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AHHOTAUMA

BBeaeHue. HoBble cTponTenbHbIe HOPMbI npeaycMmaTtpmueatoT CyLeCTBEHHOE yBennyeHne BennymH CeNCMUYECKNX Harpysok,
KOTOpbl€ OO0JMKHbI BOCNPUHUMATL r’MOPOTEXHNYECKME COOPYXKEHUA. B cBfi3M € 3TMM Jaxe B paioHax C HU3KON cencmMmuye-
CKOW aKTUBHOCTbIO MOXET BO3HUKaTb np06nema obecneyeHnsi CENCMOCTOMKOCTH r’MApOTEXHUYECKNX COOpy)KeHVII;I. OcobeHHo
OCTPO 3TO NPOABNAETCA Y NpUdanbHbIX COOpy)KeHVIVI. Kak npaBuno, OHW He CTOMb MacCUBHbI, 4TOOBI BblaepXaTb cencmMmuye-
CKMe Harpysku. Bonpoc 0 ceicMOCTONKOCTU NpUYanbHbIX COOpy)KeHI/IVI HEeOO0CTaTO4YHO NU3Yy4eH. Paccmatpuatotcs pesynbratbl
YUCINIEHHOIO MOAENMPOBAHMSA CEMCMOCTONKOCTH NpUYanbHO-pa3aenmuTenbHON CTEHKN Npuy 7-6annbHOM 3emneTpsiceHun. Vc-
crieqoBanocb coopyxeHue BbICOTOW OKOMO 24 M, pacnonoXXeHHoe Ha HeckarnbHOM OCHOBaHWUW.

MaTtepuanbi u meToabl. CelcMOoCTONKOCTb npur4anbHOro CoopyXxeHua oueHnesasracb nNnyTem pacyerta ero Hanps>XeHHo-ge-
HOPMNPOBAHHOIO COCTOSIHUS MPWU OENCTBUN CEMCMUYECKMX cun. PacyeTbl NpoBOAMINCE METOAOM KOHEYHbIX 31EMEHTOB.
Cencmuyeckme Harpysky Ha coopyxeHue onpeaenanncb AByMA cnocobamu — no NMHENHO-CNeKTpansHoON Teopun 1 nNo
OnHamuyeckon Teopuun. [Ing pacyeta ceMCMUYECKnxX Harpysok onpegenanumcb 30 HU3WKX YacToT 1 dopm COBCTBEHHbIX
konebaHui COOpYy>XeHNA COBMECTHO C MacCMBOM ero OCHoBaHuA. [Mpu pacyeTe No AUHaMU4ECKON Teopun CercMmyeckoe
BO3JeNCTBME 3a[aBanock B BUAe akceneporpaMmmbl, MPUHATON AN aHaNorMYHbIX yCJ'IOBVIVI. HanpasneHve ceicmMnyeckoro
BO34ENCTBUSA NPUHUMANOCh rOPU3OHTarMbHBLIM.

PeGyﬂbTaTbl. o AMHaMm4eckon Teopun ceicMmyeckme Harpysku okasanucb H1xe, 4em no TNNHENHO-CNeKTpanbHON TeopUN.
OpHako Ka4eCTBEHHO pe3ynbraTthbl pacyeTa HanpsXeHHO-AedOPMUPOBAHHOIO COCTOSHWUS MpUYanbHOro COOpPYXeHna okasa-
nucb 6nm3kn. BbINo BbISIBNEHO, YTO CEACMUYECKUE CUMbI HA npu4anbHy CTEHKY 6y,EI,yT OOCTUraTb OKOSO YeTBepTUn OT BeCa
COOpYyXeHua. Mo gencTBMeM Taknx CUM CTEHKa npuyana noTepsieT CBOK yCTOVI‘-WIBOCTb.

BbiBoabl. [1ns obecneyeHns CecMOCTOMKOCTH pekomeHayeTcA 06beanHUTL npunyarsrbHyr CTEHKY 1 beH,El,aMeHTHy}O nnuTy
B €MHYI0 MOHOJIUTHYIO KOHCTPYKLUUIO, @ TakXke YCUNNTb HUXXHIOK YacCTb KOHCTPYKUUN U obnerunTb BEPXHIOH.

KNMIOYEBbBIE CINNOBA: ceiicMuyeckue Harpysku, npuyanbHas CTeHKa, YCTOMYMBOCTb, ANHAMUYECKas TEOPUS], YACTIEHHOE
MoAEenMpoBaHue
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ABSTRACT

Introduction. New building codes provide for a significant increase in the magnitude of seismic loads that should be
perceived by hydraulic structures. In this regard, even in areas with low seismic activity, there may be a problem of ensuring
the seismic stability of hydraulic structures. This is particularly acute in berthing facilities. As a rule, they are not so massive to
withstand seismic loads. The issue of seismic stability of berthing facilities has not yet been properly considered. The results
of numerical simulation of the seismic stability of the mooring-dividing wall during a 7-point earthquake are considered. A
structure about 24 m high located on a non-rock base was investigated.

Materials and methods. The seismic stability of the mooring structure was estimated by calculating its stress-strain state
under the action of seismic forces. Calculations were carried out by the finite element method. Seismic loads on the structure
were determined in two ways — by linear-spectral theory and by dynamic theory. For the calculation of seismic loads,
30 lower frequencies and the natural mode of the structure were determined together with an array of its base. When
calculating according to the dynamic theory, the seismic effect was specified in the form of an accelerogram adopted for
similar conditions. The direction of seismic impact was assumed horizontal.

Results. According to the dynamic theory, seismic loads turned out to be lower than according to linear-spectral theory.
However, the results of the calculation of the stress-strain state of the mooring structure were close. It was found that the
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seismic forces on the mooring wall will reach about a quarter of the weight of the structure. Under the influence of such

forces, the mooring wall will lose its stability.

