20PU3OHMANBHUX PO3MIDIE, 008HCUHU MAa WUPUHU. Bionosiono 0o yvo2o 3anponoHo-
8aHA MOOeb IPYHMYEMbCA HA PIBHAHHI PO3NOOLLY WEUOKICHOI CIMPYKmypu ma 2u-
OUHU 3aNTIABHO20 NOMOK) 8 HAOIUNCEHHI 00 080BUMIDHUX 3ANEHCHOCMEN 3 YPAX)BAH-
HAM cunosux gaxmopis. Cunogi gpakmopu o6ymMo8noms onip npu 0O6mMikauHi poc-
JUHHOCMI HA 3aNAAGHUX OLIAHKAX MA ONip po3Mugy OpiOHO3EPHUCTUX TPYHMIE.

s ompumanua 00HO3HAYHO20 PO38 3Ky PO32IA0YE8AHOI 3a0ayi 00 Npeocmas-
JIEHOI 3aMKHYmMOI cucmemu UXiOHUX PIBHAHb 000aHI 2PAHUYHI i nouamkosi ymosu. L]i
YMOBU 00380510 Mb BUHAUUMU Pi6EHb GLIbHOT NOBEPXHI NOMOK) Mda 30H) GNIUEY MO-
CM0B020 Nepexody HAa PI3HUX emanax NpoxXoONCeHHs PO3PAXYHKO8020 NAB0OKA. 3a
CKIHYEHHO-DI3SHUYEBUMU AHAN02AMU DIBHAHbL NEPEHOCY PO3PAXOBAHO PO3NOOLL WEUO-
Kocmel ma 2auOuH 8 po3paxyHKOBUX CMEOpax. 3a 00nomMo2oi imepayil U3HAYEHO
N030084CHIO UBUOKICIb 8 YCMANEHOMY 3aNIAAGHOMY NOMOYL 3 eNeMeHmamy POCIUH-
Hocmi. Ompumani pe3yibmamu po3paxyHKy poO3MUy Ha 3ani1asHux OLIAHKAX NiOMO-
cmoeozo pycna pienunnoi piuxu Cieepcokuti [oneys. I nubuna 3aniasHo2o nomoky
RICNsL PO3MUBY GU3HAYAEMbCA HA OCHOBI CNIBGIOHOWEHb OIUCHOI ma Hepo3MUSHOT
weuoxkocmeu. Ilpu nopieuanti 3 NOYAmMKOBUMU OOHHUMU GIOMIMKAMU PO3MUE Olllb-
woi 3annaeu cmanosums 0,96 m, menwioi 3anniaeu — 1,28 m.

3anpononosane Hayko60-001pyHmMOBane pilleHHs 3 3a0e3neuerHHs OnmuUManlbHol
83a€MOO0II 3aNNIA6HUX NOMOKIE 3 MOCMOBUMU NEPEXO0aMU 8HOCUMb NEGHUL 6KIAO 8
ni08UWeHHS HAOTUHOCMI IX (DYHKYIOHYBAHHS 34 PAXYHOK AKOCHMI NPOEeKMHUX poOim
ma 8i0N0GIOH020 3HUNCEHHS OYOI8eNbHO-eKCNAYAMAYIUHUX 8UMPAm

Knouosi cnosa: 3ona éniugy mocma, Mocmoguil nepexio, poCIuHHICMb HA 3a-
n1asax, 3aeuceHecHull Nomik, oeghopmayii Ha 3aniasax, 3an1asHULl NOMiK, Mooei
mypoyneHmuHocmi

1. Beryn

[TigTBepIKEHHSAM aKTyaTbHOCTI JOCHTIKEHb CIIY>KUTh aHalli3 PyHHYBaHb MOCTO-
BHX NEPEXO/IiB, SKi 3a3HAIOTh HAHOUIBIIOI MIKOAM B1JI CTUXIMHOTO JIMXa — BUCOKHUX ITO-
BeHeil. Jlegopmartii piuuiia, 3arIaBHUX AUITHOK, PO3MUBU ITPOMIKHHUX OTIOP Ta CTOSIHIB
MOKYTh JOCATATH TaKUX KPUTHUYHUX PO3MIpIB, IO CTAIOTh OCHOBHOIO NMIPUYMHOIO aBa-
piit Ha MocTax. OCHOBHA BUMOTa JI0 MOCTOBOTO TIEPEXOY, 5K JI0 OJTHIET 3 HAWBAXKIIMBI-
IUX CKJIAIOBUX JTIOPOKHBO-TPAHCIIOPTHOI TajTy3i, — HaMKpale oO0CIyroByBaHHS Tepe-



Be3eHb. MOCTOBUH TepexiJi MICTUTh Y c001 KOMITJIEKC CKJIQJHUX 1 IOPOTHX CHOPY., BU-
TpaTh Ha OyJIBHHMIITBO Ta EKCILIyaTallll0 SKUX 3aJIe)KaTh BiJl BUOOPY MICISl TIEPEXOTy,
MIPABUJILHOTO MPU3HAYEHHS KOHCTPYKITIH, IXHIX FreHepaTbHUX PO3MIpIB.

B cBoro 4epry, MOCTOBI EpEXOAM BIIHOCITHCS 10 TaKOi KaTeropii crnopy, sKi
HOPYILIYIOTh IPUPOJIHI POPMHU pycia Ta CTBOPIOIOTh CBOIMHU 30BHIIIHIMU KOHTYpaMHu
J0JaTKOBE BUXpOYTBOpeHHs. CriopyaH, OXOIUIIOI0UYM HE TUIBKU PYCIIO PiuKH, a i 4a-
CTUHM 3aIUIaB, MPU3BOJATH A0 TAKUX 3MIH MOJS MIBUAKOCTEH, IpU SAKUX TPAHCHOp-
Tyl0o4a 3JaTHICTh MOTOKY PO3MOJUISIETbCA Ty:Ke HepiBHOMIpHO. Ilicis mepexputTs
YACTUHU 3aIUIaB MO IIMPUHI HACHUTNIAMU MIAXOAIB BOJA MOYHE MPUTIKATH 0 MOCTY,
Yyepe3 CTUCIHNA MEPETUH PIUYKH MPOXOTUTUMYTh 301IbIICHI BUTPATH BOAH.

Ha 3annaBHUX QUIIHKaX B1IOYBA€THCS TEPUTOPIATbHUIN NEPEPO3MOALT BOIHUX pe-
CypciB, BUHUKAE MPOOJIEMa y PETYII0BaHHI CTOKY, IPOTHO3YBaHHI MPOILyCKHOT 3/1aTHOC-
Tl 1 po3BUTKY Jedopmariiil. dakropu, 1m0 00yMOBIIOIOTH PO3BUTOK PO3MHUBIB Ha 3arlia-
BHUX JUISHKAX, KapJMHAJILHO BIAPI3HAIOTHCS Bij BIAMOBIIHMX HpoOIeciB y pyciax. Ha
BIZIMIHY BiJl pyclia, 3aIlJIJaBU MalOTh 3HAUHUM POCIMHHUM MOKPUB. POCIMHHICTD Ipalltoe
3a MPUHLMIIOM TaCHUKA IIBUIKOCTEH Ta 3yMOBIIIOE JOJATKOBY TYpOYJICHTHICTh B HHXK-
Hiii 30H1. [1IBUAKOCTI Ha 3aruiaBHIM AUISHIN, & OTXKE 1 TMOTEHIIIAJIbHA €HEPris MOTOKY,
OyZlyTh 3HAUHO MEHIINMHU HI)K B PYCJIl UE€PE3 MEHIIY BUTPATY.

['eomopdomeTpis 3amiaBHUX AUISHOK XapaKTEpU3YEThbCS HASBHICTIO 3HAYHOL
POCIMHHOCTI, HAMYJIKIB BiJI TTONEPEIHIX TTOBEHEHN Ta MaBOAKIB 1 00YMOBIIIOE T€HETH-
YHY HECXOXKICTh 3 PyCJIaMHu.

3amiaBa NpecTaBlI€Ha POCIMHHUM IPYHTOM Y BEpXHIW CBOil YaCTHHI, a B HUXK-
Hii 30HI BeJMKa WMOBIPHICTh MPUCYTHOCTI MIIIAHUX Ta CYMIIIAHUX IPYHTIB. 3aIuiaB-
HUH MOTIK, SIK 1 PyCJIOBUM, € TETEPOr€HHUM, HACUYEHUM 3aBHCCIO, 110 32 PaXyHOK ra-
CIHHSI IIBUAKOCTI MOTOKY Oyjae ocigatu Ha AHi. [lig yac maBojaKy MIBUAKICTH Oyze
HApOCTaTH, a POCIMHHUHN TPYHT, K MPABUIO, HE MA€ JOCTATHIX MEXaHIYHUX BIIACTH-
BOCTEH 11100 onupaTucs JeCTPyKTUBHUM IpoliecaM. 3HAUHUH ke Yac MPOTIKaHHs Ma-
BOJIKY 3yMOBJIIO€ BUPIBHIOBAHHS BIIMITOK JTHA PycCJia Ta HU3Y 3aIlJIaBU.

B pesynbrati 1mi€i B3aeMo[ili MOXKHaA CIIOCTEpIraTd 3BYKEHHS pyclia Ta YTBO-
PEHHs HOBHX 3arjiaB abo pO3UIMPEHHS pycia 3a paXyHOK po3MUBY 3ariaBu. s Mo-
CTOBHUX IIEPEXO0/IIB HEOC3MEUHUMH € CaMe €pO31iHI IIPOIIECH.

[IpaBuiibHE NpU3HAYEHHS PO3MIPIB CIIOPYA MOCTOBOTO MEPEXOAY, 30KpeMa IIH-
PUHU OTBOPY, SIK JIOMIHAHTHO1 XapaKTePUCTUKH, 3aJIeXKaTh BiJl YMOB iX poOOTH, TIPO-
THO3Y MOXJIMBOTO HMPUTOKY BOAHM O MOCTY 1 HEMHUHYUYUX PYCJIOBHX Ta 3alJIABHUX
nedopmairii.

[cHyrO4l METOMKH pO3paxyHKY PO3MUBIB B 30H1 BIUIMBY MOCTOBOTO NIEPEXOAY B
HETMOBHIA MIp1 BPaXxOBYIOTh MPOLIECH, IO MPOTIKAIOTh HA 3aIJIABHUX AUISHKaX. Po3-
MUBH Ha JIBOX XapaKT€pHUX YaCTHMHAX OTBOPY MOCTa BiAOYBalOThCS 3 PI3HUX MpPH-
yuH. HeBpaxyBaHHSI XapaKkTepHUX BIIMIHHOCTEW pOOOTH 3aIlJIaBHOTO Ta PYCJIOBOIrO
MOTOKIB IPUBOJUTH A0 BUKPHUBIICHHS PE3YJIbTATIB Ta 10 HEMPABWIBHOI OLIIHKU CUTY-
arii. PycrnoBuil moTik, 10 3aTOIUIIOE 3aIljlaBy Yy MepioJi MaBOJKY, HACUUYEHUN 4acTOY-
KaMM TBepAOi (a3u, a OTKe € HEOJHOPITHUM. B cyyacHMX MeToIMKax HE BpPaxoBY-
€TbCSI B3a€MO/IIsI HEOJTHOPITHOTO TOTOKY 3 POCIMHHUM IMOKPUBOM, KOTPUH CYTTEBO
BIUTMBA€E Ha (pOpMyBaHHS MOTOKY, a TAKOXK HA PO3MHUBHI MPOIECH BCEPEAUHI HHOTO.



L1 mpoGiiemMa 1OCUTD CYTT€EBA, aJKe pebe( 3aIUIaBHUX AUISTHOK € COPUSTIUBUM JIs
PO3MIIIEHHS MOCTOBOT'O IIEPEXOTY.

2. AHaJi3 JiTepaTypHUX JAHUX TA MOCTAHOBKA npoﬁ.ﬂeMn

MocrToBi Iepexou — HAUMOMNPEHIII TPAHCIIOPTHI CIOPYU HA aBTOMOOLIBHHX
JIOpOTax 3arajlbHOr0 KOPHCTYBAHHS. IX BaroMicTs, sik Big3HaueHo B pobori [1], 3a Tex-
HIKO-(DYHKITIOHATbHUM CTaHOM Ta KOIITOPUCHOIO BapTICTIO CYTTEBO BEJMKA Yy MOPIB-
HSIHHI 3 OUTBIITICTIO €JIEMEHTIB JOPOTH. AKTYaJIbHUHN CTaH TaKUX TPAHCIOPTHHUX CIOPYT
OILIIHUTH AyXe ckianaHo. L{e moB’s3anHo0 3 6aratema dakropamu. OTHOYACHUN BIUIUB Ta-
KUX TIPOIIECIB, K HEYCTAJICHUH PyX BOJHOTO CEPEIOBUIIA 1 PIUYKOBUX CTPYKTYp; HasiB-
HICTh 3HAYHMUX 00JacTeil 3 BUpaMu; nepedopMyBaHHs PyCIOBUX Ta 3aIlIaBHUX (OpM B
nporieci aedopmarliil IPU3BOIUTH 0 PO3BUTKY 3arajlbHUX Ta MICIIEBUX PO3MUBIB y 30H1
BIUIMBY MOCTOBHUX MEPEXOIB. 3 METO JOCIIIKEHHS! PYyWHIBHOTO BIUIMBY CTUXIMHHX
MOBEHEH, SIK HACII/IKIB 3MIHU KJIIMaTy, B po0OTI [2] npencTaBieHe JadopaTopHe JA0CTi-
JoKEeHHS (D13MYHOT MOJIeN — JUISTHKYA PIYKOBOTO MOTOKY 3 MOCTOBUM TiepexojioM. Ha oc-
HOBI [TPOBEICHUX JOCIIIKEHb 3p00JIEHO BUCHOBOK I1I0JI0 CYTTEBOT'O BILUIUBY MOCTOBOTO
MIEPEX0/Ty 32 PaXyHOK MEPEKPUTTA 3aIJIAaBHOTO MOTOKY, BIAOBITHOTO TiepedopMyBaHHS
Ta 30LIBIICHHS IIIBUIKOCTEH, TOCUJICHHS IHTEHCUBHOCTI MIEPEHOCY HAHOCIB B PYCIII, aje
HE po3MIAatoThes AeopMalliifHi mpolecu Ha 3amaBax. Lle moB’si3aHo 3 mpo0i1eMoro
MO/ICTIOBaHHSI TAKMX MOTOKIB B JIJAOOPATOPHUX YMOBAX.

JloCiIKEHHST BOJHOTO PEXUMY, BU3HAUYCHHS KOHLIEHTpallli 3BaKEHUX HAHOCIB B
YMOBaX €KCTpEMaJIbHUX KIIMAaTUYHHX SIBHI, K1 CYyTTEBO BIAOOPA3UIIUCS HA T1APOIIO-
TIYHOMY CTaHI PIYKOBOI CUCTEMH, MPEJCTABIEHI B poOOTI [3]. Ajie 1e HE J03BOJISE B
MOBHINA Mipl PO3KPUTH MEXaHI3M JAeopMalliid, Ik B pyciiax, Tak 1 Ha 3ariaBax, Ta,
BIJINOBIJIHO, MMPOBECTU OUIbII O0'€KTUBHY KUIbKICHY OLIHKY CTYNEHS BIUIMBY Ha LEl
Mpolec pi3HUX (HAKTOPIB.

dakTUYHA MBHUAKICTh TEUli BOAW HA 3aIjlaBl MEHIIIC BiJl pyCJIOBOI Ta, BiIMOBII-
HO, i 3a po3MUBHY. [ pYHTOBI YaCTHHKH MEPEBAXKHO 3HAXOAATHCSA B HEPYXOMOMY CTa-
Hi. PO3MuB Ha 11 AUISHII PO3MOYHETHCS TIIBKUA TIPU YMOBI, SIKIIO MIBUJIKICTh MOTO-
Ky MEpPEBUIIUTh HEPO3MUBHY JIsi YaCTUHOK HaHOCIB. OcoOIMBOCTI penbedy 3ariaB
Ta Mepexojly piuKOBOrO MOTOKY Ha 3ariaBy, PO3MUBU OeperiB, YMOBH (pOpPMYBaHHS
3arIaBHOTO MOTOKY MpoaHaIi30BaH1 B poOoTi [4].

Benuki 3amnaBu MaroTh MHOXKHHHI 1 CKJIaJIHI penbedHI YTBOPEHHS, PiBEHB I0-
BEpXHI AKUX 3MIHIOEThCA Ha pi3HUX MaciuTabax. B 3anaaunax, mijg yac moBeHi, Gop-
MYIOTBCS 3aIJIaBHI IOTOKU Ta CTBOPIOIOTHCS 3a0o0ioueHi aiisHku. B po6oTi [4] mpo-
aHaJI130BaHO 30HM B3a€MOJIl PIYKOBOTO Ta 3allJIABHOTO MOTOKY, OCOOJIMBOCTI 3MIHH
penbedy 3armiaBu 4epe3 epo3il0 Ta OCIIaHHS HaMYJIKy Ha MEeBHUX JIUISHKax. AJie He
PO3IJISTHYTO MUTAHHS I10JI0 BIUIMBY T1APOTEXHIYHUX CIOPYA a00 3a0yJ0B Ha 3MIHU
penbedHUX YTBOPEHD 3a1jiaB 0COOJIMBO M1/ Yac MPOXO/KEHHSI MOBEH1 a00 MaBOKY.

