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AHHOTALUMA

BeeneHune. OQHUM 13 OCHOBHbIX MPUHLMMOB KOHCTPYVPOBAHWNSA COBPEMEHHbIX CBEPXBbLICOKUX KAMEHHO-HAaBPOCHbLIX NIOTUH
C Xene3o6eTOHHbIM 3KPaHOM SBMAETCSA NPUHLMM 30HUPOBAHUS KAMEHHOW HabpOCKM pa3HOro kayecTsa B Tene nioTuHbl. OH
npegycMaTpuBaert, YTo kameHHas Habpocka B BEPXOBOM YacTy YNOPHON NPU3Mbl AOSMKHA ObITb YyNOTHEHA MakcuMarnbsHO
TLWaTenbHO, YTOObl MakcUMarnbHO CHU3WUTb NPOrMbbl Xene3obeTOHHOro aKkpaHa. B HM30BOWM YacTy YNopHON Npu3Mbl JomMy-
ckaeTcs ykrnajgka pa3HOpOAHOW KaMeHHOM HabpoCKM C MeHbLUEN CTEeMNEHbIO YNNOTHEHUS. AHanNU3 pe3ynsTaToB HaTypPHbIX
HabnoaeHWn 3a ocafkaMn NOCTPOEHHbIX MIOTUH MOKa3bIBAET, YTO A@HHAs CXxema 30HMPOBaHMSA MOXET MPUBOAUTDL K 3HaYM-
TEnbHON HEPAaBHOMEPHOCTU B pacnpeaeneHny moaynev AedpopmManmm KaMeHHON Habpockn Mexay BEPXOBOW 1 HU30BOW Ya-
CTAMW NAOTWHbI. BbINOMHEHHOE HaMK paHee YMCIIEHHOe MOAEeNUpPOBaHMe pearbHOM NoTUHBI Aguamilpa nokasano, YTo 3ToT
3ahheKT MOXET Bbl3aBaTb HebnaronpusiTHoe HanpshxeHHo-AedopmmpoBaHHoe cocTosiHne (HOC) xeneaobeToHHOro akpaHa,
yrpoxatoliee obpasoBaHviem TpeLUmH. Hamu 6bino pekoMeHA0BaHO NMPUMEHSATb NIOTUHBI OQHOPOAHOrO CTpoeHus. OgHako
3TOT BbIBOJ HEKOTOPbIE 3KCMEPTbl MOCTaBUMN Nog coOMHeHne. C Lenbio NOATBEPANTL U ONPOBEPTHYThb AaHHbIV BbIBOA, Obiniu
npoBefeHbl bonee WMPOKMe NccneaoBaHNs, peaynbTaTbl KOTOPbIX OnucaHbl B paboTe.

MaTtepuanbl u metoabl. ViccnenosaHns NpoBefeHbl METOAOM KOHEYHbIX 3MTEMEHTOB Ha NpuMepe KaMeHHo-HabpocHon
nnoTuHel BbicoTon 100 M. PaccMoTpeHbl pasHble BapuaHTbl AedopMaTBHBIX CBOMCTB KaMEHHOW Habpockn B BEPXOBOM U
HM30BOW YaCTSAX YNOPHOW NPU3Mbl MAOTUHbI.

Pe3synbraTtbl. AHanu3 pesynsraToB UCCIeqoBaHW NOATBEPAUN caenaHHble paHee BbiBoAbl 06 ocobeHHocTsix HOC xene-
306€eTOHHOTO 3KpaHa KaMeHHO-HabpPOCHOW NMOTVHBI. BbisSiBNEHO, YTO NoBbilLeHVe A4edOpMUPYEeMOCTU KaMeHHON Habpocku
B HW30BOW YacTy YNOPHOW NPM3Mbl NIIOTUHBI MPUBOAUT K MOSIBIIEHUIO B 3KpaHe AOMOMHUTENBHOIO pacTarnearoLLero npo-
AonbHoro yeunms. OHO NOBbILAET PUCK 06pa3oBaHNs B 3KpaHe CKBO3HbIX MomnepeyHbix TpewnH. OgHako HeogHOpoaHoe
CTPOEHMWE YNOPHOW NPY3MbI MIOTUHBI MOXET HE UMETb PELUAoLLEro BNSAHUA Ha BENUYMHBI HANPSXXEHWI, Tak Kak 6onbLuyio
posb UrpaeT BenuynHa narnbatoLero MOMeHTa.

BbiBoabl. Pe3dynbraThbl BbINOMHEHHOIO MCCNeoBaHus, a Takke NpakTka CTPOUTENbCTBA COBPEMEHHBIX NMOTUH MOKa3biBaOT
HEeobXxoaUMOCTb U3MEHEHUS TPAAMLMOHHON CXeMbl 30HMPOBAaHWS KAMEHHON HAabpOoCku B Tene nnoTuHbl. Tpebyetcs obe-
cneyvmBaTh CHUXKEHME pasnuymin B 4eOPMUPYEMOCTU KAMEHHOW HAaBbPOCKN MEXAyY BEPXOBOMN U HU30BOW YaCTSMU NIOTUHbI.

KNOYEBbBIE CJTOBA: kameHHO-HabpocHast MroTMHa C kene300eTOHHbIM 3KpaHOM, HanpsikeHHO-A4edOopMMpPOBaHHOE
COCTOsIHME, YUCTIEHHOE MOAENUPOBaHME, 30HMPOBaHNE KaMeHHON Habpockun, Moayrnb AedopMaLimn, MPOYHOCTb, NPOAOIIbHAs
cuna, nsrmbarLwmin MOMeHT
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ABSTRACT

Introduction. One of the main principles in designing modern ultra-high rockfill dams with reinforced concrete face is the
principle of zoning rockfill of various quality in the dam body. It envisages that rockfill in the shell upper part should be
compacted very carefully in order to minimize to the maximum the deflections of the reinforced concrete face. In the shell lower
part it is allowed placing heterogeneous rockfill with less degree of compaction. Analysis of the results of field observations
over settlements of the already constructed dams shows that this pattern of zoning may lead to considerable irregularity in
distribution of rockfill deformation moduli between the upstream and the downstream parts of the dam. Numerical modeling of
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the existing Aguamilpa dam carried out by use arlier showed that this effect may be caused by unfavorable stress-strain state
of the reinforced concrete face threatening with crack formation. Were come ended using dams of homogenous structure.
However, this conclusion caused doubts of some experts. More detailed studies who see results are described in this article
were conducted in order to confirm or disprove this conclusion.

