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AHHOTALNA

BBegeHune. OgHVM 13 BO3MOXHBLIX (DAKTOPOB, AEMCTBYIOLUMX HA YCTOMYMBOCTb OTKOCOB FPYHTOBOW MNMOTUHbI, SBNSETCS
M3MEHEHME YPOBHEW BOAblI BOAOXpaHUNULLA MUNU HWkKHero bbeda. OnacHbIM criydaeM MoxeT ObiTb ObicTpas cpaboTka
BOJOXPaHWUNULLA, CBA3aHHas, Hanpumep, C aBapuUHOM CUTyauuen Unmn TeXHONorM4eckon HeobxoagmmocTslo. MpusogsaTcs
npuMepbl 0BpYyLLEHUS] OTKOCOB FPYHTOBBIX MMOTWH, BbI3BAHHLIX U3MEHEHUEM YPOBHSI BOAbI B BOOAOXPAHWUIMMLLE; a Takke
pesynbTaTtbl OLEHKM BMAHUA cpaboTkM BOOOXpaHUNMLLA Ha YCTOMYMBOCTb BEPXOBOrO OTKOca. PaccmarpuBanacb OfHO-
pogHas orpaxaatowias gamba us cyrnmHka Ha HeckanbHOM OCHOBaHUW BbICOTOM 29 M, 3aroXXeHNeM BEPXOBOTO U HU30BOTO
otkocoB 1:3,5. ViccnepoBaHusi npoBogunuch Ans ABYX crnydaeB cpaboTkv: MeANeHHOW CO CKOPOCTbH CHUXEHMWSI OTMETKU
BOAbl No BepTukanu v = 0,25 m/cyT, GbICTpo (aBapUHON) CO CKOPOCThLIO V = 4,4 M/CyT.

MaTepuansbi n Mmetoabl. Pacyetbl ounbTpauuy rpyHTOBOW MIOTUHBI AN YCTAaHOBMBLLETOCS U HEYCTaHOBMBLLETOCS PEXM-
MOB ¥ OLIeHKa YCTOMYMBOCTM OTKOCA NIOTUHbLI NPOBEAEHb! YUCTIEHHBIM METOAOM KOHEYHbIX 3NIEMEHTOB C MUCMONb30BaHMEM
nporpaMmmMHoro komnnekca PLAXIS. [laeTcs nocTaHOBKa UCCNEA0BaHUA U TEOPETUYECKNE OCHOBbI, 3arOXeHHbIE B pacyeThbl
VnbTPaLMM 1 YCTONYMBOCTH OTKOCOB.

Pesynbrathl. ViccnenoBaHusi nokasanu, YTo Npu CHUXEHUM YPOBHSI BOAbI BOAOXpaHUIMLLA C GOMbLLION CKOPOCTbLIO BO3pac-
TaeT OMacHOCTb HapYLUEHUS YCTOMYMBOCTM OTKOCA.

BbiBoabl. B cOOTBETCTBMM C NPaKTUKON NPOEKTUPOBaHUS BbIMOMHEHA OLEeHKa U3MEHEHUSI KO3hdULMEHTa YCTONYNBOCTH
BEPXOBOro0 OTKOCa OAHOPOAHOM FPYHTOBOW Orpakaatollei Aambbl C yYETOM CHUXEHUS YPOBHS BOAbl B BOAOXPaHUNuLLE
N UNLTPALMOHHBIX CUI HEYCTaHOBUBLLENCS bunbTpaumm. PaccMoTpeHbl BapuaHTbl C pa3HbiIMU CKOPOCTAMU CPaboTKu.
YcTaHoBMNeHo, YTo npu GonblUoi CKopocTM cpaboTkn KO3PULMEHT YCTOMUMBOCTU OTKOCA yMeHbluaeTcs. MonyyeHHble
pe3ynbTaTthl CBMAETENLCTBYOT 0 HEOBXOAUMOCTY yyeTa PUNLTPALIMOHHBIX CUM HEYCTaHOBMBLLENCS pUnbTpauUmmn B OLEHKE
YCTONYMBOCTU OTKOCOB NPY NPOEKTUPOBaHUN OQHOPOLHbIX NIIOTUH U3 ManonpoHNULIaeMbIX TPYHTOB.

KIMKOYEBBIE CITOBA: cpaboTtka BOOOXpaHWUMMLLE, (OUNBTPALMOHHbBIA MOTOK, YCTOMYMBOCTb OTKOCA, YUCIIEHHbIE METOAbI,
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Stability of the earth dam slope during reservoir drawdown

Nikolai A. Aniskin, Stanislav A. Sergeev
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. One of the possible factors acting on the stability of the slopes of an earth dam is the change of water levels in
the reservoir or the downstream reservoir. A hazardous event can be a rapid drawdown of the reservoir due to, for example,
an emergency or a technological necessity. Examples of collapse of ground dam slopes caused by changes in water level in
the reservoir are given, as well as the results of estimation of the effect of reservoir drawdown on the stability of the upstream
slope. A homogeneous enclosing dam made of loam on a non-rock base with a height of 29 m and upper and lower slopes
of 1:3.5 was considered. The research was conducted for two cases of drawdown: slow drawdown with the rate of vertical
water level decrease v = 0.25 m/day and fast (emergency) drawdown with the rate of v = 4.4 m/day.

Materials and methods. Calculations of filtration of soil dam for steady and unsteady modes and assessment of stability of
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the dam slope are carried out by numerical method of finite elements using PLAXIS software package. The research state-
ment and theoretical foundations, laid in calculations of filtration and stability of slopes are given.

Results. Researches have shown that at decrease in a water level of a reservoir with the big speed the danger of infringe-
ment of stability of a slope increases.

Conclusions. According to the practice of designing, the evaluation of change in the upper slope stability coefficient of the uni-
form ground protecting dike taking into account decrease of the water level in the reservoir taking into account filtration forces of
unsteady filtration has been carried out. Variants with different rates of drawdown are considered. It is established that at high
rates of drawdown the coefficient of slope stability decreases. The obtained results testify to necessity of taking into account filtra-
tion forces of unsteady filtration in evaluation of slope stability when designing homogeneous dams made of low-permeable soils.

