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AHHOTALUMUA

BBepeHue. PacueTbl HanpsbkeHHO-AedopmupoBaHHoro coctosiHus (HOC) rpyHToBbIX NoTUH | v Il knaccoB OTBETCTBEHHO-
CTV TpebyeTcs BbIMOMHATL C UCMOMNb30BaHWEM HEMNMHENHbIX Mofene rpyHTa. K uncny takux mogenemn oTHOCATCA MOAENb
ynpoyHsiioerocs rpyHta (mogens HS) n mogenes KynoHa — Mopa (mopens MC). AkTyanbHol 3agadent SBrsetcsa onpeaene-
HVe NapaMeTpoB 3TUX MoAenen AN KPYNMHOOBMOMOYHbIX FPYHTOB: LLEeBEeHNCTOro 1 rpaBUiHO-rane4yHKoBOro.

Matepuanbl u Metoabl. [Napametpbl mogenu HS anst KpymHOOBNMOMOYHBIX TPYHTOB OMpenensanuce nytem obpaboT-
KV pesynbTaToB TPEXOCHBIX UCMbITaHWI, KOTOpble MpeAcTaBneHbl B 3apybexHbix nybnukauusx. Mapametpsl mogenn MC
yCTaHaBnMBanucb 13 ycrnosus npubnwkeHHoro cootseTcTBus HOC Bbicokon MnoTuHbl (Bbicoton 100 M), nomy4aemoro
C UCMomnb30BaHWeM ABYX Mofenen. HanpskeHHO-AeOpMUPOBaHHOE COCTOSHWE MITOTUHbBI BbISIBISNOCH C NMOMOLLBIO YKC-
NEeHHOro MoAenMpoBaHus B nporpaMMHoM komnnekce PLAXIS 2D.

Pesynbrathbl. MNogobpaHbl napametpbl mogenu HS, koTopble No3BonsAT yAOBNETBOPUTENBHO onvcaTte AeopMupoBaHne
rpyHTa Npu AeBUATOPHOM Harpy>XeHun, 3aMeTHble OTKITOHEHUS NPOSIBIATCS TOMbKO B BENMYMHaX 06beMHbIX AechopmMaumii.
CpaBHeHVe nokasarno, YTo LWebeHUCTbIV TPYHT, pe3ynbTaThl UCMbITaHMIA KOTOPOro MCNonb30BaHbl ANs onpeaeneHns napa-
METPOB MOZieNeW, COOTBETCTBYET XOPOLLO YNIOTHEHHOMY IPYHTY COBPEMEHHbIX KaMEHHO-HabpOCHbIX MIOTUH. Npu BeiGope
napameTtpoB Mofenu MC, akBuBaneHTHbIX MoAenu HS, BbINOMHANCS KOHTPOMb pe3ynsTaToB YMCMEHHOro MOAEeNMpOoBaHnS
KaMeHHO-HabpOCHOM NNOTUHbI Kak No gedopMauunsamM, Tak U Mo HanpshkeHHOMY cocTosiHuto. [Npu dopmmnposaHnm HOC
NIOTUHBI OTYETIIMBO NPOSIBMSETCA 3PAEKT «YNPOYHEHUSI» TPyHTA — Ha 3Tare BOCTNPUSTUS rMapoCTaTUYecKoro AaBneHus
0edopMMpyeMOCTb rpyHTa Pe3Ko CHUXaETCS MO CPaBHEHMIO C 3TanoM Harpy3ok oT cobcTBeHHoro Beca. [oatoMy napame-
Tpbl Mmogenun MC uenecoobpasHo nogbvpaTb OTAENBHO AN ABYX 3TAMOB HArpy>KEHUs MIOTUHBI.

BbiBoabl. Mogens HS B LenomM faeT BO3MOXHOCTb OTPasuTb HEMMHENHbIE AePOPMUPOBAHMS KPYMHOOBNOMOYHBIX FPYHTOB,
OfHAaKO OHa He YYMTbIBAET KPUBOMMHENHBIN XapakTep npeaenbHON NOBEPXHOCTU U HE MOXET OAHOBPEMEHHO OTPasnTb AB-
NEeHUst KOHTpakumm n aunataHcun. Mcrnonb3oBaHne mogenv MC He nossonsieT ageksaTHo Bocrnpoussectn HOC kameHHo-
HabpOoCHON NOTWHBI, MoaobpaHHbIe napameTpbl Mogeny MC MoryT BbiTe MCMONb30BaHbI NKLLB AN NPUBNKEHHbIX PacYeToB.
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ABSTRACT

Introduction. Calculations of stress-strain state (SSS) of the first and second classes embankment dams are required to
be carried out using non-linear models of soil. Such models include the Hardening Soil model (model HS) and Mohr — Cou-
lomb model (model MC). It is important to determine the parameters of these models for coarse soils: crushed stone and
gravel-pebble.

Materials and methods. Parameters of the HS model for coarse soils were determined by processing of the results of triaxial
tests, which are presented in foreign publications. Parameters of the MC model were determined from condition of the SSS
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approximate correspondence of a high dam (100 m high) obtained by using two models. Stress-strain state of the dam was
determined by means of numerical modelling in the PLAXIS 2D software package.

Results. HS model parameters are selected; which allow satisfactory description of soil behaviour at deviatoric loading;
noticeable deviations are revealed only in values of volumetric deformations. Comparison showed that crushed stone whose
test results are used for determination of models’ parameters, refers to properly compacted soil of modern rockfill dams.
When selecting the parameters for the MC model, which are equivalent to the HS model, the results of rockfill dam numeri-
cal modelling were checked both in deformations and in stress-strain state. At the dam SSS formation there vividly revealed
the effect of soil “hardening”: at the stage of perceiving hydrostatic pressure the soil deformation sharply decreases as
compared to the stage of loads from the dead weight. Therefore, it is reasonable to select parameters of the MC model
separately for two stages of the dam loading.

Conclusions. The HS model in general makes it possible to reflect non-linear deformations of coarse soils, however, it
does not take into account the curvilinear character of the limiting surface and cannot simultaneously reflect the phenomena
of contraction and dilatancy. Use of the MC model does not permit adequate simulation of rockfill dam SSS; the selected
parameters of the MC model may be used only for approximate calculations.

KEYWORDS: rockfill dam, stress strain state, Hardening Soil model, Mohr — Coulomb model, triaxial test, numerical analy-
sis, dilatancy
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BBEJIEHUE

BakHo# cocTaBIsiomei pacdieTHOro 000CHOBaHMS
TPYHTOBBIX TUTOTHH BBICOKO# oracHoCTH (I 1 II xitaccoB)
SIBIISIIOTCSI PAcueThl HAPSHKEHHO-1e(OPMUPOBAHHOTO
cocrostaus (HJIC). Poccutickuii CIT 39.13330.2012
«[ImoTHHBI U3 TPYHTOBBIX MaTepuaioBy (1. 9.12) ycra-
HaBJINBACT TPEOOBAHME, YTO «yCTOWYMBOCTH OTKOCOB
KaMEHHO-HACBITHBIX IUIOTHH C JKeJIe300€TOHHBIM dKpa-
HOM ONpeAessieTcs TOJIBKO MO0 pe3yibTraTaM pacueToB
HAaIpsHKEHHO-1€(OPMUPOBAHHOTO COCTOSTHUS MIIOTHHBI
C MCIOJIB30BaHNEM TIPOYHOCTHBIX M JIe(OPMaMOHHBIX
XapaKTEPUCTUK IPYHTOB B TEJIE IMIIOTUHBI, TIOJTyYEHHBIX
Ha OCHOBaHHMH TPEXOCHBIX HMCIIBITaHUN». Takue pac-
getsl H/IC croXHBI M MOTYT OBITH BBITIOJIHEHBI TOIBKO
MyTEM YHCIIEHHOT'O MOJICIIMPOBAHMS C MIOMOIIBIO CIie-
[IUATTM3UPOBAHHOTO ITPOTPAMMHOTO 00€CTICUEHHSL.

OCHOBHOIi BOIIPOC, KOTOPBIi BOZHUKAET TIPH YHUC-
JICHHOM MOJICJIMPOBAHNH, COCTOUT B BBIOOPE ITPOYHOCT-
HBIX U 7I6()OPMALIMOHHBIX XapPAaKTEPUCTHK /I KAMEHHON
HaOpocku (FOpHOM Macchl, TPaBUHHO-TAICYIHUKOBOTO
rpyHTa). Ha mpeaBapuTenbHbIX CTaANsIX MPOSKTHPOBA-
HUSI, KOT/1a PE3YJIbTaThl SKCIICPUMEHTAIBHBIX HCCIIEI0-
BaHUN CBOMCTB IPYHTOB OTCYTCTBYIOT, 3T XapaKTepH-
CTHKH MOTYT OBITh IPHUHSTHI IO aHAJIOTaM, UCIIOJIB3Ys
MHPOPMALNIO U3 HAYYHO-TEXHUYECKOW JIUTEpPaTypHI.
OpHaKo 371eCh BOHUKAIOT CJIOKHOCTH.

O mpouHOCTH KaMEHHOI HAaOpOCKM JOCTaTod-
HO MH(OpPMAIIMU B HAYYHO-TEXHUYECKOW JTUTEpaType.
CaBuroBast IPOYHOCTH KPYITHOOOJIOMOYHBIX TPYHTOB
U3ydeHa MOCPEICTBOM MHOTOYHCICHHBIX JKCIEPH-
MEHTOB B C/IBUTOBBIX NMPHOOpax, a TakXKe Ha Mpudopax
TPEXOCHOTO CxKaThs (cTadmmomeTpax). Pesymbrarst skc-
NepUMeHTOB (HanmpuMmep, B padore [1]) mokasbiBaroT,
YTO 0COOEHHOCTH KPYITHOOOJIOMOYHBIX TPYHTOB COCTO-
UT B HEJIMHEHHOM XapakTepe 3aBUCUMOCTH IIPEJIeib-
HBIX KacaTeJbHbBIX HAIPSDKCHUH OT CPEHET0 HOpMallb-
HOTO HalpsHKEHUSI.

B xavecTBe KpUTEpHs CABUTOBOM MPOYHOCTH TPYH-
TOB B MHKCHEPHOM MPAKTHKE MPHUHATO HCIIOIb30BATh
kputepuil Kynona — Mopa. B HeM mpouHOCTHEIMU Xa-
PaKTEpPUCTUKAMK TPYHTA SIBIISIIOTCS YTOJI BHYTPEHHETO
TPEHHS ¢ ¥ YACIBHOE CLEIUICHHE ¢. 3HaYeHHs ITUX I10-
KazaTeJieil MOryT ObITh Ha3Ha4YeHbI MyTeM 00paboTKH
PE3YyIBTAaTOB SKCTIEPUMEHTOB.

O nehopmMupyeMOCTH KPYIHOOOJIOMOYHBIX IPYH-
TOB HH(OPMAINH B JINTEPAType MEHBIIE. DTO CBA3AHO
CO CJIIO)KHOCTSMH TPOBEACHHS TPEXOCHBIX HCIBITA-
HUH — JUIs1 HUX TPeOYIOTCsl KpyIHOMAcIITaOHbIe ¥ TOY-
HBIE TTPUOOPBI, KOTOPBIE MOTYT CO3/aBaTh Ha 00paser
IpyHTa OOJIBIIINE CHIIOBBIC HATPY3KH.

IlepBbie ucmbITaHMs 1€(OPMUPYEMOCTH KPYITHO-
00JIOMOYHBIX TPYHTOB OBUIM BBIOJIHEHBI B 1960-X TT.
R.J. Marsal [2], A.B. Vesic ¢ coasr. u N.D. Marachi ¢ co-
aBT. DTH MCHBITAHUS MOKA3aJIM, YTO J1e(hOPMUPOBAHHE
TaKUX TPYHTOB HMEET CJIOXKHBIN YIPYrOIUIaCTUYECKUI
xapaxtep. [IposiBrsercst cBa3b 1epOpMHUPYEMOCTH C IPOU-
HOCTBIO, @ TaKXKe LEJIbIN Psijl HeTMHEHHBIX (B (EeKToB, Ha-
npuMep siBIeHNe qunataHceud. JleopMupyemMocTs rpyHTa
3aBHCHUT OT €T0 HANPSHKEHHOTO COCTOSIHUS: OT OOKOBOTO
oOKaTHsl, CTEIICHN MPUOIMKECHUS K MPEACIILHOMY COCTO-
STHHIO, BU/IA HAPSDKEHHOTO COCTOSTHUSL.

JedopmupyeMocTh KPyITHOOOIIOMOYHBIX TPYHTOB
pa3nuyaeTcs U B 3aBUCHMOCTH OT IJIOTHOCTH CJIOXKE-
HUSI, TPAHYJIOMETPHUECKOTO COCTaBa, (POPMBI YaCTHII,
WCXOJHOW TOPHOU MOPOJIBI M APYyTHX (PaKkTOpoB. ITO
CTaJIO OJHOHM M3 NPHUYMH, IO KOTOPBIM JIAHHBIE UMEB-
IINXCS HKCIIEPUMEHTOB HE YIOBIETBOPSUIM MOTPeO-
HOCTSIM MIPOEKTHPOBAHUSI BBICOKHX IUIOTHH. [TosToMy
9KCIIEPUMEHTAIILHBIE UCCIIEA0BaHUS OBUIN MTPOJIOIIKE-
HBI, OHU BBIMOJIHSUINCH MIPU NMTPOEKTHPOBAHUM MHOTHX
BbICOKMX TpyHTOBBIX mnoTuH. B CCCP TpexocHsle
HCTBITAaHHSI IPOBOMINCE BO BeepoccuiickoM HaydHO-
HCCIIEZIOBATEIILCKOM MHCTUTYTE TUAPOTEXHUKH MME-
Hu b.E. Beneneera (BHUUI um. B.E. Beneneena)
Ha kpynHOMacmtabHoM mpubdope [ITC-300. Cremyer
0o0paTuTh BHUMaHHUE, YTO BMECTO PEabHOW FOpHOU
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MAacChl UCIIBITHIBAINCH MOJICNIbHBIC TPYHTHI, T.€. IPYH-
THl C U3MCHEHHBIM TPAHYJIOMETPHUECCKAM COCTABOM
IO CPABHEHUIO C UCXOIHBIM.

B XXI B. crabmioMeTpU9IeCKUE UCTIBITAHUS KPYITHO-
00J10MOUYHBIX TPYHTOB ocymiecTBisunch A.K. Gupta,
A. Soroush, S. Linero n npyrumu. B Tabn. 1 yka3zausr
KpaTKHe CBEACHHUs 0 HauboJiee COBPEMEHHBIX HCIIbI-
TaHUSX, PE3YIBTATHl KOTOPBIX OMyOIMKOBAHEI B TPY-
nax [3—8]. M3BecTHO, 9TO MCTBITAHUS MTPOBOIMIHCH
takxke B Poccun, Bo BHUUI um. B.E. Beneneena,
HO WX pe3yJbTaThl HEAOCTYIHBI Ul HAy4YHOH 00Iie-
CTBEHHOCTH.

Pe3ynbTaTel HEKOTOPHIX UCIIBITAHUH KPYITHOOOIO-
MOYHBIX TPYHTOB COOPAHBI ¥ MPE/ICTABICHBI TAKXKE B Pa-
6ote [9]. Hanbonee ciaokHbIe SIKCTIEPHUMEHTHI BBITTOTHS-
ymich B Kurae. Vcmisitanms, omyOnrkoBaHHBIE B cTaThe [ 8],
MPOBOJMINCH 10 HECTAHJAPTHOH CXeMe Ha IpH3MaTuye-
CKOM 00pasIie TpyHTa, KOTOPHIH MOABEpraicsi HepaBHO-
MEPHOMY Harpy>KE€HHIO 10 KaX101 U3 TpeX Ocell.

