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Annotanusi. OcTpas MoTpeOHOCTh BOCCTAHOBIICHHUS Pa3pYIICHHBIX TOPTOBBIX JKelle-
300€TOHHBIX COOPYIKEHHI, 0COOEHHO B CEBEPHBIX aKBaTOPHX THXOro okeaHa, HyK/aeTcst
B MIOHMMAaHUH MPOUCXOIAIMNX IPU STOM (PU3MUECKUX MPOoLeccoB. Pa3pymmrensHoe BO3-
JeficTBrEe KapOOHM3AINH, XJIOPUIAHOM 1 CyIb()aTHOMN arpecCHid, sIBISIOIIXCS OCHOBHBIMHU
(baxTOpamu moTepu GETOHOM, HKCIUTYaTUPYIOLIMMCS B KOHTAKTE C MOPCKOM BOJIOH, TIOTpe-
OUTENTBCKUX CBOICTB, yCYTyOJIsIeTCsl AMHAMUYECKIM BO31€HCTBHEM BOABI HA TOBEPXHOCTH
OETOHHBIX KOHCTPYKIHMH. Takoe Bo3/eiicTBHE BO3MOXKHO OMMCATh M MPOAHAIU3UPOBATH,
HCII0JIB3Ys MOJCIIb MEJIKOM BOJIbI C HAKJIIOHHBIM JTHOM, KOTOpas NpUMCHACTCA IPpHU UCCJIC-
JIOBAaHUH HaKaTa BOJIH Ha Oeper, a TakxKe MPU HCCICTOBAHNHU PACTIPOCTPAHCHUS )KUIKOCTH
B KaHaJax. DTy MOJIEIIb BCE YaIlle TIPUBIICKAIOT TSI TPOBEICHNUS TEXHUUECKHX SKCIEPTH3
Ha 3Tare MPOeKTUPOBAHMUS THAPOCOOPY>KEHHUH, JUIsl OLEHKH SKOJIOTHUECKHX MTOCIIEICTBUH
Pa3JINYHBIX HETATUBHBIX ITPOIECCOB, BO3MOKHBIX UPE3BBIUYAHHBIX COOBITHII M aBapuil, IS
KaJacTpoBbIX paboT. OHa OMUCHIBACT TEUEHHE HECKMMAEMOM XKHUKOCTH B 00JIACTSX, TOPHU-
30HTaJIbHBIE pa3Mepbl KOTOPBIX MPeoOIagatoT HaJl TITyOHHOM.

Hccenenyercst cucreMa HEJIMHEHHBIX YPABHEHUH, ONMCHIBAIOLIUX PACIPOCTPAHEHUE
MIOBEPXHOCTHBIX BOJIH C MPSIMOJMHEHHBIM JTHOM B paMKax OJHOMEPHOH MOJAEIN MEJKOH
BOJIBI, TAPAMETPOM KOTOPOH SIBJISAETCS YIIoBOH KO3((HUIMEHT HAKJIOHA AHA. MeTomoM
A-0T1epaTopoB NOIYYEHbI BCE 3aKOHBI COXPAHEHHS HYJIEBOIO MOPSAIKA JUIs ’TOH CUCTEMBI.

© Yupkynos I0.A., [lukmyaanna E.O., Mosogun B.B., 2022
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Haiinennbie 3aKOHBI COXpaHEHHUSI MOTYT OBITh UCTIOJIB30BAHBI MPU IPOBEJCHUH YHNCICHHBIX
pacueToB ¢ MOMOIIBI0 KOHCEPBATUBHBIX PAa3HOCTHBIX CXEM. 3aKOHBI COXPAHEHUS TaKKe
MOTYT OBITh HCIIOJIB30BAHBI P YACIICHHBIX PacyeTaxX B KAYECTBE TECTOB HA KAXKIOM IIIare
BEIYUCICHUH. [10Ty4eHBI TOUHBIC PEIIeHUS CHCTEMBI, TPH U3 KOTOPBIX OIHCHIBAIOT PE3KOE
oOpyIIeHHe BOJIH Ha Oeper, a 0JJHO — IJIaBHbBII HaKaT BOJIHBI HA Oeper. B mepBom ciyyae
TUHAMIYECKOE BO3JCHCTBHE BOIBI Ha MOBEPXHOCTh OCTOHHBIX KOHCTPYKIIMU OKa3bIBACT
CHJIPHOE Pa3pyIIMTEIhHOE BO3JeHCTBIE. BO BTOPOM — HE OKa3bIBAET Pa3pylIUTEIHHOTO
Bo3jciicTBUs. HalieHHbIC pemieHus 3aBUCAT B 00IIeH clIOXHOCTH OT 10 MPOU3BOIBHBIX
MTOCTOSTHHBIX. DTO TO3BOJISIET NMPH MOJEIHPOBAHWN PEANbHBIX IMPOIECCOB MOA0OpATh
MTOCTOSIHHBIC TaK, YTOOBI MOJyYCHHBIC (hOPMYJIIbI HaNOOJIee aIcKBATHO MX OIMKCHIBAIIH.