Conclusions. To ensure seismic stability, it is recommended to combine the mooring wall and the base plate into a single
monolithic structure, as well as to strengthen the lower part of the structure and facilitate the upper one.
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BBEJEHUE

CoBpeMeHHBIE CTPOUTEIbHBIE  HOPMBI
(CIT 14.13330.2014") npexycMaTpuBarOT CyIIeCTBEH-
HOE YBEJIMYEHHUE CEMCMUYECKUX HAarpy30K Ha T'HIpPO-
TeXHHUYECcKHe coopyxeHus. [loatomy obecrieuenue
UX CEHCMOCTOMKOCTH SIBISETCS B HACTOSLLEE BpeMs
Ba)KHOU MPOOJIEMOi THAPOTEXHUKH. bobiioe koauye-
CTBO pabOT MOCBAIICHO BOMPOCAM CEHCMOCTONKOCTH
6etoHHbIX [1-10] 1 rpyHTOBBIX [11-21] TIIOTHH, XOpO-
10 pa3paboTaHa TeopHs PacueToB IJIOTHH IPH Ceiic-
MUYECKUX Harpyskax. lis1 pacueToB BBICOKUX ILNIOTHH
UCIIOJIb3YETCSL METOJ] pPacueTOB, OCHOBAHHBIM Ha JUHA-
Mudeckoi Teopuu. [Ipu pacyerax GETOHHBIX MIOTHH
YUYUTBHIBAECTCS HAJU4YUE TPEUIUH B CKaJIbHOM OCHO-
BaHuu [1, 3], a mpu pacdyerax TPyHTOBBIX IJIOTUH —
YOPYTO-IUIACTUYECKUN XapakTep AepOpMUPOBAHUS
rpyHTOB [13—16], BO3BMOXXHOCTH pOCTa OPOBOTO JaB-
nenust B rpyHre [10]. Pacuets! BeqyTes A npocTpas-
CTBEHHBIX YCIOBHMH PaOOTHI INIOTUHBI COBMECTHO C OC-
HoBaHueM [1, 3, 17].

B 10 xe BpeMms ceiicMOCTOMKOCTh IPYyTUX BU/I0B
TUJPOTEXHUYECKUX COOPYKEHUN — COOPYKEHUU Ha
BOJIHBIX MYTAX HM3y4yeHa ci1abo. DTO CBA3aHO C TEM,
YTO BOJHBIE IIYTH, KaK IIPAaBUJIO, HE PaCIOIararoTcs
B CEMCMHUUYECKHU OIACHBIX pallOHaX, IPU HPOEKTUPO-
BAaHUU THIPOTEXHUYECKHUX COOPYKEHHH BHYTPEHHHX
BOJIHBIX ITyTeH B OOJIBIIMHCTBE CIIy4yaeB HET HEOOXO/ M-
MOCTHU YUYUThIBaTh celicMUYeCcKue Bo3aeucTeusd. Eciu
Takasi HE0OOXOJMMOCTh BO3HUKAET, CEHCMOCTOMKOCTD
STHX COOPYKEHHH OI[EHUBAETCS MPUOIIKEHHBIMHU Me-
Tomamu [22].

OpHaKo MO HOBBIM CTPOUTENBHBIM HOPMaM BO3-
HHUKaeT MOTPeOHOCTh MPOBEPATH CEHCMOCTOMKOCTD I'H-
JIPOTEXHUYECKUX COOPYKEHUH, PACIIONIOKEHHBIX J1akKe
B LIeHTpalibHOM yacTu Poccun. Ecinu coopyxenue nume-
€T MOBBIIIEHHBIH YPOBEHb OTBETCTBEHHOCTH, JOJIKHBI
NPUMEHSTHCSI OoJiee TOUHBIE METO/IbI pacuera. Bompoc
0 CEeHCMOCTOMKOCTH aKTyaJIeH ISl CY0XOIHbBIX COOPY-
JKEHUI ruipoy3iaoB Ha Boure.

! CIT 14.13330.2014. CrpouTelbCTBO B CEUCMUYECKHX

paifonax. AkryanusupoBanHas pegakuus CHull I1-7-81. M. :
DAY «DLICx», 2014. 126 c.

B cootrBerctBun ¢ CII 14.13330.2014, cetic-
MUYHOCTh paifloHa CTPOHUTENBCTBA COCTABISAET ILIECTh
6aoB 1o mmkane MSK-64. OqHako OCHOBaHHEM CY-
JIOXOJTHBIX COOPY’KEHHUH SIBIIIETCS MOIIHAs TONIIA aj-
JIIOBHANBHBIX (B OCHOBHOM II€CUAHBIX) OTJIOXKEHUH,
MIOATOMY pacueTHasi CeHCMHUYHOCTH IUIOMIAJKH CTPO-
UTENILCTBA paBHa ceMu Oamuiam. C y4eToM TOro, uTo
TPYHTBI OCHOBAHUSI OTHOCSITCSI K TPEThel KaTeropuH,
CeliCMHYECKOE YCKOPEHUE JIOJIKHO OBITh IPUHSTO PaB-
Hbm 0,13 g.

B naHHOU cTaTbe paccMaTpUBAIOTCS PE3yJIBTAThl
pacueTHOr0 MCCIEAOBAaHUS CEHCMOCTOMKOCTU IIpU-
yanbHo-pazaenutenbon crenku (ITIPC) nutroza. Ona
MIpeCTaBIsIeT CO00M y3KYI0 BBICOKYIO KOHCTPYKIHIO,
pacroniokeHHylo Ha (QyHaaMeHTHOW tunte. OOmas
CTPOUTEIIbHAsl BBICOTA CTEHKH COCTAaBISIET OOJIbIle
24 M, u3 HUX 3,2 M — D1yOrHA 3a0KeHus HyHIaMEHT-
HOM mnThel. IllupuHa CTEHKHM COCTABIAET 5 M, IIMPUHA
¢ynnamenTHoi mtbl — 15 M. [TPC umeer siuencryio
KOHCTPYKUUIO. B HEl BBIIIOIHEHBI II0JIOCTH, 3aI10JIHEH-
Hble ieckoM. B Hmxkneli yactu [1PC BbINOIHEHBI OTBEP-
CTHS1, Yepe3 KOTOpbIe CBOOOHO MTPOXOIHT BOJA.

