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AHHOTALUMA

BBepneHwue. peactasneH noaxon k UCCNeaoBaHUIO BIMSHUSA O4epeHOCTY BO3BEAEHNS KaMEeHHO-HabPOCHOM NNOTUHBI Ha
HanpsixeHHo-gedopmupoBaHHoe coctosiHue (HOC) kene3o6eToHHOro akpaHa.

OnbIT NPUMEHEHUSI KAMEHHO-HABPOCHBIX NIOTWH C Xene306eTOHHbIM 3KPaHOM NOKa3blBaeT, YTO NPU BOCNPUSITAM TMOPO-
CTaTUYeCcKoro AaBneHns LenoCTHOCTb NPOTMBOMUIETPALIMOHHOIO afieMeHTa MOXeT OblTb HapyLeHa. Mo pedynsratam
YMCIIEHHOTO MOAENMPOBaHUS BO3HUKaloLLMe B BETOHe akpaHa pacTsarMBaloLye HanpshkeHs MOoryT NpeBbIlaTe pacyeTHoe
conpoTtusneHue 6eToHa Ha pacTsbkeHne. MNPUYMHOM BO3HUKHOBEHMWS pacTArVBatoLLMX HanpskeHU aBnsaoTcs Aedopmanmm
n3rnba n NpoaonbLHOrO YANMHEHUS akpaHa. AKTyarnbHbIM BOMPOCOM siBnsieTcst Bblbop cnocoba ynyywenns HAC akpaHa ans
obecneveHns ero HagexHoM paboTbl kak NPOTUBOMUNBETPALIMOHHOIO 3NeMeHTa.

MaTepuansbl U MeToabl. ViccnenoBaHusi NPOBOAMNNCL Ha NpUMepe MNoTUHbI BbicoTol 100 M C MOMOLLIbIO YUCNEHHOTO
MOAENUPOBaHNA METOAOM KOHEYHbIX anemeHToB. PaccmaTtpvBanvce ABa crnyyas — B OAHOM MoTuHa Bo3soaunack 6es
oyepepeii, B Apyrom — B ABe odepeaun. KameHHas Habpocka paccMaTtpuBanach Kak NMHerHo fAedopMupyemblii matepuan,
HO pacyeTbl NPOBOAMMNCH AN LWMPOKOro Anana3oHa Moayns nuHeriHon gedopmauum rpyHTa — ot 60 go 480 Mla. YuunTbl-
Barocb Hanuyve B 3KpaHe CTanbHOWM apmaTypbl.

Pe3ynkrathbl. [poBefeHo cpaBHeHWe NPOAONbHbLIX HANPSHXKEHUI B ene3obeToOHHOM aKpaHe ANs ABYX CryvaeB o4epeaHoOCTH
BO3BEAEHMSA NNOTUHBI. AHanNU3 NPOBOAWIICS C ONpeaeneHnemM NpoaoIbHON CUMbl U M3rMBAOLLEr0 MOMEHTa, BO3HUKAIOLLMX
B aKpaHe. CpaBHMBanNNCb MakcHMarnbHble 3HaYeHWs1 PacTArMBatoLLMX NPOAONbHbBIX HAMPsSXKeHUA, NPOAOIbHOW CUMbI U 13-
rnbatoLLlero MOMeHTa B 9KpaHe, NomnyyeHHble Ans AByX Cryvaes.

BbiBoAbl. BbisiBNeHo, 4TO Bo3BeAeHWE 1 HarpyeHue NnoTUHbI 04epeasMu B LienoM 6naronpusTHO ckasblBaeTcs Ha Hanps-
YKEHHOM COCTOSIHUM >Kene3o6eToHHOro akpaHa. OT Beca NnoTVHbLI BTOPOI oYepean Ha akpaH NnepBov odepeamn nepenaeTcs
CXMMaloLLiee NpodosbHOE yCunme, KOTOpoe NO3BOMAET CHU3WUTL pacTArvBatoLLme HanpskeHus B Hem. MarnbatoLyie MOMeHTbI
B 9KpaHe U3MEHSIIOTCA Marno v MOTyT AaXe HECKObKO YBENUYUTLCS MO BENUYUHE. TeM He MeHee Npu BO3BeAEHUN NIOTUHbI
1 HanosIHeHNM BOAOXpaHUNMLLA B ABE oYepean MakcumarbHble 3HaYeHNst PacTArMBaroLWmMX HanpsxxeHnin B 6eToHe akpaHa
CHWVDKaIOTCA, MO3TOMY Takasi CxeMa NocnefoBaTenlbHOCT CTPOUTENbCTBA CNOCOBCTBYET NOBbILLEHWIO HAAEXHOCTU NMPOTUBO-
MNETPALMOHHOTO AreMeHTa NOTUHBI.

KNIOYEBbIE CITOBA: kameHHO-HabpocHasi NMOTUHA C XeNe300eTOHHbIM 3KPaHOM, HanpsikeHHO-4eOpPM1POBaHHOE
COCTOsIHWE, 3Tanbl BO3BEAEHNS, YNCIEHHOE MOAENUPOBaHNe, pacTshKeHne, MPOYHOCTb
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ABSTRACT

Introduction. Presented the approach to studies of the impact of a rockfill dam staged construction on the reinforced con-
crete face SSS. Experience in construction of reinforced concrete face rockfill dams (CFRD) shows that at perception of
hydrostatic pressure the integrity of the seepage-control element may be broken. By the results of mathematical modeling
it was revealed that the tensile stresses appearing in the face concrete may exceed concrete design tensile strength. The
causes of appearing tensile stresses are bending deformations and the face longitudinal extension. The urgent issue is
selection of the way of improving the stress-strain state (SSS) of the face to provide its safe operation as a seepage-control
element.

Materials and methods. The studies were conducted on the example of a 100 m high dam with the aid of numerical model-
ing. Two cases were considered: in the first case the dam was constructed in one stage, in the other in two stages. Rockfill is
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considered as a lineally deformed material, but computations were conducted for a wide range of the soil linear deformation
modulus: from 60 to 480 MPa. Steel reinforcement was considered in the face.

Results. Longitudinal stresses in a reinforced concrete face were compared for two cases of the dam staged construction.
Analysis was fulfilled with determination of the longitudinal force and bending moment appearing in the face. The obtained
maximum values of tensile longitudinal stresses in the face were compared for two cases.

Conclusion. It was revealed that construction and loading of the dam by stages on the whole is favorable for the face
stress-strain state. The second-stage dam weight transfers to the first-stage face the compressive longitudinal force, which
permits decreasing tensile stresses in it. Bending moments in the face vary insignificantly and even may increase to some
extent by value. Nevertheless, at dam construction and reservoir filling in 2 stages the maximum values of tensile stresses
in the face concrete decrease, therefore, such construction sequence contributes to enhancing safety of the dam seepage-
control element.

KEYWORDS: rockfill dam with reinforced concrete screen, stress-strain state, stages of construction, numerical simula-
tion, stretching, toughness
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BBEJIEHUE

OmnbIT sKkcmryatanuu [1-13], a Taxke pe3yasraTsl
qucJeHHOro MoxaenupoBaHus [14—19] kameHnHo-Ha-
OPOCHBIX [UIOTHH C ¥KeJ1e300€ TOHHBIM KPaHOM TTOKa3bl-
BAIOT, YTO [IPY BOCIPHATUH T'HAPOCTATHUECKOTO JIaBiie-
HUSI TPOTHBOQUIIBTPALMOHHBIH 2JIEMEHT NpUoOpeTaeT
HeOJIaronpUsITHOE HAIPSHKEHHO-1e(OPMUPOBAHHOE CO-
crosaue (HJIC). ITo HaTypHBIM JaHHBIM TpeIIMHOOOpa-
30BaHME HAOJIIOJAIOCHh B dKpaHax IJIOTHH Aguamilpa
(Bbicoroii 187 m) [1], Tianshenggiao 1 (178 m) [1, 2, 6],
Xingo (150 m) [1, 6], Ita (125 m) [1], Shuibuya (BsicOTOM
233 m) [6, 9, 13], Barra Grande (185 m) [2, 6], Campos
Novos (202 m) [2, 6, 8], Mohale (145 m) [2, 6, 3],
Turimiquire (113 m) [7], Buxi (135,8 m) [13] u ap.
Mexay TeM KaMeHHO-HaOpOCHBIE IUIOTHHBI C JKeje-
300€TOHHBIM YKPAHOM SIBIISIIOTCS OAHUM M3 Haubolsee
pacrpoCTpaHEHHBIX M MEPCHEKTUBHBIX TUIIOB IPYHTO-
BBIX IIIOTHH. B Kutae paccmarpuBaroTcs nepcreKTuBbI
CTPOUTENLCTBA KAMEHHO-HAOPOCHBIX TIOTHH C XKEJe30-
OeTOHHBIM 3KpaHoM BbicoTol 10 300 M [20, 21].

