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WMUTALMUOHHOE MOAEJIMPOBAHUE YCTOMYUBOCTHU
OrPAAMUTE/IbHBIX AAMB PEKU MCEKYIC
B YC/IOBUSAIX BO3PACTAIOLWMX CTATUYECKUX
U CENCMUYECKUX BO3AENCTBUN

B.A.BonocyxuH, M.A. BangypuH, U.A. MpuxopabKo,
W.0. EBTeeBa

Ky6aHCKuin rocyAapCTBEHHbIN arpapHblii yHUBEPCUTET
nmenun N.T. Toybununa, KpacHopap, Poccus

AHHOmMayus. Bogoxo3ancTBeHHbI KOMMEKC 11060T0 PErMoHa COCTOMT W3 MAPOTEXHUYECKUX COOPYKEHUI PAa3UYHOTO KAACCa, KOTOPbIE UFPAIOT BaXKHYIO PONb B Pas-
JIMYHbBIX OTPACAAX HAPOLHOTO X03AMCTBA M SKOHOMMKM CTPaHbI, U3 KOTOPbIX 0COB0E 3HAYeHWe OTBOAMTCA SHEPTETUYECKOH, METANNYPrUYecKOn, BOAHOTPAHCMOPTHOM, pblb-
HO-X03AWCTBEHHO, CENIbCKOI OTPACcAAM. B POCCMM Ha CErofHAWHMIA ieHb HACUMTLIBAETCA OKONO HECKONbKMX AECATKOB ThICAY KUIOMETPOB rPYHTOBbIX AaMb 06Ban0BaHMA
1 NNIAHUPYETCA CTPOUTENBCTBO M NOCAeAYHOWMA Bog B 3KcnayaTaumio ewe bonee 2000 km. M3 6onee 2000 rMapoTEXHUYECKUX COOPYKeHUt bonee 60% — 3TO rpyHTOBbIE
NOTUHbI, Ha A0/110 KOTOPbIX NPUXOAMTCA Honee NoNoBUHbI aBapuit. COrMacHO NPOBEAEHHbIM MCCIEL0BAHUAM YCTAaHOBNEHO, YTO B CECMUYECKMX paroHax Poccum npeod-
J1afatoT TPYHTOBbIE NAOTUHBI. B CBOIO 04epesp, BCe rMAPOTEXHUYECKNE COOPYIKEHUA ABAAIOTCA HAKOMUTENAMM BONbLIMX 0OHEMOB KMHETUYECKOM IHEPTMM BOAHbIX MACC,
BBUAY TOrO, 4TO HONBLIMHCTBO U3 HUX TPYHTOBbIE, B TOM YMC/IE B CEACMOONACHBIX palioHax, To obecneyeHmne ux 6e30nacHOCTM — CeMCMOCTOUKOCTM ABAAETCA MPUOPUTETHOM
W aKTyanbHOM 3azayeid, a ee peleHre 0becneynT CTpaTernyeckyto u aHepreTnyeckyto besonacHoctb Poccun. CTPOUTENbCTBO MMAPOTEXHUYECKMX COOPYKEHWI NPUBOANT
K M3MEHEHMI0 MCTOPUYECKN CNOKMBLUMXCA TUAPONOTMYECKUX PEXMUMOB PEK, YTO MOKET NOCAYKMTb NPUYMHON NPEBbILIEHNA PACYETHBIX YPOBHEN U PaCcXOL0B B KaTacTpo-
OMYECKM MHOTOBOAHBIE MEPUOADI M BbI3BaTb Pa3pyLEHNe MAOTUHBI U/Wam ee rpebHs. Take NPUYMHON PaspylweHne NAOTUHDBI U/uam ee rpebHs MOTYT BbiTb OWNUBKM B
pacyeTax yCTONYMBOCTH TUAPOTEXHUYECKMX COOPYKEHUI, YTO B C/lyYae 3eMNETPACEHUA MOXKET NPUBECTM K YENOBEYECKUM KEPTBAM, A TaK¥KE CEPbE3HBIM 3KOHOMUYECKUM
1 3KONIOTUYECKUM NOCNEACTBMAM. B CTaTbe BbINONHEHbI PACYeTbl YCTOMYMBOCTM HU30BOMO OTKOCA OFPAAUTENbHOM NNOTUHBI A0AMHbI P. [ICEKYNC B PasNMUHbIX CRYEHUAX NPK
ypoBHe BoAbl B KpacHOAapckom BOAOXpaHUAMLE Ha oTMeTKe HITY W npu AeHCTBUM CEACMUYECKMX HArpy30K. YCTAHOBAEHO, YTO 3HaYeHNA KOIQOULMEHTA YCTONYMBOCTH
OTpaAUTeNbHOM NAOTUHbI LOAMHBI P. CEKYNC BO BCEX PAcYeTHbIX CTBOPAX H0NbLIE JOMYCTUMOTO.