[Ton pynnamenrom [1PC 3aneraror ajmmoBHab-
HbIE OTJIOKEHMSI TOJIIHUHOMN 0K010 40 M, IO KOTOPBIMHU
HAaXOJUTCS TOJNIA KOPEHHBIX OCAaJ0YHBIX MOPOA. AJ-
JIIOBHAJIbHBIE OTIIOKEHUS B OCHOBHOM IIPEICTABIICHBI
CpeAHe3epHUCThIMU NeckaMu. CBepXy 3ajeraroT MecKu
CpeaHel IMIOTHOCTH, HMKE — IUIOTHBIE, IECKU ellle
1y0Xke — BBICOKOM IJIOTHOCTH. B HMKHel yacTu an-
JIIOBUAJIBHOTO CJIOSL PACIIONAraeTcs CJO0i IIMHBI.

MATEPHAJIBI U METO/JbI

PacueTsl celicMOCTONKOCTH MPOBOJMIUCH YNCIIEH-
HBIM METOJIOM — METO/IOM KOHEYHBIX dJIeMEeHTOB. Mc-
M0JIb30BAJIMCH BBIYUCIUTEIbHBIE TIPOTPAMMBI, COCTAB-
nenHbie K.T.H. ML.I1. CanHOBBIM.

Pacuers! npoBoamINCh B IUIOCKOH IIOCTAHOBKE,
st BeptukanbHoro cedenus [1PC. Yuer cioxHOro
MPOCTPAHCTBEHHOTO CTPOEHUs KOHCTPYKIIMU MPOBO-
JIUJICSL TIyTeM U3MEHEHUS >KECTKOCTH COOTBETCTBYIO-
X €€ 2JIEMEHTOB. B KOHEUHO-3JIEMEHTHYIO MOJIEIb
BKJIOUasioch camo coopyxenue (IIPC) u Giok He-
CKaJIbHOTO OCHOBaHHUs. Pa3Mepnl Oj0ka OCHOBaHUS
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ObuIM BBIOpaHbI B COOTBETCTBUH C PEKOMEHAIMSIMU
CII 14.13330.2014. Huxnsist rpannna Ooka BeIOpaHa
10 KpoBJIe KOpeHHbIX 1opoa. lupuna Onoka cocraBu-
na 150 M, T.e. B 6 pa3 Oounblie, 4eM BBICOTA COOPYKe-
uus. [IpuHuManocs, yro riyouna Boasl y [IPC cocras-
Jser 5,9 m.

Pacuernas oOmacts Oblia pa3duta Ha 882 KOHEu-
HBIX 3JIEMCHTa, U3 HUX 318 MomenupoBanu OETOHHOE
coopyxxenue (puc. 1). Eme 32 koHe4HBIX 3jeMeHTa
MOJICITUPOBAJIM HEJIMHEHHOE IOBEICHHE KOHTAKTa CO-
OpY)KEHHsI C OCHOBaHUEM U I1IBAa MEXKIY CTCHKOW U ee
(yHIaMEHTHOM TUTUTOM.

['pannvHbIC YCIIOBHSI IPUHUMAJIKCH B BUJIE OTCYT-
CTBHSI IIEPEMEIIECHHUIT 110 TpaHuIaM OJI0OKa OCHOBaHUSI.

PacueTr ceficMOCTOMKOCTH COOpY>KEHHUS 3aKiIo-
YaJics B OINPEJEIICHUN CEHCMHUYECKHX Harpy3oK Ha
HEro M B pacyeTe ero HarnpspkeHHO-/1e()OPMUPOBAHHOTO
coctostaust (HJIC) npu nanusix Harpyskax. [Ipensapu-
TEeJILHO TIoTpeboBasioch pemnth 1 3anady o HJAC co-
OPY)KEHHSI IIPH CTATHYECKUX pPacueTax.

OO011ast NOC/IeI0BaTENbHOCTD BBIIIOJIHEHUS pacye-
TOB ObLJIa CJIE/TyIOLICH!

* pacueT HanpsHKEHHO-1e(GOPMUPOBAHHOTO COCTO-
SIHUSI COOPYIKEHUSI 1 OCHOBAHMSI [IPU CTAaTUYECKUX Ha-

rpy3Kax;

* pacuer 1o onpesieeHuo GopM COOCTBEHHBIX KO-
nebanuit (OCK) pacuetHoit o0acTu;

* pacueTsl 10 ONPE/ICICHUI0 CEHCMUYECKUX Harpy-
30K Ha COOPY)KEHHUE;

* pacyeTr HalpsHKeHHO-/1e()OPMUPOBAHHOTO COCTOSI-
HUSI COOPYIKEHUsI 1 OCHOBAHUS [IPU CEHCMHYECKOM BO3-
JefcTBUN.

IIpu pacuere H/IC npu cratnueckux u ceicMu-
YEeCKHX Harpy3Kax HCIOJIb30BajIach MO JIMHEHHOTO
ne(pOpMUPOBaHUS TPYHTOB. XapaKTEPUCTHKH Jedop-
MHPYEMOCTH T'PYHTOB HpPU CTAaTHUYECKHX Harpyskax
MIPUHUMAJIICh HAa OCHOBE JIJAaHHBIX SKCIIEPUMEHTAJIbHBIX
UCIbITaHUH. J[MHAMUUECKUE XapaKTEPUCTUKU TPYHTOB
MPUHUMAINCH B COOTBETCTBUHU C PekoMeHIanusmMu?,
cocraBiieHHbIMU HUM TpaHCIIOPTHOTO CTPOUTEINBLCTRA.
Just GetoHa TMHAMUYECKUH MOAYb Ae(opMaliu Ipu-
Humascst paBabiM 29 000 MIla, koaddunuent Ilyac-
cona — 0,18. [IpuHsATHIE pacyeTHBIE XapaKTEPUCTUKU
IPYHTOB IIPE/ICTaBJICHBI B Ta0I. 1.