B cBsi3u ¢ 3TUM aKTyallbHO# mpoOIeMoii coBpe-
MEHHOMW TMJIPOTEXHUKH SIBJISIETCS PoOJieMa HayYHOTO
000CHOBaHUSI HAJIEKHOCTH KeJIe300€TOHHOTO KpaHa
KaK MPOTHUBO(QUIBTPAIIMOHHOTO 3JIeMEHTa. DTOMY BO-
MPOCY MOCBSIIIEHO OOJIBIIOE KOJTHMYSCTBO MyOTUKAIIUH.
Jist KaXk/10# BBICOKOM KaMEHHO-HaOPOCHOI TUIOTHHBI
C ’KeJIe300€TOHHBIM YKPAHOM ITPOBOASATCSI YHCICHHBIC
UCCJIe/IOBaHHS HaIPsHKEHHO-1e(OpMUPOBAaHHOTO CO-
crosiHust. OHM TIPOBOASATCS HA BBICOKOM T€OPETHUECKOM
ypoBHe. PacueTsl 0CylIeCTBISIOTCS KaK B IJIOCKOM, Tak
U B IPOCTPAHCTBEHHOI TOCTAHOBKE, C YYETOM CJIOMKHO-
T'0 YIPYro-IIaCTHUECKOTO TIOBEJCHUS TPYHTOB.

OpnHako naHHbIC PabOThl UMEKOT OOJNBIION He-
npoctarok — B Hux aHanusupyercsa HJIC xoHKpeTHO-
ro o0ObeKTa B 3a/IaHHBIX YCIIOBHSX, OHU HE BBISBIISIIOT
BIIMsIHUS pa3inuHbiX (akropos Ha HJIC skpana. Oto
HE M03BOJISIET PEIINTh 33/1a4y O BBIOOpE criocoda pery-
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nupoBanust HIIC skpaHa ¢ 11e7bI0 CHIDKEHHUST BEIMYUH
pacTAruBaOUIMX HAMPSKEHHUH.

Hamm uccnenosanus [17-19] nokazanu, uto 1
HJIC skpana xapakrepHsl nedopmanuu u3ruda u mpo-
nojbHbIe JedopManuu (YAJIUHEHHsT — yKOpaduBa-
nusi). Hanbonee nednaronpusitnoe HJAC ckianpiBaet-
Csl B HIDKHEH 4acTH KeJe300€TOHHOrO 3KpaHa. 3/1ech
9KpaH UCIBITHIBAET MPOIOJILHOE PACTATHBAIOIIEE YCH-
JIM€ U BBICOKMI M3ruOaroInii MOMEHT, KOTOpPbIE TpH-
BOJIAT K IOSIBJICHUIO HA HU30BOM T'PaHU dKpaHa 3HAuu-
TEJIHBIX PACTSATUBAIONINX MTPOIOJIbHBIX HANPSKEHUH.
[To pesynsraram 4nciaeHHOro MoaenupoBanus [17, 19]
JUTS TUTOTUHBI BeIcOTOM 100 M ake MpHu caMbIX BBICO-
KHMX 3HaYEHHSIX MOJYJIsi KAMEHHOH HaOpPOCKU pacTsIru-
BaIOLIME HANPSDKEHHUS MOTYT MPEBBIIIATh PacueTHOE
CONpOTHBIIEHHE OeTOHa Ha pacTshkeHne. COOTBETCTBEH-
HO, CYILIECTBYET OIIACHOCTh 00pa30BaHUs B SKpaHE I10-
MePEYHBIX TpelnH. /laHHbIe HATypHBIX HAOIIOJCHUN
3a psZIOM TIOCTPOCHHBIX TUIOTHH TTOATBEPKIAIOT (PaKT
TPEIMHOOOPa30BaHHs B SKpaHe!'.

MOKHO BBIAEIUTH HECKOJIBKO CHOCOOOB MPEIoT-
BpalleHUsl MOAOOHBIX siBIcHUI. HekoTtopsidd, omHa-
KO, HE OOJIBIION A(PPEKT MOKET UMETh apMUPOBAHHE
sKkpaHa. Eie oHUM criocoOoM sIBISIETCSl YCTPOUCTBO
B 9KpaHe MornepeyHbIX NBoB. DH(HEKTUBHOCTH U Lielie-
€000pa3HOCTh 3TUX Mep OYIET pacCCMOTPEHA B OTICIIb-
HBIX CTaThsIX.

B nmanHOW crarbe Mbl OllcHHMBaeM 3(PQEKTHB-
HOCTb TIPUMEHEHHsI U3MEHEHHS CXEMbl BO3BEICHUS
IUIOTHHBI U HAIOJIHEHUs] BOJOXpaHWInIIa. Beicokue
IUTOTHHBI BCETNA CTPOSTCS MPOJOKUTEIBHOE BPEMSL.
OTchpInKa caMoOi BBICOKOH B MHUpPE IIOTHHBI C JKENe30-
OeToHHBIM dKpaHoM Shuibuya Benack 3 roga 5 mecs-
ueB [22], a cTpOUTEIbCTBO TUIOTHHBI Zipingpu BbICO-

! ICOLD. Concrete Face Rockfill dam: Concepts for design
and construction, International Commision on Large Dams.
2011. Bulletin 141.
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Toil 156 M — 2 roga 7 mecsina [23]. IIpu aTom poct
IUIOTUHBI B IIPOLIECCE CTPOUTEIHCTBA OCYIIECTBIISICTCS
HepaBHOMEpHO. [IpenMyIecTBEHHO CTpEMSITCs BO3BE-
CTH BCPXOBYIO 4aCThb IJIOTUHBI, ‘1T06I)I paHbIIC HA4YaTb
YKJIaJbIBaTh Ha OTKOC jKesie300eTOHHBINH dKkpaH. CooT-
BCTCTBCHHO 3KpaH IUIOTUHBI BO3BOJAUTCA OUCPECIASIMMU.
Ha mnotunax Shuibuya u Zipingpu 3kpaH ycTpauBajics
B TpH o4epeau. JIorHuyHbIM cIOCOOOM CTPOUTEIHCTBA
IUIOTHHBI C DKPAHOM SIBJISIETCSI BO3BEJCHHE O4Yepes-
mu. [lepBasi ycnemrHasi mjioTHHA C JKeJI€300€TOHHBIM
9KpaHOM COBpPEMEHHOTro nepuona, Foz do Areia, Bo3Bo-
JMJIach B JBe ouepenu [24]°, a coBpeMeHHasl MI0THHA
Tianshengqiao 1 — B msiTh ouepeneii [25].

[Tpu nzyuennn HJC nminoTuH 3apyOeHBIMH aB-
TOpaMHU BCET/Ia YUUTBHIBAETCS MOCIJIEJ0BATEIHHOCTD
BO3BCJCHMS IUIOTUHBI U HAIIOJIHEHU BOAOXPAaHUJIUIIA,
OJIHAKO BJIMSIHUE 3TOro (akropa He BbIsBisercs. Mc-
KJIIOYeHHE cocTaBisieT pabora [25], rne ykasbiBaercs
Ha HeOyaronpusTHole gedopmanuy U3rnda sKkpaHa Ha
rpebHe oyepezeit mortuHel. B padore [13] Brickasa-
HO MHCHUEC, 4YTO 60.]'166 MPEANOYTUTCIIbHBIM ABJIACTCA
Clly4aii, KorJia S5KpaH BO3BOJUTCS CPa3y Ha BCIO BBICOTY
IUIOTHHEL. DTO CBI3BIBAETCS C TEM, YTO IIPU 3TOM BKpaH
HE BOCIPHUHHUMAET HEPAaBHOMEpHBIC ne(opMamuu OT
0CaJIOK KAMEHHOM HaOPOCKH.