Materials and methods. The studies were conducted by finite element method on the example of 100 m high rockfill dam.
Different alternatives of rockfill deformation properties in the shell upstream and downstream parts were considered.
Results. Analysis of the results of studies confirmed the conclusions made earlier about the features of the rockfill dam
reinforced concrete face stress-strain state. It was revealed that increase of rockfill deformation in the dam shell downstream
part leads to appearance of additional tensile longitudinal force in the face. It increases the risk of appearance of through
transversal cracks in the face. However, the heterogeneous structure of the dam shell may not have a decisive impact on
stress values because the value of bending moment plays a great role.

Conclusions. The results of the fulfilled study as well as modern dam construction practice show the necessity of modifying
the traditional pattern of rockfill zoning in the dam body. It is necessary to provide decrease of differences in rockfill
deformation of the upstream and downstream parts of the dam.

KEYWORDS: concrete-face rockfill dam, stress-strain state, numerical modeling, rockfill zoning, deformation modulus,
strength, longitudinal force, bending moment
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BBEJIEHUE

B Mupe nocrpoeHo 00JbI110€ KOJIMYECTBO KAMEH-
HO-HaOPOCHBIX IUIOTUH C KeJIe300€TOHHBIMH dKpaHa-
MU, HaKOIUIEH OOJIBIION ONBIT UX HNPOEKTHPOBAHMS,
CTpoUTENbCTBA U dKcIutyatauuu [1-5]. Teopus mpo-
€KTUPOBAHUS IUIOTHH 3TOI0 THIA CYUTAETCS XOPOIIO
pa3paboTaHHOM, €€ OCHOBHBIC MOJIOKEHUS H3JI0KEHBI
B pexomenaanmsax ICOLD!. OqHuM U3 «KpaeyroabHbIX
KaMHEI» 3TOU TEOPUMU SBIIAIOTCA PEKOMEHIALUU 110 30-
HUPOBAHMIO KaMEHHOW HAaOPOCKH B TeJje IUIOTUHBI [6].
[enb 30HUPOBAaHUSI — TaKOE pacIpeeeHne KaMeHHOM
HaOpOCKH pa3HOro KauecTsa, KOTOPOE, C OJHOM CTOpPO-
HbI, 0OeCreunBaeT yMeHblIeHHE AeopMaruii )Kese30-
OETOHHOIO 3KpaHa, a C PYroil — CHIKAET 3aTpaThl Ha
CTPOUTEIBCTBO.

B cootBerctBUM ¢ pexomengauusmu [COLD
yHOpHas NpU3Ma INIOTUHBI UMEET HEOHOPOAHOE CTPO-
€Hue, T.€. COCTOMT U3 HEeCKOJIbKUX 30H (puc. 1). Hemo-
CPEICTBEHHO MOJ ’KeJI€300€TOHHBIM IKPAaHOM yCTpau-
BaIOT MOJIPKPAHOBYIO 30HY TOIIIUHOMN 3...5 M (30Ha 2),
B KOTOPYIO YKJIa/JIbIBaIOT PA3HOPOIHBIN 1I€OEHb KpyTI-
HOCThIO 10 100 MM. BbICOKast MIIOTHOCTH YIUIOTHEHUS
IpYHTa NOAKPAHOBOW 30HBI JOJIKHA 00ECIIEYUTh BbI-
paBHuBaHue nedopmanuii xene300eTOHHOTO JKpa-
Ha. B ocHOBHOM 0ObeMe ymopHOW mpusmbl (30Ha 3)
KaMEHHYI0 HaOpOCKY pacIpeelsiioT B 3aBUCUMOCTH
0T KauecTBa YMJIOTHEHHUs 1o 2-3 30HaMm. B Bepxooit

' ICOLD. Concrete Face Rockfill dams : Concepts for
design and construction // International Commision on Large
Dams. 2010. Bulletin 141. 401 p.

YacTH yMOpHOM mpu3Mbl (30Ha 3B) kameHHyr0 Habpo-
CKY YIUIOTHSIIOT 0COOEHHO TinaresnbHo. Ee coprupyror
U YKJIQJIbIBaIOT TOHKUMH CJIOSIMH (TONIIMHOM 70 0,5 M).
B Hu30BO# yacTu ynopHoii npusmsl (30Ha 3C) KadyecTBy
YIUIOTHEHUS] KAMEHHOW HaOpOCKHU YIENSIOT MEHbIIee
BHUMaHKE. OHA MOXET OBITh OOJIee Pa3HOPOIHOM, MOo-
9TOMY YIUIOTHEHHE €€ MPOU3BOIST CIIOSIMU TOJIIMHON
oxosio 1 m. ITo 3ambicity pa3pabOTYMKOB, TakKasi cxema
30HUPOBaHHUA (pacHpesesieHns) KAMeHHONH HaOpocKu
JOJDKHA TIPU MHUHHMYME 3aTpar 00ecleduTh OJaro-
MIPUSTHOE HAPSDKEHHO-Ae(OpMHUPOBAaHHOE COCTOSTHHE
(HAC) xene306eTOHHOTO KpaHa.