2 Meronnueckne PEKOMCHIAINH 11O OIPEACIICHUIO COCTaBa,

COCTOSIHUSI U CBOMCTB I'PYHTOB CE€HCMOAKyCTUYECKUMH METO-
nmamu. M. : HUU tpancnoprHOTO cTponTenscTsa, 1985. 34 c.

V,20,1

>

Puc. 1. KoneuHo-3meMeHTHas: MOIETH COOPYKEHNS 1 MACCHBA TPYHTOB OCHOBAHUS

Taoa. 1. Dusnko-MexaHNUECKHE CBOWCTBA MaTePHAIIOB PACYETHOW 00IacTi

Homep | HaumenoBanue matepuana IInotHoOCTS, Ckopocti Junamuueckue Crarngeckue
(TpyHTa) /™M pacrpocTpaHeHHs XapaKTEPUCTUKU XapaKTEPUCTHKH
(BomoHnac.) YOPYTHX BOJH
v, M/c v,m/c | E, Mlla ) E_, Mlla v
Beron 2,40 2262 3623 29 000 0,18 29 000 0,18
2 ITecox cpeaHe3epHUCTbIN 2,02 180 1260 195 0,490 27,9 0,35
CpeIHe MJI0THOCTH
3 Ilecok cpenne3epHUCTHII 2,11 200 1200 252 0,486 40,0 0,33
TUTOTHBIN
4 Ilecok cpenne3epHUCTHII 2,24 250 1500 416 0,486 443 0,30
OYCHb TIOTHBIH
5 I'nuna 2,10 500 2000 1540 0,467 43,2 0,35
OTChIIKa KaMHS 2,25 300 1500 600 0,479 50 0,25
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PE3YJBTATBI

Pacuer HIIC coopy’keHHs MpU CTaTUYECKUX Ha-
rpy3Kax IpOU3BOAMWIICA C IIOMOLIbIO BBIYUCIUTEIBHON
nporpammbl Nds N [23]. Pacuer Besicst Ha Harpy3ku
OT COOCTBEHHOTO Beca M TMAPOCTATHYECKOTO JiaBjie-
HMUsL. HJ’I}I MOBBIIICHUA TOYHOCTU PE3YJIbTATOB B KOHECY-
HO-2JIEMEHTHOH MOJIEJIM MCIIOJIb30BAJIMCh KOHEUHBIE
3JIEMEHTHI ¢ KBaJAPaTUYHOMN allIPOKCUMAaLUEH IepemMe-
menuid. O01ee KOJIMYeCTBO CTEIEeHEH CBOOO/IbI cocTa-
Buo 5336. Pesynsrats! pacuera HIC coopyxenus npu
CTaTHYECKHUX Harpy3Kax MpeaCTaBlIeHbl Ha PUC. 2.

ITo pesynpraram pacuera HampsixeHus B IIPC
o4eHb Majbl. VckimoueHune cocrabisier QyHIaMEeHTHAs
IIMTa, B3aHMOﬂeﬁCTByIOLL[aH C HCCKaJIbHBIM OCHOBAaHU-
eM. PacuetHas ocanka coopykenus coctaBuia 10 cM.
[Ipu ocaakax npoucxonut U3rud GyHIaMEHTHOH IUIH-
ThbI, €€ HUXKHAA YaCTh UCTIBITBIBACT PACTAXKCHUC B TOpU-

V212 v20.1

30HTAJILHOM HAIIPABJIEHUH, a BEPXHSASA YaCTh — CXKaTHe.
CxuMarolue HamnpsbkeHus B (YyHIaMEHTHOHN IUIATE
nocturatot 2,6 MIla, a pactarusatoume — 1,5 Mlla
(puc. 2). Takue HanpsHKEHUSI CMOTYT OBITH BOCIIPUHSITHI
0ETOHOM IPU HA/UIEXKAIIEM apPMUPOBAHHH.

ITpu pacuerax @CK coopyskeHUs UCIOIb30BAINCH
KOHEYHBIE JIEMEHTBI C KBa3UJIMHEHHOM anlpoOKCUMalIlH-
eit mepemerniennii. O0IIee KOJIUISCTBO CTEIICHEH CBO-
60161 cocTaBuio 1796. Hanruue B pacyeTHOH obnactu
BOZIbl YUYHUTHIBAJIOCH B BHJI€ MIPUCOESIUMHEHHONW MaCCHhI,
onpenenenHoi nmo CII 14.13330.2014.

boun onpenenenst 30 Husmux OCK. [l onpe-
JeNieHust (pOPMBI U YaCTOT COOCTBEHHBIX KOJICOaHUH HC-
MIOJIb30BAJICSI METO/ UTEpPalUii TTOAIIPOCTPAHCTBA.

[TosmyueHHbIC YaCTOTHI COOCTBEHHBIX KOJICOAHUI
npuBecHbBI Ha puc. 3. YacToTa neproii Gopmbl cocTa-
Buia 2,0 I', yacrora tpuniaroit popmer — 10,92 I,
B coorerctBuu ¢ CII 14.13330.2014 nanHOE KOnMHye-

%VZO,I

\A(] V0
( V-3 2\ ( V=32 \
a b
[ITkana Hanpsxenuit, MIla
-40 -3,6 32 -28-24-20-16-12-08 -04 0 04 08 12 1,6 20

Puc. 2. HaHpﬂ)l(eHI/ISI B COOPYKEHUU IPU CTATUYCCKUX HATrPy3KaX: d — HANPSKCHUS B TOPU30OHTAJIbHOM HAIlIPABJICHUU GV; b—

HaIpsKCHUs B BEPTUKAJIbHOM HAIlpaBJIICHUN Gy

12
v, I'n

009

o9

10

000°

X
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Howmep (opMbI cOOCTBEHHBIX KoleGaHii

Puc. 3. YacToTsl COOCTBEHHBIX KOJIEOaHUIT COOPYKEHUS
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vl 1-1 popma 1 vo
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>
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Puc. 4. Jlecars Hu3mux GpopM coOCTBEHHBIX KosebaHuil coopyxenus. CiieBa Moka3aHbl KoJaeOaHUs B TOPU3OHTAILHOM Ha-
[PaBJICHUH, CIIPaBa — B BEPTUKAJIbHOM
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ctBo OCK sBisieTcsi 1O0CTATOUHBIM sl 00ECIICUCHUS
TOYHOCTH PACUETOB CEUCMOCTOUKOCTH.

