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YacToTbl U POPMbI

HagexHoCTb COOpYXEeHUsl, KOHTaKTUpYIOLero C BOAOW, B YCMOBUSIX BO3MYLLANOWMX OUHAMUYECKMX
BO3AEVCTBUIA B 3HAUMTENIBHON Mepe onpeaensieTcs rmapoanHaMMYeckuM AaBieHNneM Ha HaMopHYHo rpaHb, No3TOMy
BaXKHOW 3agayel SBNseTCs aJeKBaTHasi OLEeHKa AMHAMUYECKUX XapaKTEPUCTUK — COGCTBEHHbIX YAaCTOT COOPYXEHMUsI
[1-5].

OnpegeneHne Harpyskum OT MAPOAMHAMMYECKOrO BO3AEWCTBUS MPefyCMOTPEHO AEeWCTBYHOLMMU HOpMamu
npoektuposaHus Poccumn, CLUA n ctpaH EBpocotosa [6-8]. [Mpu aToM, Kak npasBunno, He NPUHUMaOTCH BO BHUMaHWE
Takve hakTopbl Kak xapakTep konebaHun n opmMa COOpYXeHus, a rmapoanuHamMmuyeckoe OaBrieHue onpegensieTcs
pelleHveM 3apgadu Becteprapga o B3aMMOAENCTBUM «KECTKOW» (HeaedopMupyemom) KOHCTPYKLUUU C KUOKOCTLIO U
OCHOBaHO Ha CTaTU4ecKon Teopuum cerncMocTomkocTu [9]. PelleHne aTOM 3agauv Ons «KECTKOW» KOHCTPYKUUU
peanu3oBaHoO C MPUMEHEHNEM COBPEMEHHbIX NPOorpaMmHbIx kommnnekcos Bo BHUUI um. BegeHeea [10]. B pabotax
[11-14] paHHasa npobnema npeAcTaBrieHa AN BSA3KOYMPYrMX CUCTEM, YTO B 3HAYUTENbHOW Mepe MOXET ObiTb
MCMNOMb30BaHO ANs FPYHTOBLIX coopyxeHun. OgHako paccmaTtpuBaemas npobnema npeacraBnseTcsa akTyanbHOW npu
aHanuse nPOYHOCTM MMEHHO TIMapPoynpyrMx «rmbkux» (oedopMmupyembix) cUCTEM W BKMoYaeT B cebs
COBEpPLUEHCTBOBaHME anropMtMa noncka COBCTBEHHbIX 3HAYEHUIN COOPYXEHUS C BOAOXpaHUNMLWEM. Takumm cuctembl
ABNATCA rmapoynpyrme GeTOHHbIE NIOTUHBI U TMAPOTEXHUYECKME 3aTBOPbI, B KOTOPbIX HENUHEWHble 3hdekTbl
NPakTUYECKN He CKa3biBalOTCS Ha AVMHAMUYECKUX XapakTepUCTMKax.

Llenbio paboThbl siBNsSieTCs y4eT HepaBHOMEPHOrO pacnpefeneHnst NpucoeanHeHHbIX Macc BOAbl K HamopHoMn
NMOBEPXHOCTM AN afekBaTHOro onpeaeneHns AUHaMUYEeCKMX XapakTepUCTUK AePOPMUPYEMOrO COOPYXKEHMS.

PesynbTatoM pelleHns ypaBHEHWI TUAPOYMNPYroCTM SBMSIETCA aHanuM3 CcoOCTBEHHbIX 4acToT M dopM
koneGaHui CNoXXHOW CUCTEMBI, NO3BONSAOLNIA 3apaHee CyauTb O ee NoBeAeHUM NpU ANHAMUYECKMX BO3AENCTBUSIX,
Kora Ha CUCTEMY Ha4yMHaloT eNCTBOBaTb NepeHOCHbIe curbl MHepuun [15], [16].

