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AHHOTALUMNA

BBeaeHue. KameHHo-3emnsHas nnotuHa KOMary3amHcKoro ruapoyana Ha p. benas noctpoeHa B CNOXHbBIX reONormyeckmx
YCINOBUSIX HA HEOOQHOPOAHOM OCHOBaHWK. [peacTaBneHbl pesynsTaTbl YACTIEHHOTO NCCrefoBaHMs Hanps»KeHHO-4edopMu-
poBaHHoro coctosiHusa (HAC) nnoTuHbI, BbIMOMHEHHOTO AN BapyaHTa rPYHTOBOM MIOTUHBLI C LEHTpanbHbIM sapoM. [pu
pacyete HOC nnoTvH JOMmMKHA YYMTbIBATbCA pearnbHasi CTPYKTypa rpyHTa, XapaKTepuayroLllasicsi CBOUM COOTHOLLUEHUEM
YAPYrMx 1 NNacTUYeCcKnX CBA3EN. VIaMeHeHne 3TON CTPYKTYpbl MPOMCXOANUT BMecTe ¢ uaMeHeHmem HOC n oTpaxaercst Ha
3HaYEeHUsAX KOahPULMEHTA OTHOCUTENBHOM NMPOYHOCTU U KO3 MLMEHTAX HAAEXHOCTU. o 3HaYEHUsIM KO3(DPULMEHTOB
HaZEXHOCTUN B NMOTUHE MOXHO CyAUTb O €€ MPOYHOCTHOM COCTOSTHUN.

Matepuanbl u metoabl. Onpegenenve HOC nnoTuMHbI NPOBEAEHO Ha OCHOBAHUWM 3HEPreTU4ecKor MOZENU rpyHTa, pas-
pabotaHHon J1.H. PacckasoBbiM. ObracTb BblAENEHHOro hparmeHTa nNnoTuHbI Obina pa3buta Ha OQHOTUMHbIE SNEMEHTHI;
NPUHSTA TPEyronbHas ceTka MeToda KOHEYHbIX 31EMEHTOB, MPU NMOMOLLM KOTOPOW ONMcaHa KOHCTPYKUMSI TPYHTOBOW Nlo-
TUHbI N OCHOBaHME.

Pe3ynbrartbl. YMCneHHbIMM pacyeTammn yCTaHOBIIEHO, YTO MPU MOBbLILEHUN YPOBHSA BOAbI B BOOOXPaHWMMLLE OO0 OTMET-
K (DOPCMPOBAHHOIO MOAMOPHOrO YPOBHSA XapakTep pacnpeferieHns HanpshkeHnin o, MeHseTcs. B ocHoBaHUM BEPXOBOV
YNOPHOWN NPU3Mbl Ha FpaHuLEe C SAPOM NOSBSETCs 06nacTb ¢ HEHONMbLUMMY NONOXUTENBHBIMU 3HAYEHUAMN, HanbonbLume
13 KOTOPbIX MOMyYeHbl B MEpPexXoaHon 3o0He. Besi rmgpocTtaTnyeckas Harpy3ka nepefaeTcs Ha HanopHyo rpaHb sapa u, crie-
[oBaTtenbHO, BC paboTa BHELUHUX CUI MEPEXOOUT B 3HEPTUIO BHYTPEHHErO AedhOpMUPOBaHNS 3TOrO 3reMeHTa, Bbi3biBasi
B HEM KOHLEHTpauuo HanpsbkeHuin. MaTtepuan nepexonHOn 30Hbl BbIHYXAEH crnefoBaTth 3a AedopMauusiMu sapa, YTo
00yCroBnMMBAET pasBUTME B HEM PACTAMMBAIOLLMX HanpshKeHuin. NoaTomMy yBenmyeHne XeCcTKOCTU sapa BeeT K MEHbLUUM
nedopmaumsam sapa u COOTBETCTBEHHO K MEHBLUMM 3HAYEHMSIM PaCcTArMBaOLLMX HaNpsKeHU B MepexoaHbIX 30Hax. Xapak-
Tep pacnpegerneHus HanpshkeHnm g, CUMMETPUYHBIN.

BbiBoAbI. YBENVYEHNE XECTKOCTU siapa BeYeT NMKBMOALMIO apovyHOro adpdekTa, KOTopbIi OCOBEHHO 3aMeTeH npu Mo-
HWKEHHbIX YPOBHSAX BOAbI B BogoxpaHunuile. Mo 3Ton npuymHe B SApe NAOTWHbI XXenaTenbHO UCMOoSb30BaHNE CKENETHOro
mMaTtepuana.

KIMKOYEBBIE CITOBA: nnotuHa, rmapoy3aen, HanpsbkeHHO-4eopMUPOBaHHOE COCTOSIHUE, pacYeTHbIE UCCreaoBaHus, Ync-
neHHoe mopenupoBaHve, pparMeHT
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ABSTRACT

Introduction. The stone-and-earth dam of the Yumaguzinskiy hydroelectric complex on the Belaya river is constructed
in complicated geological conditions on heterogeneous foundation. The results of computational research of stress-strain
state (SSS) of the dam, carried out for the variant of an earth dam with the central core are presented. When calculating
the deflected mode of dams, the real structure of ground characterized by its relation of elastic and plastic bonds should be
taken into account. The change of this structure takes place along with the change in stresses and is reflected in the values
of coefficient of relative strength and coefficients of reliability. The values of the safety coefficients can be used to judge
the strength state of the dam.

Materials and methods. The stress-strain state of the dam was determined on the basis of the energy model of the de-
veloped by L.N. Rasskazov. The area of the selected fragment of the dam has been divided into single-type elements;
a triangular grid of the finite element method has been adopted, by means of which the structure of the soil dam and
the foundation have been described.

Results. Numerical calculations have shown that when water level in the reservoir rises to the level of the forced retaining
level the character of stress distribution o, changes. At the base of uppermost buttress prism at the boundary with the core
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there appears an area with small positive values, the largest of which is obtained in the transition zone. The entire hydrostatic
load is transferred to the pressure face of the core and, consequently, the entire work of external forces is transferred to
the internal deformation energy of this element, causing a stress concentration in it. The transition zone material is forced
to follow the deformations of the core, resulting in the development of tensile stresses in the core. Therefore, increasing
the stiffness of the core results in less deformation of the core and correspondingly less tensile stress in the transition zone.
The nature of stress distribution g, is symmetrical.

Conclusions. Increasing the rigidity of the core entails elimination of the arch effect, which is particularly noticeable at lower
reservoir levels. For this reason the use of skeleton material in the core of the dam is desirable.
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BBEJIEHUE

IOmary3unckuil rugpoysen noctpoes B 2005
Ha p. benas B Pecniyonuke Bamkoprocran B mepByto
ouepenb Ui 3allUThl TEPPUTOPUN OT HABOJHEHHUI,
BBI3BAaHHBIX BECEHHUM TOJIOBOJLEM U MaBoakamu [1].
I'mapoysen umeeT u dHEpreTUUecKoe Ha3HaueHue [2].
B cocTaB 0CHOBHBIX COOPYKEHHUM BXOIAT IPYHTOBAsI
nnotuna (I'Tl), 3panue ruaposnexkrpocrannuu (I'3C),
paBoOepeKHBIN MOBEPXHOCTHBIH BOJOCOPOC U JIEBO-
OepekHBI TYHHETBHBIN BomocOpoc-Bogociryck. Bomo-
MOAIMOPHBIM COOpYKeHUEeM Truapoysna spiusercs [T,
CO3/1aBIIast BOJOXPAHWIHILE C OTMETKAMU HOPMaJIbHO-
ro oanopHoro yposus (HITY) 253 m u popcupoBanHo-
ro noanopuoro ypoBHs (PITY) 270 m. JlnuHa NIOTHHBL
o TpeOHIo cocTtapnset 540 M, a MaKCUMaJTbHAsI BBICOTA
coopykeHus — 64 M.

I'pynroBas miotnHa FOMmary3mHCKOTO THIPOY3-
Jla — KaMEHHO-3eMJIstHasl. [IpoTHBOQUIBTPAIHOHHBIM
3JIEMEHTOM BOJIOIIOIIIOPHOTO COOPYKEHHS CIIY>KHT SIIPO
13 IPECBAHBIX TPYHTOB C IIMHUCTHIM 3aMIOTHUTENEM.

[InoTtuna, pacnonoxkeHHas B HECUMMETPUYHOM
CTBOpE pyciia peKH, ObUIa COOpPY)KEHa B CIOKHBIX I'€0-
JIOTHYECKHX YCJIOBHAX, CTPOCHHE €€ OCHOBAHMS HEOI-
HOPOJHO: B JOJMHE KOPEHHBIE MOPOJBI 3aKPBITHI CIIO-
€M HECKaJIbHBIX IPYHTOB, Ha PyCJIOBOM U MOWMEHHOM
y4acTKaxX MOIIHOCTh HECKAJIbHOTO OCHOBAaHUS HE Tpe-
BbimaeT 10 M, a B palfoHe IpeBHETO pyciaa MOLUTHOCTh
OTJIIOKEHUH JOCTUTAeT HECKOJBKO JI€CATKOB METPOB.
HeckanpHbIe TPYHTHI Ha PyCIOBOM Y4acTKe MPEICTaB-
JICHBI TPAaBUIHO-TaJ€YHUKOBBIMHU FPyHTAMU.

Hccnenoanne HanpspKeHHO-1€()OPMUPOBAHHO-
ro cocrosaus (HJC) mmotuns! [3] FOmary3unckoro
TU/POY3J1a BBIIOJIHEHO AJI BapUaHTa IPYHTOBOH IIIO-
THHBI C IIEHTPAIBHBIM SIPOM M YIOPHBIMU HPU3MaMHU
13 IPABUMHO-TaJIEUHUKOBOIO MaTepualla.

MATEPHUAJIBI U METO/bI

Omnpenenenne HAC mIoTHHBI BO3MOXKHO Ha 0a3e
MoyieNu TpyHTa, pazpadorannoit JI.H. PacckazoBbim [4].
OTa Mojenb, NOdy4HBIIas Ha3BaHUE «IHEPreTHUe-
CKOI», HETIOCPEJCTBEHHO yCTAHABIIMBAET CBA3b MEXKIY
MIPUPAILEHUSMH TEH30POB HANPsDKEHUH U gedopmaruii
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U B 9TOM CMBICJIC €€ MOXXHO OTHECTH K pazpsiny aedop-
MAallMOHHBIX. MoJIeNb UCTIONB3YET MOHITUE TYTH HArpy-
JKEHUSI M YUUTBIBACT BIMSHUE TOCIEIHETO Ha nedop-
MHUPYEMOCTb ¥ ITPOYHOCTB TPyHTOB. [lyTn Harpyxenus
MarepHaja YYUTHIBAIOTCS B IIPOLIECCE CTPOUTEIHCTBA
MIPHUIIOKECHNEM Harpy3KH B COOTBETCTBHH C dTallaMu
BO3BEZICHUS TUIOTHHBI.

B «3HepreTnueckoi» MOJENN YUUTBHIBAIOTCS H-
JIaTAaHTHBIE CBOMCTBA MaTEPUAJIOB, a TIPH ONPEACICHIN
BEITMYMH HANPSDKEHHUH B TPYHTOBOM MaTepHalie — yIpy-
THe, BSI3KHE U BA3KOIUIACTHYIECKHE CBOWCTBA IPYHTOB.

Mopenb OCHOBaHAa Ha SHEPTETUYECKOM yCIOBHU
MIPOYHOCTH IPYHTA B BUJIE:

Uy+[o-de= [, -de,, (1)
L1 L2

rIe IS p I de,; — oueprus aedopmarun popMon3IMeHe-

Hus; L, u L, — napameTphl Iy TH HarpyKEHUs.

