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AHHOTALUMUA

BeegeHue. [Jledopmauum kameHHo HaBpOCKM NPOTEKAKOT ANUTENbHOE BpeMsl. VI3BECTHO, YTO HanGosiee MHTEHCUBHO OHU
HaKan1BalTCs B CTPOUTENbHbIA NEPUOA, HO UX HapacTaHWe NPOLOKAETCA U B 9KCMIyaTaLMOHHbIN Nepuog, 3a cyeT nor-
3yyecTy. MoaTOMy MOM3y4YecTb MOXET OKa3blBaTb BAXHOE BUAHME HA HaNpshXeHHO-4e(OPMMPOBAHHOE COCTOSIHUE Xeneso-
GeTOHHOrO aKkpaHa. TeM He MeHee aHanu3 Hay4YHO-TEXHUYECKON MHGOPMaLIMM NoKasars, YTo BOMPOC O BIAMSIHUM MOM3y4ecTy
Ha NPOYHOCTb dKpaHa SBMIAETCA Marno 13y4YeHHbIM.

MaTepuanb! u MeToAbl. ViccrefoBaHus HanpskeHHO-AePOPMUPOBAHHOTO COCTOSIHUSA MPOBEAEHbI NMYTEM YMCIIEHHOTO Moge-
NMPOBAaHNSi METOAOM KOHEYHbIX 3rieMeHToB. OHM MPOBOAMIUCH Ha NpUMepe pearbHoii NoTuHbl Toulnustouc, Aedopmaumm
KOTOPOW B 9KCMIyaTaLMOHHbIN Nepuog N3BECTHbI MO peayrnbTataM HaTypHbIX M3MepeHuit. [ins BocnpoussegeHus npotecca
HapacTaHus AedhopMaLmii NOTUHbLI BO BpeMeHu Gbina BbiGpaHa peonornieckas Mofenb rpyHTa u paspabotaHa metoaumka
BbINOMHEHWS PAacYeTOB HaMpPsHKeHHO-AEOPMUPOBAHHOMO COCTOSIHUSA MIOTUHLI. [TpK NOCTPOEHUN peonornieckoit Moaeni
ucnonb3oBaHa Hamboree NPoOCcTast 3KCNOHeHLMarnbHas 3aBUCKMOCTb AedhopmaLiin OT BpemeHW. MapameTpbl Moaeni KaMmeH-
HOW HaBpocCkM onpeaensnmMcb NoAGOPOM U3 YCIIOBUSI COOTBETCTBUS PACHETHBIX NepeMeLLeHUI MOTUHbI HAaTYPHLIM AaHHbIM.
PesynbraThbl. 1119 pacCMOTPEHHOM NOTHHBI MOM3y4ecTb KaMeHHOM HaBPOCKM He BHecra kapanHanbHbIX M3MEeHEHW B Ha-
npshkeHHo-AedopmMupoBaHHoe coctosiHne (HOC) xene3o6eToHHOro aKkpaHa.

3akrnoueHue. BbiSBNeHo, YTo yBenuyeH1ne ocafok NioTUHLI 3a CYET MOM3y4ecTn OKasblBaeT GrnaronpusTHbIN 3EKT — OHM
CO34aloT B 9KpaHe AOMOMHUTENbHOE CXMMatoLLee NPOLOoNbHOE yeunve. YCTaHOBMEHO, YTO BAKSHWE MON3y4ecTy KaMeHHOM
HaBpOoCKM B 3KCMyaTauMoHHbI nepvog Ha HOC akpaHa B Gonblueli CTeneHn NposIBNsSeTCs B BEPXHEN YacTui akpaHa. B Huxk-
Heit yacTn HOC akpaHa M3-3a Nonay4yecTy M3MeHsieTcs Maso. [ns pacCMOTPEHHOM MAOTUHbLI AedhopMaLumn NosnayyecTu
KaMeHHOM HaBpoCkK, Mpon3oLLeaLLMe B SKCMITyaTaluVOHHbI Nepuos, He okasani CyLLECTBEHHOTO BIIMSIHUSA Ha HaNPs»KEHHO-
4edopM1POBAHHOE COCTOSIHIE Xene3o6eToHHOro akpaHa. Mo-B1arMOMY, 3TO CBA3aHO ¢ HeGOMbLIMMM BENMYMHAMM TUX
AedopmaLmii, KoTopble COCTaBNAT NuULwb okono 0,07 % OT BbICOTbI MAOTUHLI. OgHaKO 3TW pacyeTbl NO3BOMUMN OLEHUTL
KayecTBeHHOe BrusiHMe nonayyectn Ha HOC akpaHa.

KNMIOYEBbBIE CITOBA: nonsyyectb, kKaMeHHO-HabpocHas NNoTHUHaA C XKene3obeToHHbIM 3KpaHOM, HanpskeHHO-Aedop-
MUPOBAHHOE COCTOSIHUE, YNCTEHHOE MOAENUPOBaHUE, peorormiyeckast Moaenb
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ABSTRACT

Introduction. Rockfill deformations are developed during long time. It is known that most intensive they are during con-
struction period, but their increment continues also during operation period due to creep. Therefore, creep may affect the
reinforced concrete face stress-strain state. Nevertheless, search for the scientific and technical information showed that the
problem of creep impact on the face strength is poorly studied.

Materials and methods. Studies of stress-strain state were conducted with the aid of numerical modeling by finite element
method. They were carried out on the example of in-situ Toulnustouc dam, which deformations during the operation period
are known by the results of field measurements. For simulation of the time-dependent dam, deformation increment process
there was chosen a rheological model of soil and a technique was worked out for calculating the dam stress-strain state. At
plotting the rheological model, the use was made of the simplest exponential relationship of time-dependent deformations.
Results. The parameters of the rockfill model were determined by selection from condition of matching between the dam
design displacements and the field data. For the considered dam, the rockfill creep has not resulted in cardinal changes in
the reinforced concrete face stress-strain state.

Conclusion. It was revealed that increase of the dam settlements due to creep has a favorable effect: they create additional
compressive longitudinal force in the face.
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BBEJEHUE

KameHHO-HaOpOCHBIE TUIOTUHBI C KeJIe300eTOH-
HBIM 9KPaHOM SIBJISIFOTCS] OJHUM M3 Haubosee nepcnek-
THUBHBIX U PAcIpOCTPAHEHHBIX THUIIOB BHICOKHX T'PYH-
TOBBIX IUIOTHH. [IpuMepaMu HeZaBHO MOCTPOEHHBIX
IUIOTHH 3TOTO THIIA MOTYT CIIYyXUTh IutotuHbl Cokal
(H=283 ™, Typuus, 2010 r.), Pankou (H = 114 m, Kuraii,
2011 r.), Miaojiaba (H =110 m, Kuraii, 2011 r.), Glevard
(H=110 m, Upan, 2012 r.), Duonuo (H = 112,5 m, Ku-
taii, 2012 r.), Pushihe (H = 78,5 m, Kuraii, 2012 ) [1].
Hecmorpst Ha 60JbIION HAKOIUICHHBIH OINBIT CTPOH-
TEJIbCTBA TAKUX IJIOTHH, UX HAAEKHOCTb SBISETCS 00e-
CIIEYeHHON — B psijie CilyuaeB HAOIIOJAIUCh HapyIle-
HUSI IEJIOCTHOCTH JKeJIe300eToHHOTO dKpaHa [2, 3]. Tlo
STOH MPUYHHE aKTyaJIbHBIM BOIIPOCOM SIBIIAETCS U3yye-
HHE 0COOCHHOCTEH HANpPSHKEHHO-IAE(POPMUPOBAHHOTO
cocrositusi (H/IC) »kenne300eTOHHBIX SKPAHOB, KOTOPOE
OTIpeIeNIeT UX TPELUIMHOCTONKOCTD.

OpHaKo MpH TOM, 4TO OCTPOSHO MHOTO KAMEHHO-
HaOPOCHBIX TUIOTHH C KeJIe300€TOHHBIM 9KPaHOM, 0CO-
6enHoctu ux H/IC ocraroTcs HEIOCTATOUYHO W3Y4YEH-
HbIMH. C IOMOIIBIO HATYPHBIX H3MEPEHHH B OCHOBHOM
U3YYaroTCs epeMeleHus (Iporuobl) xene300eTOHHBIX
9KpaHoB [3], B TO BpeMsl Kak Jie)opMalvi 1 HaIpshKe-
HUSI U3Y4aloTCs peaKo. JIuip B IByX UCTOYHHMKAX Ha-
yuHO-TexHH4Yeckol nHpopmaruu [1, 2] Hamu HalaeHbI
YIIOMUHAHUS O pe3yJibTaTrax HaTypHBIX M3MEPEHH Ha-
npsbkeHui (nedopmanuii) B xene300eTOHHBIX SKpaHax
peaNbHBIX MIOTHH.

Yarmire Bcero s u3ydenus: HIC xene300e TOHHBIX
9KPaHOB KaMEHHO-HAaOPOCHBIX IJIOTHH HCIOJIb3YeTCs
YHCIEHHOEe MOJenupoBaHue. BonpocaMm ducieHHOro
MOJICITUPOBAaHNSI KAMEHHO-HAOPOCHBIX IUIOTHH C Ke-
71e300€TOHHBIM 3KPAaHOM TOCBSILICH psii paboT 3apy-
OexHbIX aBTOpOB [4—15]. Ho, Kak npaBuJI0, BBIIIOJIHEH-
HBI€ UCCIICIOBAHUS HE CO3/AI0T LEJIOCTHOTO U YETKOTO
Hpe/CTaBiIeHus 0 paboTe KaMeHHO-HaOpOCHOM IIOo-
THHBI C JKEJIC300C€TOHHBIM PKPAHOM. DTO OOBSICHSICTCS
CJIOKHOCTBIO aHAJIM3a Pe3yJbTaTOB YHCIEHHOTO MOJIe-
smiposanusi. Ha HJIC sxene300eToHHOTo 3KkpaHa oKasbl-
BaeT BIIMSIHUE MHOXKECTBO (haKTOPOB, MOITOMY CIIOKHO
BBISIBUTDH BIIMSTHUE KaXK/IOTO U3 HHX.

TeM He MeHee U3 pe3yabTaTOB YHCICHHOTO MOJe-
JIUPOBAHHUS U U3 ONbITA HKCILTyaTallly IJIOTHH XOPOIIO
U3BECTHO, YTO OCHOBHBIM (DAKTOPOM, OIPEIEIISIONINM
HJC skpana, siBisrotTcst gedopmanud KaMeHHO#M Ha-
OpocKH Tena IUIOTHHBL. boJbllloe 3HaueHHe UMEIOT He

TOJIBKO UX a6COJ'llOTH]:le BCJIMYMHBI, HO U XapaKTEp HUX
pacupenenenus. s Toro yTtoObl 6oJice TOCTOBEPHO
orpa3uth ycinoBusi ¢popmupoBanus HJIC xene3obe-
TOHHBIX 3KpaHOB B COBPEMCHHBIX UCCIICJOBAHUAX UC-
MOJIB3YIOT CJIOXKHBIE MOJEJH I'PYHTOB, TO3BOJISIOIINE
YUHUTBIBATh HEJIMHEHHOCTD 1e()OPMUPOBAHUS KAMEHHOM
HaOpOCKH.