dunsnyecknin cmblicn l/IHepLJ,I/IOHH0l7I COCTaBnstoLen rmapognHaMmnyecKkoro aaBlieHNUA Ha COOpyXeHune B cbopme
HbloToHa npencraBnm B Buae:

h

dv do(x,y,z,1)

P=m —_— = -
v J.IOO dt

(1)
ar

roe P - MHepLUWOHHaga cocTasnawLasa ruapoanHamMmM4eckoro aBneHus,
go(x,y,z,t) — NoTeHuman ckopocTen ABMKeHUs Boabl; /11, — npucoeamMHeHHas macca BOfbl.
AnNroputMm peLleHnsa NPakTUYeCKON MHXEHEepHOW 3aayun He JOITKEH CMMLLKOM YCMOXHATb Npouecc nonyyeHns

pesynbTarta, No3TOMY Afs onpefenieHns NpMcoeguHEHHOW Macchl BOAbI B pamMKax MHXEHEPHOW 3ajayun, B KayecTBe
pacyeTHOM NpuMem ogHy opMy KonebaHun CUCTEMbI, BHOCSLLYH HanbonbLUM BKNag B ANHAMUYECKYIO Harpysky.

MpennoXnum MeTod OLEHKM Mo ModarbHOMYy ko3dduuMeHTy ydactus YV Jj [1]. Mpu aTtom cobcTBEHHAs 4acToTa

COOpYXeHUst B MNYyCTOTE COOTBETCTBYET (hopme konebGaHwui, npu KOTOPOW CyMmMa MoAanbHbIX MacC MPUHUMAaET
MaKkcuMarnbHOe 3HadeHue oT obLlen Maccbl CUCTEMbI, yYacTByloLen B konebaHusax. [Npyn gencrsumn Bo3MyLLEHNUS B

HanpaBneHun no 3ajaHHon ocu (Hanpumep X ), koadpdPUUMEHT BKNaga yj (] — cobcTBeHHOM opMbi)
onpegensieTca cnegyoowmm obpasom:

(2)

Vi=
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L. T o o
3pecb )V koadhUUMEHT BKraga ¢ HoMepom J -it hopmbl; {¢]} — TpaHCHOPMMNPOBAHHbI COBCTBEHHbLIN BEKTOP;

2
[M] _ MaTpuua macg; {J)r }— BEKTOp HanpaeneHusi (no ocn X ); H¢/H _ moaynb COBCTBEHHOrO BEKTOpPA.

[anee onpeaenMm oTHOCUTENbHbLIE NEepeMeLLeHUs HanopHOM NOBEPXHOCTU M NPUCOEdMHEHHbIE MaCcChl BOAbI
no BbIGpaHHOW ] -ii dhopme koneGaHuii cucTembl. OHAKO NpPsAMOE pelleHue 3ajadyun rmapoynpyrocTM He Bceraa

onpasaaHo. BO-I'IepBbIX, cxemMatuniauma CUCTeMbl OOCTaTOYHO YCIOBHA, TakK KakK HEBO3MOXHO 3adaTb afeKBaTHbIN
KOHTaKT HarlOpHOﬁ NOBEPXHOCTUN C BOOOW C NMOMOLLIO BOSTHOBbIX ypaBHeHMVI. BO-BTOprX, Pa3MepPHOCTb peLuaeM0|7|
3afaym BO3pacCTeT B HECKOJIbKO pa3, YTO 3HA4YUTEITbHO YBEITMYNUT NOrpellHOCTb pacyeTa. Ons peweHna NHXXeHepHbIX
3aga4y Hambornee npuemMmnem crnocob onpeneneHna npucoeanHeHHbIX MacC BOAbl 4epe3 pelleHune 3agadn
CTaLI,VIOHapHOIZ TennonpoBoaHOCTU AOnA bacceiHa nepen CoopyXeHunew. PelleHne ocHOBLIBaeTCsi Ha aHanormm

ypaBHeHuI Ans noTeHumana ckopocten aswkeHns xuakoctn @(X, y, z,t) v nonsa Temnepatyp T (x, v, z,t). TMpu