[ToBepxns 3amnaBu chopmoBaHa B momepeaHi nepioau. bepyuu 1e g0 yBarw,
JOCIIITHUKIB I[IKaBUTh MPOITYCKHA 37aTHICTh 3apOCIIUX JUISHOK 3arjiaB. BuBYeHHS
3MiHU MOP(OJIOTIYHUX TPOIECiB, KOH(DITyparlii 3BUBUCTOr0 pycia piuyKH B yMOBaxX
3apOCIIMX 3aIljiaB ITiJT 9ac IMOBEHI HAa OCHOBI JIBOBUMIPHOI MOJEI HaBEACHO B poOOTI
[5]. Ta cmimg 3a3HaYUTH, 11O 3aNPOMOHOBAHI PIICHHS MAalOTh B OLIBIIIOCTI eMITIpHY-



HUW XapakTep, a y PIBHIHHSIX PYyXy MOTOKY BHU3HAYAETHCS y3aradbHEHWUU YJIEH, 10
BpPaxoBYE T1JIpaBIIYHUM OIIp MTOBEPXHI 3aIlIaBH.

CrBopeHHs UGPOBOI MOJICII PIYKU 3 ypaXyBaHHSAM TonorpadigHux ta Mmopdo-
METPUYHUX 3MIH JI03BOJIMJIO aBTOpaM poOOTH [6] oTpuMaTH IITy4HHUN JaHAmadr pi-
YKOBOI CHCTEMH. 3alpoOrOHOBaH1 MOP(OIUHAMHUYHI Ta CTOXACTHUYHI M1IXO0U 3aCHO-
BaH1 Ha y3arajbHEHHI MPUPOJIHUX KUIBKICHMX 3aKOHOMIpPHOCTEH 3MiH JaHamadTy Ta
HE JT03BOJISIIOTh BU3HAYATH BEJTMYMHHU PO3MUBHUX Jedopmalliii pyclioBoi 1 3ariaBHO1
YaCTUH OTBOPY MOCTY.

3rimHo HaBeIeHHX B [7] pe3yJbTaTiB J1a0OPATOPHUX JOCIIKEHD 3 PYXOMHM IlIa-
POM POCIMHHOCTI, IIBUAKICT PO3BUTKY Jedopmaliiii, popMyBaHHS 3aIJIaBHOTO IOTOKY
Ta penbedy caMuX 3aIiaB 00YMOBJICHI PO3MOALIOM, POCTOM Ta MOXOPKEHHSIM POCITUH-
HOCTI. BiZICyTHICTh pOCIMHHOCTI cripusie (GOpMYBaHHIO MMOTOKY 3 HaWMEHIIIOIO 3BUBHUC-
TICTIO, PIYKOBA POCIIMHHICTD YIIOBUIBHIOE PO3BUTOK Ae(opmaliiii Ha 3arjiaBax Ta CIpHse
MOMTUOJIEHHIO pycia. POCIMHHICTE PI3HOPIAHOTO MOXOKEHHS Ha OJIHIM 3aIliaBi CpH-
s€ OCIJTaHHIO HAMYJIKY Ta PO3BUTKY Aedopmaliiii Ha Jpyrii, 30UIbIITY€E 3BUBUCTICTh PyC-
J1a, CTBOPIOE YMOBH JIJIsl PO3BUTKY HOBHX 3aIUIaB Ta OCTPOBIB.

JlocmKeHHST IMOPCTKOCTI Ha 3aIljIaBHUX JUISHKAX B 3aJICKHOCTI BiJl THUITY Ta
napaMeTpiB POCIMHHOCTI MPOBOAMUIOCSA B poOoTi [8]. [TopiBHSHHS MOBITPSHUX Ta BO-
JTHUX YMOB TOKa3ajio, 10 IMIOPCTKICTh 3HAYHO 3MEHIILYETHCS HA 3aTOTUICHUX JIJISTH-
Kax, 110 00yMOBJIEHO iX T1JIpaBIIYHUMHU YMOBaMH, BUJIAJICHHSIM POCIMHHOCTI Ta PO3-
BUTKOM Jie(popMaliii Ha 3ariaBax.

BmuuB 3amnaBHOI pOCIMHHOCTI Ha PIYKOBI (JOPMHU B IUJIaHI Ta TPAHCIOPTYIOUY
3JIATHICTh 3aIlJIABHOTO MOTOKY OyIio JociimkeHo B po6oti [9] 3a gomomororo 2D
MopdOoaMHAMIYHOT MOJIE 3 MIAMOJEISIMU JJIsl CTIMKOCTI 10 TMOTOKY Ta PO3MOJLITY
pociuH. CkjIa70B1 ONMOPY MOTOKY MOJIJIEHI Ha ONIp IPYHTY Ta OMIp POCIMHHOCTI.
BrmuuB Ty, KoHirypamii Ta IIUIBHOCTI 3aIVIaBHOI POCIMHHOCTI Ha TPaHCIOPTY-
BaHHSI Ta OCIJIaHHS PIYKOBOI 3aBUCI, PO3BUTOK Jedopmalliii Ha 3ariaBax HaBEJCHO B
po6orti [10].

Bbynp-sika aHamiTHYHA anmpoKCUMAIIiS JJii BUSHAUYCHHSI BEJIMYWH SIK 3arajibHUX,
TaK 1 MICIIEBUX PO3MHBIB Ha 3aIljiaBl, 3 ypaxyBaHHSIM PO3MOJALTY IIBUIKOCTI Bcepe-
JIMH1 TIapy POCJIMH, a caMe B 30H1 BIUTMBY MOCTOBHX MEPEXO/IiB, Y Cy4acHI HayKOBI
JiTEepaTypl MOKU 10 HE BUsABJICHA. Lle mOB’s13aHO 31 CKIIATHICTIO MOJIEIIOBAHHS Jie-
dbopmarliitHux MpoIEeciB Ha 3arIaBax Ta BIJICYTHICTIO OJHO3HAYHOTO PO3B’A3KY OCHO-
BHHX PIBHSIHb T1POAUHAMIKH.

3. MeTa Ta 3aaa4i J0CTiKeHHA

Merta poOoTu moJisirae B po3po011l METOTy TPOrHO3YBaHHs Jedopmarriii Ha 3aruia-
BaX B 30HI BIUIMBY MOCTOBOTO TIEPEX0/ly Ha OCHOBI 3aIlPOITIOHOBAHOT MaTEMAaTUIHOI MO-
JIeJTl 3aBUCEHECHUX TTOTOKIB, 3 YPaxyBaHHSIM HABHOCTI €JI€MEHTIB POCIMHHOCTI.

JIJist MoCSITHEHHST METH pOOOTH HEOOX1THO BUPIIIMTH HACTYITHI 3a/1a4i:

— IpOaHaJi3yBaTy Ta BUSHAYUTH CHJIOBI (DaKTOPH, SKI BPaXOBYIOTh OIIP PO3MHU-
BY JpIOHO3EPHUCTUX TPYHTIB Ta OMIp MpU OOTIKAHHI POCTUHHOCTI HA 3allJIaBHUX Ii-
JSTHKAX;

— pO3pOOHUTH MAaTeMAaTHYHY MOJIETh JUIsl 3aBUCEHECHOTO 3aIIaBHOTO TOTOKY 3
TpaB’STHOIO POCIUHHICTIO 3 IOTPUMAHHSM y3TOJI)KEHOCTI 3 TIOJIEM THUCKY;



— copMyTIOBaTH MOYATKOBI 1 MEXOBI YMOBHU JAJisl peajizallili 3alpornoHOBaHOl
MaTeMaTHYHOI MOJIEJIi 3aIlJIaBHOTO MOTOKY 3 €JIEeMEHTaMU POCITMHHOCTI;

— IIPOBECTH PO3pPaxyHOK JAedopMalliii Ha 3alIaBHUX JIIISHKAX PIBHUHHOI PIYKU B
30H1 BIUTMBY MOCTOBOTO TIEPEXOTy 3a 3alPOTIOHOBAHO0 MAaTEMaTHIHOI MOJICILTIO.

4. MaTteMaTH4Ha MO/ie]Ib 3aBHCEHECHOT0 MOTOKY 3 TPaB’SIHOI0 POCJMHHIC-
TIO VISl IPOTHO3YBAHHS PO3MOALTY IVIMOMH I IIBUAKOCTEH HA 3aIJIaBi

4. 1. Buxigni piBHSIHHA

OcHOBOIO 17151 pO3pOOKH MaTeMaTUYHOI MOEJl PyXy 3aIIaBHOTO MOTOKY B 30HI
BIUTMBY MOCTOBOTO TIEPEXOy € PIBHSHHS AUHAMIKH PEaTbHOI PIAUHU B ,,HAMPY>KCH-
HAX’, a00, 0 TeX came, piBHAHHSA Haw’e-Ctokca. J[7s oTpuMaHHS PiBHSHBb OCEepe/I-
HEHOTO TYpOYJEHTHOTO pyXy PelHOIbACOM 3ampOorOHOBAHUN TPUIOM 3aMiHU aKTYy-

aNIbHUX IMIBUAKOCTEH Vi Ta TUCKY P Ha ocepenHeHi V., p ta mynbcamiini V', p; [11-

14]. i piBHSHHS BiAPI3HAIOTHCS BiJ piBHSHHA Hap’e-CTOKCa HAsSBHICTIO J101aTKOBO-

IO TEH30pa TYypOYJIEHTHUX ab0 PEeHHONIbACOBUX HANpy)eHb V,"V/". Jlns npakTtuunux

L1JI€H 1 3py4HOCTI poOOTH piBHIHHS PeiiHobACa TOUIIBHO NPEICTABUTH B CKAJSIPHIM
(dbopmi yepe3 MpoeKIii Ha OCi AEKapTOBUX KOOPAMHAT 3 ypaxyBaHHSM BHILCHABEC-

oT..
HOTO 31 3HEXTYBAaHHAM B’SI3KMX HAIPYKCHb 8_” :
X

j

—"Y) vV —

I+Vja\/|:_iap_ I ]—gi—Zfi, 1)
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N,
Z_p (2)
0

X

ne Xi (i=1,2,3) — koopauHaTH; P, — FYCTHHA BOIM, KI/M>; ( — IIPUCKOPEHHS BiIBHOTO
HaiHas, M/C?; Z f'—cyma macosux cui.

VY posrophyTiii ¢popmi piBHsHH (1) Ta (2) 3aMUIIyThCs HACTYITHUM YHHOM:
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ne f., — cuma 3uennenHs abo cuina onopy BiApuBY 3epHa IpyHTY; f, — cuma omopy

POCIIMHHOCTI; § — MPOEKIIisi 00’€MHOT CHIJIM Ha BIChH Xs.

Hagenena cucrema piBHSHb TypOYJIEHTHOTO PyXY, SIKL OMUCYIOTH T1IpOIMHAMI-
YHE M0JIe IIBUIKOCTEH, TUCKY B BOJOCTOKAX, € HE3AMKHEHOI0, TOMY ii 1IHTETpyBaHHS
Ta YMCJIOBA peajizalisl AUCKPETHUX aHAJOrIB MOB’S3aHl 3 BEJIMKUMHU TPYIHOILAMHU.
JUis po3B’si3yBaHHS MPUKIAIHUX 3a7a4 TAPOJINHAMIKY EPEBaXKHO BUKOPUCTOBYIOTh
HaOJIM)KEHI MaTeMAaTU4YHI MOJIEIIl T€Yil, B SIKUX BPaxOBYIOTh TUJIbKH I'OJIOBHI, BU3HA-
qaybH1 (JaKTOPH, a JIEX0 APYTOPSATHUX, SK TPABUIIO, HEXTYIOTh.

4. 2. BudHaYeHHsI CUJI0OBUX (PAKTOPIB OMOPY PO3MHMBY IPYHTIB Ta 00TiKaHHA
POCTHHHOCTI HA 3aMJIABHUX JiISTHKAX

3a pe3yJbTaTaMu JOCHUThH BEIUKOi KITBKOCTI €KCIEPUMEHTATBHUX TOCIIIKEHb
[12], BnacTrBOCTI JIHA 3aBHCEHECHOTO TIOTOKY 3ajieXKaTh BiJ MPOIeCy KOoJbMaTallii.
PiukoBuii 3aBUCEHECHMI MOTIK MPY BILIMBI HAa THO 3 4acoM KojbMmaTye iHoro. Komb-
Martallis, y pe3yJibTari 3all0BHEHHS TOP M1 3€pHAMHU IMICKY Ta KaMiHHS KOJIOiTHUM
HaMYJIKOM, TIEPETBOPIOE HE3B SI3HE JTHO Y 3B’s3HE. Y Pe3ysibTaTi KoJbMatallii BUPIiB-
HIOIOTHCS Ta 3TJIAJIKYIOTHCS HEPIBHOCTI JTHA, & TAKOK 30UTBIITYEThCS 3YESTUICHHSI 3€PEeH
JOHHOTO IPYHTY.

Cuna 3ueruieHHs — 1€ OAMH 3 (DaKTOPIB, B SAKOTO 3AJICKHUTD IIBUILCHHS OMOPY
pO3MHEBY JpiOHO3epHUCTHX TPYHTIB (miamerpom mentie 0,1-0,15 mm), BinkmageHux, sK
NPABIJIO, HA 3aIIABHUX JIUITHKAX PIBHUHHUX PIYOK. 3TiHO MPOBEACHUX y poOoTi [12]
JOCIIKEHb, CUJTY ONOPY BIAPHBY MHOKMHH YaCTOK MOYKHA BU3HAUMTH 32 3AJICKHICTIO:

—  k.C,-S
o = o~ >9 )
C,.D

ne Kcp — Mexa BTOMIICHOCTI pO3pHBY 3B’ SI3HUX IPYHTIB, 3a ekcniepumenTamu [12]; Cen

— 34YEIUICHHS IPYHTY y CTaHi IOBHOTO BOJIOHACHYEHHS, KI/M%, S — pO3MOiN 3BakKe-
HUX HAHOCIB 1O BEpTHKaIl a00 MyTHICTh IOTOKY, (hopMyJia Jjisl BU3HAYEHHS HaBe/e-
Ha gani; Ce1 — nepmuii koedirieHT GopMu 4acTKM HAHOCIB, JOPIBHIOE BIIHOIIEHHIO
00’eMy YacTKH JI0 JllaMeTpa PIBHOBEJIIMKOTO MIapy y TpeThomy cTyneHi; D — miamerp
YaCTHUHOK HAHOCIB, M.



[ToBepxHs 3alIaBHOI YaCTHHU TEPEBAKHO IMOKPUTA POCIWHHICTIO, PI3HOIO 3a
TYCTICTIO Ta pO3MipaMH 3apocCTiB, IO BIUIMBA€E Ha MPOMYCKHY 3[aTHICTh 3aIlIaBH.
Cua onopy poCIMHHOCTI, 3rigHO [13], BU3BHAYAETHCS 3a 3aJIeIKHICTIO!

RS Y VEVIRVAVILVE
o=t VA +V ViV, 8)

ne 'V = fz Vi2 — aKTyajgbHa MBHIKICT, Cy — KOS(IIEHT OMOpY, SKUH BU3HAYAIOTh
i=1+3

32 eKCMEPUMEHTATBHIUMHE JOCITIDKEHHIMHU, I BUNIAAKY OMOPY POCIMHHOCTI, 3TiTHO
[13]; Sp — 3aranbHa mizmeneBa IUIONIA, SIKa PO3MOAUICHA Yy 00 €Mi Imapy, BUZHAYAETHCS
3a 3aJIKHICTIO:

DCT. AZ CT.

5 = ——wfe 9
P AXAXAX, ®)

ne D¢ — niamerp crebna pociunw, mo o0TikaeTbesd, D, =7 107 M Az _ — 4acTHHA

cTeb1a pOCIUHU, 110 O0TIKAETHCS, 32 BUCOTOIO, M.

3amavi po3paxyHKy TiAPOJAWHAMIYHUX TMOJIB MIBUIAKOCTEH Ta THCKY B MPOPHUB-
HUX Ta MITYYHO CTUCHYTHX MOTOKAX BIAHOCSATHCS J0 3a/1a4 Teopii MUIKOi BOJH, OCKi-
JbKH BEPTUKAIBHUIA po3Mip (MIMOKMHA MOTOKY) CYTTEBO MEHIIIA BiJl TOPU3OHTAIBHUX
PO3MipiB, TOBXKUHM Ta MHUpUHU. Lle J03BOJIsIE pO3TIsAyBaTH PO3MOJII CEPEIHIX 3a
MIMOMHOO MIBUIKOCTEH B JBOBUMIPHIN MOCTAHOBIII.