KEYWORDS: reservoir drawdown, filtration flow, slope stability, numerical calculation methods
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BBEJEHUE

B npakTuke rupoTeXHUYECKOTO CTPOUTEIHCTBA
OonblIOe BHUMaHUE yAEJICHO BONPOCY YCTOHYUBOCTH
OTKOCOB TPYHTOBBIX IUTOTHH WM ]aM0 NIPH N3MEHEHHUU
YPOBHS BOJIBI, KOTOPOE MOKET ITPOM30HTH B IpoOIEcce
9KCIUTyaTallil cOOpyKeHus. Bo3Mo)kHa Tak Ha3bIBa-
eMasi cpaboTKa BOIOXPAHMIINIIA — MOHIKEHHE YPOBHS
BOJIBI, BEI3BAHHOE €€ NOTPEOIeHNEM WIIN aBapUHHBIM
copocom. CHIDKEHHE YPOBHSI BOABI HHOTA TIPOUCXOIAHT
CO 3HAUUTEIBHONU CKOPOCTHI0. OHO BBI3BIBAET U3MEHE-
HUE (QUIBTPAIMOHHOTO PEXHMa I'PYHTOBOW IJIOTHHEL.
OTO BBIpa’kaeTcsi B U3MEHEHHUH TOJIOKEHNUS AETPECCH-
OHHOI IOBEPXHOCTH, HAIIPABJIEHUH U BEJIMYMH CKOPOC-
Tell U rpagueHToB QuUIbTpanuu. JJaHHbIe TPOIECCH
MOTYT IPUBECTH K HETaTHUBHBIM ITOCIIEACTBUSM: BO3-
HUKHOBEHHIO (QMIIBTPALIMOHHBIX JeopMannii, CHIKe-
HHIO YCTOWYNBOCTH M OOPYIIIEHHIO OTKOCOB BCIIEACTBHE
JEUCTBHS MOSBIAIOMINXCS THAPOIUHAMUUECKUX (HHITh-
TPallMOHHBIX Harpys3ok [1-4].

B npakTuke ruipoTEXHHYECKOTO CTPOUTEIHCTBA
W3BECTHBI CIlydal aBapHil Ha COOPY>KCHHAX, BBI3BaH-
HbIE€ OBICTPBIM CHIDKEHHEM YPOBHS BOABI B BEPXHEM
onrede [5—7].

[IpumepoM HapylIeHHs yCTOWYHMBOCTH OTKOCA
IUTOTHHBI M3-32 CHIDKCHUSI YPOBHS BOJOXPAHIIIHIIA MO-
JKET CITY>)KUTh aBapuiiHas cuTyanus Ha miotune [Tunap-
muroc (Pilarcitos Dam, Kanudopuuiickuit n-os, Can-
®pannucko, Beicota 23,8 M). ABapusi, IPOU30ILIEIIIAs
B 1969 r., ObuTa M3y4eHa QOCTATOYHO MOAPOOHO [7].
OOpymieHue oTKoca Ha TUIOTHHE, BO3BEICHHON U3 CY-
MeCYaHbIX TPYHTOB, IOCJIEI0BAJIO MOCIEe CHUXKCHUS
ypOBHS Bopoxpanuiuiia Ha 10,7 M B TeueHue 43 nHel.

Takxxe B KauecTBe NMpUMEpa MOKHO MPHUBECTH
MaccuBHOE oOpymieHne oTkoca Ha mioTuHe CaH-
JIyuc (San Luis) Beicotoit 116 M B Kanudopuuu [5].
B 1981 r. B pe3ynabpraTe NOHMKEHHS yPOBHS BOIOXPA-
Huuima Ha 55 M 3a 120 gHel B 3aCylUIMBBIA NEPUOA
MIPOU30IILIO OOpYIIIeHHEe BEPXOBOTO O0TKoca. OTOI3eHb
muprHO# 1o ¢ppoHTy 340 M mepemMecTri B BOAOXpa-
HIUTUIIE MaccuB rpyHTa 06bemoM 310 000 m>. PemonT
mwIoTuHB! moTpe6osan orceinku 1 100 000 m> rpyHTa,
nocie 4ero paboTocrnocoOHOCTh TUIOTHHBI OblIa BOC-
CTaHOBJICHA.

[IporHo3 nmoBeeHus1 KOHCTPYKIMH IT'PYHTOBBIX ILIO-
THH TIPH U3MEHEHUSIX YPOBHS BOABI M OOECIIEUCHHE e
YCTOWYMBOCTH M OE3011aCHOCTH SIBIISIETCS aKTyaJIbHOM 3a-
Jageii [8, 9]. Ee peleHne cOCTOUT U3 ABYX YacTel: perie-
HUS QUIBTPAIIOHHON 3a/1a4M [T HEyCTaHOBUBILIETOCS
peXuMa ¥ OLIEHKH YCTOHYMBOCTH OTKOCA TIOTHHBI C y4e-
TOM PE3YIIBTATOB PEIICHHUSI (PHIIBTPALIOHHON 3a1atH.

Pemrenne HecTannoHapHOW (QUIBTPAIIMOHHOM 3a-
Jla4uul U1 cIoydasi CHIDKCHHS YPOBHSI BEpXHEro Obeda
NPUMEHHUTENBHO K IPYHTOBBIM IJIOTUHAM M Jambam
paccMmaTpuBaiock B paboTax npencTaBuTeneld poccuii-
CKOW (pUITBTPAIIMOHHON IIKOJBI U 3apyOe)KHBIX HCCIIe-
nosareneit [10—18].

MHOro4YHiCIIEHHBIE UCCIIEIOBAHUS YCTOMUUBOCTH
OTKOCOB ITpU U3MEHEHUH YPOBHEH BOJIbI ObLIIM BHI3BAHBI
PSIOM aBapuii Ha TPYHTOBBIX IIOTHHAX [19-21].

B nocnennue ros! MMpoKoe MpUMeHeHHe TS pe-
HIEHUA 33434 IO OLEHKE YCTOMUMBOCTH OTKOCOB ILJIO-
THH TIPU TIOHI)KEHUH YPOBHS BOJBI BOJOXPAHIIININA
(BKIIOYAsl penieHne HeyCTaHOBUBIICHCS (PUIIBTPALIUH)
HaIlJIM YUCIICHHBIE METOABI, U MPEX/Ie BCETO, METOX
KOHEUHBIX 1eMeHTOB (MKD) [22-24].

B pabote mpuBonsTCS pe3yiabTaThl YHUCIEHHOTO
pemeHnst 3a7ad yCTOMYMBOCTH OTKOCA OTpakJaro-
mew namObl Ipu cpaboTKe yPOBHS BOJIOXPAHMIMILA
¢ UcIoyb30BaHueM nporpammHoro komurekca (ITK)
PLAXIS 2D na ocHoBe MKD.