KiroueBble ciioBa: MoJienb MEIKOH BOJABI C HAKJIOHHBIM JHOM, TOYHBIC PEIICHUS,
3aKOHBI COXpAHEHHUs, pe3koe 0OpyIIeHHe BOJH Ha Oeper, pa3pymuTeIbHOe BO3ACHCTBIE
BOJIBI HA TMIOBEPXHOCTh OCTOHHBIX KOHCTPYKITHIA

s uurupoanus: Ynupkynos 10.A., [Tukmymmaa E.O., Monoawua B.B. Mccneno-
BaHME BIIMSIHUS BO3JICHCTBHS MOPCKUX BOJIH Ha pa3pylIeHNE TIOPTOBBIX COOPYKEHHH € HC-

MOJIb30BAHUEM MOJICIIA MEJIKOM BOJIbI C HAKJIOHHBIM JTHOM // M3BecTus By30B. CTpOUTEIb-
ctBO. 2022. Ne 3. C. 68-79. DOI: 10.32683/0536-1052-2022-759-3-68-79.
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INVESTIGATION OF INFLUENCE OF SEA WAVES
ON THE DESTRUCTION OF PORT FACILITIES USING
A SHALLOW WATER MODEL WITH AN INCLINED BOTTOM

Yury A. Chirkunov', Elena O. Pikmullina', Vladimir V. Molodin’
'Novosibirsk State University of Architecture and Civil Engineering (Sibstrin),
Research Laboratory "Mathematical Models of Continuum Mechanics" of Novosibirsk
State University of Architecture and Civil Engineering (Sibstrin), Novosibirsk, Russia
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Abstract. The urgent need to restore the destroyed port reinforced concrete structures,
especially in the northern waters of the Pacific Ocean, requires an understanding of
the physical processes occurring in this case. The destructive effect of carbonization,
chloride and sulfate aggression, which are the main factors in the loss of consumer
properties by concrete operating in contact with sea water, is aggravated by the dynamic
effect of water on the surface of concrete structures. Such an impact can be described
and analyzed using a shallow water model with a sloping bottom, which is used in the
study of wave run-up on the coast, as well as in the study of fluid propagation in channels.
This model is increasingly used to conduct technical expertise at the design stage of
hydraulic structures, to assess the environmental consequences of various negative
processes, possible emergency events and accidents, and for cadastral work. It describes
the flow of an incompressible fluid in regions whose horizontal dimensions predominate
over depth.

In this paper, we study a system of nonlinear equations that describe the propagation
of surface waves with a straight bottom in the framework of a one-dimensional shallow
water model, the parameter of which is the slope of the bottom slope. Using the operator
method, all zero-order conservation laws for this system are obtained. The found
conservation laws can be used in numerical calculations using conservative difference
schemes. These conservation laws can also be used in numerical calculations as tests at
each calculation step. Exact solutions of this system are obtained, three of which describe
a sharp breaking of waves on the shore, and one describes a smooth wave run-up on

69



Hydro-engineering construction, hydraulics and engineering hydrology

the shore. In the first case, the dynamic effect of water on the surface of concrete structures
has a strong destructive effect. In the second — does not have a destructive effect. The
solutions found depend on a total of 10 arbitrary constants. This allows, when modeling
real processes, to select these constants so that the resulting formulas most adequately
describe these processes.

Keywords: model of shallow water with a sloping bottom, exact solutions,
conservation laws, abrupt breaking of waves on the shore, destructive effect of water on the
surface of concrete structures

For citation: Chirkunov Yu.A., Pikmullina E.O., Molodin V.V. Investigation of
influence of sea waves on the destruction of port facilities using a shallow water model with

an inclined bottom. News of Higher Educational Institutions. Construction. 2022; (3):
68-79. (In Russ.). DOI: 10.32683/0536-1052-2022-759-3-68-79.