3TOM CHMMAIOTCS BCE OOMYLLUEHUSI MO reoMeTpUYEecKon KOoHdurypaumm cuctembl n yHudukaumm gpopm konebaHmi
COOpYXXeHus. N3noXnm KpaTKyto MOCTaHOBKY M METOAMKY peLleHMs 3agadyn rMapoynpyroctu C y4eToM OOHOW U3
nccriegyembix popm konebaHun. Onvpasce Ha MMeLWMecs MaTepuarnbl MO BAWSHUIO XXMAOKOCTU Ha HanpshKeHHO-
AedopMUPOBAHHOE  COCTOSIHUE  TMAPOTEXHUYECKMX COOPYXEHUM nNpu  AMHAMWYECKUX BO3AEWCTBUSX, MpU

hopMynMpoBaHUY 3a4a4un NpUMeM TpaauUMoHHble gonywenus: 1 (X, y, z,t).

1. PaccmoTpum mManble konebaHusi cuUcTembl «COOPYXEHWEe—OCHOBaHWE—BOLOXPAHWUMMULLEY, KOTOpble
ONUCbIBAKOTCH NMHEaNnM3MpoBaHHbLIMU YPaBHEHNSMN.

2. bygem cuutatb BOAY OOHOPOOHOW, HECKUMaEMON naeanbHOM XUAKOCTbIO.

3. [MpumeM ngeHTUYHbIMU COBCTBEHHBIE YACTOThl COOPY)XEHUSA B MYCTOTE U XXUAOKOCTW.

NTak, BOAY CHUTaem naeanbHOM U HECKMMAEMOM XNOKOCTbIO, BOﬂHOO6pa3OBaHVIe Ha cBobogHoOWM NOBEPXHOCTU

He y4dnTbiBaem. Torga noTeHuMan CKOPOCTUM ABWXKEHUS XUOKOCTU (o(x,y,z,t) yOOBNETBOPSET ypPaBHEHUIO
Nannaca:

V2p=0. (3)

B CpaBHEeHNUn C ypaBHEHMeM TennonpoBoaHOCTU NpPpU OTCYTCTBUM UCTOYHUKOB Temnsa ypaBHEHUE Jlannaca ans
noTeHunana remnepartyp npuHMMaeT Bua:

VT =0. (4)

"paHMYHbIE YCIOBUS MPU PeLleHn CTauMOHapHON TeMNepaTypHOM 3agaum byayT cregyowmmmn; Ha cBOOOAHOM
nosepxHocTu Boabl Temnepatypa I =0 ; Ha XeCTKux CTeHkax GacceiiHa M B MMOCKOCTM CUMMETPUM MOTOK Ternna

q =0 Ha rpaHu, coBnagaroleil C 3aTBOPOM, MOTOK Tenna ¢ 3afaeTcs NPOMOPLMOHAnNLHO Mccrieayemoii hopme
KonebaHui KOHCTPYKLUK

q=u, (X,y,z). (5)
Mpu g=1 nony4yaem pelueHve 3agadv BecTeprapaa ans «>ecTkon» KOHCTPYKLUK.

OcHoBblBasicb Ha aHanorun mexay (3) u (4), npuBedem rugpoauHaMUYeckoe [aBrieHMe Npu MoMoLU
NHeanuavpoBaHHoro nHTerpana Kowwu-JlarpaHxa yepes noteHuuan TemnepaTyp K Buay:

oT(x,y,z,t)
¢ ot '

(6)

Mpun y4eTe TONbKO MHEPLIMOHHON COCTaBMSAIOLWEN MMAPOAMHAMNYECKOrO AaBneHNs no npuHumny Janam6epa:
p=-m,iit), (7)

roe M,  npucoeavHeHHas macca BoApbl, u(t) __ YCKOPEHWE ABWKEHNSI COOPY>KEHUS.