OnHUM U3 MPOSBICHUN HEJTMHEHHOTO XapakTepa
neGopMUpOBaHHsT KAMEHHOW HAOPOCKH SIBIISIETCS I10J1-
3y4ecTh, T.e. U3BMCHEHHE BO BpEMEHHU Jedopmaliuii 0e3
M3MEHEHUsI BHEIIHUX Harpy30K. ABTOpHI cTaThH [16] yT-
BEPIKAAIOT, YTO 4O OKOHYAaHUA CTPOUTCIILCTBA IJIOTUHBI
poTeKaroT okoito 60 % ee aedopmaliuii, a ocTaBmasics
4acTh Jedopmanuii peasu3yercs: B HepHoJl AKCILTyaTa-
uuu. HarypHble 1aHHbIe [T0Ka3bIBAOT, YTO JieopMaIin
MOJI3Yy4E€CTH MOTYT 6I)IT]) JOBOJIBHO 3HAYUTCJIIbHBIMU
o BeauuuHe. Onu cocrapisitor 0,05...0,20 % oT BbI-
cotsl motuHbl [1]. B padorax [1, 17] npemnararorcs
SMIIUpPUYECcKUe (POPMYIIbI, OITMCHIBAIOIINE POCT 0CAIOK
IpeOHs IUIOTHHBI 33 CYET ITOJI3yYeCTH, HaOIoaeMblii
B peasbHBIX ycioBusX. Haubosee u3BECTHOM sIBIIs-
ercst popmyna Jlayrona [17]. JlanHbie hopmysibl, Kak
nIpaBuJiO, OTHOCATCA K Ha4YaJbHBIM IroJaM Nnepuoaa
9KCILTyaTaluy, Korjaa aedopMalyy moja3y4ecTH npore-
KaloT HauOosiee MHTEHCHBHO. HaTypHble 1aHHbIE CBU-
JIETEJILCTBYIOT O TOM, YTO OOJIbIIAs YacTh AedopMarui
MOJI3yUYEeCTH MPOSABISETCA B TeUeHUe nepBbix 5—10 jer
sKcIUTyaTanuu miotunel [18, 19]. Oanako aedopma-
LMY TT0JI3yYECTH MOTYT MPOIOJDKATHCS OUEHb JIOJTO.
Hanpumep, nedopmannu miorunsl Paradela, nocrpo-
enHoii B [lopryramuu B 1958 r., mpogomkaroTcst 10 CUX
mop [20].

YuuThIBas CTOJIb 3HAYUTEIBHBIN POCT nedopma-
IJ,I/Iﬁ TEJIa JIOTHUHBI, MOXXHO OXHUAaTh CYHIECTBCHHBIX
m3menennit u B HIC xene3o6eronnoro skpana. C mo-
MOIIbIO YMO3PUTCJIbHBIX Cy)KI[eHI/lﬁ TPYAHO OLICHUTH
Jla)kKe KaueCTBEHHOE (IOJIOKUTENbHOE WIIM OTpHIa-
TEJIbHOE) BIHMSHHUE IMOJI3YYSCTH KaMEHHOM HAOpOCKU
Ha HanpspKeHHs B xKele300eToHHOM dkpane. C onHOU
CTOPOHBI, U3 OIBITA U3BECTHO, YTO POCT JeopMariuii
Tella IUIOTUHBI HeOaronpusTHo ckasbiBaercst Ha HJ[C
skpana. C Apyroil CTOpOHbI, 32 CUET MOJI3YyUYECTH MPO-
HUCXOOAUT YBCINMYCHUE OCANOK IJIOTUHBI, IO3TOMY MOXK-
HO OXNAaTb, YTO OHO NPHUBEACT K YBCJIUYCHUIO B OKpa-
HE IIPOJIOJILHOTO CKUMAIOIIET0 YCHIIUS. JTOT BOIPOC
TpeOyer 0ojiee BHUMATEILHOTO M3YYCHHUsS, HO MOXKHO
IpEeANOI0KUTh, YTO BJIUAHUC MOJI3YUCCTH MOXKET 6I)ITI)
HEOJIHO3HAYHBIM.
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Bompoc o BiusiHMM 1TON3y4ecTH KaMeHHOI Habpo-
cku Ha hopmupoBanue HJIC xene300eToHHOTO 3KpaHa
B HACTOsIIIIEe BpeMs U3yuyeH caabo. 3a pyOoekoMm mpo-
BezieH psia uccinenopanuid HJIC kamMeHHO-HAOPOCHBIX
IUIOTHH C )KEJIe300€TOHHBIM JKPAHOM C YYETOM BIIHSI-
HUS PEOJIOrnU KaMeHHOW HaOpocku. Kuraiickumu yde-
HbIMU TpoBeneHsl uccnenoBanuss HJC kameHHO-Ha-
Opocubix miotuH Tianshengqiao-1 [21, 22], Buxi [23]
M0 YIPYTOIUTACTHYECKON MOJIENTH € Y4ETOM MOI3y4eCcTH
KaMeHHO# HaOpocku. biarogaps yuery nonsyuectu uc-
CJIE/IOBATEIISIM yAaJOCh OOJIee TOYHO OTPa3UTh Xapak-
Tep aedopmariuii rioTuHbl. OJHAKO MU HE CTaBHUJIACh
LIeJIb OIICHUTh BIMSHUE MOI3Y4eCTH KaMeHHON Habpo-
cku Ha HJIC >xene3o00eToHHOr0 3KpaHa. M3BecTHO, 4TO
B Tpy/e [24] ObL1a poBe/icHa OlieHKa Aedopmariuii xe-
71€300€TOHHOTO YKpaHa C YYETOM I0JI3y4eCTH, HO J10-
CTYI K 3TOH paboTe HE SIBISICTCS OTKPBITHIM.

Jlannast paboTa HanpaBJieHa HA U3YUYCHUE BIIMSIHUS
U3MEHEHUs JeGopMaluii Teja IIOTUHBI 33 CYeT MOJI-
3ydyectu Ha (opmupoBanne HIC sxene300eTOHHOTO
JKpaHa.

METOJ U METOJIUKA

Jliist Toro uroOs! BeimonHUT pacdetsl H/AC muio-
THUHBI C YUYC€TOM BJIUSAHUSA MTOJIBY4YECTH, HeO6XOZlI/lM0 pe-
IIUTb TPHU METOAOJIOTUICCKUEC 3aIavuu:

* BBIOpATh PEOJOTHYECKYI0 MOJIETh TPYHTA U €€ Ma-
pameTphl;

* coznath anroputm pacuera HJIC c¢ yderom mom-
3y4€CTU U p€ajin3oBarhb €ro B BBIYHCJIUTEIbHON npo-
rpamme;

* BBIOpaTh OOBEKT UCCIICOBAHMUS U CO3/1aTh €ro KO-
HEYHO-3JIEMEHTHYIO MOJIETIb.

Buvioop peonozuueckoit modenu kamennoil Ha-
Opocku 1 ee TapaMeTPOB OCYILECTBIEH HAMH C Y4ETOM
0030pa Hay4yHO-TeXHHYECKOil suTeparypsl. OH Ioka-
3all, YTO PEOJOrHMYEeCKHe CBOWCTBA KAMEHHON Hadpo-
CKH M3Y4EHbI HEIOCTaTOYHO XOPOMIO. DTO CBSI3aHO CO
CJIOKHOCTSAMU MPOBCACHUSA SKCIICPUMEHTAJIBHBIX HC-
cinenoBaHui. [lepBasi ClI0KHOCTb 3aKJIOYAETCSI B TOM,
YTO KaMEHHAsl Harpy3Ka Mpe/CTaBIsieT COO0H KPYyITHO-
00JIOMOYHBIH TPYHT C OYEHb KPYNHBIMU YaCTHUIAMH.
N3-3a TeXHUUECKUX OTPAHUYEHUNU BMECTO peajibHbIX
TPYHTOB JKCIIEPUMEHTHI MMPOBOASATCS C UX MEJIKO3ep-
HHUCTBIMM aHasioramu. Bropas 3akiroyaercs B TOM, U4TO
JUTSL U3yYeHHsI TPeOyeTCs MPOIOIKUTEIBHOE BpeMs
1 BbICOKas TOYHOCTb UBMEPUTEIIbHBIX yCTpOﬂCTB.

HccienoBanuil peolornyecKux CBOMCTB KpYII-
HOO6J’IOMO'{H])IX TPYHTOB BBLIIIOJJHEHO HEMHOTO.
B 1980-x rr. I1.B. ConmaroBbiM' OblIH POBEICHBI
UCCJIEJIOBAHMS TOJI3YYECTH JIPECBSHO-IEOCHNUCTHIX
TPYHTOB, OJTHAKO OHU HE MOTYT OBITh NEpPEHECEHBI Ha
peabHBIN KPYIMHOOOJIOMOUYHBIA TPYHT TeJla IJIOTHHBI.

' Conoamos I1.B. HanpsixeHHO-1eOPMHPOBAHHOE COCTO-

SIHUC M YCTOMYMBOCTh KAMCHHO-3EMJISIHBIX TUIOTHH C YY4ETOM
BPEMEHH : JIUC. ... KaHJI. TeXH. HayK. M., 1986. 223 c.

BKCHepI/IMeHTaﬂbHLIe HCCJICA0BaHUs PEOJTOTUYCCKUX
CBOMCTB KPYHHOOOJIOMOUYHBIX I'PYHTOB OBLIH ITPOBE/IE-
Hbl B Kutae [25-29].

bnaronapst pazsutuio texnosoruii B Kurae Obuin
BBIITOJIHEHBI SKCIICPUMCHTAJIBHBIC UCCIICAOBAHUA PE-
OJIOTMYECKHUX CBOWCTB KPYIHOOOJIOMOYHBIX TPYHTOB
B KPYITHOMACIITA0HbBIX PUOOpax U MPH BHICOKHX JIaB-
neHusix [28, 29]. B pa6ore [28] npuBeaeHbl pe3yib-
TaTbl 3KCHIECPUMCHTAJIbHBIX AAaHHBIX PCOJIOTHUYCCKUX
CBOMCTB KPYIHOOOJOMOYHBIX I'pyHTOB. VccnenoBanus
OCYIIECTBISUINCH B cTabmioMerpe auamerpom 300 Mm
u BeicoToit 700 MMm. B cuity orpannueHnit MakCUMaib-
HBII pa3zmep yactull coctanisut 60 mm. HccnenoBanust
OpOBOAUINCH AJII HECCKOJBKUX 3HAYEHUM JaBJICHUS
O6okoBoro oOkarusi. MakcuMalibHasi JJIUTEIBHOCTh
BBIJIEPKUBAHUS HArpy3KH COCTaBIsIa IMPUMEPHO
CEMb CyTOK.