4. 3. Po3poOka MaTeMaTH4YHOI MO/e]i 3aIVIABHOTO0 MOTOKY 3 I0TPUMAHHSIM
Y3IrO’KEHOCTi 3 M0JIeM THCKY

HaBenemo piBHSHHS PO3MOAUTY MIBUIKICHOI CTPYKTYPH Ta TIMOWMHH 3aIlJIaBHOTO
MOTOKY B HAOMIKEHH1 710 ABOBUMIPHUX. L1 pIBHSHHS OTpUMAEMO 13 3arajibHUX TPUBU-
MIpHHX PiBHSAHB TifpoauHamiku (3)—(6) HUIIXoM IHTErpyBaHHS OCTAHHIX MO BEPTHKAI
B/l BIIMITKH JIHA Z, 10 BIIBHOT IToBepXHi /1, T0OTO 10 rimmbuHI moToKy h=H-Z,.

CKOpHCTABIIHCH CITOCOOOM Ta MO3HAYECHHSIMH, sIKi HaBeaeHl B pobdorax [11, 18],
CepellHE 3a MIMOMHO 3HAYEHHS OyJb-AKOi 3MIHHOT (DYHKILII — XapaKTEPUCTUKHU TO-
TOKy D(x1, X2, X3, t) MO3HAUEHO JTAMAaHUMHU JTyKKAMU:

(@)= %T Ddx,. (10)

[Ipu iHTErpyBaHH1 32 TMOWHOIO JTOJAHKIB, K1 MICTATH MOXIJIHI 10 TOPU30HTA-
JHLHUM KOOPJMHATAM Ta 3a 4acoM, Oy BUKOPUCTaHI BIACTUBOCTSIMH 1HTETPAIiB, AKi
3aj1e)kaTh Big nmapametpis [11].

[aTerpyroun piBHSHHSA (5), B pe3yJbTaTi OTPUMAHO 3aKOH PO3MOJAUTY OCEpeIHe-
HOTO T1APOCTATUYHOrO TUCKY MO BEPTUKAI, SKUH BUKOPUCTAHWUN MPHU IHTETPYBAHHI
piBasHb (3) Ta (4).



JIns uboro oOMEXXUMOCS BUIIAJKOM YCTAJIEHOTO Pyxy. BpaxoByrouw, 10 po3r-
JSIA€ThCS 3aja4da Teopil MiIKoi Boau, ToOTO h << L, ckinamoBumH, siki MarOTh MOps-

JIOK TIOX1THUX BEIUYUH <Vi> 1 1X KBaJIpaTiB Ta BUPAXKAIOTh TypOYJICHTHI HaIpPy>KCH-

Hi, MOXHa 3HCXTYBATH. Ha HOBerHi IIOTOKY BHKOHYETHCA OYCBHIHA YMOBAQ, IO

— = V. : : :
V;, =0.Ilpu V =V, abo 71 ~1 po3MOoia TUCKY B IMOTOII 3aITUIIEThCS Y BUTJISII

B:EH +£9(H _XS)_EV;” -

(s (11)
R A

Po3nozin 3BaxkeHuX HaHOCIB MO BEPTUKANl, MyTHICTh OTOKY BU3HAYAETHCS, 5K
paBmIIo, 3a GopmyJoro Payza [11]

ne W, — rizpaBniyHa mBHAKICTh, K — napameTp Kapmana k =0,435, U — nunamiu-
Ha meuakicte U = /ghl, , |, — yKioH BilbHOT IOBEPXHi MOTOKY.

JIiist po3paxyHKy 3a i€t (opMysIor HE0OX1AHO 3HATU MPUOHHUNA BMICT HAHOCIB
S ( z). OnHak BeMMUuHy S ( z) MOBUHHA OyJia O TaBaTH pallloHAILHO MOOYI0BaHa Teopis

PYXy TSATHEHUX HAHOCIB, aj€ Takoi Teopil MOKU He icHye. [IeBHUM KpPOKOM B YCYHEHHI
BUIIIE BIIMIYEHOTO HEOJIKY ICHYIOUMX T€OPiil JOHHUX HAHOCIB Ja€ METOJIMKA, KA PO3-
IJsIHYTa B po0OTI [2], e HaBeAeH] 3aIe)KHOCTI /Il BU3HAYCHHS [TUTOMOT BUTPATH 3Ba-

h
KEHUX HaHociB. Taky 3aJIeXHICTh (,, = jVde3 MOJKHA NIPEACTAaBUTH SK (,, = <VS>h,
A

,TOJI1 3aJICKHICTb JJIs BUSHAYEHHS OCEPEAHEHOI MyTHOCTI <S> MaTHUME BUTJIS.

(s)=Fs, (12)

ne So — BIIIIKOBAa KOHIICHTpAIliSA JOHHUX HAHOCIB, BU3HAYAETHCS 3a METOAMKOIO [2];
F — dakrop, sikuit BpaxoBye napaMeTp 3Ba)KyBaHHS YaCTHUHOK HAHOCIB, BU3HAYAEThCS
3a METOAMKOIO [2].

[Tpuiimaroun p,, = const,, ToOTO BUKIIIOUAIOUYU 13 PO3IIsAAYy OapOKJIMHHI Teuli,
mijicTaBuBINY 3HaYeHHs P 13 piBHsaHHA (11) ta f,, f,, 3 (12) y dpopmynu (3) Ta (4)
y MO3/I0BKHBOMY 1 MONEPEYHOMY HANpPSMKaX, OTPUMAEMO PIBHSIHHS:
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[Tomuoxxumo piBHstHHA (13) 1 (14) Ha dX3 Ta TMPOIHTErpyeEMO 3a TIIMOWHOI Ta
OIIIHUMO TIOPSIIOK JIOJAHKIB, KOPHUCTYIOUHUCH CIIOCOOOM Ta OIIIHKOI HAaBEACHHMH B
pobori [11].

Ilepen IHTErpyBaHHAM HEJTHITHUX JI0JTaHKIB PIBHSIHb BHULY
N0

—VIVJ, =1 ZJ K1 BUPAXalOTh 1HEPUINHHI CHUJIU, OOYMOBIIEHI KOHBEKTHB-
OX; \ OX
HUM TPUCKOPEHHSAM, HEOOXIHO BpaxyBaTH, 10 B peaTbHOMY MOTOIll CIIOCTEPITAETh-
Csl HEPIBHOMIPHICTh PO3MOALTY IMIBUAKOCTEH MO BEPTUKAI Ta B PE3yNbTaTi IHTETPY-
BaHHS 3a TJIMOMHOIO TTOTOKY B JOJAHKAX 3 SBIISIOTHCS KOC(IIEHTH, IO BPaXOBYIOTh
1[0 HEPIBHOMIPHICTb. JIJisl OTpUMaHHs 3Ha4YeHb Ta (DI3UYHOTO 3MICTYy BKAa3aHUX KOE-
(bIi€HTIB MPECTaBUMO JIOKAIbHY MIBUAKICTD Vi Y BUTIISIL:

V. =U +u, (15)

ae U =V, —U,#0 — BiIxwieHHs JOKalbHOI MBUAKOCTI V, BiJl ocepeaHEHOi 3a

riubunowo U;.
[Ipruomy BennurHa U; TOBMHHA TOTOXHO B1JIMOBIAATH YMOBI:



1 H
= Ej u.dx, =0. (16)

Tomi, 3rimao [11], koedimieHT, SKUH BpaxoBy€ HEPIBHOMIPHICTH PO3IMOJILITY
IIBUJIKOCTEW Ha BEPTUKAJI Ta NpuiiMae 3HaYeHHs Oibllle OAMHUII, ToOTO o) >1 mo-

H
I u’dx,

. ZO
piBHIOE O, =1+ *——
U’h
[HTerpyBaHHs HOAAHKIB, IO MICTATh MOXIAHI TypOYyJIECHTHUX HaNpy>KEeHb 32 Be-

PTHKAJIBHOIO KOOPJAUHATOIO X3, JACTh HACTYITHE:

j Vs g _j d (V) = (V). (V) (17)

ToOTO pPi3HULIIO AOTUYHUX TYpOYJEHTHUX HAIpPY>KEHb, IO AIIOTh HA BUIbHIN
HOBEPXHI Tj, = (Vi’\/s’)H Ta Ha JIHI IOTOKY T;, = (Vi’\/g’)Z
0

[Ticns inTerpyBanHs piBHSIHb pyxXy (13) Ta (14) mpeacTaBuMO JABOBHUMIPHI PiB-
HsHHS. [Ipy nboMy OyeMO HEXTYBAaTH JOJIaHKaMHU BHUIIIOTO MOPSIKY MaJU3HU Yy TO-

V2h . zh
PIBHSIHHI 3 OCHOBHMMH JOJaHKaMU Y, i R, [TopsmoK TOMaHKIB CHIIA OIOPY POC-

C,5,h (V") e

JWHHOCTI > 5 T 1 crM TepTs Ha AHI Ta BUIBHINM MOBEPXHI Ty, T,
X

(i =1, 2) 3aJieXaTh BiJl KOHKPETHUX YMOB 3ajjayl Ta B 3arajlbHOMY BHIIQJIKy MOXYTb

OyTH CYBUMIPHUMHU 3 MOPSJIKOM BUIIE OCHOBHUX JOJaHKIB. ToMy 11l TOJaHKH TaKOX
OyIyTh MPUCYTHIMHU B KIHI[EBUX JIBOBUMIPHUX PIBHSAHHAX pyXy. [Ipuitmemo:

C,s - ke,Coi - 9
chleLs

(18)

JIBOBUMIpHI pIBHAHHS pyXy Ticis aiieHHs Ha h ta 3 BpaxyBanusm (18) 3amu-
IIYThCS Y BUTJISIIL:
— PIBHSIHHS KUTBKOCTI pyXy(B HalpaBJieHHI Ha Bich X1) —



Yo, FUE + 8“*’?} ~(g+ N, (VV5) =N, <§>) oh _
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—hLNP o +NCha—X1 —a[<vf>—<v; >]— o (19)

—%[(VJVJ)H - (vl'vs')zj N, {ahU 2, <v12' > ; 3—?(@}}

PIBHSHHS KUTBKOCTI pyXy(B HampaBJeHHI Ha Bich X, ) —

Y, +a, {auluz + auzz} = —(g +N, <V1’V3’>+NCh <§>)8_h_

ot o  Ox, OX,
( o(V/V;) a<§>\ VA% \ ,
_hLNP X, Noy X, J X oX, [<V22 >_ <V32 >j - (20)

-

A, o ) )
PIBHSIHHS HEPO3PUBHOCTI —

oH oUh 8U,h
+ + =
ot ox ox

0. (21)

Po3paxyHok ycTajneHuX JBOBUMIPHUX TEUil Ha 3arjiaBax 3 TpaB’sHOIO POCIIUHHI-
CTIO TIPOBOJIUTHCS 3 METOIO TIPOTHO3YBAHHS PO3MOAUTY CEPE/IHIX 3a TITHOWHOIO IIBU/I-
KOCTEH Ta MIMOWH IO IMUPHHI TOTOKY. PIBHSHHS PO3MOAUTY CEepelHIX 3a TJIMOMHOIO
IIBUJIKOCTEH Ta TIMOWH MOXIIMBO OTPUMATH 13 JUHAMIYHUX JBOBHUMIPHUX PIBHSHB
(19)—(21), sixmro B octannix npuiinstu, U, =U, U, ~0 Ta BUKOpHCTaTH YMOBY CTAIli-

. 0 :
OHAPHOCTI x =0. V pesynbTati ocepeHeHHsI TYpOYJICHTHUX XapaKTEPUCTUK 3a TIIHU-

o(V.'V/!
OMHOO TOTOKY B JBOBMMIpHHX piBHSHHAX (19), (20) mpucyTHI 101aHKH % Ta
X.

ai[<vi2’>—<v;’>], e (i =1, 2) 110 BUPAXalOTh BKJIAJ JOTUYHUX Ta HOPMAIBbHHUX
X;

HaNpy’>KeHb B TUHAMIUYHUIN OaJlaHC IMITYJIbCY CHJI B ABOBUMIPHHX TEUISIX.

Ha Bigminy BiJl piBHSIHB TPUBUMIPHUX TypOYJIEHTHHUX TEU1d, B TBOBUMIPHUX Pi-
BHSIHHAX BIUIMB HOPMaJbHUX TYpOYJIEHTHUX HANpyXeHb Ha (pOpMyBaHHS JBOBUMIp-
HUX TEUld BUPAKAETHCS JUINE PI3HUICIO CEPEAHIX 3a TIIMOMHOK HOPMAJLHUX Ha-
MPY>KE€Hb MO BEPTUKAIBHOMY Ta TOPU3OHTaJIbHOMY HampsiMkax. B poOoti [11] Oys



MPOBECHUI aHaMi3 OLIHKM 3HAYeHb PI3HOCTI AMCIEPCii BEPTUKAIBHOI MyIbCaIllHOT

. 4 .o . o
KOMIIOHCHTH HIBHUAKOCTI1 V32 Ta AUCICPCIN IMO3J0BKHBO1 1 ITOIICPCYHO1 KOMITIOHCHT

[IBUIKOCTI VlZ’ 1 V22'. Ile mo3Bostsie IpH PO3TIISAAL 3a/1a4 B paMKax JBOBHUMIPHOI 17ea-
Ji3anii peasbHUX Tedid OOIPYHTYBATH MPUITYIIECHHS 100 HEXTYBaHHS HOPMAaJIbHU-
MH TypOYJI€HTHUMH HANPY>KEHHSIMHU.

HasiBHICTP B pIBHAHHAX TypOYJICHTHUX HANpPy>KeHb MPUBOJAUTH J0 HEOOX1THOCTI
ampoKcHMallii 3a JTOMOMOTOI0 TMEBHUX CITIBBIIHOIIEHb Ta MOJENeH TypOyJleHTHOCTI
YJIeHIB TypOYJIECHTHOTO IEPEHOCY.

VY neskux BUIagKax € JOCTAaTHIM JUIIe HAOMMKEHUH OMUC TypOYJIEHTHOCTI.
Tak, B 3agadax mpo BeIWKI BOJHI MacH 3HA4Y€HHs TypOYJEHTHOI B’S3KOCTI MpHiiMa-
eTbcsl mocTiiauM [11]. BimeIn ckiagHi MOjeNi B TaKMX 3ajadax ceOe HE BHIIPABIO-
BYIOTh U€pe3 3HauHI HEBU3HAYEHOCTI B 3aBJAaHHI MEKOBHUX yMOB Ta MOTPIIIHOCTEH B
YHCJIOBUX PIIICHHSX.

Jljig po3paxyHKy JBOBUMIPHHUX T€Uill HEOOX1THO BUPA3ZUTH BEIUYUHU JOTUUYHUX
Ta HOPMaJbHUX TYpOYJIEHTHUX HAMPYKEHb, K1 I1I0Th MK CTPYMUHKAMH JIBOBUMIp-

oo . !
HUX Teuid, yepe3 mBUAKICTE U. 3HaueHHS <Vi’V j’>, <Vi2 > OyJneMo BU3HAYaTH, SIK

npuiiHATO B poborax [11], rpyHTyrouuch Ha rimore3i bycciHecka, Ta mpuiiMarouu
TypOyJIGHTHY B’SI3KiCTh Vi IporopitiiiHoto mBuakocti U, 3rigxo [11]:

v, = 2AU, (22)

.. ; h .. .

ne A — koedilieHT TypOyJIeHTHOro oOMiHY, A:M; C — xoedimient Ille3i,

C= %; M — ¢ynkuis xoedinienta Ilesi, npu 10<C <60 M=0,7C +6,
f—p cep " x

npu C>60 — M =48; Q;_, — Burpara 3amnaBHoro motoky;, B, — mmpuna 3ara-

-p
BHOTO MOTOKY; N, — CepenHs rimbuHa 3aIiaBHOro TIOTOKY.

Toni Ha ocHOBI rinoTe3u byccinecka 3 ypaxyBanasm Gopmynu (22) a1t ABOBU-
MIpHOI 3a7a4i:

2
(V) = A%LX:, (V) = AUT,
2
_<v12'> = 2A88LX1. (23)

JI7ist po3paxyHKy JOTHYHUX HAMPYKEHb Ha JIHI MPUMUMAETHCS KBAAPATUIHUHN 3a-
koH Tepts [11] 3 ypaxysanusm U=U, U, = 0:



A ! Cf U i ! !
(VVs) T (v; Vs)zo = 0. (24)
n2
ne Ct— emnipuyuHuii koedirieHt tepts, C, = P ; N — KoeIIE€HT MOPCTKOCTI.