DHeprus HavanbHOM NPOYHOCTH TpyHTa U BMECTE
¢ sHeprueil 00beMHOro CKaTus |ode, HAKOILUICHHOM
WA PacXoJlyeMOi CO 3HAKOM «MHHYC» Ha BCEM ITyTH
HarpyskeHus L, NpeIcTaBIsA0T co0oi 3amac mpovHo-
CTH Marepuaia, KOTOPBIH NP Harpy>XeHHH PacxoryeT-
Csl Ha peaIn3allnIo JIEBUATOPHBIX KOMITIOHEHT Jieopma-
Wi, TIOBOJSIIIIMX Marepualt JI0 pa3pyleHusI.

HWcxons u3 BeipaskeHus (1), koadppuuueHT Hamgex-
HocTH K, OTpeNeNsomui 3anac NpOYHOCTH IPYHTa,
3aIMCBhIBACTCS KAK:

© U, + lecde
W= 2)
LzS"f “de,;

B Mozenu ncrnonp3yeTcst Takxke MOHSITHE OTHOCH-
TEJIHOH MTPOYHOCTH TPYHTA!

g-K L0 3)
K

"

U3 popmyisl (3) BUaHO, uto K n3MeHsercs ot 1
(BcectoponHee cxarue) 10 0 (IpereTbHOe COCTOSIHUE).
Koa¢dumuent K B MOJENH BBICTYIIAET B POJIH Tapa-
METpa yNpPOYHEHHUs U O00ECHeUYrBaeT YUYET BIUSHUS
MyTH HArpy»XeHust Ha Je(hopMHUPYEeMOCTh TPYHTA.
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CBsi3b MEX/Y HAIPSDKEHUSAMHU U JiehopManusiMu
IIpY aKTUBHOM Harpy:K€HUU MaTepualla 3alicblBaeTCs

B BHUJIC:
A3, | de+sign(T, — F(t))w
do, (1) = f’(’)n
nc""' (1) [1 —exp(-B(t—1)) = J
4)
+20,(0),

f(v)ﬂexp(Bl?(t) - B) +
n

+G,K(0)[1-exp(BK (1)~ B) (1 —r)“]}ds,j,

e
lopui=j
" |Oonmpui#j

M — Monyib JUIIaTaHCUU; 1 — NOKAa3aTellb HEJIMHEH-
HoCTH; E, G — OOBEMHBIN U CABUTOBOW MOAYIH YIIPY-
rocty; 3, €, 1 — MapaMeTphI MOI3YICCTH, TOTydacMbIe
Ha OCHOBAHHWH ONBITHBIX HCCICIOBAaHUU B MpuOOpe

TPEXOCHOTO CIKATHUS.
Ha yuacTke pasrpy3ku MOJeNb MperycMaTpruBaeT
ympyroe aepopMUpOBaHHE U HCIIONH30BaHUE 3aKOHA

I'yxa:
do, =E,de-3,+G,-de,, ®)

rie £, G, — ynpyrue KOHCTaHTBI Pa3TPy3KH.

[TepBBIM crlaraeMbIM B IpaBOH YacCTH BbIpaxe-
HUs (4) sIBIISIETCS 3aBUCUMOCTb, OIMCBIBAIOIAs 00beM-
HBIE JieOopMaIK U, B TOM 4Hcie, nedopmanuu Gpop-
Mou3MeHeHus (amiarancus). Bo Bropom ciiaraemom
OTIMCHIBAIOTCS CABUTOBBIE Nedopmanuu. Kak BugHO
3 hopmynsl (4), CTECHb PAa3BUTHUS IUIACTHYCCKHIX
CBsI3EH B TPYHTE 3aBUCHUT OT NapaMeTpa OTHOCHUTEIb-
HOH NpOYHOCTHU. Tak, IIpU BCECTOPOHHEM CXKATUU Je-
(hopmanmu GyayT COCTOATH N3 OOBEMHBIX Je(OPMAIHIA,
OTIPEAEISIEMBIX COITIACHO TIEPBOMY CIlIaracMOMYy M TLIa-
CTHUYECKOI YacTH CIBMIOBBIX Je(hopMamnui, paccuyu-
TBIBAEMBIX BO BTOPOM ciiaraeMoM. 1pu npuOnvxeHun
IPYHTa K NPEACIbHOMY COCTOSHHIO KO3()(UIIMEHT OT-
HOCHUTEJIBHON MPOYHOCTH CTPEMUTCS K HYJTIO, YTO O3Ha-
YJaeT HeOTPaHWYEHHBIH POoCT AedopMarmii caBura.

Takum o6pazom, npu pacuere H/IC rutotnn yuu-
TBIBAETCSl pealibHasi CTPYKTypa I'pyHTa, XapaKTepu3sy-
IONIAsICSl CBOMM COOTHOIICHUEM YIPYTUX U TUIaCTHYe-
CKHX CBsi3ed. MI3MeHeHue 3TOH CTPYKTYpbl IPOUCXOIUT
Bmecte ¢ uamenenueM HJIC u orpaxkaercst Ha 3Haye-
HUSIX K09 GHUIMEHTA OTHOCUTEIBHOW IPOYHOCTH U KO-
spdunrenTax HanexxHocTH. I1o 3HaYeHUIM KOAPPU-
LIMEHTOB HaJIC)KHOCTH B IUNIOTUHE MOXHO CYIHUTbH O €€
MIPOYHOCTHOM COCTOSTHHH.

PE3VYJIBTATHI UCCJIEJOBAHUA

CornacHo NpUHATON METOAUKE, PacUeTHas cXema
IUIOTHHBI IPU PEIISHUH MIOCKON 3a1a4M MpeiCTaBIsI-
€TCs B BUJIC BBIZCICHHOTO (hparMeHTa CIUIOIIHON cpe-
JIbI, IMEFOIIETO TIOCTOSHHBIHN MPO(UIb 1 3aKPEIICHHE.

Harpy3skwu, geiicTByroniue Ha IUIOTHHY, Pa3IeisiOTCs
Ha MOBEPXHOCTHBIE — OT AABJICHUS BOJBI U HA BHY-
TpPEHHHE — OT COOCTBEHHOTO Beca. BHyTpH BbIeseH-
HOTO ()parMeHTa IUIOTHHBI ONPE/EIISIOTCS 30HbI C pa3-
JIMYHBIMU THUIIAMHW MATCPHUAJIOB KaK YKJIaJblBa€MbIX
B TEJIO IJIOTHHBI, TaK W 3aJIETalolINX B €€ OCHOBAHHH.
CBolicTBa ATHX MaTepuajIoB 3a1al0TCS B UICXOIHON WH-
dhopmaruu.

Bcest o0macTh BBIICIEHHOTO (parMeHTa TUIOTHHBI
pa3bmBaeTCs Ha OMHOTHUITHEIC AIIEMEHTHI. [IpuHsTa Tpe-
yToIbHAas CeTKa METOAa KOHEYHBIX dneMeHToB (MKD),
MPU TTOMOIIH KOTOPOW OIMHUCHIBACTCS KOHCTPYKIIUS
TPYHTOBOH TUTOTHHBI U OCHOBaHUS. OCHOBAaHHUE TUIOTH-
HBI BXO/IUT B PACUETHYIO 00J1aCTh, €CIIH €r0 MPOYHOCT-
HBIE U 1e(hOPMATHBHBIEC XapaKTEPUCTUKHU COMOCTaBUMBI
C XapaKTepUCTHUKAMHU MaTepHaloB Teja IUIOTHHBI. Tak,
JJIs1 paCYCTHBIX CeueHun IIJIOTHHBI, PACIIOJJIOKECHHBIX
Ha CKaJIbHOM OCHOBAaHUU, MOXHO NPUHATH, YTO OHO
abCcomoTHO HeneOopMHUPYEMO 10 CPABHEHHUIO C TEJIOM
MJIOTUHBI U Y3761 ceTkun MKD, pa3menieHHHbIe Ha Tpa-
HUIIE CO CKAJIBHBIM OCHOBAHHEM, MOXXHO pacCMaTpH-
BaTh KakK 3aKpeTieHHBIE. B TeX jke CeYeHUAX TUIOTHHBL,
TJIe B OCHOBAaHUH MMEETCS TOJIIA HECKAIbHOTO TPYHTA,
TTOCIICAHSISI IOJDKHA OBITh BKIIFOUCHA B PaCUCTHYIO 00-
nactb MKD. Takum obOpazom, rpu pacyerax H/IC mo-
TUHBI TyOMHA pacyeTHON 00JIaCTH B OCHOBAHMH ILIO-
THUHBI B 3aBUCIMOCTH OT PaccMaTpuBacMOro CEYCHMs
n3MeHsack ot 12 1o 70 M.

Pemenue 3anaun o HAC miioTHHbI, COMIACHO MPH-
HSATOW METOAMKE, OCHOBAaHO Ha coueTanun MKD u me-
ToJa JOKaNbHbIX Bapuanuii (MJIB). MeTon nokansHBIX
BapHAaIWi MHUPOKO MPUMEHIETCS U PEIICHUS 3a/1ad
MEXaHHKH CIUIONTHBIX CPEIl, CBA3AHHBIX C IKCTPEMab-
HBIMH CBOWCTBaMHU HEKOTOPBIX (pyHKIIMOHANOB. [Ipnme-
HUTEIBHO K «9HEPTETUYECKOI» MOJIENH TPyHTa TAKHM
(hyHKIIMOHAJIOM SIBJISIETCS BRIPAYKEHHUE IS ITOJTHOM CBO-
0OMHOI PHEPTHU CUCTEMBI Ha BO3MOXKHBIX ITEpeMeIie-
HUSIX B YCJIOBHSIX M30TEPMHUYECKOTO Ipolecca. 3anuch
9TOro (PyHKIMOHAJIA UMEET BH/I:

DBU) = [X,3U,dV + [¥3U,dT - [o,e, (3U,)dV, (6)
Vv T 14

rae 3(8U) — aHeprusi CUCTEMBbl Ha BO3MOXKHBIX ITe-
pememenuax; X, ¥ — BeKTOp QyHKIHMH 00BEMHBIX
1 TIOBEPXHOCTHBIX CHJT; SU, — BEKTOpP (QyHKIMHU BO3-
MOJKHBIX TIE€pEeMEIICHUI; G el.j(SU) — KOMITOHEHTHI
TEH30pOB HANPSDKEHUH U AedopmMaltuii; V' — uccremy-
emast 00J1acTh ¢ 331aHHBIMU B HEH MacCOBBIMH CHJIAMU
X, (manpumep, coOCTBEHHBIH Bec); I — rpanuma uccre-
JIyeMoii 00J1acTH ¢ 33/laHHbIMU Ha HeW TTOBEPXHOCTHBbI-
MU cHunaMu Y, (HarmpuMmep, 1aBJICHUE BOJIBI).

[Ipu BBINOJIHEHNH BapUAIIMOHHOTO TIPHHIIUIIA UC-
THUHHBIE TIEPEMELICHHSI CUCTEMBbI JIOCTABIISIFOT MUHUMYM
sHepreTuyeckoMy QyHKIHoHamy (6). Takum oOpazom,
3aj1a4a 0 HaNpsDKEHUSIX, Ae(opMaIisx 1 nepeMerieHu-
SIX 00JTaCTH CIUIOUIHOW Cpeibl (Teja IUIOTHHBI) B BapH-
AIIMOHHOW MTOCTAHOBKE CBOIUTCS K OTBHICKAHUIO MUHH-
MyMa 3TOTO SHEPTETHIECKOTO (DYHKIHMOHAIA.
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Juist peutenust 3a1a4u o6acTh pa3oUBaeTCst Ha KO-
HEYHbIE DJIEMEHTHI U BHEIIHIOK HArpys3Ky, T.e. Macco-
BbI€ U NOBEPXHOCTHBIE YCHJIMSI, KOTOPBIE TIPEICTABIIS-
I0TCSI B BHJIE CHJI, COCPEIIOTOYCHHBIX B y3J1aX.