Pe3yanaTb1 OKCIICPUMCHTOB IMO3BOJIMJIM aBTOpamM
clIeJIaTh BBIBOJ O BBIOOPE peosioruueckoi moaenu. [Tpu
MTOCTPOCHUH PEONOTrHYEeCKON MOJAEIN HCIOJIb3YyeTcs
TEOpUsl HACIIEICTBEHHOHN IoJI3yuecTH. B pacueTHOI
npakTuke [21-23] yarie UCroab3yI0T PEOIOTHYECKYIO
MOJIeNlb, OCHOBAHHYIO Ha 3KCIIOHEHIIMAJIbHON 3aBUCH-
MoctH aedopmanuu ot Bpemenu ¢. Ee npocras popma
HUMCECT BU/ .

g, =£0(1—e’°“),

rjie € — 3Ha4eHHe OTHOCHTENbHOH Jeopmannu B Mo-
MEHT BPEMEHU / C MOMEHTA IOSIBJIIEHUS CTYIIEHU HArpy-
JKEHMS; € — 3HAYEHHE OTHOCHMTEINIbHOMH Je(opmanun
B HauyaJIbHbIK MOMEHT BPEMEHHU; / — UHTEpBaJ BpeMe-
HH, npomeﬂmnﬁ C MOMCHTA NOABJICHUA CTYIICHU Ha-
IPYKEHHST; 0. — IMIIMPUUECKUI apamerp.

[TapameTp o peosOrnueCcKoil MO MOXKET OBITH
OIpE/ICJICH IIyTeM 00pabOTKH Pe3yIbTaToOB JIab0paTop-
HBIX JKCriepuMeHTOB. OOpaboTKa pe3ysbTaToB HKC-
MEPUMEHTOB, MPEJCTABIECHHBIX B Tpyne [28], mokasa-
Jla, 9YTO 3HAYEHHUE 0, COCTaBysAeT nmpuMepHo 1-107° ¢,
B peonoruueckux Mopensx, MpeJIOKEHHbIX KUTal-
CKHMH YUEHBIMMU, IIapaMETP 0L HE SIBJIICTCS KOHCTAHTOU
U Pa3IuvaeTcs sl 00bEMHBIX U CABHUIOBBIX jedopma-
nuit [21-23].

ABropamu cratbu [28] ObL10 000CHOBAHO, YTO pe-
0JIOTUYECKasi MOJIeJIb, OCHOBAHHAS HA SKCIIOHEHIHAJb-
HOM 3aKOHE, HE IPpUToJHa IJI UCII0JIb30BaHUA. breuio
MIPEIOKEHO HCIIOJIB30BaTh CTEIEHHYIO 3aBUCUMOCTh
u3MeHeHus aedopmanuii Bo Bpemenu. B padore [30]
IpU pacyeTax HCIOJb30BalIaCh CTENEHHAs! 3aBUCH-
MOCTb JieopMmanuii OT BpeMEHH.

V ka0 U3 ABYX [EPEUUCICHHBIX IIPOCTHIX 3a-
BHCHUMOCTEH ISl ONHMCAHUS MPOLECCOB IOJI3Yy4YEeCTH
€CTh CBOM HEJOCTaTKU. HenocraTkoM 3KCIOHEHIIH-
aNbHON MOJIENH (3aBUCUMOCTH) ABISAETCSA TO, YTO HA
0O0JIBIIIOM BPEMEHHOM HMHTEpBaJie CKOPOCTh jedopma-
UH ABJIACTCA NPAKTUYCCKU noctostHHou. Ho 110 CpaB-
HEHHIO CO CTENEHHOW MOJIENbIO (3aBUCHMOCTBIO) OHA
obecrieurBaeT OoJiee JIUTENIbHOE 3aTyXaHue aedopma-
it Bo BpemeHu. Borpoc o BeiOope Mojenu ocraercs
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OTKPBITHIM, TaK KaK 9KCIEPHUMEHTAIbHbIE UCCIIEeI0BA-
HUS OXBAaThIBAIOT JIMIIb HAa4aJlbHbIN HHTEPBAJ BPEMEHU
(hopMupoBaHust NON3YUYUX JiehopManrii U TTOKa TPYIHO
OLIEHHTH, KaKasi MOJICIIb OOJIbIIIE MOJXOAUT JUisi Oosiee
JUINTENIBHBIX MTPOLIECCOB.

Kpome Toro, anHanm3 pe3yabTaToOB YHCIEHHBIX
HCCJIEZIOBAaHUI peanbHbIX IUNIOTHH, BBITOJHEHHBIX KH-
Talickumu uccnegoBaresnsiMu [21, 22], mokaszani, 4To
MapameTpbl PEOJIOTUYECKOM MOJEH, HallIeHHbIE U3
71a00PATOPHBIX OIBITOB, MOI'YT HE COOTBETCTBOBAThH
peajabHOMY MOBEJCHHIO IPyHTA B Tejie MIOTUHBL. [lo-
BUJMMOMY, 9TO MOXET OBbITh OOBSCHEHO ABYMs IPH-
ypHaMu. Bo-mepBbIX, 1abopaTopHbIE AKCIEPUMEH-
ThI IPOBOAATCA HE AJIS PEANbHBIX TPYHTOB, a AJIS UX
MEJIKO3epHHUCTBIX aHaJIoroB. Bo-BTOPBIX, pa3nnyarorcs
yCJIOBHSI pa0OThI IPYHTA B J1a00PATOPHBIX AKCIIEPHUMEH-
Tax U B Telle peanbHOH m1oTuHbIL. [loaTomy aBTrOpamu
pabor [21, 22, 30-33] a1 ycTaHOBJICHUS 3HAUEHUH Ma-
paMeTpOB PEOSIOrMYECKOIT MOJIENT KaMEHHOW HaOpOCKH
UCIIOJIb30BaJICS «0OpaTHblit» aHamu3 (back-analys). On
COCTOHUT B 10J100pPE IapaMeTpoB MOJEIH U3 YCIIOBHS,
4TOOBI pacueTHbIE NepeMeIeH s TNIOTUHBI COOTBET-
CTBOBAJIM JaHHBIM HATYPHBIX HAOJIOCHUI.

AHaIOTUYHBIN MyTh AJIS PELICHUs TOCTABICHHOMN
3ajia4n ObLI BEIOPAH TaKKe U HAMHU.

B kauecTBe peosornyeckord MOAENIM KaMEHHOMU
HaOpPOCKHM MBI PEIIWJIM UCIOIb30BaTh MOJIENb, MPE-
noxennyto mpod. JI.H. PacckasoBsiM [34] ¢ usmeHe-
HUSIMH JUIs ydeTa (akTopa BPeMEHH, KOTOpbIe ObLIN
BHeceHb! ¢ yuactueM [1.B. ConnatoBa. JlanHas Mmonens
TpyHTa IMO3BOJSET YUYUTHIBATh MJIACTHYECKUE, Iuja-
TaHTHBIE U PEOJIOTMYECKUEe CBOICTBA rpyHTa. Moaens
YUUTBIBaET HauOOJIee Ba)KHBIE MPOSIBICHUS HEINHEH-
HOTO Xapakrtepa JieopMHpOBaHUsl TpyHTa: aedopmMu-
PYEeMOCTb IPyHTa CHUKAETCS [IPHU POCTE DOKOBOTO 00-
JKaTUs U MOBBIILIACTCS 110 Mepe MPHOJIMKEHHS TPYHTa
K IIPEAEIbHOMY COCTOSHHUIO.

B mopenu JI.LH. Paccka3oBa cBsA3b Mexay npupa-
HICHUSIMH HANpsDKEHUH n nedopmanuii st TpaeKkTo-
pUH aKTUBHOTO HArpy>KE€HHs 3aIMChIBACTCA B CIEIYyIO-
IIeM BHUJIE:

do,, =38,,E (de+de,)+2G de

mn?>

rne do,, — NUpUpAlLICHWEe KOMIIOHEHTHI TEH30pa Ha-
npsoKeHuit; E; — MOIylb 00beMHOU nedopMauu s
npupaiieHuil aedopmariiuii,; de — mnpupaiieHue 00b-
eMHO# fepopmauuy; de, — npupauieHne 00beMHON
nepopManum OT JUIaTaHcuu; G° — MOMYNb CIBHUIa
JUIsl IpUpalneHui nedopmanuii; de,, — NpupalieHue
KOMITOHEHTHI JieBUaropa jaehopMarui.

B opurunanszoit Bepcuu mozpenu JI.H. Pacckaszo-
Ba (0e3 yuera (pakropa BpeMeHU) MOy JAedopmaruu
BBIUUCIIAIOTCS 110 (hopmynam [34]:

E
& _ _l-n ™0,
Ej=c""—;
n

G = Gl-n{f(v)ﬂexp(Bl?—B)+ Goynﬂ];[l—exp(Blg—B)}},
n

rJe 6 — cpeaHee HanpsbkeHue; f(v) — kodddunmeHt,
3apucsamui or kosduuuenra [lyaccona; £, — na-
pamerp, CBS3aHHBIN C HAaYalbHBIM 3HAYCHUEM MOJYJIS
00BEeMHOI JleopMany pu 6 = 1 ¥ £ — 00; 1 — M-
NUPUYECKU [I0KA3aTeNb CTENEHU; B — IMIIMPUYECKUI
K09((DUIMEHT KOJMYECTBA Pa3pyIIUBIIUXCS YIPYTHX
CBI3eH; k — KOO((PUIUEHT OTHOCHTENBHOM IPOUHO-
cru; G, — HadanbHbli (mpu 6 = 1) MOAYIb c/BHTa
JUISL TTACTHYECKUX JieopMariuid.

I1.B. ConmaroBeiM! B MOJIEIb OBLITA BHECEHBI U3-
MEHEHHUS C LIeJIbI0 yyeTa U3MeHeHUs 1e(opMaTHBHBIX
XapaKkTepUCTHK (Momyiel aedopmanuu) ¢ TCUCHHEM
BpPEMEHH:

Eg — Gl—rl EO ;

n[ 1-exp(-BAn) "

G’ =c"" f(v)ﬂexp(Bl;—B)—i-
n

G, 1?[ 1-exp((BF-B)ar) }}

rae At — MpoMeXyTOK BPEMEHH, MPOIIEIIINNA ¢ MO-
MEHTa MPUIIOKEHUs Harpy3ku; B, & 1 — sMmnupuye-
CKHE (IKCIIEPUMEHTANBHBIE) TIOKA3aTeIH M0JI3Y4ECTH.