JIyist pycen JOBUTBHOTO MEPETHHY Y BUPA3 PO3PAXyHKY JIOKATBHOTO 3HAYCHHS

CIJIA TEPTA MO JIHY HEOOX1THO BBOJUTH MOIpaBouHuil koedimieHT Ko, sIKuil Bpaxo-

Bye dopmy pycina. JlomiapHICTE BBeneHHs KoedilieHTy K¢ HaBegeHo B poboTax
[11, 18]. 3nauenns xoedimienTa Ko BU3HAYAETHCS 32 3AJICHKHICTIO:
CZ X U 2
> = V 2 I F dXz ' (25)
X cep 0 ~h
e Vcep — cepeHs BUJIKICTb, Vcep = Qf_p / Bf_p , C, —xoediuienT Ille3i no BUCOTI:
Y6
C, = Hhcep (26)

J1Jist mpOrHO3yBaHHS PO3MOAUTY TITUOUH 1 IBUIKOCTEH, BPaXOBYIOUH 3aJI€KHOC-

Ti UIst TYpOyJIEHTHUX HamNpykeHb (23), MICIS MepeTBOPEHb MPEICTABUMO YCTaJCHI
PIBHSIHHS IBOBUMIPHHUX T€U1d Ha 3aIljlaBax 3 TPaB’sIHOK POCIMHHICTIO!

— MO3I0BKHBOI PIBHOBAru MOTOKY —

oU u? ) oh
[ah—NPZA]ZU—:—kg NpA == +Ng, (S >J o
[ a( u?) oSN o ( au?) [ @
_hL_NPakATJJFNCh ox J+8XZKA 8X2J {th)JrNPah}UZ,
— MIOTIEPEYHOi PIBHOBATU MOTOKY —
u? | Yeh [ o uy) . oS))
kg N A < > ax L Npa—XZLATJ'i‘NCh@—XZJ-F
([ au?) ou’? @
o ou
— A NoA—,
+ax1k 8X2J+ "o,

— PIBHSIHHS HEPO3PUBHOCTI —



oU h
—=0. (29)
X
Jl7is OTpUMaHHS OJHO3HAUYHOTO PO3B’SA3KY PO3IJISAYBaHOI 3a7adi, a caMe BU3HA-
YeHHsI TTIMOUHY MMOTOKY Ha 3aIljiaBi MicIs PO3MUBY, 0 MPEACTaBICHOI 3aMKHYTOI CH-
CTeMH BHUXIJTHUX PIBHSIHb HEOOXITHO OJIaTH TPAaHUYHI 1 TOYaTKOBI YMOBH.

4. 4. IlouyaTkoBi I Me:KOBi YMOBHM /Il peaJtizamlii 3alIlpONIOHOBAHOI MaTeMa-
THYHOI MOJIeJli 3aIIABHOT0 OTOKY

Ha rpanuisx po3paxyHKoOBO1 00acTi, y By3jiax, CyCIIHIX 3 TBEpAUMH MOBEPX-
HSMHU — 1aM0aMu MOCTOBOI'O IIEPEXO/Y, B SIKOCTI MEXKOBHX YMOB BUKOPHCTOBYETHCS
3aJIEKHICTD JUISA HIBUIKOCTI:

u,, =hln((x2): E), (30)

1) K

ne E — xoedinient moperkocti [14]; U,  — nmuHaMiyHa MIBHIKICTH HA 3aljiaBax; K —
L]

+ . . . .
napametp Kapmana; (XZ)C — 0e3po3MipHa BiJcTaHb Big cTinku [14], Bu3HauaeThCs 3a

3aJIEKHICTIO!
. AxZUT”_
(%), = . (31)

A%

besnocepennbo Ha caMUX TBEPAMX MOBEPXHSX (CTIHII JaMOU, MOCTOBOI OTIOPH),
a TaKOX JUIsl BUIAJKY TMOJIOTUX OEperiB i€ ymMoBa MPWJINAIMAHHS, TOOTO 3HAYCHHS
IIBUIKOCTI TTIOTOKY MPUIMAETHCS PIBHUM HYIIIO.

['pannyna BiAMITKA BIJIbHOT OBEPXHI H, SIK NIl BUNIAAKY TOJIOTHX OeperiB, Tak
1 JIJIs1 BUIMAJIKy BEPTUKAIBHUX CTIHOK (KpyTHX OeperiB, MOCTOBHX OIOp, 1am0), BU-
3HAYAETHCS 32 JIOMIOMOT'OI0 JIIHIHHOT ekcTpanofsaiii [11] 3a 3HaueHHsAMU BIIMITOK Bi-
JbHOT MOBEPXHI BHYTPIIIHIX TOUOK PO3PAXYHKOBOIT 00JIACTI:

h(x,%,)=2h(x,%, —1)—h(x,x, - 2). (32)

Bci po3paxyHku npoBOASTHCS BIAMIOBIIHO HA KOXKHIN TUII TOBEH1 a00 MaBOJIKY,
Ha neBHY 100y. bynb siki 3 HaBeAeHUX BeMUUH @i PO3PaXOBYIOTHCS IO MO3A0BXKHIN
KOOpAMHATI JJIs1 BCbOTO PO3PAaXyHKOBOTO CTBOPY (psAy 3HaueHb), @jj — pO3paxoBy-
IOThCSI IO IBOM KOOPJMHATAM X1, X2 Y BUTJISII YMCIIOBOT MATPHIII.

BuznaueHHs1 BIAMITOK BUTbHOI MOBEPXHI MOTOKY Ha BCIX PO3paxyHKOBHX IOMe-
PEYHHUKAX MPOBOJIUTHCSA B OJHOMIPHIN MOCTAHOBII Ha OCHOBI PIBHSHHSI YCTAJIEHOTO
HEPIBHOMIPHOTO PyXy y BIIKPUTHX pycjaX, IPYHTYIOUHCh Ha PO3B’S3KY, NMPEACTaB-
JeHoMy B po0OoTi [2]. 3anmpormoHoBaHu# MiAXiA A0 pillIeHHs 3a1avi 0a3yeThCs Ha Me-
toai FO.B. AGpamoBa 3 BUKOPHUCTAaHHSM BJIACTMBOCTEH IEHTPAIHHOI CTPYMUHHU pid-



KOBOTO TMOTOKY B 30HI HITYYHOTO CTUCHEHHs. CKIHYEHHO-PI3HUIIEBUI aHANOr Aude-
PEHILIIIHOTO PIBHSIHHS, SIKE OMKUCYE 3MIHY TVIMOWH MOTOKY, MAa€ BUTJISII:

h-h,=3(-1,)-JR [1—%)_1 —(1—'%]_1 +

4/3,.2 -2 -2
S
2g R R

ne J — mo370BXKH1M MOXUJI JTHA; M — 3BOPOTHA BEJIMYMHA J0 KOSDIIIEHTY IIOPCTKOCTI

(33)

1 .
pyciaa N, m=—; R — mapameTp ICHTpaIbHOI CTpyMHuHH; N, — TIOuHa pycia, M; i —
n

MO3/I0BXKHS KOOPAWHATA PO3PAaXyYHKOBOI'O CTBOPY, M; J — IPUCKOPEHHS BIILHOTO IIa-
ninng, M/c?. ITouaTtkoBi ymosu: h=ho mpu 1=0; h=h; npu I=1;.

4. 5. IlocainoBHiCTL po3paxyHKy Aedopmaniii Ha 3anaaBax piBHUHHOL piyKu
B 30HI BILIMBY MOCTOBOI'0 IIePeXo0xy

3ampornoHoBaHa cucteMa piBHSIHbB (27)—(29) B KOMITICKC] 3 MEKOBUMH YMOBaMHU
(30)—(33) po3B’s3y€eThCS B HACTYITHIHN TOCTITOBHOCTI:

1. BBoasThCS BUXIJIHI JJaH1 JJIs 3aIUIaBHOTO MTOTOKY, 3a HEOOX1AHICTIO iX po3pa-
XYHOK, KOHCTaHT, MEKOBUX yMOB, JaHi HaBeAcH1 B Tabn. 1. 3 MEeTO CKOpOYEHHS
00’eMy BHUXI1JHOT 1H(POpMaLlli BUKOPUCTOBYIOTHCS 1HTEPHOJISALINHI MTOJTIHOMH, SIK1 J0-
3BOJISIIOTH 11 CKOPOTUTH y 2—3 pasu.

2. Bu3HauaioTbcs TMapamMeTpu pPo3paxyHKOBOi 005acTi, 0OYMOBJICHHX 30HOIO
BIUIMBY MOCTOBOTO mepexoay. OOIpyHTyBaHHSI MEX 30H CTHUCHEHHsI 1 PO3TIKaHHS,
1mo0y10Ba KPHBOI BIJILHOI IMMOBEPXHI HA MOCTOBHUX IIepexojiax, TpaHchopMmaliis pycio-
BOi BUTpPaTH Ha MOCTOBHX IEpPEXOiax MPOBOMASTHCS 32 METOAAMH PO3pPaXyHKY, 3a-
PONOHOBAaHUMH B poOoTi [15].

BukonyeTbcst po3paxyHOK 3Ha4€Hb KPUBOI BUIBHOI TOBEPXHI PIUKOBOTO MOTOKY
B 30H1 BIUIMBY MOCTOBOTO Iepexoay 3a piBHSHHAM (33). OOuucineHHs MpOBOISTH
3HHU3Y BBEPX, MOYMHAIOYU 31 CTBOPY MOBHOTO PO3TIKAHHS, JI€ BC1 TipaBiIiuHI XapaK-
TEPUCTUKH TIOTOKY BiZoMi, 60 MarOTh MPHUPOIHI 3HAYCHHSI, TPETI JOAAHOK PiBHSIHHS
(33) Gepetnes 31 3HaKOM «+». [Ipu yomy i 1=0 ta l; 3minroeTbes Big 0 10 I, s B 30H1
po3TikaHHs. BennuuHa napaMerpy HEeHTpajdbHOT CTPYMHHH B 30H1 PO3TIKaHHS JOPIB-
HI0€ R=R; ;. 3HauenHro li=l; s BiAMOBITae BeIMYMHA TTIIMOCTOBOTO MIAMOPY.

JIAIIOBIIIH O MOCTOBOTO CTBOPY, JIJISl POJIOBKEHHS PO3PAaXyHKY B 30HI CTHC-
HEHHS HEOOX1/THO 3aMIHUTH 3HAK Tepe]] TPETIM J0JaHKOM Ha «—», HaJaTu BEJIUYUHI
hi_1 3HAYEHHS OTPUMAaHOI MNIMOMHH IIiJi MOCTOM, BiACTaHb NpuiHATH |i 1=0 Ta 3MiHH-
TH BEJIMYMHY MapaMeTpy LIEHTPaJIbHOT CTPYMHUHHU B 30H1 CTUCHEHHSI R=R; . 3HaueHHs
li 3minroeThest Big O 110 |, ¢ BeMUUMHM, 110 € BiJCTAHHIO BiJl MOCTY JIO IMOYATKY 30HU
CTHCHEHHS, JI€ YTBOPIOETHCS TOBHUI MIMIP IM1J] MOCTOM.

[pynryrouncs Ha piBHsHHI (33), IPOBOAATE PO3PAXYHOK HMOXUITY BiILHOI MOBEP-
XHI pIYKOBOTO MOTOKY:
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3. Ilicns oTpuMaHHs MapameTpiB PO3paxyHKOBOI 30HU B MEPIIOMY HaOIMKEHHI
MIPOBOJIATH PO3PAaXyYHOK Ha OCHOBI YTOUHEHWX BUXITHUX JAHHUX: JBOBUMIPHHX MaT-
PHIIb BIIMITOK JIHA Ta BIJILHOI MOBEPXHI PIYKOBOro MOTOKY. Lli MaTpuIll ONMucyoTh B
MOBHIM BIAMOBIAHOCTI JI0 peaibHMX YMOB KOH(Irypariiro JHa Ta BIJIbHOI IOBEPXHI.
Po3paxoByrOTh pO3MOALT MIBUAKOCTEH Ta MIMOWH B PO3PAXYHKOBHX CTBOpax Ha 3a-
IUTABHMX JUISHKAX 33 CKIHYCHHO-PI3HUIICBUMU aHAJIOraMu piBHSHb (27), (28).

3a I0MOMOTOIO 1Tepalliii BU3HAYAIOTh MMO3/I0BXKHIO MIBUAKICT B YCTAJICHOMY 3a-
IJIAaBHOMY TOTOII1 3 €JIeMEHTaMU POCIMHHOCTI.

(34)

Ha 3ammaBHMX NOTOKaxX MOKHA HpHﬁMaTH —=0Ta IMPOBOAUTH PO3PAXYHOK 3a
Xl
CIIPOIICHUM piBHSIHHSIMI

_ — AXl
Uiaj =Ui; [Oth —NPZA]ZUi~j )
_ N[ U?) u?) <§>|+_<§>' _
< M|~ LA_J.H,_LA_J AN
A U2 N A AI
_iz '11(2 )I j+1 ( / Jl) + Cf +OLth (Uz)i'
AX; X(U )i, +A; J—1(U )I -1 hi.qu) 'J

BusznauatoTs po3nout IIMOMHU B IOTIEPEYHUX MEPETUHAX 3aIlJIABHOTO MOTOKY:
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[IpoBoATH PO3paxXyHOK MEKOBUX YMOB OLIsl CTpyMEHEHANpsIMHUX JaM0 3a 3a-
JexKHICTIO (32).
BuzHnaueHHs IIIMOWH TiCas pO3MHUBY BUKOHYIOTH 32 CIIIBBITHOIICHHSIM:

n+ hir,]'Ui,'
h't :UJ—’, (36)

Hepo3Mi, j

ne U — HEPO3MHUBHA MIBUJKICTh IPYHTY.

HeposMmi,
BukonyroTh nepeBipky yMOBU HEpO3pUBHOCTI 3rifgHO (29). [Ipu nepesipiti ymo-
BU HEPO3PUBHOCTI OOYMCIIOIOTH MHTOMI BUTPATH TOTOKY Ha BEPTUKAJAX
d¢_p; =Y, ;- hy. Tlicns Toro 064MCIIOIOTE IOBHY BUTPATy HNIISXOM ITiICYMOBYBAHHsI

INUTOMHUX BUTPAT 33 KOKHUM IONEPEYHUM IIEPEPI30M 1 MHOKEHHS Ha IIUPUHY pO3pa-
XYHKOBOI emyru Q;_; = qu_pij -AB, ne AB = X,; — X,;. O0uncmoTs KoepinieHTH

ki — Qf—pi
Qf—pO

, 1e Q;_,¢ — BUTpATa B OYATKOBOMY CTBOPi. KOPEKTYIOThCS IIBUAKOCTI —

Uil,lj =—21, ne I, I — HoMepH BinnoBigHuX HaOMMKeHb. [IpH PO3paxXyHKy IIBUIKOCTI
i

KOPEKTYIOTbCs 1Ba pa3u. HeoOXiaHO MpOBOIUTH MEPEBIPKY YMOBH HEPO3PUBHOCTI,

obuncroroun uromi BuTpatu O =U,;  -h;. Jlami 3HOB 0GYMCIIOKOTEL MIBHIKOCTI
U |

U'" =—-. 3a xoperopanumu HIBMAKOCTAMH OOUHCIIOIOTH IUTOMi BUTPATH, 3HOB

[ k

I
3HAXOJATh KOEe(ILIEHTH, Kl MOBUHHI JOpiBHIOBATH oauHMIl. [Ipu HeoOXimHOCTI MO-
’KHa 30TBIIMTH KIJIBKICTh 1ITEpAllIMHUX IIUKJIIB IEPEBIPKU MacKuBiB BelnyuH. KiHileBy
NEPEBiPKY BUKOHYIOTh 33 JUCKPETHUM aHAJIOTOM PiBHSIHHS (29):



(U ' h)i+l,j

U-h) = 37
(Uh), =5 @7
Po6asTh nepepaxyHOK MO3/I0BKHBOTO TIOXUITY BOJHOT TOBEPXHI 3aIlJIaBH.

h.. —h.
|, = LY BT (38)
1 Axl

Jlaii mepepaxoBYIOThCS B HACTYITHOMY HAOJMKCHHI BEJIMYMHHM BUTPAT 3arljiaB-
HUX MOTOKIB B 30HI CTUCHEHHS Ta PO3TIKAHHS, KOS(DIIIEHT, SIKUM BpaxOBYy€e HEPIBHO-
MIPHICTh PO3IOILTY IIBUAKOCTEH Ha BepTUKAl, KOSDIIEHT TypOYIEHTHOTO OOMIHY;
Koe(ilieHT, SKUW BpaxoBYe OIIp €JIEMEHTIB POCIMHHOCTI Ha 3aIljlaBi; OcepeHEHa

MYTHICTb 110 BEpTUKAJ1 <S> 3a 10nmoMororo iTepaniii BU3HaYarTh MMO3/I0BXKHIO IIBH-

JKICTh B YCTAJICHOMY 3aIUIaBHOMY TOTOIl 3 €IeMEHTaMH POCIMHHOCTI Ta PO3MOILT
TTMOMHY B TIOTIEPEYHUX TMEPETUHAX 3aIJIaBHOTO TIOTOKY J0 BUKOHAHHS YMOBH HEPO3-
pPUBHOCTI. MaTpulisl BIAMITOK MOBEPXHI penbedy JHA 3alJIaB HA pO3paxyHKOBIM 00-

Jacti Z,_, Ta MaTpUIld MIMOWH 3alUIABHOTO MOTOKY N, = OHOBJIIOIOTHCS MICHS KOX-

f-p f-p

HOI CXOJIMHKHU MaBOJKA.