ITockonbky 3anaga o HAC mioTuHsl ¢ UCHONb-
30BaHHEM SHEPreTHUECKONH MOJENN I'PYHTa peraeTcs
B YCIIOBHAX MOATAIHOTO BO3BEAEHUS, TO MUHUMM3H-
poBarb dHepreTuueckuil GpyHkuuoHan (6) HeoOX0AUMO
Ha KaxJioM otane. OJHaKO, €CIIU B KKAOM y3Jie IIpH
BapbUPOBAHNN TIEPEMENICHUH MOACYUTHIBATh MpHUpa-
IIEHHS SHEPTETUIECKOTo (PyHKIIMOHAJIA OT IIara BapbH-
pOBaHUsI, TO HEOOXOJMMOCTh B OTBICKAHUM 3HAUCHHI
¢dynxuuonana npu U = U_wnmn U = U)  OTIIAJAET, TaK
Kak B 3ToM cirydae 00 = 0. CormacHo 3TOMy pa3pado-
taHa monudukaius MJIB, B pamkax koTopoit popmysia
MPUPALIEHHS] SHEPTEeTUYECKOTO (PYHKIMOHAIA BBITJISI-
JIIT B CIIEAYIOIEM BUJIE:

89, = [8c,, dde, (h)dV —hdP,, (7
4

IJe 7 — IIar Bapuanuii; 8(51:/_ — TPHUPAIEHUS KOM-
MIOHEHT HANpsDKEHNWH Ha JaHHOM 3Talle BO3BEACHUS;
dde, — NpHUpAIICHHs KOMIIOHEHT Je()opMaluii OT mara
BapHaluii s, ABOWHOE O yKa3bIBacT HA YCJIOBHBIN xa-
pakTep Omepamnuu: OTHICKUBAIOTCS IPUPAIICHUS Je-
(hopmarnuii BToporo mopsiika 1o OTHOIICHHUIO K TOJI-
HbIM JiepopMaiusam; 8P — IpUpameHus y3I0BbIX CUl
Ha JJAHHOM 3Tarle BO3BEICHNUSI.

Pemienne 3agaun ¢ UCOIb30BaHUEM IPUPALIEHUI
SHEPreTHUECKOro (QyHKIMOHANA (2) OCYIIeCTBISeTCS
cienyromuM o0pa3oM. 3amaBasch IIaroM BapbHPOBa-
HUSL /1, JUTS KQXKJIOTO M3 OKPY’KAIOIIMX y3JIa 3JIEMEHTOB
MOJICYUTHIBAIOTCS 3HAYCHUS cSei/. Kaxxnomy monyuen-
HOMY 3HAYCHHIO GOe; YepPEe3 IHEPreTHICCKYI0 MOJCITh
CTAaBHTCS B COOTBETCTBHE 3HaYeHHE 350, [Ipocymmu-
POBaB B Ka)KJIOM 3JIEMEHTE NPUpPAICHUE HAMPSKSHUH
6601]. C UMEBIIMM MECTO OT IPEIBIAYIINX BapbHPOBAHHH,
TOJTy94aeM HOBOE 3HAUCHHE IS CIICAYIOIIEro BapbupoBa-
Hust. Jlanee, moacTasiss B BeipakeHue (7) MOTyUCHHBIC
3HAYCHMS MPHUPAIICHAN HaNpsHKeHUH U nedopmaiuii,
TIO/ICYNTHIBACTCS BEIMYHMHA NPUPAIICHHS SHEpreTHYe-
CKOro (hyHKIMOHAJA OT miara Bapuauuii s. CpaBHUBas
3Ty BEJIWYHHY C HyJIEM, OIIPE/IENIsieM, BEIET JIM JaHHOE
BapbUPOBAHHE K MUHUMH3ALNH (QyHKIMOHAIA.

Kak yxe ormeuanoch, sHEpreTudyeckas Mojaeib
rpyHra B couetanuu ¢ MJIB peanuzyercs npu pacuerax
HJC rpynTa. KiroueBble IpUHIMITEL TOCTPOEHUS pac-
YETHOM CXEMbI IPYHTOBOU IUIOTHUHBI, TIOJIOKEHHBIE B OC-
HOBY aJITOPUTMa PacyueTa, CBOIITCS K CICAYIOLIEMY.

CkanpHOE OCHOBAaHME TUIOTHHBI CUMTAETCS abco-
JIFOTHO JKECTKUM, TIOCKOJIbKY JIe(OpMHUPYEMOCTh CKaJIbI
Ha HECKOJIBKO MOPSIIKOB HIDKE 1e(hOPMHUPYEMOCTH Ma-
Tepuasa Tena IOTHHBL. Ecim nMmeeTcs aniroBHanbHOe
OCHOBaHHUE, TO OHO PacCMaTPHUBACTCS COBMECTHO C ILIO-
tuHoi n ero HIC Taxxe paccuntsiBaercs. [ mapocra-
THUYECKOE JJaBJICHUE BOJBI CO CTOPOHBI BEpXHETO Obeda
MIPUKIIABIBACTCS K HAIIOPHOM IpaHy MPOTHBO(MIBTpa-
IIMOHHOTO dJIeMEeHTa (apa WIH dKpaHa) Kak MOBEpX-
HOCTHas Harpy3ka. HeoOxoqumMo OoTMETHTH, UTO B pe-
aJIBHOM COOPY’KEHHH MOTYT UMETh MECTO JIBE CXEMBI
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BOCTIPHSITHS J1aBJIeHUsI Boabl. IlepBast — cpasy mocie
MOAbeMa YPOBHSI BOJIBI, KOT/Ia Harpy3ka BOCIIPHHAMA-
eTcsl KaKk TIOBEPXHOCTHAs cuia. Bropas — mocine cra-
Owm3anuu GUIBTPAMOHHOTO IMOTOKA, KOT/IA IaBJICHHE
BOJIbI PACIIPEIEIISIeTCs B TOJIIIE MPOTUBOMUIBTPALIMOH-
HOTO 3JIEMEHTa ¥ BOCIIPUHUMAETCS] KaK MaccoBast CHJIa.
OnHako, y9uThIBast, 4TO cTabMmn3anyst GuiIbTparoH-
HOTO TIOTOKa B Tpex(a3HOM I'pyHTE MpOoIecc BecbMa
HHHTCHBHLIﬁ, BIIOJIHE MOYXHO CHUTATh, YTO MCPEMCIUIC-
HUSI HAIIOPHOH IpaHu s1pa GOPMHUPYIOTCS B OCHOBHOM
TIPU BOCTIPUSITHH AABJIEHHSI BOABI IO TIEPBOI CXeMe.

B coorBeTcTBUM € NPUHATONH PaCUETHON CXEMOM
IUIOTHHA MIPEJCTABIAETCS B BUJE (pparmeHTa cruiom-
HOW cpelibl, 3aKperjeHHOro B ocHoBaHUU. C I1IeNbI0
pemenust 3anaun HJIC B pamkax MJIB pacueTHas cxe-
Ma JIOJDKHA OBITh MOJBEPrHyTa KOHEYHO AIIEMEHTHOU
anmpokcuManuu. s pa3ouBKH TPOGUIS TIOTHHBI
HanOoJsiee BHITOAHBIM SIBIISIETCS JIEMEHT TPEYTOIbHON
(hopMBI, TIOCKOJIBKY OH JIYYIIe BCETO MOIXOIUT IS all-
MPOKCUMAILNU TpamenenalbHOr0 IpoQuIs, U JIETKO
MOZCYUTHIBACTCS SHEPTHs Ae(hOpPMUPOBAHNS, TaK KaK
MPUHAMAETCSI, YTO HAPSDKEHUS U JehopMaruy BHYTpU
TPEYTOJBHBIX 3JIEMEHTOB IMMOCTOAHHBI, YTO OYEHb BAXKHO
IIPY PELICHUN HEJIMHEHHBIX 3a]ad.

Jist KaXKI0T0 y371a CeTKH pa3OMBKH IPOGUIIS ILI0-
THHBI 331a10TCs KoopanHatel X u Y. Hauaso koopauHar
pacrosaraeTcsi B TOUKe IepeCcedeHHs BEPXOBOIO OTKOCA
¢ ocHoBanueM. Ochb X HampaBiieHa B CTOPOHY HHUYKHETO
Obeda, a ock Y BepTHKaIbHO BBEpX. Takum oOpazoM,
TeOMEeTpHs IPUHITOTO JIEMEHTa OIHMCHIBAETCS 3aja-
HHEM KOOPAMHAT TPEX y3JI0B, sl KOTOPBIX B TIpoOIecce
pacueTa OIpeAeNAIOTCs BEPTUKAIBHBIE U TOPU30HTAIb-
Hble niepemeltenus. Jdedopmaius, HapsHKEHUsT U KO-
3¢ GUIMEHTHI 3araca yCTOHYMBOCTH MOACYUTHIBAIOTCS
JUISL OJTHOHM €JMHCTBEHHOW TOYKHU BJIEMEHTa — 3TO €T0
LEHTPBI TSHKECTH, TOCKOIIBKY B TIPEZEIaX TPEYTOILHOTO
3NIEMEHTa HaNpPsOKEHUs, 1e(OPMaIUN U, CIIEI0BATEIb-
HO, KO3 PHUIMEHT 3araca MoCTOSHHBI.

Onenka H/IC miaoTHHBI IPOU3BOJUTCS COINIACHO
HECKOJIBKUM KPUTEPHUSIM. [ TTaBHBIM KPUTEPUEM CITYXKHUT
k0O PUIHENT HANEKHOCTH K , ONpeseNArolmii 3amac
MPOYHOCTH IPyHTA TI0 OTHOIICHHIO K NpeziesibHoMY. [Ipy-
THM KPHTEPUEM PabOTOCTIOCOOHOCTH TIIOTHHBI SIBISIETCS
Ko unmeHT 3amaca Ha TPEIMHUHOOOPa30BaHUE K.

MHorojeTHHE MCCIIeI0OBaHUSI U aHAJIHU3 aBapuii
HEKOTOPLIX I'PYHTOBLIX IIJIOTUH IMOKa3ajx, 4TO 4Yallc
BCEr0 pa3pylIeHNE TAKUX COOPY>KEHUH IPOMCXOANUT
1100 BCIIECTBUE HAPYIICHNST YCTOWYMBOCTH OTKOCOB
IUIOTHHBI, JINOO BCJIEACTBUE HAPYIICHHSI CITIOMIHOCTH
MPOTUBO(GMIBTPALIIOHHOTO JJIEMEHTA, T.€. I'MJIPABIH-
YEeCKOTo pas3pbiBa sifpa. [loaToMy B KauecTBe OJHOTO
U3 KpUTepueB pabOTOCHOCOOHOCTH IJIOTHUHBI JIOJI-
JKEH BBICTYTaTh KO3 UIMEHT, onpeenstomuii 3anac
MPOYHOCTH MaTepuaia sapa Ha BO3MOXKHOE TPEIIHHO-
06pa30BaHI/Ie 10 TOPU3OHTAJIBHBIM U BEPTHUKAJIbHBIM
rromakam. OnacHOCTh TOSIBJICHUS THAPABINYECKOTO
paspbiBa spa 110 TOPU30HTAIBHEIM IUIOIIAKaM BO3-
HHKACT TOI/1a, KOT/a BE/IMYNHA HANPSDKCHHIT G, CTaHO-
BHTCSI MEHBIIIE BENMYMHBI Y 1, TIE ¥, — 0OBEMHBIN BeC
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BOJIBI; [ — mbe3oMeTpuueckuil ypoBeHb. Koaddurm-
EHT 3armaca Ha TPeUIMHOOOpa3oBaHue B J000H Touke
sipa MO TOPHU30HTAIBHBIM IIIOMATKAM MOXKET OBITH
orpeziesieH 1o (opmysie:
C +o
KTp = u’ (8)
YoV
e Cp — CLETICHHE MaTepHala Ha Pa3phiB; G, — JICH-
CTBYIOIIICE HATIPSDKCHUE; y — OpJIMHATA paccMaTpHBac-
MOTO CEYEHHUs MOl YPOBHEM BOJIBI.