Jnst onmcaHusl HETMHEHHOTO TTOBEACHHS TPYHTOB
B YCIIOBUSIX TPEXOCHBIX UCTIbITaHMi ¢ 1960-x IT. Havamu
pa3padaThIBaTh ¥ MPUMEHSTH HETMHEHHBIE MoaenH. Poc-
cuiickuii HopmatuBHbIN AokymeHT CII 39.13330.2012
YCTaHABJIMBAET, YTO «B pacyeTax HampspKeHHO-aehop-
MUPOBaHHOTO cocTosiHusA 1w1oThH I u II kimaccos cnenyer
TIPUMEHSTH HeJIMHEHHBIC MOJICITH, YIUTHIBAFOIITHE TITACTH-
yeckue Je(hopMalny rpyHTa B IPEACIBHOM COCTOSTHHI.

B Hacrosmiee BpemMs NPUMEHSIOTCS HECKOJBKO
HEJTMHEHHBIX Mozaenel rpynTa. CaMoil IpocToi ciy-
JKUT MOJICINTb, M3BECTHAA Kak Monenb Kymona — Mopa
(monens MC). B atoit Mmonenu neopMrupoBaHue rpyH-
Ta IPH JOMPENETFHOM COCTOSHUHU CUUTACTCS JTUHEH-
HBIM M OTUCBIBACTCS JBYMS IapaMeTpaMH: MOTYIIEM
nuHeWHOU nedopmarn £ u kosddurmentom [lyacco-
Ha v. OCHOBHBIM HepocTaTkoM mojenu MC saBnsercs
TO, YTO OHA HE YUUTHIBAET Y(P(EKT «yIpOIHEHHSD» TPYH-
Ta, T.c. YBEIUUICHIS MOAYIS Ae(OpMaliy IPH TTOBHI-

nieHun 6okoBoro ooxarust. s popmuposanus HC
BBICOKMX I'PYHTOBBIX IUIOTHH BJIMSIHUE 3TOTO d(dekra
CYIIECTBEHHO, MTO3TOMY HCIIOIB3YIOT OOJee CIOKHBIE
HEJTMHEHHbIE MOJIeIH.

3a py0OexoM aKTUBHO MPUMEHSIETCS THIIEPOOIIH-
YyecKkasi MOJIeNIb TpyHTa. DTa MOfIens Oblia pa3padoTa-
Ha J.M. Duncan u C.Y. Chang Ha ocHOBe rumnep0oiu-
YEeCKOW 3aBUCUMOCTH, npeiokenHoit R.L. Kondner.
I'mnepOonuyeckas MOJeIb OTHOCUTCSI K MOJIEISIM JIe-
(hopMaImOHHON TEOPHUH ITUTACTUIHOCTH (HETMHEHHON
«ynpyroctu»). B Hell 3aBHCHMOCTD MEX/y HaIpsiKe-
HUSIMU 1 ie(hOpMalMsIMU 3aIHChIBAaeTCsl B (hOpMe 3aKo-
Ha ['yka. DT0 00ycraBImBaeT OMUH U3 HEAOCTAaTKOB MO-
JIeJ — CIOXHOCThH ydera 3(QeKra IAUIaTaHCHH.
B nyGnukanmu [10] yka3piBaercsi, 4TO YUCIEHHOE MO-
nenupoBanre HJIC mIoTHHBI MOKA3aj10, 94TO TUiepoo-
JMYECKasi MOZICNb HETOCTATOYHO XOPOIIIO OTMCHIBACT €€
peanbHOe MOBECHHUE.

ITo sroii nprunne T. Schanz, P.A. Vermeer, P.G. Bon-
nier B 1999 . mpemtoxwim 6omee CIOKHYO MOJCNb, MO-
JeTb ynpoussorerocst rpyara — Hardening Soil (HS).
Ota MoJiesIb OTHOCUTCS K MOJIEIISIM TEOPUH TIACTUIECKO-
TO TEUCHUs U 0a3upyeTcss Ha ACCOIMMPOBAHHOM 3aKOHE
rracTrdeckoro TedeHus. Kak u rumepOonmdeckast Mo-
nenb, mofens HS yuureiBaer addekr «ynpodHeHus»
rpyHTa. OHa cunTaeTcss Hanboee COBEPIICHHON Mojie-
JBIO JUTS BBITIOJTHEHHS MHKEHEPHBIX PACUETOB TPYHTO-
BbIX coopyxkeHuid. B Tpyne [10] ormeuaercs, uto Mozaens
HS nyuine omuckiBaeT peanbHOE MOBEACHHE IUIOTHHBL,
YeM runepOoInyecKast MOJeb.

Cynst 1o COBPEMEHHBIM ITyOIMKAIMAM, JUISL YHC-
nenHoro moaenuposanus HJAC rpyHTOBBIX MIOTHH
B OCHOBHOM HCIIOJIb3YETCsl THIIEpOOInYecKas MOJIEIb,
pexe — MoJieNnb YIpoYHsIomerocs rpyHra. Hampu-
Mep, runepooIrueckas Mojieb Oblila UCIOIb30BaHa
qutst pacuetoB HJIC HeckoIbKMX KaMEHHO-HAOPOCHBIX
IJIOTHH ¢ XKeNe300eToHHBIM 3KkpaHoM [ 10—13]. Omuca-

Taba. 1. Unpopmarys 0 TPeXOCHBIX HCIBITAHUAX KPYITHOOOIOMOYHBIX TPYHTOB

" TInoTHOCTE, T/M?, Pasmepsr MaxkcumaibHasi | MakcuManbHOE
CTOMHMIC 1 TO Bup rpyHTa | MM OTHOCHTENBHAS 00pasIios, MM KPYMHOCTb HaIpsDKCHUE
“HPOPMAIHU

IUIOTHOCTh, % TIMaMETP BBICOTA YacTHL], MM obokarust, MIla
[leGenucThiit 1,7, 1,8 /v
2], 1967 HHO- 1130 2500 180 0,05-2,5
(2], Tpaguiiro- - 22 he ,05-2,
raJIeYHUKOBBIN
JpecBsiHbIH 2,11, 2,18 t/m? 50 0,1-0,9
3],2012% iiHO- 200,300 | 400, 600
3] Tpasiiitio- |5 4 5 23 e 60 0,2-0,8
raJIeYHUKOBBI
[4], 2013 IIle6enucTIit 1,99, 2,2 T/ 200 400 25 0,05-0,7
[5]. 2014 TpapiiHit, 75,87 % 381 813 80 0.2-1,6
JIPECBAHBIH
[6], 2014 Tpasuiino- | ) 5 5 27 o 300 600 60 0,4-1,6
TAJICUHUKOBBIN
[7],2017 [leGeHuCTHII 2,21 /™3 300 600 60 0 2,0
[8],2019 [leGenucThIi 2,06 /™ 300%* 600 60 0,2-0,8

Ilpumeuanue: * — NCTIBITAHUS B HEAAPEHUPOBAHHBIX yCIOBHSX.
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HO [11], uTo runepbonMUeckas MoOeIb MPUMEHIACh
JUIsl aHAJIM3a JIaHHBIX HaTYPHBIX HAaOIIOACHUH 3a mepe-
MEIIEHUSMH CaMOH BBICOKOW B MUPE KaMEHHO-HAa0pOC-
Ho# miotuHbl Shuibuya (Kuraii, H = 233 m).

B nocnennee Bpemst akTHBHO CTaJIN MCIIOJIB30BATh
u monenb HS. Ona npumensinace ans n3ydenus HJIC
IPYHTOBBIX IUIOTUH [14—18]. DTH HccienoBanus ObLIH
nocssieHbl HJIC HECKONbKUX BBICOKUX KaMEHHO-Ha-
OpOCHBIX IIOTHH C XKeJIe300eTOHHBIM dKpaHoM: Kiirtiin
(Upam, Beicota 133 M) [14], Nam Ngum 2 (JIaoc, BeIcO-
ta 182 m) [10, 15, 16].

s poccuiickux ucciaeaoBareneil BaXHbIM Ipe-
HMMYIIECTBOM MOJAETH YIIPOYHSAIONUIETOCS TPYHTA SBIISI-
€TCsl TO, YTO OHA JOCTYIHA JUIsSl HCIIOJIb30BaHUS B CO-
BpeMeHHBIX porpaMMHBIX Komrniekcax (ITK) PLAXIS,
MIDAS, npenHa3sHaYeHHBIX JUIS PEIICHUS TeOTEXHUYe-
ckux 3anad. OqHako, 4To0kI BEIMONHATE pacueTsl HJIC
C IIOMOIIBIO HEJIMHEWHON MOJIENIN, HEOOXOINMO 3HATh
3HAYEHUS €€ IapaMeTpOB.

Bce HenmHeliHbIe MOEIN — MHOTOIIapaMeTpuye-
ckue. Bo Bcex Tpex mepednciaeHHbIX MOJIEIISIX ST OIICH-
KU TPOYHOCTH IPYHTA UCHONb3yeTcs kputepuid Kyo-
Ha — Mopa, OHa OIUCHIBAETCSI IBYMsI ITapaMeTpamu (¢
u ¢). [lns onrcanus neopMUpPOBaHUS B THIIEPOOIIYE-
ckoit mozesu u mozenu HS tpebyercst Oosbiiiee Kouue-
CTBO NapaMeTpoB, 4eM B moaenu MC.

OcHoBHBIE TapamMeTpsl Mozenn HS:

E!¢ — MOMyib eCTKOCTH, KOTOPBIH MPE/ICTaB-
nsieT co0o CeKylMi MOMyIIb JIMHEHHO nedopmanu
npu nostoBuHe (50 %) mpenenbHOro JeBUATOPHOTO Ha-
MPsDKEHMS, OTIPEACIIEMBII IO pe3yabTaTaM TPEXOCHBIX
HUCTIBITAHUI;

EY, — OmOpHBIiT 00METPUIECKHI (KOMIIPECCH-
OHHBII) MOIYh Ae(hopMaIiy, COOTBETCTBYIOMINN ATa-
JIOHHOMY BCECTOPOHHEMY JIaBJICHHIO, OTPEACIAEMBbIi
TI0 pe3yJIbTaTaM OIOMETPHUCCKUX MCTIBITAHUIH;

E!Y — 5TanoHHBIN# MOLyIh PA3TPy3KH, NOTyUEH-
HBIW 10 pe3ylibTaraM KOMIIPECCHOHHBIX MCIBITAaHUM
IIPU STAJIOHHOM BCECTOPOHHEM JIaBJICHIH;

M — TI0Ka3aTeJIb CTEIICHN B 3aBUCUMOCTH KECTKO-
CTU OT YPOBHSI HaIlIPSKEHUM, KOTOPBIN OIIPElEseT ee
KPHUBH3HY;

v! — ko3 puuuent IlyaccoHa Ipu pasrpyske
Y IOBTOPHOM HAarpy>KeHHH;

 — YTOJI IMJIATaHCUH, OTIPEIEISIEMBIH 110 Pe3yITh-
TaTaM TPEXOCHBIX UCTIBITAaHHH;

R — KPUTEPUH pa3pyLIEHHUs], KOTOPbIA SBIISAETCS
OTHOIIICHHUEM ITPEEITBEHOTO JIEBUATOPHOTO HATPY>KEHHUS
K aCHMIITOTHYECKOMY YPOBHIO COIIPOTUBIICHUS C/IBHTA,
K KOTOPOMY CTPEMHUTCS 3aBUCHMOCTh MEX/Y HaIpshKe-
HUSIMU CJIBHTA U JIe(OPMALIUSIMH;

P, — 9TanoHHoe (OIOPHOE) BCECTOPOHHEE JaB-
JICHHE.

OcHOBHas IIeJIb HACTOSIIEro UCCIEeOBaHUSI —
ompezenenue mapamerpoB moaeneid HS u MC mist kpym-
HOOOJIOMOUYHBIX TPYHTOB II0 PE3YJIbTaTaM TPEXOCHBIX
UCTIBITaHUH. DTO NPOYHOCTHBIE MOKa3aTelH (Yroil BHY-
TPEHHETO TPEHUS ( U YACIBHOE CIEIJICHHUE C) U TIOKa-

3arenu nedopmupyemoctu. [Tokazarenu nedopmupye-
Moctu monenu MC (MoIyns THHEHHOM nedopmarn £
u ko3 duruent [lyaccoHa v) HEOOXOAUMO ONIPEACITUTh
JUISL COCTABJICHHs] PEKOMEHIAIMIA 110 MTPOBEACHHIO MPH-
ommkeHHbIX pacaetoB HJIC mmoTwH.

Eme oxHa 3amaua vccienoBaHusi — OLCHUTD, Ha-
CKOJIBKO I'PYHTBI, UCTIBITAHHBIC B J'Ia60paTOpHBIX YCJ10BH-
X, IO CBOCH J1ehopMHUpPyEeMOCTH COOTBETCTBYIOT Mare-
pHaIy pealibHbIX KAMEHHO-HAOPOCHBIX IUIOTHH. 171t 3T0-
ro ObUI MCIIONIB30BaH aHa U3 JAeopMaluil peaabHbIX
TUTOTHH B CTPOUTENBHEIHN niepron [ 19]. Jlanubrii anamns
OCHOBAH Ha pe3yJbTaTax HaTyPHBIX HaOIIOfEHUH, KO-
TOpBIE TIPE/ICTABICHBI B psijie 3apyOekKHbIX ITyOIrKa-
it [20]. AHanM3 HATYpHBIX TaHHBIX MTOKA3all, 9To Jie-
(opmaTHBHBIE CBOHCTBAa KAMEHHOH HAaOPOCKH H3Me-
HSIOTCS B OYEHb IIMPOKOM JauamnaszoHe. boiee Toro,
nehopMUpyeMOCTh KAMEHHOW HaOPOCKH pa3nudaeTcs
IIPY BOCIIPUSITHN Harpy30K oT coOOCTBEHHOTO Beca U Ha-
IPY30K OT T'HAPOCTATUYECKOTO AaBiIeHHs (Ha BEPXOBOM
rpaHn). B mepBom cirydae Momyns nedopManuyi HaXxo-
nutes B npenenax 30-240 MIla, Bo Bropom — ot 60
10 480 MIla. Ha paznuuue momyieit oOparuniy BHUMA-
aue N.L.S. Pinto u F.P. Marques eme B 1998 1. VBe-
JMYEeHNE MOy 1e(OpMaIii IIPH BOCHPHUSTHN O0JIb-
HIMX HAarpy30K Ha3biBaeTcs dP(EKTOM «yIpPOYHEHUS
rpyHTa. HeoO0X0aMMo yCcTaHOBUTbD, YKIIaIbIBAIOTCS JIN
3HAYCHUs] MOAYJIS JINHEHHON nedopMalii UCTIBITaH-
HBIX KPYITHOOOJIOMOYHBIX TPYHTOB B YKa3aHHbIH uaria-
30H M HACKOJILKO MPOSBIACTCS 3(PPEKT «yIPOUHEHUS
IpyHTa.

Ha sty Temy panee aBTopaMu OBLIO BBIIOIHEHO
uccnenoBanue [21], HO B HeM paccMmaTpuBaiack padbora
COOPYXEHUS TOJIBKO IPH HArpy3Kax 0T COOCTBEHHOTO
Beca.