5. Pe3yabTaTn po3paxyHKy po3MHBIB Ha 3al/1aBax B 30Hi BIIUBY MOCTOBO-
ro nepexony

Po3paxyHok 3aragbHOT0O Ta MaKCUMaJIBHOT'O PO3MHBY MIPOBEACHO Ha 3aIIaBHUX
TUISTHKAX IMiIMOCTOBOTO pycia Ha p. CiBepcbkuii Jlonenn Outst ¢. bpyciBka Ha aBTOMO-
outeHIM goposi T-05-14, km 83+575, [lonenpka obmacts (Ykpaina). 3amiaBa nepeBax-
HO 2-CTOPOHHSI, YEPIYETHCA 1Mo Oeperax. I pyHTH MyJIUCTO-IIIINAHI Ta TJMHKCTI, Ha 3a-
6onouenux munsiHKax Topd’ ssuucTl. lllopiuyHo B mepios BECHSIHOI MOBEHI Ta JIOMIOBUX
MaBOJIKIB 3aIlIaBa 3aTOILUTIOEThCsT Ha TuOuny Bix 0,5 M 1o 3,3 M Ha 1-2 TwxkHI, Ha
MOHIDKEHHSAX BOJA TPUMAETHCS HA TPOTs3i 1-3 MicsiB. 3ampoeKTOBaHU aBTOI0PO-
xHill mict iepetunae p. CiBepcbkuit JJonens mig kytoM 26°, Mae noBxRUHY 297 M.

5. 1. Po3paxyHOK 110J10:KeHHSI KPMBOI BiJIbHOI IOBEPXHi PiYKOBOI0 MOTOKY B
30HI BILIMBY MOCTOBOI'0 IIePexXo1y

JI71s1 IpOBEICHHS PO3PaXyHKY MPOBOJIUTHCS 301p BUXIAHUX JAHUX, SIKI HABEJICHI
y Tabu. 1, 2. Jlani Oynu BU3HAUYEHI MapaMeTpH 30HU BIUIMBY MOCTOBOTO HEPEXO.Y:
JIOB)KMHA 30HU CTUCHEHHS Ta 30HU PO3TIKaHHS.

Ha puc. 1, 2 HaBeaeHo B neprioMy HaOIMKEHH] TIIMOWHY B 30H1 BIUTUBY MOCTO-
BOTO TEPEXO/y Ta MOXWJI BUTbHOI TOBEpXHI piukoBOro motoky. Ha 10 Ta 11 xpokax
YITKO BUJIHO 3MiHY INIMOMHM Ta MOXUIIY B CTBOPI MOCTOBOTO TIEPEXO/TY.

OTpumaHi MOYaTKOBI YMOBH MO JOBXKHUHI pO3paxyHKOBOi AuIsHKHU (puc. 1, 2) B
KOMILIEKCI 3 MexoBuMHU yMoBamH (30)—(33) 103BOJISIOTH PO3B’SI3aTH 3aPOIIOHOBAHY
cucreMa piBHAHB (27)—(29).



Tabmms 1
Buxinni gani po3paxyHKy

No [To3- On. [Tpumitku (y sikomy
Hasga mapamerpa . :
n/m HAyKa | BUMIPY | BUTJISI 33J1a€THCS)
1 [To310BXHIIT TOXMJI JHA J — 0,00018
2 CepenHs BIIMITKA JHA pyclia Z: M 143,7
3 Cepenns BimMiTKa JTHA 3aIlIaB Zs M 146,64
4 [TpuckopeHHs BUTHBHOTO MaAiHHS g M/c? 9,81
5 [[IupuHa po3IUBY PIUKU Briv M 466,3
6 CepenHs mupuHa pycia Br M 58,11
7 Cepenns mupuHa OUIBIIOT 3aIIaBU bt _pb M 212,26
8 Cepemns mMpHUHA MEHIIOT 3aIlJIaBA Dt _ps M 149,08
9 | KoedimieHT mIOPCTKOCTI Ha 3arjiaBax n — 0,067
10 [[IuprHa OTBOPY MOCTOBOTO MEPEXO- Byr " 267
oy
Tabans 2
BuxiiHi nmapameTpu po3paxyHKOBOi 00J1acTi
3aranpHa BU- | PycnoBa . . ['mubuna
. PiBenp noBepxHi | ['nubuna
Hoba TpaTa piukd | BUTpaTa crcrt. Howt cna ho. ag | 33TUTABH
Qriv, MS er M3 p ’ ’ py P hf-ps M
1,2 448 207,65 147,24 3,54 0,6
4 506 215 147,5 3,8 0,86
8,4 864 293,32 147,98 4,28 1,34
13,6 1193 368,08 148,27 4,57 1,63
18,8 1658 465,03 148,62 4,92 1,98
24,6 1992 534,73 148,83 5,13 2,19
Tabmums 3
OOG6uyucieHi napaMeTpy po3paxyHKOBOI 00J1acTi
ITapame- | [Tapame-
[Ipupon- . Hossxun JloB- TPU LIE€H- | TPU LIEH-
p Koedi- | a BruBy 3na- | loBxu- . .
Ha TTUTO-| . KUHA | TPaJIbHOI | TpajbHOI
O1€EHT MOCTO- YCHHA Ha 30HU
Ho- | ma Bu- Yucno 30HU CTPYMH- | CTPYMH-
CTHUC- BOI'O IIOBHO- CTHC- . .
6a Tpara Opyna Fr . pO3Ti- | HU B 30HI | HU B 30-
HCHHS | MIEPCXO- o Imna- HCHHA . .
3aIijias, B I R b rop E_, I M KaHHA PO3T1- H1 CTHUC-
Jf-p, M br y MZ— " Yy 2o I, s, m KaHHS HEHHS
Rz_s, M Rz_c, M
1,2 | 0589 | 1,355 | 11948 | 0,01061 | 0,794 2457 | 949,1 3621,6 937,5
4 0,713 | 1,391 | 1349,2 0,0095 | 0,823 239,5 | 1109,8 | 3950,5 852,4
8,4 1,398 | 1,476 | 1673,6 | 0,01578 | 0,7232 | 464,4 | 1209,3 | 3748,1 1439,3
13,6 | 2,021 1,51 1842,2 0,0224 | 0,613 713,7 | 1128,6 | 3341,3 21129
18,8 | 2,923 | 1,542 | 2035,0 0,0314 | 0,464 | 1090,3 | 944,7 2687,9 3102,1
246 | 3,57 1,556 | 21443 | 0,0379 | 0,355 | 1382,0 | 762,3 2133,2 3867,5
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Puc. 2. Po3paxyHOK MOXHITY BiJIbHOT TOBEPXHi pidykoBoro motoky Ix; (1-10 kpok —
30Ha CTUCHEHHS, 11-20 KpOK — 30Ha PO3TIKaHHS MOTOKY)




5. 2. Po3paxyHok aedopmaniii Ha 3amiaBax B 30Hi BINIMBY MOCTOBOIO Ile-
pexoay

Ha ocHoOBi BU3HaueHUX MOYATKOBUX YMOB (puc. 1, 2) Ta Mo4aTKOBHX BIJAMITOK IIO-
BEPXHI 1 IMTMOWH PIYKOBOTO MOTOKY (pHC. 3, 4) MPOBOAMBCS PO3pPaXyHOK Ha JUISHII P.
CiBepcoekuii Jlonenps aoBxkuHO0 220 M, mupuHoro 540 M. Po3B’s130K IPOBOJMBCS Ha
OCHOBI BUX1IHUX JIaHUX, HaBEJICHUX y TaoJI. 4.

Bynu Bu3HaueH1 riApoJAMHAMIYHI MOKAa3HWKHU 3aIJTABHUX IOTOKIB B[ CEPEIHbBOI
MIBUJKOCTI (pHC. 5), A7l JOTPUMAHHS YMOB HEPO3PUBHOCTI, IO PO3PaxXyHKYy TJIMOMH B
MOTIEPEYHUX TMepeTuHax (puc. 6) Ta BIAMITOK TOHHOI OOJIACTI MICTsl MPOXOKEHHS I1a-
BOJIKY 32 PO3PaXyHKOBHMH CXOJUHKaMu (puc. 7).

Tabmuusg 4
BuxiHi JaHH1 4719 po3paxyHKy pO3MOLTY MMO3/I0BXKHIX IIBUAKOCTEN Ta rIHMOUH 3a-
IIJIABHOTO TIOTOKY

No HasBa mapamMerpa 1}_1{;):__ On. [TpumiTku (y sSIKOMY BH-
n/n pamerp ca | BHAM: TSI/ 33]1a€THCST)
KoedimieHT KiHEMaTHIHOT
1 | B’s3K0CTI BO/U (B 3aJI€KHOCTI BT |V m2/c 115-108
TEMIIEpaTypH BOJIN)
2 | T'ycTuHa Boam pi9KOBOTO IOTOKY | prs | Kr/m® 998
3 [Tapamerp Kapmana K — 0,435
4 Cepenniit abo ME?:Z.IIaHHHH mia- d. VM 0,41
MeTp Ppakiii IPyHTy
5 HIibHICTh TOHHOTO TPYHTY ps | xkr/m® 2620
6 [NppaBniyHa MIBUAKICTH W, M/c 0,185 (susnauena pospa-
XYHKOM)
7 34ernieHHs IPYHTY Y CTaHi MOB- Con | kT2 0.19
HOTO BOJIOHACHYCHHSI
. . : B npu 10<C<60 M=0,7C+6,
8 Oynkiis koedimienra [lesi M npu C>60 — M=48
9 KoeditieHT nst BU3HaA4YCHHS CH- - B 0,035
JIV 3YETUUICHHS
10 [epmmii koeditieHT _(bopMH qac- Cor B /6
TKH HAaHOCIB
11 | Koediuient onopy pociunHocti | Cy — 0,4
12 Bucota pocimHHOCTI Npocr. | M 1,5
13 HMiameTtp CTC@I& POCJIMHH, 1110 D.. " 7.103
0OTIKAETHCS
AKIIO Npocsn >Ni-p, TOMI
14 Yacrtuna ctebiaa pocianHy, M0 Az " AZ¢; =h¢p,
00TIKAa€ThCS 32 BUCOTOIO o AKIIO Npoen <Ni_p, TOMI
AZ(:T.zhpocn.
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Puc. 3. [TouaTkoB1 BIAMITKH NOBEPXHI Zi.p peibedy AHA MOTOKY pyclia Ta 3aIUiaB Ha
PO3paxyHKOBIM 00J1aCTi 10 MPOXOKEHHS TTOBEH1
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Puc. 4. IlouaTkoBa riauOrHa piuKOBOTO MOTOKY Ha PO3paxyHKOBIH 00acTi
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Puc. 5. Po3paxyHOK cepeHbO1 IBUAKOCTI 3aINIABHOTO MOTOKY Vi ph(s)cepi: @ — TICIIA 1-
01 CXOAWHKH PO3paxyHKOBOI'O MABOAKY; O — Micis 6-0i CXOAUHKU PO3PAXyHKOBOTO
NaBOJKY
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Puc. 6. Po3paxyHOoK riuOWHY B TIONIEPEYHUX TIEPETHHAX 3aIIaBHOTO MOTOKY h; j: a —
micis 1-01 CXOJMHKHU PO3PaxXyHKOBOTO MABOJIKY; 6 — Micis 6-01 CXOJUHKHU pO3paxyH-
KOBOTO TMaBOJIKY
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Puc. 7. BigmiTku moBepxHi penbedy aHA 3aIUT1aB: @ — MICHs 1-01 CXOAWMHKY PO3paxyH-
KOBOTO MaBOJIKY; 6 — Miclig 6-01 CXOAMHKH PO3PAXYHKOBOI'O MABOJKY



Po3muB pycna p. CiBepcbkuii JloHe1b 3yNUHAETHCS JHILE HA CHajl BECHSHOI MO-
BEHI Miciisg 6-01 32 BUX1THUM T1porpagoM po3paxyHKOBOI CXOAMHKHU. 3T1THO 3 po3pa-
XYHKaMH, MPOBEJICHUMH 32 METOJIMKOIO, IIPU MOPIBHSIHHI 3 OYaTKOBUMHU BIJMITKAMH,
po3MuB OLTBIION 3ariaBu cTaHoBUTH N,=0,96 M, MeHmIo1 3arutaBu — hp=1,28 m.

6. O0rosopeHnHs1 pe3yJbTaTiB po3paxyHKy Aedopmaniii Ha 3a1uIaBax B 30Hi
BILIMBY MOCTOBOIO Iepexoay

MareMaTryHa MOJIEIb 3aTUTABHOTO TIOTOKY IPYHTYETHCS HA 3arajibHUX PIBHSIHHS
NEPEHOCY HEOJHOPITHOTO MOTOKY Ta piBHSHHI Hepo3puBHOCTI (3)—(6). MoxenbsHa
dbopma piBHSHH OTPHMMaHA, CIIUPAIOYUCh HA MPUMYIICHHS MPO MAJIM3HY YaCTOK Ta
MaJHM3Hy MPUCKOPEHb MOTOKY B MOPIBHSAHHI 3 MPUCKOPEHHSM CHIIM TSKIHHSA. B piB-
HAHHAX TiepeHocy (27), (28) BpaxoBaHHMH 3aKOH PO3IOALTY OCEPEIHEHOTO TiapocTa-
TUYHOTO TUCKY 10 Beptukaii (11), mo mae HaCTYNMHI MEepeBaru: Mpsmy 3aJIeKHICTh
MDK THUCKOM 1 IIBUJIKICTIO, HAABHICTh MIMOUHU TOTOKY. PO3p00JsieH1 piBHSHHS 3arlia-
BHOT'O NMOTOKY BPaXOBYIOTh B CBOEMY CKJIaJll PO3IOALI 3BAXKEHUX HAHOCIB 32 PAXYHOK
OCEepEeTHEHOT MYTHOCTI, CHJTy 3Y€IUICHHS JPIOHO3EpHUCTUX IPYHTIB Ta CHIYy OIMOPY
pociuHHOCTI (18).

JIist po3B’si3aHHS KOHKPETHUX NPUKIAJAHUX 3a7a4 1 OJIep>KaHHsI, BiJIMOBITHO,
OJIHO3HAYHOTO PO3B’sA3KY, OOTpyHTOBaH1 Ta cPOPMYJIbOBAHI MTOYATKOBI Ta FPAHUYHI
yMOBH 110 Bciii uncioBiit obmacti (30) ta (32)—(34). I'mubuna 3ariaBHOTO MOTOKY Ii-
CJIsl PO3MHUBY BHU3HAYaTUMETHCSI Ha OCHOBI CHIBBIJHOMICHb IIMCHOI Ta HEPO3MHUBHOL
mBHuAKoCTEH (36).

3anponoHOBaHUM MIAXiA O3BOJISIE B JBOBUMIPHIA MOCTAHOBIII BU3HAYMUTH Ta-
paMeTpu 30HHM BIUIMBY MOCTOBOTO mepexoay (puc. 1l,2) ta mis moTpuMaHHS yMOB
HEPO3PUBHOCTI MPOBECTU PO3PAXYHOK CEPEAHBOI MIBUAKOCTI HAa KOXHIA 3 3aIliaB.
Busnaueni moyaTKoBI Ta MEXKOBI yMOBHM € OCHOBOK [IJIsi pealii3allii CKIHY€HHO-
PI3HUIICBUX aHAJIOTIB piBHIHD niepeHocy (34), (35). BianosigHo 10 115010, OTpuMaHi
MaCHBH JaHUX TJIMOWH B MOIMEPEYHUX MEPETUHAX MOTOKY (pHUC. 6) Ta BiIMITOK MOBE-
pxHi penbedy 3armiaB (puc. 7), M0 T03BOJSE HANABATH TOYHHUM MPOTHO3 PO3BHUTKY
nedopMaliftHuX MpoIIECiB.

Po3pobnena maTemaTu4Ha MOJIEIb JI03BOJISIE BPAaXOBYBATH OCOOJIMBOCTI 3arljiaB-
HUX JUITHOK CTOCOBHO PO3IOAUTY POCIMHHOCTI Ta HaMyJly, Ja€ MOXKJIMBICTh BH3HA-
YUTH PEATbHUM PO3IMOALT MBHUAKICHOT CTPYKTYPH B IIapi POCIUH HEOTHOPITHOTO TO0-
TOKY Ta nedopMaliii Ha 3ariaBax.