Toraa dopmyna ons nepecdeta MNPUCOEAMHEHHOM Macchl AN [-T0 3MeMeHTa Mnolaabko dE npu
pasgeneHnn nepeMeHHbIX NPUMET BUA:

MM , ®)

iv 8

u

roe T(X, V,Z) - dyHKuMS, 3aBUCSILLAS TOMBKO OT KOOPAMHAT, T - (OyHKLMSI, 3aBUCSILLAS TOMBKO OT BPEMEHM.
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I'IpM konebaHmsix cuctembl No rapMoOHN4YECKOMY 3aKOHY:

i =—’u, (x,y,z). (9)
T(x,y,2)t
=p ———"=—(F.
m,v 8 a)zuo(x,y,Z) i (10)

YpaBHeHme OBMXEHNUA COOpYyXeHUdA npun 3afaHHbIX TPaHUYHbIX YCITOBUAX COOTBETCTBYET COMNPAXEeHUH
HanopHon NOBEPXHOCTUN C baccenHom npun mManbiX nepemMeweHnax n He 3aBUCUT OT BPEMEHWU. I'Ip|/| BbIMOJTHEHNN

. 2
ycnoBuA 7 = @ 3Ha4YeHua mv yOOBNETBOPAOT YPaBHEHUIO!

m.

iv_ FMe

t; (%, .2) s

roe Ti(xo,y,z)- TemnepaTypa B 6acceiiHe, B TOYKE MPUMbIKAHWSI K I -My Yy3My HanoOpHOW MOBEPXHOCTY;
u,.j(xo,y,z) — OTHOCUTENbHOE nepemMelleHne I -ro y3na gna J - ¢opmbl konebdaHui COOpPYXEHUS; dF;-

nnowaab HaﬂOpHOVI NOBEPXHOCTH, NMpUMbIKaroLlaa K I -My y3ny. Cnep,yeT 3aMeTUTb, YTO Npu nepecyeTe TemMmnepartyp

B TO4YE€4YHbl€ MaCCbl Macca I -ro afiemMeHTa nnowanbto dE YBEJTMHNTCA Ha miv , Mpn 3TOM NOo cbopmyne (11) MO>XHO

y4yecTb oY U3 NOMyYeHHbIX B MOAArNbHOM aHanunse hopm konebaHuin CoopyKeHus!.

Torga cocpefoTOYEeHHast Macca B y3rnax CMOYEHHOI MOBEPXHOCTU Ans nnowaan F | npuMbikatowei k I -my
yany, onpeaenuTcs no dopmyne:

mv :miv'F' (12)
Mpu onpeaeneHn COBCTBEHHBIX YACTOT COOPYXEHWUS! B XUAKOCTU, HEOBXOAMMO CUMTaTb, YTO COOPYXKEHMe
KornebneTcs B nycTtoTe, HO K ero macce M an6aBﬂeHa npuncoeanHeHHaa macca BoAbl M; .C y4yeTOM BJINAHUA
KWAOKOCTU J -5t COBCTBEHHAs 4acTOTa COOPYXKEHMs ONPEAEnseTcs Mo opmyre:
7 :1/1+(Aj4pj/M)' (13)
\4 C

Takum 06pa30M, BInnaAHne npucoegnMHeHHbIX MacCc BOAbl NMPUBOAUT K TMOHWMXEHUO COBCTBEHHbIX 4acToT
CnCTtemMbl, a 3agavy Ha COOCTBEHHbIE 3HAYeHUs NS paccMaTpnBaemMoro COoOpyxXeHua C y4eTom B3aMMOAENCTBUSA C
BOOOMW MOXHO 3anucaTtb YpaBHEHNEM!

(&1~ e[, =0, (14)

roe [K ] — MaTpuLa XeCTKOCTU CUCTEMBI;
[MC]: [M]+ [Mv] — CyMMapHas MaTpuLia MacCbl COOPYXXEHUS 1 Macchl BOAb;

w n {17 } — UCKOMble COBCTBEHHAs YacToTa U COGCTBEHHbI BEKTOP COOPYKEHUS, B3aMMOAEWCTBYHOLLETO C BOAON.

