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AHHOTAUMUA

BBeaeHue. [lecbopmrpoBaHme rpyHTOB UMEET HENMMHEeNHbIN, ynpyronnactuyeckuii xapakrep. Moatomy mogenuposaHue
HanpspkeHHo-gedopmmnpoBaHHoro coctosiHus (HOC) BbICOKMX rPYHTOBbLIX MIOTMH 06513aTENbHO BbIMOMHAKT C NPYMEHEHU-
€M HemnuHerHbIX Mogenen mexaHuku rpyHToB (Mopa — KynoHa, ynpouHsiiowerocst rpyHta v ap.). O4HUM U3 BaXXHEWLWnNX
NPOSIBNEHUIA HENMUHEWHOCTUN AedOPMUPOBaHUS FPYHTOB SIBMISIETCS pa3nuune xapaktepa Aedopmaunii Ans ABYX TpaeKTopui
Harpy>xeHusi: Npu pasrpy3ke obblYHO BO3HMKAIOT TOMNBKO ynpyrue gedopmanyu, a npu akTMBHOM HarpyxeHun — ynpyronna-
ctuyeckue. o mepe HarpyxeHust obnactb ynpyroro AedOpMUPOBaHUS yBENNYMBAETCS, 3TOT 3PGEKT NPUHATO Ha3biBaTb
yrnpoyHeHnem. OfHaKo He BO BCEX HEMUHEWHbIX MoAensiX, B YacTHocTu B moaenu Mopa — KynoHa, yuntbiBaeTcst 3ToT
adppekT. BbINOMHEHbI nccnenoBaHWs Mo OLUEHKEe CTENEHUN BNUSHUS 3ddpekTa YNPOYHEHUS! Ha pe3ynbTaThl YUCTIEHHOTO MO-
nenvposanus HOC rpyHTOBOM NNOTWHBI.

MaTepuanbl u MeToabl. PacyeTbl IPOBOAMNUCE C MOMOLLBIO NporpammHoro komnnekca PLAXIS Ha npumepe ogHopoaHom
KaMeHHo-HabpocHol NnoTuHbl Beicotol 100 M. Micnonb3oBanack nMHenHas Mofdernb naeansHON NnacTMYHOCTU C YCOBUEM
npoyHocTu KynoHa — Mopa. [Insi BbisBNeHUst BNnsiHUSA achdekTa cpaBHMBanuch pesynsratbl pacdeta HOC ans aoByx Bapu-
aHTOB — C YYETOM Hanu4us TpaekTopun pasrpysku u 6e3 ee yyerta. YYeT Hanuums obrnactu ynpyroro AedopM1poBaHms
OCYLLECTBIANCS C MOMOLLbIO NMOBEPXHOCTM NNACTUYHOCTMU.

Pesynbrathl. ViccnegoBaHve nokasarno, YTo yyeT adhdekTa ynpoYHEHUs! KapAMHaIbHO U3MEHSIET pe3yrbTaThbl YACIEHHOTO
mogenuposaHust HAC rpyHTOBOM NnoTuHbI. B npouecce BocnpusiTUst rMapocTaTM4eckoro AaBneHnst YacTb rpyHTa NNOTUHbI
UCMbITEIBAET HE aKTMBHOE Harpy>eHue, a pasrpysky. Y4er aToro adpdpekta ynpoyHeHUsi MpyBeN K YMEHbLUEHWIO rOpU30H-
TanbHbIX CMELLEHWIA NNOTUHbI OT MMAPOCTaTUYECKOro AaBMeHUs MpuMepHo B 2 pasa. Kpome Toro, npu yuyete addpekta
YMPOYHEHNS 3HAYUTENBHO MOBLILIAETCS NMPOrHO3Has OLIEHKA YCTOMYMBOCTM NMOTUHBI C AMadparMoin — CyLECTBEHHO CHU-
)KaeTcsi pUCK NoTepu CABUIOBOW MPOYHOCTU M 06pa3oBaHUst MaccrBa 0OpyLLIEHUS B ee BEPXOBOW YNOPHOM Npusme.
BbiBopbl. [MpumeHeHne ans pacyetoB HOC rpyHTOBbIX NNOTUH MOAZENeN, He yYnTbIBaOLWMX 3DEEKT YNPOYHEHUS TPYH-
Ta, Hanpumep mogenu Mopa — KynoHa, HegonycTumo. OHO He TOMbKO CHMXKAET 3anac HecyLle cnocobHOCTU NIOTUHBI,
HO CUMbHO UCKaXaeT pe3ynbTaTbl YNCNIEHHOrO MOAENMPOBaHMS.

KIKOYEBBIE CITOBA: kameHHO-HabpocHas NnoTuHa, HanpsKeHHO-4edOPMMPOBaHHOE COCTOsIHME, pasrpy3ka, ynpoyHe-
Hue, mogenb Mopa — KynoHa, Mogenb ynpoYHSOLWErocs rpyHTa, yCTOMYMBOCTb, MOBEPXHOCTb MAaCTUYHOCTU, YNCIIEHHOE
MoAenupoBaHue
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ABSTRACT

Introduction. Soil deformation exhibits a non-linear elastic-plastic behaviour. Consequently, modelling of the stress-strain
state (SSS) of high embankment dams is necessarily carried out using non-linear rock mechanics models (Mohr — Coulomb,
soil hardening and others). One of the key manifestations of the non-linearity of soil deformation is the different nature
of deformations under two loading scenarios: during unloading, typically only elastic deformations occur, whereas during
active loading, elastic-plastic deformations take place. During loading, the area of elastic deformation increases; this effect
is commonly referred to as hardening. However, not all non-linear models, specifically the Mohr — Coulomb model, take this
effect into account. This paper presents studies on estimating the extent to which the hardening effect influences the results
of numerical modelling of the SSS of embankment dams.

Materials and methods. The analysis was carried out using the PLAXIS software package, using a homogeneous 100-
high rockfill dam as an example. A linear model of ideal plasticity with the Mohr — Coulomb strength state condition was
employed. To determine the extent of the effect, the results of SSS analysis were compared for two scenarios: one taking
into account the existing unloading trajectory and one without it. The existing area of elastic deformation was accounted for
using a plasticity surface.

Results. The investigation showed that taking the hardening effect into account radically alters the results of SSS numerical
modelling of the rockfill dam. When subjected to hydrostatic pressure, part of the dam soil is not under active loading but
is instead unloaded. Taking this hardening effect into account led to an approximately twofold reduction in the horizontal
displacements of the dam caused by hydrostatic pressure. Furthermore, when the hardening effect is taken into account,
the predicted stability of the dam with a diaphragm increases significantly; the risk of loss of shear strength and the forma-
tion of a collapse mass in its upstream face decreases considerably.

Conclusions. The use of models that do not account for the soil hardening, such as the Mohr — Coulomb model, in SSS
analyses of embankment dams is not permitted. Such models not only underestimate the dam'’s load-bearing capacity mar-
gin but also significantly distort the numerical simulation results.

KEYWORDS: rockfill dam, stress-strain state, unloading, hardening, Mohr — Coulomb model, Hardening Soil Model, stability,
yield surface, numerical simulation
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BBEJIEHHUE

IIpeomem uccredosanus. HanpshxeHHo-nedopmu-
posanHoe coctosiaue (H/IC) rpyHTOBBIX TIIOTHH HMe-
€T CJIOXHBIH XapakTep, M 3TO, MPEXkJe BCEro, CB3aHO
CO CJIOKHBIM XapaKTepoM Je()OPMUPOBAHMS I'PYHTOB
IO/ HAarpy3Kol. [ pyHTBI HE SBISIOTCS YIPYTHM MaTepH-
aJIoM, TIPH HarpyKeHUH IPyHTA MPOUCXOAAT HE TOIBKO
oOpaTriMBbIe yIpyrHe, HO U He0OpaTUMBbIe TUIACTHYECKHE
nedopmanmm. [1o 3T0i pranHE CBA3b MEXTy HaIpsHKe-
HUAMH U 7ie(hOpMaLUsIMU B TPYHTE HE MOXKET OBITh OITH-
caHa TeopHel yIpyrocTy u JUHEHHON MOJIENbIO, OCHO-
BaHHOI Ha 3akoHe ['yka. [Ipu nedopmupoBanny rpyHTa
MIPOSIBIIIOTCS PA3INYHBIC HETHHEHHBIC YPPEKTHI (IB-
JICHUsI) — YNPOYHEHUE, TUIaTaHCHsl, TIOJI3yYeCThb H JIp.
OnHUM U3 Ba)KHEHIINX HENMHEHHBIX 3(QEKTOB CIy-
JKUT pa3sindne Xxapakrepa ae(opMUpoBaHUS MIPU IBYX
TPACKTOPHSIX HAIPYKEHUS! — AKTUBHOM HarpyKCHHH
u ipu pasrpyske. [Ipu pasrpyske B IpyHTE B OCHOBHOM
MPOSIBIISIIOTCS TOJIBKO YIpyTue nehopMannuu U rpyHT
uMeeT OONBIIYIO KECTKOCTh, YeM IPH aKTHBHOM Ha-
rpyxenud. [Io Mepe pocra CXKMMAIOMMX HANPSHKEHUH
00racTh HAPSHKEHHOTO COCTOSTHUS, COOTBETCTBYIOMIAS
yrpyromy J1eopMUpOBaHUIO, YBEIUUHBACTCS, ITOT -
(hexT HazbIBaETCS SPPEKTOM YIPOUHEHHUSI.

Axmyanornocms uccieoosanusi. OcOOEHHO CHITBHO
TUIACTUYECKUE CBOMCTBA TPYHTA MPOSIBISIIOTCS B KPYII-
HBIX TPYHTOBBIX COOPYKEHUSIX, HCIBITHIBAIOIINX OO0JIb-
e HAarpy3KH, K TAKAM COOPYKEHHSM OTHOCSIT TPyH-
TOBBIE IUIOTUHBL. B mporecce BOCIpUATHS Harpy3ok
I'PYHTOBBIE TUIOTHHBI MOJIy4aloT Oosbline Jedopma-
iH 1 nepemenienust. CTpouTeIbHBIE 0CaKN BBICOKHX

KaMEHHO-HaOpOCHBIX IJIOTHH [ 1-3] MOTYT JOCTHTATh He-
CKOJIbKO MeTpoB. B mporecce nedopmupoBanus miotu-
HBI MOTYT OBITh TIOTEPSIHBI CBUTOBASI IPOYHOCTH FPYHTA
U yCTOWYHMBOCTH coopykeHus. Hampumep, B ctathe [4]
C MOMOIIbIO YHCJIEHHOTO MOJEINPOBAHUS MOKa3aHO,
YTO CBEPXBBICOKAsI KAMEHHO-HAOPOCHAsI TUIOTHHA C JHa-
(hparmMoii MOXKeT NOTePSITh CBOI0 YCTOHYMBOCTB IO JIBYM
CXeMaM: C OOpYIIEeHHeM HH30BOTO OTKOCA 1O KPUBO-
JMHEWHOW MOBEPXHOCTH M ¢ 00pa30BaHUEM IPU3MBI
oOpymieHus: B BEpXoBOH ymopHo#l nmpuszme. OTMmevaeT-
Csl, YTO HE3aTyXaroUINi XapakTep 0Caa0K U CMEIICHUN
KaMeHHO-HaOpocHoI roTuHb! borydanckoit ' 9C BbI3bI-
BAET OMACEHHUs B YCTOMYMBOCTH €€ HU30BOIO OTKOCca [5].