Kntouesole cnosa: p,aMﬁa, NAOTUHA, UMUTALMOHHOE MOAENNPOBaHME, MaTEMATUYECKAA MOAE/b, yCTOﬁHMBOCTb HM30BOro 0TKOCa
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SIMULATION MODELING OF STABILITY OF PSECUPS
RIVER PROTECTIVE DAMS UNDER INCREASING
STATIC AND SEISMIC IMPACTS

V.A.Volosukhin, M.A. Bandurin, I.A. Prikhodko,
I.D. Evteeva

Kuban State Agrarian University named after I.T. Trubilin,
Krasnodar, Russia

Abstract. The water management complex of any region consists of hydraulic structures of various classes, which play an important role in various sectors of the
national economy and the economy of the country, of which particular importance is given to the energy, metallurgical, water transport, fisheries, and rural industries.
In Russia today, there are about several tens of thousands of kilometers of soil embankment dams and it is planned to build and subsequently put into operation more than
2000 km. Of more than 2000 hydraulic structures, more than 60% are earth dams, which account for more than half of the accidents. According to the conducted studies,
it has been established that earth dams predominate in the seismic regions of Russia. In turn, all hydraulic structures are accumulators of large volumes of kinetic energy of
water masses, and in view of the fact that most of them are ground, including those in seismically hazardous areas, ensuring their safety — seismic resistance is a priority
and urgent task, and its solution will provide a strategic and energy security of Russia. The construction of hydraulic structures leads to a change in the historical hydrological
regimes of rivers, which can cause the calculated levels and discharges to be exceeded in catastrophically high-water periods and cause the destruction of the dam and/
or its crest. Also, the cause of the destruction of the dam and/or its crest may be errors in the calculations of the stability of hydraulic structures, which in the event of an
earthquake can lead to human casualties, as well as serious economic and environmental consequences. In the article, calculations of the stability of the downstream slope
of the protective dam of the valley of the river are carried out Psekups in various sections at the water level in the Krasnodar reservoir at the normal backed level mark and
under the action of seismic loads. It has been established that the values of the coefficient of stability of the barrier dam of the valley of the river Psekups in all calculated
sections is more than allowed.

Keywords: masonry-cum-earth dam, barrage, simulation modeling, mathematical model, downstream slope stability
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BBegeHune. SOHeKTUBHBIM CMOCOOOM CHIXe-
HWA ylwep6a OT NaBOAKOB M HABOAHEHWIA ABNA-
€TCA MCNOMb30BaHNe MMUTALMOHHBIX MaTeMaTu-
Yeckux Mogeneil Nponycka NaBoAKOB C Y4eToM
COBMECTHON paboTbl BOJOXPaHMAML, famb 06-
BasIOBAHMA PEK C y4eToM 6a3bl JaHHBIX MO peasb-
HOMY TEXHUYECKOMY COCTOAHII0 MPOTMBONABOS-
KOBOW CUCTEMbI, OAYYEHHO C NCMOb30BaHNEM
HepaspyLlalowWwnx MeTofjoB 1 CMYTHUKOBbIX TeX-
HONoruim.

MaTematnueckoe MofenupoBaHue HeycTa-
HOBMBLLETOCA PEXMMa NOTOKa OCHOBAHO Ha pas-
paboTKe M peLeHNN MaTeMaTNyeckux 3aBuUCK-
MOCTeil, MOMyYeHHbIX OAHUM U3  KpYMHEenwnx
paHuy3cknx yueHbix XIX 8. bappe fe CeH-BeHan
(1797-1886 rr.). MpakTnyeckoe NpuMeHeHe ypas-
HeHus CeH-BeHaHa B pycnoBoi rngpoTexHuke no-
Ny4nnu TonbKo B KoHLe XX B. B CBA3W C pa3BuUTH-
em 5BM.