OJIHaKO C JaHHBIM YTBCPKACHUCM MOKHO ITOCIIO-
puth. Panee M.I1. CaunoBsiM [19] ObLI0 1TOKa3aHO, YTO
BO3BCIACHUC INJIOTUHBI OYEPCAIMU MOXKCET OKa3bIBATh
onaronpustHoe BausiHue Ha HJIC sxene300eToHHOTO
OKpaHa. Ecau CTPOUTEIILCTBO IJIOTUHBI U HAITOJTHECHUEC
BOJIOXPAHMJIMIIA TPOMCXOANUT OYEPEIsIMHU, TO PaHEe 110-
CTPOEHHBIE YYaCTKH )KEeJIe300€TOHHOTO dKpaHa BOCIPH-
HUMAIOT HAarpy3Kd HE TOJBKO OT TMIPOCTATHYECKOTO
JIaBJICHHs, HO U COOCTBEHHOro Beca. Hamuuue Harpy-
30K OT COOCTBEHHOTO Beca OJIaronpHsTHO CKa3bIBAETCsl
Ha HJIC skpana. Bo-nepBbIx, Ha paHee MOCTPOCHHBIE
YUYaCTKH JKpaHa MepesaeTcsl CKMMAIOIIEe TPOJI0IbHOE
ycuiue. Bo-Bropsix, Aedopmariiu 60KOBOTO paciiupe-
HUSI TeJIa IIOTUHBI BRI3BIBAIOT M3TUO YKPaHa B CTOPOHY
BepxHero Obeda, KOTOphIe B HEKOTOPOM CTCIICHU KOM-
NEHCUPYIOT JieopMalii U3ruda B CTOPOHY HHIKHETO
obeda, cozaBaeMble THAPOCTATHUCCKUM JIaBJICHUEM.

OpnHako uccnenoBanue [19] BBIIBUIO B OCHOBHOM
JIMIIb Ka4eCTBEHHOE BIIUSHHUE I10CIIEJOBATEIBHOCTH
Bo3BeneHus Ha HJIC skpaHa, a Komu4ecTBEHHAs OICH-
Ka 3TOro BJIMSIHHUA 6])1.]'[3 JaHa TOJIBKO JJIs1 OHOI'O KOH-
KpeTHoro ciydas. [Ipu 3ToM aHaIM3UPOBAIUCH TOJIBKO
MMPOAOJIBHBIC HAIIPAXKCHUA B OKpaHE, a MHTCIPAJIbHBIC
BHYTpEHHHE ycrius (IIPOAoJIbHAS CUIIa, U3THOAIOINI

2 Kearsey W.G. Recent developments of upstream mem-

branes for rockfill dams. A thesis submitted to the faculty
of graduate studies and research in partial fulfilment of the
requirements for requirements for the degree of master of
engineering in geotechnique. Edmonton. Alberta. 1983.
122 p.

Jlanuuee FO.11. IIpoekTupoBaHNE U CTPOUTEIILCTBO COBPEMEH-
HBIX BBICOKHX IUIOTHH : yd. roc. M. : M3n-Bo PY/IH, 2004.
275 c.

MOMEHT) He aHAJIN3UpOBaNKCh. Perenue naHHoi 3a1a-
YY OIIMCAHO B HACTOALICH CTaThE.

MATEPHAJIBI U METO/JbI

HccnenoBanue NpoBOAMIOCH IIyTE€M YHCIEHHO-
IO MOJICJIMPOBAHUSI METOJIOM KOHEUYHBIX 3JIEMEHTOB.
PaccmarpuBanach abcTpakTHas IUIOTHHA BBICOTOU
100 m (puc. 1). 3anoxeHre 0TKOCOB KAMEHHO-HaOpOC-
HOM MIOTHHBI ObUTO MPUHATO paBHBIM 1,3. TommuHa
9KpaHa MPUHUMAIACh OCTOSHHO 110 BBICOTE U paB-
HOM | M.

[Tpu pacderax y4YUTHIBAIMCH HATPY3KH OT COO-
CTBEHHOTO BeCa IUIOTUHBI U THAPOCTAaTHUECKOTO JaBiie-
HUsI BepxHero obeda.

V 98.6

Puc. 1. Cxema KOHCTPYKIIMU KaMEHHO-HAOPOCHOHN TNIOTHHBI
C XKeJIe300€TOHHBIM PKpaHOM: | — 3am[uTHas MpHu3Ma; 2 —
MIOI9KPAHOBast 30Ha; 3 — ymHopHas mpu3Ma; D — xene3o0e-
TOHHBIHN 3kpaH; I, Il — ouepenu mnoTuHb

Fig. 1. Sheme of design of rockfill dam with reinforced
concrete screen: 1 — protective prism; 2 — zone of under
screen; 3 — persistent prism; A — reinforced concrete screen;
I, I — queues of dam

Jlyist GeToHa M TpyHTA UCIIOJIb30BaAJIACH MOJIEIb JIU-
HeitHoro nedopmupoBanus. Moay:ib JinHelHo# gedop-
Maruu OetoHa npunumaics pasubiM 30 I'Tla, uto no
CTPOHTEIBHBIM HOPMaM® COOTBETCTBYET OCTOHY Kiacca
B25 unu B27,5. Koadpduuuent I[lyaccona 6etoHa npu-
Humasicst pasHbM 0,2. [Tpu onieHke BO3MOXHOCTH 00pa-
30BaHUs B DKpPaHE TPEIUH PACUETHOE CONPOTHUBICHHE
0eToHa Ha pacTSHKEHUE 110 MPEIeIbHOMY COCTOSIHUIO
BTOPO#1 TpyIIIbI IpUHUMaNOCh paBHbIM 1,7 MIla (kak
Ui OetoHa kiacca B27,5).

Y4uThIBaIOCH HANUYKME B 9KpaHe apMaTyphl. Ap-
MHpPOBaHHE NMPUHUMAJIOCH ABYXPAIHBIM C PacIoiio-
JKEHHEM OT BHEIIHMX I'DaHEl Ha pacCTOSHUM, PAaBHOM
TOJIIIMHE 3auTHOTO ciost (15 cm). TIpoueHT apmupo-
BaHUSA 3KpaHa NpuHUMaiCs paBHeIM 1,5 %. IInomans
MOINEPEYHOI0 CEYEHUs] HU30BOW MPOIOJIBLHON apMaTy-
PpBI YCIIOBHO mpuHUMainack paBHoit 100 cM? Ha mor. M,
a BepxoBoit — 50 cm? Ha mor. M. Mojynb JHHEHHON
nedopmanuu apMarypHoit cranu kinacca A—IIl B coot-

3 CII 41.13330-2012. BeroHHbIE U kKeJIe300€TOHHBIE KOH-

CTPYKIMU THIPOTEXHHUECKUX COOPYKCHHUI. AKTyalIn3upo-
BanHas pepakius CHull 2.06.08-87. M., 2012. 86 c.
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BerctBuu ¢ CIT 41.13330-2012 Obu1 NPUHAT PaBHBIM
200 I'TIa.

PacueTs! mpoBOAMINCH IS IMIMPOKOTO AMAIA30-
Ha J1e(hOPMHUPYEMOCTH KaMCHHON HAOPOCKH, KOTOPBIN
HaOrofaeTcsl B peaibHbIX IUIOTHHAX. [10 HATypHBIM
JAHHBIM JieopMaliyl TUIOTHH OJHON U TOH ke BbI-
COTBI MOTYT M3MEHATHCA B OYEHb LIMPOKHUX Ipeje-
nax [5, 26, 27]. PaccMarpuBanuch 4eThIpe BapHaHTa
3HAYECHUH MOJYJIsl JIMHEHHOM eopmanuu E Habpocku:
60, 120, 240 u 480 MlIla. [IpuHMManoCk, 4TO ynopHas
NpU3Ma IIOTHHBI UIMEET OJIHOpoiHOE cTpoeHue. Koad-
¢unment [lyaccona kaMeHHON HAOPOCKH OBLIT MPHHST
paBHbIM 0,25.

CocrapieHHast YUCIEHHAs MOJENb MJIOTHHBI Ha-
cuutbiBaeT 1043 koHe4yHBIX sJeMeHTa. KOHTaKThI
XKeJIe300€TOHHOTO JKpaHa C TPYHTaMH, a TakxkKe Iie-
pUMETpaJbHBIM IIOB MOIEIUPOBATIHCH C MOMOIIBIO
KOHTAKTHBIX KOHEYHBIX 3JeMeHTOB. CTanbHas apMa-
Typa MOJEIMPOBAJIACh CTEPKHEBBIMU 3JIEMEHTAMH.
KoHnTakt apmarypbl 1 OeToHa IPUHUMAJICS a0COIIOTHO
npouHbIM. [Ipu cocTaBneHUH YHCIEHHON MOJEH TII0-
TUHBI UCIOJB30BAIINCH KOHEUHBIE 3JIEMEHTHI BBICOKO-
O TOpsiKa, C KyOMYEeCKOW CTENeHbI0 allpOKCUMAIH
nepemereHuii. OO0Iee KOIMYeCTBO CTeeHei CBOOO b
MoiesH cocTaBuio 9174.

Pacuer nposonuics Ui ABYX BapuaHTOB. B mnep-
BOM BapHaHTE pacCMaTPUBAJIOCh BO3BEICHUE TNIOTHHBI
0e3 ouepeseit. Bo Bropom BapuaHTe MOICIUPOBAIOCH
BO3BEICHUE MJIOTHUHBI U HAMOJHEHHE BOAOXPaHWIUINA
B JIBa 3Tana. BelcoTa nepBoil ouepenu NpuHUMAaIach
paBHo# 60 M.