N3 30 naiinennsix ®CK 16 umeroT koiebaHus
MPEUMYIICCTBEHHO B 'OPU30HTAJIbHOM HAIIPpaBJICHHH.
Ha puc. 4 nokazans! 10 Huzmux ®CK.

Pacuer ceiilcmuueckux Harpy3oK npou3BOAUIICS Ha
CEHCMUYECKOE BO3EUCTBUE TOIBKO B TOPU30HTAIIBHOM
HanpasieHHH. B pacuere ncrons3oBanuce Bce 30 HU3-
umx OCK, onpeneneHHbIX paHee.

PacueTsl celicMMYeCKUX Harpy3oK NpPOU3BOAU-
JIUCH IByMs MeTofiaMu. Tak Kak paccMaTpuBaeMoe Co-
OpYXXEHHE OTHOCUTCSI KO BTOPOMY KJIaccy, pacdeT J0J-
JKEH MPOU3BOAUTHCS 1O nauHamuueckoit teopuu (T).
Kpome Toro, st mpoBepKH MPOBOJUICS pacyeT IO
nuHeiHo-cekTpanbHoi Teopuu (JICT), usnoxeHHoi
B CII 14.13330.2014.

[To pesyabraraMm pacyera 1o MpOCTOMY CIIOCOOY,
o JICT, Obuto monydeno, uto [TPC mpu 3emierpsice-
HUM HUCIILIThIBAET 3HAYUTENIbHBIE CeiCMHUYECKHE Ha-
rpy3ku. Celicmudeckoe yckopenue Ha rpedne [IPC no-
cruraet 0,42 g (puc. 5).

IIpu ucnons3oBanuu T celicMuueckoe BO3-
JIeHCTBUE 3a/aBaJIOCh B BUJE OJHOKOMIIOHEHTHOM
akcesneporpammsl (puc. 6). OHa OblIa B3iTa M0 00B-
eKTy-aHaJIOTy, pacroyiokeHHOMY B Bommkcko-Kamckom
OacceliHe U oTMacIITaOMpOBaHa TaK, YTOOBI MTUKOBOE
yckopenne coctanisiio 0,13 g. [IpogomxuTenbHOCTh
akcesieporpammbl cocrasisier 40 ¢, mar ouuppoBKU
akceneporpammsl — 0,02 ¢. MakcuManbHOE yCKOpe-

HHUE HAOJIIOIaeTCs B MOMEHT BpeMeHH 3,06 ¢ OT Havyalia
aKceJeporpaMMal.

IIpu ucnonb3zoBanuu T celicMuueckue Harpys-
KM Ha COOPYXXEHHE ONPEACIISUIUCH MyTeM PasIokKEeHUs
npoliecca BhIHYX/IeHHbIX kosieOanuii no ®CK, B npen-
MOJIOKEHUH YTIPYTOro MOBEACHUs TpyHTOB. VHTErpH-
pOBaHME JUHAMMYECKOTO ypaBHEHUS MPOU3BOAUIIOCH
METOJOM LIEHTpalbHbIX pazHocTel. llar unrerpuposa-
Hus coctapisut 0,005 ¢, 4TO 3HAUUTEIILHO MEHBIIIE, YEM
nepuoJ] caMoil BbICOKOH U3 yunThiBaeMbix OCK.

Ha puc. 7 npencraBieHo u3aMeHeHHEe BO BpEMEHU
YCKOPEHHUH JINHEUHBIX OCLMIIATOPOB, COOTBETCTBYIO-
mux OCK. Pacyer mokasasn, 4ro HaHOOJBIIME UHEP-
LIUOHHBIE Harpy3KH COOPY)KEHHUsS BBI3BIBAIOT IEpBasd,
BTOpas, TpeTbs u Aessatas PCK. Ha puc. § mokazansl
MaKCUMaJIbHbIE 3HAY€HUS YCKOPEHMH, MOITYYEHHBIX
o ®CK.

AHain3 npornecca KoyiebaHuil nokasai, 4To Hau-
Oonpline caBuraroiue (ropu30HTaIbHbIE) YCKOPEHHUS
COOpY’KEHHE HCIIBITHIBACT HAa MOMEHT BpeMeHH 3,06 ¢ ot
HayaJia 3eMJIeTpsICeHHS. B 3TOT MOMEHT MakcuMasibHOE
yckopenue Ha rpedne [TPC nocruraer 0,33 g (puc. 9).
Oto npumepHo Ha 22 % Mensiue, yeM 1o JICT. Onnako
XapakTep paclpe/leleHus YCKOPEHUH, IOy YeHHbIN 110
JT u JICT, npumMepHO COBMAJIAET.

[Monyuus ceiicmuueckue Harpy3ku o JICT, Obut
nposezaeH pacueT HIC coopyskeHust mpu BOCIPUITUN
9TUX HArpy3ok. bbl1o 1oydeHo, 4yTo Ipu AEHCTBUU
ceifcMuueckux cui ycroituuBocts [1PC He obecrieun-
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Puc. 5. Pacnipesienenne ropu30HTAIBHBIX YCKOPEHUI B COOPYKEHUHU TIPU OTIPEIEJIEHUH 110 JINHEHHO-CIIEKTPaIbHOM TeOpuu
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Puc. 9. Pactipenenenne ropu30HTaIbHBIX YCKOPEHHI B COOPY>KEHUH TIPH ONMPEIeICHUH 110 THHAMUYECKOI TeopHH (B MOMEHT
BpemenH 3,06 ¢ ot Hauana 3emierpsicenus). Llkamy yckopenuii cM. Ha puc. 5
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Puc. 11. HanpsxkeHus B COOpYKEHHHU MPH 3eMIIETPSCECHUH PU CEHCMHYECKOM BO3ICHCTBHH, ONIPEICICHHOM I10 JINHEHHO-CIIeK-

TPATbHOIT TEOPHH: ¢ — HATPSLKCHHS B TOPH3OHTALHOM HAIPABICHAH O ; 6 — HANPSOKCHHS B BEPTHKAIILHOM HANPABICHHH G .

lkamy HanpspKeHUH cM. Ha puc. 2

BAETCsI — TPOUCXOJUT OTPHIB €€ MOIOUIBHI OT (yHIa-
MEHTHOM IUTATHI U MOCIIEAYIOIIee OMPOKH/IBIBAHHE.