Hns uccnenosanus HJC FOmary3suacko# mio-
THHBI PACCMOTPEH BapUaHT MJIOTHHBI C IEHTPAJIbHBIM
SITPOM M YHOPHBIMH NPU3MaMM U3 TPAaBUHHO-TaJICUHH-
KOBOTO Marepuaia. 3aJoKeHIe BEPXOBOTO OTKOCA MPH-
HSTO MOCTOSIHHBIM M paBHBIM 1:3. 3anokeHue HU30BO-
T'O OTKOCA MPHUHATO MEPEMEHHBIM I10 BHICOTE U PaBHBIM
B BepxHel yactu 1:2, Huxe V255 — 1:2.25, a Huxe
V240 — 1:2.5.

B sapo mimoTWHBI MpexycMOTpeHa OTCHINIKA Ka-
PBEPHOTO CYITIMHKA C HAYAJIBHBIM MOJYJIEM 00BEMHOM
nedopmanuu £ = 1300 /m°. B To K€ Bpems B cTBOpe
TUTOTHHBI UMEETCs CYIIIMHUCTBIN MaTepHall ¢ BKIIIOYE-
HUSIMH 1IEOHSI, KOTOPBIH MOXKET pacCMaTpUBAThCS Kak
6oee MPeaNOYTUTENBHBIA MaTepHall Ui 41pa MI0TH-
HeL. [ToaToMy ObUTH Takoke BBITOMHEHBI pacyeTsl HJIC
IUIOTHUHBI C SIAPOM U3 CKEJIETHOTO CYINIMHKA, UMEIOLIETo
Moyl 00beMHOM nepopmanuu £, = 2700 /M (E, —
MOJ1yJIb 00beMHOM eopmariuu pu 6 = 1 1/M?).

.JA"AVA'A“VA AV AV AV A VA

BT
AV AV AV

OtmeTKa TpeOHs TIOTHHBI cocTaBister V273 M,
ypoBeHb BoabI B Bogoxpanunuuie (HITY) — V253 wm,
MaKCHUMaJIbHBI YPOBEHb BOJBI B BOJOXPAHUJIHUIIE
(PITY) — V270 m.

Bo3sBenenue mioTHHBI OCYLIECTBIISIETCS MOATAITHO,
9Tarbl TOPU30HTATIBHBI CO CPEHEH TOMIIMHON OTChIMNa-
€MOTO0 CJI0s1 OKOJIO TSITH MeTpoB. Kpome aToro, umeroT-
cs dTanbl HanoiaHeHus: Bogoxpanunuma. Pacuer HJC
IJIOTHHBI BEIETCS COMIACHO BPEMEHHOMY T'paduKy
OTCBINKHU CIIOEB TeJla IUIOTUHBI U 2TAlOB HAMOJIHEHUS
BOJIOXpaHIIHINA. B paccmarpuBaeMoM cedeHun odriee
YHUCJIO STANlOB CTPOUTENHCTBA MNIOTUHBI U HAIIOJTHEHUS
BOJIOXpaHuIuIIa paBHo 10.

Jnst uccnemoBaHus pabOTHI IDIOTHHBEI OBLIIO BBI-
OpaHo oxHO pacueTHOE ceueHne 11 (puc. 1). dusnxo-
MEXaHHYECKHE XapaKTCPUCTHKHU TPYHTOB Tella TUIOTH-
HBI 1 OCHOBAHHS 3aMMCTBOBAHBI U3 MyOnuKanuii [5—7].

Hanps:xenHno-nedopMupoBanHoe coCTOSTHUE MJIOTH-
HbI B ceyennn 1-1

B ceuenuu 1-1 BbIcOTa TUIOTHHBI COCTABISIET 41 M.
PacuetHas cxema IIOTHHBI PE/ICTABICHA TPEYTOIbHON
cetkoii MKD [8—16], cocTosmieii u3 368 aneMeHTOB
1 226 y3710B, 36 U3 KOTOPBIX PACIIONOKEHBI HA TPaHUILIE
CO CKaJbHBIM OCHOBAHUEM U SIBIISIIOTCS 3aKPETIEHHbI-
Mmu. Ha puc. 1 nokazana cxema no3TarHoro BO3BeACHUS
IJIOTUHBI U HATIOJHEHUSI BOJAOXPaHWINIIA.

Pacuerst HC mnotuHsl NpOBOAMINUCH JUISL IBYX
pa3IMYHBIX THIIOB TPYHTOB, YKJIAJBIBAEMBIX B SJIPO

<+ 232,0

’!p-
‘ ﬁ'tVﬂAVAVAVAVMYA?

Ly A
JM‘VAVL“‘VA‘VAVAVAVA‘V&'&VL‘ TA .a. 0 AT VA A AV A A AV A bAoA i D
AW

+ 232,0

TV
LYAWAVAY &
\'LVAT"AT

il 'AVAVAVAVAVA‘AVAVA?

e~
TAYTAT 'a.‘ 'A'AVA'AVAVAVAVAVA".V-‘VEA

<+ 232,0

Puc. 1. Cxema no3TartHoOro BO3BeACHUS IPyHTOBON INIOTUHBI X HAIIOJIHEHUS BOAOXPaHMIHUILIA
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T ITOnLCTBS: T 13. BhInyck 2 (48)

[1.M. BypeHkos

IUIOTHHEI [5, 6]. B mepBoM BapraHTe — B SIpO yKJIAAbI-
BaeTCsl KApbEPHBIM CYIVIMHUCTBIN MaTeprall ¢ Hayajlb-
HBIM MOJyJIeM 00bEMHOM JiehopManuu E,=1300 /M3
1 00beMHBIM BecoM 2,09 /M.

Bo BTOpOM BapuaHTe paccMOTpEHa BO3MOXKHOCTh
YKJIaJKU B PO TUIOTHHBI CKEJIETHOTO CYIIMHKAa —
Marepuasa, MpeJcTaBisonero codoil rpaBuitHo-ra-
JICYHUKOBYIO CMECh C CYITTMHHUCTBIM 3aI0JHEHHUEM
¢ 00BbEMHBIM BecOM cyxoro rpyHrta 2,2 1/m*. [Ipu 3tom
MPOLIEHTHOE COMep KaHME YaCTHIl C Pa3MEpOM MeHee
1 MM B cMecu 1oipkHO OBITH He MeHee 38—40 % 1o Becy.
Tako#t Marepuan nMeeT HavyalbHBIH MOIYJIb 00OBEeMHON
nepopmanuu £ = 2700 /M.

O6a BapmaHTa OBUIH PACCUUTAHBI MPH YPOBHIX
BojibI B Bogoxpanwiuine Ha VHITY u VOITY.

PesynbTarsl pacyera HA OCHOBHOE COYeTAHHME HA-
rpy3ok (nmpu VHIIY)

H/C m1oTHHBI ipeicTaBIeHO KapTHHAMH pacIipe-
JIeNICHHs! KOMIIOHEHT TCH30Pa HAPSKCHUN G ¥ G, JIst
TIEPBOTO U BTOPOTO PACUETHHIX BapHUAHTOB (pHC. 2, 4).

epeviii apuanm naromunst (E, = 1300 m »°). Pac-
Tpe/iesieHne HaNpsKeHuid 6 (puc. 2, a) HOCHUT TIIaBHbIA
xapaxrep. M30mmHnIY HAanpsHKeHUH 110 (hopMe TOBTOPSIOT
MOBEPXHOCTHBIHM KOHTYP TUIOTHHBI. MaKCUMallbHbIE 3Ha-
YCHUS HaHpS[)KeHI/Iﬁ TOJIY4Y€HBI B OCHOBaHUH sgapa BOIH-
31 HATIOPHOM TpaHu J10 —4 KT CM?, @ B CPETHEM 110 OCHO-
BaHUIO s7pa OKoJIo —2,5 kr/cm?. TIpu ypoBHE BEPXHETO
6peda Ha oTMeTKe V253 M THAPOCTATHYECKOE TaBICHIE
Ha HaNOpHYIO IpaHb siipa BOJIM3H OCHOBAHHS COCTAB-
asieT 2,1 Kr/cM?, 9TO HECKOJIBKO HIKE CPETHEr0 YPOBHS
HaNpsUKEHUH G . B BEpXHUX TPUOTKOCHBIX 00MACTAX
IUIOTHHBI CO CTOPOHBI BEPXOBOTO M HU30BOTO OTKOCOB
pacyeToM IOoJy4eHb! TOBOJILHO OOmHUpHbIe (Ha 57 M
B IyOMHY) 00J1aCTH ¢ HEOOIBIIMMH PACTATMBAIOIUMHA
HATPSKEHUAMH G 110 +0,5 Kr/cM?, T.e. BO3MOMKHO 00pa-
30BaHME TPELINH Ha OTKOCAX, YTO TPeOyeT NPHKPHITH OT-
KOCBI TOPHON Maccoi MOIITHOCTBIO 3—5 M.

Pacnpenenenne HanpsokeHWH G, B IIOTHHE
(puc. 2, b) TOCTaTOYHO CHMMETPUYHO C SBHO BBIPAKEH-
HBIM, HO HEOOJBIINM 3aBHCAHUEM SApa Ha YIMOPHBIX
npu3Max. MakcumalibHble HalpsDKeHUs B OCHOBAaHUU

Hanpsoxennst SIGXX, kr/cm?

8 -5 4 -3

EEE
2 1,5 -1
b

0,5 0 05

Koaddunment Haie:)KHOCTH Ha TPEIMHOOOpa30BaHUE B SAPE C,=0,06 T/Mm?

4 253.0

273,0

1 1,1

EmEe £
1,2 1,3 1,

c

KoaddunmeHt Haie:KHOCTH

253,0

<+ 2530

+273.0

+232.0

10 20

22 222 223 224 2,25

e

Puc. 2. Ceuenne 1-1. Havanbusiit Moy JedopMarimi Mareprana sijipa npu Hanpsbkenun 1 kr/em? E = 1300 1/m?
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spa JoCcTUrarT 7,8 Kr/cm? cxkatus, a B OCHOBAHHUH
YIOPHBIX MPU3M HEMHOTO Ooubiie — 0 8,5 Kr/cm?.
DddexT «3aBucaHuA» AApa HA YIOPHBIX MpU3Max 00-
JIee XapaKTepeH I IUIOTUH C TOHKUMU SIIpaMHU, OJ-
HAaKo M B JIAaHHOM ciy4ae OH umMeeT mecto. [Ipu pac-
YETHOM YPOBHE BOABI B BOAOXPAHMIHUILE HANPSKEHUS
G, B SIPS B HECKOJIBKO Pa3 NMPEBBIIAIOT 3HAYCHHE Y 1,
OTIPEJICIISIONIEE THAPOCTATUIECKOE TaBICHUE BOJBI
¢ BepxHero Obeda, 4To roBOPUT 0O OTCYTCTBUU OIaC-
HOCTH TPEIIMHOOOpa30BaHUs Ha HAIIOPHOH I'paHy siIpa
10 TOPU30HTAIBHBIM TUIOIIA/IKAM.