Un, cm/ Un, cm

JIns1 pacueToB MCIOIB30BaNIaCh BBIUMCIUTENbHAS
nporpamma, COCTaBlieHHasl KaHIUAATOM TEXHHUUECKUX
Hayk M.I1. CaunoBbiM [28].

PE3YJIBTATBHI HCCJIEJOBAHUA

Amnanus pe3ynsratoB pacuetoB HIIC kameHHO-Ha-
OPOCHOM IJIOTHHBI TPOBOAMIICS JUIsl HANOOJIee OITaCHO-
ro MOMEHTa BPEMEHH — JIJIsl MOMEHTa OKOHYAHHMS Ha-
MOJIHEHUs BooxpaHuiuma a0 V98,6 m (puc. 2—-8). On
T103BOJIMJI BBISIBUTD BIIMSTHUE OYEPEAHOCTH BO3BE/ICHHUS
wiotuskl Ha HJIC kene300eTOHHOTO 3KpaHa.

[TepBoe orinume nposiBisieTcst B AeopMalusix 13-
ruba xene300eToOHHOro 3kpana. O HUX MOXKHO CYJHUTh
T10 SIIOpaM MEPEMEIIeHNI KpaHa B HAIPaBJICHUH I10-
NepeK 0TKOCa, KOTOpbIe Oy/ieM Ha3bIBaTh HOPMAJIbHBIMU
MepEeMEIICHUSIME WA IPOrudaMu 3kpana (puc. 2).

[Tpu BO3BeJeHMHU IJIOTHHBI B OJHY ouepenb (3a
OJIMH 3Tall) PKpaH MOYTH MO BCEeil CBOEH BBICOTE HC-
MBITBIBAET M3TMO B HU30BYIO CTOpoHY (puc. 2). Ilpu
MOJyJI€ JTMHEWHOU AehopMaliid KaMCHHONH HaOpOCKH
E = 60 MIla nporud skpana gocturaet 42 cm, a npu
yBenuyeHuu E nponopunoHaibHO ymeHbluaercs. Mak-
CHUMYM IIpOru0a sKpaHa HAOIIOAACTCS HIKES CEPEIUHbBI
BBICOTHI MJIOTUHBI (Ha V45 M), mo3TOMy B HM)KHEH 4a-
CTH KpaHa M3ru0 BBIPAXKEH CHIIbHEE, YeM B BEPXHEH.

[Tpu BO3BeEHHMY IUIOTHHBI B JIBE oyepeu (3a JBa
stana) nedopmanuu u3ruba UMEIT 00JIee CIIOKHBIM
xapakrep (puc. 2). Bo-nepBbix, 3a c4eT U3MEHEHHUSI 10~
CJICZIOBATEIbHOCTH 3arPy)KEHUs] YMEHbBILIAIOTCS BEJIH-
YHHBI TPOTUOOB B OOJIbLICH YacTH dKpaHa. B HikHEH
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60 MlIla (omu stam) / 60 MPa (one stage)

120 MlIa (omun stam) / 120 MPa (one stage)
240 Mlla (omgun >tam) / 240 MPa (one stage)
480 MlIa (omgun >tam) / 480 MPa (one stage)
60 MIla (mBa »tama) / 60 MPa (two stage)

120 Mlla (7Ba stama) / 120 MPa (two stage)
240 Mlla (nBa stama) / 240 MPa (two stage)
480 MlIa (nBa sTama) / 480 MPa (two stage)

Puc. 2. V3MeHeHHEe HOPMATBHBIX MIEPEMEIICHHU (TPOrnO0B) Keae300eTOHHOTO IKpaHa Mo BBICOTE

Fig. 2. Change in normal displacements (deflections) of the reinforced concrete screen by height
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C. 1395-1406

YacTH dKpaHa, KOTOpasi BO3BOAUTCS B TIEPBYIO OYEPEb,
yYMEHbIIEHUE IPOrHO0B 00BSCHSETCS] OOKOBBIM PACILIH-
pEeHMEM Telia IUIOTHHBI IEPBOM o4Yepesu Mpy BOCHPH-
SITUW Beca BTOPOIl ouepeny. YMeHbIlIeHHE MPOruboB
B DKpaHe BTOPOM ouepesy 0ObSICHSIETCs TEM, YTO YacTh
THJIPOCTATUYECKOTO AaBicHus (naBieHue Hmwxe V60 m)
BOCIIPUHHUMAETCS TOJIBKO IEPBOH 0YEPEbIO IIOTHHBI
U He mepeaeTcst Ha IJI0THHY BTOpoii ouepenu. OaHaKo,
ClIe/lyeT OTMETUTb, YTO YMEHBIICHUE NPOrHOOB IIPOUC-
XOJIUT HEPABHOMEPHO I10 BBICOTE DKpaHa, IIOITOMY Jie-
¢dopmaru n3ruba sKpaHa Ha HEKOTOPBIX y4acTKax He
YMEHBIIAIOTCS, @ YBEJIMYHBAIOTCS.

Kpome Toro, nias H/IC mioTuHbI, BO3BEIEHHOI
B JIBE OYEPE/IM, XapAKTEPHO MECTHOE YBEIMYCHHUE MIPO-
ru0OB PKpaHa y TpeOHs IUIOTHHBI IIEPBOM ouepean [25].
MakcumasbHble 3Ha4eHHsI TPOrUO0B SKpaHa IIOTHHBI,
BO3BE/ICHHOW B JIBE OY€ped, OKa3bIBAIOTCS OOJIbIIE,
YeM Y IUIOTHHBI, BO3BECHHOI B O/IHY odepens (puc. 2).
Poct nporn6oB npuBOAXUT K MECTHOMY M3rH0y ydacTka
9KpaHa B BEPXOBYIO CTOPOHY.

Bropoe ornuune mposiBisSieTCsl B JIMHEWHBIX Je-
(dbopmanusax SKkpaHa B POJOJIBHOM HAIlPaBJICHUH, T.C.
B HallpaBJICHUH BJIOJIb OTKOCA. AHAJIN3 TOKa3bIBAeT,
YTO IPH BO3BE/ICHUH IUIOTUHBI B OJTHY O4epe/lb HIKHSIS
YacTh 9KpaHa MCIIBITHIBACT Je(opMaluy MpoIoIbHOTO
YIUIMHEHUS, a BepXHaAs — ykopoueHus (puc. 3). I'pa-
HUIIA MEXJly 3TUMH Y4aCTKaMH HaXOAMTCSI IPUMEPHO
Ha V35 M. XapakTep pacrpenesaeHus MpoaoabHbIX Jie-
(dopmanui, NOITyYEHHBIH HAMH, ITOXOK Ha IOJY4YeH-
HbIl B padote [14]. IIpu Bo3BeneHUH MIJIOTUHEI B JIBE

o, MIIA / 6, MPa

o4epei Ha dKpaH MepBOH ouepean nepeaaeTcs J0nomi-
HUTEIBHOE CKUMAIOIEe POJOIBHOE YCHUIINE OT Beca
IUIOTHHBI BTOPOI ouepean. 3a C4eT 3TOr0 COKpaIiaeTcs
JUIMHA HIDKHETO (YJUIMHSIOIIErocsl) ydacTKa 3KpaHa,
a TaK)Ke€ MHTEHCUBHOCTD Jle(OpMalnil yIIMHEHHUSI.

Jedopmannu nzruda u nepopmanum yaIMHeHs—
YKOPOYEHHSI OTPE/IEIISIOT YCIOBUSI (POPMUPOBAHHMS Ha-
MIPSDKEHUH B jKeJIe300€TOHHOM DKpaHe B HalpaBlICHUN
BJIOJIb OTKOCA (IIPOJIOJIBHBIX HANpPSKEHUIT). 3a cueT us-
ruba HalpsHKEHUs! B DKpaHe paclipe/ielieHbl HepaBHO-
MEpHO I10 €ro TONIIUHE, OIHA IPAaHb dKpaHa CTPEMHUTCA
K pacTsKEHUIO, IpyTas — K CXKAaTUI0. 3a CYeT HAIUYUA
nedopmanuii IPoJOIbHOIO YIUTHHEHUSI—YKOPOUYCHUS
HaIIPSKEHUS. HAa BEPXOBOM M HU30BOM IpaHsIX 3KpaHa
HE COBIIAAAIOT 110 a0COIIOTHOH BeIMYKHE.

