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AHHOTALUMUA

BBepeHue. B rmyHNCTOM rpyHTe NpOTMBOMUNLTPALIMOHHOTO SApa BbICOKON KaMEHHO-3EMITSIHOM NITOTVHbBI BCErAa BO3HMKaeT
n36bITOYHOE NOPOBOE AaBreHne Boabl. OHO MOXET AOCTUraTh BbICOKMX 3HAYEHWI 1 NPpeACcTaBnsaTb yrpo3y Ars 6e3onacHocTy
nnoTuHbl. CoBpeMeHeMNopoBOeAaBNEHNE YMEHbLLAETCS, HOKOHCONUAALMArPyHTa MOXeT ObITb ANUTENBHOMW, NPOAOIKUTESNb-
HOCTb NpoLiecca KOHCONMAALUM MOXXHO ONPEAENUTb aHaNMUTUYECKUMM U YUCTIEHHBIMU MeTodamu. [peabiayLive nccnegosa-
HWS1 aBTOPOB MOKa3anu, YT0 TOMbKO YACNEHHOe MOAENUPOBaHNE HanpsXXeHHo-AedopMupoBaHHoro cocTosiHusa (HOC) nHecta-
LiOHapHOro ounbTPaLIMOHHOTO PEXMa COOPYXKEHMS MOXET aieKBaTHO BOCMPOM3BECTU NpoLecc (OpMUPOBaHNS 1 pacceu-
BaHWsI MOPOBOr0 AaBrieHusi. B aToi CBA3WM MHTepec NpeacTaBrsieT MPUMEHEHUE YUCIIEHHOTO MOAENMPOBAaHUS Takke
M ANS OLEHKN ANUTENbHOCTU NpoLecca KOHCONMAALMN rPyHTa B iAPe KaMEHHO-3EMITAHOM MITOTUHbI.

MaTtepuanbl u meToAbl. ViccnenoBaHne NpOAOIMKUTENBHOCTY paccerBaHNs N30bITOYHOTO MOPOBOIO AaBMNEHUS BbINOMHEHO
nyTem uncneHHoro mogenvposanva HOC n dunsTpaunMoHHOro pexvmMa Ha nprMepe CBEPXBbICOKOW KaMeHHO-3eMMSHOW
NOTWHBI C LLeHTparnbHbIM 4poM. PacyeT npoBoaMncs Ansi HECKOMbKUX BAapUAHTOB Ko3pdmumeHTa punstpaumm rmmHUCTo-
ro rpyHTa sigpa.

Pe3ynbraThl. Pe3ynsraTtel YCNEHHOro MoAeNMpoBaHMs Nnokasanu, YTo NopoBoe AaBreHue B Ape OKa3blBaeT CyLLEeCTBEH-
Hoe BnusiHne Ha HIC Bcel NNOTUHLI, HA ee NepeMeLLEHNsT U HaNPsPKEHWS!. YCTaHOBMEHO, YTO Npu Ko durumneHTe dunb-
Tpaumn G6onee 1 - 107 cm/c KOHCONMAaUMs TPyHTa 3aBepLUaeTCs elle B Nepuoa CTPOUTENbCTBA, a Npu koadhduumeHTe
uneTpaumm meHee 1 - 1078 cm/c koHconMAaaums npodormkaeTcs AecaTkM neT. 1o cpaBHEHWIO C NPOCTbIM aHaNUTUYECKUM
MeTOA0M Teopun MUMLTPALMOHHOW KOHCONMAALIMN ANUTENBHOCTL NpoLiecca KoHconuaaumm okasanacb NpUMepHO B 2 pa3a
Kopo4e. OTO CBA3aHO C TEM, YTO YMCIEHHOE MOAENUPOBAHUE YYUTBLIBAET, YTO ABMKEHWE (DUMNLTPALMOHHOIO MOTOKa OCy-
LLLECTBMSIETCS HE TOMNbKO B APEHAaX, HO U B 30HbI C MEHbLLLUM NMOPOBbLIM AaBMNEHUEM.

BbiBoabl. [0 pesynstatam YMCNEHHOrO MOAENVPOBaHMSA KOHCONMUAaUns rpyHTa sapa 3aBepluaeTcsd NpuMepHO B 2 pasa
GbicTpee, Yem no pesynsrataMm pacyeta NPOCTbIM aHaNUTUYECKUM METOAOM.

KINKOYEBBIE CNNOBA: kameHHO-3eMIsiHas NNoTUHa C SAPOM, MOPOBOE AaBMNeHWE BOAbI, KOHCONMMAALUMS FPYHTa, HanpsKeHHO-
nedopmMrpoBaHHOE COCTOSIHME, MOLENVMPOBAHNE METOAOM KOHEYHbIX 3IEMEHTOB, hunsrpaums, KoadduumeHT dunstpa-
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ABSTRACT

Introduction. Surplus water pore pressure always appears in a clayey soil of the seepage control core of a high earth
core rockfill dam. It may reach high values and present threat the dam safety. With time the pore pressure decreases but
the soil consolidation may be durable; duration of consolidation process can be determined by the analytical and numerical
methods. Our previous studies showed that only numerical modeling of the structure stress-strain state (SSS) and unsteady
regime may adequately simulate the process of pore pressure formation and dissipation. Therefore, of interest is the use
of numerical modeling also for estimation of soil consolidation process duration in the core of a rockfill dam.

Materials and methods. Study of duration of surplus core pressure dissipation was conducted with the aid of numerical
modeling of SSS and seepage regime on the example of an ultra-high rockfill dam with a central core. Analysis was carried
out for several options of core clayey soil permeability.
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Results. The results of numerical modeling showed that pore pressure in the core considerably affects the SSS of the whole
dam, its displacements and stresses. It was established that at permeability exceeding 1 - 10~" cm/s the soil consolidation
completes even during construction period, and at permeability less than 1 - 108 cm/s the consolidation continues for doz-
ens of years. As compared to a simple analytical method of the seepage consolidation theory the duration of consolidation
process turned to be approximately two times as less. This is related to the fact that numerical modeling takes into account
that movement of the seepage flow is realized not only into a drainage facility but also penetrates in the zones with less
pore pressure.

Conclusions. By the results of numerical modeling the core soil consolidation is completed two times as fast as compared
with the analysis results obtained by a simple analytical method.

KEYWORDS: earth core rockfill dam, pore water pressure, soil consolidation, stress-strain state, FEM analysis, seepage,
filtration coefficient
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BBEJIEHUE

N36pITOYHOE TOPOBOE JABICHUE B TPYHTE sIpa
KaMEHHO-3eMJITHOW TUTOTHHBI BO3HUKAET BCIEICTBHE
€ro yIJIOTHEHWSI TIPY BOCHIPHUATHN BHEITHUX HATPY30K
(Tpexxe Bcero oT coOCTBEHHOTO Beca). C TedeHneM Bpe-
MEHH TIOPOBOE JIaBJICHHUE «PAaCCEUBACTCS, T.C. YMCHb-
mraeTcst 10 YPOBHS, COOTBETCTBYIOIIECTO JAaBICHUIO
(hUIBTPAIIMOHHEIX BOJ, ATOT MPOIIECC HA3BIBAIOT KOH-
conudayueti TpyHTa. Hanmgre n30bITOYHOTO TTOPOBOTO
JIABJICHUS CO3/IACT YIpo3y sl 0€301MaCHOCTH IUIOTHHBI,
MOCKOJIBKY CHUXAET CABUTOBYIO MPOYHOCTH IPYHTA,
MIPOBOIMPYET TUIPABINYECKUI Pa3phbIB sIpa. DTOT -
(hekT IEMOHCTPHUPYIOT pacueTHBIC UcciienoBanus [ 1, 2],
KOTOpBIE IOCBSILIEHBl 00pPa30BaHHUIO HANPSIKEHHO-
nepopmupopanHoro cocrosiaust (HIC) kameHHO-3eMIIs-
HBIX IJIOTHH. [Ipy MpOoeKTHPOBaHUY KAMEHHO-3EMIITHBIX
IUTOTUH Ba)KHO CIIPOTHO3UPOBATH MPOIOJKUTEIEHOCTh
mpolecca KOHCOMMJAIUH TPYHTA sIipa, B TEUEHUE KO-
TOPOTO MJIOTHHA MOXET UMETh MTOHWKEHHBII YPOBEHb
0€301acHOCTH.

IIpomeccsl popmMupoBaHusS U pacceUBaHUS IO-
POBOTO JABICHUA B AApe KaMCHHO-3EMIISTHBIX TUIOTHH
crajnu u3ydaTrh ¢ cepenrHbl XX B., TAK KaK UMEHHO
B 9TOT NEPUOJ TUIOTHHBI TAHHOTO THUITA HAYaJH aKTHB-
HO TIPUMEHSTH IS CTPOUTEIHCTBA BEICOKOHATOPHBIX
TUAPOY3JI0B. Taknue WCCIeT0BaHAS OCYIIECTBISUIACH
C TIOMOIIBI0 HATYPHBIX W3MEPEHUI U TEOPETHUECKUX
pacyeTosB.

B pabote [3] omyOnuKkoBaHbEI CBEICHHUS HATYPHBIX
M3MEPEHUH TTOPOBOTO JABJICHHUS B HECKONBKIX TUIOTH-
Hax, NocTpoeHHbIX B XX B. OnucaHbl pe3yabTarhl Ha-
TYpPHBIX HAOJIOMCHUN 32 CBEPXBBICOKOH IIOTHHOM Hy-
pekckoit 'DC [4]. B mybnukarusx [1, 5, 6] npuBeneHs
pe3yapTaTbl MOHUTOPUHTA MMOPOBOTO AABJIEHUS B CO-
BPEMEHHBIX BBICOKHX KaMEHHO-3EMJISTHBIX TUIOTHHAX.
Crarps [1] mocsieHa H3y4eHUIO OPOBOTO JaBJICHUS
B ruiotTnHe Masjed-e-Soleyman (Beicota H = 177 M,
Upan, 2002 1), [S]— B tuioture Nuozhadu (H=261,5 m,
Kuraii, 2012 r.), [6] — B mnotune Bidvaz (H = 66 M,
Upan).