Pacnpenenenue ko3 duipieHTa 3amnaca Ha TPEIIH-
HOOOpa30BaHUE B s/Ipe MPECTaBICHO Ha pHC. 2, ¢. Kak
BU/IHO, YPOBEHB 3HaUCHUN KO3()(HUITMEHTOB JOCTATOYHO
BbICOK (OoJiee 1,5) 1 TOJIbKO B OCHOBAaHHH $1/1pa Ha rpa-
HHIAX C MIEPEXOAHBIMU 30HaMH OH YMEHbIIaeTcs 110 1,4.

Pacnpenenenue ko3pGUIHCHTOB HAIEKHOCTH
B mioTHHE [ 1 7] moka3aHo Ha puc. 2, d, U3 KOTOpOTO BH-
HO, 4TO ypOBEHb KOA(P(PUIIMEHTOB HA/IC)KHOCTH B ILIO-
THHE BEChMa BBICOK (00JIee MATH) U TOJIBKO B 001aCTSX,
CMBIKAOIIUXCS C TIEPEXOAHBIMHI 30HAMH, OH OITyCKaeT-
Cs1 JI0 TpeX, a B €AMHUYHBIX TOUKax /10 AByX. [lomyden-
HBIE AITIOPHI TOPU3OHTAIBHBIX NIepeMellieHuit (puc. 3, a)
B IJIOTHHE XapaKTEPHBI JUIS HACKITICH, HE pabOTaIONINX
B YCIIOBHSIX ACHCTBHS I'MAPOCTATHYECKON HArpy3KH.
ITon meiicTBueM cuil COOCTBEHHOTO Beca 3eMJISTHAs
IUTOTHHA OCeaeT U pacron3aercs. CMeIeHus BepXo-
BOW MPU3MBI HalPaBJICHBI B CTOPOHY BEpXHEro Obeda,
CMEIIEHNS] HU30BOW MPU3MbI — B CTOPOHY HMXKHETO
obeda. [Ipu 3TOM cMeneHuH IeHTPAITBLHON OCH sipa
MpaKTUYECKH He HaOmogaercst. MakcuManbHbIe 3HaUe-
HUSI CMEIEHUH K MOMEHTY OKOHYaHHMsI CTPOUTEIILCTBA
IUTOTHHBI COCTABIISIOT OKOJIO 2 CM U TIOJTy4YEHBI B paio-
He OepMbl HU30BOI'O OTKOCA Ha OTMETKE 255 M.

OMIOpbl BEPTUKAIBHBIX CMEICHUHN B TEJIE MIOTH-
HBI IPUBE/ICHBI Ha PUC. 3, b. DTH SIMIOPHI B CUITY TEX XKe
npuauH (HU3KuH ypoBeHs HITY) cuMMeTprudHBL, 1 Mak-
CHUMaJIbHBIE 3HAUCHHS 0CaJI0K OKojo 18 cM Habmrona-
I0TCSI 110 IEHTPAJIbHOW OCH sIipa BOJIM3H HUKHEH TpeTn
IUTOTHHBI TT0 BeIcoTe. Ocasika BEpXHEl yacTu siapa co-
CTaBJISIET BCETO OKOJIO 7 CM.

Bmopoii sapuanm naomunvt (E, = 2700 m/m’).
[ToBbllIeHNE KECTKOCTH sIIpa 33 CUET YKJIAJIKU B HETO
CKEJIETHOTO CYTJIMHUCTOTO Marepuasa U3MEHSIET KapTH-
ny HJIC nnotunsl.

Pacripenenenue nanpsokenud 6 (puc. 4, a) Ho-
CUT TOOOHBIN C TPEIBIIYIIMM BAPHAHTOM XapakTep.
B ocHoBanuu sapa BOMM3HM HAIOPHOU TpaHU (POPMH-
pyercst 001acTh MOBBIILICHHBIX 3HAUYCHNUI HANPSDKESHUH,
a CO CTOPOHBI BEPXOBOH MEPEXOJHOM 30HBI B ITOM MECTE
oOpazyercst 0bnacTh pazymioTHeHus. Pazmep obnactu
MAaKCHMAaJIbHBIX CKMMAIOIINX HATPSKEHUN CTal HEMHO-
10 OOJIBIIIE, XOTS A0CONIOTHBIE 3HAYEHHUS HAIPSHKEHUH G
KaK ¥ B MEPBOM BapHaHTE HE TPEBBIMIAIOT —4 KI/CM?.
B ommuame ot npenpltyInero BapuanTa B CpeHei 4acTu
AApa HaIPSAXKEHHUA HECKOJIBKO YMCHBIININCH C HHTCPBAa-

nma—1,5...-2,0 kr/em? no —1,0...—1,5 kr/cm?. O6nacTs 1o-
JIOKHTENBHBIX 3HAYEHHH G BOJM3M MOBEPXHOCTH BEP-
XOBOTO U HU30BOTO OTKOCOB 3HAUMTENILHO COKpATHIIach
1 (DaKTUYECKH COXPAaHMIIACH JIMIIb HAa HU30BOM OTKOCE.

Pacnpenenenue HanpsKeHUH G, B TUIOTHHE
(puc. 4, b) B oTIMYMe OT MpEABIIYIICH 3aJadu CTa-
J10 Oosiee paBHOMEpPHBIM, U 3((dekra 3aBrcaHus AApa
He orMmedaercs. [loaToMy cpeHMii ypOBEHb CKUMArO-
IIMX HaNpsDKEHUH B Spe MOBBICHIICS U B OCHOBaHHU
Ha HAMOPHOH I'paHN MaKCHUMaJbHOE CXKMMAIoIlee Ha-
npsbkeHue gocturaer —8 kr/cm?. BooGiue st 9Toi 3a-
Jla4M XapakTep pactpeiesieHHs 3Ha9eHUH HaIpsHKeHUH
©,, 630K K 3HAYCHMSM Y, H.

3HavyeHus1 KodPPUINEHTOB 3araca Ha TPEHIHHO-
obpa3oBanue (puc. 4, ¢) A7 BTOPOTO BapHaHTA TPaK-
THYECKH HE OTJIMYAIOTCS OT MepBOro. MUHNMAaNbHBIE
3HAYCHUS MOJTYUIECHBI B OCHOBAHUH sJ[pa C HATOPHOU
CTOPOHBI OK0JIO 1,4.

3HadeHus KOAPPHUIUEHTOB HAICKHOCTH B TUIOTH-
He TMoKa3aHbl Ha puc. 4, d. [lo cpaBHEHHUIO ¢ TIEPBBIM
BapUaHTOM IPOYHOCTHOE COCTOSTHHE TUIOTUHBI BOIN3U
OCHOBAHHS NEPEXOAHBIX 30H YCHIMIOCH. Tak, ecin
B MIEPBOM BapHUaHTE B OCHOBAaHMM MMEIHCH 00nacTn
¢ koo dunuentamun HagexxHoctu 1,5-2,0, To IpH yBe-
JIMYEHUH KECTKOCTH SI/Ipa CaMble HU3KNE 3HAUCHHUS KO-
3G PUINEHTOB HaZIEKHOCTH CTAJIN PaBHBI 3.

lopusoHTanIbHBIE TTIEpEMEIIECHUS HE N3MEHUITUCH
W Ha HU30BOW OepMme paBHBI 2 cM (puc. 5, a). Beprtu-
KaJIbHBIC OCAJKM YMEHBIIMIUCH MOYTH B J[BA pasa.
MakcumasbHas 0cajika B CpeiHel 4acTH IUIOTHHBI J10-
cTHuTaet Bcero 7 cM (puc. 5, b).

Pesynomambt na ocoboe covemanue nazpyzox (VOIIY).
[loBbIIeHwe YpOBHS BOABI B BOJOXPAHIIINIIE (B /1Ba pasa)
m3mensieT kaptuHy HJIC TmoTuHbI 0 CpaBHEHUIO C Bapy-
AHTOM TIOHIDKEHHOTO YPOBHS BepxHero Obeda. Kax BuaHO
U3 puC. 6, 8, HAIPSIKEHUS G U o, KaK 1 KOO PUITIEHTHI
PaboTOCIIOCOOHOCTH, IPAKTHYECKHU COBIIA/IAIOT, YTO TOBO-
PUT O CXOJCTBE HANPSHKEHUN B INIOTHHE NPU PA3IMIHBIX
MaTepHanax sjpa ¢ ToyHocTbio 1o 0,5 kr/cm”. B cBs3u
¢ aTUM HIwke npuBonutcs ommcanne HJIC mnoTuHbl, Xa-
pakTepHOe JuIsi 000MX PAaCYETHBIX BAPHAHTOB — MEPBOTO
Y BTOPOTO.

Bwmecrte ¢ TeM moguepKHEM, 4TO IepeMeleHus
CHIDKAIOTCSI TP MeOSHUCTOM SiJjpe B JIBa pasa (a 3To
JIOTIOJTHUTENbHASI SKOHOMHS, TAK KaK «IOCHITKa» Mare-
puana 3a cyeT yNJIOTHEHHUs] YMEHBIIAETCS B 1BA Pasa).
Ha puc. 6, d, n puc. 8, d nokazaHa IJIOTHOCTb TPyHTA
B TeJI€ TUIOTHHBI HA MOMEHT OKOHYAHHS CTPOUTEILCTRA.
DTO MO3BOJISIET ONPENEITUTE 00bEM «ITOCBHIITKI» B MPO-
[[ecce BO3BEJCHMS 0 Pa3HUIE 3HAYCHUN IIIOTHOCTH
TPYHTA IIPH €T0 YKJIAJKe U INIOTHOCTH HA MOMEHT OKOH-
YaHUSI CTPOUTEINLCTBA.

XapakTep pacnpeJieleHus HaNnpsKeHHH o
(puc. 6, a; puc. 8, a) Ipu MoIbEME yPOBHS BEpXHE-
ro 6beda no ormerkn OIIY n3MeHumsCs 10 cpaBHe-
Huto ¢ BapuanTtoM Ha ormeTke HIIY. Kak u npu HITY
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Macuitab 5mrop: TOpU30HTANBHBIX MepeMeneHuit 1:5
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Puc. 3. Ceuenne 1-1. Hagansusiit Moayss qedopmarmu siapa npu Hanpspkenun 1 kr/em? E = 1300 1/m?
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Puc. 4. Ceuenne 1-1. HaganpHbiit Moaysis nedopmarmu sipa npu Harnpspkenun 1 kr/em? E = 2700 1/m?
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Puc. 6. Ceuenne 1-1. HavanpHsiit Moayib qedopmarinu sipa rpu Hanpspkenud 1 kr/em? E = 1300 /m?
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[1.M. BypeHkos

B BEPXHEIl 4aCTH MPUOTKOCHBIX 30H UMEIOTCS 00JacTu
C HEOOJIBIIUMH TIOJIOXKHUTEIILHBIMU 3HAYEHUSMH HAIIpsi-
skeHuH. OHAKO MPY MOBBIIIIECHUH YPOBHS BOJBI B BOO-
XPaHWINLIE BECh MaTepUall BEPXOBOH YIIOPHOU IPU3MBI
MIEPEXOUT BO B3BEIICHHOE COCTOSIHUE U 30HA HYJIEBBIX
U CI1abOMONOKUTENbHBIX 3HAYCHUN HANPSOKEHUH G
MIPOHUKAET BIIyOb YIOPHOW NpHU3MBL. B HIbKHEl yacTn
BEPXOBOM MEPEXOAHON 30HBI HA FPAHULIE C SIIPOM I10JI0-
JKMTEJIbHbIE 3HAYEHUS G I0CTUraroT 2 Kr/em”. B ocHo-
BaHMU sIJIpa CPEJHNUH YPOBEHb HANPSDKEHUH yBEITHUIHII-
¢ 10 —4 Kr/cm?, a MaKCUMaJIbHbIE 3HAYEHHUs — BOJIM3H
BEPXOBOU MEPEXOIHOM 30HBI.