M.II. CaunoBbiM [35] ObLIO MPEATIOKESHO BHECTH
KOPPEKTUBBI B MOJIEIb C LIEJIbIO ydeTa Toro (akra, 4to
MOJIYJIb CIIBHI'a 3aBUCHUT HE OT CPEIAHET0 HAIPSDKEHUSI G,
a OT HalIPpsPKEHUSA MUHUMAJIBHOT'O O6)KaTl/I)I 03. B stom
cirydae (hopmysia JUist ero ONnpeAeseHus! BHINISIIUT Clie-
JYIOIIUM 00pa3om:

G’ =ao {GO,ynp exp(Bl;—B) +
G,k [1 —exp((BK - B)Ar" )}}

IIe /m — SMIMPUYECKUH MoKasarelb creneHy; G o
HauaIbHBIA (U G, = 1) MOMYNL CABUTA JJIS YIPYTHX
nedopmaruii.

Memoouka peanusayuu peono2uuecKoi Mooenu.
15 ncronb3oBaHUs PEOIOTHYECKON MOAEIU IPyHTa
mpu pacuetax H/IC coopyskeHHs ¢ yueTOM MPOSIBICHUS
MoJI3y4ecTu Tpedyercs: TakKe BhIOpaTh (MM CO3/1aTh)
METOJUKY €€ YMCIEHHOU peanu3auuu. B 3aBucumoctu
OT BUJIa MOJIEJIM, €€ MaTeMaTUYeCKOU 3allUCU, METOAU-
KU pacyeToB MOT'YT OBbITh pPa3InYHBIMH.

B tpynax [21-23, 33] onucana MeToIMKa, KOTOpast
ObLIa MCIIOJIb30BaHA KUTAWCKUMHU HCCIIEI0BATEISIMU
pu pacyerax rmioTuHsl Tianshengqiao-1. [ns onuca-
HUS YIPYTOINIACTUYECKOTO Xapakrepa Jie(hopMUpoBa-
HUS TPyHTa IPUMEHSIIACh THIIEpOOInYecKas MOJIEb,
npenioxennas Jlyakanom u Yanrom [36], a asist onuca-
HUS M0JI3Yy4ECTU — PEOJIOTHYECKast MOJEIIb, OCHOBAH-
Has Ha DKCIIOHEHLIMAJIbHOU 3aBUCUMOCTU. B urore mo-
JIeJIb TPYHTA CBS3BIBACT MEXKITy COOON MaTeMaTuIecKoi
3aBUCHMOCTBIO HAIPSDKEHHE U CKOPOCTH JIe(OpMalinH.
3T0 MO3BOJIACT A KaXI0M U3 CTyNeHel HarpyXeHus
COOPY>KEHHSI 110 ACHCTBYIONUM HAMPSKEHUSM BBIYHC-
JIUTH CKOPOCTH AedopManuu st KaXKJI0ro U3 MOMEH-
TOB BpeMeHH. J{edopmaniny, HaKOTIEHHBIE 32 MHTEPBaJ
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BPEMEHH, BBIUUCIISIOTCS KaK IMPOU3BEAEHUE CKOPOCTH
Ha 9TOT MHTepBaj. Takum 00pa3om, JUIs Ka)JI0oro u3
MOMEHTOB BpeMeHU MOKHO Bbruuciautb HJIC coopy-
JKEHUS C y4ETOM I0JI3y4ECTH.

Monens JI.LH. Paccka3oBa, BbIOpaHHas Hamu,
CBSI3BIBACT MEX1y COOOW NpUpalIeHus HanpsKeHUN
U npuparieHus aedopmariuii, a mapamMeTpbl MOJCIIH SIB-
JISFOTCST PYHKIMEH BpeMeHHU. B aToMm citydae Meroauka
pacdera MOXKET OBITh CICAYIONICH — JUIs KaXKI0W U3
CTyNEHEN HarpyKeHus 10 JACHCTBYIOIIUM HaIpPSKEHU-
SIM MOTYT OBITh BBIYHCIICHBI AC(POPMAIHH COOPYKEHHS
JUISL KaXKJI0r0 13 MOMEHTOB BpeMeHu. Jledopmarun s
Ka)XJI0r0o MOMEHTa BpeMeHU cymmupyrorcs. [lepopma-
LMY I10JI3y4€CTH 33 UHTEPBAJl BpDEMEHU ONPEACIISIOTCS
KakK IpupainieHue AeQpopMannii Mexay IByMs MOMCH-
TaMy BPEMEHH.

CnoXHOCTh pacyeTa Mo JaHHOW METOJHUKE 3aKITI0-
4aeTcsl B OIPEIEICHUY IIEPEMELICHUS COOPYKEHUSI 110
U3BECTHBIM AedopmanusiM. Tak Kak KOJUYECTBO KOM-
MOHEHT TeH30pa Jie(hopMaLnil B KOHEYHOM DJIEMEHTE
MOXXET HE COBNAAaTb C KOJMYECTBOM HEHU3BECTHBIX
HepeMelIeHUH cTerneHei cBo0oIbI B dJIeMeHTe, 3a/1a4a
HE MOXET OBITh pelieHa oaHo3HayHO. Jls peuieHus
3314 MPUXOAUTCS] BBOJUTH JIOMOJHUTEIBHBIE JOIY-
IIEHUS, YTO OOYCIIOBIMBAET BBICOKYIO IOTPEIIHOCTh
BbIUKCIICHUN. J[aHHAs MeToAMKa ObLia MCIIOIb30BaHA
I1.B. ConnatoBbIM.

M.II. CanHOBBIM JaHHAsI METOIMKA ObLIIa yCOBEP-
IIEHCTBOBAaHA C TE€M, YTOOBI MOJy4YaTh OJHO3HAYHOE
peleHue 3aa4d. B 0CHOBE U3MEHEHUH JIEXKUT METOJ,
HayaJIbHBIX HaNpspKeHUl. [IpuHuMaeTcs, 4To B Kax1blii
U3 pacYCTHBIX MOMCHTOB BPEMEHH U3-3a JAe(popManuit
[I0JI3Yy4YECTU B KOHEUHOM DJIEMEHTE «UCUE3aeT» COOT-
BETCTBYIOIIAsl OISl BHYTPEHHUX YCHIUI. DTO co3aaer
HapylIeHUE PAaBHOBECHS BHEUTHUX CUJI U BHYTPEHHUX
ycunuid. [losBnsrominecs npu 3ToM JO0NOIHUTENbHbIE
BHEIIHUE CHUJIBI U BBI3BIBAIOT B COOPYKEHUU MEpeMe-
HIEHUS OT MOJI3Y4YeCTH IPyHTA. DTa METOUKA ABISIETCS
Oosiee cTporoi U Teoperudecku 00ocHOBaHHOM. OHa
no3BoJsieT yuuTsiBaTh u3MeHenne HJIC coopysxeHus
3a CYET HEPABHOMEPHOHN CKOPOCTU IIPOTEKAHUS B HEM
nedopMaruil moa3yyecTu.

JlaHHas MeTonMKa pacyeTa peajlu30BaHa B BbIUUC-
nutenbHoN nporpamme NDS N, cocTaBieHHON KaHU-
narom texunueckux Hayk M.I1. CauHOBbIM, YaCTHUHOE
omnHMcaHue KOTopoi naHo B crarbe [37]. C moMoluisio
nporpamMbl NDS N Hamu ObUIO BBIITOJIHEHO HCCIIEI0-
Banue HJ[C peanbHON MIIOTHHBIL.

V 301.6

Mooensv 06vexkma uccnedoganus.

B kauectBe 00beKTa HCCIICNOBAHUE ObLIa BEIOpaHa
wiotuHa Toulnustouc B Kanane. [lnoruna umeer BbI-
coty 75 M u pnuHy 1o rpedHio 575 M (puc. 1) [38]. Ee
npoduiib 00KaT, IUPHUHA [0 TPEOHIO0 COCTABIISET 7 M,
3aJI0KeHHE OTKOCOB — 1,3.

[InoTuHa Hauvana skcryarupoBatbest B 2005 T
VImeroTcs TaHHBIC HATYPHBIX HAOTIONCHHUI” 32 0caKa-
MU TpEOHsI IJIOTHHBI B TEUCHHUE MEPBBIX 8 JIET MOCIe
3aBeplIeHus ee Bo3peaeHus (puc. 2) [39]. C momeHTa
HAIOJIHEHUS BOJOXPAHMJIMILA OHU COCTABMIIM OKOJIO
5 cM, T.e. 0,07 % OT BBICOTHI IUIOTHHBI.

Vmeromunecs: cBeeHHsI HATypHBIX HAOIIOJCHUN
YAOOHBI JUIs aHaJu3a, TaK Kak MO3BOJISIIOT JOCTaTOY-
HO OJIHO3HAYHO MX MHTEPIPETUPOBaTh. B *KU3HEHHOM
uuKie wiotuHsl Toulnustouc 4eTko pasjenstoTcs me-
pUuoAbl CTPOUTEILCTBA, HAIIOJIHCHHSA BOAOXpAaHUIUIIA
Y TICPUOJIbI HAKOIUICHUS TTOJI3YUrX Je(POpPMAITHiA.

Jns uccnenosanuii HIAC Oblna cocraBieHa Ko-
HCEYHO-32JICMCHTHAs MOJACIJIb IIJIOTHHBI. Omna BKJIIOYaEeT
B cebs1 977 KOHEUHBIX JIEMEHTOB. B Moaenu mioTHHBI
ObLTH IpeycMoTpeHbl 106 KOHTaKTHBIX KOHEYHBIX dJIe-
MCHTOB JId MOACJIMPOBaHNs IBOB U KOHTAKTOB MarTe-
pHAJIOB CHJIBHO pasyinyaromieiics: 1eopMupyemMocTy.
[Ipu cocraBieHNN KOHEYHO-3JIEMEHTHOH MOJENIH UC-
T10JIb30BAJICH KOHEUHBIE DJIEMEHTHI BBICOKOTO TIOPsIAKa
JUISL OTPAYKEHUsI CIIOKHOTO Xapakrepa Jedopmaruii sxe-
J1e300eTOHHOTO KpaHa. O0Iee KOJMUSCTBO CTEICHEH
CBO0OO/IbI MOJIEIIH TUIOTUHBI cocTaBuiio 9090.