1. BBenenue. MHoTHE IPUKIIATHBIC M HHKCHEPHBIC 3a1a9l TPEOYIOT HHCTPY-
MEHTOB JIJISl pacueTa JMHAMUKH ITOBEPXHOCTHBIX BOJI. TO MPEXKJIE BCETO OTHOCHUT-
cs K mpobjeMaM BOJH IIyHaMH, BO3JCHCTBUIO MOpsl Ha Oeper, HaBOAHCHHSIM,
CE30HHBIM 3aTOIJICHUSM, CTOKOBBIM M JIOKJEBBIM ITOTOKaM, TPYHTOBBIM BOJAM,
OXJIKJICHUIO TEIJIOBBIACIISIONIUX DIIEMEHTOB Ha aTOMHBIX 3JICKTPOCTAHIIHSIX.
Mopnens Menkoil Bojbl MO3BOJSET 3(D(MEKTHBHO OINUCHIBATH JAHHBIC SBJICHUS
[1-10]. DTy MOmeTs YaCTO UCIOIL3YIOT IPU MPOBEACHUN TEXHIUYECKIX IKCIIEPTH3
Ha 3Tare MPOEKTHPOBAHUS MTOPTOB U THAPOCOOPYKEHUIA.

B nacrosmiedr pabote [uist MCCIeIOBaHUS BIMSHUAS BO3JEHCTBHS MOPCKHX
BOJIH Ha pa3pyLIE€HUE IOPTOBBIX COOPYKEHUI UCTIOJIb3YETCS MOJEIb MEJIKOW BOJIbI
C MPSAMONMHEHHBIM THOM. OHa 3amaeTcs HeTWHEHHOW CHUCTEMOW THIIepOOTHIe-
ckux muddepeHnnanbHbIX ypaBHeHui [11]

>
u, + 7+h =0, h, +((h+ko)u), =0, (1

X

rae u = u(t,x) — CKOpOCTb PACIHPOCTPAHEHHsI IOBEPXHOCTHBIX BOJH BJOJIb OCH
Ox co cBOOOIHON MOBEPXHOCTBIO z = Ai(¢,x)+kx Hax NPAMOIMHEHHBIM IHOM
z = kx; k=const — yrinoBoit ko3dduireHT HakIoHa 1HA; & = h(Z,X)— BO3BBIIIIE-
HUE CBOOOJHOI MOBEPXHOCTH HaJ AHOM; OXx) — IMPSAMOYIOJIbHAs AEKAPTOBA CHUC-
TemMa KoopauHart; ¢ — Bpems. [lpu k£ =0 cuctema (1) onmuceiBaeT pacnpocTpaHe-
HHE TOBEPXHOCTHBIX BOJIH HaJl TOPU30HTAIBHBIM JTHOM, a IpH k # 0 — HaJl HAKJIOH-
HBIM JTHOM.

3ameuanue. B cucreme (1) mpu k#0 ¢ momMompio npeoOpa3oBaHus
t'=kt, x' = kx moxno nieperitu k cucteme (1) ¢ k= 1. OgHaKo STO HE MPUBEIET K
CYLIECTBECHHBIM YHPOLICHUSM MIPHU M3YYEHUH CHCTEMBI, TIOATOMY OyJeM H3y4aTh
ee, OCTaBasiCh B paMKax (pU3MYECKUX MEPEMEHHBIX f, X.

2. 3akoHbI cOXpaHeHHsl. 3aKOHOM COXPaHCHUS HYJIEBOTO MOPSIKA IS CHC-
tembl (1) HaswsiBaeTcs [12-16] BekTOop A = (Al, A2), KOMIIOHEHTBI KOTOPOro

A = A"(t,x,u,h)(i=1,2) 115 MOGOTO PEIICHNs 3TOH CHCTEMbI YIOBICTBOPSIOT

COOTHOLICHUIO
DA +D A*=0,

rne D,, D, — oneparopbl NONHOTO Au(p(GEpeHIPOBAHUS 110 EPEMEHHBIM f, X
COOTBETCTBEHHO. VIHBIMH cIIOBaMH, pedb WAET O JUBEPreHTHOH (opme 3ammcu
ypaBHeHU# B cuiny cucremsr (1).
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Ipu k # 0 st moGoro Bekropa B =(B'(t,z, w,m), B*(t,z, w,n)) cripase-
JMBO CIIEYIOIIee TOXKIECTBO:
k(D.B'+D_.B*)=D,B'+D _(B*+kB'"), 2)

rIe
2 2

t T
T=kt, z=klx—— |, u=w(t,z)+t, h=n(t,z)—z——. 3
( 2kj (t,2) n(t,z) 5 3)

B pesynbraTte npeodpasosanuii (3) cucrema (1) mpu k # 0 npuHUMaeT BUA
cuctremsl (1) pu k =0, 3anmucaHHON IS TIEPEMEHHBIX T, Z, W, 1.
CrnenoBatenbHO, ecnu Bektop B = (B ! (t,z,w,m), B* (t,z,w,m)) sBugercs