AHanu3 pe3ynbTaToB HATYPHBIX M3MepeHui [3]
MOKa3bIBACT, UTO MPOLECC KOHCOMUIAINY IPyHTa A1pa
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B Pa3HBIX INIOTHHAX MPOUCXO/III C Pa3HOH CKOPOCTBIO.
Bo muorux miotuHax (Aswan, Pachkamar, Charvak,
Eyvashan) xoHcomumanus rpyHTa mpoTeKaza OBICTPO
W TIOPOBOE JIaBJICHUE K Hayally NMepro/ia SKCIUTyaTaliu
OBIJIO COTIOCTAaBUMO C THAPOCTATHYECKUM JIaBIICHHU-
em [3, 7]. Hanporus, B sinpe utotunsl Talbingo (H =
=162 m, Asctpus, 1971 r.) mopoBoe naBieHHEe JOCTH-
TaJIo 3HAYNTENFHBIX BETMYNH U PACCEUBAIOCh MEIUICH-
HO [3]. DTO CBA3BIBAIOT C TEM, UTO SIAPO ITOU MIOTUHBI
BBITIOJIHEHO M3 TJIMHBI.

[IporHo3 MPOIOIHKUTEIEHOCTH KOHCOMAIAITIH OCO-
OEHHO aKTyaJIeH JJIsl CTPOUTENLCTBA HOBBIX KAMEHHO-
3eMIAHBIX TIIOTHH. CTAaTHCTHKA CBUJIETEIHCTBYET,
4yT0 B XXI B. MOCTPOCHO HECKOIHKO HOBBIX CBEPXBHICO-
KHUX U BBICOKUX KAMEHHO-3EMJISIHBIX TIOTUH. CBEPXBBI-
COKHMH SIBIIIOTCA TIOTHHBL San Roque (H =210 m, ®u-
marusbl, 2003 1), Tehri (H = 260,5 m, Uamust, 2006 1),
Nuozhadu (H = 261,5 m, Kuraii, 2012 1) [8, 9, 5],
Changheba (H = 240 m, Kuraii, 2017 r.), ux BbICOTa
npesbimaet 200 M. K BBICOKMM OTHOCSITCS TJIOTHHBI
Karkheh (H =127 m, Upan, 2001 ) [10-12], Masjed-e-
Soleyman (H = 177 m, Upan, 2002 r.) [1, 13], Qiaoqi
(H=125,5wm, Kuraii, 2006 1) [ 14], Pubugou (H =186 m,
Kwuraii, 2010 r.) [15], Maoergai (H = 147 m, Kuraii,
2011 r.) [14], Upper Gotvand (H = 180 m, Upan,
2012 r.), Madani (H = 91 m, Upan, 2014 r.) [16]. Pe-
3yIIBTATHl HATYPHBIX W3MEPEHUN TOPOBOTO TaBICHUS
B HEKOTOPBIX M3 yKa3aHHBIX IUIOTHH OIyOJIMKOBAHBI
B Tpy#ax [1, 5].

WzyueHne mopoBOTo JaBJICHHUS OCYIIECTBISECTCS
TaKKe ¥ PacueTHHIMU METOJIaMU, OCHOBAHHBIMHU Ha Te-
oprn KoHconuaanui. OCHOBOIIONOKHUKOM TEOPHH KOH-
comunarmu sieisiercs: K. Tepiaru, oH mepBbIM Ipeio-
JKHJT ypaBHEHHS, ONKCHIBaronye 3ToT nporecc. B CCCP
A.A. Huanmnoposwaem u T.W. Ipi6ynpauK [ 17] 6511 pa3-
paboTaH aHATMTUYECKHH METO]] pacueTa KOHCOIHMIalliN
TPYHTA B SIIpe KAMEHHO-3€MIITHOH TIOTHHEI.

B Hacrosimiee Bpems 3a1a4M KOHCOJIMIAIMH pe-
HIAFOTCSI C MOMOIIBIO YUCICHHOTO MOJCIUPOBAHUS.
Hanpumep, nmyonukanuu [1, 5, 7, 18-21] mocsimeHs
yuciaeHHsM uccnegosanusim HJAC u mopoBoro naene-
HUS B SIpax KaMEHHO-3EMIISIHBIX TIOTHH. B GObIInH-
CTBE CIIy4acB PAacUCTHHIC MCCICAOBAHUS MOKA3BIBAIOT,
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YTO KOHCOJIMALUS TPYHTA SIIpa 3aBEPLIACTCS JOBOJIb-
HO OBICTpO.

ToYyHOCTH pPacYEeTHHIX MPOTHO30B 3aBUCHUT OT Ka-
YecTBa MCXOIHBIX JaHHBEIX pacdyera. B pabote [5] pac-
CMaTpPUBAETCS MOPOBOE NABIICHHUE B SAPE ILIOTHHBI
Nuozhadu, Ob110 MTOKa3aHO, YTO aJEKBAaTHBIE PE3YIIbTa-
TBI pacueTa 00ecIIeYrBarOTCs P 3HAUYCHNH KO3 DHLIU-
enra ¢unsrparmu (1,5 —5) - 10~ em/c, koTopoe ropasio
MCHBIIC U3BMCPEHHOI'O B HATYPC. BI)I)IBI/IHyTO IIpearoI0-
KCHHUEC, YTO CHMKCHUE IIPOHUITACMOCTHU I'PYHTA CBA3aHO
C €ro YIUTOTHEHHEM IO[] IeHCTBHEM HArpy3ok [5]. AHa-
JIOTHYHBINA AP PEKT ONMMCcaH TaKkKe B UCCICAOBAHUH [4]
MIPUMEHUTEIHHO K s1ipy Hypekckoii mIoTHHEL.

Ho atot 3¢dhekr mumb onHO U3 MpOSIBICHUH B3a-
MMOCBSI3H IIPOLIECCOB KOHCOIMUIALUH TPYHTa U (POPMHU-
posanust HJIC coopyxenus. Ilo pesynsraram uccie-
)IOBaHI/Iﬁ CAcJIaH BBIBOJ] O TOM, YTO H3-3a B3aUMOCBI3U
C HAINpPSHKCHHBIM U Je()OPMUPOBAHHBIM COCTOSIHHEM
TPYHTa MPOIECCH €r0 KOHCOTUAAIUN HOCAT CIOKHBINA
XapakTep BO BPEMEHHU M MpocTpaHcTBe [5]. DTOT BHI-
BOJI TIOATBEPKAACTCS TAKKE Pe3yabTaTaMH UCCIIEI0BA-
HU aBTOpOB [22, 23]. BbII0 MOKa3aHO, YTO XapakTep
Je(OPMUPOBAHHS COOPY)KEHHS T10]] HArpy3Kol UMeeT
omnpenessonee 3HaYeHUe IS BEJIMYNUHBI TOPOBO-
ro JaBJIEHUSA B SA1pE, pacueThl IPOJEMOHCTPUPOBAIIH,
4yTo Onarofaps nedopManusM paciiupeHus: 06binas
9acTh H30BITOYHOTO TOPOBOTO JAABJICHHUS YCIIEBACT pac-
CeATHCS eIIle 10 HAMOJTHEHHUS BOJOXPAHMIHIIA. TOIBKO
YUCIICHHOE MOJICITUPOBAHNE TACT BO3SMOKHOCTD YIECTh
BIMSHUE Xapakrepa Ae(OpMUPOBAHUS COOPYKEHUS
Ha (hOpPMUPOBAHUE IOPOBOTO JAABJICHHSI.

OnHako B MpeAbLIynX padoTax aBTOpPOB HACTO-
SIEr0 MCCIICAOBaHUsI pacCMaTPUBAJICS TOJIBKO ATarl
CTPOUTEJIBCTBA INIOTUHBI, KOTa IMMOJ I[eﬁCTBPIeM BHCII-
HUX Harpy30K IMPOUCXOAUT (OPMHPOBAHHIE TOPOBOTO
TABJICHIS B SApE, a dTall SKCIUTyaTallid, Ha KOTOPOM
OCYIIECTBIISICTCS pACCEHBAHUE MOPOBOTO NABICHUSA,
HE paccMaTpHuBajICs.

B 9T0i1 CBSI3M MHTEPECHO € MOMOIIBIO YUCICHHO-
T'O MOJICTIMPOBAHMUS U3YYUTh U TPOLIECC KOHCOIUAAINN
IPYHTa, @ TAK)KE CPAaBHUTH IPOTHO3 TPOAOIKUTEIBHO-
CTH KOHCOJIMJIALIMY 110 Pe3yNibTaTaM pacuyera aHaJIuTH-
YECKUM U YHCICHHBIM METOIaMH.

B anammTHueckoM MeTOIe, OCHOBAHHOM Ha T€O-
puu QUIBTPANMOHHONW KOHCONUIAINH, YIUTHIBACTCS,
YTO paccerBaHHE MOPOBOTO JABJICHHS MPOMCXOAMUT

TOJIBKO 32 CYET OTTOKA XUIKOCTH ((pruteTpanun). U3 pe-
IICHUS 337249l O KOHCOJIUJAIUU CIIOSI MaJIOBOJOIPO-
HUIIaeMoro rpyHTa, nonydenHoro K. Tepraru, MoxHO
MOJTYYUTh (POPMYITY ISl BBISBJICHUSI POJAOJIKUTEIHHO-
CTH KOHCOJHUIAIMU. JTO BpeMs, KOTOPOE HEOOXOIUMO
JUIsl CHU)KEHHUS TIOPOBOTO JIABJICHHSI OT MAKCUMAIILHOTO
P, 10 jaBjieHust QUIBTPAUOHHBIX BOA p,. st Touku,
PacIoNIOKEHHON Ha MAKCUMAJILHOM YJAJICHHU OT Jpe-
Haxka (TocepeauHe CII0s), MOTyJaeTCs CIeIyomas
npubnmkeHHas Gpopmyiia sl ONpeesIeHUs MPO0I-
JKATETBHOCTH At KOHCOJIH QI :

PVRNLI . SN TN

n’ K-k, ) (M

e p — IUIOTHOCTh BOJIBI; K — MOJYJIb 0ObEMHBIX Jie-
(hopmaruii TpyHTa; kq) — KO3 GUIUEHT PUITBTPALINH;
h — nnuHa yTH QUIBTPAIIUH (TTOTYTONIIINHA CI0s);
D,> P, — TIOPOBOE JIaBJIEHHE COOTBETCTBEHHO B HaJase
Y KOHIIE MHTEPBaJIa BPEMEHH.