MATEPHUAJIBI U METO/JAbI

Pacuersl MeTooM KOHEYHBIX AyeMeHTOB B [IK
PLAXIS 2D 6putn pa30uThI Ha HECKOJIBKO MTOCIIEA0BA-
TEIbHBIX CTAIHH, I KaXKIOW U3 KOTOPBIX 3aJaH TOT
UM UHOM pexXUM HarpykeHus. XapakTepHbIe pacueT-
HBIE CIIy4aW W COOTBETCTBYIOIIME MM THIIBI pacyueTa
Npe/ICTaBIeHbl B Tao. 1.

Hns pacuera HAC paccmarpuBaemMoro coopyxe-
Hust B [IK PLAXIS 2D npumMeHsuics miacTHYeCcKHi pac-
YeT ynpyromiacTudeckux nedopmanuid. [Ipn nannom
THUIIE pacyeTa HarpyKeHHUE 3a1aeTCsl ¢ TOMOLIBIO U3Me-
HEeHHUs1 KOMOMHAIIMK HArpy30K, HANPSKEHHOTO COCTOSI-
HUS, BECA, IPOYHOCTH U )KECTKOCTH KIACTEPOB IPYHTOB
W KOHCTPYKTHUBHBIX 3JIEMEHTOB, KOTOPBIE MOTYT OBITh
AKTHBHPOBAHBI UM A€aKTUBHPOBAHBI I MOJEINPOBA-
HUS CTPOMTEIILHOTO IIPOLECCA.

(5] € ANSSI ZL'ION Suisaewonsy
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Taou. 1. KomOuHaIMK BEIIONTHAEMBIX PACUeTOB

Pacuernslii cinyuai

Tun pacuera

Tun pacuera MOpPOBOTO JaBICHHS

PacueT HanpspkeHHO-1epOPMUPOBAHHOTO
cocrosuus (HC) npu ycraHoBUBIIEMCS
YpOBHE BOJIBI B BepxHeM Obede

IInactuyeckuii

YcranoBuBmasicst prsTparnys
TPYHTOBBIX BOJ

Pacuer H/IC npu u3MeHEeHUH ypOBHS
BOJIBI B BEpXHEM Obede
(cpaboTKke BOIOXPAHMIIHIIIA)

CoBMeCTHBIH (HUIBTPALHOHHO-
Je(OpMaIIMOHHBIN pacyeT

HeycranoBuBmascst Gpuisrparus
I'PYHTOBBIX BOJ (ABTOMAaTHYECKH)

Pacuer ycTolH4MBOCTH BEPXOBOIO OTKOCA

Hecymas cnocoOHOCTs TPYHTOB OCHOBAHHUS IIPO-
BepsUIaCh MPOrPaMMHBIM KOMIUIEKCOM aBTOMATHYECKH
B COOTBETCTBHH C KPUTEPUSIMHU MIPOYHOCTH, 3aJIOKEH-
HBIMH B TPYHTOBOI1 MOozenH (B ciIydae, eCiu Harpy3ka
Ha OCHOBAHHE MPEBHIMIACT HECYIIYI0 CIIOCOOHOCTH
OCHOBaHUS, IPOrpaMMa aBTOMATUYECKH TTOKa3bIBAET
HEOrpaHUYCHHBIE IUIacTHYeCcKue nedopMannu, KOTo-
pBIE MIPUBOAAT K BOSHUKHOBEHHIO OIMIMOOK, OCTAaHOBKE
pacyeTa ¥ HEBO3MOXXHOCTH BBIJA4YH PE3yIBTATOB), U YC-
JIOBHE TIEPBOTO MPEAETHHOTO COCTOSHUS BBIITOTHACTCS
JUTS BCETO OCHOBAHHSI KOMIUIEKCA.

C nensio onieHku n3meHerns HJIC npu m3meHeHnn
YPOBHS BOJABI B BEpXHEM Obede HCITOIB30BAICSI COB-
MECTHBIN (DHIBTPALUOHHO-1e()OPMAIIHOHHBIA PACUET.
[Tpu 3TOM THIIEe pacueTa BO3MOXXHO OLIEHUTH pa3BUTHE/
n3MeHeHue nedopMaIivii ¥ MOPOBBIX JaBJICHUN B BOMIO-
HACBHIIIEHHBIX U YaCTUYHO BOJIOHACHIIIEHHBIX TPYHTaX,
KaK pe3yibTaT 3aBUCSIINX OT BPEMEHU U3MEHEHHUS T'H-
JIpaBIMYECKUX TPAaHUYHBIX yCIOBUU. JlaHHBIN TUT pac-
geTa YYUTHIBAET B3aHMOCBS3b MEXIy (QUIbTpanuent
1 1eopMaLKsAMH.

Js olleHKH yCTOMYMBOCTH UCTIOJI30BAJICS pac-
4yeT 0€30MacCHOCTD, MIPU KOTOPOM IOCIEA0BATEIbHO
YMEHBIIAINCh MPOYHOCTHBIE XapaKTePUCTUKH TPyH-
TOB (YroJ BHYTPEHHETO TPEHUS, CIEIUICHHE U CIBH-
roBasi MPOYHOCTH) /10 T€X IOp, IIOKa HE MPOU30HMIET
pa3pyiuenue. Pe3ynbraTamu pacuera yCTOMUYMBOCTH
SIBIISIETCS OIpeeIeHUe MOTECHIINATbHON MIIOCKOCTH
caBura, T.e. HauboJjee 0ciabIeHHOW MOBEPXHOCTH,
0 KOTOPOH MPOUCXOJUT pa3pylIeHne, U pacyeTHOTO
k03¢ duinenta ycroiiunBoctd. KpruBas BO3MOXKHOTO
casura GOpMHUPYETCS MO0 OBEPXHOCTH, I7I€ BOZHHUKA-
0T MaKCHUMaJbHBIE KacaTeNnbHBIC HampshkeHus. Pac-
YETHBIH KOIPPHUIUEHT YCTONYMBOCTH OIPEACIACTCS
Kak OTHOIIeHHE (PaKTHIECKON MPOYHOCTH K IPOYHOC-
TH TIPH Pa3pyIICHUN.