JT0OBIM 3aKOHOM COXpaHEHUs! HyJIeBOTro mopsiaka i cuctemsl (1) mpu k =0, 3a-
MMCaHHOM JIJIsl IEPEMEHHBIX T, Z, W, 1], TO BeKTop A = (A ! A2) C KOMIIOHEHTaMHU

2
A1=Bl[kt,k[x—k;J,u—kt,mkx}
4)
2 2 kt* 1 kt?
A% = B kb x = |ukth ke [ +kB| kK x| ukthk

SIBJIICTCSI 3aKOHOM COXPaHEHUS HYJEBOTO mopsiaka st cucteMsl (1) mpu k # 0.
O6partHo, ecnu BeKTOp A = (Al(t,x, u,h),Az(t,x,u,h)) SIBJIICTCS JIFOOBIM 3aKO-
HOM COXpaHEeHHs HyJIeBOTo nopsika Juist cuctemsl (1) mpu k # 0, To B cuity (2), (3)
BeKTOp B = (Bl, Bz) C KOMIIOHEHTAMH

2

B! =A1£kr,k(y—k;] ,v—kr,n+ky}

2 2 2 2
B*=4 1,1 4 ,w—i—r,n—z—r— —t4! E,l T+ ,w—i—r,n—z—r—
k k 2 2 k k 2 2

SIBJIICTCSI 3AKOHOM COXPAaHCHHS HYJIEBOTO Topsaka st cucteMsl (1) mpu k=0,
3aMMCaHHON ISl TIEPEMEHHBIX T, Z, W, 1.

B [2] npuBeneHo cnemyiomee OSCKOHEUHOE CEMEHWCTBO HETPHUBHATHHBIX
3aKOHOB COXpaHEHHs HYJIEBOTO Topsiaka s cuctemsl (1) mpu k =0:

B! =th>(u,h) du—Y (u,h)dh,
B? :jh (ud (u,h) =V (u,h)) du+(h® (u,h)—u¥ (u,h)) dh,

)

(6)

rne ® =0 (u,h), ¥="Y(u,h)— pemieHre cuCTeMbl JUHEHHBIX ypaBHEHHH
o, ,+¥,=0, ¥,+(hd),=0. (7)

C nmomompio MeTona A-onepatopoB [14, 15] ycTaHaBIuBaeTcs, 4To APYTUX
HETPUBHAIHHBIX 3aKOHOB COXpaHEHHUs HyJIeBOTo mopsaka cuctema (1) mpu k=0
He mmeeT. CrenoBaTeabHO, MHOXKECTBO BCEX HETPUBHAIBHBIX 3aKOHOB COXpa-
HEHHs HyJIeBOTO nopsiaka ans cucteMsl (1) npu k # 0 onpenensiercst mo Gpopmy-
nam (4), (6), (7). DT 3aKOHBI COXpAHCHHS paHee B JUTEPAType HE OTMEUAIHCH.
[TosrydeHHbIe 3aKOHBI COXPAaHEHHSI MOTYT OBITh MCIIOJIB30BaHbI MIPH MPOBEACHUN
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YHCJICHHBIX PAacy€TOB C IOMOLIbIO KOHCEPBATHUBHBIX PA3HOCTHBIX CXEM. Tarke
Hal/IcHHbIC 3aKOHBI COXPAaHEHHS MOTYT OBITh HCIIOJIB30BaHbI NPH YHCICHHBIX
pacuerax B Ka4eCTBE TECTOB Ha Ka)KJIOM IIare BBIYHCICHUH.

3. Tounsle pemenusi. CpoiictBa cuctembl (1) CyIIECTBEHHO 3aBHUCST OT
o(u,h)
o(t,x)

Ecmu sxobuan J # 0, TO ¢ MOMOIIBIO CIEAYIONMIETO MPeoOpa3oBaHus TOI0-
rpada

BCJIMYMHBI SKOOHaHa J =

t=0(u,h), x=Y(u,h)+ud (u,h) (8)
cucrema (1) mpuBOIUTCA K BHUILY
o,+¥,=0, ¥,+0 +(h+k(‘~P+u(D))CDh=—kJu. 9)

Cucrema (9) nuueiina Tonpko npu k=0. B 3TOM ciryqae oHa cOBIagacT ¢
cucremoii (7). B cumy (8) ycnoBue J # 0 5KBUBaJICHTHO YCIIOBHIO

(@ —hDd7})#0. (10)

IToaToMy Kaxkmoe perieHne cucteMbl (7), yaoBieTBopsitomiee yciaoBuio (10)
B HEKOTOPOH 00JIacTH TIepeMEHHBIX, HESBHO ompeenseT mo Gpopmyiam (8) B co-
OTBETCTBYIOILEH 001acTH nepeMeHHbIX pemenue cucteMsl (1) mpu J #0, k=0.