YKkazaHHbIE IPUMEPB! HAITISITHO AEMOHCTPUPYIOT,
gt0 iporao3 HJIC n ycTOHYIMBOCTH TPyHTOBOH TUIOTHHEI
JIOJKEH OCYIIECTBIISATHCS TOIBKO C IPUMEHEHHEM Hellu-
HEWHOW MOZIeN MEXaHUKHU TPyHTOB. Takoe TpeOoBaHMe
qutst iiotuH | m 11 xi1accoB ycTaHOBIICHO M B HOPMAaTHB-
HoM jiokyMeHTe CIT 39.13330.2012 «ITnotuHs! U3 TpyH-
TOBBIX MaTepHaJIOBy.

OpnHako OOHIETPUHITON U BCEOOBEMITIONIEH MO-
JIETIM TPYHTA TTOKa HE CYIIECTBYET, JUISl MOJCITHPOBAHMS
I'PYHTOBBIX IUIOTUH HCIIOJB3YIOT HECKOJIBKO MaTeMaTH-
YEeCKHX MOJIeIel MEXaHUKH TPYHTOB. AKTyaJIeH BOIIPOC
0 COBEPIICHCTBOBAHUH M3BECTHBIX WM Pa3padOTKe HO-
BBbIX MOZIEJIEN IpYyHTA.

Oco0y10 BaXXHOCTh MMEET OIIEHKAa TOYHOCTH pac-
yeTHbIX porHo30B HJIC rpyHTOBBIX MIOTHH, MOTyYac-
MBIX C TIOMOIIBIO 3THX Mojienield. HeoOxonmmo oneHuTb,
HACKOJIBKO MPUMEHsIeMasi MOJIeIb aIeKBATHO BOCIIPOM3-
BOJIMT TOBEJCHUE TPYHTA M KaK MPUHATHIE B MOAEISIX
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TpyHTa JOMYIIEHUS BIUSAIOT HAa KA4ECTBO YHCIEHHOTO
MOZIETUPOBAHUSL.

O630p numepamypol. O030p HAYIHBIX ITyOIHKAIIIA
MOKa3bIBACT, YTO B HACTOSIIEE BPeMsI IPU YHUCICHHOM
MozenupoBanuu HJIC rpyHTOBBIX COOpYXKEHHH MpUMe-
HSIOT HECKOJIBKO MOJIenei rpyHTa [6].

Hcnonp3yloT MaremMaTndeckue MOJENN ABYX TH-
OB — MOJIeNIM HEeJMHEIHOH ynpyroctu (nedopmaru-
OHHOW TEOPHH TUIACTUYHOCTH) M MOJICIIN TEOPUH IIIa-
CTHYECKOTO TCUCHUSI.

Camas mpocTtas HeJIMHEWHas MoJielb — MOJENb
Mopa — Kynona (Mohr — Coulomb model, nanee —
MCM). DTta Moienb OTHOCUTCSI K MOJEISIM Jiedopma-
LIUOHHON TEOPUH IUIACTUYHOCTU. B Hell npuHuMaercs,
YTO 70 MOMEHTA ITOTEPH CABUTOBOIM MPOYHOCTH CBS3b
MeKIy Ae(OPMALMAME U HANPSKEHUIMU — JIMHEIHHAs,
a TIOCJIe JIOCTMKEHUS! CZIBUTOBOI MTPOYHOCTH Jiehopma-
NN YBEIIMYHUBAIOTCSI 0€CKOHTPOIbHO. COOTBETCTBEHHO,
MCM — 310 JUHEIHAS MOIEIb UAEATBHON INIACTUYHO-
cTi. Bo MHOTHX ApYyTUX MOAENAX HUCHONB3YyeTCs yCIOBHE
caurosoit nmpounoctu Kysinona — Mopa. bosnbioit veno-
cratok MCM 3akmodaercs B TOM, 9YTO OHA HE YIUTHIBA-
eT 3(PEeKT «YNPOUHEHHSD» — CHIDKEHUE JIe(OopMUpye-
MOCTH TPYHTA 110 MEPE YIIOTHEHUSL.

Bonee coBepmienHoit sBsieTcs runepoonnyecKas
mozens Duncan — Chang, kotopasi OCHOBaHa Ha I'M-
nepOoINYecKOl 3aBUCUMOCTH MEXIY HAIPSHKEHUSIMU
u nedopmarusaMu B rpyHTax. Mozgens pa3zpaboTaHa
J.M. Duncan u C.Y. Chang B 1970 r. Dta Mozaeinb OT-
HOCUTCS K MOZIENSAIM HEJMHEHHON ynpyrocTu. B Heil ne-
(hopMaTHBHBIE XapaKTEPUCTHKN TPYHTa (MOJYIIb JINHEH-
HOH gedopmanuu £, Monyis 00beMHO# nedopmaryu B)
MIPUHUMAIOTCS] TIEPEMEHHBIMH B 3aBHCHMOCTH OT Ha-
MPSDKEHHOTO COCTOSHUSI, O1aroapst 4eMy MOJEib y9u-
ThIBaET dQPeKT «yrnpouneHus» rpyHra. OnHaKko MOJEib
Duncan — Chang He oTpaskaeT NpOUCXOJIAIIIE B TPYHTE
MEXaHUIECKHE TPOIIECCHI, a JINIIb alllIPOKCUMHPYET UX.

BaxHbIif HEOCTATOK TUIIEPOOTUICCKOM MOICITH
B TOM, YTO OHA HE Pa3rpaHUYMBACT B SBHOM BHJIE TPACK-
TOPHY aKTUBHOTO HArpy>KeHHs U pasrpy3Ku. ITOrO HEJ0-
CTaTKa JMIIEHBl MOJIENH IIacTHUecKoro TedeHus. OHu
OCHOBaHbI Ha ACCOLIMMPOBAHHOM 3aKOHE TEUECHS], B HUX IIPU-
HIMAEeTCs, YTO HAIPABJICHNE BEKTOPA MITACTHYECKUX JIe-
(hopmaruii OpTOroHaIbHO K MOBEPXHOCTH IUIACTHYHOCTH
(Texyuectn).

IToBepXHOCTH IIIACTUYHOCTH PA3rPaHUYMBACT B Ha-
MIPSHKEHHOM COCTOSTHUH OOJIACTH YIPYTOTO U YIPYTOILIa-
CTHYECKOTO JIe()OPMUPOBAHUSI, KOTOPBIE COOTBETCTBY-
10T TPAEKTOPHUSIM Pa3rPy3KH U aKTHBHOTO HATPYy>KCHUSL.
I'padmuecku MOBEPXHOCTD MIACTHYHOCTH OTOOpaXKaroT
B IIPOCTPAHCTBE IIIABHBIX HAIPSHKEHUH WM MPOCTpPaH-
CTBE MHBapHAHTOB TCH30pa HamnpsbkeHui (puc. 1). Bemu-
YHHA p TIPEACTABIACT COOOM cpeiHee HapsHKeHUE, KOTO-
PO€ C TOYHOCTBIO 10 MHOJKHUTEIISI COOTBETCTBYET IIEPBOMY
WHBapHaHTY TEH30pa HaNpspKeHWH. Bennmunny ¢ Has3biBa-
10T «JI€BHATOPHBIM HAMPSHKEHHEM», OHO C TOYHOCTBIO
JIO MHOXHTEJISl COOTBETCTBYET BTOPOMY HHBApUAHTY
JIeBUATOpa HAPSDKEHNIT M MHTEHCHBHOCTH KacaTeNIbHBIX
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HaNpsDKEHUI IPUMEHUTEINBHO K INIOCKOM 3az1aue. Benu-
YHMHY ¢ OTIPEJIEISIOT KaK Pa3HUILy MAKCUMAJIGHOTO U MH-
HMMAJIGHOTO TJIABHOTO HAIPSDKEHHS, OHA B 2 pa3a Oosbiie
MaKCHMaJIbHBIX KacaTelIbHbIX HAITPSHKCHUI.

K MozmemnsiM miacTHYecKoro TEUCHHsI OTHOCSTCS
Moznermn Cam-Clay 1 Mozenb yIpOYHSIOMIErocst TPyHTa
(Hardening Soil model, nanee — HSM). B Hux ucrosnb-
3yeTcst IIOBEPXHOCTD INIACTHYHOCTH IIATPOBOI ()OPMBI.

Monens Cam-Clay mpuMeHsieTcst 11 MEITKO3epHH-
CTBIX TpyHTOB. HSM MOKeT HCIIONB30BATHCS M T KPYTTHO-
00JIOMOYHBIX TPYHTOB, TaK KaK OHA YUHUTHIBAET €IIE OJIHH
a¢dekT ynpouaneHuss — 3QHEKT CHImKEHHS 1ehOpMHUpPY-
€MOCTH TpyHTa C yBenuueHneM cxxarusi. B HSM momynb
nehopmaryy He SBISIeTCsl KOHCTaHTOM, €ro BeJIMYNHA U3~
MEHSIETCS 110 CTETIEHHON (DYHKIMM OT HaIpshKeHHsT OOKO-
BOrO oOXatus [6].

Pa3HbIMu KccieoBaTessiMy MPUMEHSIIOTCS Pa3HbIe
mozenu. ITpn MopennpoBaHuM HEOOMBIINX COOpPYIKeE-
HUH 00p19HO Hcnonk3ytoT MCM. B Kurae nanbosbiiee
pacnpocTpaHeHHe ToyqnIia TUIepOoInYecKas MOAEb
Duncan — Chang, npuMepamu TakuX UCCIICIOBAaHHUI SB-
sstrotest myonukanuu [7, 8]. Momens Cam-Clay ucrons-
30BaHa B MCCIEOBAaHUM [9] A OMMCAaHUS MTOBEICHUS
IIMHUCTOTO TPYHTA B TeJie KAMEHHO-3EMIISTHON TUIOTH-
Hel. HSM npumensietcst pexxe, yem MCM u runep6oiu-
gecKasi MOJIETIb.