ZamponionoBai migxoau [7—10] moao qocmipkeHHs mporeciB GopMyBaHHS 3ariia-
BHUX MOTOKIB BIATOBIAAIOTH iX IPUPOJHOMY CTaHy, a HE B IITY4YHO CTUCHYTOMY. [Ipen-
CTaBJICHI PE3yJbTaTh YMCIOBOTO €KCIIEPUMEHTY JTO3BOJISIOTH JOCTITUTHA PO3BUTOK Jie-
¢dopmaiiiii Ha 3aruTaBax came B 30H1 BIUIMBY MOCTOBOTO TIEPEXOLY 3 ypaxXyBaHHSIM 0CO0-
JUBOCTEN pebedy Ta B3aEMOJIT 3 PYCIIOBUM IMOTOKOM Ha pealibHUX 00’€KTaxX TPaHCIIO-
PTHUX CIIOPY/I.

HactymHuM KpoKOM JOCTIIKEHb aBTOPIB € BUSHAUYCHHS TTapaMeTPiB MaKCHUMa-
JHLHOTO PO3MUBY 3 ypaxyBaHHSM B MOJICIBHUX PIBHSHHSIX CHJIM OMOPY IIPH OOTIKaHHI
MOCTOBHUX orop. [le m103BoMTh B MOBHIN Mipi HaJlaBaTH MPOTHO3 PO3BHUTKY Jedop-
Malliif Ha 3aruTaBax B 30H1 BIUIMBY MOCTOBHUX MEPEXO/IiB MIPH MPOESKTYBAHHI IOPOKHIX
00’€KTIB Ta CIIOPY/ HA PIBHUHHUX Ta MEPEATIPCHKUX TUISTHKAX PIUOK.



7. BUCHOBKH

1. 3 MeTor0 BpaxyBaHHsI 0COOMBOCTENW (POPMYBaHHS 3allJIABHUX MOTOKIB BUKO-
PUCTAHO MiAX1d, 3T1IHO SKOTO PO3IMOIII IMOJs IIBUAKOCTEH MO BEPTHKAJl BU3HAYa-
€THCS 3 ypaxyBaHHSM PO3MOIICHOI CHIIM, JIIF0YOi B api pociauH. TakoXK BpaxoBaHO
CYTTE€BUI BIUIMB OMOPY BIJIPUBY 3€pEH APiOHO3EPHUCTOIO IPYHTY HaA JIMHAMIKY 3a-
IUTABHOTO TOTOKY. JlJIS CKJIaJ0BHX CHJI OMOPY POCIMHHOCTI Ta 3YEIJICHHS IPYHTY
OTpUMaH1 BIAMOBIAHI 3aJIEKHOCTI.

2. 'eomopdomeTpis 3araaBHUX IUITHOK XapaKTePU3YEThCS HASIBHICTIO 3HAYHOI
POCIMHHOCTI, HAMYJIIB BiJ] TIONIEPEIHIX TTOBEHIB Ta MABOJKIB 1 00YMOBIIIOE TEHETHUHY
HECXOXICTh 3 pyciaamu. OOTiKaHHS MOTOKOM POCIMHHOCTI Ha 3allJIABHUX JUISHKAaX
MOCTOBHUX MEPEXO/IIB CTBOPIOE crielu(idHl YMOBHU MEPEHOCY K KOHBEKTUBHUX, TaK 1
TypOYJICHTHHX XapaKTepucTUK Teduii. J[J11 BpaxyBaHHS NHHX yYMOB 3alpOIIOHOBAHO
JTBOBHMIPHY MaTeMaTUYHY MOJECIb 3aBUCEHECHOTO MOTOKY 3 TPaB’sSHOIO POCIIMHHIC-
TIO JIJISl TPOTHO3YBAaHHS PO3MOJILTY TITMOUH 1 IBUJIKOCTEH Ha 3aIljiaBi.

3anponoHoBaHa MaTeMaTUYHA MOJEIb JI03BOJIIE OTPUMATH PO3MOJAUT CepeaHiX
3a TIIMOMHOIO MIBUIKOCTEHN 3 TOTPUMAHHSM Y3TOXKEHOCTI 3 MOJIEM TUCKY B JIBOBUMI-
pHi moctaHoBIl. Lle cyTTeBO crmporrye i1 peanizaiito Ta BIIIOBIIAE YMOBAM 3ajad
TEopii MUTKOT BOJIU JUISI IITYYHO CTUCHYTHUX BIIKPUTHUX TTOTOKIB.

3. ChopmynboBaHi Ta poO3paxoBaHI IOYATKOBI Ta MEXOBI YMOBU IS
p. CiBepcbkuii JloHelb 1al0Th MOKIIMBICTh OTPUMATH MapaMeTpy 30HU BIUIUBY MOC-
TOBOT'O MEPEXOly Ta PO3MOALUT B MEPIIOMY HAOIM>KEHH] MTHMOWHU 1 3MIHY MMOXWITY Bi-
JBHOT MOBEpXHI. BpaxyBaHHs XapaKTepHUX OCOOJIMBOCTEW PyXy 3aIUIaBHUX MOTOKIB
JI03BOJISIE€ IPOBOAUTH YHCIIOBY peai3alliio 3aMpornoHOBaHOI MaTEeMaTUIHOI MOJIET 3a
ITepallifiHIMU METOAaMH PO3PAXYHKY T1APOAMHAMIYHUX XapaKTEPUCTUK HA BU3HAUE-
HI{ 32 JOBKMHOIO JUISHII PIYKOBOTO MOTOKY 3 JOTPUMAHHSIM YMOB HEPO3PHBHOCTI.
Ha nmouyarky BecHsIHOI MOBEHI, MicJid MEPIIOi, 32 BUXIIHUM Tigporpadom, po3paxyH-
KOBOi CXOJIMHKHU B MEPIIOMY HaOJIMKEHHI CEpelHs TTUOMHA PiuKOBOTO MOTOKY 3Mi-
HIO€ThCd B Mexkax Bij 0,598 mo 0,529 m. Ha cnai moBeHi, Imicis MIOCTOI CXOJUHKH —
B Mexkax Bijg 2,16 m 10 2,09 m.

4. 3anmpornoHOBaHUN METOM PO3paxyHKy PO3MHUBIB Ha 3aIulaBax IPYHTYEThCA Ha
O0COOJMBOCTSIX MPOTIKAHHS BIIKPUTHUX IITYYHO-CTUCHYTHX TOTOKIB B 30H1 BIUIMBY
MocToBuX TiepexoAdiB. Lleil MeTos m03BOsiE BpaxyBaTH CYTTEBUN BIUIMB OIOPY Bij
€JIEMEHTIB POCIIMHHOCTI Ta OMip BIAPUBY 3€PEH I'PYHTY B IMPOIIECi PO3MUBY HA JMHA-
MIKY 3aIlJIJaBHOTO MOTOKY. Bu3HaueHHS rITMOWHK pO3MHBY 3aIlJIaBHOI JUTSTHKA IPOBO-
JUTHCSI HA OCHOBI1 CITIBBIJTHOIIEHHS JIMCHOI Ta HEPO3MUBHOI IIBUIKOCTEH.

Po3paxyHOK micisi KOKHOI CXOAMHKH PO3PaXyHKOBOTO ITABOJKY IMPOBOIUTHCS
Ha OCHOBI YTOUYHEHHUX BUXIJHUX JIaHMX, SIKI OMHCYIOTh B TOBHIM BIAMOBIIHOCTI 0
pearbHUX YMOB KOH(]ITypallito JHa Ta BUIbHOI MOBEpXHIi. BuU3HaueH1 rigpoauHaMivHi
MOKa3HUKY 3aIuIaBHUX MOTOKIB p. CiBepchkuid JloHels Ha criajii MOBEH1 3MIHIOIOTHCS B
JIOCTaTHHO IIMPOKOMY Jliarma3oHi. MakcuManbHa CepefHsl MBUIKICTh HAa OUTBIIIN 3a-
1aBi ckianae 2,68 m/c, Ha meHmii — 3,41 m/c. MakcumarnbHa rimOruHa BOAHOTO MTOTOKY
B ITONIEPEYHUX MEPETUHAX, K Ha OUIBIININ TaK 1 HA MEHIIIN 3ariaBax, MOXe CATaTd 10 3
M, a PI3HHUIT MaKCUMAJIbHUX 3HauYeHb pO3MHUBIB JOHHOI oOmacti — 0,32 M. binbIe 3Ha-
YeHHS BEJIMYMHU PO3MUBY, MICIISI IPOBEIEHHS po3paxyHKy Ha p. CiBepchbkuii JloHeIp,



BHU3HAUEHO HA MEHIIIN 3amiaBi, fKa Ma€ HIDKYY MPOMYCKHY 3/aTHICTh Ta Oliblie
CTHCHEHHSI, 10 BiAMOBiAa€ peaJbHUM YMOBaM.
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To develop the methods for predicting deformations on flood-
plain areas in the zone of influence of bridge crossings, a math-
ematical model of a suspended flow with grass vegetation was
developed. The problem of calculating the hydrodynamic fields
of velocities and pressure in artificially compressed flows refers
to the theory of shallow water since the vertical size (flow depth)
is substantially smaller than the horizontal dimensions, such as
length and width. In accordance with this, the proposed model is
based on the equation of distribution of velocity structure and the
depth of a floodplain flow in approximation to two-dimensional
dependences taking into consideration force factors. Force fac-
tors determine resistance at flowing around vegetation in flood-
plain areas and resistance of washout of fine-grained soil.

To obtain an unambiguous solution of the considered prob-
lem, boundary and initial conditions were added to the present-
ed closed system of original equations. These conditions make it
possible to determine the level of a free surface of flow and the
zone of influence of a bridge crossing at different stages of the
estimated flood. Based on finite-difference analogs of transfer
equations, the distribution of velocities and depths in estimated
sections was calculated. By iteration, the longitudinal velocity in
afloodflow with vegetation elements was determined. The results
of the calculation of washout on floodplain areas of a sub-bridge
watercourse of the lowland river Siversky Donets were obtained.
The depth of a flood flow after a washout was determined based
on the ratios of actual and flood-free velocities. When compared
with the initial bottom marks, the washout of the larger flood-
plain is 0.96 m, that of the smaller floodplain — 1.28 m.

The proposed scientifically substantiated solution for ensur-
ing optimum interaction of floodplain flows with bridge crossings
makes a certain contribution to improving the reliability of their
operation due to the quality of design works and the correspond-
ing reduction of construction and operating costs

Keywords: zone of bridge influence, bridge crossing, flood-
plain vegetation, suspended flow, deformation on floodplains,
Sloodplain flow, turbulence models
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1. Introduction

The relevance of research is proved by the analysis of
destructions of bridge crossings, which suffer most from nat-

This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by,/4.0)

ural disasters — high floods. Deformation of a watercourse,
floodplain areas, washouts of intermediate supports and
props can reach such critical dimensions, which become the
main cause of emergencies on bridges. The main requirement



for a bridge crossing as one of the most important compo-
nents of the road transport industry is the best service of
transportation. A bridge crossing includes complex and ex-
pensive structures, the costs of construction and operation
of which depends on the choice of a crossing location, the
correct purpose of structures, their general dimensions.

In turn, bridge crossings belong to such a category of
structures that violate the natural forms of a watercourse
and create additional vortex by their external contours.
Encompassing not only a riverbed but also the floodplain
parts, the structures cause the changes in the velocity field,
at which the transporting ability of flow is distributed very
unevenly. After blocking the parts of floodplain approaches
by width using the banks, water will start arriving at the
bridge and an increased amount of water will pass through a
compressed cross-section of a river.

The territory of water resources is re-distributed on
floodplain areas, and there arises a problem of runoff regu-
lation, forecasting the throughput capacity and deformation
development. The factors causing washout development
in floodplain areas are fundamentally different from the
relevant processes in watercourses. Unlike a watercourse,
floodplains have a significant vegetation cover. Vegetation
acts according to the principle of speed-absorber and caus-
es additional turbulence in the lower zone. Velocities on a
floodplain stretch, and therefore potential energy of flow,
will be significantly lower than in the watercourse due to
less discharge.

The geomorphometry of floodplain areas is characterized
by the existence of significant vegetation, alluvium from
previous floods and freshets, and causes genetic dissimilarity
with watercourses.

A floodplain is represented by plant soil at the top of it
with a high probability of the existence of sandy and loam
soils in the lower zone. A floodplain flow, like a watercourse
flow, is heterogeneous, saturated with suspension that due
to suppression of flow velocity will settle on the bottom.
During freshets, velocity increases and plant soil, as a
rule, does not have enough mechanical properties to resist
destructive processes. At the same time, a considerable du-
ration of freshets causes leveling the marks of watercourse
bottom and the floodplain bottom.

As a result of this interaction, one can observe the
narrowing of a watercourse and the formation of new flood-
plains or watercourse expansion through the floodplain
washout. The washout processes are dangerous for bridge
crossings.

Proper choice of the size of bridge crossing structures,
including the width of an opening as a dominant character-
istic, depends on the conditions of their operation, prediction
of the possible water inflow to the bridge, and inevitable
watercourse and floodplain deformations.

Existing methods for calculation of washouts in the
zone of influence of a bridge crossing do not fully take into
account the processes that occur in floodplain areas. Wash-
outs on two characteristic parts of a bridge opening occur for
various reasons. The fact that the characteristic differences
of action of floodplain and watercourse flows results in dis-
tortion of results and incorrect assessment of a situation. The
watercourse flow that floods a floodplain during the flood
period is saturated with the solid phase particles and is thus
heterogeneous. Modern methods do not take into consider-
ation the interaction of non-uniform flow with a vegetation
cover, which significantly influences the flow formation, as

well as washout processes inside it. This problem is quite
significant because the relief of floodplain areas is favorable
for the location of a bridge crossing.

2. Literature review and problem statement

Bridge crossings are the most common transport facili-
ties on public roads. Their significance, as noted in paper [1],
for technical and functional state and cost estimates is essen-
tial in comparison with most road elements. The actual state
of such transport facilities is very difficult to assess. This is
due to many factors. The simultaneous influence of such pro-
cesses as the unsustainable movement of water medium and
river structures; the existence of significant areas with turns;
re-formation of watercourse and floodplain shape in the pro-
cess of deformation leads to the development of general and
local washouts in the area of influence of bridge crossings.
In order to study the devastating effects of natural floods
as consequences of climate change, paper [2] represents
laboratory research into a physical model — the area of river
flow with a bridge crossing. Based on the conducted studies,
it was concluded on the significant influence of a bridge
crossing due to blocking the floodplain flow, corresponding
re-formation and an increase in velocities, increased intensi-
ty of sediment transfer in the watercourse, at the same time,
deformation processes on floodplains were not considered.
This is due to the problem of modeling of such flows under
laboratory conditions.

Research into the water mode, determining the concen-
tration of suspended alluvium under conditions of extreme
climatic phenomena, which significantly affected the hydro-
logical state of a river system are presented in article [3]. But
this does not make it possible to disclose fully the mecha-
nism of deformation both in watercourses and in floodplains
and, accordingly, to conduct a more objective quantitative
assessment of the degree of influence of various factors on
this process.

The actual water flow velocity on a floodplain is less
than that of a watercourse and, accordingly, of a washout.
Soil particles are generally stationary. A washout in this area
will begin only if the flow velocity exceeds the flood-free
velocity for sediment particles. The features of the relief of
floodplains and transition of river flow to a floodplain, coast-
al washouts, conditions of formation of a floodplain flow are
analyzed in paper [4].

Large floodplains have multiple and complex relief for-
mations, the surface level of which changes in different
scales. During a flood, floodplain flows are formed and
wetland areas are created in lowlands. Paper [4] analyzes
the zones of the interaction of a river and a floodplain flow,
peculiarities of changes of a floodplain relief due to erosion
and alluvium settling in certain areas. But the problem of an
impact of hydro-technical facilities or buildings on a change
of relief formations of floodplains, especially during a flood
or a freshet, was not explored.

The floodplain surface was formed in previous periods.
Taking this into consideration, researchers are interested in
the throughput capacity of overgrown sites of floodplains.
The study of changes in morphological processes, the config-
uration of a winding watercourse under conditions of over-
grown floodplains during flooding based on the two-dimen-
sional model is presented in paper [5]. It should be noted that
the proposed solutions are mostly empirical in nature, and



the generalized term that takes into consideration hydraulic
resistance of the floodplain surface is determined from the
equations of flow motions.

The creation of a digital model of a river taking into
account the topographic and morphometric changes enabled
the authors of paper [6] to get an artificial landscape of a
river system. The proposed morphodynamical and stochas-
tic approaches are based on the generalization of natural
quantitative patterns of the landscape changes, but do not
make it possible to determine the magnitudes of washout
deformations of the watercourse and the floodplain parts of
the bridge port.