13 aHanm3a oTeyecTBeHHbIX PaboT no BbluMC-
NNTENbHOI TUAPABANKE OTKPbITbIX Pycen cnepyer,
YTO HambonblMi BKNAf CAenaH oTeyecTBEHHbI-
M1 yueHbiMn — B.A. ApxaHrenbckum, A.A. ATosu-
HbiM, B.B. benukosbim, A.0. BoeBoaunHbim, M.A. Bo-
nbiHoBbIM, M.T. Tnagbiwesbim, M.C. TpylweBckum,
H.M. EscTerteesbim, W.B. Uctopukom, A.B. Kapa-
ywesbim, H.E. KoHgpatbesbim, U.0. Kapacesbim,
B.H. KoxaHerko, J1.C. KyumenTa, J1.K. Jlesut-Type-
By, B.M. Jlaxtep, A.H. Munenteesbim, B.M. Makka-
BeeBbiM, B.C. Hukndoposckum, B.I. MpsxuHCKoi,
.B. Monosbim, A.M. Mpygosckum, H.A. MpuTsn-
tom, J1.U. PozeH6eprom, M.M. Pycutosbim, A.A. Ca-
mapckum, b.0. CHuiweHko, B.M. ®eogocbeBbiM,
A. XpucTaHoBuYeM 1 [pyrMi U 3apyOeXxHbl-
mn aTopamum — H. Bunep, P. Kypant, X. Jlesn,
[x. Heitman, J1. Puyappcon, P. Paxtmaiiep, b. Cen-
BenaH, . Crokep, P. Caycenna, K. Opuppuxc,
K. Onetuep, M. 3660t 1 gpyrumu [1-5].
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PucyHok 1. Pasbutne Ha pacueTHble nogobnactu ceveHus IX = IX' orpaguTenbHOit NNOTUHBI AOAMHBI p. Mcekync
Figure 1. Division into calculated sub-sections of the section IX - X' of the barrier dam of the valley of the river
Psekups
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PVICyHOK 2. Peaynb'ram pacyeta ycTOﬁHMBOCTM HWU30BOro OTKOCa orpap,menbuoﬁ NNOTUHbI AONIUHBI . I1ce|(ync

B pacyeTHOM ceyeHmm IX - IX'

Figure 2. The results of the calculation of the stability of the downstream slope of the barrier dam of the valley

of the river Psekups in the calculated section IX - IX'
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/IMATaLMOHHOE MaTeMaTyeckoe MOLenupo-
BaHMe MO3BOMAET ONTUMU3MPOBATL PEXIM pabo-
Tbl BOAOCOPOCHBIX COOPYXEHWIA NPOTUBONABOA-
KOBOW CUCTEMbI 1A IETHUX W 3UMHIX NaBOAKOB,
ANA YCNOBUIA BO3HNKHOBEHIA 3aTOPOB 11 BO3HUK-
HOBEHMA HaroHHbIX ABNEHMI. Bce 310 no3gonser
BblpaboTaTb KOHKPETHble MPOTBOMABOAKOBbIE
MeponpuATUA [0, B NEPUOA 1 NOCE NPOXOXe-
HA NaBOfKa.

Martepuan n mertogmka uccnefoBaHuii.
JGDEKTUBHOCTD MHXEHEPHOI 3aluTbl OT Ma-
BOJKOB BO MHOMOM 3aBWUCUT OT TEXHUYECKOTO
COCTOAHWA NPOTNBONABOAKOBOI ciCTeMbl. Mmu-
TaUMNOHHOE MaTeMaTUYyeckoe MOAEeNMpoBaHie
No3BONAET ONPefeNuUTb Te YYacTKM CUCTEMbI,
KOTOpble TPebyT NepBOOYEPEAHOrO BNOXKEHMA
cpeacTs.