3.1. Tounwie pewrenus npu J # 0, k = 0. OcHoHas rpymnma Jlu mpeodpaso-
BaHui cuctemsl (7) (akrop-rpymmma mo HOpMaIbHOMY JETHUTEII0, CBI3aHHOMY
C TMHEHHOCTBIO CUCTEMBI) MTOPOXKAACTCS ONEPaATOPAMHU:

2
X, :(24—]1} 0, + uhd, + (;‘P—ucbjacp +;(hCD —u¥)0y,

u>

[IpuBeneM HEKOTOpBIC TOYHBIC PELICHHS CHUCTeMbI (7) U ¢ UX MOMOIIBIO
TTOJTYIUM TOYHBIC pPeIIeHUs cucTeMbl (1).

3.1.1. Hneapuanmnoe (X, + 0.X,)-pewrenue (0. — npous60IbHASL NOCMOSH-
Has). DTO pelIeHre SBISIeTCsS aBTOMOICIbHBIM. OHO HUMEET BH

u2

© =utYE), ¥ =utZE) L= (11)
IToacranoBka (11) B (7) maer dhakTop-cucTemy
(0 =DY(E)+2LY'(E)-4°Z () =0, Y(§)+aZ(E)+E(2Z (5)-Y'(€)) =0,
OTKyza nosny4yuM ¢axrop-ypaBHenue aist Y (§):
Y(4-5)E2Y"(6) +(do —2)EY'(6)+(a* —3u +2)Y () =0, (12)
KOTOPOE CBOAUTCS K ypaBHeHHI0 XeiiHa. [Tocne 3amenst Y (€) = Q%Q(i) ypaBHe-

uue (12) mpUBOMUTCS K THIEPreOMETPHUYSCKOMY ypaBHEHHIO [aycca, peiieHue
KOTOPOTI'0 BBIpaXKaeTcsl 4epe3 rurepreoMerpudeckyro ¢yHkuuw F(a,b;ct).
B pesynbrate unBapuantHoe {X,+oX,)-peuenne npu o # 0 onpemensercs
o popmymam:
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a-—1 2 2
— 1 u u 3 u
O=h 2 |2c,F|AA=L—;— |+ —Flp,u—1=— | |,
[ ! ( 24hJ 2 In (““ 24hD
o 2 2 2
W 01(14—1)” CR) LR PP WL . PYPRALIL N | FRYCE
o )k 4h 2 4h 2 4h
(o =2)u’( u? 5ur) (u? 4 3 u?
20| ————| 4 |Flpp+ L || = [Flpu—L— ],
2{ 120 | 4h ARSI I PRI ol Lk P ST

1
rie c,, ¢, — IPOU3BOJIbHBIE BEUIECTBEHHBIE MOCTOSHHBIE, A = E(l—a),

p=;(2—a). Ipu ¢, =0, 00 =2m+1(m=0,1,2,.)unpu ¢, =0,00 =2m(m=12,..)

3asmaBaemoe popmyamu (13) perieHne BbIpaxkaeTcs 4epes dJeMEeHTapHbIe (yHK-
uu, ¥ 1o Gopmynam (9) onpenensercs pemeaue cuctemsl (1) mpu k= 0, onmucHI-
BaOIEl pacipoCTpaHeHUE TOBEPXHOCTHBIX BOJH HaJ| TOPU30HTAJIBHBIM JTHOM.
Hampumep, npu ¢, = 0,0 = 33T0 perieHne HesiBHO 3aaeTCs CACTEMON YpaBHEHUI

2
t=2h+u?), tz(t—2u2):2(§u(17u2—8t)—xj . (14)

U3 yenosust J #0 crieyer, 9To Ha TIOCKOCTH R>(f,x) 0GIacTh TedeHHs
2320
HE JIOJDKHA COJEpKaTh TOYKU KPHBOH (x +4tj :2t2(1—2j, 9TO 3aBEIOMO

BBITIONTHACTCS TIPH ¢ € (0,;).

Pesynbrar uncneHHoro pemieHusi cuctemsl (14) OTHOCUTENBHO u U A ¢ TIo-
MOIIIBIO METOJIa, peUIoKeHHoro B [17], mpuBeneH Ha puc. 1, 2.