Orta npubnkenHas popmyJia BEIpakaeT BIUSHHUE
OCHOBHBIX (haKTOPOB Ha JUIUTEIBHOCTh KOHCOJIMIAIIH
u ynoOHa 11 moHnMaHus. Kak BUIHO U3 GOPMYIIHL,
Oonee JUTUTENIbHAS KOHCOJIUAALMI XapaKTepHa IS BbI-
COKMX KAMEHHO-3eMJISIHBIX TUIOTHH, B KOTOPBIX IIUPHHA
sapa 2k Gonpliasi, a HAYAIBHOE TIOPOBOE JIABJICHUE MO-
JKET OCTHUTaTh O0JbIMX 3HaUYeHui. 3 Gpopmyrsr ode-
BHUJIHO, YTO B pa3HbIX 30HAX S/Ipa MPOJOIIKUTEILHOCTh
(unpTpanuy OyaeT pa3nuyarhkCs, B BEpXHEH JacTH OHa
OyzeT 3aBepmiaThCs OBICTpee, YeM B HIDKHEH. OmHaKo
olpezeIsIonee 3HaYCHNE Ha CPOK KOHCOJTUIAIINN UMe-
€T BOJOIPOHUIAEMOCTh IPyHTa — OH OOPaTHO IIpPO-
MOpLUUOHANIEH KOAQPUIMEHTY (uibTpannu.

MATEPHWAJIBI U METO/JAbI

OrieHKa IPOIOIKUTENFHOCTH KOHCONUIAIAN TPYH-
Ta si7Ipa BHITIOJTHEHA TaK)Ke ITyTeM YUCICHHOTO MOJICITH-
poBanus. [Ipomeccol GopMHUPOBAHUS M PAacCEHBAHUS
MOPOBOI'O JAABJIEHHS MOJEIHUPOBAINUCH COBMECTHO C IIPO-
neccamu popmuposanus HJIC u GpuiibTpaiioHHOTO pe-
JKHMa TIJIOTHHBL.

Pacyer ObI1 mpoBeIeH HAa MPUMEPE CBEPXBBICOKOM
KaMEHHO-3€MIISTHON TTOTHHBI C IIEHTPATBHBIM SIIPOM
cpeaHell UPUHBL. DTUM XapaKTepUCTUKAM OTBEUaeT
koHcTpykius mioTuel Hypekckoit 'DC. Bricora mito-
TuHbI cocTaiseT 300 M. MakcuManbHBIN HAMoOp, KO-

Puc. 1. Koneuno-sneMeHTHasS MOJICJIb PACUYECTHOTO CEYCHUS TINIOTUHBI
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Tabu. 1. PacuetHble HH3MKO-MEXaHHUECKHE XapaKTEPUCTUKH IPYHTOB

[InorHOCTH IInotHOCTH Monynb
B CyXOM B BOJIOHACKHIIICHHOM | JmHEHHOW | Koaddumment
Martepuain
COCTOSIHUH P, COCTOSIHUM P, nedopmarmu | Ilyaccona v

/™3 /™3 E, MIla
Cynecb 2,10 2,28 40 0,32
I'pyHTBI IEpEeXOaHBIX 30H 2,10 2,20 55 0,3
I"'paBUiiHO-raICUHUKOBBIN I'PYHT YIIOPHBIX IIPU3M 2,16 2,35 150 0,27
Topnas macca 1,96 2,22 150 0,27

TOPBIN BOCIIPHHAMAET AP0, — 263,5 M, mupuHa siapa
noHu3y — 143,5 m.

Pacuer mpou3BoaMIICS METOJOM KOHEUHBIX 3Je-
MEHTOB C [TOMOUIBIO BBIYUCIUTEIBHOTO IPOrPAMMHOTO
komruiekca MIDAS.

Hcnionb3oBaHHast JUTsl pac4eToB KOHEYHO-3JIEMEHT-
Hasi MOJIEJIb CEUYEHUsI TUIOTHHBI HacuuThiBaeT 6975 y3-
70B 11 6906 KOHEUHBIX 3JIEMEHTOB (puc. 1).

PacueThl BBIMOIHSINCH C YUETOM MOCIEA0BATEIb-
HOCTH BO3BEJICHUS IUIOTUHBI M HAMIOJIHEHUS BOJIOXPa-
Huiia. [IpuHUManoce, 4To COOpyKeHHE BO3BOIUTCS
B TeucHHE 9 JIET, a HAIIOJIHEHUE BOJIOXPAHIIIHUINA OCY-
IECTBISICTCS MAPAJLISIIHLHO C OTCHINKON IPYHTA.

[Ipu pacuere paccMaTpuBaIuCh HArpy3KH OT COO-
CTBEHHOTO Beca TPYHTa, a JACHCTBHE BOJHON Cpeibl

YYUTBIBAIOCH TOJIBKO B ()OpPME TTOPOBOTO JTABIICHUS
1 CO371aBaEMBIX UM (DMIIBTPAIIHOHHBIX CHIL.

[Ipu MomenupoBaHHWM MOBEACHUS TPYHTOB WC-
moJib30Basiack Mozels Kymona — Mopa, npeaycmarpu-
BaIOIIast JINHEIHOE neopMUupoBaHue rpyHTa. OuUsnko-
MEXaHUYeCKHEe CBOMCTBA IPYHTOB, IPHHSTHIC B pacye-
Te, IPUBEJCHBI B TA0M. 1.

PE3VJIBbBTATHBI HCCIEJOBAHUA

PacueTsl BBITOTHSAINCH U HECKOIBKHX BapraH-
TOB ITPOHUIIAEMOCTH TPyHTa sipa. Koapduiment dub-
Tpaluu IPUHUMAJICS PaBHBIM: B BapuaHte Ne 1 — 1 X
x 1076 cm/c, B BapuanTe Ne 2 — 1 - 107 cm/c, B BapuaHTe
Ne3 —1-10%cm/c, B Bapuarre Ne 4 — 5 - 107 em/c.

IlIxana BepTUKATIBbHBIX IEPEMELIEHUH, CM

-360 330 -300 270 240 210

—-180

-150  -120 90 60 30 0

Puc. 2. Ocankn MIOTHHBI HA MOMEHT OKOHYAHUS CTPOMTEIHCTBA JUIS PA3MUYHBIX BAPHAHTOB MPOHUIIAEMOCTH TPYHTOB!

a — BapuanT Ne 1; b — Bapuant Ne 2; ¢ — BapuanT Ne 3
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[IIxana ropu30HTANBHBIX CMEILEHUH, CM
0 25 50 75 100 125 150 175 200 225 250 275 300

Puc. 3. T'opuzoHTanbHble CMELICHUS IUIOTUHBI HA MOMEHT OKOHYAHUS CTPOUTEILCTBA AJIS Pa3IMYHbIX BAPUAHTOB IIPOHUIAC-
MOCTH TPYHTOB: @ — BapuaHT Ne 1; b — Bapuant Ne 2; ¢ — BapuanT Ne 3

[lxana BepTuKaIbHbIX Hanpsokenuid, MIla

-60 55 50 45 40 35 30 -25 20 -1,5 -1,0 05 0

Puc. 4. BepTHKalibHbIC TOTaJIbHbIC HAMPSDKEHHS B IIIOTHHE HA MOMEHT OKOHYAHHMS CTPOUTENBCTBA VIS PA3IMYHBIX BAPHAHTOB
MIPOHUIIAEMOCTHU TPyHTOB: @ — BapuaHT Ne 1; b — Bapuant Ne 2; ¢ — BapuanT Ne 3

(LG) € HIAUITG 'GL WO Jisauenaqteuken
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Hanpsi:kenHo-1eopMupoBaHHOE COCTOSTHHE
HA MOMEHT OKOHYAHHs CTPOUTEJIHLCTBA

Jlis KaXk10T0 M3 BapHaHTOB OBIIHM OIMpEesICHBI
U TIPOaHAIM3UPOBAHBI TIEPEMEIICHS, HAPSDKEHUS, T10-
poBoe aaBiienue B iiotnHe. OHM MOKa3aHbl Ha puc. 2—8.
[lepemenienus: MPUBEICHBI C YYETOM IOCIIEIOBATEIb-
HOCTH BO3BEIEHHS U HATPYKEHUS COOPYKECHUS, OHH
MIPEACTABISIOT cO00M CyMMy TepEeMEIIeHHUH, IOy eH-
HBIX COOPY)KCHHEM Ha KaXIOM U3 STalloB BO3BEICHHS/
HarpykeHuns. HanpspkeHns: aHam3npoBaiiich Kak d¢-
(hexTUBHBIE (TOJBKO /TSI TBEPAOTO CKEJIETa IPYHTa), TaK
U TOTaJIbHBIE (CyMMapHEIE 110 TBEP/OH 1 KUAKOH (hasam
TpyHTA).

HJIC rutoTnHbI BO BceX BapHaHTaxX CXOXK M HA MO-
MEHT 3aBEpIIEHHS CTPOUTEILCTBA UMEET CIIEeAYIOIHe
o01re XxapaKkTepHbIe TPU3HAKH:

* CTPOMTENbHBIC 0CaIKH U MIIOTHHBI J0CTHIAI0T
MaKCHMyMa B LEHTPaJIbHOW YacTH spa U COCTABIISIOT
oxosio 1 % ot ee BBICOTHI (puc. 2);

* TOPU30HTaJbHBIE cMelenns U TIIOTHHBI Ha-
MIpaBJICHBl B CTOPOHY HI)KHEro Obeda M JTOCTUTaIOT
MaKCHUMyMa B siJIpe, B TO BpeMs Kak OoJbIIoi 00beM
BEPXOBOW YIIOPHOI PU3MBI HIMEET CMEIICHUSI, OJTM3KHE
k 0 (puc. 3);

* B PacIpeleIeHUN TOTAJIbHBIX BEPTHKAIBHBIX Ha-
NPSUKCHAUIA O IIPOSBIIACTCS apOYHBIii saddekr (T.e. 3¢-
(heKT «3aBHUCAHISD» SIpA HA YHOPHBIX MPU3MaxX) — B SAPE
HaOmroqaeTcs ACPUIUT CKUMAIOMINX HAMPSDKEHUH,

B TO BpeMs KaK B YNOPHBIX MPU3MaxX BO3HHKAIOT 30HBI
KOHIICHTPAIMH CKUMATIOIINX HANpsDKEHUH (prc. 4);

* JUIS pacHpeneICHNUS TOTAJIbHBIX TOPU30HTAIb-
HBIX HANPSOKEHUH G XapakTepeH MEHbUINH ypOBEHb
CKaTusl B HU30BOW YNOPHOM NMpHU3ME 10 CPABHEHUIO
¢ siapoMm (puc. 5). Ha rpanniie Mexmy siipoM 1 BEepxo-
BOM YNMOPHOW MPU3MOIl OTCYTCTBYET CKAauOK B BEJIH-
YUHAaX TOPU3OHTAIBHBIX HANpPsDKEHUH, TaK Kak siApo
CUUTAETCs MPOHUIIAEMBIM U JIaBJICHNE BepXHero obeda
JIeUCTBYeT B (hOpMe pacrpeieieHHbIX 0 00beMy (HHITh-
TPAlMOHHBIX CHJI, a HE B (JOPME THAPOCTATHIECKOTO
JIaBJICHUS HAa TPaHb SApPa;

* 3 eKTUBHbIC HaNpsDKEHUS B siape (puc. 6, 7)
CYIIECTBEHHO MEHBIIIE TOTANBHBIX (pHC. 4, 5) 13-3a BbI-
COKHX BEIIMYMH IIOPOBOTO ABJICHUS B siipe (puc. 8).