HecmoTpsa Ha obunue HayyHbix pabot, npo-
TPaMMHbIX KOMMJEKCOB CPaBHUTENBHO HEMHO-
ro, U3 HNX CrIedyeT BbifennTb pa3paboTaHHble B
CLUA, TonnaHawnu n Poccun. Co3ganHblin B Poccun
NPOrpamMMHbIil MPOJYKT NO YMCNEHHOMY pacye-
Ty ypaBHeHua CeH-BeHaHa daKTMyeckn MoXet
CMONb30BaTbCA TOMbKO pa3paboTumkamm —
AH. Munuteesbim, B.B. benukosbim 1 B.B. Ko-
yetkosbiM (OAO «HUUIC») [6-8]. Hanbonbluen
NPopPaboTKON 1 WIPOKIM MPUMEHEHNEM MpaK-
TYECKM BO BCeX BefyLiuX CTpaHax Mupa ABns-
€TCA TONNAHACKNA MPOrpamMMHbIA MPOAYKT —
MIKE 11. OTnnuutenbHoit ero 0COBEHHOCTbIO
ABNAETCA TO, YTO aBTOPbl MOCTOAHHO COBEp-
LIEHCTBYIOT 11 ynpoLyaioT TpeboBaHMA K nonb3o-
BaTeNAM. B oCHOBe MMeloWMXCA NPOrPaMMHBIX
npoayktos [9], B Tom umcne u MIKE 11, nexunt
YNCNEHHOE pelleHne YpaBHEHWIn Hepa3pbiBHO-
CTU 1 COXpaHeHus KonnyecTBa fBuxeHua CeH-
BeHaHa [10].

YpaBHeHMe Hepa3pbIBHOCTH:

dQ . da
x a4
YpaBHeHWe KONMYeCTBa ABVXEHWA (ZMHamu-

yecKoe BKEHMe):

dQ , d(«Q?/A)
dt + dx

dh | gQlQl _
+gA dx + C2AR =0,
rge Q — pacxop noToKa; ¢ — 6OKOBOW NPUTOK
(oTTOK); h — rnybuHa noToka; A — naowagb ce-
YeHWs NoTOKa; R — ruppaBnuyeckuin pagnyc;
C — koa¢pdnument LWesm; a — KoadpduyneHt
byccuHecka; g — ycKopeHme Cunbl TAXeCTH; X —
ANWHa (cBobOfHAA KOOPAMHATA); t — Bpems (CBO-
60aHas KOOpAMHaTa).

YucneHHas cxema no3BonseT pacCynTbiBaTh
LOKPUTUYECKNE (CMIOKOIHbIE) N CBEPXKPUTNYE-
ckne (6ypHble) noTokn. B mopynb BKAKUEHDI
6nokn, onucolBalowne paboTy TNAPOTEXHU-
yeckux coopyxenun [11], B Tom uncne ynpas-
nAemblx. luapaBnnyeckoe COMpPOTUBNEHME
pycna paccuutbiBaetca no ¢opmyne Masnos-
CKOro:

y
c=" MR,

n

roe C — koadduumenT Wesn; R — ruppasnnye-
CKIIA pagnyc; N — KO3GOULMEHT LuepoxoBaToCTy
(no MaHHuHry); M — Ko3GduLmMeHT WwepoxosaTo-
cTv (no foknepy).
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Pesynbratbl M ux o6cyxpenme. Paccmo-
TPUM NPUMEP VMUTALMOHHOTO MOAENMPOBaHNA
YCTOAYNBOCTY OrpapuTenbHbix Aamb Ha p. [Mce-
Kync B YCNOBUAX CTaTUYECKUX U CECMUYECKNX
BO3/€MCTBUN.

Pacuet ycTonuMBOCTM OrpaguTeNbHON MNo-
TUHbI {OMMHBI P. TlCeKync, oTCbiNaHHON CyXum

B YCTORYUMBOCTL

3EME/NbHBIE OTHOLUEHMA U 3EMNEYCTPOMCTBO

CNocoboM C YNnOTHEHWEM AANHOW 5,7 KM, C
MaKCUMaNnbHOW BbICOTON MAOTUHBI 11,5 M, wWn-
PUHO No rpebHio 8 M, C aBCONOTHOI OTMETKOM
Bepxa 37,20 M, C 3aN0XeHNeM BepXoBOro OTKO-
ca m_=3,5, 3aKpenneHHoro Xene300eTOHHbIMM
NAMTaMM TONLWMHON 16-25 CM 1 HIN30BbIM 3afep-
HOBAHHbIM OTKOCOM M _=3,5, BbINOMHEH C UCMONb-
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PUCYHOK 3. Pe3ynbTaTbl pacyeTa yCTOMYMBOCTH HU3OBOTO OTKOCA OFPAAUTENbHON NNOTUHBI OAMHDI . Mcekync