0,0 02 0,30[’2
w04 g6 04
Puc. 1. Pactipenenenue cKopocTu Puc. 2. Bospoeimienne i = h(t, x)cBoOOAHON
u=u(t,x) MTOBEPXHOCTH HAJ THOM

Fig. 1. Speed distribution u= u(t, x) Fig. 2. Elevation & = h(t,x) of the free
surface above the bottom
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JlaHHOe pelieHne ONMCBHIBACT HAKAT BOJHBI HA Oeper B HanpasieHuu ocu Ox.
[To mepe ymeHbIIeHNS TITyOMHBI BO3PACTAET CKOPOCTh, KOTOPAsi JOCTUI'AET CBOETO
HanOOJIbILIEr0 3HAYECHUS IPU HaUMEHbLIEH riyonHe. OTo nmpoucxo it npu x =0.
3areM HaumHaeTcs OOpYIICHHWE BOJHBI M BHIOpOC ee Ha Oeper B Buje OypyHa.
CKopocCTh MajaeT, a BO3BHIIIEHNE CBOOOJHON TOBEPXHOCTH HaJl IHOM BO3pacTaeT
(6ypyn). [Ipu aTOM TMHAMHUYECKOE BO3/ICHCTBHE BOJIBI HA IIOBEPXHOCTH OETOHHBIX
KOHCTPYKITUI OKa3bIBACT pa3pylIHTEIbHBIN d(deKT.

3.1.2. Yacmuuno uneapuanmmuoe <X 1 Xy =X, X5 >—pemeﬂue. Haumens-
1iee WHBapUaHTHOE MHOTr000pasne, cojepiKallee 3TO pelleHHe, 3a1aeTcsl ypaB-

HEHHUEM
Ney+ hy?
b= (15)
h
i€ 3 — NMPOU3BOJIbHAS MOJIOKUTEIbHASA MOCTOSHHAS.

[Moncranoska (15) B (7) maeT BIIOJNIHE MHTETPUPYEMYIO CUCTEMY

w2 e, + h¥? 3
VL e B S (16)

! 2¢4 Coh 2¢y
B cuy Teopemsi o peaykuunu [ 12, 13] pemenne (13) peayunpyercs K ”HBapH-
anTHOMY petmreHuto. HTerpupys cucremy (16), morydaem

o e o (ureye
J(u+cs)> —4h In(u+cy)? —4h

rze ¢, — NPON3BOJIbHAS MTOCTOSHHASL.
CooTtBetcTBytomiee pemerne cucteMbl (1) mpu k=0 ompenensiercs cie-
IYIOTITIM 00pa3oM:
— CKOpOCTh # = u(¢,X) pacIpoOCTPaHEHUSI [TOBEPXHOCTHON BOJHBI SIBISIETCS
KOpHEM anreOpanveckoro ypaBHEHUs

3ut+ t2(4c4t— 7x)u3 + t(7x2 —10c,2x + citz)u2 + (17)
+2(4c4tx2 - citzx— x)u + c4tx2 - 2c4x3 — 4cst = 0;
— BO3BbIILICHHE /1 = /i(¢,Xx) cBOOOAHON IOBEPXHOCTH HAJl THOM ONPEAEISIETCS
o ¢opmyie
(utcy)(x—tu)
- 2 '

h (18)

Ilycth ¢3=1, ¢,=1 Ha puc. 3 nokasaHo paclpeelleHuEe CKOPOCTH
u = u(t,x), IOTy4EeHHOE B Pe3yJIbTaTe YUCICHHOTO peleHus ypaBHenus (17) ¢ mo-
MOILBIO METO/1a, ITpe iokeHHoro B [17]. Ha puc. 4 — pacnipenenenne BO3BbIIIEHUS
h = h(t,x) cBOOOIHON TOBEPXHOCTH HAI THOM. Puc. 3, 4 ONMUCHIBAIOT TIIABHBIMA
HakaT Ha Oeper BOJIHBI, pacIpOCTPAHSIONICHCS B HATIPABICHUH, TIPOTHBOIOIOXK-
HOM ocH Ox. IIpu 3TOM mTUHAMHUYECKOEe BO3IEHCTBHE BOIBI HA IMTOBEPXHOCTH Oe-
TOHHBIX KOHCTPYKLMH HE OKa3bIBAaCT Pa3pyLIMTEILHON PEaKIMU.