Jns obGecnieueHusi yCTOHYMBOCTH COOPYIKEHUS
MOYKHO PEKOMEHIOBATH CIIEAYIONHE KOHCTPYKTUBHbIC
MEPOIPHSTHS:

* oOyieruuTh BepxHiOw0 Yacth [IPC, oTKa3aBIIKCh OT
3aCBIIKH BEPXHHUX MOJIOCTEH 0aiacToMm, ist TOro, 4To-
ObI YMEHBIIIUTH CCHCMHUYCCKHE HATPY3KH;

» oovenuunTh [1PC 1 QyHIaMEHTHYIO TUIUTY B MO-
HOJIUTHYIO KOHCTPYKIIHIO, CBSI3aB X apMAaTyPHBIM Kap-
KacoM.

Hawubomnee 3h(heKTHBHBIM SIBIISACTCS OMOHOJTHYHBA-
HHE KOHCTPYKI[HHU, TaK KaK 9TO YBEIMIUBACT IJIONIA b
OIIOPHOM IIOBEPXHOCTH.

Pacuer HIIC MononmuTHOM koHcTpykimu [TPC 1o
JICT moxkasaii, 4To ee ONPOKU/IbIBAHUE HE IPOUCXOIHT.
MakcumaibHOE CMEIEHHUE COOPYIKEHHSI COCTaBIIS-
et 2,9 cm (puc. 10, a). IIpu stom IIPC ucneiTsiBaeT
nedopmanuu u3ruda. 3a cueT JOMOTHUTEIBHOTO U3TH-
0a pacTAruparole Hanps)KeHust 6B PyHIaMEHTHOH
nauTe yBenuuuparotcs 1o 2,6 Mlla (puc. 11, a). Bos-
HUKAIOT pacTATUBaloIMe HanpskeHus u B camoit [TPC.
[To pacueram Ha TpaHu KOHCTPYKIHMU PACTITHUBAIOLINE
HAMPSOKCHUS G JOCTHUIAKOT 2,2 MIla (puc. 11, 6).
VYBeNIMUEHHUIO pACTSDKEHHs B OeTOHE CrocoOCTBYyeT
HaJIM4YKE B KOHCTPYKIHMH TonocTel. [Toaromy, 4ToObI
YMEHBIINTh PACTSDKEHHE, PEKOMEH IyeTCs BBIOIHHUTh
€€ LCJIbHOM.
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Pacuer no JIT nokasan, 4To B pa3Hble MOMEHTbI
BpeMeHH BO Bcex Toukax [IPC BO3MOXXHO mosiBIeHUe
PACTATMBAOIMX HANPSHKEHUH G . OHAKO MX MaKcH-
MaJIbHbIe 3HAYEHMs TaKKe HAOJIOJAIOTCS Ha TpaHsX
KOHCTpYKIMU. OHM HEMHOTUM MeHblIIe, yeM no JICT.

BbIBO/IbI

1. laxxe B celicCMUYEeCKU HEOTIACHBIX palloHax ce-
JIyEeT MPOBEPATH CECMOCTOMKOCTh THAPOTEXHUUECKHUX
coopy>xenuil. [Ipu pacueTHOl CEICMUYHOCTH IJI0ILA/I-
KU CTPOUTENILCTBA CEMb OaJNIOB B paccMaTpHBaeMOM
COOPY)KEHUM CEHCMUUYECKUE HArPy3KU OKa3aJIMCh

CTOJIb BEJIMKM, YTO YI'POXKAIOT €My IOTEped yCTOM-
YUBOCTH.

2. IlpuyanbHble COOPYKEHUS ABISIOTCS HE CTONb
MacCCHBHBIMH, YTOOBI COXPAHUTh YCTOHYHMBOCTH NpPHU
ceiicMuyeckux Harpyskax. J1jis odbecrieueH st yCTONYH-
BOCTH PEKOMEH]IyeTCs BBIMOIHATH KOHCTPYKLUHU MPH-
YaJIbHBIX CTEHOK MOHOJHUTHBIMHU, €TUHBIMU B COBOKYTI-
HOCTH ¢ ()yHJJAMEHTHOM IJIUTOH.

3. CeilicMuueckue Harpy3kd Ha COOpY)KEHHE,
OIIPEJEJICHHbIE 110 IMHAMUYECKON TEOPUH, OKa3aJIUCh
MIPUMEPHO Ha 4YETBEPTh MEHbINE, YEM IO JIMHEHHO-
crekTpanabHOi Teopuu. OJTHAKO 3TO YTOUHEHHE HUKaK
HE CKa3aJI0Ch HA CEHCMOCTOUKOCTH COOPYKEHHUSL.
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INTRODUCTION

Modern building codes (SP 14.13330.2014%)
provide for a significant increase in seismic loads on
hydraulic structures. Therefore, ensuring their seismic
stability is currently an important problem of hydraulic
engineering. A large number of works are devoted to
the issues of seismic stability of concrete [1-10] and
ground [11-21] dams, the theory of dam calculations
under seismic loads is well developed. For calculations
of high dams, a calculation method based on a dynamic
theory is used. When calculating concrete dams, the
presence of cracks in the rock foundation [1, 3] is
taken into account, and when calculating soil dams, the
elastic-plastic nature of soil deformation [13-16] and

3 SP 14.13330.2014. Construction in seismic areas. Updated
version of SNiP II-7-81.Moscow, FAA “FCS”, 2014; 126.

the possibility of pore pressure in the soil [10] increase.
Calculations are carried out for the spatial conditions of
the dam together with the base [1, 3, 17].