IIpu pacuerax MoaenupoBaiuch 63 pacyeTHBIX
sTarna (MOMEHTa BPEMEHH). 35 3TaroB MOACIUPOBAIU
Ipolecc BO3BeIeHUs (OTCHINKH) IUIOTHHBI, 15 3Ta-
OB — IPOLECC HAIOJIIHEHHsI BOAOXpaHwIniia. boura
BOCIIPOU3BE/IEHA CIEAYIONIasi cXeMa MOCIIe0BaTENb-
HOCTU €€ BO3BCACHHA W HAI'PYKCHUS. OTChBINKA I1J10-
THUHBI TPOBOJANJIACH TOCIOWHO, B JIOBOJIBHO CXKaTble
CpOKH, 0€3 IPOJIOJDKUTENBHBIX TIepephiBOB. Bo3Bese-
HUE TUIOTHHBI OCYNIECTBIsUIOCHh ¢ aBrycta 2003 1. mo
utonb 2004 1. [Tocne 3aBepiieHus! OTCHITIKA B TEUSHHE
cemu MecsiteB yciousi popmuposanust HJAC minoTu-
HBI HE M3MEHSUINCh, OJIHAKO ITPOMCXO/MIIO HAKOIUICHHE
noxsyuux aepopmanuii. Haronsenue BogoxpaHuinma
OCYILECTBIISUIOCH B TE€UEHHE ISITH MecsIeB, ¢ (heBpa-

2 Mohammad Kermani. Prediction of post-construction

settlements of rockfill dams based on construction field data.
These Doctorat en génie civil Philosophiae doctor (Ph. D.)
Québec, Canada, 2016. 204.

302.8

Puc. 1. Cxema xoHCTpyKIMH I1oTHHBI Toulnustouc
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Puc. 2. I3amMeHeHne BO BpEMEHHU 0CaIOK IPEOHS TIOTHHBI

a5 2005 1. mo urone 2005 . OCHOBHOM POCT YPOBHS
BOJIbI TPOU3OILIEI B TEUCHUE KOPOTKOTO BPEMEHH, B Mae
2005 r. B Teuenue cemu JIeT ¢ MOMEHTA MIEPBOTO HAIOJI-
HEHMs BOJOXPAaHWINIIA OCAZKH I'PEOHS YBEINYHUIIIChH
Ha 0,07 % BBICOTHI INIOTHUHEL.

Tomnuua skpaHa OblIa IPUHSITA TOCTOSHHOM MO
BbicOTe U paBHO# 0,7 M. Moaynbs nuHeiiHOU nedop-
Malluu KeJle300eToHa PKpaHa NMPUHUMAJCS PAaBHBIM
30 I'TTa.

Hecmotps Ha Hanmnuue 30HUPOBAHUS KaAMEHHOMU
HaOpOCKH B TeJie IUIOTHHBI, IIPU pacyeTax oHa IIPUHU-
Majack OJHOPOJHOM C TOUYKH 3PEHMS KadecTBa YIUIOT-
HeHus U 1e()OPMaTUBHBIX CBOMCTB.

PE3YJIBTATBI

Hawubornee Tpy10eMKUM TIPOLIECCOM pacyueTa sIBUJI-
Cs1 0100 IMapaMeTpoB MOJEIH 1e(hOPMUPYEMOCTH Ka-
MEHHOH HaOpPOCKH M IOCTPOCHUE PEOJIOTHYECKON MO-
nenu. [TapameTpsl Mojenei moadoupaIich U3 ycioBus
COOTBETCTBUS PACYETHBIX 0CAJA0K INIOTUHBI HATYPHBIM.

B mporiecce pacueToB ObLI0 BBISIBIEHO, 4TO (hopma
3anucu moxenu npodeccopa JI.H. Paccka3osa He mo-
3BOJISIET aJIEKBATHO OMUCATH Jie(h)OpPMAIMU MOI3YUECTH
IUIOTUHBL. DTO CBSA3aHO C HEAOCTATKOM MaTeMaTHyde-
CKOM 3alMCH TOM 4acTHU MOJEJH, KOTOpas ONKCHIBAET
MOJI3y4ecTh TPYHTa Ha y4acTke (OPMOM3MEHEHHS.
B Mopmenu mapameTp 1 OJHOBPEMEHHO OTBEYaeT 3a
oIycaHue Xxapakrepa noyiszydecty (Oosee WM MeHee 3a-
TyXaroleil) 1 3a HHTEHCUBHOCTH Ipoliecca 3aTyXaHusl.
Ecnu Benuuuna 1" 6nuska 0, TO ¥ BeIMYHHA TIaCTHYE-
CKOHM yacTu MoAyJs caBura Taioke ctpemurtcs k 0. ITo-
3TOMY JIH00 AeopMaIiK MOI3YUESCTH 3aTyXarT OUYCHb
OBICTPO, OO0 X 3aTyXaHHWE PACTITUBACTCS HA OYCHBb
JUIMTEJIbHBINA CPOK.

OT0 He JlaeT BO3MO)KHOCTHU aJIeKBaTHO OMHCATh
noJj3yyue aeGopManuy paccMaTpUBaeMOW IUIOTHHBI
BO BCE MEPUOJIbI €€ )KU3HEHHOTO IHKIIA (IEPUOIBI 10
u rociie HarosHeHus ). JIubo nosmyyaercst oTpasuTh xa-
paktep HapacTaHus ae(opMalUii MOJ3y4ecTH B IEpH-

O] PKCILTyaTalliK, HO HE UX BEJIMYHHBI, THOO HA000POT,
BEJIMYMHBI Je(QOpPMAIIMNA MTOJIYYArOTCS TTOXOKUMHU, HO
OHH 3aTyXaloT OU€Hb OBICTPO.

IMoatomy B Mozaens M.I1. CauHOBbIM ObLIH BHE-
CeHbl uM3MeHeHus. [Ipu 3TOM 3aBHCHUMOCTH MOIYJIsS
nedopmariuii OT BpeMEHHU OblIa COXpPaHEeHA YKCIIOHCH-
[UAJTBHON U J00aBJICH CIIE OJUH MapaMeTp MOJCIIH.
dopmyiia I ONPeIeIICHUs] MOIYJISI CABHTa ObLia MPH-
HATA CIEAYIOUIeH:

G’ =co} {Go’ynpexp(Blg—B) +
+G0)ml?[l —exp(Bl;—B)J[l -a- exp(—nAt)]},

TI€ d, | — SMIMPUYECKHE TI0Ka3aTelu M0JI3y4ecTH Ha
yuactke (popMOU3MEHEHNSI.

Ora ¢Gopma 3amnucu MOJeNIU T03BOJIMIIA B 11€JI0M
XOPOUIO BOCIIPOM3BECTH XapaKTEeP U BEIHMYHHBI 1eop-
Mauuii mon3yuectu. Ha puc. 2 nokasano u3MeHeHHE Ha-
TYPHBIX U PacYETHBIX 0Ca/I0K IPeOHs IJIOTHHBI BO Bpe-
MeHu. PacueTHble 0caiku TpeOHs 3aTyXaroT HECKOJIBKO
ObIcTpee, YeM B peajibHbIX YCIOBUSIX.

JlaHHBIE pE3yNbTaThl IIOJIYYEHBL IIPU CIIELYIO-
IIUX MapaMmerpax peosorndeckoi moxenu: a = 0,35,
a=510%c.

Ha puc. 3 npospeMoHCTpUpPOBaHO U3MEHEHHE MaK-
CUMaJIBHBIX OCaJIOK IUIOTUHBI BO BPEMEHU. OTHn ocana-
K1 (UKCUPYIOTCS TIPUMEPHO B LIEHTPE YIIOPHOU MpH-
3Mbl. Ha MOMEHT OKOHYaHMSA nepuoaga CTpouTejIbCTBAa
wiotuHb! (utosb 2004 1.) OHU COCTABISIOT IPUMEPHO
55 cm. Takum 0Opazom, 1o pe3yabraraM PacyeToB B Ie-
PHOIIbI BO3BEIEHUS peanu3yercsi okoio 65 % ocamgok
KaMCHHOW HaOPOCKH, UTO COIIACyeTCsl C JaHHbIMU [ 16].
B nocnenyromuil nepuos MakCUMaJIbHbIE OCAJKU yBeE-
JTUYMUBAIOTCS 10 72 cMm, T.e. Ha 17 cm. HacTh aTOTO yBe-
auueHust (OKOJIo 7 ¢M) BbI3BaHA HAIIOJHEHUEM BOJIO-
XpaHunuina (B nepsoii mojosuHe 2005 1.), HO OCHOBHAS
gacth (10 cm) cBsi3aHa ¢ neopManusIMu MOJI3yUECTH.

YucaeHHoe MOJCIMPOBAHUC TTO3BOJIMJIO BBIABUTH
M3MEHEHHUs] HaNpsHKEHHO-1e(pOPMHUPOBAHHOIO COCTO-
SIHUS JKEJIe300€TOHHOTO DKpaHa KaMEeHHO-HaOpoCHOU
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Puc. 3. lI3MeHeHne MaKCHMaIbHBIX 0CaJOK IUIOTUHBI BO BDEMEHU

wiotuHbl Toulnustouc Bo Bpemenu. [lo pesynbraram
pacueroB H/IC Obliy nosyueHsl epeMenieHus SKpaHa
1 HanpspkeHus B HeM. Breimonnen ananus HJ[C skpana
wiotuHbl Toulnustouc /s Tpex MOMEHTOB BpPEMEHH.
IIepBblil — MOMEHT 3aBEpPLIEHUS BO3BEIEHUS INIOTUHBL
(uronb 2004 1.). Bropoit MOMEHT BpeMEHH COOTBETCTBY-
€T OKOHYAHMIO 3aIOJIHEHUS BOJOXpaHMIMIIA (HUIOJIb
2005 r.). Tperuit moment — 2012 r, T.e. yepe3 ceMb
JIET MTOCJIe OKOHYAHUS HAMOJIHEHUS BOAOXPAHUIIHIIIA.
Ha puc. 4 noka3aHo M3MEHEHHE IEpeMEeleHUI
9KpaHa B HAIIPABJICHUH TIONEPEK OTKOCA (MITH IPOTUOBI).
Ha MOMEHT OKOHYaHUS HANOJHEHUS BOJOXPAHUIIHUINA
MaKCHMaJIbHBIH Mporud skpana cocraBui 36,3 cm. OH
HaOoaeTcst 4y Th BbllIe HeHTpa 3kpaHa. C TeueHrneM
BPEMEHHU 3a CUET MOJ3YUYECTH NMPOUCXOTUT POCT MPOo-
ru0oB skpaHa. Ha BepXHUX OTMETKax pocT Mporudos
MIPOUCXOIUT 00JIee MHTEHCHBHO, B HU)KHEW YacTH dKpa-
Ha MPOruObI IPAKTUYECKU HE U3MeHstoTcs. [1o pesyiib-
TaraM pacueToB 3a CEMb JIET DKCIUIyaTalluu MPOruObl
9KpaHa yBEJIIMYMBAIOTCS HA BEJIMUMHY A0 7 cM. Makcu-
MaJIbHBIA Tporud cocraBmi 42,2 cM. MOXHO 3aKII0-

YHUTh, YTO C TCUCHHUEM BPEMEHHU jaedopmanuu u3ruoda
9KpaHa HECKOJIBKO YMEHbBIIAKOTCS.