Puc. 1. CxemMa KOHCTPYKIHMU KaMEHHO-HAOPOCHOH ILIOTH-

HBI C JKeJIe300€TOHHBIM SKPaHOM: [/ — 3alIUTHAs MPHU3Ma;
2 — monpKkpanoBas 30Ha; 3B, 3C — 30HBI yIIOPHOI MTPU3MBL
3 — xene300eTOHHBIH YKpaH

Opnnako Haie ucciefoBaHue [7], IpoBelIeHHOE
JUIsl peajbHOl ioTuHbl Aguamilpa (Mekcuka), npo-
JEMOHCTPUPOBAJIO, YTO TPAJUIHMOHHAS CXeMa 30HU-
pOBaHMsI KAMCHHON HaOpPOCKU MOXKET HeOJIarompusT-
HO ckasbiBaTbest Ha HIC jxene300eTOHHOTO dKpaHa.
HarypHble HabOiIro[eHUs 32 OCaIKaM¥ JaHHOW TIOTH-
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HbI [8] MOKa3bIBAIOT, YTO 1eHOPMUPYEMOCTh KaMECH-
HOW Habpocku B 30Hax 3B u 3C cunbHO pasnngaercs.
Hamu ObUTO yCTaHOBIJICHO, YTO OCPEIHCHHBIH MOIYJIb
JIMHEHHOM nedopmanun £ KaMeHHOM HaOpOCKH B 30HE
3B nocruraet 500 MITa, B To Bpems kak B 30He 3C oH
coctasnser gumb 30 MIla [7]. Yucnennoe moaenu-
pOBaHHUE T0Ka3ajo, YTO M3-3a HEOJHOPOIHOCTH pac-
MPEICIICHUS] KAMCHHON HaOPOCKH B JKEJI€300€TOHHOM
9KpaHe yBEJIMYUBACTCS PACTITUBAIOLIECE YCUIINE B Ha-
HpaBJICHUH BJIOJIb OTKOCA. Eciin OBl TEJI0 IIOTHHBI HMe-
JIO OTHOPOJTHOE CTPOCHHUE C MOy IeM edopmanuu £ =
200 MlIla, To HJIC skpana 6bu10 Obl GONIEE Onaronpu-
saTHeIM. Hamu 6])1.]'1 CACJIaH BbIBOJ O TOM, YTO HCOAHO-
pozaHoe pacripeaeeHue 1ehopMUPYEMOCTH KaMEHHOM
HaOpOCKH B yIIOPHOH NMpH3Me, TPEAYCMOTPEHHOE TPH-
HATON CXeMOH 30HMPOBaHUS, SIBISETCS HEOIAronpusT-
HbIM (pakTOpOM. PEKOMEHI0BAaHO MPUMEHSThH YIIOPHBIC
HPU3MBI OJHOPOAHOTO CTPOCHHUSI.

Ho B xozie anpo6ariu paboThl pe3yibTaThl HAlluX
UCCIIEIOBaHUI OBLIIM OTBEPTHYTHI HEKOTOPBIMHU «IKC-
nepramu». MmMu ObUIO yKa3aHO Ha «OIIMOOYHOCTD BbI-
BOJIa O HEXeEJaTeJIbHOM 30HUPOBAHUY TPYHTOB B Telle
IUIOTHHBI C )KEJIe300€TOHHBIM YKPAHOM», XOTS HUIJIE
B pabote [7] BbIBO/IA O HEXKEIATSIIbHOCTH 30HUPOBAHUS
KaMEHHOW HaOPOCKH B TeJie IUIOTHHBI C/ICJIaHO He ObUIO.
UYToObI ONIPOBEPTHYTH (MM MOATBEPIUTH) CACIAHHYIO
OLICHKY BJIMSIHHSI 30HUPOBAaHMSI KAMEHHOW HaOPOCKHU Ha
HaACKHOCTb HpOTl/IBO(l)I/lﬂpraL[I/IOHHOFO OKpaHa, HaMU
MPOBE/ICHBI 00JIce TOAPOOHBIC UCCIICIOBAHMSI, PE3YIIb-
TaTbl KOTOPLIX OIIMCAHBI B }laHHOﬁ CTaThbe.

MATEPHAJIBI U METO/JbI

HccnenoBanusi MpoOBOAMINCH METOJOM KOHEY-
HbIX JJIEMCHTOB AJIs1 a6CTpaKTHOﬁ MJIOTHHBI BBICOTOM
100 M (puc. 1). 3anoxxeHre 0TKOCOB IJIOTUHBI COCTAB-
nser 1,3 (yxnon orkoca — 1:1,3). Tonmunua skpana
MPUHHUMAJIACh MOCTOSHHOMN 1O BBICOTE U paBHOM | M.
Ona Obl1a 3aBBIIICHA 10 CPABHEHUIO C PEKOMEH1aIlH-
smu ICOLD?.

[Ipu pacuerax yuuTBHIBAIMCH HArpy3KH OT COO-
CTBEHHOTO Beca IUIOTUHBI U TM/IPOCTATHYECKOTO JIaBiie-
HUsI BepxHero Obeda. B coorBercTBHM ¢ TpeOOBaHMsI-
mu CIT 39.13330.2012 moaenupoBaiach MO3TAMHOCTD
BO3BCJCHMS IUIOTUHBI U HAIIOJIHECHU S BOAOXPAHUJIUILIA.
[TpuHMMaNOCh, YTO HAIIOJIHEHUE BOJOXPAHMIIHIIA [IPO-
HCXOMT TOJIBKO TIOCIIE 3aBEPILIECHUS OTCHINKHU IUIOTHHBIL.

Jst xxene300eToHa MOMY/Ib JTMHEHHOM Aedopma-
uuu npuaumaics pasaeiM 30 I'Tla, koapdunment I1y-
accoHa — 0,2. Hanuuue apMaTypsbl B 9KpaHe HE YUUTHI-
BAJIOCh, TaK KakK [P IPUHATOM B POEKTHOI ITPaKTHKE
nporueHte apmuposanus (0,3...0,5 %) oHO He urpaer
cymiecTBeHHON pomu [9]. s olleHKH BO3MOXKHOCTH
00pa3oBaHus B 9KpaHe TPELIMH PacyeTHOE CONPOTHB-

2 B tpymax ICOLD! tommuHy MOHHU3Y Kele300eTOHHOTO

9KpaHa IJIOTHHBI BbICOTOH 100 M peKoMeH/1yeTCst yCTaHaBIIH-
BaTh paBHOH 0,6 M.