XapakTep pachpeneiaeHuss HampsiKeHU o,
(puc. 6, b; puc. 8, b) npu oJAbEMEe YPOBHSI BEPXHETO
Obeda He M3MeHWICs. M30aMHNM HaNpsDKeHUH pac-
pe/ieNIeHbl PABHOMEPHO 10 TIIOTHHE U CUMMETPHUYHBL.
B ocHoBaHUM sipa MakCHUMaJIbHbIE CKUMAIOIIUE Ha-
NPSDKEHHsST TOCTUTAloT —8,5 Kr/cM? [Jist IepBOTO BapH-
aHTa IWIOTHHBI, —9 KI/CM? — I BTOPOTO BapHaHTa.

3HayeHus: KO3(PQUIUEHTOB 3amaca Ha TPEIIu-
HooOpa3oBanue [18-20] mpexcraBnens! Ha puc. 6, ¢
U pucC. 8, ¢ U1 IByX BapHAHTOB C pa3HBIMHU XapaKTepH-
CTHKaMH MaTepuana siipa. Ha prcyHkax xopomo Bua-
HO, 4TO CPEIHUI YPOBCHb 3HAYCHHUN KOI(DDUIIUCHTOB
IIPY OBBINICHUN YPOBHS BOJIBI B BOAOXPAHWIIUILE AaXKe
noBeiciics. OTHaKo B cpeHEN 4acTH siipa Ha HAMop-
HOW I'paHH MOSIBUJICS HEOOIBIION yYaCTOK C TOHIKEH-
HBIM 3HaueHueM Kodddummenta (1,3—1,4), koToporo
He ObLT0 paHee. 3HaueHUS KOA(P(UITNEHTOB HAJAECKHO-
ctu (puc. 6, d u puc. 8, d) B INIOTUHE OYCHb BBICOKHE,
He MeHee 3, ¥ IPH IOIbeMe YPOBHSI BOJIBI B BOJIOXPaHH-
JIMIIE OHU YBEIMYUBAIOTCA.

XapakTep TOpU30HTAIBHBIX U BEPTHKAJIBHBIX IIe-
peMeIeHNH B IUIOTHHE JUIS ABYX BAPHAHTOB C PA3IHI-
HBIMM TUIIAMHM MaTepHUalioB sAzpa oauHakoB. [lepeme-
IIEHHST OTIIMYAIOTCS JIUIIH a0CONIOTHBIMU 3HAUCHUSMH.
B nepBom BapnaHTe MIOTHHBI MAaKCUMAaJIbHAS BETMUMHA
TOPU30HTAJIBHBIX CMEIEHHUH paBHA 3 ¢cM Ha TOBEPXHO-

CTH HM30BOTO OTKOCA, & JUISi BTOPOTO BapuaHTa — 2 CM.
Kak BuaHO, 3TH 3HAUCHMS MaJl0 H3MEHUIINCH OT TTO/Ib-
eMa ypOBHS BOZbBI B BOlOXpaHWiIHLIe. B Gomnbineii cre-
MICHU TPOM3ONUIM U3MEHECHHS B BEJINYMHE TOPU30H-
TAJIBHBIX CMELICHUH siapa. Tak, JJst IepBoro BapuaHTa
C CYIJIMHUCTBIM sIpoM (pHcC. 7, @) MaKCUMaJIbHBIE CMe-
IICHUS] B OCHOBAHUU Spa COCTABUIM 2 CM, a JUIsl BTO-
poro BapuvaHTa 3TU NEPEMEIICHUA MCHBIIC U HE IIpEC-
BBIIIAIOT | cM.

DMIOpbl BEPTUKATBHBIX CMEIICHUN B TIJIOTUHE,
MpEACTABICHHBIE 110 FOPU30HTAIBHBIM CEUCHUSM,
CUMMETPHYHBI, MAKCHMaJIbHbIE 3HAYCHUS OCAI0K I10-
JyYIeHBI B OCHOBAaHWH sIpa, IPHUEM XapaKTep 0CamoK
sipa He COBCEM paBHOMEpHEIA. B Oonbineil crenenn
IIPOCeNaoT 00IACTH SApPA, B KOTOPBIX MOIYYCHBI MH-
HUMaJIbHBIC 3HaYCHUS K03()(UIIMEHTOB 3araca Ha Tpe-
IMHOOOPa30BaHUe, YTO TOBOPUT 00 OTHOCHUTEIHLHOU
HEJIOrPY’)KEHHOCTH MaTepHala 3TUX o0JacTei 1o cpas-
HEHHMIO ¢ coceqHuMU. Tak, HAa MOMEHT OKOHYaHUs Ha-
nojHeHus Bojoxpanunuina go OIIY B sape BOnu3n
HAIIOPHOW TpaHW MaKCHMallbHas 0CaJKa JIJIs epBOTO
BapuaHTa cocTaBisieT okoyo 30 ¢M mpu cpeHeM 3Ha-
YeHUHU OCAIKU B OMIDKaiIeM OKpy)KeHUH OKoJo 16 cM
(puc. 7, b), a g BTOpOTO BapHaHTa — COOTBETCTBEHHO
20 m 12 cm (puc. 9, b).

PaccMmoTpeHHBIE pe3yabTaThl pacdeToB ABYX Ba-
PHAHTOB I'PYHTOBOM IIJIOTHHBI JUISl PA3JIMUHbBIX YPOBHEH
BOJIbI B BOJOXPAHMIIUIILE TIO3BOJISIIOT CIEIIATh CIIETyT0-
IMe BBIBOABI O paboTe (parMeHTa INIOTHHBI, KOTOPBINA
pacIoIokKEH B pallOHe MEPBOr0O CEUEHUSI.

SAK/IIOYEHUE U OBCYXJIEHUE

IIpu noBeIIIEHUN YPOBHS BOJbI B BOJOXPAHUIIHIIE
no otmetku PITY xapakrep pacnpenesieHus Harpsike-
HUU G MeHsieTcs. B OCHOBaHMH BEPXOBOM yrOpHOU
MPU3MBI Ha TPAHHILIE C SPOM MOSBISIETCS] 00JIacTh C He-
OOJIBIIMMU MOJIOKUTEIBHBIMHA 3HAYEHUSIMH, HAaH00IIh-
IIM€ U3 KOTOPBIX IOJIyYeHb! B IIEPEXOHON 30HE.

lopuzonTaneHble epemMenieHus (hAg) B TeIe IIOTHHbI
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Puc. 7. Ceuenne 1-1. HavanbsHsiit Moy gedopmaruu siapa rpu Hanpspkenud 1 kr/em? E = 1300 /m?
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Puc. 9. Ceuenne 1-1. HavanbHslit Moy qedopmarnu siapa rnpu HanpspkeHud 1 kr/em? E = 2700 /m?
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[1.M. BypeHkos

Ota 005acTh MIOTHHBI OTMEYAETCSI 0COOBIMU yC-
JIOBHUSIMU pabOThI, TIOCKOJIBKY HAXOIUTCS Ha I'PaHUIIe
JBYX cpeJl — BOJONPOHUIIAEMOM 1 BOIOHEIPOHUIIAC-
Moi1 (simpom). Best ruppocTatndeckas HarpysKa mepe-
JlaeTcs Ha HaloOpHYIO TPaHb s/pa, U, CIeI0BaTeIbHO,
BCsl paboTa BHEIIHHUX CHJI IEPEXOANUT B SHEPTHIO BHY-
TPEHHETO Ae(OPMHUPOBAHHS ITOTO HIEMEHTA, BBI3bIBAS
B HEM KOHLEHTPALMIO HaNpshKeHUil. B 1o ke Bpemst
MaTepuai MepexoJHOH 30HBI BBIHY)KJIEH CIIEI0BATh
3a e(opMalUAMU S1pa, 4YTO 00YCIOBIUBACT PAa3BUTHUE

B HEM PACTATHBAIOMINX HanpspkeHuit. [Toatomy yBenu-
YEHHE J)KECTKOCTH s/Ipa BEAET K MEHBIINM Jedopma-
IUSIM A7pa U, CIE0BATeNbHO, K MEHBIINM 3HAaUCHHUAM
PacCTITUBAIONINX HAMIPSHKEHUH B MIEPEXO/IHBIX 30HAX.

XapakTep pacrpe/ie/ieHus HAIPKCHNUIT G, CHMMe-
TPUYHBIA. YBEIMYEHHE KECTKOCTH s1pa BEJET K JIMKBH-
Jlaluy apovHoro ddexra, KOTOphIii 0COOEHHO 3aMeTeH
TIPH TTIOHIDKEHHBIX YPOBHSX BOZBI B BOJJOXPAHHIIHIIIE, YTO
JWIIHUH pa3 MOATBEPXKIACT JKENaTeIbHOCTD UCIIONb30-
BaHMs CKEJIETHOTO MaTepHaia B sape IMIOTHHBI.
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Stress-strain state of the Yumaguzinsky hydroelectric dam

P. 51-73

INTRODUCTION

The Yumaguzinsky hydroelectric complex was
built in 2005 on the Belaya River in the Republic
of Bashkortostan primarily to protect areas from flood-
ing caused by spring floods and inundations [1]. The hy-
droscheme also has an energy purpose [2]. The main
structures consist of an earth dam (ED), a hydropower
plant (HPP) building, a right-bank surface spillway and
a left-bank tunnel spillway-water outlet. The water re-
taining structure of the hydroelectric complex is the ED,
which has created a reservoir with a normal retaining
level (NRL) of 253 m and a forced retaining level (FRL)
of 270 m. The length of the dam along the crest is 540
m and the maximum height of the structure is 64 m.

The Yumaguzinsky hydroscheme's earth dam — is
stone-and-earth. The impervious element of the water
retaining structure is a core of silt loam soils with clay
aggregate.

The dam, located in an asymmetrical alignment
of the river channel, was constructed in difficult geo-
logical conditions, the structure of its foundation is not
uniform: in the valley the bedrock is covered by a layer
of non-rock soils, in the channel and floodplain sections
the thickness of non-rock foundation does not exceed
10 m, while in the ancient channel the thickness of de-
posits reaches several tens of meters. Non-rocky soils in
the channel section are represented by gravel and peb-
ble soils.

The study of the stress-strain state (SSS) of the dam [3]
at the Yumaguzinsky hydroscheme was carried out for
the option of an earth dam with a central core and buttresses
of gravel-pebble material.

MATERIALS AND METHODS

It is possible to determine the SSS of a dam on the ba-
sis of ground model developed by L.N. Rasskazov [4].
This model, called “energy model”, directly establishes
connection between increments of stress and strain tensors
and in this sense it can be referred to the category of defor-
mation model. The model uses the notion of loading path
and takes into account its effect on the deformability and
strength of soils. The loading paths of the material are tak-
en into account during the construction process by apply-
ing loads according to the stages of the dam construction.

The “energy” model takes into account the dila-
tant properties of the materials and the elastic, viscous
and viscoplastic properties of the soils in determining
the stress values in the ground material.