Ha puc. 5 nokasaHo U3MEHEHUE NEPEMELIECHUN
B HAIIPABJICHUH BJIOJIb OTKOCA (IIPOIOJIBHBIX ITEpEMEIiie-
Huil). X BeIMYMHBI CYIICCTBEHHO MEHBIIIC, YEM BEJIH-
YHUHBI IIPOTHOOB, HO OHM UMEIOT HE MEHbIIICE 3HAUCHHE.
MaxkcuMasabHOE 3HAYCHHE MTPOIOJIBHOTO ePEMEIICHHUS
HE TpeBblaet 6 cM. Hajguuue mpoaoiapHBIX mepeMe-
LICHUN KpaHa OMPEEIIsIeT SABICHUE PACKPBITHS TICPH-
METpajbHOTO 1Ba. Ha MOMEHT OKOHYAHUS HATIOJTHEHHSI
BOJIOXPAHMJIMII[A OHO COCTABIISCT OKOJIO 5,6 CM U B IPO-
1[eCCe IKCIUTyaTaI[|K TOYTH HE U3MEHSICTCS.

Pacnpenenenue npoaoiibHEIX MEPEMELICHUI M0
BBICOTE OTMPEACIIACT HAIMYUE B KpaHE jae(opmaiiuii
MPOIOJILHOTO Y/UTMHEHHSI HIIH YKOPOUEHHsI. DTO XOPO-
110 BUIHO Ha pHC. 6, HA KOTOPOM IMOKAa3aHbl CPEIHHE
3HAYCHUS [TPOIOJIbHBIX HAMPSHKCHUH B Pa3IMYHBIX CE-
YCHUSX DKPAHA.

Jlo HamoNHeHUsT BOJAOXPAHHUIIUIIA PKPaH MO BCei
BBICOTE UCIIBITHIBACT CIKATHE, OHO (POPMHUPYETCS B OC-
HOBHOM €r0 COOCTBEHHBIM BecoM. CrkMMaromue Ha-
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Puc. 4. Pacripenenenue no BeicOTe IpOruOOB kKene300eTOHHOTO IKpaHa

(1) 1 ONSS] 6 0N tonenppue samacs
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Puc. 6. PacripeneneHue mo BbICOTE CPEIHNUX 3HAYCHUH MPOIOIBHBIX HANPSHKEHUHN B JKeTe300€TOHHOM 9KpaHe

MpsOKeHUs] yBenYuBatoTcsl kHu3y. [locie HanmonHeHust
BOJOXpAHUJIMINA B BEPXHEH 4YacTH JKpaHa CiKaTue
YBECJINYUBACTCA, 4 B HIDKHEH — YMCHBIIACTCH. B ca-
MbIX HIKHUX 10 M 3KpaHa cpefHHe CKMMAIOIINe Ha-
npspkeHuss — pactaruBatomue. OHM JOCTUTAIOT MOY-
™ 1 Mlla. B nepuoja skcmiiyaTaliid TPOUCXOAUT
JIOTIOJIHUTENIBHOE C)KaTHE IKpaHa B HAIIPABIEHUH BIOJIb
9KpaHa. Bo3HHKaeT TOMOIHUTENBHOE CKUMAIOIIIEE MTPO-
JoJIbHOE ycuiine BenuunHou okoso 0,3 MIla (puc. 6).

BzaunmopeiictBue ykazanusix ocodbernocreit HJ1C
(yBenmnueHue MporuOOB, yBEIMUYEHHUE MPOJOJIBHBIX
NepeMelleHnil) onpeaenseT U3MEHEHUs, BHOCUMBIE
MOJI3yYECThIO B HANPSKEHUS, AEHCTBYIOIINE B JKele30-
OCTOHHOM 3KpaHe.

Ha puc. 7 npogeMoHCTpUpoOBaHO pacnpeesieHre
Ha BEPXOBOM U HU30BOU I'paHAX dKpaHA MPOILOJIBHBIX
HAIIPSDKEHUH, T.€. HaIPSDKCHUH, ACHCTBYIOIIMX B Ha-
MpaBJIEHUU BAOJIb OTKOca. [locie HamonHeHus BOJO-
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Puc. 7. Pacripenenenue mo BeICOTE MPOIOIBHBIX HANPSHKEHUH Ha BEPXOBOM M HU30BOI I'paHsX yKele300eTOHHOTO SKpaHa
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XpaHWIUIIA HIDKHSS 4acTh DKpaHa MMeeT HeOaro-
npusitHoe HJIC — B HEM BO3HUKAIOT pacTATUBAIONINE
HamnpsikeHus. B ogHOM M3 cedyeHuWi OHUM IpeBbllIa-
o1 6 Mlla, 4yTo MHOTO GO0JIBIIIE PACYETHOTO COMPOTHUB-
JieHus OeTOHa Ha pacTshKeHue. SIBIseTcs] BEPOSATHBIM
HapylIeHHEe LEJIOCTHOCTH HKeJIe3006TOHHOTO KpaHa.
V3meHeHus: HanpshKEHUH, BHOCUMBIE Je(OpMalisiMU
MOJI3yYCCTH TUIOTHHBI, HE3HAYUTEIILHBI (pUC. 7).

3AKJIIOYEHHUE

1. Hecmotpst Ha GOJBLION Mporpecc B M3y4eHUN
HJIC xameHHO-HAOPOCHBIX IJIOTHH, YUCIEHHOE MOJie-
JINPOBAHME €LIE HE I03BOJISAET C JJOCTATOYHOU TOYHO-
cThi0 criporuo3uponats HIC mIoTHH U OLIEHUTH HAIEXkK-
HOCTb UX NPOTUBOQHIBTPAIIMOHHOTO 31eMenTa. OgHon
13 IIPUYHH ITOrO SABJISETCSA HEJOCTATOUHAsI U3yUYEHHOCTh
PEOJIOrMYECKUX CBOWCTB KAMEHHOW HaOPOCKH.

2. Ha naHHBII MOMEHT HE PEIICHHBIM SIBJISETCS
BOIIPOC O BBIOOPE HAMOOJIEE MOIXOSIIEH MOJICIH ISt
OMHCaHMsI MPOIECCOB MOI3yuyecTH KaMEHHOI Habpo-
ckU. B paccMOTpeHHOM cilyuae UCIOIb30BAHUE IKCIIO-
HEHIMAJIbHOW 3aBUCHMOCTH JAe(POpPMAIIUii OT BpEMCHH
I03BOJIMIIO TOPA3/I0 JIydllle OTPa3UTh JeGopMaluu pe-

aJIbHON IJIOTUHBI, YeM HCIIOJIb30BAHNUE 3aBUCUMOCTHU
CTETIeHHOTO BUJA.

3. Jlnst pacCMOTPEHHOM IUIOTHHBI Jie(opManuu
MOJI3y4EeCTH KaMEHHOW HaOpOCKH, MPOU3OMIEIIINE
B 9KCILTyaTallMOHHBINA NIEpUO, HE OKa3aJli CyIlleCTBEH-
HOTO BIMSIHUSI Ha HAaIpsDKEHHO-Ie(pOopMHUpOBaHHOE
coCTOsIHUE Kene300eToHHOTo dKpaHa. [lo-Buaumomy,
9TO CBSI3aHO C HEOOJIBIIUMHU BEJIMYMHAMH 3THX Jedop-
Maluii, KOTopbele COCTaBIAIOT auilb okono 0,07 % ot
BBICOTHI IJIOTUHBL. OJIHAKO ATH pacyeThl MO3BOJIUIU
OIIEHUTH KaueCTBEHHOE BiusHUE noysydyectu Ha HJ[C
JKpaHa.

4. BBIJI0 BBISBIEHO, YTO 3@ CUET YBEIHUEHHS Oca-
JIOK TUIOTHHBI OT MOJI3Y4ECTH B JKeJIe300eTOHHOM dKpa-
HE BO3HUKACT JIOMOJHUTEIBHOE CKUMAIOIIEe MPOI0h-
HOE yCHJIME. DTO OKa3bIBaeT OJIAroNpHUsITHOE BIUSHHUE
Ha IPOYHOCTH 3KpaHa. MOXKHO 3aKJIIOYUTh, YTO HaH-
OoJiee BEpPOSITHBIM SIBIISIETCS TIOBPEXK/ICHUE DKpaHa MpH
HayaJIbHOM HAIlOJTHEHUHU BOAOXPAaHMINIIA.

5. BausiHMe moOJ3ydecTH KaMEeHHOW HaOpOCKH
B 3KCIUTyaTaniMoHHbIN nepuon Ha HJ[C skpana B 6011b-
LIEH CTEIICHU IIPOSBISETCS B BEPXHEH 4acTH KpaHa.
B mwxkneit yactu HJC skpana u3-3a Moi3ydecTu u3-
MeHseTCs MaJlo.
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INTRODUCTION tion in order to more reliably reflect the conditions for

Reinforced reinforced concrete faced rockfill dams
are one of the most promising and common types of
high ground dams. Examples of newly built dams of
this type are Cokal (H = 83 m, Turkey, 2010), Pankou
(H =114 m, China, 2011), Miaojiaba (H = 110 m, Chi-
na, 2011), Glevard (H = 110 m, Iran, 2012), Duonuo
(H=112.5 m, China, 2012), Pushihe (H = 78.5 m, Chi-
na, 2012) [1]. Despite the great-accumulated experience
of building such dams, their reliability is not ensured: in
some cases, the integrity of reinforced-reinforced con-
crete faces [2, 3] has been violated. For this reason, the
actual question is to study the peculiarities of the stress-
strain state (SSS) of reinforced concrete faces, which
determine their crack resistance.

However, despite the fact that a lot of reinforced
concrete faced rockfill dams was built, the features of
their SSS remain insufficiently studied. With the help
of field measurements, the displacements (deflections)
of reinforced reinforced concrete faces [3] are mainly
studied, while deformations and stresses are studied
rarely. Only in two sources of scientific and technical
information [1, 2] we found references to the results of
field measurements of stresses (strains) in reinforced
concrete faces of in-situ dams.