B pacyeTHoM ceveHum IX - IX'

Figure 3. The results of the calculation of the stability of the downstream slope of the barrier dam of the valley

of the river Psekups in the calculated section IX - IX'
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PucyHok 4. Pe3ynbTaTbl pacyeTa yCToMYMBOCTH HU3OBOTO OTKOCA OFPAAUTENLHON NNOTUHBI AOAMHDI p. Mcekync
B pacyeTHoM ceueHuu IX - IX' ans BToporo pacyeTHoro cayyas (®Y = 35,23) no metogy MokeBUTHHOBA

Figure 4. The results of the calculation of the stability of the downstream slope of the barrier dam of the valley
of the river Psekups in the calculated section IX - IX' for the second design case (farce level = 35.23) according

to the Mozhevitinov method

30BaHMEM MPOrpaMmMHOro Kommnnekca «YCTOW-
YMBOCTb». Komnnekc 6bin anpobuposa BHANT
um. B.E. BeeHeeBa npu pacuyeTHoM 060CHOBa-
HUM NAOTUH VpraHainckon, 3apamarckon, Ko-
nbiMckoit,  BoTknHckoi,  YcTb-CpefHekaHcKow,
Yctb-Unumcekon M3C u gpyrux rpyHToBbIX COOPY-
xeHun [12].

Mpu BBOZe nNapameTpOB OrpafuUTeNbHON
NAOTUHbI p. Tcekync 1cnonb3oBaHbl pesynbTa-
Tbl HaTyPHbIX NCCAeRO0BaHUIA MO 16 CKBaXMHaM
B 8 pacyeTHbIM CTBOpaM, BbiMOMHEHHblE OTAe-
nom reonoruu u rugporeonorn OAO «KybaHb-
BOZNPOEKT, a Takxe Tonorpado-reogesnyeckue
pacyeTbl, BbINOJHEHHbIE OTAENOM Tomorpadum
OAO «Kyb6aHbBOANPOEKT», 11 AaHHble NabopaTop-
HbIX MCCNEeA0BaHNIA TPYHTOB 1 MOA3EMHbIX BOA,
BbINONHEHHble B nabopatopun HAO «Tes-HUWN»
pouepHero npegnpuatua OAO «KybaHbBognpo-
ek [13]. Mcnonb3oBaHbl TakXke [aHHble OTYe-
Ta O HaTypPHbIX reodpU3NYeCKNX UCCNe[oBaHNAX
OrpapnTenbHON MNOTUHbI AoNuHbI p. llcekync,
BbinonHeHHble 000  «MMHXCTpoiil3bickaHue,
MO3BOAMBLUME YTOYHWUTb TPaHMLbl MHXeHep-
HO-TeONOTMYeCKIX INEMEHTOB TPYHTOB W ompe-
AenUTb AWHaMUYeckne CBOWCTBA MAOTWHbBI 1
OCHOBaHWA, KOTOpble MCMOMb30BaHbl MpU pac-
yeTe OrpafnTeNbHON NNOTUHDBI Ha CeicMnYecKme
Harpy3skn [14].

B wenom npu BbinonHeHUM paboTbl paccmo-
TpeHo 6onee 100 TbiC. BO3MOXHbIX PACYETHbIX
CnyyaeB B 8 pacyeTHbIX CTBOPaX Ha CTaTuyeckme
N celicmmyeckne Harpyskn. OusnKo-mexaHuye-
CKie CBOWMCTBA PYHTOB BBOAUAUCH MO pa3pesam,
1 6bIN0 NPOU3BEREHO Pa3buTMe CeyeHuit Ha pac-
yeTHble NoAobNaCTI, NpUMEp NPEefCTaBReH Ha pu-
CyHKe 1.

Pa3nnune metogoB pacyeTa ycToinuMBOCTM OT-
KOCOB 3eMNAHbIX MAOTUH OMMCaHO MOJPO6HO B
KHurax npodeccopos P.P. Yyraesa, AJ1. MoxeBu-
THOBa, A.A. HuyunoposxHoro, J1.H. Paccka3osa,
.M. Bonkosa u gp. [15-17].