DKpaH IUIOTHHBI, BO3BEJICHHONW B OJHY OYepeib
(B omMH 3Tal), MOKHO YCJIOBHO IOJEIUTh HA JBa Xa-
pakTepHbIX yudacTka. HaunOosee omacHbIM siBIsIeTCS
HIDKHHUM y9acTOK PKpaHa, JUIsl KOTOPOTO XapaKTepHBI
e opMany MpoIoJIbHOTO YUIMHEHHUS U 3HAYUTEIb-
Hble nedopmaruu u3ruda (puc. 4). Ha aTom ygactke
B 9KpaHE BO3HMKAIOT 3HAYUTENbHBIE PACTATHUBAIOIINE
HanpspkeHusl. CBOEro MakcUMyMa OHHM JOCTUTalOT Ha
HU30BOM rpanu. Ha BepxHeM ydacTke IpoJObHbIE Ha-
MPSDKEHUS, KaK MPAaBUIIO, CXKMMAIOIIHE, TaK KaK dKpaH
UCIIBITHIBAET YKOPOUCHHUE, @ U3THO BBIpAKEH ciiadee.

DKpaH TUIOTHHBI, BO3BEJIECHHON B JIBE O4epeau
(B ABa 9Tana), UMeeT pachpeeneHue NPOAOJIBHBIX Ha-
MPSDKEHUH CIIOKHOTO XapakTepa. YCIOBHO IKpaH MOXK-
HO TMOJETUTh Ha TPH XapaKTEepPHBIX ydacTka (puc. 5).

v, M/
y.m

60 MlIla (omu stam) / 60 MPa (one stage)
240 Mlla (omgun >tam) / 240 MPa (one stage)
480 MlIa (omgun >tam) / 480 MPa (one stage)
60 MIla (mBa »tama) / 60 MPa (two stage)
240 Mlla (nBa stama) / 240 MPa (two stage)
480 MlIa (nBa sTama) / 480 MPa (two stage)

Puc. 3. VI3menenune cpeqHrX 3HaUYCHUIT MPOIOIBHBIX HATPSDKEHHH 110 BBICOTE JKeJIe3006TOHHOTO dKpaHa

Fig. 3. The change in the average values of the longitudinal stress by height of the reinforced concrete screen
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Fig. 5. Change in longitudinal stresses on
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Ha HmxHem yuacTke skpaHa (Huxe V35 M) akpaH u3-
rubaercsi B HU30BYIO CTOPOHY, IOITOMY HH30Bast IpaHb
Kak IPaBUJIO PAcTsIHYTa, a BepxoBas — ckata. Ha cpen-
HeM yuacTke (0T V35 1o V54 M) onacHOCTb MOSIBICHUS
PACTATUBAIOIINX HANPsDKEHUH XapaKkTepHa JUIsl BepXo-
Boii TpaHu. Tak kak pedopmannu n3ruda — ciadele,
pacTsbKeHUE BO3HUKAET TOJIBKO ITPU BBICOKOH Jieopmu-
pyemoctu kameHHo# HaOpocku (E = 60 MIla). Tperuii
Y4aCTOK 9KpaHa pacroyiiokeH Boie V54 M, OH cOOTBET-
CTBYET BTOPOW O4epenu IUIOTUHBL. J{JIg 9TOro yyacrka
(BbIlIE) XapaKTepHbI BbICOKME JedopMaluu U3ruoa,
U3-3a KOTOPBIX Ha HU30BOW TpaHU MOTYT BO3HUKATh
pacrsruBatoiue Hanpsokenus (pu E < 240 MITa). He-
00X0/IMMO OTMETUTh, YTO MPU BO3BEACHUU ILIOTHHBI
B OIHY Odepe/lb Ha JAaHHOM y4YacTKe pacTSITHBAIOIINX
HaMpsDKEHUH He 00pa3yeTcsl.

HJC skpana Ha TpeTbeM yuacTKe MOXKET OKa3aTh-
cs1 Oosiee HEONATrOIPUSATHBIM, YeM Ha IIEPBOM.

JI71s1 BBIABIIGHUS BIMSIHUS IOCJIEIOBATEIbHOCTH
Bo3BeneHus miotuHbl Ha H/IC skpana yepe3 npoaonb-
Hbl€ HANPsOKEHUs! ObLIIM BBIUYUCICHBI BHYTPEHHUE YCH-
JIMsl B HEM — M3rudarolye MoMeHThl M 1 POI0JIbHbIE
cuibl N. BeluucieHue BHyTPEHHUX YCHIIUN OCYIIECT-
BJBSUTIOCH 110 (pOpMYyJIaM, MPEANOIAraroIuM JTHHESHHBIN
XapakTep pacHpeeeHNs] HanpsHKeHUH M0 TOJIIMHE
JKpaHa:

rie 6, ., ©,,, — TPONOILHOE HANPSKEHHE COOTBET-
CTBEHHO Ha BEPXOBOW M HU30BOM IpaHsAX 3KpaHa; [ —
TOJIMHA PKPaHa.

[TonoxxuTenbHbIM 3HAK MOMEHTA COOTBETCTBYET
n3rudy HU30BOW TPaHHU.

AHanu3 rnokasai, uTo npu Jro0ol cxeme mosran-
HOCTH BO3BE/ICHUS IUIOTHHBI MAaKCUMAaJIbHbIC 3HAYCHUS
M3rudAoNINX MOMEHTOB XapaKTePHbI TOJIBKO ISl CAMO-
TO HIKHETO y4yacTka dKpaHa (puc. 6), XOTs pHu BO3Be-
JICHUU TIJIOTHHBI UMEETCS ellle OAUH Y4acCTOK C BBICOKH-
MU 3HaYE€HHSIMH M3rUOAIOINX MOMEHTOB (3TO Y4aCTOK
9KpaHa BTOPOH OUepei B 30HE CONMPSHKEHMS C SKPAaHOM
nepBoit ouepean). AHAIU3 MOMEHTOB MTOATBEPIMI pa-
Hee CAENaHHBI HaMH BBIBOJ O TOM, YTO BO3BEACHUE
IJIOTHHBI B JIBE OUEPETU MOXKET NMPUBECTH K MOBBIIIE-
HUIO Jedopmanuii u3rnda skpaHa.

Bbu10 BBIABICHO, YTO U3MEHEHHUE MOCTIeI0BATeNb-
HOCTH BO3BEJICHUS TUIOTUHBI Maji0 BIMSET Ha MaKCH-
MaJIbHbIC 3HAYCHHS U3rUOArOIIEero MoMeHTa (puc. 7, a).
[Ipu 3TOM OUepeHOCTh BO3BEACHUS IUIOTHHBI HE HUMEET
OJTHO3HAYHOTO BIMSHUA Ha MaKCUMAaJIbHYIO BEJIUYHHY
nsrubatoniero momenta. Ilpu E < 150 MIla makcu-
MaJIbHbIE 3HAYEHUSI M3rMOAIOIIEro MOMEHTa B dKpaHe
IUIOTHHBI, IOCTPOSHHOM B JBE Ouepean, OoJblle, YeM
IIpU BO3BE/ICHUU B OFHY OUEPEb.

BnaronpusaTHO cka3bIBaeTCsA BO3BECHHUE MJIOTHHBI

A9JIN ¥mMHLO9g

N N ¢ B JIBE OYepEeN Ha MPOAOJIbHBIE YCHIIMS. 3a CUET U3Me-

=( Bepx Gﬂm) 'E’ HEHUS CXEMbl BO3BEACHUS IJIOTUHBI yIaJIOCh CHU3UTH

MaKCUMaJIbHO€ 3HaUY€HUE POAOIbHOMN pacTAruBaroen

2
N=@G -c_) r cuibl N moutu B 2 pasa (puc. 7, b). JlonmonHuTe bHAS o
s Bepx’ 19”7 pOAOIbHAs CKMMAIOILasl CHila, BO3SHUKAIOIIAst B 9Kpa- %
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Puc. 6. 3MeHeHne H3ru0aroero MOMEHTa 0 BBICOTE XKelIe300e TOHHOTO SKpaHa

Fig. 6. The change of the bending moment by height of the reinforced concrete screen

ceeeee 60 Mlla (omuH dTam) / 60 MPa (one stage)

stam) / 120 MPa (one stage)
stam) / 240 MPa (one stage)
stam) / 480 MPa (one stage)
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Puc. 7. lI3MeHeHNe MaKCHUMAbHBIX 3HaYEHUH BHYTPEHHUX YCHIIMH B 5K€I€300€TOHHOM SKPaHE B 3aBUCHMOCTH OT MOJYJIS
nedopManyy KaMeHHOH HaOpOCKHU: @ — U3THOAIONINH MOMEHT; b — MPOIOIbHAS CHIIa