According to the above [7] results of laboratory re-
search with a movable vegetation layer, deformation devel-
opment rate, the formation of a floodplain flow and of the
relief of floodplains themselves are caused by vegetation
distribution, growth and origin. The lack of vegetation con-
tributes to the flow formation with the smallest winding,
river vegetation slows down the deformation development
on floodplains and promotes watercourse deepening. The
vegetation of heterogeneous origin contributes to alluvium
settling on one floodplain and to the deformation develop-
ment on the other one, increases the watercourse winding,
and creates conditions for the development of new flood-
plains and isles.

The study of roughness in floodplain areas, depending
on the type and parameters of vegetation, was conducted in
paper [8]. A comparison of air and water conditions showed
that roughness decreases significantly in flooded areas, due
to their hydraulic conditions, vegetation removal and defor-
mation development on floodplains.

The influence of floodplain vegetation on the river shape
in the plan and the transportation capacity of a floodplain
flow were explored in paper [9] with the help of a 2D mor-
phodynamical model with sub-models for flow resistance
and vegetation distribution. The components of resistance
to flow are divided into soil resistance and vegetation re-
sistance. The impact of the type, configuration, and density
of floodplain vegetation on the transportation and settling
of river suspension, development of deformations on flood-
plains was described in article [10].

No analytical approximation for determining the mag-
nitudes of both general, and local washouts on floodplains,
taking into consideration the distribution of velocities with-
in the vegetation layer, namely, in the zone of influence of
bridge crossings, was found in the modern scientific litera-
ture. This is due to the complexity of modeling of deforma-
tion processes on floodplains and the lack of an unambiguous
solution to basic equations of hydrodynamics.

3. The aim and objectives of the study

The aim of this study is to develop the method for predic-
tion of deformations on floodplains in the zone of influence of
a bridge crossing based on the proposed mathematical model
of suspended flows, taking into consideration the existence
of vegetation elements.

To achieve the aim of the research, it is necessary to solve
the following tasks:

—to analyze and determine the force factors that take
into consideration the resistance to the washout of fine-
grained soil and resistance during flowing around the vege-
tation in floodplain areas;

—to develop a mathematical model for a suspended
floodplain flow with herbal vegetation, observing consisten-
cy with pressure field,;

— to formulate initial and boundary conditions to imple-
ment the proposed mathematical model of a floodplain flow
with vegetation elements;

—to carry out the calculation of deformations in flood-
plain areas of a plain river in the zone of influence of a bridge
crossing by the proposed mathematical model.

4. Mathematical model of a suspended flow with herbal
vegetation to predict the distribution of depths and
velocities on a floodplain

4. 1. Source equations

The basis for the development of a mathematical model
of the motion of a floodplain flow in the zone of influence of
a bridge crossing is the equation of actual liquid dynamics
in “stresses”, or, which is the same thing, the Navier-Stocks
equation. To obtain the equations of averaged turbulent
motion, Reynolds offered the method of replacement of ac-
tual velocities V; and pressure p with averaged V,, p and
pulse V/, p/ [11-14]. These equations differ from the Navier-
Stocks equation by the existence of an additional tensor of
turbulent or Reynolds stresses V;”V". For practical purposes
and the operation convenience, it is appropriate to represent
the Reynolds equation in the scalar form through projections
onto the axis of Cartesian coordinates, taking into consider-
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where x; (i=1, 2, 3) is the coordinates; p,, is the water den-
sity, kg/m?; g is the free fall acceleration, m/s%; 2]‘1 is the
sum of mass forces.

In the expanded form equation (1) and (2) are written
down as follows:
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where [, is the cohesion force or the force of resistance to
soil grain break-off; f, is the force of vegetation resistance;
g is the projection of the volumetric force onto axis xs.

The presented system of turbulent motion equations,
describing the hydrodynamic field of velocities, pressure in
runoffs, is not closed, therefore its integration and numeric
implementation of discrete analogs are associated with great
difficulties. To solve the applied problems of hydrodynamics,
one uses mathematical models of currents, which take into
consideration only the basic, determining factors, and as a
rule, neglect the action of secondary ones.

4.2. Determining the force factors of resistance to
soil washout and vegetation flow-over in floodplain areas
According to the results of a fairly large number of ex-
perimental studies [12], the properties of the bottom of a
suspended flow depend on the clogging process. The river
suspended flow when influencing the bottom, clogs it over
time. Clogging turns the non-bound bottom into the bound
bottom as a result of filling the pores between the grains of
sand and stones with colloid-like alluvium. As a result of
clogging, the irregularities of the bottom are aligned and
smoothed, and cohesion of bottom soil grains increases.
Cohesion force is one of the factors, on which depends an
increase in resistance to washout of fine-grained soil (with
the diameter of less than 0.1-0.15 mm), settled usually on
floodplain areas of plain rivers. According to the research
conducted in [12], the force of resistance to a particle set
break-off can be determined from the following dependence:
Fch — kCthh Sg
C,.D

: (N
where k¢, is the boundary of fatigue of tearing bound soils,
according to experiments [12]; C,y is the soil cohesion in the
state of complete water saturation, kg/m?; S is the distri-
bution of suspended sediments along the vertical or flow
mutability, a formula for determining it is presented below;
Cgpi is the first coefficient of the sediment particles shape, it
is equal to the ratio of a particle volume to the diameter of
an equidimensional layer in third degree; D is the diameter
of alluvium particles, m.

The surface of the floodplain part is mainly covered
with vegetation, different in density and dimensions, which
affects the throughput capacity of a floodplain. The strength
of resistance to vegetation, according to [13], is determined
from the following dependence:

ViV + Vv;v'), ®)

is the actual velocity; Cy is the resistance factor that is de-
termined by experimental studies, for the case of resistance
to vegetation, according to [13]; s, is the general middle area,
distributed around the volume of the layer, determined from
the following dependence:

Sp = D.\'[.AZSt. , (9)
Ax,Ax,Ax,

where Dy, is the diameter of the plant stem that is flown

around, Dy=7-10"3 m; Az, is the part of the plant stem that is

flown around, by height, m.

The problems of calculating hydrodynamic fields of ve-
locities and pressures in broken and artificially compressed
flows relate to the problems of the shallow water theory since
the vertical size (flow depth) is substantially smaller than
the horizontal dimensions, such as length and width. This
makes it possible to consider the distribution of velocities
that are medium in depth in a two-dimensional statement.

4. 3. Development of a mathematical model of a
floodplain flow in compliance with consistency with
pressure field

We will present the equation of distribution of the
velocity structure and the depth of a floodplain flow in
two-dimensional approximation. These equations will be
obtained from general three-dimensional equations of hy-
drodynamics (3)—(6) by the integration of the latter verti-
cally from bottom mark z, to free surface H, that is, along
the flow depth A=H-z.

Using the method and the designations shown in arti-
cles [11, 18], the depth-averaged value of any variable of the
function — the characteristics of flow M (xy, x5, x3, t) will be
designated by broken brackets:

(@) :%lj]cpdxs. (10)

When integrating over time and depth the summands
containing derivatives of horizontal coordinates, we used the
properties of integrals that depend on the parameters [11].

Integrating equations (5), we obtained the law of vertical
distribution of averaged hydrostatic pressure that was used
when integrating equations (3) and (4).

To do this, we will be restricted to the case of steady
motion. Taking into account that we consider the problem
of the shallow water theory, that is, ~A<<L, components,
which have the order of derivative magnitudes (V,) and their
squares and express turbulent stresses, can be neglected. The
condition that V,,, =0. is met on the flow surface. At V=V,

v e . .
or =t=1, pressure distribution in a flow will be written

down in the form of:

p=py+p&(H—x,)—p,V;" —
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The vertical distribution of suspended sediment and flow
turbidity are determined, as a rule, from the Routh formu-
la [11]

W,

- - h—-x, z |
S(x3)=5(2)(x Sh—z] )
3

where W, is the hydraulic velocity, k is the Karman param-
eter k=0.435, U, is the dynamic velocity U, =/ghl, , I, is
the inclination of the flow free surface.



To make calculations from this formula, it is necessary
to know the bottom content of alluvium § (z) However,
the magnitude $(z) must be added from the rationally
constructed theory of motion of drawn alluvium, but such a
theory does not exist. A certain step in the elimination of the
above drawback of the existing theories of bottom sediments
is made in the procedure explored in paper [2], containing
the dependences for determining specific discharge of sus-
pended sediments. Such dependence

Dus = _}fﬁdxs
A

can be represented as ¢, = (VS ), then the dependence for
determining average turbidity <S> will take the following
form:

(s)=rs,,

where Sy is the countdown concentration of bottom sedi-
ments determined using the procedure [2]; F is the factor
that takes into account the parameter of alluvium suspen-
sion, determined using the procedure [2].

Accepting that p, =const, that is, excluding baroclinic
currents from consideration, having substituted value p
from equation (11) and f,,, fp, from (12) in formulas (3)
and (4) in the longitudinal and transverse directions, obtain
the equations:
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Multiply equations (13) and (14) by dxs, integrate over
depth and evaluate the order of summands, using the method
and assessment given in research [11].

Before integrating nonlinear summands of equations of

8V2 0 . . . .
the 3 —VV i,j=1,2 |, form, which express inertial forc-
X,

ox;

es, caused by convective acceleration, it is necessary to take
into consideration that in an actual flow, there is an uneven
vertical distribution of velocities, and as a result of integra-
tion over the flow depth, the coefficients, with regard to this
non-uniformity, appear in summands. To obtain the values

and physical content of the specified coefficients, represent
local velocity V;in the following form:

V,=U +u, (15)
where u, =V, =U, #0 is the deviation of local velocity V, from

the depth-averaged U;.
In addition, magnitude »; must meet the condition:

1 H
=ZJ.u,.dx3 =0. (16)

Then, according to [11], the coefficient that takes into
account non-uniformity of the vertical distribution of veloc-
ities and accepts the values that are larger than unity, that
is, a;,>1 is equal to

H
qude

o,=1+2

Uh

Integration of summands that contain derivatives of
turbulent stresses by vertical coordinate x3, will give the
following:

]{ ) ‘Zr‘73/

o (Vivs), =(Vvs)., - (17)

H
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That is, the difference of tangents of turbulent stresses
that act on a free surface

(77,
and on the bottom of a flow
(77,

After integrating equations of motion (13) and (14),
represent two-dimensional equations. In this case, we will
neglect the summands of a higher order of smallness in com-

T
parison with basic summands and T The order of

L
summands of the force of resistance to vegetation
Cs,p V) i
2 ox, L

and friction force on the bottom and free surface t,,, 1,
(i=1,2) depend on specific conditions of the problem an
in the general case can be co-dimensional with the order of
basic summands mentioned above. That is why these sum-
mands will also exist in final two-dimensional equations of
motion. Accept that:

C.s
Np = Tp,
=lak (18)
CouDp s
Two-dimensional equations of motions after dividing
by 4 and taking into account (18) will be written down in
the following form:
— equation of the amount of motion (towards axis X;) —
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The calculation of steady two-dimensional currents on
floodplains with herbal vegetation is carried out in order to
predict the distribution of depth-averaged velocities and depths
over flow width. The equation of distribution of depth-averaged
velocities and depths can be obtained from dynamic two-di-
mensional equations (19)—(21), if we accept that Uy=U, U, =0

in the latter, and use the stationarity condition EY 0. Asa

result of averaging turbulent charac-teristics over flow depth,
in two-dimensional equations (19), (20) there are summands

AR —
u and aa(<vf’>—<vf’>), where (i=1, 2), which ex-

ox;, :
press the contribution of tangent and normal stresses to the
dynamic balance of the pulse of forces in two-dimensional
currents.

Unlike equations of three-dimensional turbulent cur-
rents, in two-dimensional equations the influence of normal
turbulent stresses on the formation of two-dimensional
currents is expressed only by the difference of depth-aver-
aged normal stresses in vertical and horizontal directions.
Paper [11] presented an analysis of estimation of values
of difference of dispersion of vertical pulse component of

velocity V" and dispersions of longitudinal and transverse

components of velocity V" and V;’. This makes it possible

to substantiate the assumption about neglecting normal
turbulent stresses when considering the problems within
two-dimensional idealization of actual currents.

The existence of turbulent stresses in equations leads
to the necessity of approximation with the help of certain
ratios and models of turbulence of members of turbulent
transportation.

In some cases, only an approximated description of tur-
bulence is sufficient. Thus, in problems of large water mass-
es, the value of turbulent viscosity is accepted as constant
[11]. More complex models in such problems do not justify
themselves because of significant uncertainty in assigning
the boundary conditions and errors in numerical solutions.

To calculate two-dimensional currents, it is necessary
to express the magnitudes of tangent and normal turbu-
lent stresses, acting between the jets of two-dimensional

currents, through velocity U. The values <V,~'V]-'>, <VI~2’> will

be determined, as accepted in papers [11], based on the
Boussinesq hypothesis, and taking turbulent viscosity v, as
proportional to velocity U, according to [11]:

v, = 2AU, (22)

where A is the coefficient of turbulent exchange,

_h_
2MC

C is the Shezi factor,

Q/—p .
B, B[V

[-p"fav

M is the function of the Shezi factor, at 10<C<60 M=0.7C+6,
at C>60 — M=48; Q_, is the discharge of floodplain flow;
By, is the width of floodplain flow; /4, is the average depth
of a floodplain flow.

Then, based on the hypothesis of Boussinesq, taking into
consideration formula (22) for a two-dimensional problem:

~%ﬁVD=A§:,
(7=
_<V;’> —92A aa[: . (23)

To calculate tangent stresses on the bottom, the qua-
dratic law of friction [11] was accepted, taking into account
U1=U, U2 =0:

(77), -
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(24)

where Cris the empirical friction factor,
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n is the roughness factor.

For watercourses of arbitrary cross-section, it is nec-
essary to introduce the correction coefficient K, taking
into account the watercourse shape, to the expression of
calculating the local value of the bottom friction force. The
relevance of the introduction of Ky, coefficient is shown in
papers [11, 18]. The value of K, coefficient is determined
from the following dependence:

(25)

where V,, is the average velocity,

Vi = Qf—p/ B,

Cy, is the Shezi factor by height:
1 1/6
C,=—h. (26)
n

To predict the distribution of depths and velocities,
taking into consideration the dependence for turbulent
stresses (23), after the transformations, represent steady
equations of two-dimensional currents on floodplains with
herbal vegetation:
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— of continuity equation —

U =0. (29)
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To obtain an unambiguous solution to the considered
problem, specifically, to determine the flow depth on a flood-
plain after a washout, it is necessary to add boundary and
initial conditions to the presented closed system of original
equations.

4. 4. Initial and boundary conditions for the imple-
mentation of the proposed mathematical model of a flood-
plain flow

At the boundaries of the calculation region, in the nodes,
adjacent to solid surfaces — dams of a bridge crossing, the
dependence for velocity is used as boundary conditions:

U, = Y, In(x,); E), (30)

K

where E is the roughness coefficient [14]; U_ is the dynamic
velocity on floodplains; « is the Carman parameter; (xz)f is
the dimensionless distance from the wall [14], determined
from the following dependence:

AU

(). =— 31

The sticking condition, when the value of flow velocity
is accepted as equal to zero, is true directly on the most
solid surfaces (dam walls, bridge support), as well as for
gentle banks.

The maximum mark of free surface H, both for the case
of gentle banks and for the case of vertical walls (steep
banks, bridge poles, dams), is determined by means of lin-
ear extrapolation [11] according to the values of the marks
of the free surface of the internal points of the calculation
region:

h(x1,x2)=

=2h(x,,x,~1)—h(x,x,-2). (32)

All calculations are carried out accordingly for each
branch of flood or freshet for a certain day. Any of the
above values @; are calculated by the longitudinal coordi-
nate for the entire calculation section (a series of values),
@; are calculated by two coordinates x4, x5 as a numerical
matrix.

The marks of flow free surface on all calculated
cross-sections are determined in a one-dimensional state-
ment based on the equation of steady uneven motion in
open watercourses, based on the solution, presented in
paper [2]. The proposed approach to solving the problem is
based on the method by Y. V. Abramov using the properties
of the central jet of a river flow in the artificial compression
area. The finite-difference analog of the differential equa-
tion, which describes a change in the flow depth, takes the
following form:

hi _hH = J(lz _ZH)_

li B li—1 B
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where J is the longitudinal inclination of the bottom; m is
the inverse magnitude to the coefficient of watercourse

(33)

1
roughness n, m=—; R is the parameter of the central jet;
n

h, is the watercourse depth, m; /; is the longitudinal coor-
dinate of calculation section, m; g is the free fall accelera-
tion, m/s%. Initial conditions: A=hy at [=0; h=h; at [=1;.



4. 5. The sequence of calculation of deformations on
floodplains of a plain river in the area of influence of a
bridge crossing

The proposed system of equations (27) to (29) in con-
junction with boundary conditions (30) to (33) is solved in
the following sequence:

1. Source data for a floodplain flow, if necessary, their
calculation, constants, boundary conditions, are entered.
The data are shown in Table 1. In order to reduce the
source information volume, we introduce interpolation
polynomials, which make it possible to shorten it by
2-3 times.