JIHUE Ha pacTsHKeHHe NMPUHUMANoch paBHbIM 1,8 MIla
Kak Juist 6etona kimacca B30°.

B nensax ynpomenust ananuza npu pacaerax HIC
JUIsl KAMEHHOW HaOpOCKH MCIOJIb30BalIaCh MOJIEIb JIU-
HeitHoro nedopmuposanus. Koapduuuenr Ilyaccona
rpyHTa ObUT IPUHSAT paBHbIM 0,25.

CocraBieHHast YUCIEHHAs MOJENb MJIOTHHBI Ha-
cuuTbiBasia 977 KOHEUHBIX 3JIEeMEHTOB. KOHTaKThI
KeJIe300€TOHHOTO dKpaHa C I'PYHTaMH, a TakKe Ie-
pUMETpaJIbHBIA IIOB MOAEIHUPOBAINUCH C MOMOIIBIO
KOHTaKTHBIX KOHEUHBIX 31eMeHTOoB. [Tpu cocraBnenun
YHUCICHHON MOJAEH IUIOTHHBI HCIIOIB30BAIUCH KOHEY-
HBI€ JIEMEHTHI BBICOKOT'O MOPSJIKa, C KyOHMueckon cre-
NIEHBIO aNIpoKCHMAIMK repeMelneHuid. Obiee Kou-
4eCTBO CTEIeHeH CBOOO/IbI B MOZIENN COCTaBMIIO 9174.

PacdeTs! MpOBOIMIINCE IS HIMPOKOTO UAra30Ha
nehopMUPYEMOCTH KaMEHHOW HaOpOCKH, HaOroqac-
MOro B peanbHbIX miotuHax [10-13]. Paccmarpusa-
JINCh YEThIpE BapUaHTa 3HAYECHUH MOJYJs JIMHEHHOU
nedopmaru E Habpocku B 30He 3B — 60, 120, 240
u 480 MIIa u 5 Bapuantos £ B 3oue 3C — 30, 60, 120,
240 u 480 MIla. B 3aBucuMOCTH OT KOMOMHALIUU MO-
nyneit nedopmanuu 308 3B u 3C iotnHa Moriia ObITh
00 OHOPOIHOM, JTHOO HeomHOpOaHOM. [Ipu 3TOM HE
paccMaTpuBaIiCh BapUaHThI, B KOTOPHIX £ 30HEI 3B
Oosniee uem B 8 pa3 Ooubliie WK B 2 pa3a MEHbIIE, YeM
B 30He 3C. Beero Obuio paccmorpeHo 16 pacueTHbIX
BapUaHTOB.

Pacuerst HIIC moTuHbI ObUTH MTPOBEACHBI 110 CO-
crapneHHoi M.II. CauHOBBIM BBIYHCIUTENBHON MPO-
rpamme [ 14].

PE3YJIBTATBHI HCCJIEJOBAHUA

AHanu3 pe3yabTaroB pacyeToB MOTBEPIHI BbIBO-
Ibl 00 ocHOBHBIX ocobenHocTsax HIC »xene300eToH-
HOTO JKpaHa, MOoJy4YeHHble HaMH paHee [15]. Dxpan
UCIIBITBIBAET HE TOJIBKO AedopMaliuu n3rnda, Ho U Mpo-
JOJIbHBIE JiehopMaliy YIUIMHEHUSI—YKOPOUeHHUs! (BEIU-
uyrHoi MeHee 1-107). JlaHHBIN BBIBOJ MOJyYEH TAKKe
B pabote [16]. M3rub sxpaHa NpoUCXOJUT B HU30BYIO
CTOpOHY. MakcuMyM HporuOoB npuxoauTcs Ha V45 M,
[03TOMY B HMIKHEH 4acTH SKpaHa U3ru0 MposBIseTCs
Ooubliie, yeM B BepXHel. MakcHUMalbHbII POruod sKkpa-
Ha ripu £ = 60 MIla cocrasmsier 42 cm. O nedopmanu-
X YIJIMHEHUS—YKOPOYEHUs DKpaHa CBUAECTEIbCTBYET
pacKpbITHE IEPUMETPATILHOTO I1IBa.

ITo pesynbraram pacueroB HJIC moctpoens! amro-
PBI pacIpenenenus 1o BbICOTE MPOAOIBHBIX HaIpsKe-
HUI1 Ha BEPXOBOM M HU30BOMU IpaHsX >Kelle300eTOHHOTO
skpaHa (puc. 2, 3)*. BeuIM mpoaHaNU3UPOBAHBI MPO-
JOJIbHBIC HaIPsPKCHUS, T.€. HAIIPSAXKCHUA B HallpaBJie-

3 CII 41.13330-2012. BeroHHBIE U KeIE300€TOHHBIE KOH-

CTPYKLHUH TUIPOTEXHUYECKUX COOPYKEHHH. AKTYyaTH3UpO-
BanHas penakuus CHull 2.06.08-87 (¢ Usmenennem Ne 1).
M., 2012. 86 c.

4 Ha pucyHKax BENHYHHA «)» COOTBETCTBYET BBICOTE TOUKH
9KpaHa.

B3NP3 pue 3duIIg
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HUHM BJIOJIb OTKOCA. AHAJIN3 TI0Ka3aJl, YT0 OETOH HKpaHa
MOJKET UCIBITBIBATH KaK COKaTHE, TaK U PACTSIKEHHE.
Kak mpaBuiio, uz-3a nedopmanuii u3ruda mpooibHbIC
HaIpsDKEHUS Ha HU30BOW I'PaHU — pacTATHBAIOLINE,
a Ha BepxoBoil — cxkumaromue (puc. 2). OgHako 3a
CUET HAJIMYMS NPOAOJIBHBIX JMHEHHBIX aedopmanuii
HaIIPSDKEHUS] HAa BEPXOBOM U HU30BOM I'PaHIX HE PABHBI
JPYT JAPYTY 10 aOCOJTIOTHOM BENNYMHE.