Fig. 7. Change of maximum values of internal forces in a reinforced concrete screen depending on the strain modulus of

rockfill: a — bending moment; b — longitudinal force

o, MIIA / 6, MPa
6
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1 Omeccocoegoooal | Puc. 8. U3MeHeHne MaKCHUMaJIbHBIX
L E, MIla/ ; "
“®.,., - P E MP& 3HA4YCHUU NPOAOJIbHBIX HAIIPSAKCHUN
*teesssPrrssssprssssssssedqessssnns :
0 Ha TPaHsX JKeJIe300eTOHHOTO YKpaHa
0 100 200 300 400 500 B 3aBHCHUMOCTH OT MOAYJIst ehopma-
MY KAMEHHOM HaOpOCKHU
0} TTHH - 3 ) . . .
=0=  BepxoBas (0MH Tar) / upstream (one stage) Fig. 8. The change in the maximum
=0=  HH30Bad (OAMH 3Tan_} f_do“ nstream (one stage) values of the longitudinal stresses on
= + = orpasnvenne / restriction the faces of the reinforced concrete
=+ @+ BepxoBad (ABa dTana) / upstream (two stage) screen depending on the strain modu-
=== HI30Bad (JBa 5Tamna) / downstream (two stage) lus of rockfill

oxosio 1 MH u mMaio 3aBUCHT OT MOayJIst JieopMaluu
KaMeHHOU Habpocku. OHAKO cleyeT OTMETUTh, YTO
BEJINYMHA MAKCUMAJIbHOW CKUMAIOILIEH CUIIbI HECKOJIb-
KO CHMJKAETCs M0 MEPE POCTa MOAYJS JIMHEHHOHN Je-
(dbopmanum KaMeHHOW HaOPOCKH.

birarogapst 1ONOJHUTENBHON COKUMAIOLEN CUIIE
YAaJl0Ch CHU3UTb MAKCUMAJIbHBIC 3HAUCHUSA pacTAruBa-
FOLIUX HANPsDKCHHUN B 9KkpaHe (puc. 8). B oboux ciyya-
SIX OHU HaOJIIOJIAIOTCSI HA HIDKHEM Y4acTKe jKelie300e-
TOHHOTO 3KpaHa.

Tem He MeHee, cielyeT OTMETHUTh, YTO PaccMo-
TPpEHHasd CXEMa IMO3TAITHOCTHU BO3BCACHUSA IJIOTUHBI HE

1402

MO3BOJIHJIA JIOOUTHCS TOTO, YTOOBI CHU3UTH PACTSITUBA-
FOLIHE HAMIPSDKCHUS B DKPAHE JI0 PACYCTHOTO COMPOTHB-
neHus 6eroHa Ha pactsbkenue (1,7 MlIla).

3AKJIIOYEHUE
N OBCYXIEHUE

1. CTpouTenbCTBO I'PYHTOBOI INIOTHHBI OUepe/s-
MU M3MCHSICT YCJIOBHS PaOOThI ee MPOTUBOGUIBTPA-
LIMOHHOTO KeJIe300eTOHHOI'0 9KpaHa — Ha Hero mnepe-
JIAIOTCS HE TOJIbKO HArpy3Kd OT THAPOCTATHYECKOTO
JIaBJICHUs, HO U OT COOCTBEHHOTO Beca IUIOTUHBI. JTO
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okaspiBaeT cyuiecrseHHoe Biusaue Ha HJIC sxeneszobe-
TOHHOTO DKpaHa.

2. OCHOBHOE BJIMSIHUE TIOJTAIMHOCTH BO3BEICHUS
u 3arpyxenus wiotunsl Ha HJIC skpana mposiBnsieTcs
B BO3BHHKHOBEHUHU B HEM J[OMOJIHUTEIBHOTO CKHMAIO-
IIEr0 MPOJIOJIBHOIO yCHUJIHs. DTO BIMSHUE — CYILIe-
crBeHHo. [IpojonpHOE cxxMMaroLee yCuiiie no3BossieT
VAYYIIUTh HAPSDKEHHO-1e(hOPMUPOBAHHOE COCTOSHHIE
9KpaHa IIOTHUHBI.

3. CxemMa BO3BeNIEHUS TIOTUHBI OYEPEASIMHU HEOJI-
HO3HAYHO CKa3bIBACTCs Ha eopMalUsIX H3rnda SKpaHa.
W3rubneie nedopmanum MOTYT KaK YBEIHYHBATHCS, TAK

U YMEHBIIATHCS. YCTAHOBJICHO, YTO Je(hOpMAIIUK H3TH-
0a yBEJIMUYMBAIOTCS HA TEX y4acTKax dKpaHa, KOTOPhIC
BO3BOJISATCS HA MMOCJCIYIOMINX 3Tanax. BiusiHue cXeMbl
BO3BE/ICHUSI HA BEJIMUYMHY M3THOAFOIIETO MOMEHTA CYILIE-
CTBEHHO cj1adee, YeM Ha BEJINYMHY ITPOJOJILHON CHIIBL.

4. VuuteiBasg 10, yro HJIC xene300eTOHHOTO
OKpaHa IUIOTUHBI XapaKTEpU3YECTCsI HAJIMYUEM pac-
TATUBAIONIUX HAIMPSKCHHUI, YTO CO3[AeT OMACHOCTH
HapyIICHHsI 1IEIOCTHOCTH KpaHa, BO3BEJCHHE U Ha-
TPYKCHUE TJIOTUHBI OYEPCAAMU SABJIACTCA HE IPOCTO
JKCJIAaTCIbHBIM, a O65{33T6J'II)HI)IM Ipu CTPOUTECIILCTBE
BBICOKUX INJIOTHUH.

JIUTEPATYPA

1. Marques Filho P., De Pinto N.L.S. CFRD dam
characteristics learned from experience // International
Journal on Hydropower and Dams. 2005. No. 12 (1).
Pp. 72-76.

2. Freitas M.S.Jr. Concepts on CFRDs leakage
control — Cases and current experiences // ISSMGE
Bulletin. 2009. Vol. 3. Issue 4. Pp. 11-18.

3. Johannesson P., Tohlang S.L. Lessons learned
from Mohale // The International Water Power & Dam
Construction. 2007. Vol. 59. Issue 8. Pp.16-18, 20-22,
24, 25.

4. Ma H., Fudong Chi F. Technical progress on
researches for the safety of high concrete-faced rockfill
dams // Engineering. 2016. Vol. 2. Pp. 332-339. DOI:
10.1016/j.eng.2016.03.010

5. Pinto N.L., Marques P.L. Estimating the maxi-
mum face slab deflection in CFRDs // The International
Journal on Hydropower & Dams. 1998. Vol. 5. Issue 6.
Pp. 28-30.

6. Silva da A.F., Assis de A.P., Farias de M.M.,
Neto M.P.C. Three-dimensional analyses of concrete
face rockfill dams: Barra Grande case study // Elec-
tronic Journal of Geotechnical Engineering. 2015.
Vol. 20 (14). Pp. 6407-6426.

7. Scuero A.M., Vaschetti G.L. Underwater re-
pair of a 113 m high CFRD with a PVC geomembrane:
turimiquire managing dams: Challenges in a time of
change // Proceedings of the 16th Conference of the
British Dam Society. 2010. Pp. 474—486.

8. Xavier L.V., Albertoni S.C., Pereira R.F., An-
tunes J. Campos Novos dam during second impound-
ing // The International Journal on Hydropower &
Dams. 2008. No. 15. Pp. 53-58.

9. Song W.J., Sun Y., Li L., Wang Y. Cause analy-
sis and treatment of 1st phase slab cracking of Shuibuya
CFRD // Journal of Hydroelectric Engineering. 2008.
Vol. 27. No. 3. Pp. 33-37.

10. Yifeng Chen, Ran Hu, Wenbo Lu, Dianqing
Li, Chuangbing Zhou. Modeling coupled processes of
non-steady seepage flow and non-linear deformation for
a concrete-faced rockfill dam // Computers and Struc-

tures. 2011. Vol. 89. Issue 13—14. Pp. 1333-1351. DOI:
10.1016/j.compstruc.2011.03.012

11. Mokhtar Pour E., Freitas Jr. M.S. Rehabili-
tation for high concrete faced rockfill dam (CFRD):
Availability and vulnerability / Dam Maintenance and
Rehabilitation I — Proceedings of the 2nd Internation-
al Congress on Dam Maintenance and Rehabilitation.
2011. Pp. 881-887

12. Li N., Wang J., Mi Z., Li D. Deformation safe-
ty of high concrete face rockfill dams // Challenges and
Innovations in Geotechnics : 18th International Confer-
ence on Soil Mechanics and Geotechnical Engineering
(ICSMGE). 2013. No. 4. Pp. 3301-3304.