Onnako HJIC nioTHHBI B pacCMOTPEHHBIX BapHaH-
Tax UMeeT U CyIIeCTBEHHbIE pa3nuuus. OHU BBI3BAaHBI
Pa3IMYMAMU B YCIOBHAX (DOPMHUPOBAHUS U BEJIMYMHAX
TIOPOBOTO JABJICHUS B SIAPE.

B BapuanTe Ne 1, B KoTOpOM IpyHT siipa obnagaer
BBICOKOH IPOHUIIAEMOCTBIO (kq) =110 cm/c), KoHCO-
JUAIMS TPYHTA 3aBEPIIAETCS yXKe K Havyaly Mepruoaa
skcrutyatanuu. Ha puc. 8, @ BuiHO, YTO HA MOMEHT Ha-
yaJia epuoja 3KCIUTyaTally B siipe He HaOIonaeTcs
M30BITOYHOTO TIOPOBOTO JABJIEHUSI — IIOPOBOE JIaBie-
HUE COOTBETCTBYET YCTaHOBUBLIEMYCS (HIIBTpAIIH-
OHHOMY pEKUMY. MaKkCHUMallbHOE TIOPOBOE AaBICHUE
2,6 MIla oTmMedaeTcs B JIEBOM HIDKHEM yTity (puc. 8, a)

c

[Ixana ropu3oHTaIBHBIX HanpsbkeHuid, MIla

-4,5 4,0 35 3,0 2,5 -2,0

-1,8

-1,5

Puc. 5. rOpI/I3OHTaJ'H>HBIe TOTAJIbHBIC HAIIPSAKCHUA B INIOTUHE HA MOMCHT OKOHYAaHUS CTPOUTEIIBCTBA U1 Pa3JIMYHBIX BAPUAHTOB

MPOHUIIAEMOCTH TPYHTOB: @ — BapuaHT Ne 1; b — Bapuant Ne 2; ¢ — BapuanT Ne 3
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a b

[IIkana BepTUKaIbHBIX HanpspkeHuid, MIla

-3,0 2,75 2,5 225 20 -1,75

Puc. 6. Beprukanbsusie 3 exTHBHbIC HAPSDKEHUS B Ape IIOTUHBI HA MOMEHT OKOHYAHHMS CTPOUTENIBCTBA TS PA3THIHBIX

-1,5

-1,25 -10 -0,75 0,5 025 0

BapHAHTOB IIPOHHUIIAEMOCTH TPYHTOB: @ — BapuaHT Ne 1; b — Bapuant Ne 2; ¢ — BapuanT Ne 3; d — Bapuant Ne 4

b

[Ikana ropu3oHTanbHbIX HanpskeHuil, MIla

-3,0 2,75 =25 225 20 1,75

-1,5

-1,25 -1,0 0,75 -0,5 -0,25 0

Puc. 7. T'opuzonranbhble 3QQEKTUBHBIC HAIPSHKSHUS B S1PE INIOTHHBI HA MOMEHT OKOHYaHHUs CTPOUTEIIBCTBA I Pa3INYHbIX
BapHaHTOB POHHULIAEMOCTH IPYHTOB: @ — BapuaHT Ne 1; b — Bapuant Ne 2; ¢ — BapuanTt Ne 3; d — Bapuant Ne 4

U OHO YMEHBIIAETCS B HaIpaBICHUH CHHU3Y BBEPX
1 OT BEpXOBOIl IpaHU K HU30BOH.

braropapst HU3KOMY ITOPOBOMY JIaBJICHHIO SIAPO Ha-
XOIUTCS B OJaronpUsITHOM HaNpsHKEHHOM COCTOSHHU.
DddexTrBHBIC HANPSHKCHUSI (HAMPSKCHUS B CKEJICTE)
B sIIp€ BE3JIC CXKMMAIOIIUE, IPUYEM B OOJBIIECH dacTh
sJ[pa OHM JOBOJILHO Belauku U mpesbimaror 0,5 Mlla.
Db dekTrBHBIC HAIPSHKESHUS G, B BEPTHKAILHOM HAIPAB-
JICHUM MHOTO OOJIbIlle, YeM B TOPU3OHTaIbHOM. Bepru-
KaJIbHbIC HATPAKCHHS G, IOCTUTAI0T 3 MIla (puc. 7, a),
a Topru30oHTaNIBHBIE — He npebimator 2 MITa (puc. 8, a).

ToranbHbIe HANPSUKCHHS O B SPE HE TIPEBBIIIAIOT
5,0 MIla (puc. 4, a).

o pacueTy MakcuMaJibHasE CTPOUTEIbHAS 0CA/IKa
sapa B BapuanTe Ne 1 cocraBuia 360 cum (puc. 2, a),
a MakcHMajbHOe cMmenieHne — 234 cM (puc. 3, a). 3oHa
MaKCHMAaJIbHBIX 110 BEJTMIMHE CMEIICHUI pacIioaraeT-
csl B IIGHTPE s11Ipa.

s npyrux BapuanToB Ne 2—4 ¢ MeHbIIICH IPOHHU-
[IAaEMOCTBIO TPYHTA sI/Ipa XapaKTepHO BO3HUKHOBCHHE
B s/Ipe U30BITOYHOTO TOPOBOTO JaBieHusl. OHO BHOCHT
3HauuTeNbHBIe KoppekTuBel B HJIC sapa u Bceit mio-
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a b

c d

[Ixana noposoro aasiaenus, MIla

U [ S IS S S S S S —

0 0,25 0,5

075 1,0 125 15

1,75 2,0 2,25 2,50 2,75 3

Puc. 8. HOpOBOC JaBJICHUC B AAPC MJIOTUHBI HA MOMCHT OKOHYAaHUA CTPOUTEIbCTBA NJI PA3JIMYHBIX BAPUAHTOB IPOHUIIAEMOCTHU

TpyHTOB: @ — BapuaHT Ne 1; b — BapuanT Ne 2; ¢ — BapmanTt Ne 3; d — Bapuant Ne 4

TUHBI. BiusiHMe M30BITOYHOTO TOPOBOTO JABICHUS BbI-
pakaeTcsi B CJI/IyOLIEeM:

* ueM MeHbIle Ko UIMeHT GpuIbTpanum rpyHra
S7pa, TeM BBIIIE TIOPOBOE JIABJICHUE W MEHBIIE CKUMa-
to1ue Y3PPEKTUBHBIC HATIPSDKEHUS B SPE;

* YeM MeHbIIe KOd(pPUINEHT QUIbTpauy rpyH-
Ta siipa, TEM MEHbIIEC CMEUICHHUS U OCaJIKH TUIOTHHBI
Ha MOMEHT OKOHYaHHUS CTPOUTEINIBCTBA.

B Bapuante Ne 2 (k, =1 - 107 cm/c) u30BITOUHOE
MIOPOBOE JABIICHUE B SIIPE HEBEIUKO IO CPABHEHUIO
¢ ¢uibTpauMoHHBIM. Ha MOMEHT OKOHYaHUS CTPOH-
TEJILCTBA MAKCUMAJIbHOE 3HAYEHHE ITOPOBOTO AABJICHHS
coctaBmio 2,87 MIla (puc. 9, b), T.e. Ha 10 % BoImIE,
yeMm B BapuanTe Ne 1. Pacnipenencuue 3pheKkTHBHBIX Ha-
npsbKeHuH B BapuanTe Ne 2 OJIM3K0 K TOMY, KOTOpOE Xa-
pakTepHo a1 Bapuanta Ne 1. Onnako Ha puc. 6, b; 7, b
3aMETHO CYIIECTBEHHOE CHI)KEHHE CKMMAIONINX Ha-
NPSKCHUN G 1 o, B AIpe.

Hedopmaruu ioTuHb! B Baprante Ne 2 oTauya-
10Tcs oT nedopmanuii B Bapuante Ne 1. CrpouTenbHbie
ocaaky U, TIOTHHBI HECKOIBKO MCHBIIIE, YeM B BapHaH-
Te Ne 1. MakcumarbHast oca/ika INIOTUHBI B BapuaHTe Ne 2
cocraisieT 3,28 M (puc. 2, b), uro Ha 9 % MeHble,
uyeM B BapuanTe Ne 1. HanpoTus, ropH30HTalIbHBIE CME-
menus U mnotunel B Bapuante Ne 2 GoIbIie, 4eM B Ba-
puante Ne 1 (puc. 3, b). MakcumanbHOE CMEILICHHE
B Bapuante Ne 2 cocraBmiio 2,48 M, T.e. Ha 6 % BbIIIIE,
geM B BapuaHTe Ne 1. 30Ha MaKCHMabHBIX 110 BETTHYH-
HE CMELICHUH pacroyiaraeTcsi B HH30BOW YacTy sipa.

B BapuanTax ¢ MaJoli IPOHULIAEMOCTbIO TPYHTA
spa (BapuaHT Ne 3, kq) =1-10%cm/cu Ne 4 kq) =5x
% 107 em/c) HIC mIIOTHHBI OY4EHb CHIIBHO OTIMYAETCS
ot HJIC nnotunsl B Bapuante Ne 1.

B sTrx BapranTax n30bITOYHOE IIOPOBOE 1aBICHHUE
MHOTro OoJbiIe, 4eM ¢unsrpannonHoe. OcoOeHHO BbI-
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COKHM TIOPOBOE JIaBJICHUE ABISIETCS B HUD)KHEH 4acTu
sanpa. B Bapuante Ne 3 mopoBoe AaBiIeHHE AOCTUTAET
4,2 MIla (puc. 9, ¢), a B Bapuaare Ne 4 — 4,3 MIla
(puc. 9, d). IlpakTiuecky Bcs BepTUKAJIbHAsL HAarpy3Ka
BOCIIPUHUMAETCS TIOPOBBIM J1aBJICHHUEM.