3.2. Tounwvie pewrenusa npu J =0. Ilpu J =0 cuctema (1) umeeT TpuBHAIIb-
Hoe pemenue u = 0, 1 = const. 13 ycmoBus paBeHCTBa HYJIIO sikoOnuaHa J cienyer,
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0,

1
0,2 t
;03 I -1 0.4
046 5 4 3
Puc. 3. Pactipenenenue cKOpocTu Puc. 4. BozBoiienue i =h(t, x) cBo00aHON
u=u(t,x) MOBEPXHOCTU HaJl THOM

Fig. 3. Speed distribution u=u (¢, x) Fig. 4. Elevation h=h(t,x) of the free
surface above the bottom

YTO JUISl HETPUBUAIBHOTO pemeHust cucteMsbl (1) v u i pyHKIMOHATBHO 3aBH-
CHUMBI, T.€.

h=H(u). (19)

IMoxcranoska (19) B (1) maer nmepeonpeelieHHYI0 CHCTEMY, KOTOopasi B pe-
3yJbTare J00aBICHNUS BCEX YCIOBUI COBMECTHOCTH MPUBOIUTCS B UHBOJIOIIHUIO.

BosbMem HeTpuBHAIBHBIE TOYHBIC PEIICHHS JUIS IBYX 3HAUCHUH YIJIOBOTO
koad¢uiuenrta k = 0.

3.2.1. Tounoe pewenue npu k = 2. llpu k=2 uaterpupoBaHue MoIy4yecH-
HOW TIepeoIpe/ieICHHOW CUCTEMBbI MOKAa3bIBACT, YTO CKOPOCTH u = u(t, X)
pacnpocTpaHeHHs TOBEPXHOCTHO BOJHBI SIBISETCS KOPHEM TPAHCIICHICHTHO-
ro ypaBHECHHS

t 1 CS u
Co| ———Inu+—= |+c.—+xu—c-, =0, 20
{u > 6u3j 65 7 (20)

a BO3BbIIICHUE /1 = /i(¢,X) CBOOOAHOMN MOBEPXHOCTU HAJ| THOM OIPEIEISICTCS 110
dhopmyiie
2
h=-"_15 4, 1)
2 u
31eck ¢5, Cg, C; — MPOM3BOJILHBIE BEIIECTBEHHBIE IOCTOSIHHBIE.

Ilycte c5 =1, ¢4=1, ¢;=—1 Hapuc. 5, 6 nokasansl pacrpeieacHue CKopo-
ctu u = u(t, x), IOTYyYEHHOE B pe3yJIbTaTe YHCICHHOTO pemieHus ypaBHeHus (20)
C TIOMOIMIBIO METOJa, MPEMIOKEHHOTO B [17], W pacrpeneneHne BO3BBIIMICHUS
h = h(t, x) cBOOOJJHOW TIOBEPXHOCTH HAJI JHOM.

W3 puc. 5, 6 ciaemyeT, 9TO MPOUCXOANUT Pe3Koe oOpyIIeHne Ha Oeper BOJHEI,
pacnpocTtpansitonierics B HarpasieHnu ocu Ox. CKOpOCTh pacrpoCcTpaHeHUs BOJI-
Hbl MOHOTOHHO BO3PaCTaeT U CTAHOBUTCS OYCHb OOJIBIIION B MOMEHT OOPYIICHUS
Ha Oeper. [Ipu a3TOM THAMITYECKOE BO3/ICHCTBHE BOIBI HA TOBEPXHOCTH OETOHHBIX
KOHCTPYKITUH OKa3bIBACT CHIIBHOE pa3pylINTEIbHOE JICHCTBUE.
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Puc. 5. PacripesiesieHIe CKOPOCTH Puc. 6. Bo3peimienue i = h(t,x) cBobon-

u= u(t,x) HOU MOBCPXHOCTH HAJl THOM

Fig. 5. Speed distribution u = u(, x) Fig. 6. Elevation h = h(t, x) of the free
surface above the bottom

3.2.2. Tounoe pewienue npu k = 1. llpu k =1 uarerpupoBaHue MoIy4eHHOH
LIEPEOIIPENEICHHON CUCTEMBI II0KA3bIBAET, YTO CKOPOCTb # =u (¢, X) paclpocTpa-
HEHUs [IOBEPXHOCTHOI BOJIHBI SIBJISIETCSI KOPHEM TPAHCLIEHAEHTHOTO YPAaBHCHHUS

3
cg(ulnu+C—8—tj+c9u—u7+xu—cm=0, (22)
u

a BO3BbIIICHUE /1 = /i(¢,X) CBOOOHON MMOBEPXHOCTU HAJ| THOM OIPEIEISICTCS 110

dhopmyiie
2

h =—%+cglnu+cg. (23)

31eck cg, €9, Cjo — IPOU3BOIILHBIEC BELIECTBEHHBIC OCTOSIHHBIC.