13. Hu K., Chen J., Wang D. Shear stress analy-
sis and crack prevention measures for a concrete-face
rockfill dam, advanced construction of a first-stage face
slab, and a first-stage face slab in advanced reservoir
water storage / Advances in Civil Engineering. 2018.
Vol. 2018. Pp. 1-10. DOI: 10.1155/2018/2951962

14. Arici Y. Investigation of the cracking of
CFRD face plates / Computers and Geotechnics. 2011.
Vol. 38. Issue 7. Pp. 905-916. DOI: 10.1016/j.comp-
£e0.2011.06.004

15. Dakoulas P., Thanopoulos Y., Anastasopou-
los K. Non-linear 3D simulation of the construction
and impounding of a CFRD // The International Jour-
nal on Hydropower and Dams. 2008. Vol. 15. Issue 2.
Pp. 95-101.

16. Aleman-Velasquez J.D., Marengo-Mogol-
lon H., Rivera-Constantino R., Pantoja-Sanchez A.,
Diaz-Barriga A.F. Relevant aspects of the geotechnical
design for ‘La Yesca’ hydroelectric project and of its
behavior during the construction stage: The Mexican
experience in concrete face rockfill dams. URL: https://
ru.scribd.com/document/125483416/Relevant-Aspects-
of-the-Geotechnical-Design-and-Behavior-of-La-Yes-
ca-Dam

17. Caunos M.I1. Biusaue nedpopmupyemoctu
KaMEHHOI HacChIIIM Ha HaIPSDKEHHO-/1e()OPMHUPOBaH-
HOE COCTOSIHHE KeJIe300€TOHHOr0 dKpaHa IUIOTH-

1403

81L0Z ‘L1 @nss| € awnjop . BusauiBug [IA1D 10 AlISISAIUN 8181S MOISOIN JO SBUIP9220Id « NSOIN MIUISSA

8102 ‘L1 »9Auag € wo

A9JIN ¥mMHLO9g

(aunuO) 0099-0£Z NSSI (ulid) GE60-266T NSSI



Tom 13 Beinyck 11, 2018

ISSN 1997-0935 (Print) ISSN 2304-6600 (Online)

BectHuk MICyY

Vestnik MGSU -« Proceedings of Moscow State University of Civil Engineering « Volume 13 Issue 11, 2018

A.A. lNodebicouykuti, M.I1. CauHoe, B.5. Copoka, M.J1. JocoHoe

Hbl // BectHuk MI'CY. 2015. Ne 3. C. 69-78. DOI:
10.22227/1997-0935.2015.3.69-78

18. Caunos M.Il. PaboTa xene300€TOHHOTO
9KpaHa KaMCHHOW MJIOTHHBI B MPOCTPAHCTBCHHBIX
YCIOBHUSIX MO PEe3yNbTaTaM YHUCICHHOTO MOJCIUPO-
BaHus // IlpuBoimkckuil HayuHbIH KypHai. 2015.
Ne 3 (35). C. 25-31.

19. Caunos M.Il. Bnusinue hopmbl cTBOpa Ha
HAMPSHKCHHOE COCTOSIHUE JKEIe300€TOHHOTO dKpaHa
KaMEHHO-HACBITHOHN TIOTHHBI // HKEeHEepHO-CTPOU-
TenabHbIN )xypHaI. 2016. T. 63. Ne 3. C. 16-39. DOIL:
10.5862/MCE.63.2

20. Li N.-H., Sun D.-W., Li D.-H., Deng Y.-G.,
Yang J. Deformation behavior of 300 m high-concrete
face rockfill dams // Yantu Gongcheng Xuebao (Chinese
Journal of Geotechnical Engineering). 2009. No. 31 (2).
Pp. 155-160

21. Wang L.-B., Yan Q. Analyze on develop-
ment prospects of 300m level ultra-high CFRD from
Shuibuya high CFRD // Asia-Pacific Power and En-
ergy Engineering Conference, APPEEC. 2010. DOI:
10.1109/appeec.2010.5448667

22. Zhou W., Hua J., Chang X., Zhou C. Settlement
analysis of the Shuibuya concrete-face rockfill dam //
Computers and Geotechnics. 2011. Vol. 38. Issue 2.
Pp. 269-280. DOI: 10.1016/j.compgeo.2010.10.004

23. Xu B., Zou D., Liu H. Three-dimensional simu-
lation of the construction process of the Zipingpu con-

THocmynuna 6 pedaxyuto 1 cenmsbps 2018 e.
Ipunsama ¢ doopabomarnnom eude 9 oxkmsabps 2018 e.
Ooobpena ons nyoauxayuu 29 okmsbps 2018 e.

crete face rockfill dam based on a generalized plasticity
model // Computers and Geotechnics. 2012. Vol. 43.
Pp. 143-154. DOI: 10.1016/j.compgeo0.2012.03.002

24. Pinto de N.L.S., Filho M.P.L., Maurer E. Foz
do Areia dam — design, construction, and behaviour //
Proceedings of the Symposium on Concrete Face Rock-
fill Dams — Design, Construction and Performance.
1985. Pp.173-191.

25. Zhang B., Wang J.G., Shi R. Time-dependent
deformation in high concrete-faced rockfill dam and
separation between concrete face slab and cushion lay-
er // Computers and Geotechnics. 2004. Vol. 31. Issue 7.
Pp. 559-573. DOI: 10.1016/j.compgeo.2004.07.004

26. Park H.G., Kim Y.-S., Seo M.-W., Lim H.-D.
Settlement behavior characteristics of CFRD in con-
struction period. Case of Daegok dam // Journal of the
KGS. 2005. Vol. 21. Issue 7. Pp. 91-105.

27. Wen L., Chai J., Xu Z., Qin Y., Li Y. Junrui C.
A statistical review of the behaviour of concrete-face
rockfill dams based on case histories // Géotechnique.
2018. Vol. 68. Issue 9. Pp. 749-771. DOI: 10.1680/
jgeot.17.p.095

28. Caunos M.II. BeraucnutenbHas mporpamma
0 pacueTy HampsHKEHHO-1e(HOPMUPOBAHHOTO COCTOS-
HUSI TPYHTOBBIX IUIOTHH: OIBIT CO3JIaHUs, METOIUKH U
anroputmbl // International Journal for Computational
Civil and Structural Engineering. 2013. Vol. 9. Issue 4.
Pp. 208-225.

O aBTOPAX: IlogBbicOoUKMi AJleKkceil AHATOJIBLEBUY — KaHIMJIAT TEXHUUECKUX HAyK, HAYaJIbHUK THIPOTEX-

Huueckoro otaena—2, AO «MocobaruaponpoekT», 143532, MockoBckast 005acth, I. JIe/I0BCK, yiI. DHEPreTHKOB, 1. 1,

PodvisokiiAA@hydroproject.com;

CaunoB Muxamni HeTpOBI/l‘l — KaHguJaaT TCXHUYCCKUX HAayK, JOLUCHT Ka(be;[pm TUJAPaBIUKU U THAPOTEXHU-

4yeCcKoro crpourenbcTBa, HanmonaabHblil cciieoBareabckuii MOCKOBCKHI rocylapcTBeHHbIH CTPOUTENbHbII

yauBepcurer (HUY MI'CY), 129337, . Mocksa, SIpociaBckoe mocce, 1. 26, mp_sainov(@mail.ru;

Copoxa Bﬂazmcmm BOpﬂCOBI/I‘l — aCIIUpaHT Kad)ez[pr,l TUAPABJIUKU U THAPOTECXHUYECKOI'O CTPOUTEIILCTBA,

HauuonanbHblii nccjegoBaTeJbcKuii MocKOBCKHI rocylapcTBeHHbI cTpouTe/ibHbli yHuBepcuter (HUY

MI'CY), 129337, r. Mocksa, SIpocnaBckoe 1mocce, 1. 26, vastion08@yandex.ru;

JoronoB Mapk JleonngoBuy — acnupant, HanuonanbHblii ncciaegoBarebeknii MockoBceKuii rocynap-

CTBeHHBIIT cTponTenbHblil yHuBepcuTeT (HUY MI'CY), 129337, . Mockaa, SIpocnasckoe mocce, a. 26, Ohpor8@,

gmail.com.

REFERENCES

1. Marques Filho P., De Pinto N.L.S. CFRD dam
characteristics learned from experience. International
Journal on Hydropower and Dams. 2005; 12(1):72-76.

2. Freitas M.S.Jr. Concepts on CFRDs leakage
control — cases and current experiences. ISSMGE Bul-
letin. 2009; 3(4):11-18.

1404

3. Johannesson P., Tohlang S.L. Lessons learned
from Mohale. The International Water Power & Dam
Construction. 2007; 59(8):16-18,20-22,24,25.