Pewasn ypaBHeHue (14) MeTogoM uTepauuy NOAMNPOCTPaHCTB, onpeaenM cobCTBEHHblE YacToTbl U hopMbl
konebaHuii CoOOpyXeHNUs1 C Y4ETOM MPUCOEAMHEHHbBIX MAcC BOAbl, YTO MO3BOSIUT OLEHUTb HAAEXKHOCTb CUCTEMbI NMPU
BEPOATHOM BO3MYLLAOLWEM AMHAMUYECKOM BO3AEUCTBUW. [nsi npvmepa, C NOMOLLbI W3MOXEHHOro anroputma
BbIMNOSIHEHO pacnpefeneHne MNpPUCOeAMHEHHBIX Macc BOAbl M UccnenoBaHbl COOCTBEHHble konebaHusi apo4vHo-
rpaBuTaLMOHHON MNoTHHbI CasHo-LyweHckon MNAC B nycToTe M XXMAKOCTU, CM. puc. 1 1 2.
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6eronHo# motnHs! CasHo-Illymenckoit '2C
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F_Mode=1 1.12745

Disp_Res

6.00896513
I@ .OEe24739
L0 .000T2E85

- 0.000E0570

6.000423456
B

0.00036342

0.00024228
OEE1Z2114
OEE0006D

PucyHok 1. NepBas chopma konebaHum nnotuHbl CLUMIC B nycToTe — «CyXOn» NIOTUHDI
(wactota- v = 1,127 Tu)

F_Mode=1 8.874775 Hz

Disp_Res
.BOOEET04

SMAREDLLE
LDORS1528
LOEB42348
BOB34352
UARZ5TE4
DOR1T1TE
«SE2E-005

Bololololololol

PucyHok 2. lNepBas chopma kone6aHum nnotuHbl CLUMIC B xxnpgkocTn — peweHmne 3agavv ruapoynpyroctu
npu kone6aHmax «rmbKoi» nnotuHel (yactota v = 0,875 Tu)

AHanus pe3yribmairmos
Y4yeT B3aMMOAENCTBUSA NIOTUHbLI C BOOOW MPUBOAUT K U3MEHEHMIO POPM KonebaHWi MAOTUHBI, YMEHbLUEHUIO
4aCTOT COBCTBEHHBIX KoneBaHui v 1 yBenuueHmnio Macckl cuctembl M Ha npucoeamnHeHHoi Macchl BOAbI M, . [Ona

nnoTuHbl CasHo-LUylweHckoi MAC nonyyeHsl crneaytolume pesynbTaThbi:
e [.OnA «CyxoW» MNMOTWHLI B nycToTe: nepsas cobcTeeHHass uwactota VvV = 1,127 My, wmacca
npucoegmHenHon sogbl M, =0 T;
e [NA «KeCTKOW» NNoTWHbLI B Boe: nepsas cobeteeHHas Yactota v = 0,83 Iy, macca npucoeamHeHHoM
Bogsl M, =2,046x107 T,
e ansa «rmbkoi» NNoTUHLI B Bode: nepsas cobcTBeHHas Yyactota v = 0,875 My, Mmacca npucoeanHeHHo

Bogbl M, =1,846x 107, Mnpv 3TOM:

Kozunen I'.JI. Ompenenenrie JTUHAMUYECKHX XapaKTEPUCTHK COOPYXKEHMHM, KOHTAaKTHPYIOLUX C BOJOH, Ha IMPHUMEPE apOdHOU
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PACYETbI

1)

2)