HenaBHo 3apyOeXHBIMH HCCIEI0BATEISIMH TaK-
ke OBUIM OITyOJIIMKOBAaHbI TPYIB! IO BBIOOPY Mapame-
TpoB Mofenu HS a1t yncieHHOro MoaeIupoBaHUs
H/IC xamenno-#HabpocusIx ot [16, 18]. ITokasa-
HO [18], uTO MO pe3ynbraram pacuyeToB psiaa MOCTPo-
EHHBIX TUIOTHH MapameTp £l HaXoauTcs B Mpesesax
ot 30 mo 200 MIla. Crarss [16] mocBsiena oo6padoT-
K€ pe3yJITAaTOB PsAJla TPEXOCHBIX UCIIBITAHUH C LIEIIBIO
ompezeneHus mapameTpos Monenu HS, B Heil onmca-
Ha METOJMKa 00pabOTKM Pe3yabTaToB IKCIIEPUMEHTOB.
B upeane qist onpeneneHus napameTpoB HEOOXOTUMBI
pe3yNbTaThl KaK CTa0MIOMETPUIECKHX, TaK M OJOME-
TPUYIECKHX UCTIBITAaHHH.

Takxe MHTEPECHO CPAaBHUTH MOJyYEHHBIE Mapa-
METPBI MOZIENIN C TEMHU, KOTOPbIE OBUIH MCIIOIb30BAHBI
JPYTUMH aBTOPAMU TIPH YHCICHHOM MOJICINPOBAHUN
IIJIOTHH.

MATEPHAJIBI U METO/JbI

[ox6op mapamMeTpoB HEMUHEIHBIX MOJIETIEH BBIITON-
HSUICS JUTS IBYX BUJIOB KPYIHOOOJIOMOYHBIX TPYHTOB —
I'PaBUIHO-TAJICYHUKOBOTO U medenucroro. C 3Toi 11e-
JIbIO BBIOPAHBI PE3YIIBTAThl TPEXOCHBIX HCIIBITAHUH JABYX
aBTOpPOB. 110 TIIOTHOCTH CIIOKEHUsI BEIOpaHHBIE IPYHTHI

31

(€G] € HOAUIGY b1 WOL Soiocieay



naTITOnLCTSS: Ty 14, BbINYCK 3 (53)

@.B. Komoe, M.I1. CauHoe

COOTBETCTBYIOT I'PYHTaM, yKJIAJbIBAEMBIM B peaibHbIC
IUIOTUHBIL. J[J151 rpaBUITHO-TaJIeYHUKOBOIO IPYHTA UCIIONb-
30BanMch ucnbitanus R.J. Marsal, kotopsie Oblin 1poBe-
JieHbl 1pu crpontenbere wiotunsl El Infernilio (Adolfo
Lopez Mateos) [2]. dist meOSHACTOTO TPyHTA BHIOPAHBI
UCTIBITAHHSI, KOTOPBIE OCYIIECTBISUINCE B JlaIsIHbCKOM
TexHOJorudeckoM yausepcurere (Kuraif) [7].

VcnibITanus peann3oBaHbl A7l Pa3HBIX HATpshKe-
HHUI 00XKaTusl 10 CTaHJapPTHOM METOMKE, B JIBE CTANH.
Ha nepBoil cTaguu IrpyHT IIOABEPrajics BCECTOPOHHEMY
00XKaTuIo, Ha BTOPOH CTa/IMHM — JICBUATOPHOMY Harpyxe-
HHIO C POCTOM Harpy3KH TOJBKO 110 BEPTUKAIBHOH OCH.

MeToauka ompeneiaeHus napaMeTpoB Moaenen
JUIS TPYHTA 3aKJII04Yaliach B BBITIOJHEHUH PsAa omepa-
LUH B HECKOJIBKO 3TanoB. Ha nepBom sTane ycraHas-
JIMBAIMCH TIapaMeTPhbl KPUTEPHUs MPOUYHOCTH (P U C).
Jl1s aTOTO CTpOMIACH AKCIIEPUMEHTAaIbHAs 3aBUCH-
MOCTb MEXIY HOPMaJbHBIMU U MpPEAEIbHBIMU Kaca-
TEJIbHBIMH HAIIPSKEHUSIMU.

Ha Bropom sTane onpeaensnuchk napaMeTpsl Je-
¢opmupyemoctu rpynra no moxenu HS. Crauana
MyTEeM aHalii3a pPe3yJbTaTOB UCIBITAHUN BBISBIISAIOCH
3HaUEHHE MTOKA3aTENs CTEIICHH 711, KOTOPBI BBIPa)KaeT
s ekt «ynpouHeHus» rpyHra. Jlanee ¢ OMOLIBIO CIie-
nuanbHoro monyis B coctase [IK PLAXIS otnensHO
JUTSL KQXKJIOTO M3 SKCIIEPUMEHTOB OINpeessUINCh OCTa-
npHBIE TapameTpsl Mofenu HS. 3atrem mapameTrpsl Mo-
JIeNY, TIOJIyY€HHBbIE TSl Pa3HBIX IKCIIEPUMEHTOB, CPaB-
HUBAJIMCh MEXTY COOOM, M IOCPEICTBOM ITOA0OPA BEIOH-
paJuch eIUHbIC 3HAYCHUS ITapaMeTPOB, KOTOPBIE MOA-
XOJISIT AJIsl BCEX IKCIIEPHMEHTOB.

Ha tperbem 3Tane ocymiecTBisuIics BBIOOp mapa-
MeTpoB Mozenr MC, S5KBUBaJIEHTHBIX ITapaMeTpaM Mo-
nenn HS. Onu onpenensuinck mogbopoM U3 yCIIOBHSL,
4TO abCTpaKkTHas IPyHTOBAs IUIOTHHA IIPH HCIIOIB30-
BaHUU 00EWX MOJeNel J0JDKHA MOJydaTh OJMHAKO-
BbI€ MAaKCHMaJIbHbBIE MepeMelIeHus (BEpTHKAIbHBIC
OCaJKMl W TOPHU3OHTAIBHBEIE cMemeHus). st momy-
YEHUS] MEPEMENICHII MPUMEHSI0Ch YUCICHHOE MO-
JIeIMPOBAHUE METOJIOM KOHEYHBIX 3jieMeHTOB B [IK
PLAXIS.

PaccmarpuBaBinasicss abcTpakTHast IIJIOTHHA BBICO-
toit 100 M onupaercs Ha KecTKoe ocHoBaHue. [lnoTu-
Ha — OJJHOPO/IHAS 1 UMEET CUMMETPUYHBII TPEYTOJIbHbIN
po(HIIb € 3aJI0KEHHEM OTKOCOB, paBHBIM 2. [TpuHuMa-
JIOCh, YTO NMPOTHBO(MIBTPAIIMOHHBIN IEMEHT TJIOTHHBI
BBINIOJTHEH B BHUJIE 3KpaHa Ha BEPXOBOW I'PaHHU, SKpaH
HEe MojenupoBaics. Pacuer npoBoauics Ha Harpy3ku

OT COOCTBEHHOTO Beca U Ha THAPOCTAaTHYECKOE JAaBIICHNUE,
BO3HHKAIOIIEe MPU HAMOIHEHUH BOJOXpaHWIHIIA. Tak
KaK 9KpaH PacCIOJIOKEH ITOBEPX HACBIIN, THAPOCTATHYE-
CKO€ JIaBJIEHUE TIPUIIOKEHO TOJIBKO Ha TIOBEPXHOCTH BEP-
XOBOT'O OTKOCA, a TPYHT IUIOTUHBI OCTaeTcst CyxuM. [1nor-
HOCTb TPYHTa B CyXOM COCTOSTHUM YCJIOBHO IPHHUMAJIach
paBHOIT 2 T/M°.

KoHeuHo-31eMeHTHas! MOJIENb TNIOTHHBI COCTOMUT
n3 3355 xoneuHsIx dnmemMenToB (puc. 1). Koneunsie ame-
MEHTHI IMEIOT KBaJIPAaTHYHYIO AlIPOKCUMALIUIO TIepe-
MEIIEHHUH, 00IIIee KOJIMYECTBO Y3JI0B B MOJIEIIH COCTa-
Bujio 27 283.

Mopgenuposanue HJIC coopy:keHus 0CyIecTBIIsA-
JIOCh C YYETOM ITO3TAITHOCTH €T0 BO3BEACHUS CIOSMH
(10 c10eB) 1 MOCTENEHHOTO HATIOIHEHNUS! BOIOXPaHUITH-
ma. HanonHeHue npoucxoanio ToabKo MOCIIe BO3BEe-
HUSI HACKINTU Ha BCIO BhIcOTy. [TTyOnHa BepxHero Obeda
IpUHUManachk paBHoi 90 M.

PE3VYJIBTATHI HCCJIEJOBAHUA

ITapameTpnl cCABHIOBON IPOYHOCTH TPYHTOB

OO6paboTka pe3ynbTaToB MCIBITAHUH BBITTOJHEHA
aBropamu panee [21]. Bt moctpoeH rpaduk, KOTOpbIi
BBIP@XKAET CABUIOBYIO IPOYHOCTH KPYITHOOOIOMOYHBIX
TPYHTOB B IIIMPOKOM JIMania3oHe HanpspkeHui (puc. 2).
W3 Hero BUAHO, 4TO MICOCHHUCTRIN IPYHT 00IagaeT 60-
Jiee BBICOKUM COIIPOTHUBIICHHUEM CIBHTY, UM I'pPaBUITHO-
rajIeyHUKOBBII. PacueTHble MapaMeTphl CIBUTOBOU IIPOY-
HOCTH TI0I0OpaHbI UCXO/Isl U3 MAKCUMAaJIbHOTO COOTBET-
CTBUS HKCIIEPUMEHTAIBHBIMH JaHHBIM, OHU MIPEICTaB-
JIeHbI B Ta0M. 2. VI3 puc. 2 BUAHO, YTO TapaMeTPhI CJIBU-
TOBOI MPOYHOCTH XOPOIIO ONHCHIBAIOT PE3YIBTAThI 3KC-
MEPUMEHTOB.

B pacueTHoO# MOmenn OBITIO TOTYYEHO BHICOKOE
creruienne (100-250 xI1a), koTopoe HE CBOHCTBEHHO
KPYTMHOOOJIOMOYHBIM TpyHTaM. 3-3a 3TOTO Compo-
THUBJICHNE CABUTY 3aBBIIICHO TPH MAJBIX HATPSDKCHUAX
(puc. 2). Hanuume BBICOKOTO CIEIJICHUSA Yy KPYITHO-
00JIOMOYHOTO TPYHTa OOBSCHSIETCS HE TOIBKO 3(h(heKTOM
3alleTUICHNS YacTHIL, HO U TeM, 4To Kpurepuii Kynona —
Mopa BeIpaxkaeTcs JIMHSHHON (DYHKIEH U He TI03BOJISIET
MIPUHATH YTOJI BHYTPEHHETO TPEHHS IEPEMEHHBIM.

IMapameTtpsbl 1edopMUPyeMOCTH TPYHTOB MO MOJETH
YIPOYHAIOLIEroCs IPYHTA

Ilony4yeHHblE 10 ONMCAHHOW BBILLIE METOAMKE Ma-
pameTpsl Monenu HS, Beipaskaromie 1e(opMHpyeMOCTb
TPYyHTa, TIPEJCTABICHHI B TA0I. 3.

Puc. 1. KoHeuHO-211€MEHTHASI MOJIEITb TECTOBOM TIJIOTHHBI
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Puc. 2. ConporuBienue cABUTY pacCMaTpUBaeMbIX IPyHTOB

Taou. 2. [TapameTps! CIBUTOBOM NPOYHOCTU pacCMaTPUBAEMBIX I'PYHTOB

[Tapamerp ['paBUifHO-raI€YHUKOBBIN TPYHT [lleGeHucTHIi TPyHT
YToJ1 BHyTPEHHETO TPEHUS 37,9° 39,3°
VnensHoe cuemienue ¢, klla 112 250

CpaBHUBas IapaMeTpbl JIByX I'PYHTOB, MOXKHO 3a-
METHUTb ClIe/IyoLIee:

* eOCHUCTBINA IPYHT UMEET )KECTKOCTb MIPHUMEPHO
B 3 pasa Bblllle, YeM I'PaBUIHO-TAJICYHUKOBBIN TPYHT;

* IIOKa3aTelb CTENCHH 71 OONbILIC Y TPaBHHHO-
raJleYyHUKOBOTO TPYHTA, COOTBETCTBEHHO B HeM OoJIbIIe
pOosIBIIACTCS SPPEKT KYTPOUHCHHSD;

* B IEOCHICTOM I'PYHTE OOJIBIIIE TIPOSBIAETCS (-
(exT nuaTaHcuM (paclIMpeHust Py CIBHTE).

C 1enbIo OLICHKHU aJIeKBaTHOCTH HAaW/ICHHBIX rapa-
MeTpoB Moziesii HS BBINOIHEHO CpaBHEHUE Pe3yIbTaTOB
€€ HMCIIOJIb30BaHUSI C TAHHBIMHU 3KCIICPUMEHTOB (puc. 3, 4).
JU1s Ka>KI10ro U3 IPyHTOB CPaBHEHHE IPOBOAMIIOCH TOJIb-
KO JUISl y4acTKa JICBHATOPHOTO HATPY>KEHUsI. DKCIICpH-
MEHT MOJICITUPOBAJICS C TIOMOILBIO CIEIUAIBHOTO MOYJIsI

B coctaBe PLAXIS 2D. Ananus ocymiecTBiIeH Ha IpHMe-
PE ABYX 3aBUCHUMOCTEH:

* 3aBHCUMOCTb CJBUTOBBIX HalpsikeHu# (6 —G,)
ot aedopmaruii ciBura €3

* 3aBHCMMOCTb 00BEMHBIX JIehopMaltuii e, oT cpejt-
HUX HalpspKeHUH p'.