B skpaHe MOXHO BBIJCIHUTH JABa XapaKTEPHBIX
ydacTka. Ha HuKHeM ydacTke 9KpaH UCTIBITBIBACT MPO-
JOJIbHOE YAJIMHEHHUE, a Ha BEpXHEM — YKOPOYECHHE.
B niotuHe 0JHOPOJHOTO CTPOEHUS IPAHHUILA MEKTY
HIDKHMM U BEPXHUM Y4YacCTKaMH pacrojaraercs Mmpu-
MepHo Ha V35 m.

N3-3a gedopmaiuii mpoaoIbHOTO YIJIHHCHHS
1 MOBBIIIEHHBIX JeopMalvii n3ruda HUKHUI y4acToK
sBisieTcst Oonee oracHbIM. Ha 9TOM yuactke pactsirua-
IOLUE HANPSIKEHUs B dKpaHe JOCTUTAI0T MAKCHMAaJlb-
HBIX 3HAYCHUH. 3/1€Ch MOXXHO OXKHATh 00pa30BaHMUs
B DKpaHe IMOMNEePEUYHBIX TPEIIHUH 3a CUeT HApyIIEHUs
YCIIOBUS IPOYHOCTH OETOHA Ha pacTspkeHHe. Bo3Moxk-
HOCTb BO3HHUKHOBEHUS B 9KpaHEe MPOJOIbHBIX PaCTSITH-

BAIOILMX HAIPSDKEHUN ITOATBEPXKAACTCS pe3ysibTaTaMu
uccienoBanuit [16—19]. Haubosiee onacHoe ceycHHE
PACIIOJIOKEHO [JIe-TO BOJIM3H MOMOIIBEI TUTOTUHBL. [1po-
JIOJILHOE YCHJIME B OKPaHE JOCTUTAET CBOETO MaKCUMY-
Ma Ha V12 M (puc. 3), a Ha V5 M cBOero Makcumyma
JoCTUraroT nedhopManuu u3ruoa.

I[.HSI TIJIOTUHBI OAHOPOJHOT'O CTPOCHUA 6]:.1.]'10 BbI-
SIBJICHO, YTO YBEJIMYCHUE MOJYJS JIMHEHHOW aedop-
Maiuu £ KaMeHHOW HAOPOCKHU BENET K YMEHBIICHUIO
B JKpaHe MPOJOJIbHOTO pPAaCTITHBAIOIIETO YCHIIUS
U K YMEHBLICHUIO M3rH0aroero MoMeHTa. JTo mpo-
HCXOAMT M3-32 YMEHbILIEHHs JiehopMalnii IUIOTHHBL.
Crenens BIusHUSA £ Ha NPOJOIBHOE PACTATHBAOIIEE
yCWJIME U Ha M3rHOaroMii MOMEHT pa3inyHa. Bennuu-
Ha U3ru0aroIIero MOMeHTa 00paTHO MPOIIOPLHUOHATBHA
BenuurHE E, B TO BpeMsl KaK Ha MPOAOJIBHOE YCUIIHE
MOIyJIb nedopMaiuu £ BIMSICT B MCHBIICH CTCIICHH.
Veenuuenue £ B 4 paza (¢ 60 no 480 MIla) cHuzumno
pacTsruBaroiiee MnpojaoiabHOe HampspkeHue ¢ 2,3 1o
1,6 MIla, T.e. numb Ha 30 % (puc. 3).

Takum 00pa3zoM, NMPOJOJIBHOE pacTArHBarollee
yCHIIME UMEET ONPEACISIONIYI0 posiib B (hopMupoBa-
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nun HJIC xene3obetonHoro skpana. OHO co3maer
OIIACHOCTb HAPYILEHHUS YCIIOBUS IIPOYHOCTH OETOHA Ha
pactspkenue. Ilpu £ > 360 MIla npononsHOe ycunue
MIPEBBILIAET PACUETHOE CONPOTHBIICHUE OETOHA Ha pac-
Tsokenue (1,8 MIla). A ¢ yueTom HaaHMuus MOMEHTHOM
COCTaBJIAIOLIEH HAIPSKEHUSI HA HU30BOM I'paHU IIpe-
BBIINIAIOT IPOYHOCTh OETOHA HAa PACTSDKEHHE JTaXkKe MPU
E =480 MITa.

B BapuaHTax ¢ BBICOKMM 3HAYE€HHEM MOAYIS Jie-
¢dopmanun £ kaMeHHOI HaOpPOCKM 3a CUET YMEHbIIIe-
HUSl M3THOAIOIIEr0 MOMEHTa 30Ha PaCTSITHMBAIOLIMX
3HaYeHUI 00pa3yeTcst He TOJIBKO Ha BEPXOBOM, HO U Ha
HU30BOI1 I'paHu 3kpaHa. Ha oTnenbHbIX ydyacTkax s9KpaH
HCHBITBIBACT PACTSHKEHHUE IO BCEH TOJIIMHE.

CpaBHeHHE Pe3yNbTaToB YHUCIEHHOTO MOAEIUPO-
Banust HJIC pa3HbIX BapuaHTOB MO3BOJIUIIO OTNIPEAETUTH
BIIMSTHHE HEOJHOPOHOTO CTPOCHHUS YIOPHON MPU3MBI
Ha HJIC >xene300eTOHHOrO 3KpaHa. BbUIO BBISBICHO,
4TO BEJIMYMHA MOIYJsl JnedopManuy KaMEeHHOH Ha-
Opocku E B 30He 3C nmpakTUYECKH HE BIUSET Ha Be-
JIMYUHY M3rHOAIOIero MOMEHTA, HO CHIIBHO BIIMSIET Ha
nedopManry yKOpoueHHss—YIUIMHEHHsI. YMEHbILICHHE
Monyis nedopmanuu B 30He 3C MPUBOAMT K yBEITHYC-
HUIO MPOAOJIBHBIX PACTATHBAIOIINX YCHIMH B KpaHe
(puc. 4). YBenuunBaercsd Kak MaKCUMalbHOE 3Haue-
HHUE PACTSATUBAIOILET0 HAMPSHKEHU, TaK U JJIMHA 30HBI
pactskenusa. Hanpumep, B BapuanTte, xorna B 30He 3B
Moaynb aedopmanuu cocrasisier 480 MIla, a B 30He
3C — 60 MIla skpaH HCHBITHIBAET PACTSKEHHUE T10
Bceil cBoelt nnuHe (puc. 4).