3)
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PucyHok 3. Cxema pacnosioXXeH1Us CTBOPOB MJIOTUHbI
CasiHo-lLyweHckon M'3C

| Cntp 5

nepsasi cobCcTBeHHasi 4yactota mMaTemartudeckon mogenu nnotuHel CasHo-llyweHckon MNAC 6Ges
yyeTa npUCOeOUHEHHbIX Macc Boabl coctaBnseT 1,127 U, 4TO COOTBETCTBYET TECTOBbLIM
ONHAMUYECKMM UCTbITaHMSAM COOpPYXeHust npu otmeTke YBB 540 M ¢ npumeHeHnem gebanaHcHon
mMawwwuHbl (B cootBeTcTBUM ¢ otyeToM OOO TPUISC o HaTypHbIX MCCNeaoBaHUAX AMHAMUYECKUX
xapaktepucTuk nnotuHel CasHo-LyweHckon M3C, 1995 r.), No KOTOpbIM YacTOTa Okasanacb paBHOMN
1.125Tu;

pacnpefeneHve NpucoeamHeHHbIX Macc Bodbl M1, B cTBope nnoTuHbl CasHo-LUyweHckoi M3C ¢

yyeToMm popm kornebaHuin nony4yeHO HepaBHOMEPHBIM MO LUMPWHE CTBOpPA; B cepeauHe MNMOTUHbI
mMaccbl Boabl Ha 20% Oonblue Macc, BbIMMCIEHHBLIX ONs1 «KECTKOW» MIOTUHbI, a y GeperoB Ha
20%-25% meHbLue (puc. 3-6).

nepsas cobctBeHHas 4actota MNOTMHbI CasHo-LlyuweHckon MAC ¢ yyeToM HepaBHOMEPHOrO
pacnpegeneHnsa npucoeanHeHHbIX Macc Boabl coctaenseT 0,875 Mu.
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PucyHok 5. nropa pacnpegeneHus To4e4YHbIX Macc B

Mpucosguueuuan wocca. m

PucyHok 6. dntopa pacnpeaeneHUs TOYeYHbIX

ctBope 3un 4 macc B cTBope 5 n 6

Kozunery T'.JI. OmpeneneHrie TUHAMAYECKAX XapaKTEPUCTHK COOPYKCHHH, KOHTAKTHPYIONMUX C BOJOH, HAa MPHUMEpe apOdHOM
6eronnoit motunbl Casao-11lymenckoi 'IC
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Bb1800bI

1. B pabote npegnoxeH HOBbIM Cnocob onpefeneHns npUCOeOMHEHHbIX MacC BOAbl MO3BOMAOLLNIN
YYMTbIBaTb HEPABHOMEPHOE pacnpeaeneHne Macc BoAbl Ha HaNopHOM NOBEPXHOCTK NoBoro npoduns.

2. Ha npumepe apoyHoi nnoTuHbl CasaHo- LWyweHckon MN3C nokasaHO YyMcrneHHoe COOTBETCTBUE 4acToT Ans
NOCTPOEHHOW NPOCTPAHCTBEHHOW MOAENW MMOTMHA-OCHOBaHWE C 4YacToTaMu (PakTUHECKOro COOPYXEHUS,
NMOCTPOEHLI KpMBbIE NPUCOEAMHEHHbLIX MAacC BOAbl, ONpeAeneHbl COOCTBEHHbIE YAacTOThbl NNOTUHLI 6e3 yyeTa
U C Y4€TOM BNUAHUSA BOAbI.

3. Pesynbtatel paboTbl ncnonbaytotcs B OAO «JleHrmaponpoekT» npu OLeHKe NPOYHOCTM BETOHHBIX MAOTUH U
rMMOPOTEXHNYECKUX 3aTBOPOB NPU CENCMUYECKNX BO3OENCTBUSX [17].
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Abstract

The article deals with the topical problem of determining associated water masses in the context of structure
oscillation modes by means of solving the temperature problem.

The problem is considering the non-uniform distribution of associated water masses on upstream face in order
to adequately determine the dynamic performance of a deformed structure. The method is implemented for the
oscillation mode making the greatest contribution into the seismic load.

The results of solving this problem for the arch concrete dam of Sayano-Shushenskaya HPP are presented as
an example.

The frequencies obtained for the constructed three-dimensional model “dam-foundation” are found to
numerically correlate well with the frequencies of the actual dam structure. Associated water mass curves are
constructed, dam frequency eigenvalues are determined with and without allowance for water effect.
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