HopmatuBHbIM KpUTEpHEM YCTOHYHUBOCTU OTKO-
coB ruapotexandeckux coopyxkenuii (I'TC) sapnsercs
COOJTIOICHUE YCITOBHS:

V.= y—ER,
Y

e ¥, — KO3 (QUIMEHT COUETaHNs HArPY30K; F'— pac-
YeTHOE 3HaYeHNE 0000IIEHHOTO CHIIOBOTO BO3IENCTBHUSA
(cmita, MOMEHT, HalpsDKEeHUE), AepopMannuu Uil Apy-

8

beszonacHocth

Hcnons3oBarh gaBneHust
¢ mpenpayImei dhazb

TOro MapamMeTpa, o KOTOPOMY MPOBOJISIT OIICHKY IIpe-
JIEJIbHOTO COCTOSIHHUSI, OTIPE/ICIICHHOE C YYETOM KOd(]-
(purpeHTa HaZEKHOCTH 110 HArpysKe Y, R — pacueTHoe
3HaYeHHE 00O0OIIEHHON HECYIICH CITOCOOHOCTH CHCTE-
MBI «COOPYKEHHE—OCHOBaHHE, ONPEeIIieMoe C yUe-
TOM KOO()(QUIMEHTOB HAJEKHOCTH 1O MaTepHany vy,
HITH TPYHTY Y, U YCIOBHUH paboTH ¥, T.€. 0000IIEHHOE
pacdeTHOe 3HaYEeHHEe CUJT TIPEeIIbHOTO COMPOTUBICHHS
C/IBUTY I10 PacCMaTpPHBaeMOil MOBEPXHOCTH.

C uenbto pacuetoB ycroiunBoctd U HJIC ncnomns-
30BAJIMCh CTAHAAPTHBIE IPAHUYHbIC YCIOBUS: OOKOBBIC
rpaHUIIbl UIMEIOT 3aKpeIlieHHe OT MepeMeIeHni B To-
PU30OHTaNLHOM Hampasienuu (u = ), a HIKHSA Tpa-
HUIIA UMEET 3aKpeIUieHHe OT MepeMelIeHU B 0001X
HanpaBnenusx (1 = u, = 0).

st OLleHKH M3MEHEHHs! IOPOBOTO JaBIICHUS
TaKXe YYUThIBajach HEyCTAaHOBUBIIAsACS (UIbTpA-
115, KOTOpasi OCHOBBIBAETCS HA BBOJIE 3aBHCHUMBIX
OT BPEMEHU TUJPABINYECKIX TPAHUYHBIX YCIOBHIA,
YpOBHE#l BOJbI, HEHYJEBOTO HMHTEpBaja BPEeMEHHU
1 QUIBTPALMOHHBIX TAPAMETPOB IPYHTOB: K03 hu-
IIMEHTOB (QUIBTPALMHU B TOPU3OHTAIBHOM k , M/CYT,
¥ BEPTUKAJILHOM k , M/CyT, HanpasieHusax. Pacuer
(unbTpauu BOJOHACHIIIEHHBIX TPYHTOB MPOU3BO-
JIUTCSI Ha OCHOBaHUHU KO3 (DHUIIMEHTOB PHIBTPALINH,
pacder QUIBTpPali B HEBOJOHACHIIIICHHON 30HE —
Ha OCHOBE MOJIeJIeii, ONMUCHIBAIONINX THPABIHYECKOE
MOBE/ICHNE HEHACHINEHHBIX ITpyHTOB. [Ipu pacyerax
B [IK PLAXIS 2D npumeHsu1ach 0JJHa U3 CaMbIX pac-
MPOCTPAHEHHBIX U allPOOMPOBAHHBIX MOJIEIeH — MO-
nenb Ban ['eHyxTeHa, OCHOBHOE YpaBHEHUE KOTOPOU
CBSI3bIBAET BOJIOHACHIIIEHUE C HATIOPOM CJIEIYIOIIUM

obpazom:
2 7%
9,]) ] :

e ¢, =p, /Y, W p, — TIOPOBOE JIaBJIEHUE BCACHIBA-
HHS; ¥, — YHEIbHBIA BEC TIOPOBON XKUAKOCTH; S —
OCTaTOYHOE BOJOHACHIIIEHIE, KOTOPOE XapaKTepru3yeT
YacTh KUAKOCTH, OCTAIOMIEICS B TOpax a)e MpH BhI-
COKOM BCAChIBaHHUH; S — MOXET OBITH MEHBIIIE €/H-
HUIIBL, TaK KaK MOPHI MOTYT OBITH B TOM YHCIIE 3aHATHI
rasoM; g — MapaMeTp, XapaKTePU3yIOMNK BETHIHNHY
rasa, MPOHMKHYBUIETO B TPYHT; g — TApaMeTp, Xa-
PaKTEPU3YIOMUNA CKOPOCTh BOAOOTIAYH M3 TPYHTA;

S(9,)= S +(Su -S.) [1+(g,,
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g.= (1 - g )/g,— napamerp, UCIIOJIL3yEMBIH B 00LIEM
ypaBHeHUH Ban ['enyxTeHa.

Jns pacuera HeycTaHOBHBIIEHCS (QUIBTpALIUU
OBUIM HMCIIOJB30BaHBI CIEIYIOUME T'MIPABINYECKHE
IpaHUYHbIC YCIOBUS: OOKOBBIC IPAHULIBI SBISIOTCS OT-
KPBITBIMH, ¥ BOZIa MOKET CBOOOHO (DHIIBTPOBATh Uepes
HHX, a HIKHSSI TPaHHUIA — 3aKpBITas.

PE3YJIBTATHBI HCCJIEJOBAHUA

W3ydanace ogHOpOAHAs OTpakaaroIasl Jam-
0a U3 CyrIMHKa Ha HECKaJbHOM OCHOBaHHH, IPO-
¢uap mpexncraBieH Ha puc. l. Bricora mimoTu-
HBl — 29 M, 3aJl0)K€HHE BEPXOBOTO M HU30BOTO
otkocoB — 1:3,5. HavyanbHas riyOuHa BEpXHEro Obe-
ba H = 26 m. PaccmarpuBanochk nsa cirydas cpabot-
ku: MemieHHas v = 0,25 m/cyT, ObicTpas (aBapuitHas)
v =44 m/cyT. B 000uX ciIy4asx aHaJIM3HPOBAIOCH I10-
HIDKEHHE YPOBHS BOIBI B BEpXHEM Obede 0 OTMETKH

H,= 4 m. B tabn. 2 npuBesieHbl YU3HKO-MEXaHUYECKUE
XapaKTEePUCTUKH, IPUHATHIC B PacyeT.

Ha puc. 2 mpexacraBiieHBl IIOJy4YEHHBIE B pe-
3yJabTaTe pacyeToB IOJIOKEHUS ACTPECCHOHHON MO-
BEPXHOCTHU B CIy4asX YCTaHOBHBLICHCS (HIBTpaLlH
npu YBbmakc — 26 M (cHMHHM mBETOM Ha puc. 2)
1 YBbMuH — 4 M (KpacHBIM IIBETOM), a TAKXKE IO pe-
3yJabTaTaM pacyeToB MEJICHHOH (3€JIEHBIM IIBETOM)
1 OBICTpPO (aBapuiiHO¥M) CpaOOTKH BOIOXPaHHUIIMINA
(uepHast KpuBas Ha pHcC. 2).