Bonpocy o BeiOope mozeneil U UX mapaMerpoB
MO-TIpeXXHEMY yaelnseTcs: Oonbioe BHUManue. [1yomu-
KyIOTCSI CTaThH, NMOCBSIIECHHbIE KaIUOPOBKE MojeeH
1 TIo100py WX TapaMeTpoB, aJIeKBATHO BOCIIPOU3BOIS-
KX HOBEJECHHE TPYHTA MPH J1A00PaTOPHBIX UCTIBITAHU-
six [ 10—12] nnu noBeneHre NOCTPOEHHOM MIOTHHBI [ 13].

B crarbe M. Xu u coasr. [14] skciepuMeHTamMu
B KPYITHOMACIITaOHOM CTaOMIOMETpE ITOKa3aHo, UTo Jie-
(hopmary KaMeHHOH HAOPOCKOW CYIIECTBEHHO 3aBUCST
OT TPACKTOPUH HATPYKECHHS.

HmeroTes uccneoBanusi, B KOTOPBIX MPUBEIECHO
CpPaBHEHME PE3YJIBTaTOB UHCICHHOTO MOJICIUPOBAHNUS
HJC rpyHTOBOH INIOTHHBI C UCIIOIB30BAHUEM PA3HBIX
MOJIENEH.

Brmonneno cpapaenne MCM u HSM [15-17]. Ipo-
BezieHo cpasHeHne MCM 1 HSM nipyiMeHHTEIBHO K aHaU-
3y H/IC xamenno-3emisHo# riotis! Karkheh (Mpam) [17].
Cpasrenne MCM u HSM ocy1miecTBieHo a1 KaMEeHHO-

q A

Puc. 1. Cxema moJoKeHUsI MOBEPXHOCTH IUTACTUIHOCTH: [ —
obmacTh ynpyroro nedopMupoBaHus; 2 — MOBEPXHOCTH TEKY-
YeCTH TPH CIBUTE; 3 — MOBEPXHOCT TEKYYECTH MPH CHKATHH
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3eMJITHOM IJIOTHHBI C NIMHSIHBIM SAPOM BBICOTOH 59 M [15].
[MoxkazaHo, uto y4er B HSM addexra yrnpounenust rpyHTa
BEJIET K yMEHBIIICHHIO PACUETHBIX OCA/I0K IUIOTHHBI TIPH-
mepHo Ha 50 %. B nccnenosanmu [ 18] nponemoncTpupo-
BaHO, 4T0 MCM MeHee TOYHO BOCIIPOM3BOIUT PEabHOE
TIOBEICHUE TUIOTUHBI, YEM YIPYTOIUIACTHIECKAs! MOZEIb,
OCHOBaHHas Ha PYT'MX NPHUHIMIIAX.

B pabote [19] npencraBieHo cpaBHEHHE THIICP-
6onmunueckoir mogenn 1 HSM Ha mpumepe KamMeHHO-
HaOPOCHOH TUIOTHHBI C JKeJIe300€TOHHBIM SKPAHOM BbI-
coToii 182 m.

Kpome toro, pazpabareiBaloTCsi M IPUMEHSIOTCS
HOBbIe Mozienu rpyHTa. Crartsu [12, 20, 21] nocBsieHsl
pa3paboTKe HOBBIX MOJICIICH TPyHTA.

Lenu u 3a0auu uccnedosanus. Llenp uccnenoBanus
COCTOHT B OIICHKE BIMSAHUSA 3(h(eKTa pasrpy3KH rpyHTa
Ha (hopmupoBanue H/IC BbICOKOH rpyHTOBOM IJIOTHHEL.
DTO MO3BOJIUT OLIEHUTH TOYHOCTH Mojienuposanus HJIC
IUTOTHUHBI TIPH UcTodb30BaHIM MCM, KoTopas He y4H-
TBHIBACT YKA3aHHBINA Y(D(HEKT.

MATEPHUAJIBI U METO/bI

Meroarka UCCIeI0BaHUS 3aKIII0YAeTCsl B CpaBHE-
HUM pe3ynbraToB pacdeToB HJC rpyHTOBOM MIOTHHBI
JUTSL IBYX BapUAHTOB — 0€3 ydera 3 peKTa pasrpy3Ku
TPYHTa 1 C €TO yYETOM.

Ob6vexm uccredosanus. ViccnenoBanne BBITOTHS-
JIOCh Ha NpHUMepe KaMEHHO-HAaOpPOCHOMW TUIOTHHBI BbI-
coroii 100 M, pacrojokeHHON Ha KECTKOM OCHOBaHUH.
[T1oTHA MMEeT CUMMETPHYHBIN POMHITE, ITUPHUHA TPed-
Hs1 — 10 M, 3a510)KeH1E 0TKOCOB — 2. PacueT npoBoauicst
Ha /IBa BUJIa Harpy30K — COOCTBEHHBII BEC U THIPOCTa-
THUYECKOE JIABJICHUE CO CTOPOHBI BOAOXpaHWwnIna. B nc-
CJIEIOBAHUHN pacCMaTprUBaIMCh IIJIOTUHBI IBYX THIIOB.

[T1oTHHA MEpBOTO THHA — IUIOTHHA C TOHKUM
HETPYHTOBBIM 3KPaHOM, PAaclOIOKEHHBIM Ha BEpPXO-
BOM OTKoce. /IJIsl INIOTHHBI 3TOTO THUIIA XapaKTEpPHO TO,
YTO I'MJPOCTATHYECKOE JaBICHHE MPUIIOKEHO Ha BOJIO-
HENPOHUIAEMbIIl BEPXOBOH OTKOC U IIOTOMY HE TOJIBKO
CTPEMHTCSI CABUHYTH IUIOTHHY B CTOPOHY HMKHETO Obe-
(ha, HO ¥ IPMIKUMAET TEJIO TUIOTHHBIL.

IInoruna Broporo tuma — IJIOTUHA C TOHKOU Bep-
TUKaIBHON Jiadparmoii. OcOOEHHOCTD YCIIOBHi pabOThI
3aKJIIOYaeTCs B TOM, YTO BOIOHETIPOHUIIAEMAst HATIOpHAs
rpaHb PacMOJIOKEHA BHYTPHU Tela IUIOTHHBI, a THIPO-
CTAaTMYECKOE JIaBJICHHE NMPUIIOKEHO TOPU30HTAIBHO.
HpI/I 9TOM OHO BBI3BIBACT AOIIOJIHHUTCIBHOC CXKATHUC HU-
30BOM YIIOPHOM NPU3MBI IUIOTHHBI M YMEHBIIAET CKaThUe
B BEpXOBOM ynopHoi#l npusme. Kpome toro, npu Hamos-
HEHHMH BOJOXPaHWININA IIPOUCXOAUT TEPEXO]] IPyHTa
BO B3BELIEHHOE COCTOSIHHUE.

B 006oux ciydasx KeCTKOCTh MPOTHBO(HUIBTpa-
IIMOHHOTO dJIeMEeHTa (dKpaHa, quadparMbl) MIOTHHBI
HE YYUTHIBAJIACK, INIOTHHA PUHUMAIACh OHOPOIHOM,
COCTOSIIICH TOJIBKO M3 KAMEHHOIH HAOPOCKH.

[T10THOCTh KaMEHHOW HAOPOCKM NMPUHUMAJIACh!
B CyXOM COCTOSTHUH — 2,0 T/M>, B BOIOHACBIIIICHHOM CO-
CTOSIHUM — 2,32 T/M°.

Memoouxa uccnedosanus. PacdeTsl BBITIOIHANNCH
C TIOMOIIIBIO BBIYMCIUTEIILHOTO ITPOIPAMMHOTO KOMILIEK-
ca PLAXIS. Teno miotunbl ObUTO pazaeneHo Ha 1812
TPEYTONBHBIX KOHEUHBIX dJIEMEHTOB ¢ 14 829 y3mamm.
Pacuer ocy1mecTBIsuICS C y4eTOM MOCIEe0BaTEIbHOCTH
BO3BEJICHUSI M HATPYKEHUs coopyxeHus. [IpuHrManocs,
YTO CHayaJia INIOTHHA Oy/leT OTChINIaHa JI0 TPeOHs ropH-
30HTAJIBHBIMU CIOSIMU (25 c10€B), a 3aTeM OyAeT rmocre-
MIEHHO HAIOJHATHCS BOJOXPAHMIINILE 10 ITyOHHBI 96 M.
OO0111e€e KOJMUYECTBO PACUCTHBIX ATAMIOB COCTABUIIO 49.

IIporpammusrii kommieke MIDAS mo3BossieT mpo-
BoauTh pacueT HJIC ¢ npuMeHeHneM HeCKOJIbKUX MOJIe-
nieii rpyHTa, B ToM gncie MCM, HSM.

st Toro uto0b! BeIsiBUTH Bimsiaue Ha HJIC motu-
HBI TOJILKO OHOTO (hakTopa, ahdexra pasrpysku, ObLIO
MPHHSITO PEIIEHHE HCIIONB30BATh JIMHEHHYIO MOJIEIb Hjie-
aJIbHOM IUTIaCTUYHOCTHU. [[oHsATHE MMHEMHON MOozieNU O3Ha-
YaeT MPOHOPIHUOHATFHOCT MEKTY Je(hopMaIsIMy 1 Ha-
npsDKEHUSIME. Moyt JIMHeHHOH iepopmarii KaMeHHOM
HaOpoCKH MpHUHAT paBHEIM £ = 58 MIla, a koaddurment
ITyaccona — v = 0,27. B xadecTBe KpuTepus Uaeab-
HOW MIACTUYHOCTH MpUHUMANCS Kputepui Kymona —
Mopa. Yron BHYTpEHHEro TpeHus OpHHAT ¢ = 43°,
yaenbHoe cueruieHne — ¢ = 50 kIla. Hamuue y coimy-
Yero KpyrmHOOOIOMOYHOTO TPYHTa BHICOKOTO CLIETIIICHHS
MPU3BAHO CMOMCITHPOBATh 3P (HEKT 3aneIuIeHUs MEKTY
gactunamu. B Tpyne [10] myTem o6paboTku pesyisra-
TOB 3KCIIEPHMEHTOB, ONMCAHHBIX B paborax [22, 23],
MOKa3aHo, YTO peasibHasg KaMeHHas HaOpocka MMeeT
ere OOJIbIIIEE CIETUICHHE.

Pacuer BeIMONHANCSA 7151 ABYX PAacUETHBIX MOZETEH:

Mopnens No 1 — momens 6e3 addexra pa3rpys3ku,
OHa COOTBETCTBYET Mozenu Mopa — Kyrnona.