Iycte cg=1, cg=-1, ¢, =—4 Ha puc. 7 npexncrasieHo pacrpeaeneHue
CKOPOCTH U = (¢, X ), TOJyYCHHOE B PE3yJIbTAaTE YUCICHHOTIO PELICHUS yPaBHEHUS
(22) ¢ momourpio MeTona, npeanoxkeHHoro B [17]. Ha puc. 8 — pacnpenenenue

0
0 _ 0’20,1
2 4 6 5 o 03%
Puc. 7. Pacnpenenenue ckopoctu u=u(t, x)  Puc. 8. Bo3pbimenue h=h(¢, x) cBodo-
HOIl TIOBEPXHOCTH HaJ JTHOM

Fig. 8. Elevation h=h(t, x) of the free
surface above the bottom

Fig. 7. Speed distribution u=u(t, x)
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BO3BBIMICHUS /2 = /i(t,x) CBOOOTHOW MOBEPXHOCTH Haa MHOM. Kak BmmmM, mis
Ha0eraromieid Ha Oeper BOJHBI, JBIKYIIEWCS B HaNpaBieHWH ocu Ox, CHadania
YBEIMYMBACTCA aMIUTUTY/a, a 3aTeM IPOMCXOIUT OYEHb PE3KWid 00Baj BOJHEI.
CKOpOCTh pacrpocTpaHeHUsT BOJHBI MOHOTOHHO Bo3pactaet. [Ipu aTom muHammu-
YECKOE BO3JIEHCTBHE BOJBI HA IMOBEPXHOCTh OCTOHHBIX KOHCTPYKIIUN BBI3BIBACT
CWJIBHOE pa3pylIeHuE.

3akmouenne. [y ofHOIapaMEeTPUUECKOTO ceMeiicTBa ypaBHEHHH, ONUCHI-
BaIOLLKMX B paMKax HEJIMHENHON OJHOMEPHOU MOJIENIN MEJIKOW BOJBI pacipocTpa-
HCHHUEC IMMOBECPXHOCTHBIX BOJIH C HAKIIOHHBIM HpHMOJII/IHeI\/'IHBIM JAHOM, TapaMETpoOM
KOTOPOTO SIBJISIETCS YIIIOBOM KO3 PUIIMEHT YKIIOHA IHA, HAMICHBI BCE 3aKOHBI CO-
XpaHCHHUS HYJIEBOI'O IOPAAKA. 3aK0OHBI COXpaHCHHA MOTYT OBITh MCIIOJIL30BAHBI
IIpyu MPOBCACHUN YHCJIICHHBIX paCyY€TOB C NOMOIIBIO KOHCEPBATHBHBIX PA3HOCT-
HBIX CXEM, a TAKXKE IMPU YUCJICHHBIX pacdy€Tax B Ka4Y€CTBC TCCTOB HA KaXKIOM IIare
BBIYMCIICHUN. [losydeHBl 4eThIpe TOYHBIX PELICHMS, MOACIHPYIOIIMX PA3HBINA
xapakTep Haberaromux Ha Oeper MOBEpXHOCTHHIX BOJH. Pemrenue, 3amaBaemoe
thopmynamu (17), (18), omucsIBaeT miIaBHBINA HAKaT BOJIHBI Ha Oeper. B aTom ciy-
yae JMHAMHUYECKOe BO3/ICHCTBHE BOJBI HA MMOBEPXHOCTh OETOHHBIX KOHCTPYKIIUN
HE 0Ka3bIBAET pa3pyIINTEIHHOTO AeUCTBUS. Pemenns, 3aqaBaeMple cleayonMn
mmapamu popmyit: (11) m (13), (20) m (21), (22) u (23), OMUCHIBAIOT pe3Koe 00pyIIIe-
HUeE BOJIH Ha Oeper. JlnHaMudeckoe BO3IeHiCTBHE BOBI HA TOBEPXHOCTHh OETOHHBIX
KOHCTPYKITUI OKa3bIBaeT CHIIBHBIN pa3pyIInTeNbHbIH 23 dexT. Halinennsie pemie-
HUS 3aBHCAT B 00IIEH CI0KHOCTH OT 10 MpoM3BOIBHBIX MOCTOSHHBIX. [Ipu Mose-
JUPOBAHUH PEAbHBIX MPOIIECCOB MOKHO ITOA0OpAaTh MOCTOSTHHBIE TaK, YTOOBI
MoJTy4eHHbIe (POpMYJIIbl Hanbolee aJ[eKBaTHO OMHCHIBAIN 3TH TPOIIECCHI.
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