BosnukHOBeHNE (QMIBTPALIMOHHOTO IIOTOKA, Ha-
MIPaBJIEHHOTO TpH CpaboTKe B CTOPOHY BEPXHETO Obe-
(ba, HETaTUBHO CKa3bIBaeTCA Ha YCTOHYMBOCTH OTKOCA.
B cBs3u ¢ HU3KNM K03 QUITEHTOM QHUIBTPAuy TPYyH-
TOB TeNa AaMObl MOXKHO OTMETUTH JOCTAaTOYHO ITOXOXKHUE
TIOJIO’KCHHMS ICTIPECCUOHHBIX TTOBEPXHOCTEH B ciydae
MEIJICHHON W aBapuiiHO# cpaboTku. Tem He MeHee,
YYUTBIBas OOJBINYIO THAPOANHAMHYECKYIO Harpysky,

Taou. 2. PusuKo-MexaHUIECKHE XapaKTePUCTUKHI IPYHTOB TeJla M OCHOBAHUS OTpa)KIaromeil 1aMOb

OcHoBaHne
Enununa Teno
XapaxTepucTHKa O6o3HaueHne R aMGal
P 8 Uro-1 Uro-2
Monens MaTepuaia — — Kynona — Mopa
Tun marepuana o o JlpeHupoBaHHbIN
VYnenvHBIH Bec TpyHTa Y st kH/™M3 18,6 18 18,8
VYnenbHBI BeC HaCHIIIEHHOTO v CH/AP 19.6 19 19.4
TpyHTa sat
Monyne nedopmariun E MlIla 30 32 40
Cuemnnenne c kIla 18 10 18
Yroa BHyTPEHHETO TPEHHS [0} rpaj 24 22 26
Kosdpdunument dpunsrparmu k,k, Mm/cyT 0,01 0,001 0,001
H =26m H=29m
1 :3’ 5

Puc. 1. IlpyHIunuanpHas cxemMa orpaxaaronieid 1aMOb
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NpSIMO TPONOPLUOHAIBHYIO I'paJleHTy puiabrpaunn Kod(uimeHTa ycToiunBOCTH (BEPXOBOM OTKOC HAaXO-
B 30HE BEPXOBOTO OTKOCA OTPaXKIAIOIICH JaMOBI, B CIIy-  IUTCS B MPEIeTbHOM cocTostHAN). Ha puc. 3 mokazaHsI
yae aBapuitHOW cpabOTKHU HAOMIOAETCsl pe3Koe NMaJieHe  TPaJUeHTHI QHIBTPAIMH B CITy4yae aBapuitHON cpabOTKH.

Puc. 2. PacueTHble MONOXEHHS ISPECCHOHHBIX OBEPXHOCTEH B ClIydasiX YCTAaHOBHUBLIEHCS U HEYyCTaHOBUBIIEHCS (QUIBTPALIN

1,10

1,00
0,90
0,80
— 0,70
— 0,60
— 0,50
— 0,40
0,30
0,20
0,10
0
Puc. 3. Pacnipenenenue rpaguenTa GUIsTpaluy Npu ObICTPO cpabOTKe BOIOXPAHWIIHILA
Taou. 3. 3HaueHust K03(PHUINEHTOB YCTOHYUBOCTH OTKOCOB IS K&XKIOTO PACUETHOTO CIydast
Koadpdpuuument ycroitaunBoct
. N PacuerHslit kP
PacuerHblii ciryvait st HopmatHBHbiit
Bepxosoit Huzosoit ke
OTKOC OTKOC
[lepuon HOpManbHOH 3kcIuTyaTanuu npu Y Bbmakc 26 1.207 12
(ycraHoBHBIIAsICS (HUITBTPALIHST) ’ ’ ?
[Iepuon HopManbHOM dKCIUTyaTauuu npu Y BbMun 20 1.993 12
(ycraHoBHBILIAsICS (QHUIBTPALIHS) ’ ’ ?
[Nepron HOpMaIbHON SKCILTyaTAIMX TP MEUIEHHON cpaboTKe 1.269 1251 12
(HeycTaHOBHBIIASICS (DHITBTPALIH) ’ ’ ?
[epron aBapuiiHO# SKCILTyaTaluy IpH OBICTPOI cpadoTKe
pHoL asap YATALuLi tip POt ep 1,011 1,214 1,08
(HeycTaHOBHBIIASICS (YHIIBTPALIVS)
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C. 6-17

Puc. 4. [TnockocTts casura npu GBICTPOi cpabOTKe BOJOXPaHIIIUIIA

3HaueHus K03()QUINEHTOB YCTOHYMBOCTH Bep-
XOBOTO M HHM30BOTO OTKOCOB JJIsi BCEX PacyYETHBIX
ciIy4aeB mpencraBieHsl B Ta0m. 3. Ha puc. 4 mokasa-
Ha IUIOCKOCTH C/IBHTa JUIS Cirydyasi ObICTpol cpaboTKu
BOZIOXPAHMIIHILA.

3JAKJIIOYEHUE U OBCYXJIEHHUE

B nacTosmieit pabore B COOTBETCTBUU C TPAKTH-
KO IMPOEKTUPOBAHUS BBINOJIHEHA OLEHKA U3MEHEHHUS
k03¢ (UIMEeHTa YCTOHUYNBOCTH BEPXOBOTO OTKOCA OJI-
HOPOIHOM TPYHTOBOH OTpakIaroIIeii 1TaMObI C y4eTOM
CHIDKCHHS YPOBHS BOJBI B BOZOXPAHWINILE C YIETOM
(GWIBTPAaMOHHBIX CHJI HEyCTaHOBUBILEHCS (QUIbTpa-
uu. PaccMOTpeHB! BapHaHThI ¢ Pa3HBIMH CKOPOCTSIMU

CcpaboTKH. YCTaHOBJIEHO, YTO MPU OONBIION CKOPOCTH
CpabOTKH KOAPPHUIIUEHT YCTOMIUBOCTH OTKOCA YMEHbB-
IIaeTCSI.

Ilony4yeHHBIE PE3yabTaThl MOKA3bIBAIOT HEOO-
XOAUMOCTh y4eTa (PUIBTPANMOHHBIX CHJI HEYCTaHO-
BHUBIICHCS QIIBTPAIIAA B CIy4dasX MPOCKTHPOBAHUS
OJTHOPOIHBIX IUIOTHH U3 MAJIOMPOHHUIIAEMBIX [PYHTOB.