Mopnens Ne 2 — Mozens ¢ pa3aesieHHeM TPaeKTo-
pHii Ha aKTUBHOE HArpy’>KeHHE U pasrpy3Ky.

Mogens Ne 2 monydeHa mocpeaCcTBOM YIIPOIICHHS
MOJIENTN YIIPOYHSIoLerocs rpyHTa. s npuBeaeHus
HSM k nuHeitHONH MoJenu CeKyUIuil MOAylb JHHEH-
HOH nedopManuu IpUHAT paBHbM £ = E = 58 MIla,
nokasaress crenenu m = 0. OgomMeTpuueckuil MOIyIb
BBIUHCIEH depe3 E u korpduuuent Ilyaccona v, oH co-
cragun £, = 72,47 MIla.

Jlnst BeTBU pasrpy3ku CEKyIIMM MOAYIb JIMHEHHOMN
nedopmanun 66T MPUHAT paBHbIM £, = 116 Mlla, Ko-
>guument Iyaccona v, =v=0,27.

OTnenbHO OINpenessuIoch 3HAUYECHUE MapameTpa
(ko3 punment doxoBoro masnenus) K, monean HSM,
KOTOPBIH XapakTepusyeT (hopMy HOBEPXHOCTH IUIACTHY-
HoCTH. OOBIMHO €r0 PEKOMEHIYIOT MPpUHUMATh K| =1 —
— sing, B 3TOM cirydae ero 3HaueHne cocranmsieT 0,318.
ABTOpPBI HACTOSIIETO MCCIECAOBAHMS OTPEIEISTN 3TO
3Ha4YEHHE MO00POM TaK, YTOObI JIeOPMAIIMH IIIOTHHBI
o MozesisiM Ne 1 1 2 coBnajiu Ha 3Tarne BO3BEACHUS.

PE3YJIbTATBI

Hanpst:keHHO-1e()opMHUPOBAHHOE COCTOSIHHE
IJIOTHHBI OT COOCTBEHHOT0 Beca

Jo6utkcs momuoit uaeHtTnuHoct HJC mimoTHHBI
Jurst Mozeneit Ne | 1 2 HeBO3MOXKHO, TTOTOMY OBIIO TIO-
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[IIkama ocagox Uy , CM

-80 70 —60 =50 —40 =30

—20 -10 0 10 20

Puc. 2. Ocaiku TUIOTHHBI O] IEHCTBHEM COOCTBEHHOTO Beca: a — moeib Ne 1; b — momens Ne 2

- -

IIkaa cMeeHnit Ux, cM

-20 -15 -10 -5 0 5 10 15

20 25 30 35 40 45 50

Puc. 3. lopu3oHTaIbHBIC CMEIICHUS IIOTHHBI TIO]T ICHCTBUEM COOCTBEHHOTO Beca: @ — Mojeib Ne 1; b — momens Ne 2

J&

[Ikana HanpsKeHUH o, MlIla

T e —— — — ——— — — (|
~190 ~1.75 —1,60 ~145 130 —1,15 —1,00 —0.8 0,70 —0.55 -040 —025 0,10 005 02

Puc. 4. BeprukanbHble HaNpsHKSHUS B TeJIe TUIOTHHBI O] IS CTBHEM COOCTBEHHOTO Beca: ¢ — Mozelb Ne 1; b — mozmens Ne 2

i, A

[lxana nanpsokenuit o , MIla

-1,2 1,1

1,0 09 08 0,7 —06

-0,5 04 -03 -02 01 0 0,1

Puc. 5. lopu3oHTaIBHEIC HAPSDKCHUS B TEJIE IIOTUHBI IO ISHCTBAEM COOCTBEHHOTO Beca: @ — Mozeib Ne 1; b — momens Ne 2

a

PSS

[lkana cpennero Hanpspkenus p, MIla

5 ) S S S B S s s |

-1,3 -1,2 -1,1 -1,0 -0,9 0,8

-0,7 -0,6 -0,5 -04 -03 -0,2 0,1 0 0,1

Puc. 6. CpenHee HanpsiKeHHE B TElle IUIOTHHBI IO ICHCTBUEM COOCTBEHHOTO Beca: @ — monelb Ne 1; b — mopenp Ne 2

100paHo Takoe 3HaYeHue napamerpa K, , Ipx KOTOPOM
omaKs OyayT HaumeHbImM. OHo coctapwio K, = 0,43.

INomy4aeHHOE pacyeToM HanpsKEHHO-1e(hOPMHPOBaH-
HOE COCTOSHUE IUIOTHHBI OT COOCTBEHHOTO BECa IIOKA3aHO
Ha puc. 2—7 B cpaBHeHn# Mozeneit Ne 1 u 2. Kayectsen-
Has kaptuHa HJ[C onnHakoBa, pa3iauyue 3aKIrodaeTcs
JIMIIb B BEJTMYMHAX.

Tax Kak MOZIETMPOBAHUE OCYIIECTBIIUIOCH C yUETOM
TMOCJIE/IOBATEILHOCTH BO3BE/ICHHUS! TUIOTHHBI, MAKCUMYM
CTPOMTEIBHBIX OCAIOK JIOCTUTACTCS B LICHTPAJILHON Ya-

10

CTH IUIOTHHBL. MaKcHMasibHasi CTPOUTENbHAS 0Ca/TKa TUI0-
TUHBI cocTaBmia: B Monermu Ne 1 — 63,0 cMm (puc. 2, a),
B Mozerm Ne 2 — 66,0 cm (puc. 2, b), pa3nudne cocTaBIs-
et Menee 5 %. Ocaaxu MIOTHHBI IO COOCTBEHHBIM BECOM
COIIPOBOXKIIAIOTCS PACIIMPEHUEM TUIOTHHEI B CTOPOHBL.
MakcuManbHOe TOPU30HTATBHOE CMEIIEHHE COCTABHIIO:
B monermu Ne 1 — 11,4 M (puc. 3, a), mogemu Ne 2 —
10,1 cm (puc. 3, b), pazmuune cocrapmser okono 10 %.
HopmasbHbie HAPSDKEHUS B TEJIC IUIOTUHBI YBEIIH-
YUBAIOTCS 110 TITyOMHE 1 JOCTUTAI0T MAKCUMYMa Y TTOJI0-
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o C. 6-25
COCTOSIHME KaMEHHO-HabpPOCHOH MAOTUHbI

a

b

Illkana neBuaropHoro Hanpsbkenus g, MlIla

0 01 02 03 04 05

0,6 07 08

09 1.0 1,1 12 13 14

Puc. 7. JleBuatopHoe HanpsbKCHUE B TEJIC IUIOTUHBI MO/ ICHCTBUEM COOCTBEHHOTO Beca: @ — Mozaeib Ne 1; b — momens Ne 2

IIBBI CPETHEH YaCTH YIIOPHOM MPU3MBL. MaKCHMaIbHOE
TI0 BeIMYMHE BEPTUKATIBHOE HANPsDKEHUE G B 000UX MO-
nensx coctaBuiio okono 1,7 Mlla (puc. 4). s pacnpe-
JENIEHHs] TOPM3OHTANBHBIX HANPSUKEHNH G XapaKTEPHO
00pa3oBaHNE 30HBI MIOBBIIICHHOTO CKATHUS Y TIOIOIIBEL.
MakcumanbHOE 10 BEJIMYMHE TOPH30HTAIBHOE HAITPsKe-
nue 6_cocraswio: 0,67 MIla B monem Ne 1 (puc. 5, a)
u 0,77 MIla B monemu Ne 2 (puc. 5, b), otmmane — 14 %.
[TockoabKy B MOJENH IUIACTHUYECKOTO TEUCHUS
MOJIO)KEHHE TIOBEPXHOCTH TUIACTHYHOCTH OTPaskaeTcs
B MIPOCTPAHCTBE MHBAPHUAHTOB TEH30pa HAIPSDKCHHIA,
OBLITN TIpOaHANTU3UPOBAHBI 3HAYCHUS BEIHYUH p H (.
XapakTep uX pacrpeaesieHus MOX0XK Ha XapakTep pac-
TPE/ICIICHHs HAIPSUKCHHIA G, OHH TIOCTETICHHO YBEII N -
BAIOTCS 110 TITyOHMHE, JOCTUTast MAKCUMyMa Y TIOIOIIIBBI
[0 OCH IUIOTHHBI. MaKCUMasbHOE 3HAYCHUE CPEIHETO
HanpspKeHus p coctaBuio: B mojenu Ne 1 — 1,00 MIla
(puc. 6, a), B momenu Ne 2 — 1,04 MIla (puc. 6, b). Mak-
CUMaJIbHOE 3HAYCHHE JIEBUATOPHOTO HANPSIKCHHS ¢:
B Mozemu Ne 1 — 1,09 MIla (puc. 7, a), B mogemu Ne 2 —
1,09 MIla (puc. 7, b). Ilpn TakoM COOTHOIICHHUH ¢/p
C/IBUTOBasi IPOYHOCTH IPyHTA 00ECIIEUeHA C 3ar1acoM.

HanpsiskeHHo-1epopMUpoOBaHHOE COCTOSIHME
IUIOTHHBI € IKPAHOM

HAC niotunb! nociue NpuiiokKeHus: THAPOCTaTHye-
CKOTO JIaBJICHUS Ha BEPXOBYIO TPaHb (PKpaH) MOKa3aHO
Ha puc. 8—13. JlobaBneHue Harpy3Kd B OCHOBHOM CKa-
3bIBAETCSI TOJILKO B BEPXOBOM YacTH MIIOTUHBL. CTEneHb
9TUX U3MEHEHUH paznuyaercs B Monessax Ne 1 u 2.

Jis mnoTuHsI ¢ 3kpaHoM B Mozenu Ne 1 ocaaka Bep-
XOBOM Tpanu Bo3pocia ¢ 13 cM (6e3 THAPOCTaTHIECKOTO
JaBieHusi) 10 36,6 cm (puc. 8, a), a B mogenu Ne 2 —
10 37,4 cm (puc. 8, b). MakcumanbHast 0Caika TIOTHHBI
ocTaeTcs MPaKTHIECKH HEN3MEHHOM.