Most of all, numerical modeling is used to study
the SSS of reinforced-concrete face rockfill dams.
A number of works of foreign authors [4—15] are de-
voted to the issues of numerical modeling of reinforced
concrete faced rockfill dams. But, as a rule, the studies
do not create a holistic and clear picture of the operation
of a reinforced concrete faced rockfill dam. This is due
to the complexity of analysis of numerical modeling re-
sults. Concrete face SSS is influenced by many factors,
so it is difficult to identify the influence of each of them.

Nevertheless, it is well known from the results of
numerical modeling and from the experience of opera-
tion of dams that the main factor determining SSS of
dam faces is deformations in the rockfill layer of the
dam body. Of great importance are not only their ab-
solute values, but also the pattern of their distribution.
Modern studies use complex models of soils allowing
taking into account the nonlinearity of rockfill deforma-

the SSS formation in reinforced concrete faces.

One of the manifestations for the nonlinear rock-
fill deformation behavior is creep, i.e. change in time
of deformations without changing external loads. The
authors of the paper [16] state that about 60% of dam
deformations occur before its construction is complet-
ed, and the remaining part of the deformations devel-
ops during the operation period. The field data show
that creep deformations can be quite significant in their
magnitude. They make up 0.05...0.20 % of the dam
height [1]. In the works [1, 17], empirical formulas are
proposed that describe the dam crest set due to creeping
observed in in-situ conditions. The most famous is the
Lawton formula [17]. As a rule, these formulas refer
to the initial years of the operation period, when creep
deformations are most intense. The field data indicate
that most of the creep deformations show themselves
during the first 5-10 years of the dam operation [18,
19]. However, creep deformations can develop a very
long time. For example, deformations of the Paradela
dam built in Portugal in 1958 continue to this day [20].

Given such a significant increase in deformations
of a dam body, we can expect significant changes in
the SSS of the reinforced concrete face. With the help
of speculative judgments, it is difficult to assess even
the qualitative (positive or negative) effect of creep of
a rockfill on the stresses in the reinforced concrete face.
On the one hand, it is known from experience that the
growth of deformations in the dam body adversely af-
fects the SSS in a face. On the other hand, due to creep,
an increase in dam set occurs, therefore, it can be ex-
pected that it will lead to an increase of the longitudinal
compressive force in the face. This question requires
more careful study, but it can be assumed that the effect
of creep may be ambiguous.

The question on the influence of rockfill creep on
SSS formation in a reinforced concrete face is currently
poorly studied. A number of studies of SSS in reinforced
concrete face rockfill dams taking into account influ-
ence of rockfill rheology properties have been carried
out abroad. Chinese scientists have conducted studies
of such rockfill dams as Tianshengqiao-1 [21, 22] and
Buxi [23] using the elastoplastic model and taking into
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account creep of the rockfill. Due to taking into account
of creep, researchers have been able to more accurately
reflect the deformation behavior of the dams. Howev-
er, they did not set a goal to assess the creep effect in
rockfill on the SSS of the reinforced reinforced concrete
faces. It is known that the work [24] has assessed the
deformations in a reinforced concrete face with regard
to creep, but access to this work is not public.

Our work is aimed at studying the effect of chang-
es in the deformation of a dam body due to creep on
SSS formation in a reinforced concrete face.

TECHNIQUE AND PROCEDURE

In order to perform SSS calculations for a dam tak-
ing into account the creep influence, it is necessary to
solve three methodological problems:

* choose a rheological model of the soil and its pa-
rameters;

* create an algorithm for calculating the SSS, tak-
ing into account creep and implement it in a computing
program;

* select the object of study and create its finite ele-
ment model.

We taking into account the review of scientific
and technical literature made the choice of the rock-
fill rheological model and its parameters. It has dem-
onstrated that rheological properties of rockfills are
not well understood. This is due to the difficulties of
conducting experimental research. The first difficulty
lies in the fact that the stone load is a coarse soil with
very large particles. Due to technical limitations, ex-
periments are carried out with their fine-grained coun-
terparts instead of in-situ soils. The second is that the
study requires a long time and high accuracy of measur-
ing devices.

There have been made a little of studies of
the rheological properties of coarse soils. In the
1980s, P.V. Soldatov?® studied creep of gruss-rock and
coarse medium gravels; however, results of the studies
cannot be converted for the in-situ coarse-grained soil
of the dam body. Experimental studies of the rheologi-
cal properties of coarse-grained soils were carried out
in China [25-29].

Due to the technological development in China,
experimental studies of the rheological properties of
coarse-grained soils were carried out with the use of
large-scale instruments and at high pressures [28, 29].
The experimental data results on the rheological proper-
ties of coarse-grained soils are given in the work [28].
Studies were conducted in a stabilometer with a diam-
eter of 300 mm and a height of 700 mm. Due to limi-
tations the maximum particle size was 60 mm. The

3 Soldatov P.V. The stress-strain state and stability of stone-

earthen dams taking into account time : dissertation in support
of candidature for a technical degree: 05.23.07. Moscow,
1986. 223 p.
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studies were performed for several lateral compression
pressure values. The maximum load withstanding dura-
tion was approximately seven days.

The experimental results allowed the authors to
conclude on the choice of a rheological model. In con-
structing the rheological model, the hereditary creep
theory was used. In computational practice [21-23], the
rheological model based on the exponential dependence
of deformation on time # is more often used. Its simple
form is as follows:

g, =£0(1—e’°“),

where ¢, is the relative deformation value at the moment
of time ¢ from the moment of occurrence of the loading
step; €, is the value of relative deformation at the initial
moment of time; ¢ is the time interval elapsed since the
onset of the loading stage; o is an empirical parameter.

The parameter a of the rheological model can be
determined by processing the results of laboratory ex-
periments. Processing the experimental results present-
ed in the work [28] showed that the value a is approxi-
mately equal to 1 - 107 s, In the rheological models
proposed by Chinese scientists, o parameter is not con-
stant and varies for volume and shear strains [21-23].

The authors of the paper [28] proved that the
rheological model based on the exponential law is
not suitable for use. It was proposed to use the power
dependence of the change in strain over time. In the
work [30], the calculations used the power dependence
of the strain on time.

Each of the two simple dependencies listed to de-
scribe creep processes has its drawbacks. The disadvan-
tage of the exponential model (dependence) is that the
strain rate is almost always constant over a large time
interval. But compared with the power model (depen-
dence), it provides a longer damping of the deforma-
tions in time. The question on the choice of model for
the survey remains open, since experimental studies
cover only the initial time interval for the formation of
creeping deformations and it is still difficult to assess
which model is more suitable for longer processes.

In addition, analysis of the results of numerical
studies for in-situ dams made by Chinese researchers
[21, 22] showed that the parameters of the rheological
model found based on laboratory experiments may not
correspond to the actual behavior of the soil in the dam
body. Apparently, this can be explained by two reasons.
Firstly, laboratory experiments are conducted not for
in-situ soils, but for their fine-grained analogues. Sec-
ondly, the working conditions of the soil in laboratory
experiments and in the body of an in-situ dam differ.
Therefore, the authors of the works [21, 22, 30-33]
used the “backward analysis” to establish the values of
the rockfill rheological model parameters. It consists in
the selection of model parameters proceeding from the
condition that the calculated displacement of the dam is
consistent with the data of field observations.

We have also chosen a similar way to solve the task.
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We decided to use the model proposed by prof.
L.N. Rasskazov [34] with amendments to take into ac-
count the time factor that was made with the participa-
tion of P.V. Soldatov. This soil model allows us to take
into account the plastic, dilatant and rheological proper-
ties of the soil. The model takes into account the most
important manifestations of the nonlinear soil deforma-
tion behavior: the soil deformability decreases with in-
creasing lateral compression and increases as the soil
approaches the ultimate state.

In the model by L.N. Rasskazov, relationship be-
tween the stress and strain increments for the active
load path is written in the following form:

ds,, =38, E (de +de, )+ 2G%ds,,,,
where do,, is the increment of the stress tensor com-
ponent; E; is the modulus of volumetric strain for de-
formation increments; de is the volume strain incre-
ment; de, is the increment of the volume strain due to
dilatancy; G° is the shear modulus for deformation in-
crements; de,, is the increment of the strain deviator
component.

In the original version of the L.N. Rasska-
zov’s model (without taking into account the time fac-
tor), the strain modules are calculated using the formu-
las [34]:

ES — cT]—n

0 5

£y
n

I { f(v)ﬂexp(Bz? — B)+ G k[ 1-exp( Bk - B)J},
n

where ¢ is an average stress; f{v) is a coefficient de-
pending on the Poisson’s ratio; £ is the parameter asso-
ciated with an initial value of the volume strain modu-
lus for 6 = 1 and ¢ — o0; n is an empirical exponent;
B is the empirical coefficient representing the number
of collapsed elastic bonds; & is the relative strength
coefficient; G ol is an initial (for ¢ = 1) shear modulus
for plastic deformations.

P.V. Soldatov! made changes to the model in order
to take into account changes in deformative character-
istics (deformation modules) over time:

E((;S — Gl—n EO ;

n| 1-exp(-BAt)=|"

G’ =c"" {f(v)ﬂexp(Bl;—B)+
n

+G0,pll;[1—exp((Bl;—B)At” )}}
where At is the time elapsed since the moment when the
load was applied; B, &, n are empirical (experimental)
creep indicators.

M.P. Sainov [35] has proposed to make adjust-
ments to the model to take account the fact that the
shear modulus depends not on average stress ¢, and on
the minimum compression stress o,. In this case, the
formula for its definition is as follows:

G’ =o {GO) o exp(Bl? - B) +
+G, .k [1 - exp((Bl? ~B)Ar" )}}

where m is an empirical exponent; G is the initial (at
o, = 1) shear modulus for elastic deformations.

Technique for implementation of the rheological
model. To use the rheological model of the soil in SSS
calculations in the structure with regard to the creep ef-
fects, it is also necessary to select (or create) a method
for its numerical implementation. Methods of calcula-
tion may be different depending on the type of model,
and its mathematical record.

In the works [21-23, 33], the technique was de-
scribed that has been used by Chinese researchers in the
calculations of the Tianshengqiao-1 dam. The hyperbol-
ic model proposed by Duncan and Chang [36] was used
to describe the elastic-plastic deformation behavior
of the soil, and the rheological model based on expo-
nential dependence was used to describe the creep. As
a result, the soil model connects by the mathematical
relationship the stress and strain rate with each other.
This allows for each of the load stages of the structure
to calculate the strain rates for each of the points in time
depending on the effective stresses. The deformations
accumulated over the time interval are calculated as the
product of the rate and this interval. Thus, for each of
the points in time, the SSS in the structure can be calcu-
lated taking into account the creep.