The model is based on the energy condition
of ground strength in the form of:

U0+.[c-de:jSij-daij, (1)
L1 L2
where ij J'dsl.j — is the strain energy of the form

change; L, u L, — the parameters of the loading path.
The initial ground energy U, together with the bulk
compression energy |ode, which is stored or expended

with a negative sign along the whole length of the load-
ing path L, represent the strength reserve of the material
which, when loaded, is consumed to realise the devia-
toric components of the deformations leading the mate-
rial to fracture.

On the basis of expression (1), the safety factor K,
which determines the safety factor of the ground, is writ-
ten as:

‘- U, + JLlcde

s

- (2)
S -de.
120 ij

The model also uses the concept of relative ground
strength:

K=—s ", 3)

From formula (3) it can be seen that K changes
from 1 (full compression) to 0 (limiting condition).
The coefficient K in the model acts as a hardening pa-
rameter and ensures that the influence of the loading
path on the deformability of the soil is taken into ac-
count.

The relationship between stresses and strains un-
der active loading of a material is written in the form:

A5, {de +sign(B, — B(t))MldB(t)}
do, (1) = o)
no"! (1) 1-exp(~B(r—1) |
+20,(1),
{f(v)ﬂexp(m?(t) ~B)+ @
n

+G,K(n)[ 1-exp(BK (1) - B)(t—r)"]}dg,.,,

lati=j
Si': . (0
Y |0ati#j

M is the dilatancy modulus; » — non-linearity index;
E, G — bulk and shear moduli of elasticity; 8, &, 1 —
creep parameters derived from experimental investiga-
tions in a triaxial compression apparatus.

In the unloading section, the model assumes elastic
deformation and the use of Hooke's law:

where

do, =E,de-3,+G,-de,, )

where £ , G — are the elastic constants of unloading.
The first term in the right-hand side of expres-
sion (4) is the relation describing the volumetric de-
formations and, among others, the deformations of for-
mations (dilatancy). The second term describes shear
deformations. As can be seen from formula (4), the de-
gree of development of plastic bonds in soil depends
on the parameter of relative strength. Thus, in full com-
pression the strains will consist of volumetric strains
determined according to the first term and the plastic
part of shear strains calculated in the second term. As
the soil approaches the limit state, the coefficient of rel-
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ative strength tends to zero, which means an unlimited
growth of shear strains.

Thus, the real structure of the soil, characterized
by its relationship between elastic and plastic bonds,
is taken into account when calculating the stresses in
dams. Changes in this structure occur in conjunction
with changes in stresses and are reflected in the values
of the coefficient of relative strength and the coefficients
of safety. The values of the safety coefficients in the dam
can be used to judge the strength state of the dam.

RESEARCH RESULTS

According to the adopted methodology, the design
scheme of the dam in solving a plane problem is repre-
sented as a selected fragment of continuous medium hav-
ing a constant profile and fixing. Loads acting on the dam
are divided into surface — from water pressure and in-
ternal — from own weight. Within the selected fragment
of the dam, zones with different types of materials both
embedded in the body of the dam and embedded in its
foundation are defined. The properties of these materials
are specified in the baseline information.

The whole area of the selected fragment of the dam
is subdivided into uniform elements. A triangular mesh
finite element method (FEM) is adopted to describe
the structure of the earth dam and foundation. The foun-
dation of the embankment enters the domain of compu-
tation if its strength and strain characteristics are compa-
rable to those of the materials of the embankment body.
Thus, for dam cross-sections located on a rock bed it
can be assumed that the rock bed is completely unde-
formable compared to the body of the dam and the FEM
grid nodes placed at the boundary with the rock bed can
be considered as fixed. In those sections of the embank-
ment, where there is a non-rock bed, the latter should be
included in the FEM domain. Thus, during the calcula-
tions of the dam's design pressure, the depth of the de-
sign domain at the base of the dam varied from 12 to
70 m, depending on the section in question.

The solution of the problem on the dam struc-
ture, according to the adopted methodology, is based
on a combination of FEM and the method of local
variations (MLV). The local variation method is widely
used for solving continuum mechanics problems related
to extreme properties of some functional. As applied to
the “energy” ground model, such functional is the ex-
pression for the total free energy of the system at possi-
ble displacements under isothermal process conditions.
This functional has the following form:

E(3U) = [X,3U,dV + [Y3U,dB~ [o,e,(8U,)dV, (6)

where E(SVU) — energ}rf of the sysl{em at possible dis-
placements; X,, ¥, — vector of the volumetric and sur-
face force functions; 6U, — vector of possible displace-
ments function; o, eif(élf) — components of stress
and strain tensors; V' — the investigated region with
the given mass forces in it X, (e.g. eigenweight); B —
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the boundary of the investigated area with given surface
forces Y, (e.g. water pressure).

When the variational principle is fulfilled, the true
displacements of the system give a minimum to the en-
ergy functional (6). Thus, the problem of stresses, de-
formations and displacements of a continuous medium
(dam body) in the variational formulation is reduced to
finding a minimum of this energy functional.

To solve the problem, the domain is broken down
into finite elements and external loading, i.e. mass and
surface forces, which are represented as forces concen-
trated at nodes.

Since the problem of the dam's SSS using energy
model of the ground is solved in conditions of stage-by-
stage construction, it is necessary to minimize the en-
ergy functional (6) at each stage. However, if in each
node at variation of displacements increments of energy
functional from the variation step are calculated, then
it is necessary to find values of functional at U = U,
or U= Uy is eliminated, because in this case 6B = 0.
According to this modification of MLV was developed,
within the framework of which the formula of incre-
ment of the energy functional looks as follows:

8B, = j 86, 83e, (h)dV —hdP,, (M

where 7 is the variation step; 6017 — the incremen-
tal stress components at a given step of the erection;
68eij — the strain component increments from the step
of variations /4, the double 6 indicates the conditional
nature of the operation: the deformation increments
of the second order with respect to the total deforma-
tions are found; 6P, — node force increments at a given
stage of erection.

To solve the problem using the incremental en-
ergy functional (2), proceed as follows. By setting
the variation step 4, for each of the elements surround-
ing the node, we calculate the values GSel,j. For each val-
ue obtained cé‘)el_j is assigned through the energy model
to the value 35c,. Summing up in each element the in-
cremental stresses BSGU with the value from the pre-
vious variations, we obtain a new value for the next
variation. Further, by substituting the obtained values
of increments of stresses and strains into expression (7)
the incremental value of the energy functional from
the step of variations is calculated 4. By comparing this
value to zero, we determine whether the given variation
leads to minimization of the functional.

As mentioned above, the energy model of the ground
in combination with the MLV is realized in the calcula-
tions of the ground stress. The key principles of the de-
sign scheme for a groundwater dam, which form the ba-
sis of the calculation algorithm, are as follows.

The rock bed of the dam is assumed to be absolutely
stiff, as the deformability of the rock is several orders
of magnitude lower than the deformability of the dam
body material. If there is an alluvial bed, it is considered
to be an alluvial bed and its deflection is also calculated.
The hydrostatic water pressure from the upstream side is
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applied to the head face of the impervious element (core
or screen) as a surface load. It should be noted that in
a real structure there can be two schemes of water pres-
sure perception. The first is immediately after the water
level rises, when the load is perceived as a surface force.
The second is after stabilization of the filtration flow,
when the water pressure is distributed in the thickness
of the impervious element and is perceived as a mass
force. However, considering that stabilization of filtration
flow in three-phase soil is a very long process, it can be
assumed that movements of the pressure face of the core
are formed mainly when water pressure is perceived ac-
cording to the first scheme.

In accordance with the adopted design scheme
the dam is represented as a fragment of continuous me-
dium fixed in the foundation. In order to solve the SSS
problem within the framework of MLV the computa-
tional scheme should be subjected to finite element ap-
proximation. The triangular-shaped element is the most
advantageous for the breakdown of the dam profile, as
it is best suited for approximation of trapezoidal profile,
and the deformation energy is easily calculated, as it is
assumed that stresses and strains inside triangular ele-
ments are constant, which is very important when solv-
ing nonlinear problems.

For each node of the dam profile grid, the coor-
dinates X and Y. The origin of the coordinates is at
the intersection of the upstream slope with the founda-
tion. The axis X is directed downstream and the axis ¥
vertically upwards. Thus, the geometry of the adopted
element is described by specifying the coordinates
of the three nodes for which vertical and horizontal
displacements are determined during the calculation
process. The deformation, stresses and safety factors
are calculated for one single point of the element, its
centres of gravity, since within a triangular element
the stresses, deformations and hence the safety factor
are constant.

The stability of the dam is assessed according to
several criteria. The main criterion is the safety factor
K which determines the safety margin in relation to
the ultimate strength of the soil. Another criterion for
the serviceability of the dam is the coefficient of re-
serves for fracturing K.

Many years of research and analysis of failures
of some earth dams have shown that the most fre-
quent failure of such structures is either due to fail-
ure of the slope stability of the dam or due to failure
of the continuity of the impermeable element, i.e. hy-
draulic fracture of the core. Therefore, one of the crite-
ria for dam performance should be a factor determining
the safety margin of the core material against possible
fracturing along the horizontal and vertical surfaces.
The risk of hydraulic fracture of the core along the hori-
zontal segments arises when the stress value o, becomes
less than the value of y H{ where y, — is the volumetric
weight of the water; H — the piezometric level. The frac-

ture safety factor at any point of the core along the hori-
zontal platforms can be determined by the formula:
T, +o,
K, = > (3)
. . ’Yoy .
where T — tensile adhesion of the material; o, — ef-

fective stress; y — is the ordinate of the section in ques-
tion under the water level.

For the study of Yumaguzinskaya dam the option
of dam with central core and buttresses of gravel-peb-
ble material has been considered. The upstream slope
embankment is assumed constant and equal to 1:3.
The downstream slope setting is variable in height and
equal to 1:2 at the top and 1:2 below V255 — 1:2.25,
and below V240 — 1:2.5.

The core of the dam is to be filled with quarry loam
with an initial deformation modulus of £, = 1,300 t/m’.
At the same time there is a loamy material with in-
clusions of crushed rock which can be considered as
a preferable material for the core of the embankment.
This is why finite-density calculations of skeleton clay
core have also been carried out £, = 2,700 t/m’ (£, —
bulk modulus of deformation at ¢ = 1 t/m?).

The crest elevation of the dam is V273 m, NRL is
V253 m and FRL is V270 m.

The dam is constructed in stages, the stages are
horizontal with an average thickness of about five me-
tres. In addition there are stages of filling of the reservoir.
The dam is dimensioned according to a time schedule
for the filling of the embankment and the filling phases
of the reservoir. In this section the total number of dam
and reservoir filling stages is 10.

One design cross-section 1-1 was selected for
the study of the performance of the dam (Fig. 1). The phys-
ical-mechanical characteristics of the embankment and
foundation soils are taken from publications [5—7].

Stress-strain state of the dam in section 1-1

In section 1-1 the height of the dam is 41 m.
The computational scheme of the dam is represented
by the triangular FEM grid [8—16], consisting of 368
elements and 226 nodes, 36 of which are located at
the boundary with the rock bed and are anchored. Fig. 1
shows a schematic of the staged construction of the dam
and filling of the reservoir.

The calculations of the dam stability were car-
ried out for two different types of soils to be placed in
the core of the dam [5, 6]. In the first variant quarry
loam material with initial bulk modulus of deformation
E,= 1,300 t/m’ and volumetric weight 2.09 t/m’.