[Tpunoxkenue THAPOCTATHUECKOTO JABICHUS TIPH-
BEJIO K 3HAUYUTEIBHOMY POCTY CMEIEHHUH IJIOTHHBI
B CTOpPOHY HIXKHETO Obeda. Ha MOMEHT okoHUaHMs Ha-
MOJIHEHHSI MaKCUMaJIbHOE CMEILICHNE BEPXOBOM IpaHu
(akpana) cocraBuiio: B Mogenu Ne | (MCM) — 21,4 cm
(puc. 9, a), B mogenu Ne 2 — Bcero 10,0 cm (puc. 9, b).
[MoxcunTaem npupameHus: CMEIEHUH OT THAPOCTATH-
YECKOTO JIaBJICHUS B TOUKAX, IJI€ OHU JOCTUIVIN CBOETO
makcumyMma. B mozenmu Ne 1 (MCM) cmerenus skpana
COCTaBIUJIH: JIO HAMIOJTHEHHUS — MHHYC 3,2 cM (puc. 3, a),
nocie HanoidHeHust — 21,4 ¢cM, COOTBETCTBEHHO MPH-
poct cmeniernst — 24,6 cm. B momenn Ne 2 (MCM)
CMEILIEHUsSI 9KpaHa COCTABKIIM: JI0 HATIOJIHEHUS] — MUHYC
6,6 cM (puc. 3, b), mocne HaromHeHUs — 10,1 cM, cooT-
BETCTBEHHO MPHUPOCT CMelIeHus coctasuia 16,7 cm. Ta-
KM 00pa3oM, ydeT a¢h(eKra pasrpy3kn IpuBeT K CHU-
JKEHHIO CIIBUTOBBIX CMEIIEHUH INIOTHHBI HA TPETh.

DTOT 3HAUNTENBHBIN AP(EKT pas3rpy3ku oObsCHS-
eTCs 0COOEHHOCTHIO (POPMUPOBAHISI HATIPSDKEHHOTO CO-
CTOSIHMS ITOCJIE HAIIOJIHEHUsI BoloXpaHmuina. [Ipu npu-
JIOKEHUU THIPOCTATUYECKOTO JABICHHUS B BEPXOBOU
YacTH TeJa INIOTHHBI TIPOMCXOHUT POCT CKUMAIOLIHUX Ha-
TPSUKCHHI G (puc. 10) m o _(puc. 11), a B HM30BOM YacTH
TUTOTUHBI OHU MIPAKTHYECKU He u3MeHstoTcst. CooTBeT-

- -
a [Hkana ocagok Uy, cM b
e ! ! ! ! T e m—
-80 70 —60 =50 -40 =30 -20 -10 0 10 20

Puc. 8. Ocanxul IIIOTHHBI C IKPAHOM IOCIIC HAMOIHECHUS BOIOXPpaHWIHUIIa: @ — Mmozaeib Ne 1; b — monens Ne 2

il

Hlxana cmemenuit U, cm

20 -15 10 -5 0 5 10 15

20 25 30 35 40 45 50

Puc. 9. ['opuzoHTaNIBHBIE CMETIEHHMS TUIOTHHBI ¢ SKPAHOM TT0CIIE HATIOTHEHHS BOMOXPaHIIHIIA: @ — Moaeib Ne 1; b — monens Ne 2
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[kana HanpsHKEHUH o, Mlla

5 5 ) S S S S [
~1.90 —1,75 1,60 145 —130 —1,15 —1,00 -08 0,70 055 —040 —025 —0,10 005 02

Puc. 10. BepTukanpHble HaIpsDKEHUS B TEN€ IJIOTHHBI C 9KPAHOM IOCIIC HAIOJHEHHS BOAOXPAHMINIIA: @ — Mozaenb Ne 1;

b — moaenp Ne 2

[lkana nanpsixennii 6, MITa

-1,2 -1,1 -1,0 -09 -0,8 -0,7 —0,6

0,5

-04 -03 -02 -0, 0 01

Puc. 11. [opusoHTaNbEHBIC HAIPSDKEHHS B TeJIe IUNIOTHHBI C SKPAHOM I0CIIe HAMOJHEHUS BOJOXPAaHMIININA: a — Mozenb Ne 1;

b — mopgens Ne 2

Ikana cpenuero Hanpsbkenus p, MIla

-1,3 -1,2 -1,1 -1,0

-0,9 -0,8 -0,7 -0,6 -0,5 -04 -0,3 0,2 -0,1 0 0,1

Puc. 12. CpenHee HanpsDKCHUE B Telle IUIOTHHBI C 9KPAHOM OCIIC HAIIOJHEHUS BOJOXpaHUINIIA: a — mozaenb Ne 1; b —

mozeib Ne 2

b

[lIkana neBuaropHoro Hanpspkenus g, Mlla

0 01 02 03 04 05

0,6 07 08 09 10 1.1

12 13 14

Puc. 13. [leBuatopHoe HaNpsHKCHHE B TEJIC IUIOTHHBI ¢ SKPAHOM IOCIIC HATOJHCHUS BOIOXPAHMIINIIA: @ — Mojelb Ne 1; b —

mozeiab Ne 2

CTBEHHO, YBEJIMUCHHE CPETHEr0 HarpshKeHus p (puc. 12)
1 IEBUATOPHOTO HAmpspkeHus g (puc. 13) mpoucxomaut
JIMIIb B BEPXOBOW YaCTH IUIOTUHBI, B HH30BOW YaCcTH —
OHH COXPAHSIOTCSI MOCTOSHHBIMU. COOTBETCTBEHHO, aK-
THUBHOE Harpy>KeHHE HCIBITHIBAET IPYHT TOJIBKO B BEp-
XOBOH 4acCTH IUIOTHHBI, @ B HU30BOH 4acTH BOCHPHSTHE
JIOTIOJTHUTEIBHOIN HAarpy3KH COIPOBOXIACTCS TOJIBKO
YIpYTuMH Ae(hopManisiMi (TPAeKTOPHs Pasrpy3KH).

Hanps:xkenno-negopMupoBanHoe cOCTOSTHUE
IUIOTHHBI ¢ JUapparmoii

HJC mnotuns! nocie NpuiaoKeHus: THAPOCTaTHYe-
CKOTO JIaBJICHHS Ha IIEHTPAIBHYIO TradparMy Moka3aHo

12

Ha puc. 14-19. U3 puc. 14-19 BunHO, uT0 nobapieHue
TOPH30HTAIFHON HArpy3Kd Ha AuadparMy BEI3BIBACT 3Ha-
gutenbHble n3MeHeHust HJC TmoTHHEL.

Oco6enHo cumbHble n3MeHenust HC xapakrepHs
Ut Mogenit Ne | — TIpOMCXOMUT 3HAUYUTEIBHBINA POCT
TOPHU30HTATBHBIX CMEIICHHH TIOTHHEL. B Momemm Ne 1
(MCM) makcuManbHOE TOPU30HTAIBHOE CMETICHUE —
48,9 cm (puc. 14, a), uaro cocrasisier 78 % OT MaKCH-
MaJbHON CTPOUTENBHOM Oca K. MakCUMyM CMEIIEHUI
MPUXOIAUTCS MPUMEPHO TOCEPENNHE BBICOTHI IIIIOTHUHBI.
CMemIeHnsT CONPOBOXKIAIOTCS 00pa30BaHUEM B BEpPXO-
BOI yNOPHON MPHU3ME IUIOTHHBI HAKJIOHHBIX MOBEPX-
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COCTOSIHME KaMEHHO-HabpPOCHOH MAOTUHbI

[lkana cmewenuii U , cm

-20 -15 -10 -5 0 5 10

20 25 30 35 40 45 50

Puc. 14. Cmenienus mIOTHHBI ¢ qradparMoii ociie HaroIHeHHUsT BOAOXPpaHIINIIA: @ — Mozenb Ne 1; b — monesns Ne 2

[1Ixama ocamox Uy , CM

-80 =70 —60 =50 —40 =30 -20 -10 0 10 20

Puc. 15. Ocanxu mioTuHbI ¢ quadparmMoii mocie HaroMHeH s BOXOXPaHIIHIIA: @ — Mozenb Ne 1; b — monerns Ne 2

a

[lkana nanpsokenui o , MITa

5 ) D S S S S S S 5 |
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Puc. 16. ['opr3oHTaNBHBIC HANIPSDKEHUS B TEJIE IUIOTUHEI ¢ JHadparMoi I0ciie HaOJIHEeHNs BOJOXPAHIIIMINA: @ — Mozeib Ne 1;

b — mopens Ne 2

xana vanpsokennit o , MIla

[ T e —— — — ——— — — (|
~190 —1.75 —1,60 —145 —1.30 —1,15 —1,00 08 —-0.70 0,55 —040 -025 0,10 005 02

Puc. 17. BeprukanbHble HanpsHKEHXS B TeJE INIOTHHBI ¢ 1uadparMoii mociie HaroMHEeHUs BOXOXPAHIIIHIIA: ¢ — Mojenb Ne 1;

b — mopgens Ne 2

HOCTEH CKONBKEHHUS U TIPU3M o0pymieHus (puc. 15, a).
MaxcumanbHas ocaka mpu3Mbl 00pymeHns — 76,8 cM.

O1H HedopMaIi COpoOBOXKIAIOTCS POCTOM CXKH-
MAIOIIMX TOPU3OHTANIBHBIX HANPSDKEHUH G B HU30BOU
YIOPHOH NpU3ME U UX PE3KUM IaJJICHUEM B BEPXOBOHI
npusme (puc. 16, a). BeprukanabHble HaIpsKEHU G,
B HHM30BOH 4acTH M3MEHSIOTCS Mallo, 3aMeTHbIE H3-
MEHEHUS XapaKTepHBI JIMIIb B LIEHTPAIBLHONW 00JacTh
IUIOTUHBI, Npuiieraromeii k nuadparme (puc. 17, a).
B BepxoBoii yIIOpHOI MprU3Me MPOUCXOUT YMEHBILICHUE
G, 33 CYeT B3BCIINBAIONICTO JICHCTBHS BOJbI HA IPYHT.
A B ipu3Me 00pyIICHHS HAOMIOaeTCsl Pe3KOe CHIKEHUE
CKMMAIOLINX HAPSHKEHUH.

ObpazoBanne B IWIOTHHE ¢ AradparMoi MpU3MbL
OOpyIIEHHS TIOATBEPKAACTCS PE3yIHTaTOM HCCIIEI0BA-
uust B.B. Opexosa [4].

Opnnako B Mozenu Ne 2 mpuiIokeHHe THIPOCTaTH-
YECKOTo AABJICHNUSA HE MPUBOAUT K CTOJIb OIMACHBIM H3-
meHerusM HJIC. MakcumanbHOe CMEIIEHHE COCTaBHIIO
quiib 27,3 em (puc. 14, b), T.e. IPUMEPHO BIBOC MEHbB-
mre, yeM B mozieni Ne 1. MakcuMyM cMeleHuil HaOIro-
JTaeTCs Ha rpeOHE TUIOTUHEI.