At the same time, the seismic stability of
other types of hydraulic structures — structures on
waterways — is poorly studied. This is due to the fact
that waterways, as a rule, are not located in seismically
hazardous areas, when designing hydraulic structures
of inland waterways in most cases there is no need to
take seismic effects into account. If such a need arises,
the seismic stability of these structures is estimated by
approximate methods [22].

However, according to new building regulations,
there is a need to check the seismic stability of
hydraulic structures, even in the central part of Russia.
If the structure has an increased level of responsibility,
more accurate calculation methods should be applied.
In particular, such a need arose in the design of shipping
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structures of the Nizhny Novgorod hydroelectric
complex on the Volga River.

In accordance with SP 14.13330.2014, the
seismicity of the construction area is six points on
the MSK-64 scale. However, the basis of navigation
facilities is a thick layer of alluvial (mainly sandy)
sediments; therefore, the calculated seismicity of the
construction site is seven points. In view of the fact that
the soils of the base belong to the third category, the
seismic acceleration should be taken to be 0.13 g.

This article discusses the results of the calculated
analysis of the seismic stability of the mooring-dividing
wall (MDW) of the gateway. It is a narrow high structure
located on the base plate. The total construction height
of the wall is more than 24 m, of which 3.2 m is the
depth of the foundation slab. The width of the wall is
5 m, the width of the base plate is 15 m. The MDW
has a cellular structure. It has cavities filled with sand.
In the lower part of the MDW holes are made through
which water passes freely.

Alluvial deposits with a thickness of about 40
m, under which there is a thickness of indigenous
sedimentary rocks, lie under the foundation of the
MDW. Alluvial deposits are mainly represented by
medium-grained sands. The upper sands lie above
the average density, below — dense, the sands even
deeper — high density. At the bottom of the alluvial
layer is a layer of clay.

MATERIALS AND METHODS

Calculations of seismic stability were carried
out by a numerical method — by the finite element
method. We used computational programs compiled by
Candidate of Engineering Sciences M.P. Sainov.

The calculations were carried out in a flat
formulation for the vertical section of the MDW. Taking
into account the complex spatial structure of the
structure was carried out by changing the stiffness of
its corresponding elements. The finite element model
included the structure itself (MDW) and the block of
non-rock base. The dimensions of the base unit were
chosen in accordance with the recommendations of SP

14.13330.2014. The lower boundary of the block is
selected on the top of the bedrock. The block width was
150 m, i.e. 6 times more than the height of the structure.
It was assumed that the water depth at the MDW is
5.9 m. The computational domain was divided into
882 finite elements, of which 318 modeled a concrete
structure (Fig. 1). Another 32 finite elements modeled
the nonlinear behavior of the contact of the structure
with the base and the joint between the wall and its
base plate.

Boundary conditions were accepted as the absence
of displacements along the boundaries of the base
block.

Calculation of seismic stability of the structure
was to determine the seismic loads on it and to calculate
its stress-strain state (SSS) at these loads. Previously, it
was necessary to solve the problem of SSS facilities in
static calculations.

The general sequence of the calculations was as
follows:

* calculation of the stress-strain state of the structure
and foundation under static loads;

* calculation to determine the forms of natural mode
(FNM) of the computational domain;

* calculations to determine the seismic loads on the
structure;

* calculation of the stress-strain state of the structure
and foundation under seismic impact.

When calculating the SSS at static and seismic
loads, the model of linear deformation of soils was used.
Characteristics of soil deformability under static loads
were taken on the basis of experimental data. Dynamic
characteristics of soils were taken in accordance with
the Recommendations* made by the research Institute
of transport construction. For concrete, the dynamic
modulus of deformation was taken to be 29 000
MPa, Poisson’s ratio — 0.18. The accepted design
characteristics of the soil are presented in Table. 1.

4 Guidelines for determining the composition, condition and

properties of soils by seismic and acoustic methods. Moscow,
Research Institute of transport construction, 1985; 34.

Fig. 1. Finite element model of the construction and of the massif soil
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Table 1. Physical and mechanical properties of the materials of the calculated area
No. | The name of the material (soil) | Density, t/m® | Speeds spread of the Dynamic Static
(water pump) elastic waves characteristics characteristics
Vs m/s v, m/s E, MPa ) W v
MPa
1 | Concrete 2.40 2262 3623 29 000 0.18 29000 | 0.18
2 | Medium-grained medium density 2.02 180 1260 195 0.490 27.9 0.35
sand
3 | Medium-grained dense sand 2.11 200 1200 252 0.486 40.0 0.33
Medium-grained sand is very 2.24 250 1500 416 0.486 443 0.30
dense
5 |[Clay 2.10 500 2000 1540 0.467 432 0.35
Dumping of stone 2.25 300 1500 600 0.479 50 0.25

RESULTS

The calculation of the SSS of a structure under
static loads was performed using the Nds N computer
program [23]. The calculation was carried out on the
load from its own weight and hydrostatic pressure. To
improve the accuracy of the results in the finite element
model, finite elements with quadratic approximation of
displacements were used. The total number of degrees
of freedom was 5336. The results of calculating the SSS
of the structure under static loads are presented in Fig. 2.

According to the results of the calculation of the
voltage in the MDW are very small. An exception is
the base plate, which interacts with a non-rock base.
The estimated draft of the structure was 10 cm. When
precipitation occurs, the base plate bends, its lower part
experiences a stretching in the horizontal direction, and

v 20.1

the upper part experiences compression. Compressive
stresses in the base plate reach 2.6 MPa, and tensile
stresses 1.5 MPa (Fig. 2). Such stresses can be perceived
by concrete with proper reinforcement.