Bbu1 npoBeneH aHanu3 U3MEHEHUS! BETMYUH MaK-
CUMAaJIbHBIX 3HAYEHUIN PaCTATUBAIOIIUX HANPSIKEHUH
B 3aBHCHMOCTH OT ITOKa3aTens 7, KOTOPBIM paBeH OT-
HOILICHUIO MOAYJIS AepOopMalii KaMCHHON HaOpOCKH
B 30He 3B k Monymto nedopmanuu B 30oue 3C. [lokasa-
TeJsb n HaxoauTcs B npenenax ot 0,5 no 8. ITomyueHHsle
3aBUCUMOCTH MOKa3aHbl Ha puc. 5.

Bbu10 BBISIBIIEHO, YTO 4eM OOJble BeJIUYMHA 71,
TEM BBIIIE TPOIOJIbHBIE PACTATUBAIOIINE HATIPSKEHUS
Ha BepxoBo# rpanu (puc. 5, a). Kpome Toro, npu n < 1
HJIC skpana Gosee OaaronpusTHOE, 4YeM B YIOPHOU
MIpU3Me OTHOPOAHOTO CTpoeHus. B To ke Bpems Bemu-

YMHA /1 TIPAaKTUYECKU HE CKa3bIBAE€TCA Ha MaKCUMallb-
HOM 3HAY€HUHU HAINPSKEHUN Ha HU30BOM I'PAHU 3KpaHa
(puc. 5, b), xKoTopoe SIBISIETCSI OCHOBHOW OITACHOCTBIO
JUIS HapyIIeHHUs MPOYHOCTH 3KpaHa. TeM He MeHee
MOXHO CA€JIaThb BBIBOA, YTO JJIA o6ecnequMﬂ npo4-
HOCTH )KeJIe300€TOHHOT'0 KpaHa BbIr0IHEE MUHUMHU3H-
poBaTh n MO CleayoumM coodpakeHusm. [lepsoe co-
CTOUT B TOM, YTO Ba>KHO MUHUMU3UPOBATDH PACTAKCHHUC
Ha BEPXOBOM TpaHU IKpaHa, TaK KaK OT €€ [[EJIOCTHOCTH
3aBUCHUT BOJOHENPOHHUIIAEMOCTh Bcero 3kpana. Ecnu
Ha BEPXOBOHM I'paHu 00pasyercss MHUKpOTpEIIHnHA, TO
IIpY NIPOHUKHOBCHHHU B HEC BOJIbI TPCIIUHA PA30BLETCA
J10 CKBO3HOH. BTOpOE COCTOUT B TOM, YTO yBEIUUEHUE
n BEACT K YBCIIMYCHHUIO IMTPOJOJIbHBIX paCTArUBArOIINX
yCHJIHIA B 3KpaHe (puc. 5, ¢).

SAKJIIOYEHUE U OBCYXKXJIEHHUE

Hame meronuueckoe uccieloBaHUue MOATBEPAU-
JIO paHee c/IeaHHbId B pabore [7] BBIBOA O TOM, YTO
HEOJHOPOJHOCTh pacupeaeseHus 1eGpopMUpyeMoCTH
rpyHTa Tela IJIOTHHBI, KOTOpask BO3MOXHA MPHU MPH-
MEHEHUHU TPATUIIMOHHON CXeMbl 30HUPOBAHUS KaMeH-
HOW HAaOpOCKH, OKa3bIBaeT HEOIArONPHUATHOE BIMSHHIE
Ha HJIC »xene3o0eronHoro sxkpana. [loBbimieHHast je-
(hopMHPYEMOCTh HI30BOM YIIOPHOM MTPU3MbI BHI3BIBACT
B 7KeJIe300€TOHHOM DKpaHe JJOMOJIHUTEIBHOE TIPOI0IIh-
Hoe pacTarupaolee ycunue. Cienyer OTMETUTh, YTO
KUTaHCKUE MHXKEHEPHhI MPU MPOEKTUPOBAHUU COBpE-
MEHHBIX KaMEHHO-Ha0POCHBIX IUIOTHUH C JKeye300e-
TOHHBIM 3KPAaHOM CTaparOTCs] MUHUMHU3UPOBATh 00beM
YacTH YIOPHOU MPU3MBI C MOBBIIICHHON Je(pOpMUpYe-
MOCTBIO, YTO 000CHOBAHO UMM TEOPETHYECKH C IIOMO-
LIBI0 YHCIIEHHOTO MoaenupoBanus [20].

Tem He MeHee pe3yNbTaThl BBHIITOJIHEHHOIO HC-
CIIEZI0BAHMS IOKA3aJIM, YTO HEOJHOPOAHOE CTPOCHUE
YIOPHOU MPU3MBI IJIOTUHBI MOXKET HE UMETh Pelllaro-
LIeTo 3Ha4eHMsI Ha oOecleueHne TPEeIMHOCTONKOCTH
XKeJe300eTOHHOTO FKpaHa. B paccmoTpeHHOM IpuMepe
MaKCUMaJlbHbI€ 3HAUCHUSI PACTATUBAIOIIMX HaIpsiKe-
HUI B 9KpaHe Majo U3MEHSIOTCS B 3aBUCUMOCTH OT He-
OTHOPOIHOCTH CTPOCHHUS YIIOPHON MPU3MBI.
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INTRODUCTION

A great number of rockfill dams with reinforced
concrete face shave been constructed in the world; vast
experience was accumulated in their designing, con-
struction and operation [1-5]. The theory of this dam
type designing is considered to be well developed; its
main provisions are stated in ICOLD® recommenda-
tions. One of the “cornerstones” of this theory is rec-
ommendations on rockfill zoning in the dam body [6].
The purpose of zoning is such distribution of rockfill
of various qualities, which, on the one hand, provides
decrease of reinforced concrete face deformations, and
on the other hand, decreases construction costs.