[Ipu TakuX CMEIICHUSX B TUIOTHHE HE TPOUCXOIUT
00pa30oBaHKe TIPU3MBI OOPYIIICHHS B BEPXOBOI YACTH TLIO-
TUHBL B Mozerm Ne 2 XopoI110 3aMETHO yMEHBIIEHHE 0Ca-
JIOK B TJIOTHHE, KOTOPOE IT0 OOJTBIIICH YaCTH BBI3BAHO Tepe-
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Puc. 18. CpenHee HampspDKCHUE B TeJI€ IUIOTHHBI ¢ nuadparMoil MOCcje HAMOJIHEHUS BOIOXPAHUIHINA: @ — Mojeib Ne 1;

b — mopuens Ne 2
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Puc. 19. JlesuaropHoe HamnpspkeHHE B Telie MIIOTHHBI ¢ AuadparMoil mocjie HAMOJHEHUS BOMOXPaHIIIHIIA: @ — MoJeTbh Ne 1;

b — mopuens Ne 2

XOJIOM I'PyHTa BEPXOBOH YITOPHOH MPU3MBI BO B3BELIICHHOE
cocTosiHMe. MakcumanbHasi ocajka coctaBuia 58,5 cM
(puc. 15, b), T.e. Ha 7,5 cM, YeM OT COOCTBEHHOTO Beca.

3HaUNTENTFHOE YMEHBIIEHNE CMEIICHUI B MOICITH
Ne 2 mo cpaBHeHHIO ¢ Mozenbio Ne | HarIsAAHO TEMOH-
cTpupyeT BmustHEE Y dekTa pasrpy3ku Ha HI{C rmroTHHbI
¢ nuadparmoii. J[ist onpenenenus BuIa TpaeKTOpHiA Ha-
IpyXeHus (aKTUBHOE HArpyXeHHE WM Pa3rpy3Ka) TpyH-
Ta IJIOTHHBI TIPOAHAITM3UPYEM HAIPSHKEHHOE COCTOSIHUE
wioTuHBL. CpaBHMBas A0 U MOCJE HAIOJIHEHUS BOJIO-
XpaHWIMIIA CPEAHUE HAaNpshKeHuUs p (puc. 6 u puc. 18),
JIeBHATOpHBIC HanpspkeHus (puc. 7 u puc. 19) MOXHO
3aMETHTh, YTO JUISl Pa3HBIX 30H IUIOTHHBI XapaKTEPHBI
pasHble TpaeKTOPUH HarpykeHus.. B BepxoBoit ynop-
HOW NpH3Me MPOHMCXOJUT OJHOBPEMEHHOE CHIDKCHHE
CPEIHET0 HAPSDKEHHUS p U JICBHATOPHOTO HATIPSHKCHIS,
COOTBETCTBCHHO, B 3TOH 30HE IPYHT MOKET UCIIBITHIBATH
KaK akTHBHOE HATPY)KCHHUE, TaK U pa3rpy3Ky. B Oobroit
YacTH HA30BOH YIIOPHOH TIPHU3MBI OTMEUACTCs YBEIIYIe-
HHUE CPEIHETO HATPSHKEHHUS MPH OTHOBPEMEHHOM CHH-
JKCHUH JIEBUATOPHOTO HAIIPSDKEHHS ¢, CIIETOBATEIBHO,
TPYHT HCIIBITBIBAET pa3rpy3Ky. COOTBETCTBEHHO, B MOJIE-
st Ne 2 ropasio MeHBIINH 00BEM IIOTHHBI HCTIBITHIBACT
IacTHIecKue Ae(hopMaIiu, 4To U OOBSICHSIET YMEHBbIIIe-
HHE TOPU30HTAIILHBIX CMEIICHHUH TUIOTHHBI.

Kpome Toro, BeimonHeH pacuer H/IC mioTuHBI
¢ anagparMoii Juist BApuaHTa ¢ MEHbILIMM 3Ha4YeHHUEM CIie-
TUIeHUsT KaMeHHO# HaOpocku — 15 kI1a. B aTom ciyuae
no mMozien Ne 1 (MCM) mitotuna mcdepriaia cBoo He-
CYIIYIO CHOCOOHOCTb M PEIICHUE TOIY4YEeHO HE OBUIO.
ITpu pacuere 1o Moyienu Ne 2 TOpU30HTAIILHBIE CMEILICHHS
TUTOTHHBI TIPAKTUIESCKU HE YBEIIMYWINCH, HO B BEPXOBOM
TIPU3ME TIPOU30IILTO 0OPa30BaAHIE IOBEPXHOCTH CKOTBKE-
HUA 1 ()OPMHUPOBAHHUE TIPU3MBI OOPYIIICHHUS. DTO HAIVISIAHO
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TIOKa3bIBaeT 3HAYNTENBHOE BIUsIHIE d(h(eKTa pasrpy3Ku
Ha HJIC xaMeHHO-HAOPOCHO IIIOTHHBI ¢ uadparMoil.

OnHako HEOOXOAUMO OTMETHTH, YTO TTOTyYCHHEIC
pe3yabTaThl OTHOCSITCS K BBIOpaHHOMY criocoOy ydera
s¢dekTa yIpodHEeHHS TPyHTa C MOMOIIBIO HCIOIB30-
BaHMS B MOJICJIN TPYHTA IJIACTHYECKOTO TEUCHHMS, KO-
TOpasi OCHOBaHA Ha aCCOIIMMPOBAHHOM 3aKOHE TEUCHHSI.
Tem He MeHee aCCOIIMUPOBAHHBIN 3aKOH TEUYEHHS YaCTO
HE TIOATBEPKJAeTCS SKCIECPUMEHTAIBHO. Y UHUTHIBAS,
410 3 PeKT ynpouHeHUs OKa3blBa€T 3HAYUTEIHHOE
BIMSHUE Ha pe3ynbTaTsl MopemupoBanus HIC, Bompoc
0 crioco0e ydeTa TpaeKTOpUH HarpyKeHust TpedyeT oT-
JIETBHOM TpopabOoTKH.

3AKJIIOYEHUE U OBCYXJIEHHUE

B niporiecce popmupoBanust HarpsKEHHO-Ie(hOpMU-
POBAHHOTO COCTOSTHHMSI TNIOTHHBI TPYHT MOXKET HUCIIBITHI-
BaTh PasHbIC TPACKTOPHH HarpykeHwus. [1pu Bocripusitin
Harpy3Kku OT THJIPOCTaTHYECKOTO JaBJICHUS OHA YacTb
TeJa IIOTHHBI MOYKET HCTIBITHIBATh aKTHUBHOE HArPyKEHHE
C YIpYyTOIJIACTHIECKUMH JiepopMaIisIMH, a Ipyras —
pas3rpysky ¢ ynpyrumu nedopmarmsmMa. OCoOSHHO 3TO
XapaKkTepHO IS IUIOTUHBI ¢ BHYTpeHHEH muadparmoii,
B IUIOTHHE ATOT'O TUIIA TPYHT BEPXOBOI M HU30BOW YIIOp-
HOM NPU3M UMEET pa3HbIe TPACKTOPUH HATPY>KEHHSI.

VYuer Toro ¢akra, 94T0 4YacTh MIIOTUHBI IIPX BOCIIPH-
STHU HAarpy3KH HE UCIIBITHIBAET IUIACTHYECKHX Jieopma-
LU, BEJET K 3HAUMTEIIbHOMY M3MEHEHHIO PE3YIbTaTOB
yucieHHoro moaenuposanus HIC.

W3menenue pesyneratoB pacdera HJIC, mpexne
BCETO, BBIPAXKACTCSI B CYIIECTBEHHOM YMEHBIIICHUH TOPH-
30HTAIBHBIX CMEIEHNH IUIOTHHBI OT THAPOCTAaTHYECKOTO
JaBieHus. B paccMOTpeHHOM IpuMepe MaKCHUMallbHOE
TOPH30HTAJILHOE CMEILEHHE IIOTHHBI C BOJIOHEPOHHUIIA-
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€MBIM SKPaHOM M IIOTHHBI C EHTPAIbHOM anadparmoii
YMEHBIIINUIOCH MPUMEPHO B 2 paza.

VYuer a¢pexra ynpouyHeHuUs! IpyHTa [IPHU pacueTe
HJIC motusbl ¢ muadparmMoil BEAeT K CYIIeCTBCHHOMY
YBEJIMYEHUIO 3amaca HECYyIeH CIOCOOHOCTH MIIOTHHBI.
3a cueT yMEHBIIEHHS TOPU30HTAIBHBIX CMEIICHUI 3Ha-
YUTEJIEHO CHIKAETCS PUCK TIOTEPH CABUIOBOI MPOYHO-

CTH TPYHTa BEPXOBOM YHNOPHOW IPH3MbI U (hOPMHUPOBa-
HUS B HEW MTPU3MbI OOPYILICHUSL.

ITpumenenwue s pacyeroB HJIC rpyHTOBBIX 110-
THH MOJIEJICH, KOTOPBIC HE YYUTHIBAIOT dPPEKT yIpou-
HEHHUs TPyHTa, HarpuMep Mozaenun Mopa — Kynona,
HenomycTuMo. OHO CHITBHO MCKa)KaeT Pe3yJIbTaThl YUC-
JIEHHOTO MOJEJINPOBAHHUS.
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INTRODUCTION

Subject of the study. The stress-strain state of earth
dams is complex in nature, primarily due to the complex
nature of soil deformation under load. Soils are not
elastic materials; when loaded, they undergo not only
reversible elastic deformations but also irreversible
plastic deformations. For this reason, the relationship
between stresses and strains in soil cannot be described
by elasticity theory or a linear model based on Hooke’s
law. Various non-linear effects (phenomena) manifest
themselves during soil deformation — consolidation,
dilatation, creep, etc. One of the most significant non-
linear effects is the difference in the nature of deformation
under two loading trajectories — active loading and
unloading. During unloading, the soil mainly exhibits
only elastic deformations and has greater stiffness than
during active loading. As compressive stresses increase,
the stress state corresponding to elastic deformation
expands; this effect is known as the consolidation effect.

Significance of the study. The plastic properties of soil
are particularly evident in large earthworks subjected to
heavy loads; earth dams are among such structures.
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When subjected to loads, earth dams undergo significant
deformations and displacements. Construction settlements
in high rockfill dams [1-3] can reach several metres.
During the deformation of the dam, the soil’s shear strength
and the stability of the structure may be lost. For example,
in [4], numerical modelling demonstrates that an ultra-high
rockfill dam with a diaphragm may lose its stability in two
ways: through the collapse of the toe slope along a curved
surface, and through the formation of a collapse prism
within the upstream abutment prism. It is noted that the non-
damping nature of the settlements and displacements
of the rockfill dam at the Boguchanskaya Hydroelectric
Power Station raises concerns regarding the stability of its
downstream slope [5].