Model by L.N. Rasskazov chosen by us makes
a connection between the increments of stresses and the
increments of deformations, and the parameters of the
model are a function of time. In this case, the calcula-
tion method may be as follows: for each of the loading
steps, the structure deformations for each of the points
in time can be calculated proceeding from the effective
stresses. The deformations for each point in time are
summarized. Creep deformations over a time interval
are defined as the increment of deformations between
two points in time.

The complexity of the calculation according to
this method consists in determining the displacement
of a structure proceeding from known deformations.
Since the number of components of the strain tensor in
the final element may not coincide with the number of
unknown displacements for the degrees of freedom in
the element, the problem cannot be solved unambigu-
ously. To solve the problem, it is necessary to introduce
additional assumptions, what leads to a high calculation
error. This technique was used by P.V. Soldatov.

M.P. Sainov has improved this technique in or-
der to obtain an unambiguous solution to the problem.
The change is based on the initial stress method. It is
assumed that at each of the calculated points in time
due to creep deformations in the final element the cor-
responding share of internal forces “disappears”. This
creates an imbalance of external forces and internal ef-
forts. The additional external forces that appear at the
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same time cause displacements due to creep of the soil
in the structure. This technique is more rigorous and
theoretically sound. It allows us to take into account the
change in the SSS of the structure due to the uneven
rate of creeping flow deformations in it.

This calculation method is implemented in the
computational program NDS N compiled by M.P. Sain-
ov, a partial description of which is given in the article
[37]. Using the NDS N program, we have performed
the SSS study for the in-situ dam.

Model object of study.

The Toulnustouc dam in Canada was selected as
the object of research. The dam has a height of 75 m and
a length along the crest of 575 m (fig. 1) [38]. It has
a compressed profile; the crest width is 7 m, the slope
ratio is 1.3.

The dam was commissioned in 2005. There are
data of field observations* for the dam crest setting
during the first 8 years after the completion of its con-
struction (fig. 2) [39]. Since the moment when water
basin was filled, the setting value reached about 5 cm,
i.e. 0.07 % of the height of the dam.

The available information from field observations
is convenient for analysis, since they allow one to in-

4 Kermani M. Prediction of post-construction settlements of

rockfill dams based on construction field data. Thése Doctorat
en génie civil Philosophiae doctor (Ph. D.) Québec, Canada,
2016. 204 p.

terpret them quite unambiguously. In the life cycle of
the Toulnustouc dam, periods of construction, filling of
the water basin and periods of accumulation of creeping
deformations are clearly separated.

For SSS studies, a finite element model of the dam
was compiled. It includes 977 finite elements. In the
dam model, 106 contact finite elements were provided
to simulate the seams and contacts of materials having
very different deformability. When drawing up the fi-
nite element model, finite elements of high order were
used to reflect the complex deformation behavior of the
reinforced concrete face. The total number of degrees of
freedom of the dam model was 9090.

In the calculations, 63 calculation stages (points in
time) were simulated. 35 stages modeled the process
of erection (backfilling) of the dam, 15 stages — the
process of filling the water basin. The following se-
quence of dam erection and loading has been repro-
duced. The backfilling of the dam was carried out in
layers, in a fairly short time, without long interruptions.
The construction of the dam was carried out beginning
from August 2003 to July 2004. After completion of the
backfilling, which took seven months, the conditions
for the formation of the dam’s SSS did not change;
however, creeping deformations accumulated. The wa-
ter basin was filled for five months, from February 2005
to July 2005. The main increase in water level occurred
in a short time, in May 2005. Within seven years since

Fig. 1. Toulnustouc Dam Construction Scheme
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Fig. 2 The change in time of the dam crest setting
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the first filling of the water basin, the crest setting in-
creased by 0.07 % of the dam height.

The face thickness was taken to be constant in
height and equal to 0.7 m. The linear strain modulus
of the reinforced concrete of the face was taken to be
30 GPa.

Despite the presence of rockfill zoning within the
dam body, in the course of calculations it was assumed
to be uniform in terms of compaction quality and defor-
mative properties.

RESULTS

The most time-consuming part of the calculation
process was the selection of the parameters of the rock-
fill deformability models and the construction of the
rheological model. The parameters of the models were
selected proceeding from the condition of compliance
of the calculated dam setting to the in-situ ones.

In the course of calculations, it was revealed that
the form of the model by professor L.N. Rasskazov
does not adequately describe the creep deformation of
the dam. This is due to the lack of mathematical writing
of the part of the model that describes the soil creep at
the site when form is changed. In the model, the param-
eter | simultaneously influences on describing the creep
behavior (more or less damped) and for the intensity
of the damping process. If the value #" is close to 0,
then the value of the plastic part of the shear modu-
lus also tends to 0. Either therefore, creep deformations
damp very quickly, or their damping extends for a very
long time.

This makes it impossible to adequately describe
the creeping deformations of the dam in question dur-
ing all periods of its life cycle (periods before and after
filling). Either it turns out to reflect the behavior of in-
crease in creep deformations during the period of opera-
tion, but not their magnitude, or vice versa, the mag-

2004
0 1

2005 2006 2007

nitudes of the deformations are similar, but they damp
very quickly.

Therefore, the model by M.P. Sainov was amend-
ed. Upon that, the dependence of the strain modulus on
time was kept exponential and one more model param-
eter was added. The formula for determining the shear
modulus was adopted as follows:

¢’ =ay G,

0, ynp

+G, E[l - exp(Bl? - B)J[l —a- exp(—nAt)]},

exp(Bl;— B) +

where a, 1 are empirical indicators of creep in the site
where deformation occur.

This form of recording of the model made it pos-
sible, on the whole, to reproduce well the behavior and
magnitudes of creep deformations. Fig. 2 shows the
change in in-situ and calculated settings of the dam
crest over time. Calculated crest settings damp some-
what faster than in in-situ conditions.

These results were obtained with the follow-
ing parameters of the rheological model: a = 0.35,
a=5-10%s".

Fig. 3 shows the change in the maximum setting
of the dam in time. These settings are recorded approxi-
mately in the center of the stop prism. At the end of the
dam construction period (July 2004), they are approxi-
mately 55 cm. Thus, according to the results of calcula-
tions, during the periods of erection, about 65 % of the
rockfill setting is realized, which agrees with the data of
[16]. In the subsequent period, the maximum settings
increase to 72 cm, i.e. by 17 cm. A part of this increase
(about 7 cm) is caused by the water basin filling (in the
first half of 2005), but the main part (10 cm) is associ-
ated with creep deformations.

Numerical modeling has revealed changes in the
stress-strain state of the reinforced concrete face of the
Toulnustouc dam in time. According to the results of
SSS calculations, face displacements and stresses in

2008 2009 2010 2011 2012

t, years

U

., emy

Fig. 3. The change in the maximum setting of the dam in time
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it were obtained. The SSS analysis of the Toulnustouc
dam face has been performed for three time moments.
The first is the moment of completion of the dam con-
struction (July 2004). The second moment of time
corresponds to the end of the water basin filling (July
2005). The third moment is 2012, i.e. seven years after
the end of the water basin filling.

Fig. 4 shows the change in face displacement in
the direction across the slope (or deflections). At the
time of completion of the water basin filling, the maxi-
mum deflection of the face was 36.3 cm. It is observed
just above the center of the face. With the passage of
time, face deflections increase due to creep. At the up-
per elevations, the deflections increase more intensely;
at the bottom of the face, the deflections remain almost
unchanged. According to the results of calculations for
seven years of operation, the face deflections increased
by up to 7 cm. The maximum deflection was 42.2 cm.
It can be concluded that with time, the face bending de-
formations somewhat decrease.

Fig. 5 shows the variation of displacements in the
direction along the slope (longitudinal displacements).
Their values are much smaller than the values of the de-
flections, but they are no less important. The maximum
value of the longitudinal displacement does not exceed

6 cm. The presence of longitudinal displacements of the
face determines the phenomenon of disclosure of the
perimeter seam. At the time of completion of the wa-
ter basin filling, it is about 5.6 cm and almost does not
change during operation.

The distribution of longitudinal displacements by
height determines the presence of longitudinal elonga-
tion or shortening in the face. This is clearly seen in
Fig. 6, which shows the average values of the longitudi-
nal stresses in different sections of the face.

Before filling the water basin, the face undergoes
compression across its entire height; it is formed mainly
due to its own weight. Compressive stresses increase in
the downwards direction. After filling the water basin,
the compression increases in the upper part of the face,
and it decreases in the lower part. In the lowest 10 m of
the face, the average compressive stresses are tensile.
They reach almost 1 MPa. During the operation, there
is an additional compression of the face in the direction
along the face. An additional compressive longitudinal
force of about 0.3 MPa arises (fig. 6).

The interaction of these SSS features (increase in
deflections, increase in longitudinal displacements) de-
termines the changes made by creep in the stresses act-
ing in the reinforced concrete face.
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Fig. 4. The distribution of the deflections in the reinforced concrete face by height
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Fig. 5. The distribution of the displacements by height in the reinforced concrete face in the direction along the face
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height

Fig. 7 shows the distribution of longitudinal stress-
es on the upper and lower edges of the face, i.c. stresses
acting in the direction along the slope. After filling the
water basin, the lower part of the face has an unfavor-
able SSS: tensile stresses arise in it. In one of the sec-
tions, they exceed 6 MPa, which is much more than the
calculated concrete resistance to tensile. Integrity dam-
age of the reinforced concrete face here is likely. The
stress changes introduced by creep deformations of the
dam are insignificant (fig. 7).

CONCLUSION

1. Despite the great progress in the study of the
SSS of rockfill dams, its numerical modeling still does
not allow to predict with sufficient accuracy the SSS
of dams and assess the reliability of their watertight
element. One of the reasons for this is the insufficient
knowledge of the rheological properties of the rockfill.

2. At the moment, the question of choosing of the
most suitable model for describing the creeping pro-
cesses in a rockfill is not solved. In the case considered,

the use of the exponential dependence for the deforma-
tions on time made it possible to better reflect the de-
formations of the real dam than the dependence of the
power type.

3. For the considered dam, the rockfill deforma-
tions due to creep, which occur during the operational
period, did not have a significant effect on the stress-
strain state of the reinforced concrete face. Apparently,
this is due to the small values of these deformations,
which make up only about 0.07 % of the dam height.
However, these calculations allowed us to estimate the
qualitative effect of creep on the face’s SSS.

4. It was found that by increasing the dam setting
due to creep, an additional compressive longitudinal
force arises in the reinforced concrete face. This has
a beneficial effect on face strength. It can be concluded
that the face is most likely to be damaged during the
initial filling of the water basin.

5. The influence of rockfill creep during the opera-
tional period on the face’s SSS is more pronounced in
the upper part of the face. Changes of the SSS due to
creep at the bottom of the face are low.
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