W3-3a MeUIeHHOM KOHCOIHMIANU TPYHT A1pa 00-
JajaeT MEHbIIEH CKMMaeMOCThI0 U Oombliel nedop-
MHPYEMOCTBIO NTPH U3MEHEHUH (POPMBI (IIPH CIABUTE).
H3-3a MeHbIIEH CKUMAEMOCTH OCAJIKHU TUIOTHUHBI CYyILIe-
CTBEHHO MEHBIIIe, YeM B BapruaHTe Ne 1. MakcumanbpHas
ocazka B BapuanTe Ne 3 cocrasuia 2,79 M (puc. 2, ¢),
a B Bapuanrte Ne 4 — 2,72 m. Ona npumepHo Ha 22 %
MeHbllle ocaaku B Bapuante Ne 1. BeiencrBue 60i1b-
e CKIIOHHOCTH K AeopMarnisimM (popMOn3MEeHEeHUS
IUIOTHHA NpruoOperaer OosbIIMe cMemeHus. Makcu-
MalbHOE cMenieHne B BapuanTe Ne 3 coctaBuio 2,76 M
(puc. 3, ¢), a B Bapuante Ne 4 — 2,83 M. OHO IprMEpHO
Ha 20 % Ooubiie, yeMm B Bapuante Ne 1.

W3menenne xapakrepa aedopMariuii BIeUeT 3a co-
00l M M3MEHEHHEe B paclpeaesIeHHH HaNpsDKeHUH.
s BapuanTa Ne 3 XxapakTepeH OHIKEHHBIN YPOBEHb
CKaTusl B sSIpe 10 TOTAIBHBIM U 3()(DEKTUBHBIM HAIpsi-
sKeHUsIM. [1o TOTambHBIM HaNPSKEHUSIM 3TO CHUKEHHE
3ameTHO Malio (puc. 4, ¢; 5, ¢), a 10 3 PeKTUBHBIM Ha-
MPSKEHUAM — OY€Hb BEJIUKO.

Hns BapuantoB Ne 3 u 4 xapakTepHO HaJIUUYUE
B siape OONBIIOI 30HBI OTHOCHTEIHHO HU3KUX (MEHEE
0,5 MIla) cxumaromux Hanpsbkenui ¢ (puc. 6, ¢, d).
B BepxHel u HIKHEH YyacTu sifjpa UMEIOTCS 30HbI CO CHKU-
MaroMuy HanpspkeHnsimu Meree 0,25 MITa. TTo Beptu-
KaJIbHBIM HANPSUKCHUAM O B HIDKHCH YaCTH s/1pa TaKKe
CYILECTBYET 30Ha TIOHM)KECHHBIX CKMMAIOILINX HAIpsHKe-
Hui (puc. 7, ¢, d). Takoe HaNpsHKEHHOE COCTOSTHUE SI/Ipa
SABIIIETCS HEONAronpusATHBIM U HeceT B cebe OMacHOCTh
00pa3oBaHMs HAPYIICHNH CIIOIIHOCTH B sipe.
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KoHncomnanus rpyHTa siapa ¥ u3MeHeHHs
HaNPsSKeHHO-1e()OPMHPOBAHHOTO COCTOSTHHS
MJIOTHHBI BO BpeMeHHU

C 11e71b10 YCTaHOBIJICHUSI MIPOIODKUTENEHOCTH TIPO-
Iiecca KOHCOJIMIAINK TPYHTA ObUT BBITTOIHEH pacydeT u3-
mererust HJIC murotvHb! it uaTepBana Bpemenn 100 er.
Pesymerarsr aTor0 pacuera aist BapuantoB Ne 1-4 mpen-
cTaBneHsI Ha puc. 9—12. Ha puc. 9 misg psima MOMEHTOB
BPEMEHH OKa3aHO PacIIpeieNIeHle MOPOBOTO JIaBICHHS
B sizpe, Ha puc. 10, 11 — pacnpenenenue 3pdheKTHBHBIX
HanpsokeHnid. Ha puc. 12 mpuBeneH rpaduk n3MeHe-
HUS MaKCHUMAJIBHOTO 3HAYEHUSI MOPOBOTO JIABICHUS
BO BPEMEHM.

B BapuanTe Ne | aukaxmnx m3menennit HJ{C B oxc-
TUTyaTallMOHHBIN MEPHOJ] HEe IPONUCXOIUT, TaK KaK KOH-
COMIANMs IPYHTA 3aBEPIUINIIACh €IIe B IIEPHOJ] CTPO-
WTEIbCTBA.

C

W3 puc. 9—12 xopor11o BUAHO, UTO C TEUEHUEM Bpe-
MEHHM MIPOMCXOJIAT MIOCTENEHHOE PAacCenBaHUE TIOPOBO-
ro naBieHus (puc. 9) U pocT CKUMAIOMIHUX dPPCKTHB-
HBIX HanpspkeHu# (puc. 10, 11). Oxnako 3TOT nporecc
HMEET Pa3Hyl0 MPOJODKUTEIBHOCTh B 3aBUCUMOCTH
OT MPOHUIIAEMOCTH TpyHTa sifpa. B Bapuante No 2
OH 3aHMMAaeT HECKOJIBKO JIET M 3aTE€M ITOPOBOE JaBJie-
HUE CTAaHOBHTCSI COOTBETCTBYIOIIMM (DMIIBTPAIIMOHHO-
My (puc. 9, b). B Bapunanrax Ne 3 u 4 naxxe uepes 30 ner
9KCIUTyaTalluy TIOPOBOE JIABJICHHUE U3MEHSETCSI Majio
(puc. 10, b, ), a B HWKHEH YaCTH sipa OHO OCTAeTCs
BBICOKHM gaxe depe3 100 set (puc. 10, ¢, f). CoorBer-
CTBEHHO, B 9THX BapHaHTax JUIMTEIBLHOE BPEMsl COXpa-
HSIETCS OTIACHOCTD PAa3BUTHSI HAPYIICHUH CIUIOIIHOCTH
sIpa.

Mamenenue HAC simpa conmpoBoxkaaeTcs A0MOI-
HUTEJIBHBIMH NIEPEMEIICHUSMHE TUIOTHHBL. OcalKu I1o-

i\
f

[IIkana noposoro aasnenus, Mlla

0,75 1,0 1,25

1,5 1,75 20

2,25 2,50 2,75 3

Puc. 9. V3mMeHeHue BoO BpeMEHHU [OPOBOTO ABJICHHUS B sApE JUIsl IByX BAPUAHTOB IIPOHULIAEMOCTH I'PYHTA: d, b, ¢ — BapHaHT
Ne 3 (npu koappurmente Gpunsrparmu 1 - 1078 em/c); d, e, f— Bapuant Ne 4 (npu kos(dunuenrte Gpunsrpannn 5 - 10 cm/c);
a, d — B Havasne nepuosa skcrutyarauu (¢ = 0); b, e — uepe3 30 jer sKkcuryaranuu; ¢, f — depe3 100 et sxkcrryaranuu

A
/=N
-
|

[Ikana ropu3oHTaIbHBIX HanpsbkeHuid, MIla

=275 2,5 225 20 -1,75

-1,5

-125 -1,0 -0,75 0,5 0,25 0

Puc. 10. VI3MeHeHne BO BpeMEHH TOPU30HTAIbHBIX S3(Q()EKTHBHBIX HAPSHKEHUH B SApE JUIS IByX BAPUAHTOB MPOHULIAEMOCTH
rpyHra: a, b, c — Bapuant Ne 3 (mpu koadunmente duasrpamun 1 - 1078 em/c); d, e, f— Bapuant Ne 4 (1pu kodddurmeHTe
¢dunbrpanmu 5 - 107 cm/c); a, d — B Havaie niepuosa sxcrutyaraimu (¢ = 0); b, e — depes 30 sier sKcIuTyaraiuu; ¢, f — uepes

100 met skcruTyaTanum

a7
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/

Ikana BepTukanbHbIX HanpsbxeHuit, MIla

30 275 25 225 20 1,75 15 125 -10 075 0,5 025 0

Puc. 11. V3meHeHne BO BpEMEHH BEPTHKAIBHBIX (G (OEKTHBHBIX HANPSHKCHUN B SIAPE TS AByX BapHAHTOB MPOHHULIAEMOCTH
rpyHra: a, b, ¢ — Bapuant Ne 3 (npu koapdunmnenre punsrpammu 1 - 10°* em/c); d, e, f— Bapuant Ne 4 (mpu kospdunmente
¢dunprpanmu 5 - 107 cm/c); a, d — B Havane neprosa sxcrutyaraimu (¢ = 0); b, e — vepes 30 sier skcIuTyaraiuu; ¢, f — depes

100 et skcruTyaTanum

Tab.1. 2. VI3MeHeHue ¢ TeueHueM BpEMEHN MAaKCUMAJIbHBIX TEPEMEILEHUH IIII0THHBI

Homep Koa¢pduument Makcumainbnas ocajaka, M MaxkcumanpHOE CMEILEHUE, M
BapHaHTa ¢unsTpatmm, ew/c 0 et 100 ner 0 met 100 ner
1 1-10° 3,6 3,61 2,34 2,37
2 1-107 3,28 3,69 2,48 2,49
3 1-10°* 2,79 3,44 2,76 2,60
4 5-107° 2,72 3,23 2,83 2,66

TUHBI YBEJIMYMBAIOTCS, OHU CTPEMSITCS K TEM BEJIHYH-
HaM, KOTOpbIE XapakTepHbI Jyisi BapranTa Ne 1 (Tabu. 2).
Ocanka mioTuHEI B BapuadTe Ne 2 gepe3 100 net mpu-
MEpHO COOTBETCTBYET OCaJIKE IUIOTHHBI B BapraHTe Ne 1.
B Bapuanrtax Ne 3 u 4 MakcuMmanbHbIE OCaJKH yBEIU-
YUBaOTCA MpuMepHo Ha 20 % 1o cpaBHEHHUIO ¢ IEpBO-
HavyaJlbHBIMH, HO HE YCIEBAIOT JOCTUTHYTh 3HAYCHUI,
XapaKTepHBIX A7t BapuanTa Ne 1.

T'opusonTanbuble cMmeuieHus B Bapuante Ne 2
3a 100 jeT mpakTH4yecku He M3MeHstoTcs (tadm. 2).