The above examples clearly demonstrate that
the stress-strain state and stability of an earth dam should
be predicted only using a nonlinear soil mechanics
model. This requirement for Class I and II dams is also
set out in the regulatory document SP 39.13330.2012
“Dams Constructed of Earth Materials”.

However, there is as yet no universally accepted
and comprehensive soil model; several mathematical
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soil mechanics models are used to simulate earth dams.
The issue of refining existing soil models or developing
new ones remains a pressing one.

It is particularly important to assess the accuracy of
the calculated predictions of the design strength of earth
dams obtained using these models. It is necessary to
assess the extent to which the model used adequately
reproduces soil behaviour and how the assumptions made
in the soil models affect the quality of the numerical
simulation.

Literature review. A review of scientific publications
shows that several soil models are currently used in
the numerical modelling of the structural behaviour
of earth structures [6].

Two types of mathematical models are used: non-
linear elasticity models (based on the deformation theory
of plasticity) and models based on the theory of plastic
flow.

The simplest non-linear model is the Mohr — Coulomb
model (hereinafter referred to as MCM). This model
falls within the category of deformation theory models
of plasticity. It assumes that, up to the point of shear
failure, the relationship between strains and stresses is
linear, whilst after the shear strength is reached, strains
increase uncontrollably. Accordingly, the MCM is
a linear model of ideal plasticity. Many other models
utilize the Mohr — Coulomb shear strength condition.
A major drawback of the MCM is that it does not account
for the “consolidation” effect — the reduction in soil
deformability as it becomes more compacted.

A more sophisticated model is the Duncan — Chang
hyperbolic model, which is based on the hyperbolic
relationship between stresses and strains in soils.
The model was developed by J.M. Duncan and
C.Y. Chang in 1970. This model belongs to the class
of non-linear elasticity models. In this model,
the deformation characteristics of the soil (the linear
modulus of elasticity £ and the bulk modulus B) are
treated as variables depending on the stress state, thereby
allowing the model to account for the “consolidation”
effect in the soil. However, the Duncan — Chang model
does not reflect the mechanical processes occurring in
the soil, but merely approximates them.

A significant drawback of the hyperbolic model is that
it does not explicitly distinguish between the trajectories
of active loading and unloading. Plastic flow models are
free from this drawback. They are based on the associated
flow law, in which it is assumed that the direction
of the plastic strain vector is orthogonal to the plasticity
(yield) surface.

The yield surface distinguishes, under stress,
the regions of elastic and elastoplastic deformation,
which correspond to the trajectories of unloading and
active loading. Graphically, the yield surface is plotted
in the principal stress space or in the space of invariants
of the stress tensor (Fig. 1). The quantity p represents
the mean stress, which corresponds, up to a factor,
to the first invariant of the stress tensor. The quantity ¢

is referred to as the “deviator stress”; it corresponds, up to
a factor, to the second invariant of the stress deviator
and to the intensity of the tangential stresses in the case
of a plane problem. The quantity ¢g is defined as
the difference between the maximum and minimum
principal stresses; it is twice the maximum tangential
stresses.

Plastic flow models include the Cam-Clay model
and the Hardening Soil model (hereinafter referred to
as HSM). These models utilize a tent-shaped plasticity
surface.

The Cam-Clay model is applied to fine-grained
soils. The HSM can also be used for coarse-grained soils,
as it takes into account an additional hardening effect —
the reduction in soil deformability with increasing
compression. In the HSM, the modulus of deformation
is not a constant; its value varies as a power function
of the lateral compression stress [6].

Different researchers use different models. The MCM
is usually employed when modelling small structures.
In China, the Duncan — Chang hyperbolic model has
become the most widely used; examples of such studies
include publications [7, 8]. The Cam-Clay model was
used in study [9] to describe the behaviour of clayey soil
within the body of a rockfill dam. The HSM is used less
frequently than the MCM and the hyperbolic model.

The issue of selecting models and their parameters
continues to receive considerable attention. Articles are
published on the calibration of models and the selection
of their parameters to adequately reproduce soil behaviour
during laboratory tests [10—12] or the behaviour
of a constructed dam [13].

In the paper by M. Xu et al. [14], experiments in
a large-scale stability tester showed that the deformations
of arock filled embankment depend significantly
on the loading trajectory.

There are studies which present a comparison
of the results of numerical simulations of the structural
behaviour of earth dams using different models.

A comparison of the MCM and HSM methods was
carried out [15-17]. A comparison of the MCM and
HSM methods was conducted in relation to the finite
element analysis of the Karkheh rockfill dam (Iran) [17].
A comparison of the MCM and HSM methods was

H ///%/////’ '

Fig. 1. Schematic diagram of the position of the plasticity sur-
face: 1 — region of elastic deformation; 2 — shear yield
surface; 3 — compressive yield surface
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carried out for a rockfill dam with a clay core, 59 m in
height [15]. It has been shown that accounting for the soil
consolidation effect in the HSM leads to a reduction in
the calculated dam settlements by approximately 50 %.
A study [18] demonstrated that the MCM reproduces
the actual behaviour of the dam less accurately than
an elastoplastic model based on other principles.

The paper [19] presents a comparison of the hy-
perbolic model and the HSM using the example of
a rockfill dam with a reinforced concrete screen 182 m
high.

Furthermore, new soil models are being developed
and applied. Papers [12, 20, 21] are devoted to
the development of new soil models.

Aims and objectives of the study. The aim of the study
is to assess the influence of the soil unloading effect
on the formation of the stress-strain state of a high earth
dam. This will enable an evaluation of the accuracy
of modelling the dam’s stress-strain state using the MCM,
which does not account for this effect.

MATERIALS AND METHODS

The research methodology involves compar-
ing the results of calculations of the failure surface of
an earth dam for two scenarios: one without taking
the soil unloading effect into account, and one with it.

Subject of the study. The study was carried out
using the example of a 100 m high rockfill dam situated
on arigid foundation. The dam has a symmetrical pro-
file, with a crest width of 10 m and a slope ratio of 2.
The calculation was carried out for two types of load:
dead weight and hydrostatic pressure from the reservoir.
The study considered two types of dam.

The first type of dam is a dam with a thin non-soil
screen situated on the upstream slope. A characteristic
feature of this type of dam is that the hydrostatic pressure
is applied to the watertight upstream slope and therefore
not only tends to displace the dam towards the lower
reach but also presses against the dam body.

The second type of dam is a dam with a thin ver-
tical diaphragm. A distinctive feature of its operating
conditions is that the watertight pressure face is situated
within the dam body, whilst the hydrostatic pressure is
applied horizontally. This causes additional compres-
sion of the dam’s downstream bearing prism and reduces
compression in the upstream bearing prism. Furthermore,
as the reservoir fills, the soil transitions to a suspended
state.

In both cases, the stiffness of the dam’s anti-seepage
element (screen, diaphragm) was not taken into account;
the dam was assumed to be homogeneous, consisting
solely of a stone rubble fill.

The density of the rock fill was taken as: 2.0 t/m?
when dry, and 2.32 t/m?® when water-saturated.

Research methodology. The calculations were car-
ried out using the PLAXIS software package. The dam
body was divided into 1,812 triangular finite elements
with 14,829 nodes. The analysis was carried out taking
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into account the sequence of construction and loading
of the structure. It was assumed that the dam would first
be backfilled to the crest in horizontal layers (25 layers),
and then the reservoir would be gradually filled to a depth
of 96 m. The total number of design stages was 49.

The MIDAS software package allows the calcula-
tion of the dam’s structural response using several soil
models, including MCM and HSM.

In order to identify the influence of a single factor —
the unloading effect — on the dam’s stress-strain behav-
iour, it was decided to use a linear model of ideal plastic-
ity. The concept of a linear model implies proportionality
between strains and stresses. The modulus of linear de-
formation of the rock fill was taken as £ = 58 MPa, and
Poisson’s ratio as v = 0.27. The Coulomb — Mohr criterion
was adopted as the criterion for ideal plasticity. The angle
of internal friction is taken as ¢ = 43°, and the specific
cohesion as ¢ = 50 kPa. The high cohesion of the loose,
coarse-grained soil is intended to simulate the interlocking
effect between particles. In [10], by analyzing the results
of experiments described in [22, 23], it is shown that real
rubble fill has even greater cohesion.

The calculation was carried out for two computa-
tional models:

Model No. I — a model without the unloading ef-
fect; this corresponds to the Mohr — Coulomb model.

Model No. 2 — a model with trajectories divided
into active loading and unloading phases.

Model No. 2 was derived by simplifying the model
of consolidating soil. To reduce the HSM to a linear mod-
el, the shear modulus of linear deformation was taken as
E = E= 58 MPa, with exponent m = 0. The oedometric
modulus was calculated using £ and Poisson’s ratio v,
giving £, = 72.47 MPa.

For the unloading branch, the secant modulus of lin-
ear deformation was taken to be E,_ =116 MPa, Pois-
son’sratiov, =v=0.27.

The value of the parameter (lateral pressure coef-
ficient) K of the HSM model, which characterizes
the shape of the yield surface, was determined separately.
It is usually recommended to take K, =1 —sing ; in this
case, its value is 0.318. The authors of this study deter-
mined this value by trial and error so that the deforma-
tions of the dam according to models No. 1 and 2 would
coincide during the construction phase.

RESULTS

Stress-strain state of the dam due to its own weight

It is impossible to achieve complete identity in
the stress-strain state of the dam for Models 1 and 2;
therefore, a value for the parameter K A was selected at
which the differences would be minimal. This value was
K, =043

The stress-strain state of the dam due to its own
weight, obtained from the calculation, is shown in Fig. 27,
comparing Models No. 1 and 2. The qualitative picture
of the stress-strain state is identical; the difference lies
solely in the numerical values.
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Fig. 2. Settlement of the dam under the action of its own weight: « — Model No. 1; b — Model No. 2
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Fig. 3. Horizontal displacements of the dam under the action of its own weight: « — Model No. 1; 5 — Model No. 2
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Fig. 4. Vertical stresses in the dam body under the action of its own weight: a — Model No. 1; 5 — Model No. 2
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Fig. 5. Horizontal stresses in the dam body under the action of its own weight: « — Model No. 1; 5 — Model No. 2

AN,

Scale of average stress p, MPa

5 e e ) S S S S S s |
~13-12 -1.1 -1.0 -09 —0.8 -0.7 —0.6 —0.5 —0.4 —03 —02 -0.1 0 0.1

Fig. 6. Average stress in the dam body under the action of its own weight: « — Model No. 1; b — Model No. 2
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Fig. 7. Deviator stress in the dam body under the action of its own weight: « — Model No. 1; 5 — Model No. 2
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As the modelling took into account the sequence
of dam construction, the maximum construction settlement
is reached in the central part of the dam. The maximum
construction settlement of the dam was: in Model No. | —
63.0 cm (Fig. 2, a), in Model No. 2 — 66.0 cm (Fig. 2, b),
with a difference of less than 5 %. Settlements of the dam
under its own weight are accompanied by lateral expansion
of the dam. The maximum horizontal displacement was:
11.4 cm in Model No. 1 (Fig. 3, a) and 10.1 cm in Mod-
el No. 2 (Fig. 3, b), a difference of approximately 10 %.