Amnanu3 nokaspiBaeT, 4to mozens HS xoporio onu-
CBIBAaCT HEIMHENHBIN XapaKTep 3aBUCUMOCTH MEX]y Ha-
NPSDKEHUSIME 1 1e()OpMALIMSIMU CIIBUTA B PACCMOTPEHHOM
Jiaria3oHe aaBieHus ookarus (puc. 3, 4, a). OqHako Mo-
JIeTTb HEAOCTAaTOYHO XOPOILO OMMCHIBACT XapaKTep 3aBH-
CHMOCTH MEXJTy HAIPSHKSHUSIMU 1 JiehopManusiMi Bee-
ctoponHero ooxarus (puc. 3, 4, b). OHa BOCIIPOU3BOTUT
3¢ heKT TunaTaHCHu, HO TUIIATAaHCHsT MOJIETUPYETCS 1aKe
B TE€X CliydasX, B UCHBITAHUAX KOTOPBIX OHA HE IPOSBJIA-

Taéu. 3. [TonoOpanusle napameTps! Moaenu Hardening Soil kpynmHOOOIOMOYHBIX IPYHTOB

Ipynt ELY, lla E', Ila E’, xIla m Vi | worpan. | R, | p¥, klla

['paBuifHO-raIeYHUKOBBIN 70 35 300 0,5 0,2 5 0,72 100
[leGenucTorii 230 150 480 0,22 0,2 20 0,85 100
9 71 6,—0,, MIla — - -3
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OkcnepumeHr (2,5 MIla) Okcnepumenr (1,7 MIa) Okcnepument (0,5 MIla) OkcniepumeHt (0,2 MIla)

Okcnepumenr (0,1 MIla) —=- Mogeins (2,5 Mlla)
=== Monens (0,2 MIla) === Mopneis (0,1 MIIa)
a

— — Moges (1,7 MIla)

=== Mopens (0,5 MIla)

b

Puc. 3. MonenupoBaHue TPEXOCHBIX NCTIBITAaHNI TPaBUHHO-TaI€IHUKOBOTO IPYHTA: @ — 3aBHCUMOCTH CIBHTOBBIX HaIpsiKe-

HUI OT HHTEHCUBHOCTH AedopManuii capura; b — 3aBHCUMOCTh 0OBbEMHBIX JIe(hOPMAIHiA OT CPEIHUX HAMPSHKCHUH
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Puc. 4. MOHGJ’II/IPOBaHI/Ie TPEXOCHBIX HUCIIBITAHUN IIICGGHI/ICTOI‘O IpyHTa: @ — 3aBUCUMOCTD CABHUI'OBBIX HaHpSI)KeHI/Iﬁ OT UH-

TEHCUBHOCTH Ae(hopMaIuii cIBUra; b — 3aBHCHMOCTB 00BEMHBIX JieopManuii OT CpeHIX HAMPSDKCHUH; B CKOOKaX yKa3aHbI

HaMpsKECHUS ITPEABAPUTEIIBHOI'O o0KaTHs

nack. Mozenb HS He orpakaer 3(h(eKT KOHTPaKIIUH, T.C.
JIOTIOJTHATEIIFHOTO YMEHBIIICHHSI 00beMa Ha HAYaIbHOM
9Tare JCBUATOPHOIO HATPYIKCHUSI, KOTOPBIi MTPOSIBIISLIICS
y 1iebeHucToro rpyuTa (puc. 4, b).

Temnepb cpaBHUM MMOJTyYCHHBIC TTAPAMETPHI C TEMH,
KOTOPBIC 110 JAHHBIM JIUTEPATYPHBIX HCTOYHUKOB OBLIH
MCIIOJIB30BaHBI [T YUCICHHOTO MozienupoBanus. OHu
NIpUBEJICHBI B Ta0I. 4.

CpaBuenue Tabi. 3 u 4 NOKa3bIBaCT, YTO:

* TIOKa3aTesib CTEICHU /71 ISl 00OUX TPYHTOB YKJIa-
ITBIBACTCS B BO3MOXKHBIH rarna3oH 3HadeHut (0,18-0,70);

* BBINOJIHACTCS COOTHOMIeHNe ElY > E'), pexo-
MeHayemoe B padore [18];

* ISl TPaBUIHO-TAJICIHUKOBOTO TPYHTA KECTKOCTh
E ;gf HAXOJIUTCS B IIPE/ICTABICHHOM JIaIla30He 3HAUCHUI
(12-100);

* JUIsI 1IeOEHUCTOTO IPYHTA KECTKOCTh Esrff 00JIb-
III€ TOM, KOTOpasi MPUBEICHA B JINTEPATYPC;

* IoKasarenb R, 1yisi 000MX TPYHTOB HONanaeT
B BO3MOXKHBIN anana3oH 3HaucHui (0,65-0,90).

Pe3yabTaThl uncaenHoro mogeauposanus HJC
KaMeHHO-HA0POCHOI MIOTHHBI

JJist IPOBEPKU COOTBETCTBUS UCIIBITAHHBIX TPYH-
TOB KAMEHHOW HAOPOCKE PealbHBIX IUIOTHH OIpPeIes-
JHCh mapaMeTpsl aedopmupyemoct o moaenu MC.
Jlist aTOTr0 MOTPeO0BaIOCH CHAavYaja BBITIOIHUTD PacyeT
H/IC xameHHO-HAOPOCHO# IUIOTHHBI ITO MOAETH YIIPOU-
Hstouerocst rpynra HS.

Pe3ynsTaTe! pacuera npuBeneHs! Ha puc. 5—12 B BU-
Jie IepeMelleH U HapsHKEHUH B Telie IOTHHBL. OHU
JTAHBI Ha PUCYHKAX UIS TBYX MOMEHTOB BPEMEHH U COOT-
BETCTBYIOT JICHCTBHIO Pa3HBIX BUJIOB HAarPy30K:

* MOMEHT | — 3aBepIIeHIE BO3BEICHHS TUIOTHHEL,
BOCIIPUSITHS Harpy30K OT COOCTBEHHOI'O BECa;

* MOMCHT 2 — OKOHYaHHE HATIOJHEHUS BOIOXpPa-
HUWJIHIIA, KOTJIa K Harpy3KaM OT COOCTBEHHOTI'0 Beca J10-
0aBIITHCH HATPY3KH OT THAPOCTATHYCCKOTO TABICHUS.

Tab.1. 4. [TapameTps! MOAETH YIPOUHSIOMIETOCS TPYHTA II0 JaHHBIM 3apyOe:KHBIX My OIHKAIIi

VenoBHOE HAMMEHOBAHHE o
IPYHTa U HCTOYHHK E/, MIla E’Y, MIla E)Y MIla m Vir rr:l;’ﬂ. R, f]‘[;
HHPOPMAIHU
Ne 3B [10] 100 80 300 0,18 0,2 ? 0,9 | 100
Ne 3C[10] 16 14 48 0,65 0,2 ? 0,9 | 100
Kol [16] 61 53 183 0,47 0,3 7 10,78 100
Purulia [16] 42 37,5 126 0,55 0,3 11 0,75| 100
Ranjit Sagar [16] 64 52 192 0,47 0,3 -5 10,62 100
Shah Nehar [16] 25 25 75 0,6 0,3 4 10,65|100
Ne 3B1 [15, 18] 80 55 240 0,29 0,3 0,5 (0,78 100
Ne 3C2 [15, 18] 12 10 36 0,70 0,3 -5 10,65| 100
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Pe3yabTarnsl pacuera HAC kameHHO-HAOPOCHOIT
MJIOTHHBI 1o Moaen HS npu Harpyskax
0T cOOCTBEHHOI'0 Beca

HC xameHHO-HAOPOCHO! TUTOTHHEI IPH HArpy3-
KaxX OT COOCTBEHHOTO Beca, IMOydeHHoe 110 Moaenn HS,
MoKa3aHo Ha puc. 5—8. Iy sTama BO3BeACHNUS TUIOTHHBI
(MoMeHT 1) Ha pHUCYHKax TOKa3aHBI TaK Ha3bIBacMBbIC
cyMMapHBIe (a30BbIe IEpEMEIICHHS, a B Ta0M. 5 yKa3a-
HBI KaK 3HaYE€HHsI CyMMapHbIX (pa30BBIX IEPEMEIICHNU,
TaK ¥ MOJHBIX EPEMEIIECHHH.

CymMapHbIe (a30BBIe IEPEMEIICHUS — 3TO CyM-
Ma MepeMeIeHHH, KOTOPble HAKOTIMIA TOUKH TIIOTHHBI
Ha Kaxaoi u3 10 ¢a3 (cranmit) Bo3Benenus. Cymmap-
Hble nudepeHnrarbHpIe TePeMEIIeHUs OTPaXKaloT
BIIMSIHUE TMOCIIEIOBATEIFHOCTH BO3BEICHUS COOPYIKeE-
HUSI, UX paclpe/ie]IeHue NMEET CTYTICHYaThIi XapakTep
CO CKayKaMH Ha IpaHMIax cioeB. Ha rpeOHe mioTnHBI
cyMMapHBbIe TudepeHInaTbHbIe IepeMeIeHIs Omm3-

ki K 0, IOCKOJIBKY OH «BO3BOJUTCS» B IOCJEIHIOI
o4epeib U He MOoJTyyaeT MepeMeIleHni OT MPeIbIAy X
CTaJuil BO3BEICHUS.

WHTerpanbHble IepeMeIieH s He OTPaXKatoT BIIH-
SIHUSI TIOCJIE0BATEILHOCTH BO3BENICHNUS IIOTHHBI. OHU
MPEJCTABIISIIOT CO00W Te (PUKTHBHBIE MEpPEeMEeLICHHUS,
KOTOpbIE OBl MOJIy4HJia YXKE€ BO3BEJCHHAs IJIOTHHA
IIPY MOCJIEJ0BATEIbHOM MIPUIIOKEHNHU K HEHl Harpy3ok
OT Beca KayK/I0TO U3 CIIOEB.

B moment 1 (3aBepuienne Bo3senenus) HIAC mo-
THHBI ¢POPMUPOBAHO HArpy3KaMU OT COOCTBEHHOTO
Beca, HACBIIIb OCEJAET U CTPEMHUTCSI PACILIUPHUTHCS B CTO-
POHBI. XapakTep pacrpe/esieHns epeMeleHnil 1 Ha-
NPSDKEHNE CXOXK JJISl Pa3HBIX BUJIOB IPYHTOB, pa3iIHyHs
COCTOST JIMIIb B BeWYMHAX (TalI. 5).

MakcumalbHbIe 0CaJIKH IJIOTHHBI [0JIy4aeT €€ BHY T-
peHHsis 30Ha. MakcuMallbHast 0cajiKa IUIOTUHBI U3 Ipa-
BUIHO-TaJIECYHUKOBOTO TPyHTa cocTaBmia 64 cM (puc. 5, a),

Tab. 5. MakcuManbHble 3HAaYCHMS TEPEeMEICHUH, CM, TUIOTHHBI ITPU Harpy3Kax OoT coOCTBeHHOTO Beca (Moaens HS)

I'paBuiiHO-raIeYHUKOBBIN TPYHT Ll{ebenncTHIi TPYHT
Bun nepemerienuit
TIOJTHBIE CcyMMapHbIe (a30BbIe TIOJTHBIE CyMMapHbIe (a30BbIe
Ocanxu 1243 64,4 47,4 27,1
TopusoHTaIBHBIE CMEIIEHUS 11,5 7,8 49 32
. i, -
:a —_— »«; - =
a b
[Ikana ocafgok rpaBUHO-TaJeYHUKOBOIO IPYHTA, CM
EETTT 7 7q [ | | [ | | [ | [ [ T
-68 64 60 -56 -52 48 44 40 36 32 28 24 20 -16 -12 -8 4 0 4
[IIkama ocamok MEeGEHNCTOTO TPYHTA, CM
I ) I I I I I I I I [ [T —
-28 26 24 22 -20 -18 -16 -14 -12 -10 -8 -6 —4 -2 0 2

Puc. 5. Ocanxu mIOTHHBI NP Harpy3Kax OT COOCTBEHHOTO Beca MO MOJEH YIPOUHSIOMIET0Cs TPYHTA: @ — TPaBUHHO-TaIed-

HUKOBBII TPYHT; b — 11€OEHUCTHII TPYHT

E - - k
——
a b
[Ikana cMerieHui rpaBUHO-TaJICYHUKOBOIO IPYHTA, CM
[ I | I | | [ [
-12 -10 -8 -6 —4 -2 0 2 4 6 8 10 12
Ikara cMemeHnit meGeHUCTOro TPyHTa, CM
[ B I [ I [ [ [ [ I I I I I B
-4 3,6 32 28 24 20 -16 -12 08 04 O 04 08 12 16 20 24 28 32 36 4

Puc. 6. l'opu3oHTanbHBIE CMEIIEHHS TUIOTHHBI IIPU HAarpy3Kax OT COOCTBEHHOTO Beca IO MOAENHN YIPOYHSIOIETOCs TPyHTa:

a — TPaBUHHO-TAJICYHUKOBEIN TPYHT; b — MIEOCHNUCTHIA TPYHT
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2,

[IIkana BepTUKaNbHBIX HanpsbkeHull, MIla

26 24 22 20 -18 -16 14

-1,2

e
b
[ [ | [ [T
, -1,0 -0,8 -0,6 04 —0,2 0 0,2

Puc. 7. BepruxanbHble HapspKEHAS B IDIOTHHE 110 MOZENN YHPOYHSIOMIETOCs TPyHTA MIPU Harpy3Kax OT COOCTBEHHOTO Beca:

a — TPaBUHHO-TAICYHUKOBEIH TPYHT; b — MIEOCHUCTHIA TPYHT

[ITxana ropu3oHTaIbHBIX HanpsokeHuid, MIla

-0,64 0,60 0,56 —0,52 —0,48 —0,44 —0,40 —0,36

-0,32 0,28 —0,24

[ [
-0,20 0,16 —0,12 —0,08 —0,04 0

Puc. 8. rOpI/ISOHTaJILHI)Ie HampsKEHUS B INIOTUHE 110 MOACIIA YIIPOUHSIOWIETOCS 'PYHTA IMPU Harpyskax oT COOCTBEHHOI'O Beca:

@ — TPaBUITHO-TAJICYHNKOBEIH TPYHT; b — IIeOCHUCTHII TPYHT

TUTOTHHBI U3 MEeOEHUCTOro TpyHTa — 27 cM (pHc. 5, b).
ITo oTHOMIEHHIO K BBICOTE TUNIOTHHBI OCAKa COCTaBUIIA
coorBeTcTBeHHO 0,64 1 0,27 %. Takue 3Ha4YeHUSI COOT-
BETCTBYIOT HHTEPBAITy CTPOUTEIBHBIX 0CAT0K, KOTOPBIH
XapakTepeH JUIsl COBPEMEHHBIX KaMEHHO-HaOpPOCHBIX
mwiotuH. [Ipu 3TOM paccMaTpuBaeMBbIid MEOCHUCTHIN
IPYHT 110 1e()OpMHPYEMOCTH COOTBETCTBYET XOPOILO
YIUIOTHEHHOH KaMeHHOI HaOpocKe, a rpaBUiHHO-Taley-
HUKOBBIN TPYHT OJMKE K HEAOCTATOUYHO YIUIOTHEHHOMY
TPYHTY.

Jns pacnpeneneHus ropU3OHTANbHBIX MepeMe-
IIEHNH IIOTHHBI XapaKTEpPHO pas3iIndne B HaIpaBie-
HUUW CMEICHUH JJIs BepXHEH U HIKHEW JacTel MIoTH-
HBI. B HIDKHEH yacTH TUIOTHHBI CMEIIEHHS HAIPaBJICHBI
Hapy»Xy, B BEpXHEH — BHYTpb Teja IUIOTUHbI. Mak-
CUMaJbHBIC 110 BEJIIMYMHE CMEIEHUsI HAOII0Nal0TCs
B BEPXHEH 4aCTU IUIOTHHBL. MaKCHMAaJIbHOE CMEILEHHE
IUIOTUHBI U3 TPABUHHO-TAJIEYHUKOBOTO TPyHTa COCTa-
Buio 7,8 cMm (puc. 6, @), IIIOTHHBI U3 IEOCHUCTOTO
rpyaTra — 3,2 cM (puc. 6, b).

Jlnsa pacnpeneneHus BepTUKAIBHBIX HaNpsKeHUH
XapaKTepHO UX IUIABHOE yBEIMYEHUE CBEPXy BHU3,
OT OTKOCOB K BHYTpEeHHEH 30HE MIOTHHHI (puc. 7). [o-
XO0)KMM 00pa3oM paclpesiesieHbl 1 TOPU30HTaJIbHbIE

HAIpsKCHUA. Yy MOJOIIBEI IJNIOTUHBI B MPUMBIKAHUH
K CKaJIbHOMY OCHOBaHHIO 00pa3yeTcsi 30Ha KOHIICH-
TpaIiy CKUMAIOIINX HanpspkeHu# (puc. 8). ['opuzon-
TaJIbHBIC HANPSDKCHUS NMPUMEPHO B 3 pasa MEHbIIIE,
4YeM BepTHUKaJbHbIE. [Ipyn rpaBHiHO-rajIeYHUKOBOM
IPYHTE OHH HECKOJIbKO BbIIIE (pUC. 8, @), 4eM npH wie-
6enuncTom (puc. 8, b).