Incompliance with ICOLD recommendations the
dam shell has a heterogeneous structure; i.e. consists
of several zones (Fig. 1). Directly under the reinforced
concrete face a 3...5 n thick under-face zone is arranged
(zone 2), where heterogeneous crushed stone with size
up to 100 mm is placed. High density of the under-face
zone soil compaction should provide equalization of de-
formations of the reinforced concrete face. In the shell
main volume (zone 3) rockfill is distributed depending
on compaction quality among 2—3 zones. In the shell
upstream part (zone 3B) rockfill is compacted with par-
ticular care. It is sorted and placed by thin layers (up to
0.5 m thick). In the shell downstream part (zone 3C)
less attention is paid to the quality of rockfill compac-
tion. It maybe heterogeneous; therefore, it is compacted
by about 1 m layers. According to the designers’ idea,
such pattern of zoning (distribution) of rockfill should
at minimum costs provide favorable stress-strain state
(SSS) of the reinforced concrete face.

V 98.6

100

Fig. 1. Structural diagram of concrete faced rockfill dam
(CFRD): I — protection prism; 2 — under-face zone; 3B,
3C — shell zones; D — reinforced concrete face

However, our study [7], fulfilled for the existing
Aguamilpa dam (Mexico), showed, that the traditional
pattern of rockfill zoning may affect the reinforced con-
crete face SSS. Field observations over this dam settle-

5 ICOLD. Concrete Face Rockfill dams : Concepts for
design and construction. International Commission on Large
Dams. 2010; 141:401.

ments [8] show that rockfill deformation of zone 3B
greatly differs from that of zone 3C. We established that
averaged modulus of linear deformation £ of rockfill in
zone 3B reaches 500 MPa, while in zone 3C it is equal
only to 30 MPa [7]. Numerical modeling showed that
due to non-uniform distribution of rockfill in the rein-
forced concrete face the tensile force increases in the di-
rection along the slope. If the dam body was of homoge-
nous structure with deformation modulus £ =200 MPa,
the face SSS would be more favorable. Wear rived to
the conclusion that non-uniform distribution of rockfill
deformation in the shell envisaged by the adopted pat-
tern of zoning is an unfavorable factor. It was recom-
mended using shells of homogenous structure.

However, during evaluation of work the results of
our study were rejected by “experts” L.N. Rasskazov
and A.S. Bestuzheva. They indicated on “improper con-
clusion about undesirable zoning of soils in the body of
CFRD”, though nowhere in the paper [7] was a con-
clusion about undesirable zoning of rockfill in the dam
body. In order to confirm (or disprove) this conclusion
of rockfill zoning impact on the seepage-control curtain
safety we conducted more detailed studies whose re-
sults are described in this article.

MATERIALS AND METHODS

The studies were conducted by finite element
method on the example of a 100 m high dam (Fig. 1).
The operation is 1.3 (the slope grade is 1:1.3). The face
thickness was assumed to be constant height-wise and
was equal to 1 m. It was higher than that as compared to
recommendations of ICOLD®.

At calculations the loads of the dam dead weight
and the upstream hydrostatic pressure were taken into
account. Incompliance with the requirements of Build-
ing Code SP39.13330.2012 the staged dam construction
and the reservoir impoundment were modeled. It was
assumed that the reservoir impoundment started only on
completion of the dam filling.

For reinforced concrete the modulus of linear de-
formation was taken equal 30 GPa, Poisson’s ratio 0.2.
Reinforcement in the face was not considered, because
at the adopted in design practice per cent of reinforce-
ment (0.3...0.5 %) it does not play a major role [9]. For
assessing the possibility of crack formation in the face
the design tensile strength was taken equal 1.8 MPa as
for concrete of grade B30’.

6

In ICOLD' proceedings the thickness along the bottom of
the 100 m dam reinforced concrete face it is recommended to
take equal 0.6 m.

7 Building Code SP41.13330-2012. Concrete and reinforced
concrete constructions of hydraulic structures. Updated
version of SNiP 2.06.08-87. Moscow, 2012; 86.
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For simplification of analysis at SSS calculation
for rockfill the model of linear deformation was used.
Poisson’s ratio of soil was taken equal 0.25.

The compiled numerical model of the dam com-
prised 977 finite elements. Contacts of there in forced
concrete face with soils as well as the perimeter joint
were modeled with the aid of contact finite elements.
At compilation of the dam numerical model the use was
made of high-order finite elements with cube power of
displacements approximation. The total number of de-
grees of freedom in the model was 9174.

Calculations were performed for a wide range of
rockfill deformations observed at the existing dams
[10-13]. Four alternatives of rockfill linear deformation
modulus E values were considered in zone 3B — 60,
120, 240 and 480 MPa and 5 alternatives of £ in zone
3C — 30, 60, 120, 240 and 480 MPa. Depending on
combination of deformation module of zones 3B and
3C the dam could be either homogeneous or heteroge-
neous. At that, there were not considered the alterna-
tives where £ of zone 3B is 8 times as much or 2 times
as less than in zone 3C. Totally 16 design alternatives
were considered.

The dam SSS analysis was fulfilled with the aid of
the computer program developed by M.P. Sainov [14].

o, MPa

RESULTS OF STUDIES

Analysis of calculation results confirmed the con-
clusions on SSS main features of the reinforced con-
crete face, which we had obtained earlier [15]. The
face is subject not only to bending deformations but
to longitudinal deformations of extension-reduction
(with value less than 1-10). This conclusion was
also obtained in [16]. Face bending occurs toward the
downstream side. Maximum number of deflections is
at V45 m, therefore, in the face lower part the bend is
greater than in the upper part. The face maximum de-
flection at £ = 60 MPa is equal to 42 cm. Opening of the
perimeter joint evidences about the face deformations
of extension-reduction.