B uccienoBaHuy HE YYHUTHIBAIOCH HEIPCHUPO-
BaHHOC MOBCJCHUEC TPYHTOB Teja U OCHOBAHUS CO-
OpyXKEHUS B cirydae OBICTpOH cpaboTkH, Ooiee Toro,
Ha JaHHBI MOMEHT OTCYTCTBYET €IUHBIH MOIXO.
K IIPOCKTUPOBAHUIO OJHOPOIHBIX IPYHTOBBIX IUIOTUH
U3 CBSI3HBIX TPYHTOB, CBA3BIBAIOIIUI CKOPOCTH CPabOT-
KW BOJOXPAHWIAIIIA ¥ THII TOBEACHUS (IPCHIPOBAHHOE
WM HEIPEHHUPOBAHHOE) TPYHTOB.

CIIMCOK UCTOYHHUKOB

1. Cedergren H.R. Seepage, drainage, and flow
nets. 2nd Edition. John Wiley & Sons, Inc. New York —
London — Sidney —Toronto, 1977.

2. Reddi L.N. Seepage in Soils: Principles and
Applications. Hoboken (NJ) : John Wiley & Sons, 2003.

3. llonybapunosa-Kouuna I1.4. O HEyCTaHOBUB-
IIMXCS IBIDKCHUAX TPYHTOBBIX Box // Jlokmamer Akaje-
mun Hayk CCCP. 1950. T. 75. Ne 3.

4. [lonybapurnosa-Kouuna I1.4. Teopus NBUXKESHUS
IPYHTOBBIX BoA. M. : [ocynapcTBeHHOE U3/1aTENBCTBO
TEXHUKO-TEOPETHUECKON InTeparypsl, 1952.

5. Stark T.D., Jafari N.H., Zhindon J.S.L.,
Baghdady A. Unsaturated and Transient Seepage
Analysis of San Luis Dam // Journal of Geotechnical
and Geoenvironmental Engineering. 2017. Vol. 143.
Issue 2. DOI: 10.1061/(asce)gt.1943-5606.0001602

6. Alonso E.E., Pinyol N.M. Numerical analysis
of rapid drawdown: Applications in real cases //
Water Science and Engineering. 2016. Vol. 9. Issue 3.
Pp. 175-182. DOI: 10.1016/j.wse.2016.11.003

7. Vandenberge D.R. Total stress rapid drawdown
analysis of the Pilarcitos Dam failure using the finite
element method // Frontiers of Structural and Civil
Engineering. 2014. Vol. 8. Issue 2. Pp. 115-123.
DOI: 10.1007/s11709-014-0249-7

8. Berilgen M.M. Investigation of stability
of slopes under drawdown conditions // Computers

and Geotechnics. 2007. Vol. 34. Issue 2. Pp. 81-91.
DOI: 10.1016/j.compgeo.2006.10.004

9. Zomorodian A., Abodollahzadeh S.M. Effect
of Horizontal Drains on Upstream Slope Stability
during Rapid Drawdown Condition // International
Journal of Geology. 2010. Vol. 4. Issue 4. Pp. 85-90.

10. Llecmaxoe B.M. Onpenenenve ruipoanHaMu-
YECKHMX CHJI B 3eMJISTHBIX COOPY)KEHHAX U OTKOCAX IPH T1a-
JICHUHU ypoBHe#i B Obe(ax // Borpockl (priibTpaliioHHBIX
PacueToB rHPOTEXHIMUYECKUX COOpYKeHUH. 1956. Ne 2.

11. Pa3Butue nccne1oBaHNi IO TEOPHH (QHIIBTPaA-
un B CCCP / otB. pen. I1.4. TTomrybapunosa-Kounna.
M. : Hayka, 1969. 545 c.

12. Muskat M. The Seepage of Water Through
Dams with Vertical Faces // Physics. 1935. Vol. 6.
Issue 12. Pp. 402—415. DOI: 10.1063/1.1745284

13. Illlecmaxos B.M. HexoTopbie BOIIPOCHI MOJIe-
JIMPOBaHUs HEYCTaHOBUBILEHCs GpuibTpanmu // Borpo-
CBI (PUITBTPAIMOHHBIX PacYeTOB I'MAPOTEXHUIECKUX CO-
opyxeHuit. 1956. Ne 2.

14. Apasun B.U., Mowxosa M.A. VccnenoBanue
Ha IIEeJIEBOM JIOTKE BIUSHUS (OPMBI BOJOYNOpa IpH
HeycTaHoBuBIIeHcs punbrpanny // U3sectust BHUNT.
1964. T. 76.

15. bundeman H.H. Tunporeonorundeckue pacye-
THI TIO/ITIOpPA I'PYHTOBBIX BOA M (MIIBTPALIMH U3 BOJIO-
xpanunuil. M. : Ymerexuzaar, 1951. 72 c.

11

(6b) € anSS1 71 ToN e



scionce o Aruction: 191, 12, Issue 3 (45)

Nikolai A. Aniskin, Stanislav A. Sergeev

16. Bepueun H.H. O Te4eHUAX TPYHTOBBIX BOJ IPH
MECTHOM ycuiieHHO# nHuasTpanuu // Jloknaas Aka-
nmemrn Hayk CCCP. 1950. T. 70. Ne 5.

17. Illlecmakxosé B.M. ®UnbTpallMOHHBIA pacyeT
3eMJISTHBIX IUIOTHH U TIEPEMBIYEK TPH KoleOaHNH Obe-
oB // I'mapoTexHUIECKOE CTPOUTENBCTBO. 1953, Ne 7.
C. 36-39.

18. Illecmaxos B.M. Pacduet KpUBBIX IEMPECCHH
B 36MJIIHBIX ITUIOTHHAX M AaM0ax IpH MOHIKEHHUH TO-
pu30HTa BogoXpaHunuma // ['uaporexHnaeckoe cTpou-
TenbCcTBO. 1954. Ne 4. C. 32-36.

19. Reinius E. The stability of the upstream slope
of earth dams. Stockholm, 1948.

20. Brahma S.P, Harr M.E. Transient development
of the free surface in a homogeneous earth dam //
Geotechnique. 1962. Vol. 12. Issue 4. Pp. 283-302.
DOI: 10.1680/geot.1962.12.4.283

Hocmynuna 6 pedaxyuro 20 cenmsbps 2022 2.
Tpunsma ¢ oopabomannom eude 27 cenmsabps 2022 2.
Ooobpena onsa nyoruxayuu 27 cenmsaops 2022 .