IMapameTps! 1e¢opMUPYEeMOCTH 110 MOJEJIH
KyJsiona — Mopa npu BOCHIpMATHH IJIOTHHOM
HArpy30K 0T COOCTBEHHOI'0 Beca

Omucannoe HJIC mioTuHbl €TI0 UCXOAHOM UH-
(hopmanmeit st BEIOOpa mapameTpoB Moxenn MC.

B pabote [19] mpuBeaeHBI XOPOIIO M3BECTHBIC
MpOCThIe POPMYJIIBI ISl MPUOIUIKCHHOTO OIpeeIie-
HUS MOJIYJs JTUHEWHOU nepopMamuy MO W3BECTHOU
CTPOUTENIBHON OCaJKe IUIOTHHBI. PacueT nokasblBaerT,
YTO MOJYJIb JIMHEHHOW JeopMaliiy rpaBUiHO-TajIey-
HUKOBOTO TpyHTa coctaBiser 54 MIla, mns mebeHu-
croro rpyara — 178 MIa.

ITapameTpbl 1eh)OpMUPYEMOCTH TPYHTOB 110 MO-
nenu Kymona — Mopa mon0upaiuch TakKuMu, 4YTOOBI
C WX IMOMOIIBI0 ITyTEM YHUCICHHOTO MOJICIHPOBa-
HUSI MOYKHO OBIJIO TIOTyYUTh TIPUOIH3UTEIBEHO TaKOE Ke
HJC nnotunsl, yto 1 no moxenu HS. beuto paccmotpe-

Taou. 6. [Tonobpanubie mapameTpsl Mojenu Kynona — Mopa npu pacueTe Ha Harpy3Ku OT COOCTBEHHOTO Beca

I'paBuiiHO-raIeUHUKOBBIA IPYHT I{eGenuCTHII TPYHT
ITapamerp monenu
Bapuant Ne 1 Bapuant Ne 2 Bapuant Ne 1 Bapuant Ne 2
Monyns ynpyroctu E, MIla 62 64 150 160
Koaddunment [Tyaccona 0,27 0,23 0,25 0,17
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HO MHO)KECTBO BaPUAHTOB, HO OJIM3KOTO COOTBETCTBUS
HJIC nmonyunts He ypanock. Ha puc. 9-14 npexncras-
nero HJIC mioTuHBI 1711 ABYX XapaKTepHBIX BapHaH-
TOB mapameTpoB Mozeru MC no KaxIoMy U3 TPyHTOB.
[TapameTpsl MOzIeNIN yKa3aHbl B Ta0I. 6.

B Bapuante Ne 1 nmapamerpst mozgenu MC ObLtH 110-
JI0OpaHbl U3 YCJIOBUSI PaBEHCTBAa MAKCUMAJIbHBIX 3HA4e-
HUHM BEPTUKAIBHBIX U TOPHU3OHTAIBHBIX MEPEeMEIeHIN
TIOTHHBI TipU pacdere o moxaensim MC u HS (paccma-
TPUBAIIICH CyMMapHbIe (hazoBbie nepemerienus). OHaKo
B 9ToM Bapuante kaptuHa HJIC minoTuHbl XapakTepusy-

€TCsl HECKOJIbKMMH Kau€CTBEHHBIMHU U KOJIMYECTBEHHBIMU
uckakeHusimu. Hanbosee BaxxHbIM 3(PEKTOM SBIISCTCS
YMEHBIICHNUE YPOBHS TOPU30HTAIBHBIX HANPSOKEHHH
B Tene mwioTuHel (puc. 11, a; 14, a). OcobeHHO CHIIBHO
OH TPOSIBISIETCS B IUIOTHHE U3 MIEOCHUCTOrO TPyHTa —
TOPHU3OHTAJILHBIE HAPSDKEHHS IPUMEPHO B 2 pa3a MeHb-
re. UtoObl u30ekarh 3TOro 3¢ dexra pacCMOTPEH BapH-
anT Ne 2.

B BapuanTte Ne 2 mapamerpsl mozaeu MC mogo0pa-
HBI U3 YCJIOBHUSI COOTBETCTBHSI MaKCUMAIIbHBIX 0CA/I0K
TUIOTHHBI, @ TAKXKE JOCTH)KEHHUSI KQ4Y€CTBEHHO TTOXOXKeH

IIIkama ocamgok, cM

—-68 64 -60 56 52 48 44 40 -36

-32

-28 24 20 -16 -12 -8 4 O 4

Puc. 9. OC&I[KI/I IIJIOTUHBI U3 FpaBPIﬁHO-I‘aIIe‘IHPIKOBOFO I'pyHTa IIpU HArpys3kax oT COOCTBEHHOI'O Beca I10 MOACIH Mopa -

Kynona: a — BapuanT Ne 1; b — BapuanT Ne 2

IlIkana cMemeHu i, cM

-12 -10 -8 -6 —4 -2

2 4 6 8 10 12

Puc. 10. Topu3oHTaNbHBIC CMEIICHHS UIOTUHBI U3 TPaBUHHO-TAJICYHUKOBOTO IPYHTA IIPU HAarpy3Kkax OT COOCTBEHHOTO Beca
no mozenu Mopa — Kysnona: @ — Bapuant Ne 1; b — Bapuant Ne 2

[Tkana ropu3oHTaNbHBIX HanpskeHuid, MIla

-0,64 —0,60 —0,56 —0,52

[ T T T [T T
-0,48 0,44 —0,40 —0,36 0,32 —0,28 -0,24 -0,20 0,16

-0,12 -0,08 0,04 0

Puc. 11. [opu3oHTaJIbHBIC HANIPSDKEHHS B IVIOTHHE U3 TPaBUIHO-TAJIEYHUKOBOTO IPYHTA IPH HArpy3Kax OT COOCTBEHHOTO Beca
no mozien Mopa — Kysona: @ — Bapuant Ne 1; b — Bapuant Ne 2

[Ikama ocamok, cM

S N I [ [
20 I8

-12 -10 -8 —6 —4 -2 0 2

Puc. 12. Ocaaxu miaoTHHBI U3 MEOCHUCTOrO TPYHTA MPHU HArpy3Kax OT cOOCTBEHHOTO Beca 1o Moxenu Mopa — Kymona:

a — BapuanT Ne 1; b — Bapuant Ne 2
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b

[lIxama cMeleHuii, cMm

-4 -3,6 32 28 24 20 -1,6 -1,2 -0,8 0,4

o 04 08 12 1,6 20 24 28 32 36 4

Puc. 13. CmerueHus IOTHHBI U3 eOSHUCTOrO IPyHTa MPU HArpy3Kax oT coOCTBEHHOTO Beca 1o monenu Mopa — Kynona:

a — Bapuant Ne 1; b — Bapuant Ne 2

Dy

[IIxana ropu3oHTaNbHBIX HanpsbkeHuit, MITa

~0,64 0,60 —0,56 —0,52 048 0,44 040 —036 —0,32 —0,28 —024

0,20 -0,16 0,12 -0,08 —0,04 0

Puc. 14. ['opu3oHTaNbHBIC HAPSDKEHUS B IVIOTHHE U3 IEOCHUCTOTO IPYHTA IPU HATPy3KaxX OT COOCTBEHHOTO Beca M0 MOAEIH

Kynona — Mopa: a — Bapuant Ne 1; b — Bapuant Ne 2

KapTUHBI HAIIPsDKEHHOTO coctosiHus (puc. 11, b; 14, b).
B stom BapmanTe xkoaddurment Ilyaccona nomydaercs
HECKOJIBKO OOJBIINM, a MOIYJTh JIMHEHHOW AedopMarim
HECKOJIBKO MEHBIIINM, 4eM B BapuanTe Ne 1.

Onraxko B BapuanTe Ne 2 HaOIIOal0TCs OTIIYHS B Be-
JMYMHAX U XapaKTepe PactpeesiCHUs] TOPH30HTATEHBIX
cMelneHuit no otHomenmo k uexogHomy HJIC. s Bapu-
anTa Ne 2 cBoiicTBeHHO 60JIee MHTCHCHBHOE PACIIIPEHIE
HIDKHEH 9acT! TUIOTHHEI, OOJBIIHE ITO0 BEIIIMYHHE CMEIIIe-
Hust, 9yeM 1o mozaenu HS. Hampumep, s medeHucToro
TpyHTa MaKCHMaJbHBIE CMEIICHUS COCTaBUIHN 3,7 cM
(puc. 13, b), uro Ha 16 % OGomnbIe, yem mo Moxemu HS
(3,2 cm, puc. 6, b). JIns rpaBUfHO-TaIEUHUKOBOTO TPYH-
Ta MakcuMaiteHbIe cMmerienns — 10,3 M (puc. 13, b), Te.
Ha 32 % Gomnbmie, uem nio moxeru HS (7,8 cm, puc. 6, a).
B peanbHOCTH OTIIMYMS CMEIIEHHH TOpa3ao OoJbIINE, TaK
Kak B BapuaHTe No 2 MakCHMyM CMEIICHUH JOCTUTAeTCs
B HIDKHEH, a He B BepXHel yacT mpoduist. MakcuMalrb-
HbIEe CMEIICHUsI HIDKHEH yacTh mpoduist B Bapuante Ne 2
TIPUMEPHO B 2 pa3a BbIIIe, 4eM o moaenu HS.

Amnannsupyst napamerpsl Mogesnn MC (taba. 5),
nojy4yenHsie s pacyera HJIC nmpu Harpy3kax ot coo-
CTBEHHOTO B€Ca, MOKHO OTMETHUTH CIIeIyIoIIee:

* OIIpe/ieJICHHbIC MOAYIIN JIMHEHHON nedopmarim
TPYHTOB ONM3KHU K T€M, KOTOPBIE OTIPEICNICHBI TTO IPUOIH-
JKEHHBIM (pOpMyIIaMm;

* MOJyNH JIMHEWHOM epopManiy paccCMOTPEHHBIX
KPYIHOOOJIOMOYHBIX TPYHTOB HUJKE, YEM CpPEJIHHE 3Ha-
YEeHHNs, yCTAaHOBJICHHBIC IO pe3ylibTaTaM HaTyPHBIX Ha-
omonenwii [19];

* PaccMOTPEHHBIN MEOSHUCTHIN IPYHT UMEET IPH-
MEPHO B 2,5 pasa 00BN MOIY/Ib JIMHEWHOM 1edopma-
1MUY, YeM TPaBUMHO-TaJICYHUKOBBIH;

* pacCMOTPEHHBIN IPaBUMHO-TAJIEYHUKOBBII IPYHT
nmeet 06 Koapduiment [lyaccona, yem medeHu-
CTBIH.

Pe3yabTarsl pacuera H/AC kamenHo-HaOpOCHOIi mI10-
THHBI 110 Moesu HS npu BocnipusiTun ruipocraruye-
CKOT'0 1aBJICHUS

HJIC xameHHO-HaOPOCHOM MIIOTHHBI IPU HATPY3-
KaX OT TMAPOCTATUYECKOrO AaBJIEHUS, IMOJIYyUYEHHOE
o monenu HS, npencrasneno Ha puc. 15-18, a; 19-21.
Ha prcyHkax noka3aHsl T€ TepeMEIIEeHHsI, KOTOPbIE 110-
JIy4aeT IJIOTHHA TOJIBKO OT THAPOCTATHYECKOTO JIaBIie-
HUSI, OHU HE YYHUTHIBAIOT Ae(OpMaIiy OT COOCTBEHHOTO
Beca. ITo cyMMapHbie (ha3oBbIe MIEPEMEIICHUS Ha BCeX

Taou. 7. MakcuMalbHbIC IEPEMEILICHHS, CM, IUTOTHUHBI TTO]T ICHCTBUEM THAPOCTATUICCKOTO AaBieHus (Mozaeab HS)

Bup nepememnenuit I'paBuiiHO-raneYHUKOBBINA I'PYHT [I{eGeruCTHII TPYHT
Ocanku 19,5 8,5
TopusoHTaNEHBIE CMEICHUS B CTOPOHY BEpXHEro Obeda 7,1 3,8
TopusoHTaNBHBIE CMEIIIEHUS B CTOPOHY HIKHETO Obeda 6,6 2,3
ITporu6s! HanOpHO# rpaHn 13,4 6,5

38




MapameTpbl HEAMHEHHBIX MOAEAEN TPyHTa AAS pacyeTa HampsKeHHO-AepOPMUPOBAHHOMO

o C. 28-56
COCTOSIHUS KaMEHHO-HaBPOCHOM MAOTUHbI

CTAIMSIX TMPUIOKEHUS THAPOCTATHIECKOTO aBICHHUS.
MaxkcumasbHble 3HAYEHUS NEPEMELIEHUI IIOTUHBL
yKa3aHbl B Ta0I. 7.

OcHoBHbie uzmeHenns: HJIC mioTHHBI TPOUCXOAST
BOJIM3H HANIOpHOW rpanu. [Tox neficTBHEM THIPOCTATH-
YECKOr0 JIaBJIeH s HAOIOAl0TCsI TOPU3OHTAIILHBIE CMe-
menus (puc. 15, 16, @) u ocaaxu (puc. 17, 18, a) Bepxo-
BOM rpaHu miIOoTHHBI. OCaaky 10 BEIMYHHE TPUMEPHO
B 2,5 pa3a MeHbIIIE, YeM TOPH30HTAIbHBIC CMEIICHHUS.
CwmermeHnsl TIOTHHBI HOCST 3HAKOIIEPEMEHHBIN Xa-
paxtep. B HM)KHEN 4acTH MJIOTHHBI OHU HAaIpPaBJICHBI
B CTOPOHY HIKHEro Obeda, a BEpXHsisi 4aCTh CMeEIaeTcst

B CTOpPOHY BepxHero Obeda (puc. 15, 16, a). Makcumaib-
HbIE CMEILICHHUSI B CTOPOHY BEpXHET0 Obe(ha 0TMEeHaroTCst
Ha rpeOHe TUIOTHHBI, OHM HEMHOTUM MEHBIIIE, YeM MaK-
CHMaJlbHbIC CMEIICHHUS B HIKHUN Obed.