B BapuanTax Ne 3 u 4, HanpoTHB, B TEUCHHE KCILTya-
TAIIMOHHOTO IIEPHOAA IPOUCXOAUT HEOOIbIIOE YMCHb-
meHne (MpuMepHo Ha 5 %) MaKCHMaJIbHbBIX 3HaUE€HUH
TOPU30HTAIILHBIX CMETICHUI.

W3 puc. 12 ctaHOBUTCS SICHOM POJOIKUTEIBHOCTD
Ipoliecca KOHCOMUAALUH O pe3ynbTaTaM YHCICHHOTO
MozenupoBaHus. B BapuanTte Ne 2 koHCONMMAAIMS 3aBep-
aeTcst IPUMEpHO B TeueHue 5 yieT, B Bapuante Ne 3 oHa
umTcs okoo 80 e, a B BapuanTe Ne 4 He 3aBepriaeTcs
u uepes 100 ner.

3,5 \n\x
3,0 \JJ\‘

~—_
>~

Sullhanes:

0 20 40

60 80 100

N3 &Neqd 0= Ne2

Puc. 12. M3menenne BO BpeMEHH MAKCHMAIbHON BEIMYNHBI TOPOBOTO JABIEHHS Ul PA3HBIX BAPHAHTOB MPOHUI[AEMOCTH
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Taou. 3. Pe3yasTarsl pacueTa ATUTENbHOCTH KOHCOIMIALUY aHATUTUYECKUM METOA0M

Homep JUTITENbHOCTS KOHCONMUIAINH IIPH HA9aJIbHOM JTaBICHUH
Kosddunment dunsrparmu, cm/c
BapHaHTa 2,5 MIla 4,5 MIla
1 1-10° 1,0 1,9
2 1-107 9,7 19,5
3 1-10° 96,7 195
4 5-107° 193 390

Taban. 4. CpaBHeHI/Ie pacueTa AJIUTEJIbHOCTH KOHCOJIMAAUH 110 aHAJIUTUYICCKOMY U YUCJIICHHOMY METOAaM

PacueT JIHTENLHOCTH KOHCOJIU ALK JUTHTEbHOCTS KOHCOMM AL
Bgﬁ;ﬁ a (bﬁ):gg?:;e:; e 4HAJITHHCCKIM METONOM TI0 Pe3yIBTaTaM YHCIICHHOTO
’ p,MIla p,MIla £, TOZIBI MOJIETMPOBAHMSL, TOMIBI
1 1-10° 2,6 2,6 374 150
2 1-107 2,87 1,4 183 80
3 1-10% 42 1,4 12 3
4 5107 43 1,4 0,0

B 271011 cBSI3M MHTEPECHO CPABHUTH PE3YJBTaThI
YHCICHHOTO MOJEIUPOBAHUS C pe3yabTaTaMH pacdera
AQHAJIUTHYECKUM METOJIOM.

Pacuem npodonscumenvrnocmu npoyecca koncoauoa-
YUy aHaATUMUYEeCKUM Memooom

Pacuer npocThIM aHATUTHYECKUM METOJOM 3a-
KJTFOYaJICs B UCTIONb30BaHuK (hopmyisl (1), Tomy4yeHHOM
no Teopuu K. Tepriaru. OH BBIMONHSIICS 11 HUKHETO
CEUCHHS S/Ipa, sl KOTOPOTO MONYIIMPHHA COCTABISIET
npumepHo /2 = 70 M. Monynb o6seMHON e opMaryn
rpyHTa npunuMancs pasusiM K = 37 Mlla, yto coot-
BETCTBYET 3a/JlaHHBIM 3HAYEHUSM MOAYINS JIMHEHHON
nedopmanuu n kodppunuenra [lyaccona.

B tabn. 3 nmpuBesieHa nojgy4yeHHas pacueToM JUTH-
TEIBHOCTh PACCEUBAHUS MOPOBOTO JAaBICHUS I He-
CKOJIPKMX BApPHAHTOB COYCTAHUS BOIOIPOHHUIIAEMOCTH
TPYHTA s/Ipa ¥ HA4YaJIbHOTO TIOPOBOTO NaByeHus p,. B ka-
4ECTBE KOHEUHOT'0 3HA4YEHHs [IOPOBOIO JaBIECHNUS, 10 KO-
TOPOTO OHO CHHKAETCS, MPUHUMATIOCH p, = 1,4 MIla.
OT0 MakCHMaJlbHOE 3HaueHHe (PUIIBTPAIIMOHHOTO JaB-
JICHHs, KOTOpOE HAOIOAeTCs B 30HE MaKCUMyMa H3-
OBITOYHOTO IOPOBOTO JABICHHUS.

B Tabn. 4 mpencTaBieHO cpaBHEHUE JUIUTEIHHO-
CTH PacCenBaHUs MOPOBOTO IABJICHUS, MOTYyUCHHON
C TIOMOMIBIO AHAIUTHYECKOTO M YHCICHHOTO METOJIOB.
Wcxonnble qaHHbIe U1 aHAJTMTHYECKOTO pacyeTa (Ha-

YJaJIbHOE U KOHEYHOE MTOPOBOE JIaBJIEHUE) OBUIN MPH-
HATBI U3 PE3YJbTATOB YHCJICHHOIO0O MOACINPOBAHUA
HJIC motunsl. M3 cpaBHEHHS cienyeT, 9TO IO pe-
3yIbTaTaM YUCICHHOTO MOJEINPOBAHUsS pacCEUBaHHE
MIOPOBOTO JABJICHMUS MPOUCXOANT HECKOIBKO OBICTpEE,
4YeM IO PacuyeTy aHATUTUYECKUM METO/IOM.

3AKJIIOYEHUE U OBCYXJIEHHUE

o pe3yneraTaM YMCIEHHOTO MOEIUPOBAHUS TIPO-
1[ecc KOHCOIMAINH TPYHTA B SApe KaMEHHO-3€MIISTHON
IUTOTHHBI 3aBepIIaeTcsl MPUMEPHO B 2 pasa ObIcTpee,
4eM 3TO NMpeACKa3bIBaeT AIEMEHTApHBIA aHATUTHYE-
CKHUIl METOJI, OCHOBAHHEIA Ha TEOPHH (DHIIBTPAIIMOHHON
KOHCOJTMJIAIIMHU. DTO OOBSICHSAETCS TEM, YTO B aHAJIUTH-
YECKOM METOJE MPHUHSITO YNPOIIAIOIIEe JOIyIIEeHHUE,
YTO KOHCOJNMAAIMS JOCTUTAETCs TOJIBKO 3a CUET (HHIIb-
TpaIy BOABI B HAIIPABICHUH K JpeHaxy. B peansHocTH
JIBIDKEHHE BOJIBI IPOUCXOANT O0JIee CIOKHBIM 00pa3oMm,
a KOHCOIMJALUs IPOTEKAET HEPAaBHOMEPHO MO 00beMy
sapa. B BepxHel 4acTu s1pa, B KOTOPOH IOPOBOE aBIIe-
HHUE U3HAYaIbHO HIDKE, a IIMPHHA S/Ipa MEHbIIIE, KOHCO-
TMaanys 3aBepiaercs ovictpee. [loaTomy B HIDKHEH da-
CTH sizipa (pUIIBTPAIIMOHHBII MOTOK UMEET BO3MOKHOCTD
JIBUTAThCsl HE TOJIBKO B JIPEHAX, HO M B 30HBI C HU3KUM
TIOPOBBIM JIaBJICHUEM.
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Brnao asmopog: éce agmopul coenanu IKGUBALEHMHBII 6KAA0 6 HOO20MOBKY NYONUKAYUL.

A8m0pbl 3aseasiom oo omcymcemeuu KOH(jJ]lMKma unmepecoe.

INTRODUCTION

Excess pore pressure in the soil core of an earth-
rock dam occurs due to its compaction when subject-
ed to external loads (primarily from its own weight).
Over time, pore pressure “dissipates”, i.e. decreases to
a level corresponding to the pressure of filtration wa-
ter; this process is called soil consolidation. The pres-
ence of excess pore pressure poses a threat to the safety
of the dam, as it reduces the shear strength of the soil
and provokes hydraulic rupture of the core. This effect
is demonstrated by computational studies [1, 2] devoted
to the formation of the stress-strain state (SSS) of rock-
fill dams. When designing rock-fill dams, it is impor-
tant to predict the duration of the core soil consolida-
tion process, during which the dam may have a reduced
level of safety.

The processes of pore pressure formation and dis-
sipation in the core of rock-fill dams began to be studied
in the mid-20th century, as it was during this period that
dams of this type began to be actively used for the con-
struction of high-pressure hydraulic structures. Such
studies were carried out using field measurements and
theoretical calculations.

Work [3] publishes data on field measurements
of pore pressure in several dams built in the 20th cen-
tury. The results of field observations of the ultra-high
dam at the Nurek Hydroelectric Power Plant [4] are de-
scribed. Publications [1, 5, 6] present the results of pore
pressure monitoring in modern high rock-fill dams.
Paper [1] is devoted to the study of pore pressure in
the Masjed-e-Soleyman dam (height H = 177 m, Iran,
2002), [5] — in the Nuozhadu dam (H = 261.5 m, Chi-
na, 2012), [6] — in the Bidvaz dam (H = 66 m, Iran).

Analysis of the results of field measurements [3]
shows that the process of soil consolidation in the core
of different dams occurred at different rates. In many
dams (Aswan, Pachkamar, Charvak, Eyvashan), soil
consolidation proceeded rapidly and the pore pressure
at the beginning of the operational period was com-
parable to the hydrostatic pressure [3, 7]. In contrast,
in the core of the Talbingo dam (H = 162 m, Austria,
1971), the pore pressure reached significant values and
dissipated slowly [3]. This is attributed to the fact that
the core of this dam is made of clay.

The forecast for the duration of consolidation is
particularly relevant for the construction of new rock-
fill dams. Statistics show that several new ultra-high and
high rock-fill dams have been built in the 21st century.
The San Roque Dam (H = 210 m, Philippines, 2003),

Tehri Dam (H = 260.5 m, India, 2006), Nuozhadu Dam
(H=261.5 m, China, 2012) [8, 9, 5], Changheba (H =
=240 m, China, 2017), with heights exceeding 200 m.
High dams include Karkheh (A = 127 m, Iran, 2001)
[10-12], Masjed-e-Soleyman (H = 177 m, Iran, 2002)
[1, 13], Qiaoqi (H = 125.5 m, China, 2006) [14], Pubu-
gou (H = 186 m, China, 2010) [15], Maoergai (H =
=147 m, China, 2011) [14], Upper Gotvand (H =180 m,
Iran, 2012), Madani (H =91 m, Iran, 2014) [16]. The re-
sults of field measurements of pore pressure in some
of these dams are published in [1, 5].