By the results of SSS analysis there were plotted
the curves of height-wise distribution of longitudinal
stresses on the upstream and downstream parts of the
reinforced concrete face (Fig. 2, 3)%. Analysis was made
of longitudinal stresses, i.e. stresses in the direction
along the slope. The analysis showed that the face con-
crete may be subject both to compression and tension.

8 On the figures the value “y” corresponds to the height of

the face point.
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As arule, due to bending deformations the longitudinal
stresses on the downstream face are tensile and on the
upstream face they are compressive (Fig. 2). However,
due to occurrence of longitudinal line ar deformations
the stresses on the up stream and downstream faces are
different by the absolute value.

Two characteristic sections may be distinguished
in the face. On the lower section the face is subject
to longitudinal extension and on the upper section to
reduction. In the dam of homogeneous structure the
boundary between the lower and upper sections is lo-
cated approximately at V35 m.

Due to deformations of longitudinal extension
and increased bending deformations the lower section
is more dangerous. At this section the ten sile stresses
in the face reach the maximum values. Development
of transversal cracks may be expected here due to vio-
lation of concrete tensile strength condition. The most
dangerous section is located some where near the toe of
the dam. The possibility of longitudinal tensile stresses
in the face is also confirmed by the results of studies
by other authors [16-19]. Longitudinal force in the
face reaches the maximum value at V12 m (Fig. 3), and
bending deformations reach maximum values at V5 m.

For the dam of homogeneous structure it was re-
vealed that increase of rockfill linear deformation mod-
ulus E leads to decrease of longitudinal tensile force
and to decrease of bending moment in the face. This
occurs due to decrease of dam deformations. The de-
gree of Eimpact on the longitudinal tensile force and on
the bending moment is different. The bending moment
value is in inverse proportion to £ value, while defor-
mation modulus £ affects the longitudinal force to less
degree. Increase of E (from 60 to 480 MPa) decreased
longitudinal tensile stress from ¢ 2.3 to 1.6 MPa, i.e.
only by 30 % (Fig. 3).

Thus, longitudinal tensile force plays a decisive
role in development of the reinforced concrete face
SSS. It threatens the concrete tensile strength condi-
tion. At £ > 360 MPa the longitudinal force exceeds

design tensile strength of concrete (1.8 MPa). And with
consideration of moment component of stress on the
downstream face it exceeds tensile strength of concrete
even at £ =480 MPa.

In the alternatives with high value of rockfill de-
formation modulus £ due to decrease of bending mo-
ment the zone of tensile values is formed not only on
the upstream face but also on the downstream part of
the face. At particular sections the face is subject to full-
thickness tension.

Comparing the results of numerical modeling of
SSS in different alternatives permitted determining
the impact of the shell heterogeneous structure on the
reinforced concrete face SSS. It was revealed that the
value of rockfill deformation modulus £ in zone 3C ac-
tually does not affect the value of bending moment, but
greatly affects the deformations of reduction-extension.
Decrease of deformation modulus in zone 3C leads
to increase of longitudinal tensile forces in the face
(Fig. 4). Both the maximum value of tensile stress and
the tensile zone length increase. For example, in the al-
ternative when in zone 3Bthe modulus of deformation
equals to 480 MPa, and in zone 3C it is 60 MPa the face
is subject to tension lengthwise (Fig. 4).

Analysis was carried out of maximum values vari-
ation of tensile stresses depending on index 7, equaling
to the ratio between rockfill deformation modulus and
in zone 3B and deformation modulus in zone 3C. Index
n is in the range from 0.5 to 8. The obtained relation-
ships are shown in Fig. 5.

It was revealed that the more is the value of n, the
higher are longitudinal tensile stresses on the upstream
face (Fig. 5, a). Moreover, at n < 1 the face SSS is more
favorable than in the shell of homogeneous structure.
At the same time, value n does not affect the maximum
value of stresses on the face downstream part (Fig. 5, b),
which presents the main danger for strength failure of
the face. Never the less, a conclusion may be made that
for providing strength of the reinforced concrete face
it is worthwhile to minimize non the following consid-

— upstream (n = 1)

— downstream (n = 1)

N e average (n=1)
X \..\\\\ — upstream (n = 2)
PR — downstream (n = 2)
>§\\m§\\ _____ -
AN ~\ I~ average (n =2)
RN '\;\, - o — upstream (n = 0.5)
NN == 100 __ downstream (n=0.5)
i, J /[ S T N -==» average (n = 0.5)
-3

Fig. 4. Variation of longitudinal stresses height-wise the reinforced concrete face depending on rockfill deformation in zone 3C

(at deformation modulus in zone 3B 120 MPa)
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force); d — bending moment

erations. The first is in the fact that it is important to
minimize tension on the face upstream part because wa-
ter tightness of the whole face depends on its integrity.
If a microcrack appears on the upstream face, at wa-
ter ingress in it the crack will become a through crack.
Secondly, increase of leads to increase of longitudinal
tensile forces in the face (Fig. 5, ¢).

CONCLUSION AND DISCUSSION

Our methodological study confirmed the conclu-
sion made earlier [7] about the fact that non-uniform
distribution of the dam body soil deformation, which
may occur at using traditional pattern of rockfill zon-
ing, affects the reinforced concrete face SSS. Increased

deformation of the downstream shell causes additional
longitudinal tensile force in the reinforced concrete
face. It should be noted that the Chinese engineer sat
designing modern concrete faced rockfill dam try to
minimize the volume of the shell part with increased
deformation, which they theoretically validated with the
aid of numerical modeling [20].

Nevertheless, the results of full study showed that
the dam shell heterogeneous structure may not play
a decisive role in providing cracking resistance of the
reinforced concrete face. In the considered example
the maximum values of tensile stresses in the face vary
insignificantly depending on heterogeneity of the shell
structure.
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