Mo ocanmkaM 1 cMeneHUsIM ObUTH BBIYHCIICHBI TTPO-
ru0bI HaropHoi rpanu (puc. 19). Pacnpenenenue mpo-
riu0OOB IO BBICOTE MMEET pasHblil XapakTep B 3aBUCH-
MOCTH OT CBOWMCTB IpyHTa. B miotune u3 me6eHrncToro
rpyHTa MPOTUOBI JOCTUTAIOT MAaKCUMyMa Ha BBICOTE
38 M OT AHA, B TUIOTHHE M3 TPABUHHO-TAJIEYHUKOBOTO
TpyHTa — Ha BBICOTE 24 M. /{11 TIIOTHHBI U3 TpaBUitHO-
raJICYHUKOBOTO IPYHTa XapaKTepHbI OTPULIATEbHbIE TPO-

[lIxama cmemeHuii, cM

8 -7 6 -5 4 -3 -2 -l

0

1 2 3 4 5 6 7 8

Puc. 15. rOpI/ISOHTaJ'ILHLIe CMECUICHUS IIJIOTUHBI U3 I‘paBHfIHO-FaJ'Ie‘lHPIKOBOFO IpyHTa IIpU HAIIOJHEHHUU BOAOXPaHUJIMIIA:

a — mouenb HS; b — moznens MC

,/A

P

IIkana cmernieHui, cM

-3 25 2 -15 -1 =05 0 0,5 1

[ I
1,5 2

[ T T
2,5 3 35 4 4,5 5

Puc. 16. ['opr3oHTaNBHEIE CMENIEHHS IIOTUHEI U3 MIEOSHUCTOTO IPYHTA IIPU HAMTOJTHEHNH BOAOXPAHIIININA: @ — Mozens HS;

b — momens MC

[lIxama ocamgox, cM
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Puc. 17. Ocaaxu mIOTHHBI U3 TPABUHHO-TAIEYHUKOBOTO ITPYHTA P HANIOIHEHUN BOIOXPpaHMWINIIA: @ — Monens HS; b — mo-

nens MC
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Puc. 18. Ocanxu mIoTHHEI U3 MEOEHUCTOTO TPYHTA MPH HATIOIHEHUN BOAOXpaHWINIIA: a — Moaens HS; b — monens MC
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Puc. 19. [Iporn0e! HaOpHOU IpaHy IUIOTHHBI MO JEHCTBHEM
TUIPOCTATUUECKOTO AaBIECHUS

THOBI B IPUTPEOHEBON YaCTH TUIOTHHBI. MaKcHMalbHbBIA
porud dKpaHa MIOTHHBI U3 FPAaBHHHO-TAIEYHHKOBOTO
rpyHra cocrapiser 134 cm, a u3 1medeHICToro rpyHTa —
62,5 M.

Ha pacnpeznenenne BepTHKaIbHBIX U TOPH30HTAIIb-
HBIX HaNPsOKEHUH THIPOCTAaTUYECKOE NaBlICHHE UMe-

-

a

€T MEHbIIIee BIUSHHUE, YeM HAarpy3KH OT COOCTBEHHOTO
Beca (puc. 20, 21).

IMapametpsl aedopmupyemoct no moaesn Kysiona —
Mopa npu BoCOpHSITUN IUVIOTHHON TMAPOCTATHYECKO-
TO /1aBJICHUs

[Non6op mapamerpos Mozt MC BBITIONMHSIICS U3 yc-
JIOBUS JOCTHIKEHUS Ha HATIOPHOMN I'paHU IUIOTUHBI IPU-
MEpHO TeX K€ BEJIMYMH TOPU30HTATBHBIX CMEIICHUN
M 0CaJIOK, 4To U 1Mo mozaenu HS. YcranosneHo, 4to mpu
BOCHPHSITHH THAPOCTATHIECKOTO AABJICHUS] MOLYIH JIU-
HeHOH nedopmannu £ TPyHTOB JOIDKHBI OBITH CYIIe-
CTBEHHO BBIIIIE, YeM MOJTYJIN MIPH Harpy3Kax oT COOCTBEH-
Horo Beca. [Toatomy 11 cityyast BOCIPUSATHS INIOTHHON
TUPOCTATUYECKOTO JaBlICHUs MapameTpsl moxenu MC
TOOMPAITUCE OTACIBHO.

Jns mpuOnmKeHHOTO MPOrHOo3a OBIIH HCIOJb-
30BaHbl (pOPMYIIBI, KOTOpBIE HPHUBEIEHHI B TpPYyHE
[19]. B Hux Moxmynb nuHEHHON nedopmanmn E rpyH-
Ta BBIPQXKEH 4epe3 Mporud sKpaHa BEPXOBOW I'paHHU.
Jlnsa rpaBuiiHo-ranedyHukoBoro rpyura £ = 223 Mlla,
Jutst medenucToro rpyHta £ = 480 MIla. O1r 3HaueHust
COOTBETCTBEHHO PUMEpPHO B 4,1 1 B 2,7 pa3a BBIIIE MO-
JIyJIed, MOydeHHBIX Il MOMeHTa BpeMmeHn 1. OuHnm
YKJIaJbIBAIOTCS B JMANa30H, COOTBETCTBYIOIINI KaMEH-
HOI HaOpOCKe peasibHBIX IUIOTHH.

IIpu non6ope napamerpoB MC myTem 4HCIEHHO-
ro monenupoBanust HJIC mioTHHbI He yIainoch J00UThCs
COBMA/JCHUS OZTHOBPEMEHHO TOPU30HTAIBHBIX M BEPTH-
KaJIbHBIX TlepemMenienuii. [1pu ncronp3oBaHNN Mozenn
HS ocanku sxpana npumepHO B 2 pa3a NPEBBILIAIOT CMe-
LIEHUs, B TO BpeMs Kak Ipu npuMeHeHuu moaenu MC

L —
b

[lIxana BepTukanbHbIX Hanpsbkenuit, MIla

-26 24 22 20 -18 -16 -14

-1,2

-0 -08 0,6 -04 02 0 0,2

Puc. 20. BepTukanbHble HaNpsDKEHUS B IUIOTHHE MO0 MOAETH YIPOUHSIONMIETOCS TPYHTA MPH HAMOIHEHNH BOAOXPAHMIININA!

a — TPaBUHHO-TAICYHUKOBBIN TPYHT; b — MIEOCHUCTHIA TPYHT

=R
e

e —
e

b

[kana l"OpI/ISOHTaJ'ILHLIX Hanpﬂ)KeHI/II‘/'I Mlla

I IS I I S
—0,68 -0,64 —0,60 —0,56 —0,52 —0,48 —044—040 036—032 —028 —024 —020—016 -0,12 -0,08 -0,04 0 0,04

Puc. 21. I'opr3oHTaIbHBIC HATPSDKEHHS B TUNIOTHHE TT0 MOJIENH YIIPOUHSIOMIETOCS TPYHTA MPH HATIOJTHEHWH BOJOXPAHHIININA:

a — TPaBUHHO-TAICYHUKOBEIH TPYHT; b — MIEOCHNUCTHIA TPYHT
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a
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[kana ropu3oHTaIBHBIX HanpsbkeHuid, MIla
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Puc. 22. rOpI/ISOHTa.HBHLIe HalpsKEeHUs B INIOTUHE U3 FpaBHﬁHO-FaJ’Ie‘IHHKOBOFO TpyHTa OCJI€ HAIIOJIHEHNS BOAOXpaHUIIUIIIA

o mozenn Kymona — Mopa: @ — Bapuant Ne 1; b — BapuanT Ne 2

) . ‘\-
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ey
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[Ikana ropu3oHTa bHBIX HanpspkeHui, MIla

| N I I B T T I T T T T T | I I I R |
0,68 —0,64 0,60 -0,56 -0,52 0,48 —0,44 -0,40 0,36 -0,32 0,28 -0,24 -0,20 -0,16 -0,12 —0,08 —-0,04 0 0,04

Puc. 23. Topu3oHTaIbHBIC HANIPSHKEHHS B IJIOTHHE U3 I[eOSHUCTOrO IPYHTA MIPU MMAPOCTATHYECKOM JIaBICHUH 110 MOJIEIN

Kynona — Mopa: @ — Bapuant Ne 1; b — Bapuant Ne 2

OHU Ou3Ku IpyT K npyry. Hanmboree Ommskue pe3yssra-
THI TTONTy4eHb! Ipu kodduimente [Tyaccona v = 0. ITox-
060poM OBUTH MOJIyYEHBI CIEAYIONIME 3HAYCHUSI MOJTYIIS
JedopMaItiu: sl TPaBUHHO-TAJICUHUKOBOTO IPYHTa E =
=190 MlITa, nyst meberncroro rpyHta £ = 350 MIla. Onu
HECKOJIBKO MEHBIIIE IPOTHO3HBIX.

Pesynbrarst pacaera HJIC moTHHEI TpH BEIOpaHHBIX
napamerpax mozen MC npencrapieHsl Ha puc. 15—18, b;
19, 22, 23. lepopMupoBaHne IUIOTHHBI IIPH pacdyeTe
o mojesisim MC u HS npoucxoaut no-pazHomy:

* 0CaJIKH IUIOTHHBI 110 Mojiein MC 3aMeTHO MEHb-
me, ueM no moxaenu HS (puc. 17, 18);

* 1pu ucnoib3oBanuu Mojen MC Beck Mpoub
IUIOTHHBI TTOTy4aeT TOPU30HTANIBHBIE CMEIICHHS TOJIBKO
B CTOPOHY HIJKHETO Oheda, B TO BpeMs KaK 110 MOJICIH
HS nponcxonst cMenienus rpedHs B CTOPOHY BEPXHETO
Obeda (puc. 15, 16).

W3-3a 3TOT0 MCKa)XaroTCst U MPOTrUOBI SKpaHa Ha Bep-
xoBoii Tpanu. [To mogenn MC nporuObl MeHsblIe, YeM
o mopenu HS (puc. 19). Hanpumep, B miotuxe u3 1ie-
OCHHMCTOTO TPYHTa MAaKCUMAIBHBIN MPOTHO MO MOJIEH
HS cocrasui 6,25 cMm, a mo mogenmn MC — 5,67 cMm, oT-
maune coctasiseT 9 %. B mmoTnHe U3 rpaBuitHO-TaNey-
HHUKOBOTO TPYHTA 3TO OTJIMYHE CYIIECTBEHHO OOIbIIe —
23 % (13,4 cmmio HS, 10,3 cm mo MC). Kpome Toro, B 3ToM

Taou. 8. [Tono6panubie mapametpsl Mozen Kyinona — Mopa

CITyJae OTIINYAETCSI M XapaKTep PaclpeesieHIs TPOruooB
110 BBIcOTE (pHC. 19).

Taxum o6pa3oM, ucmonszoBanue monenun MC mo-
JKEeT 3aMETHO MCKa)KaTh Pe3yNIbTaThl YUCICHHOTO MOJIe-
muposanust HIIC skpana kaMeHHO-HAOPOCHOM TUIOTHHBI.
B cityuae meOeHICTOrO TPyHTA COBIAACHNE PE3YIIETATOB
pacuera no MC u HS ynosnerBopurensHoe, a B Ciryuyae
PaccMOTPEHHOTO TPaBUITHO-TAaIE€YHUKOBOTO I'PyHTA —
WCK)KEHHUS CYIIECTBCHHBIE.

Pesynbrarel nmonbopa mapamerpoB mojenun MC
0000111eHbI B Ta0I. 8.

3AKJIIOYEHHUE U OBCYXJAEHHUE

Mogens ynpounstomerocs rpyaTa (HS) B nexom
OTpa’kaeT OCHOBHBIC IPOSIBICHNUS HEITMHEHHOCTH Je-
(hopMUpOBaHUS TPYHTOB, HCIIOJIB3YEMBIX B BHICOKHX
IPYHTOBBIX INIOTHHAX. OO 3TOM CBUAETEIHCTBYET BbI-
MOJIHEHHOE aBTOPaMH CPaBHEHHE PE3yJIbTaTOB JKCIIe-
PUMEHTAIBHBIX UCIBITAHUH C Pe3ylbTaTaMy MX YHC-
JeHHoro MozenupoBanus. Oxnako y mogenu Hardening
Soil mmeetcs HEcKOMBKO HeqocTaTkoB. OHA HE TO3BO-
JSIeT BOCIIPOM3BECTH OJHOBPEMEHHO U 3G deKT auia-
TaHCHH, ¥ dPPeKT KoHTpakuuu rpyHra. Kpome Toro,
OHa HE YYHUTHIBAeT KPUBOJIMHEIHBII XapaKTep npeielib-
HOH MOBEPXHOCTH.

I'paBuiiHO-raIeUHUKOBBIA IPYHT I{eGenuCTHII TPYHT
ITapamerp monenu
Bec T'unpocraruka Bec T'mppocraruka
Monyns ynpyroctu E, MIla 62-64 190 150-160 350
Koadpdunment [Tyaccona 0,23-0,27 0 0,17-0,25 0

41

(£G) & HOAWIGY ‘pL WOL Soocareaty



naTITOnLCTSS: Ty 14, BbINYCK 3 (53)

@.B. Komoe, M.I1. CauHoe

['pyHTBI, UIs1 KOTOPBIX MOA0OPaHBI ApaMETPhI He-
JIMHEHHBIX MOZIeJIeH, COOTBETCTBYIOT KAMEHHOH HaOpo-
CKE peabHBIX KAMEHHO-HAOPOCHBIX IIOTHH.

Jis 11e6eHuCTOoro TpyHTA MOTydeHb! 0oJiee BbI-
COKHE 3HaueHus mapaMmerpos Momenu HS, xapakrepu-
3YIOIUX JKECTKOCTh I'PyHTa, 10 CPABHEHHUIO C TEMH,
KOTOpbIE MPUBEACHBI B TuTeparype. Ho momyueHHbIe
JUISL 9TOTO T'PyHTa MOJYJU JIMHEHHOH nedopmanun
(mo monenu Kynona — Mopa) ykiaaplBaroTCs B JHa-
MAa30H, XapaKTEPHbIN I pealbHbIX MIOTHH. [lomy-
YeHHbIe apamMeTpsl Mozienu HS mebenncroro rpyHnra
BIIOJIHE MOAXOJAT JJIsl BHIOJHEHHSI IIPOTHO3HBIX pac-
yetoB HJIC kaMeHHO-HaOPOCHBIX IJIOTHH, TPYHT B KO-
TOPBIX XOPOILIO YIJIOTHEH.

Pe3ynberaThl pac4eToB MTOKA3bIBAIOT, YTO B KAMEHHO-
HAaOpOCHBIX MJIOTHHAX CHIIBHO TIposiBiseTcs dGPexT
«yNPOYHEHUS (CHIKEHUS 1e(OPMUPYEMOCTH) KPYITHO-
00510MOUHBIX TPyHTOB. Hanbosee 0T4eTIIMBO OH IPOSIB-
JISIETCS] B PE3KOM CHUYKEHHUH JIe(pOPMHUPYEMOCTH IPYHTa
Ha 1Tare BOCIPUSATUSA FHAPOCTATHYECKOTrO JABIECHUS
[0 CPABHEHUIO C ATAIOM HArpy30K OT COOCTBEHHOTO
Beca. [IpumenurensHo k Monenu MC 3To 03Ha4aeT yBe-

JMYeHne MOJYJIs IMHEeHHOH nedopmaryu (B 2-3 pasa)
u ymeHblerne koxddunnenta [Tyaccona.

HenuneitHocTs neopMUpoBaHus TpyHTa CyIIe-
CTBeHHO BimseT Ha ¢popmuposanne HJC ogHOpOmHOM
KaMEHHO-HAOpPOCHOMH IIJIOTHHBI C 9KpPaHOM. DTO OTMe-
gaeTcs u3-3a TOTO, 9TO dPPEKT «yNMPOUHEHU» TPyHTA
MIPOMCXOANT HEPABHOMEPHO B Pa3HBIX 30HAX MPOQUIIS
TUTOTHHBI.

W3-3a cIIbHON HETMHEHHOCTH 1e(hOPMUPOBAHHUS
TPYHTOB HCTONIb30BaHNE MoAenu MC ¢ MOCTOSHHBIMA
napaMeTpaMy BeAET K OYeHb CHILHOMY HCKaXXEHHUIO
HJIC xameHHO-HaOpOCHOW MIOTHHBEL. UTOOBI YMEHB-
IINTH 3TH UCKaKEHNMs1, TapameTpbl Moaenn MC nerneco-
00pa3HO MPUHUMATH PA3HBIMU JUISI 3Talra HarpyKeHus
COOCTBEHHBIM BECOM IIJIOTHHBI M JIJISl ATara BOCIIPHSI-
THUS THAPOCTATUIECKOTO JTABICHHUSL.