2. The parameters of the calculation region, determined
by the area of influence of a bridge crossing, are deter-
mined. Substantiation of the boundaries of compression and
spreading zones, plotting a curve of free surface on bridge
crossings, the transformation of riverbed discharge at bridge
crossings are performed using the calculation methods pro-
posed in research [15].

The values of the curve of free surface of a river flow
in the area of influence of a bridge crossing are calculated
according to the equation (33). The calculations are per-
formed from the bottom up, starting with the section of
complete spreading, where all hydraulic flow characteristics
are known, because they have natural values, the third sum-
mand of the equation (33) is taken with the “+” sign. In this
case, /;_1=0 and /; varies from 0 to /, ; in the spreading zone.
The magnitude of the parameter of the central jet in the
spreading zone is R=R, ;. The magnitude of the sub-bridge
support corresponds to value [;=/; ;.

Having reached the bridge section, in order to contin-
ue calculation in the compression zone, it is necessary to
replace the sign before the third summand with “-* give
the value of the resulting depth under a bridge to magni-
tude A;_4, to accept the distance /;_1=0 and to change the
magnitude of the central jet parameter in the compression
area R=R; .. Value /; varies from 0 to /, . of the magnitude
that is the distance from a bridge to the beginning of a
compression zone, where full support under a bridge is
formed.

Based on equation (33), calculate the inclination of a
river flow free surface:
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3. After obtaining parameters of the calculation zone in
the first approximation, the calculation based on the spec-
ified source data is carried out: two-dimensional matrices
of the marks of the bottom and free surface of a river flow.
These matrices describe the configuration of the bottom and
the free surface in complete accordance with the real condi-
tions. The distribution of velocities and depths in estimated
sections in floodplain areas is calculated by finite-difference
analogs of equations (27), (28).

Using iterations, longitudinal velocity in a steady flood-
plain flow with vegetation elements is determined.

(34)
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On floodplain flows, it is possible to accept F 0 and
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carry out calculations according to simplified equations:
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The depth distribution in transverse cross-sections of a
floodplain flow is determined:
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Boundary conditions near the jet-directed dams are cal-
culated from dependence (32).

Depths after washout are determined from the follow-
ing ratio:

hﬂ
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(36)

where U, is the flood-free soil velocity.

The continuity condition is verified according to (29).
During verification of the continuity condition, specific
flow discharge on verticals q,_,, =U, ;-h; is calculated. After
that, complete discharge is calculated by summing specific
discharges for each transverse cross-section and multiplying

by the width of the calculation band
Q= 2 s AB,
J

where AB=x,, -

ki - Q./fpi
Q./—pO

x,,. Coefficients
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where Q,_, is the discharge in the initial section, are calcu-
lated. Velocities

pr =Y
i,j k ’

i

where I, II are the numbers of corresponding approxima-
tions, are adjusted. In calculations, velocities are adjusted
twice. It is necessary to verify the continuity condition,
calculating specific discharges

Qi =Uishy

Velocities

1,] k1
are calculated again. Specific discharges are calculated by
corrected velocities, the coefficients that must be equal to
unity are found again. If necessary, it is possible to increase
the number of iteration cycles for verification of arrays of
magnitudes. The final verification is performed by the dis-
crete analog of equation (29):

(U ’ h)i+1,j

(U-h),,= Ax
1

(37)

The longitudinal inclination of the water surface of a
floodplain is re-calculated:

h, .—h.
L= i+1,j i,j ) (38)
1 AX'1

Then we recalculate in the following approximation the
magnitudes of discharge of floodplain flows in the compression
and spreading area; coefficient, which takes into consideration
uneven vertical distribution of velocity; coefficient of turbulent
exchange; coefficient, which takes into consideration resistance
of vegetation elements on the floodplain; the averaged turbidity
over vertical (5). Longitudinal velocity in a steady floodplain
flow with vegetation elements and depth distribution in trans-
verse cross-sections of a floodplain flow are determined by
iterations until the continuity condition is met. The matrix of
marks of the surface of floodplain bottom relief on the calcula-
tion region Z,_, and the matrix of depths of floodplain flow #,_,
are updated after each step of high waters.

5. Results of calculation of washouts on floodplains in
the area of influence of a bridge crossing

Calculation of general and maximal washout was carried
out on the floodplain sections of the sub-bridge watercourse
on the River Seversky Donets near the village of Brusivka on
motor road T-05-14, km 83+575, Donetsk oblast (Ukraine).
The floodplain is mainly 2-sided, alternating on the banks.
The soils are silt-sandy and clay, peat on watermarked ar-
eas. Every year during spring flood and rain freshets, the
floodplain is flooded to the depth from 0.5 m to 3.3 m for
1-2 weeks, the water remains in lowlands for 1-3 months.
The designed motor road bridge crosses the river Siversky
Donets at the angle of 26° and has a length of 297 m.

5. 1. Calculation of the position of a curve of the free sur-
face of river flow in the area of influence of a bridge crossing

To carry out the calculation, we collect the source
data, which are shown in Tables 1, 2. Then the param-
eters of the zone of influence of a bridge crossing were
determined: the length of the compression zone and of the
spreading zone.

Table 1
Source data of calculation
. Mea- Notes
No by Parameter Des}g— surement | (in what form
order nation . S .
unit it is assigned)
Longitudinal
1 inclination of the J - 0.00018
bottom
Average mark
2 of watercourse Z, M 143.7
bottom
Average mark of
3 floodplain bottom Zrr M 146.64
Free fall acceler- 9
4 ation g m/s 9.81
5 Width of. river B, m 466.3
spreading
6 Average width of B, o 58.11
watercourse
Average width of a
7 larger floodplain by m 212.26
Average width of a
8 smaller floodplain by-ps m 149.08
Coefficient of
9 roughness on n - 0.067
floodplains
10 Width (?f a bridge By, o 9267
crossing port
Table 2
Source parameters of calculation region
.Total Water- Level of Water- Floodplain
Da discharge | course river sur- | Course L A
Y| ofriver | discharge face. I m depth, P 0 I
Qivm® | Qum® | pm
1.2 448 207.65 147.24 3.54 0.6
4 506 215 147.5 3.8 0.86
8.4 864 293.32 147.98 4.28 1.34
13.6 1193 368.08 148.27 4.57 1.63
18.8 1658 465.03 148.62 4.92 1.98
24.6 1992 534.73 148.83 513 2.19

Fig. 1,2 show in first approximation the depth in the
area of influence of a bridge crossing and inclination of the
free surface of river flow. At steps 10 and 11, it is possible to
see clearly a change in depth and inclination in the bridge
crossing section.



Calculated parameters of the estimation region

Table 3

N.a tu?al Spe- Compres- | . Length of Value of Length of | Length of Paramete?s Pararnepe 'S .Of
cific discharge | . .| influence of Froude . . of central jet | central jet in
Day . sion coeffi- . complete | compression | spreading | . . .
of floodplains, cient B bridge cross- | number F, support, & | zone L ,m | zone L ym in spreading | compression
qfpr M br ing R. 4, m pport, o 2 zone R, , m | zone R, ., m
1.2 0.589 1.355 1,194.8 0.01061 0.794 245.7 949.1 3,621.6 937.5
4 0.713 1.391 1,349.2 0.0095 0.823 239.5 1,109.8 3,950.5 852.4
8.4 1.398 1.476 1,673.6 0.01578 0.7232 464.4 1,209.3 3,748.1 1,439.3
13.6 2.021 1.51 1,842.2 0.0224 0.613 713.7 1,128.6 3,341.3 2,112.9
18.8 2.923 1.542 2,035.0 0.0314 0.464 1,090.3 944.7 2,687.9 3,102.1
24.6 3.57 1.556 2,144.3 0.0379 0.355 1,382.0 762.3 2,133.2 3,867.5
25 Siversky Donets of the length of 220 m, of the width of
| 540 m. The solution was obtained based on the source data
given in Table 4.
] s We determined the hydrodynamic parameters of flood-
£ ’ plain flows from average velocity (Fig. 5), to meet continuity
S conditions, to calculation of depths in transverse cross-sec-
2 tions (Fig. 6) and marks of the bottom area after the flood at
= 05 the calculation steps (Fig. 7).
0

123 45 6 7 8 91011121314 1516 17 18 19 20
Steps of calculation over the depth of a river section

----- 1 step of flood —— 6 step of flood

Fig. 1. Calculation of flow depths A; (1—10 steps —
compression zone, 11—20 steps — flow spreading zone)
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Fig. 2. Calculation of inclination of the free surface of a river
flow /x; (1—10 steps — compression zone,
11—20 steps — flow spreading zone)

The obtained initial conditions over the length of the
estimated section (Fig. 1, 2) in conjunction with boundary
conditions (30) to (33) make it possible to solve the pro-
posed system of equations (27) to (29).

5. 2. Calculation of deformations on floodplains in the
zone of influence of a bridge crossing

Based on the determined initial conditions (Fig. 1, 2) and
initial marks of the surface and river flow depths (Fig. 3, 4),
the calculation was carried out on the section of the river
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Fig. 3. Initial marks of surface Z, of relief of watercourse
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Fig. 4. Initial depth of river flow on
the calculation region



Table 4

Source data for calculation of the distribution of longitudinal velocities and depths of the floodplain flow

I:I?ﬁ(;f Parameter Designation Measlillfiment Notes (in what form it is assigned)
1 Coefficient Qf kinematic viscosity of water v m?/s 11510
(depending on water temperature)
2 Density of river flow water PLS kg/m? 998
3 Carman parameter K - 0.435
4 Average or medial diameter of soil fraction dm mm 0.41
5 Density of bottom soil Ps kg/m?3 2,620
6 Hydraulic velocity W, m/s 0.185 (determined through calculation)
7 Cohesion of soil in the state of complete water saturation Cep kg/m? 0.19
8 Function of Shezi factor M - at 10<C<60 M=0,7C+6, at C>60 — M=48
9 Coefficient to determine cohesion force ken - 0.035
10 First coefficient of a form of particle of alluvium Cot - /6
1 Coefficient of resistance to vegetation Cx - 0.4
12 Height of vegetation Noeg, 1.5
13 Diameter of the plant stem, that is flown around Dy 71073
14 Part of the plant stem that is flown around vertically Azg M if veg™hy-p, then AZSt'ihf it hroeg<hy—p,
then Azg =hye,
1,2 4
35
1 >
. 0,8 W\f\/\u\k\ 2.5 l V\_/ k
é ’ - \&M/\L
5 o _/_,_,_,_,—\/ W\ EpR S \
S s 1
02 > 05
0 0

Depth, m
N
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Fig. 5. Calculation of average velocity of floodplain flow Vi—pp(s)avi
a — after step 1 of the estimated flood; b — after step 6 of the estimated flood
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Fig. 6. Calculation of depth in transverse cross-sections of floodplain flow #; ;
a — after step 1 of the estimated flood; b — after step 6 of the estimated flood
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Fig. 7. Marks of the surface of floodplain bottom relief:
a — after step 1 of the estimated flood;
b — after step 6 of the estimated flood

The washout of the watercourse of the river Seversky
Donets stops only at the recession of a spring flood after the
6 calculation step by the source hydrograph. According
to the calculations carried out using this method, when
compared with the initial marks, the washout of the larger
floodplain is /,=0.96 m, the washout of the smaller flood-
plain is 4,=1.28 m.

6. Discussion of results of calculation of deformations on
floodplains in the area of bridge crossing influence

The mathematical model of the floodplain flow is based on
general equations for the transfer of a non-homogeneous flow
and continuity equation (3) to (6). The model form of equa-
tions was obtained based on the assumption of the smallness
of particles and smallness of flow acceleration in compari-
son with gravity acceleration. Transfer equations (27), (28)
take into account the law of distribution of averaged vertical
hydrostatic pressure (11), which gives the following advan-
tages: a direct dependence between pressure and velocity,
the existence of flow depth. The developed equations of a
floodplain flow take into consideration in their composition
the distribution of suspended alluvium due to average tur-
bidity, the cohesion force of fine-grained soils and the force
of resistance to vegetation (18).

To solve specific applied tasks and obtain, consequently,
an unambiguous solution, the initial and boundary condi-
tions throughout the entire numerical region (30) and (32)
to (34) were substantiated and stated. The depth of a flood-

plain flow after a washout is determined based on the ratios
of actual and flood-free velocities (36).

The proposed approach makes it possible to determine
the parameters of the zone of influence of a bridge crossing
in a two-dimensional statement (Fig. 1,2), and to meet
continuity conditions, to calculate average velocity on each
floodplain. Determined initial and boundary conditions
are the basis for the realization of finite-difference analogs
of transfer equations (34), (35). In accordance with this,
the data arrays of depths in transverse cross-sections of
a flow (Fig. 6) and the marks of the surface of floodplain
relief (Fig.7) were obtained, which makes it possible to
provide an accurate forecast of the development of defor-
mation processes.

The developed mathematical model makes it possible
to take into consideration the peculiarities of floodplain
areas with regard to vegetation and alluvium distribution,
it enables determining the actual distribution of velocity
structure in the layer of plants of heterogeneous flow and
deformations on floodplains.

The proposed approaches [7-10] to studying the process-
es of floodplain flow formation correspond to their natural
state, rather than the artificially compressed state. The pre-
sented results of the numerical experiment allow studying
the development of deformations on floodplains, in particu-
lar, in the zone of influence of a bridge crossing taking into
consideration peculiarities of relief and interaction with the
watercourse flow on actual objects of transport facilities.

The next step in the authors’ research is to determine the
parameters of maximum washout, taking into consideration
in the model equation the resistance force at flowing around
the bridge poles. This will make it possible to provide a com-
plete forecast of deformation development on floodplains in
the area of influence of a bridge crossing when designing
road facilities and structures on plain and foothill sections
of rivers.

7. Conclusions

1. In order to take into consideration the peculiarities of
the formation of floodplain flows, we used an approach, ac-
cording to which the vertical distribution of velocity fields is
determined concerning distributed force acting in the vege-
tation layer. A significant influence of resistance of break-off
of fine-grained soil grains on dynamics of s floodplain flow
was taken into consideration. Appropriate dependences were
obtained for the constituent elements of resistance to vegeta-
tion and soil cohesion.

2. The geomorphometry of floodplain sections is charac-
terized by the existence of considerable vegetation, alluvium
from previous floods and freshets and causes genetic dissim-
ilarity with watercourses. The flowing over vegetation by a
flow in floodplain areas of bridge crossings creates specific
conditions for the transfer of both convective, and turbu-
lent characteristics of a current. To take into consideration
these conditions, the two-dimensional mathematical model
of the suspended flow with grass vegetation for forecasting
the distribution of depths and velocities on a floodplain was
proposed.

The proposed mathematical model makes it possible to
obtain the distribution of depth-averaged velocities in com-
pliance with the pressure field in a two-dimensional state-
ment. This greatly simplifies its implementation and meets



the conditions of problems of the shallow water theory for
artificially compressed open flows.

3. The formulated and calculated initial and boundary
conditions for the river Siversky Donets provide an opportu-
nity to obtain parameters of the zone of influence of a bridge
crossing and depth distribution in the first approximation
and a change of a free surface inclination. The consideration
of characteristic features of floodplain flow motion makes
it possible to carry out the numerical implementation of
the proposed mathematical model by iterative methods of
calculation of hydrodynamic characteristics on the deter-
mined length of a river flow in compliance with continuity
conditions. At the beginning of a spring flood, after the first,
according to a source hydrographer, estimated step in first
approximation, the average depth of a river flow varies in the
range from 0.598 to 0.529 m. During flood recession, after
the 6 step, it ranged from 2.16 m to 2.09 m.

4. The proposed method for calculation of washouts on
floodplains is based on specific features of open artificially
compressed flows in the area of influence of a bridge cross-
ing. This method makes it possible to take into consideration

asignificant influence of resistance from vegetation elements
and resistance of soil grains break-off during a washout on
the dynamics of a floodplain flow. The depth of the washout
of the floodplain area was determined based on the ratio of
actual and flood-free velocities.

Calculation after each step of the estimated flood was
performed based on clarified source data, which describe
the bottom and free surface configuration in full accor-
dance with actual conditions. The determined hydrody-
namic indicators of floodplain flows of the river Siversky
Donets during flood recession vary in quite a wide range.
The maximum average velocity on a larger floodplain is
2.68 m/s, at a smaller floodplain — 3.41 m/s. The maximum
depth of water flow in transverse cross-sections, both on
the larger, and the smaller floodplains can reach up to 3 m,
and the difference of maximum values of washouts of the
bottom region is 0.32 m. A higher value of the washout
magnitude after performing the calculations on the river
Siversky Donets was determined on a smaller floodplain
that has a lower throughput capacity and more compres-
sion, which meets actual conditions.
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