Pore pressure is also studied using calculation
methods based on consolidation theory. The found-
er of consolidation theory is K. Terzaghi, who was
the first to propose equations describing this process. In
the USSR, A.A. Nichiporovich and T.I. Tsybulnik [17]
developed an analytical method for calculating soil con-
solidation in the core of a rock-fill dam.

Currently, consolidation problems are solved using
numerical modelling. For example, publications [1, 5,
7, 18-21] are devoted to numerical studies of stress-
strain behaviour and pore pressure in the cores of rock-
fill dams. In most cases, computational studies show
that soil consolidation in the core is completed fairly
quickly.

However, the accuracy of computational predic-
tions depends on the quality of the initial calculation
data. In [5], the pore pressure in the core of the Nuozha-
du dam is considered, and it is shown that adequate
calculation results are obtained when the filtration co-
efficient is (1.5 — 5) - 10 cm/s, which is much less
than that measured in nature. It has been suggested that
the decrease in soil permeability is associated with its
compaction under the action of loads [5]. A similar ef-
fect is also described in study [4] in relation to the core
of the Nurek dam.

However, this effect is only one manifestation
of the interconnection between soil consolidation pro-
cesses and the formation of the structure’s internal stress
state. Based on the results of research, it has been con-
cluded that due to the interconnection with the stressed
and deformed state of the soil, its consolidation pro-
cesses are complex in terms of time and space [5].
This conclusion is also confirmed by the results
of studies by the authors [22, 23]. It has been shown
that the nature of the deformation of the structure un-
der load is decisive for the magnitude of pore pressure
in the core. Calculations have demonstrated that, due
to expansion deformations, most of the excess pore
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pressure dissipates before the reservoir is filled. Only
numerical modelling makes it possible to take into ac-
count the influence of the nature of the structure’s de-
formation on the formation of pore pressure.

However, previous works by the authors of this
study only considered the dam construction stage, when
pore pressure forms in the core under the action of ex-
ternal loads, and did not consider the operation stage,
during which pore pressure dissipates.

In this regard, it is interesting to use numerical
modelling to study the process of soil consolidation and
to compare the forecast of the duration of consolidation
based on the results of analytical and numerical calcula-
tions.

The analytical method, based on the theory of fil-
tration consolidation, takes into account that pore pres-
sure dissipation occurs only due to fluid outflow (filtra-
tion). From the solution of the problem of consolidation
of a layer of low-permeability soil obtained by K. Ter-
zaghi, a formula can be derived to determine the dura-
tion of consolidation. This is the time required to reduce
the pore pressure from the maximum p, to the filtration
water pressure p,. For a point located at the maximum
distance from the drainage (in the middle of the layer),
the following approximate formula for determining
the duration Az of consolidation is obtained:

Az‘:iz. p-g .hz.ln ﬂ R (1)
© K-k, P,

where p is the density of water; K is the modulus
of volumetric deformation of soil; kfis the filtration co-
efficient; / is the filtration path length (half-thickness
of the layer); p, and p, are the pore pressures at the be-
ginning and end of the time interval, respectively.

Fig. 1. Finite element model of the calculated dam cross-section

This approximate formula expresses the influence
of the main factors on the duration of consolidation and
is easy to understand. As can be seen from the formula,
longer consolidation is characteristic of high rock-fill
dams, in which the core width 24 is large and the ini-
tial pore pressure can reach high values. It is clear from
the formula that the duration of filtration will vary in
different areas of the core, with filtration completing
faster in the upper part than in the lower part. However,
the decisive factor for the duration of consolidation is
the permeability of the soil — which is inversely pro-
portional to the filtration coefficient.

MATERIALS AND METHODS

The duration of soil consolidation in the core was
also estimated using numerical modelling. The pro-
cesses of pore pressure formation and dissipation were
modelled together with the processes of SSS formation
and the filtration regime of the dam.

The calculation was performed using the example
of an ultra-high rock-fill dam with a central core of aver-
age width. These characteristics correspond to the design
of the Nurek HPP dam. The dam is 300 m high. The max-
imum head that the core can withstand is 263.5 m,
and the width of the core at the bottom is 143.5 m.

The calculation was performed using the finite ele-
ment method with the MIDAS computer software pack-
age.

The finite element model of the dam cross-section
used for the calculations has 6,975 nodes and 6,906 fi-
nite elements (Fig. 1).

The calculations were performed taking into ac-
count the sequence of dam construction and reservoir
filling. It was assumed that the structure would be built

Table 1. Calculated physical and mechanical characteristics of soils

Density in dry Density in water- Modulus of linear Poisson’s
Material condition p, saturated state p_, deformation E, rati
t/m? t/m? MPa oV
Sandy loam 2.10 2.28 40 0.32
Soils of transition zones 2.10 2.20 55 0
Gravel-pebble soil of resistant prisms 2.16 2.35 150 0.27
Rock mass 1.96 222 150 0.27
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over a period of 9 years and that the reservoir would
be filled in parallel with the filling of the embankment.

The calculation considered loads from the soil’s
own weight, and the effect of the aquatic environment
was taken into account only in the form of pore pressure
and the filtration forces it creates.

The Coulomb-Mohr model, which provides
for linear deformation of the soil, was used to model
the behaviour of the soil. The physical and mechanical
properties of the soil used in the calculation are given
in Table 1.

RESEARCH RESULTS

Calculations were performed for several variants
of core soil permeability. The filtration coefficient was
taken to be equal to: in variant No. 1 — 1 - 107 cm/s,
in option No. 2 —1 - 10”7 cm/s, in option No. 3 — 1 x
x 107* cm/s, in option No. 4 — 5 - 10~ cm/s.

Stress-strain state at the time of completion
of construction

For each option, the displacements, stresses and
pore pressure in the dam were determined and ana-
lyzed. They are shown in Fig. 2—8. The displacements
are given taking into account the sequence of construc-
tion and loading of the structure; they represent the sum
of the displacements obtained by the structure at each

stage of construction/loading. Stresses were analyzed as
effective (only for the solid soil skeleton) and total (sum
of the solid and liquid phases of the soil).

The dam’s internal forces are similar in all vari-
ants and, at the time of completion of construction, have
the following general characteristics:

* the structural settlements U, of the dam reach
their maximum in the central part of the core and
amount to about 1 % of its height (Fig. 2);

* horizontal displacements U of the dam are di-
rected towards the lower reach and reach their maxi-
mum in the core, while the large volume of the upper
retaining prism has displacements close to 0 (Fig. 3);

+ the distribution of total vertical stresses 6 shows
an arch effect (i.e., the effect of the core “hanging”
on the resisting prisms) — there is a deficit of compres-
sive stresses in the core, while zones of compressive
stress concentration occur in the resisting prisms (Fig. 4);

« for the distribution of total horizontal stressessx
is characterized by a lower level of compression in
the lower retaining prism compared to the core (Fig. 5).
There is no jump in horizontal stress values at the bound-
ary between the core and the upper pressure prism,
since the core is considered permeable and the pressure
of the upper head acts in the form of filtration forces dis-
tributed throughout the volume, rather than in the form
of hydrostatic pressure on the core edge;

Vertical displacement scale, cm

-360 330 -300 270 240 210

—-180

-150  -120 90 60 30 0

Fig. 2. Dam settlement at the end of construction for different soil permeability options: @ — option No. 1; b — option No. 2;

¢ — option No. 3
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Scale of horizontal displacements, cm
0 25 50 75 100 125 150 175 200 225 250 275 300

Fig. 3. Horizontal displacements of the dam at the end of construction for different soil permeability options: « — option No. 1;
b — option No. 2; ¢ — option No. 3

Vertical stress scale, MPa

-60 55 50 45 40 35 30 25 20 -15 -10 -05 0

Fig. 4. Vertical total stresses in the dam at the time of completion of construction for different soil permeability options:
a — option No. 1; b — option No. 2; ¢ — option No. 3
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c

Horizontal stress scale, MPa

4.5 -40 35 30 -2.5 -20 -18 15 -12 09 06 03 0

Fig. 5. Horizontal total stresses in the dam at the end of construction for different soil permeability options: @ — option No. 1;

b — option No. 2; ¢ — option No. 3

AA

AA

Vertical stress scale, MPa

-3.0 275 25 225 20 -175 -15

-125 -10 -075 05 025 0

Fig. 6. Vertical effective stresses in the dam core at the time of completion of construction for different soil permeability

options: a — option No. 1; b — option No. 2; ¢ — option No. 3;

* the effective stresses in the core (Fig. 6, 7) are
significantly lower than the total stresses (Fig. 4, 5) due
to the high pore pressure values in the core (Fig. 8).

However, the SSS of the dam in the considered
variants also has significant differences. They are

d — option No. 4

caused by differences in the conditions of formation and
values of pore pressure in the core.

In option No. 1, in which the core soil has high
permeability (kf= 1 - 107 cm/s), soil consolidation is
completed by the start of the operational period. Fig. 8

55

(16) £ BN1SS] ‘G 0] UWneompunacuaps



scionco o ruction: o] 15, Issue 3 (57)

Mikhail P. Sainov, Aleksandr A. Boldin

a b

-3.0 275 25 225 20 -1.75

Horizontal stress scale, MPa

-1.5

-125 -1.0 075 05 -0.25 0

Fig. 7. Horizontal effective stresses in the dam core at the time of completion of construction for different soil permeability
options: a — option No. 1; b — option No. 2; ¢ — option No. 3; d — option No. 4
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Fig. 8. Pore pressure in the dam core at the end of construction for different soil permeability options: @ — option No. 1;

b — option No. 2; ¢ — option No. 3; d — option No. 4

a shows that at the start of the operational period, there
is no excess pore pressure in the core — the pore pres-
sure corresponds to the established filtration regime.
The maximum pore pressure of 2.6 MPa is observed in
the lower left corner (Fig. 8, @) and decreases from bot-
tom to top and from the upper edge to the lower edge.
Due to the low pore pressure, the core is in a fa-
vourable stress state. The effective stresses (stresses in
the skeleton) in the core are compressive everywhere,
and in most of the core they are quite large and exceed
0.5 MPa. The effective stresses o, in the vertical direc-
tion are much greater than in the horizontal direction.
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Vertical stresses o, reach 3 MPa (Fig. 7, a), while hori-
zontal stresses do not exceed 2 MPa (Fig. 8, a).