IMono6pare mapametpsr Moaean MC, S5KBUBAJICHT-
HbIE HEITMHEHHOMY Ae(OPMHUPOBAHUIO TPYHTA, OUECHb
cnoxHo. [pu ncnonszosanuu mojenu MC uckaxarorcs
700 e opMaIyy MIIOTHHBL, THOO €€ HalpsKEHHOE CO-
crosiaue. [Tonoopannsie napamerpsl Monenu MC mMoryT
OBbITH NCTIOIB30BAHBI AT TIPUOIMKEHHBIX PaCUETOB.
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INTRODUCTION

An important component of the design justification
of high-hazard (Class I and II) embankment dams is
the calculation of the stress-strain state (SSS). The Rus-
sian CP 39.13330.2012 “Dams made of earth materi-
als” (par. 9.12) requires that “the stability of the slopes
of rockfill dams with reinforced concrete screen
shall be determined only on the basis of the results
of calculations of the stress-strain state of the dam using
the strength and deformation characteristics of the soils
in the dam body obtained on the basis of triaxial tests”.
Such SSS calculations are complex and can only be
performed by numerical modelling using specialized
software.

The main issue that arises in numerical modelling
is the choice of strength and deformation characteristics
for rock fill (rock mass, gravel-pebble soil). At the pre-

liminary stages of design, when the results of experi-
mental studies of soil properties are not available, these
characteristics can be taken by analogues, using infor-
mation from scientific and technical literature. How-
ever, difficulties arise here.

There is enough information about the strength
of rock fill in the scientific and technical literature.
The shear strength of coarse clastic soils has been
studied by means of numerous experiments in shear
devices as well as on triaxial compression devices
(stabilimeters). Experimental results (e.g., in [1]) show
that the peculiarity of coarse clastic soils consists in
the nonlinear character of the dependence of ultimate
tangential stresses on the average normal stress.

The Coulomb — Mohr criterion is commonly used
in engineering practice as a criterion of shear strength
of soils. In it, the strength characteristics of the soil are
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the angle of internal frictionj and specific cohesion c.
The values of these indicators can be assigned by pro-
cessing the results of experiments.

There is less information on the deformability
of coarse clastic soils in the literature. This is due to
the difficulty of triaxial tests — they require large-scale
and accurate instruments that can generate large force
loads on the soil specimen.

The first tests of deformability of coarse clastic
soils were performed in the 1960s by R.J. Marsal [2].
Marsal [2], A.B. Vesic et al. These tests showed that
deformation of such soils has a complex elastoplastic
character. There is a relationship between deformability
and strength, as well as a number of nonlinear effects
such as the dilatancy phenomenon. The deformability
of soil depends on its stress state: on lateral compres-
sion, the degree of approaching the limit state, and
the type of stress state.

The deformability of coarse clastic soils also var-
ies depending on the density, particle size distribution,
particle shape, source rock, and other factors. This was
one of the reasons why the available experimental data
did not meet the needs of high dam design. Therefore,
experimental studies were continued and they were
performed in the design of many high earth dams. In
the USSR, triaxial tests were carried out at the All-Rus-
sian Research Institute of Hydraulic Engineering named
after B.E. Vedeneyev (VNIIG named after B.E. Ve-
deneyev) on a large-scale device PTS-300. It should be
noted that instead of real rock mass, model soils were
tested, i.e. soils with changed granulometric composi-
tion in comparison with the initial one.

In the XXI century, stabilimetric tests of coarse
clastic soils were carried out by A.K. Gupta, A. So-
roush, S. Linero and others. Tabl. 1 shows brief infor-
mation about the most modern tests, the results of which
have been published in [3—8]. It is known that the tests
were also carried out in Russia, in VNIIG named after
B.E. Vedencev. B.E. Vedeneyev, but their results are not
available to the scientific community.

The results of some tests of coarse clastic soils are
also collected and presented in [9]. The most compli-

Table 1. Information on triaxial tests of coarse clastic soils

cated experiments were performed in China. The tests
published in [8] were carried out according to a non-
standard scheme on a prismatic soil specimen, which
was subjected to non-uniform loading along each
of the three axes.

Nonlinear models have been developed and used
since the 1960s to describe the nonlinear behaviour
of soils under triaxial tests. The Russian normative
document CP 39.13330.2012 states that “in calculations
of the stress-strain state of Class I and II dams, nonlin-
ear models that take into account plastic deformations
of the soil in the limit state should be used”.

Several non-linear ground models are currently in
use. The simplest is the model known as the Coulomb —
Mohr model (MC model). In this model, the deforma-
tion of the soil at the pre-limit state is assumed to be
linear and is described by two parameters: linear strain
modulus £ and Poisson’s ratio v. The main disadvantage
of the MC model is that it does not take into account
the effect of soil “hardening”, i.e. increase of the strain
modulus with increasing lateral compression. The influ-
ence of this effect is significant for the formation of SSS
of high earth dams, so more complex nonlinear models
are used.

The hyperbolic soil model is actively applied
abroad. This model was developed by J.M. Duncan
and C.Y. Chang based on the hyperbolic dependence
proposed by R.L. Chang on the basis of the hyperbolic
dependence proposed by R.L. Kondner. The hyper-
bolic model belongs to the deformation theory models
of plasticity (nonlinear “elasticity”). In it, the relation-
ship between stresses and strains is written in the form
of Hooke’s law. This causes one of the drawbacks
of the model — the difficulty of accounting for the di-
latancy effect. It is stated in [10] that numerical simu-
lation of the dam’s SSS has shown that the hyperbolic
model does not describe its real behaviour well enough.

For this reason, T. Schanz, P.A. Vermeer, P.G. Bon-
nier in 1999 proposed a more complex model, the Hard-
ening Soil (HS) model. This model belongs to the mod-
els of plastic flow theory and is based on the associ-
ated law of plastic flow. Like the hyperbolic model,

Density, t/m?, Specimen dimensions, Maximum Maximum
Source and year of . . . . .
information Type of soil or rglatlve mm particle size, compression
density, % diameter height mm stress, MPa
2], 1967 Rubble 1.7, 1.8 v’ 1130 2500 180 0.05-2.5
Gravel-pebble 2.2 t/m3
3], 2012% Gruss 2.11, 2.18 t/m? 200.300 | 400. 600 50 0.1-0.9
’ Gravel-pebble 2.0-2.23 t/m’ ’ ’ 60 0.2-0.8
[4], 2013 Rubble 1.99, 2.2 t/m? 200 400 25 0.05-0.7
[5],2014 Gravel, gruss 75,87 % 381 813 80 0.2-1.6
[6],2014 Gravel-pebble 2.05-2.27 t/m? 300 600 60 0.4-1.6
[7],2017 Rubble 2.21 t/m? 300 600 60 Upto2.0
[8],2019 Rubble 2.06 t/m? 300* 600 60 0.2-0.8

Note: ¥ — tests in undrained conditions.
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the HS model takes into account the “hardening” effect
of the soil. It is considered to be the most advanced
model for engineering calculations of soil structures.
It is noted in [10] that the HS model describes the real
behaviour of the dam better than the hyperbolic model.

Judging by modern publications, the hyperbolic
model is mainly used for numerical modelling of earth
dams and, less frequently, the hardening soil model. For
example, the hyperbolic model has been used for calcu-
lations of the SSS of several rockfill dams with a rein-
forced concrete screen [10—13]. It is described [11] that
the hyperbolic model was used to analyze in-situ ob-
served displacement data for the world’s tallest rockfill
dam, Shuibuya (China, # =233 m).

Recently, the HS model has also been actively
used. It has been used to study the SSS of embankment
dams [14—18]. These studies nyky devoted to the SSS
of several high rockfill dams with reinforced concrete
screen: Kiirtiin (Iran, height 133 m) [14], Nam Ngum 2
(Laos, height 182 m) [10, 15, 16].

For Russian researchers, an important advantage
of the strengthening soil model is that it is available
for use in modern software packages (PC) PLAXIS,
MIDAS, designed for solving geotechnical problems.
However, in order to perform SSS calculations using
a nonlinear model, it is necessary to know the values
of its parameters.

All non-linear models are multi-parametric. In all
three models listed above, the Coulomb — Mohr criterion
is used to estimate the strength of the soil, and it is de-
scribed by two parameters (¢ and ¢). More parameters
are required to describe the deformation in the hyperbolic
and HS models than in the MC model.

Main parameters of the HS model:

EZ/ — modulus of stiffness, which is the secant
modulus of linear deformation at half (50 %) of the ul-
timate deviatoric stress, determined from triaxial tests;

E?,— reference odometric (compression) modulus
of deformation corresponding to the reference all-round
pressure, determined by the results of odometric tests;

E!Y — reference unloading modulus obtained from
compression tests at reference all-round pressure;

m is the degree index in the dependence of stiffness
on stress level, which determines its curvature;

v! — Poisson’s ratio under unloading and reloading;

v — angle of dilatancy determined from triaxial
tests;

R L — the failure criterion, which is the ratio of the ul-
timate deviatoric loading to the asymptotic level of shear
resistance to which the shear stress-strain relationship
tends;

p,,— reference (reference) all-round pressure.

The main objective of this study is to determine
the parameters of HS and MC models for coarse clastic
soils from triaxial tests. These are strength parameters
(internal friction anglej and specific cohesion ¢) and de-
formability parameters. The deformability parameters
of the MC model (linear strain modulus £ and Poisson’s

ratio v) should be determined in order to make recom-
mendations for approximate calculations of dam SSS.

Another objective of the study is to assess wheth-
er the deformability of the soils tested in the labora-
tory corresponds to that of real rockfill dams. For this
purpose, an analysis of the deformations of real dams
during the construction period was used [19]. This
analysis is based on the results of field observations,
which are presented in a number of foreign publica-
tions [20]. The analysis of the in-situ data showed that
the deformability of the rock fill varies over a very
wide range. Moreover, the deformability of the cap-
stone differs when taking loads from its own weight
and loads from hydrostatic pressure (on the top face). In
the first case the deformation modulus is in the range of
30-240 MPa, in the second case — from 60 to 480 MPa.
The difference in moduli was pointed out by N.L.S. Pin-
to and F.P. Marques as early as 1998. The increase in
the modulus of deformation under high loads is called
the “hardening” effect of the soil. It is necessary to es-
tablish whether the values of the modulus of linear de-
formation of the tested coarse clastic soils fall within
this range and to what extent the “hardening” effect is
manifested.

On this topic, the authors have previously car-
ried out a study [21], but it considered the performance
of the structure only under self-weight loads.

Recently, foreign researchers have also published
works on the selection of HS model parameters for nu-
merical modelling of the SSS of rockfill dams [16, 18]. It
is shown [18] that according to the results of calculations
of a number of constructed dams, the parameter E. is
within the range from 30 to 200 MPa. The paper [16]
is devoted to the processing of the results of a num-
ber of triaxial tests in order to determine the param-
eters of the HS model, it describes the methodology
of processing the experimental results. Ideally, the results
of both stabilimetric and odometric tests are needed to
determine the parameters.

It is also interesting to compare the obtained model
parameters with those used by other authors in numeri-
cal modelling of dams.

MATERIALS AND METHODS

The selection of parameters of nonlinear models
was performed for two types of coarse clastic soils —
gravel-pebble and crushed stone. For this purpose, the re-
sults of triaxial tests of two authors were selected. The se-
lected soils correspond to the soils used in real dams in
terms of density. For the gravel-pebble soil, the tests used
were those of R.J. Marsal tests, which were carried out
during the construction of the El Infernilio dam (Ad-
olfo Lépez Mateos) [2]. For crushed stone soil, the tests
chosen were those carried out by at Dalian University
of Technology (China) [7].

The tests were realized for different compression
stresses according to the standard methodology, in two
stages. In the first stage the soil was subjected to all-
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Fig. 1. Finite element model of the test dam

round compression, in the second stage — deviatoric
loading with load growth only along the vertical axis.

The methodology for determining the parameters
of the soil models consisted in performing a number
of operations in several stages. At the first stage, the pa-
rameters of the strength criterion (¢ and c¢) were estab-
lished. For this purpose, an experimental relationship
between normal and ultimate tangential stresses was
constructed.

At the second stage, the soil deformability param-
eters were determined using the HS model. First, by ana-
lyzing the test results, the value of the degree index m,
which expresses the “hardening” effect of the soil, was de-
termined. Then, using a special module in the PC PLAXIS
separately for each of the experiments determined
the other parameters of the HS model. The model pa-
rameters obtained for the different experiments were
then compared with each other, and the single parameter
values that are suitable for all experiments were selected
by fitting.

The third step was to select the MC model pa-
rameters equivalent to those of the HS model. These
parameters were determined by selection on the ba-
sis of the condition that the abstract earth dam should
receive the same maximum displacements (vertical
settlement and horizontal displacements) when both
models are used. The displacements were obtained by
numerical modelling using the finite element method in
PLAXIS.

The abstract dam considered is 100 m high and
rests on a rigid foundation. The dam — is homoge-
neous and has a symmetrical triangular profile with
a slope embedment equal to 2. The impervious element
of the dam was assumed to be a screen on the upstream
face and was not modelled. Calculation was carried out
for loads from its own weight and hydrostatic pressure
arising during filling of the reservoir. Since the screen
is located on top of the embankment, the hydrostatic
pressure is applied only on the top slope surface, while
the dam soil remains dry. The dry density of the soil
was assumed to be 2 t/m°.

The finite element model of the dam consists
of 3,355 finite elements (Fig. 1). The finite elements
have a quadratic approximation of displacements and
the total number of nodes in the model is 27,283.

The SSS modelling of the structure was car-
ried out taking into account the phased construction
of the structure in layers (10 layers) and the gradual
filling of the reservoir. Filling took place only after
the embankment was built to its full height. The depth
of the upper embankment was assumed to be 90 m.

RESEARCH RESULTS

Parameters of shear strength of soils

Processing of the test results was performed by
the authors earlier [21]. A graph was constructed, which
expresses the shear strength of coarse clastic soils in

1, MPa !
g S
4 ’,,’5‘/
3 /%{, r’ © Pebble experiment
’.‘/”/’ . A Experiment crushed stone
2 122 el -=- Model crushed stone
e --- Model pebble
& b
1 et
3 $ G, MPa

0 1 2 3 4 5

Fig. 2. Shear resistance of the considered soils

Table 2. Parameters of shear strength of the considered soils

Parameter Gravel-pebble soil Rubble soil
Angle of internal friction ¢ 37.9° 39.3°
Specific adhesion ¢, kPa 112 250
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a wide range of stresses (Fig. 2). It shows that crushed
stone soil has a higher shear resistance than gravel and
pebble soil. The calculated parameters of shear strength
were selected on the basis of maximum compliance with
the experimental data, they are presented in Table 2. Fig. 2
shows that the shear strength parameters describe the ex-
perimental results well.

High cohesion (100-250 kPa) was obtained in
the computational model, which is not characteristic
of coarse clastic soils. Because of this, the shear resis-
tance is overestimated at low stresses (Fig. 2). The pres-
ence of high cohesion in coarse clastic soil is explained
not only by the effect of particle entanglement, but also
by the fact that the Coulomb — Mohr criterion is ex-
pressed as a linear function and does not allow the an-
gle of internal friction to be variable.

Parameters of soil deformability according to the hard-
ening soil model

The parameters of the HS model, which express
the deformability of the soil, obtained by the method
described above are presented in Table 3.