4. Ma H., Fudong Chi F. Technical progress on
researches for the safety of high concrete-faced rockfill



loaTanHoCTb BO3BEAEHNS KAMEHHO-HabPOCHOM MI0TUHbI — C10CO6 perynpoBaHus
Hanpsi»KeHHo-Ae(popMUPOBaHHOI0 COCTOSIHUS XKeNe306E€TOHHOIro aKpaHa

C. 1395-1406

dams. Engineering. 2016; 2:332-339. DOI: 10.1016/j.
eng.2016.03.010

5. Pinto N.L., Marques P.L. Estimating the maxi-
mum face slab deflection in CFRDs. The International
Journal on Hydropower & Dams. 1998; 5(6):28-30.

6. Silva da A.F., Assis de A.P., Farias de M.M.,
Neto M.P.C. Three-dimensional analyses of concrete
face rockfill dams: Barra Grande case study. Elec-
tronic Journal of Geotechnical Engineering. 2015;
20(14):6407-6426.

7. Scuero A.M., Vaschetti G.L. Underwater re-
pair of a 113 m high CFRD with a PVC geomembrane:
Turimiquire managing dams: Challenges in a time of
change. Proceedings of the 16th Conference of the Brit-
ish Dam Society. 2010; 474-486.

8. Xavier L.V., Albertoni S.C., Pereira R.F., An-
tunes J. Campos Novos dam during second impound-
ing. The International Journal on Hydropower & Dams.
2008; 15:53-58.

9. Song W.J., Sun Y, Li L, Wang Y. Cause analy-
sis and treatment of 1st phase slab cracking of Shuibuya
CFERD. Journal of Hydroelectric Engineering. 2008;
27(3):33-37.

10. Yifeng Chen, Ran Hu, Wenbo Lu, Dianqging
Li, Chuangbing Zhou. Modeling coupled processes
of non-steady seepage flow and non-linear deforma-
tion for a concrete-faced rockfill dam. Computers and
Structures. 2011; 89(13-14):1333-1351. DOI: 10.1016/j.
compstruc.2011.03.012

11. Mokhtar Pour E., Freitas Jr. M.S. Rehabili-
tation for high concrete faced rockfill dam (CFRD):
Availability and vulnerability. Dam Maintenance and
Rehabilitation Il — Proceedings of the 2nd Internation-
al Congress on Dam Maintenance and Rehabilitation.
2011; 881-887.

12. LiN., WangJ., Mi Z., Li D. Deformation safe-
ty of high concrete face rockfill dams. Challenges and
Innovations in Geotechnics : 18th International Confer-
ence on Soil Mechanics and Geotechnical Engineering
(ICSMGE). 2013; 4:3301-3304.

13. Hu K., Chen J., Wang D. Shear stress analysis
and crack prevention measures for a concrete-face rock-
fill dam, advanced construction of a first-stage face slab,
and a first-stage face slab in advanced reservoir water
storage. Advances in Civil Engineering. 2018; 2018:1-
10. DOL: 10.1155/2018/2951962

14. Arici Y. Investigation of the cracking of
CFRD face plates. Computers and Geotechnics. 2011;
38(7):905-916. DOI: 10.1016/j.compgeo.2011.06.004

15. Dakoulas P., Thanopoulos Y., Anastasopou-
los K. Non-linear 3D simulation of the construction and
impounding of a CFRD. The International Journal on
Hydropower and Dams. 2008; 15(2):95-101.

16. Aleman-Velasquez J.D., Marengo-Mogol-
lon H., Rivera-Constantino R., Pantoja-Sanchez A.,
Diaz-Barriga A.F. Relevant aspects of the geotechnical
Design for ‘La Yesca’ Hydroelectric Project and of its
behavior during the construction stage: The Mexican

experience in concrete face rockfill dams. URL: https://
ru.scribd.com/document/125483416/Relevant-Aspects-
of-the-Geotechnical-Design-and-Behavior-of-La-Yes-
ca-Dam

17. Sainov M.P. Impact of rockfill deformation
on stress-strain state on dam reinforced concrete face.
Vestnik MGSU [Proceedings of Moscow State Uni-
versity of Civil Engineering]. 2015; 3:69-78. DOI:
10.22227/1997-0935.2015.3.69-78 (rus.).

18. Sainov M.P. Perfomance of rockfill dam con-
crete face in 3D conditions by the results of numeri-
cal modeling. Volga Region Scientific Journal. 2015;
3(35):25-31. (rus.).

19. Sainov M.P. Impact of dam site configuration
on 3D stress-strain state of concrete faced rockfill dam.
Magazine of Civil Engineering. 2016; 63(3):16-39. DOI:
10.5862/MCE.63.2 (rus.).

20. Li N.-H., Sun D.-W., Li D.-H., Deng Y .-G.,
Yang J. Deformation behavior of 300 m high-concrete face
rockfill dams. Yantu Gongcheng Xuebao (Chinese Journal
of Geotechnical Engineering). 2009; 31(2):155-160.

21. Wang L.-B., Yan Q. Analyze on develop-
ment prospects of 300m level ultra-high CFRD from
Shuibuya high CFRD. 4sia-Pacific Power and En-
ergy Engineering Conference, APPEEC. 2010. DOI:
10.1109/appeec.2010.5448667

22. Zhou W., Hua J., Chang X., Zhou C. Settle-
ment analysis of the Shuibuya concrete-face rockfill
dam. Computers and Geotechnics. 2011; 38(2):269-280.
DOI: 10.1016/j.compgeo.2010.10.004

23. XuB., Zou D, Liu H. Three-dimensional sim-
ulation of the construction process of the Zipingpu con-
crete face rockfill dam based on a generalized plasticity
model. Computers and Geotechnics. 2012; 43:143-154.
DOI: 10.1016/j.compgeo.2012.03.002

24. Pinto de N.L.S., Filho M.P.L., Maurer E. Foz
do Areia dam — design, construction, and behaviour.
Proceedings of the Symposium on Concrete Face Rock-
fill Dams-Design, Construction and Performance. 1985;
173-191.

25. Zhang B., Wang J.G., Shi R. Time-dependent
deformation in high concrete-faced rockfill dam and
separation between concrete face slab and cushion layer.
Computers and Geotechnics. 2004; 31(7):559-573. DOL:
10.1016/j.compgeo.2004.07.004

26. Park H.G., Kim Y.-S., Seo M.-W., Lim H.-D.
Settlement behavior characteristics of CFRD in con-
struction period. Case of Daegok dam. Journal of the
KGS. 2005; 21(7):91-105.

27. WenL.,ChailJ.,XuZ.,Qin Y., Li Y. Junrui C.
A statistical review of the behaviour of concrete face
rockfill dams based on case histories. Géotechnique.
2018; 68(9):749-771. DOI: 10.1680/jgeot.17.p.095

28. Sainov M.P. Computer program for the calcu-
lation of the stress-strain state of soil dams: experience
of creation, techniques and algorithms. International
Journal for Computational Civil and Structural Engi-
neering. 2013; 9 (4):208-225. (rus.).

1405

81L0Z ‘L1 @nss| € awnjop . BusauiBug [IA1D 10 AlISISAIUN 8181S MOISOIN JO SBUIP9220Id « NSOIN MIUISSA

8102 ‘L1 »9Auag € wo

A9JIN ¥mMHLO9g

(aunuO) 0099-0£Z NSSI (ulid) GE60-266T NSSI



A.A. lNodebicouykuti, M.I1. CauHoe, B.5. Copoka, M.J1. JocoHoe

Received September 1, 2018
Adopted in a modified form on October 9, 2018
Approved for publication October 29, 2018

ABouT THE AUTHORS: Aleksei A. Podvysotckii — Candidate of Technical Sciences, Head of the Hydrotechnical
Department—2, AO “Mosoblgidroproekt”, 1 Energetikov st., Dedovsk, 143532, Russian Federation, PodvisokiiAA (@
hydroproject.com;

Mikhail P. Sainov — Candidate of Technical Sciences, Associate Professor of Department Hydraulic and
Hydraulic Engineering, Moscow State University of Civil Engineering (National Research University) (MGSU),
26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation, mp_sainov(@mail;

Vladislav B. Soroka — graduate student, of Department Hydraulic and Hydraulic Engineering, Moscow State
University of Civil Engineering (National Research University) (MGSU), 26 Yaroslavskoe shosse, Moscow,
129337, Russian Federation, vastion08@yandex.ru;

Mark L. Dogonov — graduate student, Moscow State University of Civil Engineering (National Research
University) (MGSU), 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation, Ohpor8@gmail.com.

Tom 13 Beinyck 11, 2018

ISSN 1997-0935 (Print) ISSN 2304-6600 (Online)

BectHuk MICY
Vestnik MGSU -« Proceedings of Moscow State University of Civil Engineering « Volume 13 Issue 11, 2018

1406