The total stresses sy in the core do not exceed
5.0 MPa (Fig. 4, a).

According to calculations, the maximum construc-
tion settlement of the core in option No. 1 was 360 cm
(Fig. 2, a), and the maximum displacement was
234 cm (Fig. 3, a). The zone of maximum displacement
is located in the centre of the core.

For other options No. 2—4 with lower soil perme-
ability of the core, excessive pore pressure occurs in
the core. This significantly affects the stress-strain state
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of the core and the entire dam. The effect of excessive
pore pressure is expressed as follows:

* the lower the filtration coefficient of the core
soil, the higher the pore pressure and the lower the ef-
fective compressive stresses in the core;

* the lower the filtration coefficient of the core
soil, the less displacement and settlement of the dam at
the time of completion of construction.

In option No. 2 (kf =1 - 107 cm/s), the excess
pore pressure in the core is small compared to the fil-
tration pressure. At the time of completion of construc-
tion, the maximum pore pressure value was 2.87 MPa
(Fig. 9, b), i.e. 10 % higher than in option No. 1.
The distribution of effective stresses in option No. 2 is
close to that characteristic of option No. 1. However, in
Fig. 6, b; 7, b, there is a noticeable decrease in compres-
sive stresses 6,_and o, in the core.

The dam deformations in option No. 2 differ from
those in option No. 1. The construction settlements U,
of the dam are slightly smaller than in option No. 1.
The maximum settlement of the dam in option No. 2
is 3.28 m (Fig. 2, b), which is 9 % less than in option
No. 1. On the contrary, the horizontal displacements U_
of the dam in option No. 2 are greater than in option
No. 1 (Fig. 3, b). The maximum displacement in op-
tion No. 2 was 2.48 m, i.e. 6 % higher than in option
No. 1. The zone of maximum displacement is located in
the lower part of the core.

In variants with low soil permeability of the core
(variant No. 3, k=1 10® ¢cm/s and No. 4 k=5 x
x 10 cm/s), the dam’s stress-strain state differs signifi-
cantly from that of the dam in variant No. 1.

In these variants, the excess pore pressure is much
greater than the filtration pressure. The pore pressure is
particularly high in the lower part of the core. In variant
No. 3, the pore pressure reaches 4.2 MPa (Fig. 9, ¢), and
in variant No. 4, it reaches 4.3 MPa (Fig. 9, d). Practically
all of the vertical load is absorbed by the pore pressure.

Due to slow consolidation, the core soil has lower
compressibility and higher deformability when chang-
ing shape (under shear). Due to lower compressibil-
ity, dam settlement is significantly lower than in op-
tion No. 1. The maximum settlement in option No. 3
was 2.79 m (Fig. 2, ¢), and in option No. 4 — 2.72 m.
It is approximately 22 % less than the settlement in
option No. 1. Due to greater tendency to deformation,
the dam acquires greater displacements. The maximum
displacement in option No. 3 was 2.76 m (Fig. 3, ¢),
and in option No. 4 — 2.83 m. It is approximately 20 %
greater than in option No. 1.

The change in the nature of the deformations also
entails a change in the stress distribution. Option No. 3
is characterized by a reduced level of compression in
the core in terms of total and effective stresses. In terms
of total stresses, this reduction is negligible (Fig. 4, ¢;
5, ¢), but in terms of effective stresses, it is very sig-
nificant.

Variants 3 and 4 are characterized by the presence
of a large zone of relatively low (less than 0.5 MPa)
compressive stresses ¢_in the core (Fig. 6, ¢, d). In
the upper and lower parts of the core, there are zones
with compressive stresses of less than 0.25 MPa. Ac-
cording to the vertical stresses o, there is also a zone
of reduced compressive stresses in the lower part
of the core (Fig. 7, ¢, d). Such a stress state of the core
is unfavourable and carries the risk of discontinuities
forming in the core.

Consolidation of the core soil and changes
in the stress-strain state of the dam over time

In order to establish the duration of the soil consol-
idation process, a calculation of the change in the stress-
strain state of the dam for a period of 100 years
was performed. The results of this calculation for op-
tions 1—4 are shown in Fig. 9-12. Fig. 9 shows the dis-
tribution of pore pressure in the core at a number of time
points, while Fig. 10 and 11 show the distribution of ef-

d

Pore pressure scale, MPa
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Fig. 9. Change in pore pressure in the core over time for two soil permeability options: a, b, ¢ — option No. 3 (with a filtra-
tion coefficient of 1 - 10* cm/s); d, e, f— option No. 4 (with a filtration coefficient of 5 - 10~ cm/s); a, d — at the beginning
of the operating period (¢ = 0); b, e — after 30 years of operation; ¢, f— after 100 years of operation
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Fig. 10. Change in horizontal effective stresses in the core over time for two soil permeability options: a, b, ¢ — option
No. 3 (with a filtration coefficient of 1 - 10 cm/s); d, e, f — option No. 4 (with a filtration coefficient of 5 - 10 cm/s);
a, d — at the beginning of the operating period (z = 0); b, e — after 30 years of operation; ¢, f— after 100 years of operation
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Fig. 11. Change in vertical effective stresses in the core over time for two soil permeability options: a, b, ¢ — option
No. 3 (with a filtration coefficient of 1 - 10®* cm/s); d, e, f — option No. 4 (with a filtration coefficient of 5 - 10 cm/s);
a, d — at the beginning of the operating period (¢ = 0); b, e — after 30 years of operation; ¢, f— after 100 years of operation

fective stresses. Fig. 12 shows a graph of the change in
the maximum pore pressure over time.

In option 1, there are no changes in SSS during
the operational period, as soil consolidation was com-
pleted during the construction period.

Fig. 9-12 clearly show that over time, pore pres-
sure gradually dissipates (Fig. 9) and effective compres-
sive stresses increase (Fig. 10, 11). However, the dura-
tion of this process varies depending on the permeability
of the core soil. In option 2, it takes several years, after
which the pore pressure becomes equivalent to the fil-
tration pressure (Fig. 9, b). In variants 3 and 4, even
after 30 years of operation, the pore pressure changes
little (Fig. 10, b, e), and in the lower part of the core
it remains high even after 100 years (Fig. 10, c, f).
Accordingly, in these variants, the risk of developing
core discontinuities remains for a long time.
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The change in the core’s SSS is accompanied by
additional dam movements. Dam settlements increase,
tending towards the values characteristic of option
No. 1 (Table 2). The dam settlement in option No. 2
after 100 years approximately corresponds to the dam
settlement in option No. 1. In options 3 and 4, the maxi-
mum settlements increase by approximately 20 % com-
pared to the initial ones, but do not reach the values
characteristic of option 1.

Horizontal displacements in option No. 2 remain
virtually unchanged over 100 years (Table 2). In options
No. 3 and 4, on the contrary, there is a slight decrease
(approximately 5 %) in the maximum values of hori-
zontal displacements during the operational period.

Fig. 12 clearly shows the duration of the consoli-
dation process based on the results of numerical model-
ling. In option 2, consolidation is completed in approxi-
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Table 2. Change in maximum dam displacements over time

Option Filtration coefficient, Maximum settlement, m Maximum displacement, m
number cm/s 0 years 100 years 0 years 100 years
1 1-10° 3.6 3.61 2.34 2.37
2 1-107 3.28 3.69 2.48 2.49
3 1-10% 2.79 3.44 2.76 2.60
4 5-107° 2.72 3.23 2.83 2.66

4.5 1 P, MPa

BN

ol L e

=

2.0

t, years

0 20 40

60 80 100

< No.3 2 No.4 <= No.2

Fig. 12. Change in the maximum pore pressure over time for different soil permeability options in the core

Table 3. Results of calculating the consolidation period using the analytical method

Option . . . Duration of consolidation at initial pressure
Filtration coefficient, cm/s
number 2.5 MPa 4.5 MPa
1 1-10° 1.0 1.9
2 1-107 9.7 19.5
3 1-10% 96.7 195
4 5-107° 193 390

mately 5 years, in option 3 it lasts about 80 years, and in
option 4 it is not completed even after 100 years.

In this regard, it is interesting to compare the re-
sults of numerical modelling with the results of analyti-
cal calculations.

Calculation of the duration of the consolidation
process using an analytical method

The calculation using a simple analytical method
consisted of using formula (1), obtained according to
K. Terzaghi’s theory. It was performed for the lower
section of the core, for which the half-width is approxi-
mately 2 = 70 m. The modulus of volumetric deforma-
tion of the soil was taken to be equal to K = 37 MPa,

which corresponds to the specified values of the modu-
lus of linear deformation and Poisson’s ratio.

Table 3 shows the calculated duration of pore
pressure dissipation for several combinations of core
soil permeability and initial pore pressure p,. The final
value of pore pressure to which it decreases was taken
as p, = 1.4 MPa. This is the maximum value of filtration
pressure observed in the zone of maximum excess pore
pressure.

Table 4 shows a comparison of the duration of
pore pressure dissipation obtained using analytical and
numerical methods. The initial data for the analytical
calculation (initial and final pore pressure) were taken

Table 4. Comparison of consolidation duration calculations using analytical and numerical methods

Option | Filtration coefficient CalculatiOrtli)ef:r?;i]iiii?t;?;s;l;ation usine Duration (.)f consolidgtion based
number cm/s ’ on numerical modelling results,
p,» MPa p,» MPa t, years years
1 1-10° 2.6 2.6 374 150
2 1-107 2.87 1.4 183 80
3 1-10°% 4.2 1.4 12 3
4 5-107 43 1.4 0
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from the results of numerical modelling of the dam’s
stress-strain state. The comparison shows that, accord-
ing to the results of numerical modelling, pore pres-
sure dissipation occurs slightly faster than according to
the analytical calculation.

CONCLUSION AND DISCUSSION

According to the results of numerical modelling,
the soil consolidation process in the core of a rock-fill
dam is completed approximately twice as fast as predicted
by the elementary analytical method based on the theory

of filtration consolidation. This is explained by the fact
that the analytical method makes a simplifying assump-
tion that consolidation is achieved only by filtering water
in the direction of drainage. In reality, water movement
is more complex, and consolidation proceeds unevenly
throughout the core. In the upper part of the core, where
the pore pressure is initially lower and the core width is
smaller, consolidation is completed more quickly. There-
fore, in the lower part of the core, the filtration flow can
move not only towards the drainage, but also towards ar-
eas with low pore pressure.
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