21. Lane PA., Griffiths D.V. Assessment of stability
of slopes under drawdown conditions // Journal
of Geotechnical and Geoenvironmental Engineering.
2000. Vol. 126. Issue 5. Pp. 443-450. DOI: 10.1061/
(asce)1090-0241(2000)126:5(443)

22. Aniskin N.A., Antonov A.S. Development
geo-seepage models for solving seepage problems
of large dam’s foundations, on an example of ANSYS
Mechanical APDL // Advanced Materials Research.
2014. Vol. 1079-1080. Pp. 198-201. DOI: 10.4028/
www.scientific.net/amr.1079-1080.198

23. Al-Labban S. Seepage and Stability Analysis
of the Earth Dams under Drawdown Conditions by
using the Finite Element Method // Electronic Theses
and Dissertations. 2018. P. 6157.

24. Anucxkun H.A. HeycranoBuBmasicss GpuimbTpa-
WS B TPYHTOBBIX IUIOTHHAX U OCHOBaHMsIX // BecTHHK
MI'CY. 2009. Ne 2. C. 70-79.

O ABTOPAX: Hukonaii AnexceeBu4 AHHCKHH — JOKTOP TEXHUYECKUX HayK, mpodeccop; aupexrop NHCTH-
TyTa THIPOTEXHUYECKOTO M SHEPreTHUECKOro cTponuTeabcTBa; HanmoHnaabHbIi ucciienoBaTenabecknii MockoBeKkuid
rocylapcTBeHHbIH cTpouTebHblii yHuBepcuter (HUY MI'CY); 129337, . Mocksa, SIpocnasckoe mocce, 1. 26;

aniskin@mgsu.ru;

CranuciaaB AJieKceeBHY CepreeB — KaHAuJaT TEXHUYICCKUX HAaYK, JOLICHT Ka(beﬂpm TUAPABINUKU U TUAPOTEX -

HUYECKOTO cTpouTenscTBa; HanuoHaabHbIH uceaeqoBaTeabckuii MockoBCKMIl rocy1apcTBeHHbIN CTPOMTEIbHbII
yuusepcuter (HUY MI'CY); 129337, . Mocksa, SIpocnaBckoe mocce, 1. 26; SergeevSA@mgsu.ru.

Bxnao asmopos:

Anuckun HA. — Hay4Hoe pyKOGOde@O, KOHYenyus ucme@o&muﬂ, paszeumue Memoc)moeuu, Hanucanue mekcmada,

dopabomka mexcma, umozo8ebvie 8bl1800bL.

Cepeees C.A. — nposedenue pacuemuvix uccie008aHull, HanUCanue mekcma.

Aemopbl 3a5a61510m 06 OMCYMCMEUU KOHPAUKIMA UHIMEPECOs.

INTRODUCTION

In hydrotechnical construction practice much at-
tention is paid to the issue of stability of ground dam
or dam slopes under changes in water level, which may
occur during operation of the structure. The so-called
drawdown of a reservoir, or the lowering of the water
level caused by its consumption or emergency dis-
charge, is possible. Water level lowering sometimes
takes place at a considerable rate. It causes a change
in the filtration regime of the earth dam. This is ex-
pressed in changes in the position of the depression
surface, directions and values of filtration velocities
and gradients. These processes can lead to negative
consequences: occurrence of filtration deformations,
decrease in stability and slope collapse due to hydro-
dynamic filtration loads [1-4].

In hydrotechnical construction practice, there are
known cases of accidents at structures caused by a rapid
decrease in the water level in the upstream pool [5-7].

12

An example of dam slope stability failure due to
reservoir level lowering is an emergency situation at Pi-
larcitos Dam (Pilarcitos Dam, California Peninsula, San
Francisco, 23.8 m high). The accident that occurred in
1969 has been studied in sufficient detail [7]. The col-
lapse of the slope at the dam, constructed of sandy loam
soils, followed after the reservoir level dropped by
10.7 m for 43 days.

Another example is the massive slope failure at
the 116-meter high San Luis Dam in California [5]. In
1981, as a result of the reservoir level lowering by 55 m
in 120 days during the dry period, the upstream slope col-
lapsed. The landslide, 340 m wide along the front, moved
310,000 m? of soil into the reservoir. Repair of the dam
required the dumping of 1,100,000 m? of soil, after which
the operability of the dam was restored.

Prediction of ground dam structure behavior un-
der water level changes and provision of its stability
and safety is a topical problem [8, 9]. Its solution con-
sists of two parts: solution of non-steady-state filtration
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problem and assessment of dam slope stability taking
into account results of solution of filtration problem.

Solution of non-steady-state filtration problem for
the case of upstream level lowering as applied to soil
dams and levees was considered in works of represen-
tatives of Russian filtration school and foreign resear-
chers [10-18].

Numerous investigations of slope stability under
water level changes were caused by a number of ac-
cidents at groundwater dams [19-21].

In recent years, numerical methods, first of all,
the finite element method (FEM) have been widely used
for solving problems of dam slope stability under re-
servoir water level lowering (including solution of un-
steady filtration) [22-24].

In work results of numerical decision of problems
of stability of a slope of a protecting weir at drawdown
of a level of a reservoir with use of program complex
(PC) PLAXIS 2D on the basis of FEM are resulted.

MATERIALS AND METHODS

The finite element calculations in PLAXIS 2D PC
were divided into several successive stages, for each
of which one or another loading mode is specified.
The characteristic design cases and their corresponding
types of calculations are presented in Table 1.

To calculate the SSS of the structure under consi-
deration, the plastic calculation of elastic-plastic defor-
mations was used in the PLAXIS 2D software package.
In this type of calculation, the loading is specified by
changing the combination of loads, stress state, weight,
strength and stiffness of soil clusters or structural ele-
ments that can be activated or deactivated to simulate
the construction process.

The bearing capacity of foundation soils was
checked automatically by the program complex in ac-
cordance with the strength criteria laid down in the soil
model (if the base load exceeds the bearing capacity
of the foundation, the program automatically shows
unlimited plastic deformation, which causes errors,
stops the calculation and makes it impossible to give
results), and the first limit state condition is satisfied for
the whole complex foundation.

Table 1. Combinations of calculations performed

To assess the change in the SSS with a change
in the water level in the upstream, a joint filtration-
deformation calculation was used. With this type of cal-
culation, it is possible to assess development/change
of deformations and pore pressures in water-saturated
and partially water-saturated soils as a result of time-
dependent changes in hydraulic boundary conditions.
This type of calculation takes into account the relation-
ship between filtration and deformation.