The second option considers the possibility of lay-
ing skeleton loam, a material which is a gravel/peb-
ble mixture with a loamy fill with a bulk dry weight
of 2.2 t/m3. The percentage of particles smaller than
I mm in the mixture should be at least 38—40 % by
weight. Such a material has an initial bulk modulus
of deformation £, = 2,700 t/m’.

Both options have been calculated at reservoir lev-
els at VNRL and VFRL.
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Fig. 1. Schematic of the step-by-step construction of the earthen dam and filling of the reservoir

Calculation results for the main load combination
(under VNRL)

The weir's stress-strain relations are represented by
the distribution of the stress tensor components ¢_ and
o, for the first and second design variants (Fig. 2, 4).

The first version of the dam (E, = 1,300 t/m’).
Stress distribution 6 (Fig. 2, a) is of smooth character.
Stress isolines follow the surface contour of the dam.
Maximum values of stresses are observed at the base
of the core near discharge face up to —4 kg/cm? at
the pressure line and on the average value of stress at
the core basis up to about —2.5 kg/cm?. At the headwater
level of 253 m the hydrostatic pressure at the reservoir is
about V253 m, the hydrostatic pressure at the pressure
boundary of the core near the base is —2.1 kg/cm? which
is slightly lower than the mean stress level of the 6. In
the upper near-slope areas of the upstream and down-
stream slopes the calculation results in rather extensive
(5-7 m deep) areas with small tensile stresses ¢_ up
to +0.5 kg/cm?, this requires that the slopes should be
covered with 3—5 m thick rock mass.

The distribution of stresses o, in the dam (Fig. 2, b)
is quite symmetrical with a pronounced but slight hang-
up of the core on the thrust prisms. The maximum
stresses at the base of the core reach 7.8 kg/cm? com-
pression, and at the base of the thrust prisms slightly
more, up to 8.5 kg/cm?. The “hanging” effect of the core
on the thrust prisms is more typical for dams with thin
cores, but in this case it also occurs. At the design water
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level of the reservoir the stresses 6, stresses in the core
are several times higher than the value y / which de-
fines hydrostatic pressure from the upstream reservoir,
which means there is no risk of fracturing at the core
pressure boundary in the horizontal areas.

Distribution of fracturing safety factor in the core
is shown in Fig. 2, ¢. As can be seen, the level of coef-
ficient values is quite high (more than 1.5) and only at
the base of the core at the boundaries with transition
zones it decreases to 1.4.

The distribution of safety factors in the embank-
ment [17] is shown in Fig. 2, d, from which it can be
seen that the level of safety factors in the embankment
is very high (over five) and only in the areas adjacent
to the transition zones it drops to three and in single
points to two. The horizontal displacement diagrams
obtained (Fig. 3, @) in the dam are typical for embank-
ments not operating under hydrostatic loading. Under
the action of its own weight, the earthen dam settles
and spreads out. The displacements of the upstream
prism are in the direction of the headwater and the dis-
placements of the downstream prism are in the direction
of the downstream. At the same time, there are virtu-
ally no displacements of the central axis of the core.
The maximum displacements at the time of completion
of the dam are about 2 cm and were obtained in the area
of the downstream berm at 255 m.

The vertical displacements in the dam body are
shown in Fig. 3, b. These ejections are symmetrical for
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Fig. 2. Section 1-1. Initial strain modulus of core material at 1 kg/cm? E = 1,300 t/m?
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Fig. 3. Section 1-1. Initial core strain modulus at 1 kg/cm? E = 1,300 t/m?

After stage 11, m

67

(81) Z ONSS| 'CL IO ‘emeanra e saueios



Science ;iltllnglllzll:glii':::l: Vol. 13.Issue 2 (48)

Pavel M. Burenkov

the same reasons (low NRL level) and maximum settle-
ment values of about 18 cm are observed along the cen-
tral axis of the core near the lower third of the dam
height. The settlement of the upper part of the core is
only about 7 cm.

The second version of the dam (E, = 2,700 t/m’).
Increasing the stiffness of the core by laying in skeleton
loam material changes the SSS pattern of the dam.

Stress distribution 6 (Fig. 4, a) is similar to the pre-
vious variant. At the base of the core, near the pressure
boundary, a region of high stress values is formed, while
at the side of the upper transition zone, a region of de-
compaction is formed at this location. The area of maxi-
mum compressive stresses is a little bit bigger, though
absolute values of stresses ¢ _as well as in the first vari-
ant do not exceed —4 kg/cm?. In contrast to the previous
variant, in the middle part of the core the stresses have
slightly decreased from the interval —1.5...-2.0 kg/cm?
to —1.0...—1.5 kg/cm®. The area of positive values 6
near the surface of the upstream and downstream slopes
decreased considerably and in fact remained only at
the downstream slope.

The distribution of stresses o, in the embankment
(Fig. 4, b) in contrast to the previous problem is more
uniform and no hang-up effect of the core is observed.
Therefore the average level of compressive stresses in
the core has increased and at the base on the discharge
face the maximum compressive stress reaches —8 kg/cm?.
In general for this problem the character of stress value
distribution 6 values are close to those of vy, F.

The values of the fracturing safety factors (Fig. 4, ¢)
for the second variant are practically the same as for
the first variant. The minimum values are obtained at
the base of the core on the pressure side around 1.4.

The values of the dam safety factors are shown in
Fig. 4, d. In comparison with the first variant the strength
state of the dam near the base of the transition zones
has increased. Thus, while in the first option there were
areas in the foundation with safety factors of 1.5-2.0,
with the increase of the core stiffness the lowest values
of the safety factors became 3.

Horizontal displacements were unchanged and equal
to 2 cm on the lower berm (Fig. 5, a). The vertical set-

Stresses SIGXX, kg/cm?
- +273.0

Stresses SIGYY, kg/cm?

_$273.0

Core cracking safety factor S,=0,06 t/m?

273.0

£232.0

Reliability factor

$,253.0 /

1 1.1 1.2 13 14

+273.0

4232.0

10 20

Fig. 4. Section 1-1. Initial strain modulus of the core at 1 kg/cm?* E = 2,700 t/m?
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Fig. 5. Section 1-1. Initial core strain modulus at 1 kg/cm? E = 2,700 t/m?

tlement has almost halved. The maximum settlement in
the middle part of the dam reaches only 7 cm (Fig. 5, b).

Results for a particular combination of loads (VFRL).
Increase of water level in the reservoir (by two times)
changes the picture of the dam SSS in comparison with
the variant of lowered upstream level. As it can be seen from
Fig. 6, 8, stresses 6 and G, as well as serviceability factors
practically comc1de that testifies to resemblance of stresses
in the weir at different core materials up to 0.5 kg/cm?. In
this connection below is given the description of dam's de-
flected stresses typical for both design variants — the first
and the second one.

At the same time, it should be emphasized that
displacements are halved with a crushed rock core
(and this is an additional saving, as the “topfilling”
of the material by compaction is halved). In Fig. 6, d,
and Fig. 8, d show the density of soil in the dam body
at the time of completion of construction. This makes it
possible to determine the “backfill” during construction
from the difference between the soil density at the time
of placement and the density at the end of construction.

As in case of NRL, there are areas with small
positive stress values in upper part of near-slope zones.
However, as the water level in the reservoir rises,
the whole material of the upstream buttress is trans-
ferred to the suspended state and the zone of zero and
weakly positive stresses ¢ zone penetrates deep into
the thrust prism. In the lower part of the upstream tran-
sition zone at the boundary with the core the positive
values ¢ reaches 2 kg/cm®. At the base of the core
the average stress level increased to —4 kg/cm?, and
the maximum values are near the upper transition zone.

Stress distribution pattern ¢__ (Fig. 6, a; Fig. 8, a)
when the upstream level rises up to the FRL mark,
the character of stress distribution has changed in com-
parison with the variant at the NRL mark.

The nature of the stress distribution ¢ _ (Fig. 6, b;
Fig. 8, b) did not change during upstream lift. The stress
isolines are distributed uniformly over the dam and are
symmetrical. At the base of the core the maximum com-

pressive stresses reach —8.5 kg/cm? for the first option
of the dam, -9 kg/cm? — for the second option.

The values of cracking safety factors [18-20] are
shown in Fig. 6, ¢ and Fig. 8, ¢ for two variants with
different characteristics of core material. The figures
clearly show that the average values of the coefficients
even increased when the water level in the reservoir
increased. However, in the middle part of the core,
a small area with lower coefficient value (1.3—1.4) ap-
peared on the discharge face, which did not exist be-
fore. The values of reliability coefficients (Fig. 6, d and
Fig. 8, d) in the dam are very high, not less than 3 and
they increase as the water level in the reservoir rises.

The nature of the horizontal and vertical displace-
ments in the dam is the same for the two options with differ-
ent types of core materials. The displacements differ only
in absolute values. In the first variant of the dam the maxi-
mum horizontal displacement is 3 cm at the downstream
slope surface and for the second variant it is 2 cm. As can
be seen, these values have changed little from the reser-
voir level rise. To a greater extent, there were changes in
the magnitude of horizontal displacements of the core.
Thus, for the first variant with a loamy core (Fig. 7, a),
the maximum displacements at the base of the core were
2 cm, while for the second variant these displacements are
smaller and do not exceed 1 cm.

The vertical displacement patterns in the embank-
ment, shown by the horizontal sections, are symmetri-
cal and the maximum settlement values are obtained at
the base of the core, and the nature of the core settle-
ment is not entirely uniform. Core areas where minimal
values of fracture reserves are obtained are subsiding to
a greater extent, which indicates relative material under-
loading of these areas as compared with the neighbor-
ing ones. Thus, at the moment of completion of reser-
voir filling up to FRL in the core near the discharge face
the maximum settlement for the first variant is about
30 cm with average value of settlement in the nearest
surroundings about 16 cm (Fig. 7, b), and for the second
variant — respectively 20 and 12 cm (Fig. 9, b).

69

(81) Z ONSS| 'CL IO ‘emeanra e saueios



Science ;il':lngl'l:ll:glii(:ﬁ Vol. 13. Issue 2 (48)

Pavel M. Burenkov

Stresses SIGXX, kg/cm?

-8 -5 -4 3 2 -15 -1 =05 0 0.5 2

b
Core cracking safety factor S = 0,06 t/m?

Reliability factor
273.0

1.2

Fig. 6. Section 1-1. Initial strain modulus of the core at 1 kg/cm?* E = 1,300 t/m?
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Fig. 9. Section 1-1. Initial strain modulus of the core at 1 kg/cm?* E = 2,700 t/m?
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The reviewed results of the calculations of the two
groundwater dam options for different reservoir lev-
els allow the following conclusions to be drawn about
the performance of the dam fragment which is located
in the area of the first cross section.

CONCLUSION AND DISCUSSION

When the reservoir level rises to the FRL level,
the stress distribution pattern 6 changes. At the base
of the upstream thrust prism at the boundary with
the core, an area of small positive values appears,
the largest of which are obtained in the transition zone.

This area of the dam is marked by special oper-
ating conditions because it is on the boundary of two
environments — water permeable and water perme-

able (core). The whole hydrostatic load is transferred to
the pressure face of the core and hence the whole work
of external forces is transferred to the internal deforma-
tion energy of this element, causing stress concentration
in it. At the same time the transition zone material is
forced to follow the deformations of the core, which
leads to the development of tensile stresses in it. There-
fore, increasing the stiffness of the core leads to less de-
formation of the core and therefore less tensile stresses
in the transition zone.

Stress distribution pattern o, is symmetrical. In-
creasing the stiffness of the core leads to the elimination
of the arch effect, which is particularly noticeable at low-
er reservoir levels, which once again confirms the desir-
ability of using skeleton material in the core of the dam.
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