Ha pucyHkax 2-5 npusefieHbl npumepsl pac-
yeTa YCTOMYMBOCTW OFPAAUTENbHON MNOTWHBI
gonuHbl p. lMcekync pasHbimu metogamu: CHul
2.06.05-84%, metogom Kpes, metogom Tepuaru,
metogom BHUNT — Tepuarun, metogom Moxesu-
TUHOBA.

Mo paHHbIM UHcTUTyTa QU3mkm 3emnu PAH
n TocygapcteHHoro goknaga MYC Poccun B
bnmxaiwme ropbl Ha tore Poccn nporHosupy-
€TCA 3HauMTeNbHOe 3eMNeTPACEHe, YTO MOBbI-
LIaeT akTyanbHOCTb pacyeTa rnapOTEXHNYECKNX
coopyxenuin (I'TC) Ha celicmmnyeckne Bo3fel-
cteuAa [18].

BbiBogpbl. Mo pesynbTatam paboTbl ycTaHOB-
NEHO, UYTO KOIOPMLIMEHT YCTONYMBOCTN Orpasm-
TeNbHOI NNOTUHbI FOAMHBI P. Mcekync npu ypos-
He BoAbl B KpacHogapckom BofoXpaHunuue Ha
otmeTke HIY npw AencTBum CemcMnUYecKmnx Ha-
rpy3ok no CHKK 22-301-2000 «CrpoutenbcTso B
ceiicmMmnyecknx parnoHax KpacHogapckoro kpas»
BO BCEX PaCyeTHbIX CTBOPaX Bbille [OMYyCKaeMo-
ro CM58.13330.2012 v CM 14.13330.2018 [19]:

B pacueTHom cTeope /- I'k =2,35;

B pacyeTHoM cTeope /Il - III’I<y=1 81;

B pacyeTHom ctBope [V~ IV’ ky=3,52;

B pacyeTHom cTeope V-V'k =1,77;

B pacyeTHoM cTeope V/- vk =1,90;

B pacyeTHom ctBope VI - VlI’f( =1,73;

B pacyeTHom cteope VIll- vinrk =2,02;

B pacyeTHoM cTope IX-IX' ky= ,53.
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PMCyHOK 5. PeByIIbTaTbI pacyeta ycTOﬁ‘MBOCTM HWU30BOrO OTKOCA orpap,menbuoﬁ NNOTUHbI A0NIUHDI . I'Icexync B

pacuetHom ceuenuu VIl - VIII'

Figure 5. The results of the calculation of the stability of the downstream slope of the barrier dam of the valley

of the river Psekups in design section VIl - VIII'

CelcMnyecKme Harpysku CHUXAIOT 3HaueHue
Ko3drLMeHTa yCTORUNBOCTI:

B pacyeTHom cTBope I/ -/I"Ha 30,3%;

B pacyeTHom cTtBope [l -l Ha 21,3%;

B pacueTHom cTBope [V -IV'Ha 60,6%;

B pacyeTHom cTBope V- V'Ha 25,2%;

B pacueTHom cTBope V/-VI'Ha 28,9%;

B pacyeTHom cTBope VII-VII'Ha 25,2%;

8 pacueTtHom cTeope VIII-VIII' Ha 18,4%;

B pacyeTHoM cTBope IX - IX" Ha 62,2%.

[lna BTOpOro pacueTHoro cnyvas (ypoBeHb
Bofibl B KpacHopapckom BofoXpaHWIMiLEe Ha
yposHe BY=35,23, celicMMyeckne Harpysku oT-
CyTCTBYIOT) KOIOULMEHT YCTOMYMBOCTM Orpa-
AUTENbHON NAOTUHbBI AOAMHDI P. ceKync BO Bcex
pacyeTHbIX cTBopax 6onbLue gonyctmoro no CI
58.13330.2012.

[ina BTOporo pacyetHoro cnyyas (QY=35,23)
KOIOULMEHT  YCTOMUMBOCTI  OTPaAUTENbHON
NNOTUHbI AOAUHbI p. [cekync Huxe, yem AnA
nepsoro pacyetHoro cnyyas (HMY 32,75 6e3 yue-
Ta CeMCMNYEeCKNX Harpy3ok) Ha 5% (I/-11)-10%
(vi-vi.
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