Finite elements with quasilinear approximation
of displacements were used in the calculations of the
natural mode structures. The total number of degrees
of freedom was 1796. The presence of water in the
computational domain was taken into account in the
form of an added mass, determined in accordance with
SP 14.13330.2014.

30 lower FSK were identified. To determine the
shape and frequency of natural oscillations, the method
of iterations of the subspace was used.

The obtained natural frequencies are shown in
Fig. 3. The frequency of the first form was 2.0 Hz,
the frequency of the thirtieth form — 10.92 Hz. In

%VZO.I

\A() \A(]
( V—3.2\ ( V-3.2 \
a b
Scale of stress, MPa
[ | ||
40 36 32 -28-24-20-16-12-08 04 0 04 08 12 16 20

Fig. 2. Stresses in the structure under static loads: @ — stresses in the horizontal direction ¢ , b — stresses in the vertical direc-

tiono,
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Fig. 3. Frequencies of natural oscillations of the structure

accordance with SP 14.13330.2014, this number of
natural mode is sufficient to ensure the accuracy of
seismic stability calculations.

16 of the 30 forms of FNM have oscillations
mainly in the horizontal direction. Figure 4 shows the
10 lower FNM.

The calculation of seismic loads was made on
the seismic impact only in the horizontal direction.
The calculation used all 30 of the lower FNM defined
previously.

Calculations of seismic loads were made by
two methods. Since the structure under consideration
belongs to the second class, the calculation should be
made according to the dynamic theory (DT). In addition,
to verify the calculation was carried out on the linear-
spectral theory (LST), described in SP 14.13330.2014.

According to the results of the calculation using
the simple method, according to the LST, it was found
that the MDW under earthquake experiences significant
seismic loads. Seismic acceleration on the crest of the
MDW reaches 0.42 g (Fig. 5).

When using DT, the seismic impact was set in the
form of a single-component accelerogram (Fig. 6). It
was taken from a similar facility located in the Volga-
Kama basin and scaled so that the peak acceleration was
0.13 g. Accelerogram duration is 40 s, accelerogram
digitization step is 0.02 s. The maximum acceleration
is observed at time 3.06 from the beginning of the
accelerogram.

When using DT seismic loads on the structure
were determined by decomposing the process of
forced oscillations in the FNM, assuming the elas-
tic behavior of soils. The integration of the dynamic
equation was performed by the method of central dif-
ferences. The integration step was 0.005 s, which is
significantly less than the period of the highest FNM
taken into account.

30

Figure 7 shows the time variation of the accelera-
tions of linear oscillators corresponding to FNM. The
calculation showed that the first, second, third and
ninth FNM cause the largest inertial loads of the struc-
ture. Figure 8 shows the maximum acceleration values
obtained by FNM.

An analysis of the oscillation process showed that
the structure experiences the greatest shear (horizontal)
acceleration at a time point of 3.06 s from the start of
the earthquake. At this point, the maximum acceleration
on the crest of the MDW reaches 0.33 g (Fig. 9). This
is about 22 % less than the LST. However, the nature of
the acceleration distribution obtained by DT and LST is
approximately the same.

Having received seismic loads on the LST, the
SSS of the structure was calculated for the perception
of these loads. It was obtained that under the action
of seismic forces, the stability of the MDW is not
ensured — its sole is torn off from the base plate and
the subsequent tilting.

To ensure the stability of the structure, the
following structural measures can be recommended:

* to facilitate the upper part of the MDW by refusing
to backfill the upper cavities with ballast in order to
reduce seismic loads;

* to combine MDW and base plate in a monolithic
structure, linking them with a reinforcement cage.

The most effective is the monolithic design, as this
increases the area of the supporting surface.

The calculation of the SSS of the monolithic
structure of the MDW on the LST showed that its tip-
ping does not occur. The maximum displacement of
the structure is 2.9 cm (Fig. 10, a). When this MDW
is experiencing strain bending. Due to the additional
bending, tensile stresses o_in the base plate increase to
2.6 MPa (Fig. 11, a). According to calculations on the
verge of construction, tensile stresses 6 reach 2.2 MPa
(Fig. 11, b). The increase in tension in the concrete con-
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Fig. 4. Ten lower forms of natural modes structures. The left shows the oscillations in the horizontal direction, the right — in
the vertical
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Fig. 5. The distribution of horizontal accelerations in the structure when determining by linear-spectral theory
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Fig. 6. Calculated accelerogram (in the time interval from 0 to 10 s)
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Fig. 8. The maximum values of the accelerations of the natural mode forms. FNM is shown in yellow, with predominantly
oscillations in the horizontal direction, blue in the vertical direction
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Fig. 9. The distribution of horizontal accelerations in the structure when determining according to the dynamic theory (at the
moment of time 3.06 s from the start of the earthquake). The scale of acceleration is shown in fig. 5
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Fig. 10. Increments in displacement of a structure during seismic impact, determined by linear spectral theory
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Fig. 11. Stresses in the structure during an earthquake under seismic impact, determined by linear-spectral theory: a — stresses
in the horizontal direction 6 ; b — stresses in the vertical direction ¢ . Scale voltage, see fig. 2

tributes to the presence of cavities in the design. There-
fore, in order to reduce stretching, it is recommended to
perform it in one piece.

The calculation by the DT showed that at different
points in time at all points of the MDW, tensile stresses
o, may appear. However, their maximum values are
also observed on the edges of the structure. They are
slightly less than on the LST.

CONCLUSION

1. Even in seismically non-hazardous areas,
seismic stability of hydraulic structures should

be checked. With the estimated seismicity of the
construction site, seven points in the structure under
consideration have seismic loads that are so great that
they threaten the loss of stability.

2. Mooring facilities are not so massive as to
maintain stability under seismic loads. To ensure
stability, it is recommended to carry out the construction
of the mooring walls as monolithic, uniform together
with the base plate.

3. Seismic loads on the structure, determined by
the dynamic theory, were about a quarter less than the
linear-spectral theory. However, this clarification did
not affect the seismic stability of the structure.
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