Normal stresses within the dam body increase with
depth and reach a maximum at the toe of the central sec-
tion of the abutment prism. The maximum vertical stress
o, in both models was approximately 1.7 MPa (Fig. 4).
The distribution of horizontal stresses G _is characterized
by the formation of a zone of increased compression near
the base. The maximum horizontal stress c_was 0.67 MPa
in model No. 1 (Fig. 5, @) and 0.77 MPa in model No. 2
(Fig. 5, b), a difference of 14 %.

Since, in the plastic flow model, the position of
the yield surface is reflected in the invariant space
of the stress tensor, the values of p and ¢ were analyzed.
The nature of their distribution is similar to that of the stress
distribution o, ; they increase gradually with depth, reaching
a maximum at the base along the dam axis. The maximum
value of the mean stress p was: in Model No. 1 — 1.00 MPa
(Fig. 6, a), and in Model No. 2 — 1.04 MPa (Fig. 6, b).
The maximum value of deviatoric stress ¢ was: in Mo-
del No. 1 — 1.09 MPa (Fig. 7, a), and in Model No. 2 —
1.09 MPa (Fig. 7, b). With this ¢/p ratio, the shear strength
of the soil is ensured with a margin of safety.

Stress-strain state of the dam with a screen

The stress-strain state of the dam following the ap-
plication of hydrostatic pressure to the top face (screen)
is shown in Fig. 8—13. The addition of the load primarily
affects only the top part of the dam. The extent of these
changes differs between Models No. 1 and 2.

Fig. 8. Settlement of the dam with a screen following the filling of the reservoir: a — Model No. 1; 5 — Model No. 2
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Fig. 9. Horizontal displacements of the dam with a screen after the reservoir has been filled: « — Model No. 1; »— Model No. 2
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Fig. 10. Vertical stresses in the dam body with a screen after the reservoir has been filled: « — Model No. 1; b — Model No. 2
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Fig. 11. Horizontal stresses in the dam body with a screen after the reservoir has been filled: « — Model No. 1; 5 — Model No. 2
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Fig. 12. Average stress in the dam body with a screen after the reservoir has been filled: « — Model No. 1; 5 — Model No. 2
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Fig. 13. Deviatoric stress in the dam body with a screen after the reservoir has been filled: « — Model No. 1; »— Model No. 2

For the dam with a screen in Model No. 1, the settle-
ment of the crest increased from 13 cm (without hydro-
static pressure) to 36.6 cm (Fig. 8, @), and in Model No. 2 —
to 37.4 cm (Fig. 8, b). The maximum settlement
of the dam remains virtually unchanged.

The application of hydrostatic pressure led to a sig-
nificant increase in the dam’s displacement towards
the lower reservoir. By the time filling was complete,
the maximum displacement of the upstream face (screen)
was: in Model No. 1 (MCM) — 21.4 cm (Fig. 9, a), and
in Model No. 2 — just 10.0 cm (Fig. 9, b). Let us cal-
culate the increments in displacement due to hydrostatic
pressure at the points where they reached their maximum.
In Model No. 1 (MCM), the displacements of the screen
were: before filling — minus 3.2 cm (Fig. 3, a), after fill-
ing — 21.4 cm; accordingly, the increase in displacement
was 24.6 cm. In Model No. 2 (MCM), the screen displace-
ments were: before filling — minus 6.6 cm (Fig. 3, b),
after filling — 10.1 cm; accordingly, the increase in
displacement was 16.7 cm. Thus, taking the unloading
effect into account led to a reduction in the dam’s shear
displacements by one third.

This significant unloading effect is explained by the
specific nature of the stress state that develops after
the reservoir is filled. When hydrostatic pressure is ap-
plied to the upper part of the dam body, compressive
stresses o (Fig. 10) and o_(Fig. 11), whilst in the toe
of the dam they remain virtually unchanged. Conse-
quently, an increase in the mean stress p (Fig. 12) and

the deviatoric stress ¢g (Fig. 13) occurs only in the crest
of the dam; in the toe, they remain constant. Conse-
quently, the soil is subjected to active loading only
in the upper part of the dam, whilst in the lower part,
the application of additional load is accompanied only
by elastic deformations (unloading trajectory).

Stress-strain state of the dam with a diaphragm

The stress-strain state of the dam following
the application of hydrostatic pressure to the central
diaphragm is shown in Fig. 14—19. It can be seen from
Fig. 14-19 that the application of a horizontal load to
the diaphragm causes significant changes in the dam’s
stress-strain state.

Particularly pronounced changes in the stress-
strain state are characteristic of Model No. 1 — there is
a significant increase in the dam’s horizontal displacements.
In Model No. 1 (MCM), the maximum horizontal
displacement is 48.9 cm (Fig. 14, a), which accounts
for 78 % of the maximum construction settlement.
The maximum displacements occur approximately halfway
up the dam’s height. The displacements are accompanied by
the formation, in the upstream of the dam’s abutment prism,
of inclined slip surfaces and collapse prisms (Fig. 15, a).
The maximum settlement of the collapse prism is 76.8 cm.

These deformations are accompanied by an increase
in compressive horizontal stresses o _in the lower sup-
port prism and a sharp drop in these stresses in the up-
per prism (Fig. 16, a). Vertical stresses ¢ in the lower
part change only slightly; noticeable changes are charac-

a . b
Displacement scale U, cm
) S E— ] ! ] ] ! ] | [— |
-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50

Fig. 14. Displacements of the diaphragm dam after the reservoir has been filled: « — Model No. 1; 5 — Model No. 2
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Fig. 15. Settlements of a dam with a diaphragm after the reservo
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Fig. 16. Horizontal stresses in the body of a diaphragm dam
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Fig. 17. Vertical stresses in the dam body with a diaphragm after the reservoir has been filled: @ — Model No. 1; b —

Model No. 2
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Fig. 18. Average stress in the body of a diaphragm dam after the
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reservoir has been filled: « — Model No. 1; b — Model No. 2
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Fig. 19. Deviatoric stress in the body of a diaphragm dam after the reservoir has been filled: « — Model No. 1; »— Model No. 2

teristic only in the central region of the dam adjacent to
the diaphragm (Fig. 17, @). In the upper bearing prism,
there is a decrease in o, due to the buoyancy effect of wa-
ter on the soil. Meanwhile, in the failure prism, a sharp
decrease in compressive stresses is observed.

The formation of a collapse prism in a dam with a di-
aphragm is confirmed by the findings of V.V. Orekhov [4].

However, in Model No. 2, the application of hydro-
static pressure does not lead to such dangerous changes
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in the stress-strain state. The maximum displacement
was only 27.3 cm (Fig. 14, b), i.e. approximately half
that of Model No. 1. The maximum displacements are
observed at the crest of the dam.

With such displacements in the dam, no collapse
prism forms in the upper part of the dam. In Model No. 2,
a reduction in settlement in the dam is clearly visible,
which is largely caused by the soil of the upper bearing
prism entering a suspended state. The maximum settle-
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ment was 58.5 cm (Fig. 15, b), i.e. 7.5 cm less than that
caused by its own weight.

The significant reduction in displacements in Mod-
el No. 2 compared with Model No. 1 clearly demon-
strates the influence of the unloading effect on the stress-
strain state of a diaphragm dam. To determine the type
of loading trajectory (active loading or unloading) of
the dam embankment, we shall analyze the stress state
of the dam. By comparing the average stresses p (Fig. 6
and 18) and the deviatoric stresses (Fig. 7 and 19) before
and after the reservoir is filled, it can be seen that different
loading trajectories are characteristic of different zones
of the dam. In the upper bearing prism, there is a simul-
taneous decrease in both the mean stress p and the devia-
toric stress; consequently, in this zone, the soil may expe-
rience either active loading or unloading. In a large part
of the lower bearing prism, an increase in mean stress is
observed alongside a simultaneous decrease in deviator
stress ¢; consequently, the soil is unloaded. Accordingly,
in Model No. 2, a much smaller volume of the dam under-
goes plastic deformation, which explains the reduction in
the dam’s horizontal displacements.

In addition, a calculation of the dam’s structural sta-
bility with a diaphragm was carried out for a variant with
a lower value of rock fill cohesion — 15 kPa. In this case,
according to Model No. 1 (MCM), the dam exhausted its
bearing capacity and no solution was obtained. In the cal-
culation using Model No. 2, the horizontal displacements
of the dam hardly increased, but a slip surface formed in
the upstream prism, leading to the formation of a failure
prism. This clearly demonstrates the significant influence
of the unloading effect on the stability of a rockfill dam
with a diaphragm.

However, it should be noted that the results obtained
relate to the chosen method of accounting for the soil
consolidation effect by using a plastic flow model for
the soil, which is based on the associated flow law. Nev-
ertheless, the associated flow law is often not confirmed

experimentally. Given that the consolidation effect has
a significant influence on the results of stress-strain anal-
ysis modelling, the question of how to account for load-
ing trajectories requires separate consideration.

CONCLUSION AND DISCUSSION

During the development of the stress-strain state
of a dam, the soil may experience different loading
histories. When subjected to a load from hydrostatic
pressure, one part of the dam body may experience active
loading with elastic-plastic deformations, whilst another
may experience unloading with elastic deformations.
This is particularly characteristic of dams with an internal
diaphragm; in this type of dam, the soil in the upper and
lower bearing prisms has different loading histories.

Taking into account the fact that part of the dam
does not undergo plastic deformation when subject-
ed to a load leads to a significant change in the results
of the numerical simulation of the structural system.

The change in the results of the dam stability analy-
sis is primarily reflected in a substantial reduction in
the horizontal displacements of the dam caused by hy-
drostatic pressure. In the example considered, the maxi-
mum horizontal displacement of the dam with a water-
tight screen and the dam with a central diaphragm was
reduced by approximately a factor of 2.

Taking the soil consolidation effect into account
when calculating the ultimate limit state of a dam with
a diaphragm leads to a significant increase in the dam’s
bearing capacity margin. The reduction in horizontal dis-
placements significantly lowers the risk of loss of shear
strength in the soil of the upstream abutment prism and
the formation of a collapse prism within it.

The use of models that do not account for the soil
hardening effect, such as the Mohr — Coulomb model, in
the design of earth dams is unacceptable. It severely dis-
torts the results of numerical modelling.
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