To assess stability, a safety calculation was used
in which the strength characteristics of the soils (angle
of internal friction, cohesion and shear strength) were
successively reduced until failure occurred. The re-
sults of the stability calculation are the determination
of the potential shear plane, i.e., the most weakened
surface along which failure occurs, and the calcula-
ted stability coefficient. The potential shear curve is
formed along the surface where the maximum tangen-
tial stresses occur. The calculated stability coefficient
is defined as the ratio of the actual strength to the frac-
ture strength.

The normative criterion for slope stability of hy-
draulic structures (HS) is compliance with the condition:

v = Y—‘R,
Yn

where 7, is load combination factor; F is design value
of the generalized force (force, moment, stress), defor-
mation or other parameter for which the limit state is
evaluated, determined taking into account the load safe-
ty factor Vs R is design value of the generalized bearing
capacity of “building — foundation” system, determined
taking into account the material reliability coefficient
y,, or soil Y, and working conditions v, i.e. generalized
design value of forces of limiting resistance to shear
along the surface in question.

For the purpose of stability and SSS calculations,
standard boundary conditions were used: lateral boun-
daries have fixation from displacements in the horizon-
tal direction (u_= 0), and the lower boundary has fixa-
tion from displacements in both directions (u = u,= 0).

Unsteady filtration, which is based on
input of time-dependent hydraulic boundary condi-
tions, water levels, nonzero time interval and filtra-
tion parameters of soils: filtration coefficients in

Calculation case

Type of calculation

Type of pore pressure calculation

Calculation of the stress-strain state (SSS)
at a steady water level in the headrace

Plastic

Steady-state groundwater filtration

Calculation of SSS at a change of
the upstream water level (reservoir
drawdown)

Joint filtration and strain
calculation

Non-steady groundwater filtration
(automatic)

Calculation of upstream slope stability

Safety

Use pressures from the previous phase
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horizontal &k, m/day, and vertical ky, m/day directions,
was also taken into account for estimation of pore pres-
sure changes. Filtration of water-saturated soils is calcu-
lated based on the filtration coefficients, while the cal-
culation of filtration in the non-water-saturated zone
is based on models describing the hydraulic behavior
of unsaturated soils. In the calculations in PLAXIS 2D
PC one of the most common and proven models was
used — the Van Genuchten model, the basic equation
of which relates water saturation to the head as follows:

0,|) ]gﬁ :

where 9,=- p,/y, and p_are pore suction pressure; v, is
pore fluid specific gravity; S _is residual water satura-
tion, which characterizes the part of fluid remaining in
pores even at high suction; S, may be less than unity,
as pores may be occupied by gas; g is parameter char-
acterizing the amount of gas penetrated into the ground;
g, is parameter characterizing the rate of water removal
from the ground; g = (1 — g )/g, is parameter used in
general Van Genuchten equation.

To calculate unsteady filtration, the following hy-
draulic boundary conditions were used: lateral bounda-

S((Pp ) = Sre: + (Ssut

=5,,) [1+(ga

H =26m

ries are open and water can freely filter through them,
while the lower boundary is closed.

RESEARCH RESULTS

A homogeneous enclosing dam made of loam
on a non-rock foundation was studied, the profile is
shown in Fig. 1. Weir height — 29 m, upstream and
downstream slopes — 1:3.5. Initial depth of the upstream
bief H, =26 m. Two cases of drawdown were considered:
slow v = 0.25 m/day, fast (emergency) v = 4.4 m/day. In
both cases, we analyzed the lowering of the water level
in the upstream bief to the mark /7, =4 m. Table 2 shows
physical and mechanical characteristics taken into cal-
culation.

Fig. 2 shows the resulting positions of the depression
surface in cases of steady filtration at UWBmax — 26 m
(blue in Fig. 2) and UWBmin — 4 m (red), as well as
the results of calculations of slow (green) and fast (emer-
gency) drawdown of the reservoir (black curve in Fig. 2).

Occurrence of filtration flow directed to upstream
side during drawdown has negative influence on slope sta-
bility. Due to low filtration coefficient of soils of the dam
body we can note quite similar positions of depression sur-
faces in case of slow and accidental drawdown. Neverthe-

Fig. 1. Schematic diagram of the barrier dam

Table 2. Physical and mechanical characteristics of soils of the embankment body and foundation

Characteristic Designation Unit of Dam body Base
measure IGE-1 IGE-2
Material model — — Mohr — Couloumb
Type of material — — Drained
Specific weight of soil Yot kN/m?3 18.6 18 18.8
Specific gravity of saturated soil Yeur kN/m? 19.6 19 19.4
Deformation modulus E MPa 30 32 40
Grip c kPa 18 10 18
The angle of internal friction [0) deg 24 22 26
Filtration coefficient ko k, m/day 0.01 0.001 0.001
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less, taking into account big hydrodynamic load directly  in extreme condition). Fig. 3 shows the filtration gradients
proportional to filtration gradient in the upstream slope  in the area of the upstream slope.

of the embankment, in case of emergency drawdown we Values of upper and lower slope stability coeffi-
observe sharp fall of stability coefficient (upstream slope is  cients for all calculated cases are presented in Table 3.

Fig. 2. Calculated positions of depression surfaces in cases of steady and unsteady filtration

1.00
0.90

0.80

—— 0.40

0.30
0.20

0.10

Fig. 3. Distribution of filtration gradient during rapid drawdown of the reservoir

Table 3. Values of slope stability coefficients for each design case

Stability coefficient
Calculation case Calculated Prescribed, or
Upstream Downstream regulatory &’%
slope slope
Period of normal operation at UWBmax (steady-state filtration) 2.6 1.207 1.2
Period of normal operation with UWBmin (steady-state filtration) 2.0 1.993 1.2
Period of normal operation with slow shutdown (unsteady filtration) 1.269 1.251 1.2
Period of emergency operation at fast operation (unsteady filtration) 1.011 1.214 1.08
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Fig. 4. Shear plane during rapid reservoir drawdown

Fig. 4 shows the shear plane for the case of rapid reser-
voir drawdown.

CONCLUSION AND DISCUSSION

In the present paper in accordance with the de-
sign practice the change of upper slope stability co-
efficient of the homogeneous earth protecting dam is
estimated taking into account decrease of water level
in the reservoir taking into account filtration forces
of unsteady filtration. Variants with different rates
of drawdown are considered. It is established that at

high velocity of drawdown the coefficient of slope sta-
bility decreases.

The obtained results show the necessity to take
into account the filtration forces of unsteady filtration
in cases of designing homogeneous dams made of low-
permeable soils.

The study did not take into account undrained be-
havior of the body and foundation of the structure in case
of rapid drawdown, moreover, at present there is no uni-
fied approach to the design of homogeneous cohesive
earth dams linking the drawdown rate of the reservoir
and type of behavior (drained or undrained) of soils.
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