Comparing the parameters of the two soils, the fol-
lowing can be observed:

* crushed stone soil has a stiffness about 3 times
higher than gravel and pebble soil;

* degree m is higher in gravel-pebble soil, so it shows
more “hardening” effect;

* the effect of dilatancy (expansion in shear) is more
pronounced in crushed rock.

In order to assess the adequacy of the found pa-
rameters of the HS model, the results of its use were

compared with the experimental data (Fig. 3, 4). For
each of the soils, the comparison was carried out only
for the deviatoric loading section. The experiment
was modelled using a special module in PLAXIS 2D.
The analysis was carried out on the example of two de-
pendencies:

* the dependence of shear stresses (o, —c,) on shear
strains €,

* dependence of volume deformations &, on mean
stresses p’.

The analysis shows that the HS model describes
well the nonlinear character of the dependence between
stresses and shear strains in the considered range of com-
pression pressure (Fig. 3, 4, @). However, the model does
not describe well enough the character of the dependence
between stresses and strains of all-round compression
(Fig. 3, 4, b). It reproduces the effect of dilatancy, but
dilatancy is modelled even in cases where it did not ap-
pear in the tests. The HS model does not reflect the ef-
fect of contraction, i.e. additional volume reduction at
the initial stage of deviatoric loading, which was evident
in the crushed stone soil (Fig. 4, b).

Now let us compare the obtained parameters with
those that were used for numerical modelling accord-
ing to the data of literature sources. They are given in
Table 4.

A comparison of Table 3 and 4 shows that:

» degree m for both soils falls within the possible
range of values (0.18-0.70);

* the ratio Ei/ > E'7,

s Tecommended in [18], is
fulfilled;

Table 3. Selected parameters of the Hardening Soil model of coarse clastic soils

Soil E, kP EY, kPa E!Y, kPa m v v, deg. | R, p'Y, kPa
Gravel-pebble 70 35 300 0.5 0.2 5 0.72| 100
Rubble 230 150 480 0.22 0.2 20 |0.85| 100
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Fig. 3. Modelling of triaxial tests of gravel-pebble soil: a — dependence of shear stresses on shear strain intensity;

b — dependence of volumetric strains on average stresses
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Fig. 4. Modelling of triaxial tests of crushed stone soil: a — dependence of shear stresses on the intensity of shear deformations;

b — dependence of volumetric deformations on average stresses; pre-compression stresses are given in brackets

"

« for gravel-pebble soil the stiffness E/ is in
the presented range of values (12—100);

« for crushed stone soil, the stiffness £/ is greater
than that given in the literature;

* the R /.Value for both soils falls within the possible
range of values (0.65-0.90).

Results of numerical modelling of rockfill dam SSS

To verify the conformity of the tested soils with
the rockfill of the real dams, the deformability parame-
ters were determined using the MC model. This required
firstly the calculation of the SSS of the rockfill dam using
the HS hardening soil model.

The results of the calculation are shown in Fig. 5-12
in the form of displacements and stresses in the dam body.
They are given in the figures for two moments of time and
correspond to the action of different types of loads:

* moment | — completion of the dam construction,
absorption of loads from its own weight;

* moment 2 — end of reservoir filling, when
the loads from hydrostatic pressure are added to the loads
from own weight.

Results of the HS model of the rockfill dam under
self-weight loads

The SSS of the rockfill dam under self-weight loads
obtained from the HS model is shown in Fig. 5-8. For
the dam construction phase (moment 1), the figures show
the so-called total phase displacements, and Table 5
shows both the total phase displacements and total dis-
placements.

Total phase displacements — are the sum of the dis-
placements accumulated by the dam points during each
of the 10 phases (stages) of construction. The total dif-
ferential displacements reflect the effect of the sequence
of construction and their distribution is stepwise with
jumps at the layer boundaries. At the crest of the dam,
the total differential displacements are close to 0 because
the crest is “erected” last and does not receive any dis-
placements from the previous erection phases.

The integral displacements do not reflect the effect
of the sequence of construction. They represent the fic-
titious displacements that an already constructed dam
would receive if loads from the weight of each of the lay-
ers were applied to it in sequence.

Table 4. Parameters of the hardening soil model according to the data of foreign publications

soll designation and sowtce |y Npa | proMPa | EZMPa | omo | o |y.dez| R, |pkPa

No. 3B[10] 100 80 30 Joas| o2 [ 2 [ 09| 100

No. 3C [10] 16 14 48 065 02 | 2 [ 09| 100

Kol [16] 61 53 183 o047 03 | 7 [o78| 100

Purulia [16] 42 375 126 |oss| 03 | 11 [o07s| 100

Ranjit Sagar [16] 64 52 192 [o47) 03 | -5 |o62| 100
Shah Nehar [16] 25 25 75 06| 03 | 4 |o65| 100

No. 3B1 [15, 18] 80 55 240 [029] 03 | o5 |o078 | 100
No.3C2[15, 18] 12 10 36 070 03 | - [o065| 100
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Table 5. Maximum displacements, cm, of the dam under self-weight loads (HS model)

Gravel-pebble soil Rubble soil
Type of movements
complete total phase complete total phase
Precipitation 124.3 64.4 47.4 27.1
Horizontal displacements 11.5 7.8 4.9 32

Atmoment 1 (completion of construction), the dam’s
SSS is formed by self-weight loads, the embankment
settles and tends to expand laterally. The distribution
of displacements and stresses is similar for different
types of soils, the only differences are in the magnitudes
(Table 5).

The maximum settlement of the dam is obtained
by its inner zone. The maximum settlement of the dam
made of gravel and pebble soil was 64 cm (Fig. 5, a), that
of the dam made of crushed stone soil — 27 cm (Fig. 5, b).
In relation to the dam height, the settlement was 0.64
and 0.27 %, respectively. Such values correspond to
the construction settlement interval, which is typical for
modern rockfill dams. At the same time, the deformabil-
ity of the considered crushed stone soil corresponds to
a well-compacted rockfill, while the gravel-pebble soil is
closer to an insufficiently compacted soil.

The distribution of horizontal displacements of the dam
is characterized by a difference in the direction of displace-
ments for the upper and lower parts of the dam. In the lower
part of the dam the displacements are directed outwards and
in the upper part — inwards. The maximum displacements
are observed in the upper part of the dam. The maximum dis-
placement of the gravel-pebble dam was 7.8 cm (Fig. 6, a)
and that of the crushed stone dam was 3.2 cm (Fig. 6, b).

The distribution of vertical stresses is character-
ized by their smooth increase from top to bottom, from
the slopes to the inner zone of the dam (Fig. 7). The hori-
zontal stresses are distributed in a similar manner. A zone
of concentration of compressive stresses is formed at
the foot of the dam adjacent to the rocky base (Fig. 8).
The horizontal stresses are about 3 times less than
the vertical stresses. They are slightly higher in gravel
and pebble soil (Fig. 8, @) than in crushed rock (Fig. 8, b).

a b
Settlement scale of gravel-pebble soil, cm
EEETTTT 7 7 I | | | [ [ | [ T T
-68 64 60 -56 -52 -48 44 40 -36 -32 -28 24 20 -16 -12 -8 4 0 4
Settlement scale of crushed stone soil, cm
I I | I I I I I I I I ) [ |
28 26 24 22 -20 -18 -16 -14 -12 -10 -8 -6 —4 -2 0 2

Fig. 5. Settlement of the dam under self-weight loads according to the hardening soil model: @ — gravel-pebble soil;

b — crushed stone soil

- 1';""-“-\, = ‘2-'5-;
S
a b
Scale of gravel and pebble soil displacements, cm
-12 -10 -8 —6 —4 J2 (I) I2 4II 6 8 10 12
Crushed stone soil displacement scale, cm
A O N 20 20 612 08 04 0 04 08 12 16 20 24 25 32 26 4

Fig. 6. Horizontal displacements of the dam under self-weight loads using the hardening soil model: @ — gravel-pebble soil;

b — crushed stone soil
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Vertical stress scale, MPa

-26 24 22 20 -18 -l16 -14

-1.2

-10 08 -06 -04 02 0 0.2

Fig. 7. Vertical stresses in the dam according to the hardening soil model under self-weight loads: a — gravel-pebble soil;

b — crushed stone soil

Horizontal stress scale, MPa

BT T ] [ [
—0.64 —0.60 —0.56 —0.52 —0.48 —0.44 —0.40 —0.36

-0.32 -0.28 -0.24 -0.20 -0.16 —-0.12 —-0.08 —0.04 0

Fig. 8. Horizontal stresses in the dam according to the hardening soil model under self-weight loads: a — gravel-pebble soil;

b — crushed stone soil

Parameters of deformability according to the Cou-
lomb — Mohr model when the dam absorbs loads from
its own weight

The described SSS of the dam became the initial in-
formation for the selection of the MC model parameters.

The well-known simple formulae for approximate
determination of the modulus of linear deformation from
the known construction settlement of the dam are given
in [19]. The calculation shows that the modulus of lin-
car deformation of gravel and pebble soil is 54 MPa, for
crushed stone soil — 178 MPa.

The deformability parameters of the Coulomb —
Mohr model were selected in such a way that they could

be used in numerical modelling to obtain approximately
the same SSS of the dam as in the HS model. Many vari-
ations were considered, but no close match of the SSS
could be obtained. Fig. 9—14 shows the dam SSS for two
typical variants of the MC model parameters for each
of the soils. The model parameters are given in Table 6.
In Case No. 1, the MC model parameters were se-
lected on the basis of the condition that the maximum
vertical and horizontal displacements of the dam are
equal to the maximum values of the MC and HS models
(total phase displacements were considered). However,
in this variant the picture of the dam SSS is character-
ized by several qualitative and quantitative distortions.

Table 6. Selected parameters of the Coulomb — Mohr model for self-weight loadings

Gravel- pebble soil Rubble soil
Model parameter - - - -
Option No. 1 Option No. 2 Option No. 1 Option No. 2
Modulus of elasticity £, MPa 62 64 150 160
Poisson’s ratio 0,27 0,23 0,25 0,17

b

Sediment scale, cm

—-68 64 60 56 52 48

44 40 36 32 28 24 20 -16 -12 -8 4 0 4

Fig. 9. Settlement of a gravel-pebble dam under self-weight loads according to the Mora — Coulomb model: @ — variant No. 1;

b — variant No. 2
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Displacement scale, cm

—-12 -10 -8 -6 —4 -2 0 2 4 6 8 10 12

Fig. 10. Horizontal displacements of a gravel-pebble dam under self-weight loads using the Mohr — Coulomb model:
a — variant No. 1; b — variant No. 2

A, B

Horizontal stress scale, MPa

EETT 7T [ [ [ T T [T [ T
—0.64 —0.60 —-0.56 —0.52 -0.48 -0.44 -0.40 -0.36 -0.32 -0.28 -0.24 -0.20 -0.16 -0.12 -0.08 -0.04 0

Fig. 11. Horizontal stresses in a gravel-pebble dam under self-weight loads according to the Mohr — Coulomb model:
a — variant No. 1; b — variant No. 2

Sediment scale, cm

-28 26 24 22 -20 -18 -16 -14 -12 -10 -8 -6 —4 -2 0 2

Fig. 12. Settlement of a crushed stone dam under self-weight loads according to the Mohr — Coulomb model: ¢ — variant No. 1;
b — variant No. 2

Displacement scale, cm

[P I N N ) O N AN H RN B N |
-4 36 32 28 24 20 -16 -12 08 04 0 04 08 12 16 20 24 28 32 36 4

Fig. 13. Displacements of a crushed stone dam under self-weight loads according to the Mohr — Coulomb model: ¢ — variant
No. 1; b — variant No. 2
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Horizontal stress scale, MPa

BT T g [ [ [ T T [T T T
—0.64 —0.60 —-0.56 —0.52 —0.48 —0.44 —0.40 -036 —032 —028 -024 -020 —0.16 —0.12 —0.08 —0.04 0

Fig. 14. Horizontal stresses in a crushed stone dam under self-weight loads according to the Coulomb — Mohr model:
a — variant No. 1; b — variant No. 2
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The most important effect is the reduction of the horizon-
tal stress level in the dam body (Fig. 11, @; 14, a). It is
especially strong in a dam made of crushed stone soil —
horizontal stresses are about 2 times less. To avoid this
effect, option 2 is considered.

In variant No. 2, the MC model parameters are
selected to match the maximum settlement of the dam
and to achieve a qualitatively similar stress state pattern
(Figs. 11, b; 14, b). In this variant, the Poisson’s ratio is
slightly higher and the modulus of linear strain slightly
lower than in variant 1.

However, there are differences in the magnitude
and distribution of the horizontal displacements with re-
spect to the original SSS in Case 2. In case of variant
No. 2, there is a more intensive expansion of the lower
part of the dam and larger displacements than in the HS
model. For example, the maximum displacement for
the gravelly soil was 3.7 cm (Fig. 13, ), which is 16 %
more than for the HS model (3.2 cm, Fig. 6, b). For
the gravel-pebble soil, the maximum displacements were
10.3 em (Fig. 13, b), which is 32 % more than the HS
model (7.8 cm, Fig. 6, a). In reality, the differences in
displacements are much larger, because in variant No. 2,
the maximum displacements are reached in the lower, not
in the upper part of the profile. The maximum displace-
ments of the lower part of the profile in variant No. 2 are
about 2 times higher than in the HS model.

Analyzing the parameters of the MC model (Table 5)
obtained for the calculation of SSS under self-weight
loads, the following can be noted:

¢ the determined moduli of linear deformation
of soils are close to those determined by approximate
formulae;

* linear deformation moduli of the considered coarse
clastic soils are lower than the average values determined
from field observations [19];

* the considered crushed stone soil has appro-
ximately 2.5 times higher modulus of linear deformation
than gravel and pebble soil;

* the considered gravel-pebble soil has a higher
Poisson’s ratio than the crushed stone soil.

Results of the HS model of the rockfill dam under
hydrostatic pressure loading

The SSS of the rockfill dam under hydrostatic
pressure loads obtained from the HS model is shown in
Fig. 1518, a; 19-21. The figures show the displacements
that the dam receives only from hydrostatic pressure;
they do not take into account the deformations due to its
own weight. These are the total phase displacements at
all stages of hydrostatic pressure application. The maxi-
mum displacements of the dam are given in Table 7.

The main changes in the SSS of the dam occur near
the head face. Under the action of hydrostatic pressure,
horizontal displacements (Fig. 15, 16, a) and settlement
(Fig. 17, 18, a) of the upstream face of the dam are ob-
served. The precipitation is about 2.5 times smaller
than the horizontal displacements. The displacements
of the dam are alternating in nature. In the lower part
of the dam they are directed towards the downstream
side, while the upper part is displaced towards the up-
stream side (Fig. 15, 16, @). The maximum upstream dis-
placements occur at the crest of the dam and are slightly
less than the maximum downstream displacements.

The deflections of the pressure face were calcu-
lated from the precipitation and displacements (Fig. 19).
The height distribution of the deflections has a different
character depending on the soil properties. In the gravel-
pebble dam, the deflections reach a maximum height
of 38 m from the bottom, while in the gravel-pebble
dam they reach a maximum height of 24 m. The gravel-
pebble dam is characterized by negative deflections
in the crest part of the dam. The maximum deflection

Table 7. Maximum displacements, cm, of the dam under hydrostatic pressure (HS model)

Type of movements Gravel-pebble soil Rubble soil
Precipitation 19.5 8.5
Horizontal displacements to the upstream side
. 7.1 3.8
of the reservoir
Horizontal displacements towards the downstream side
. 6.6 2.3
of the reservoir
Pressure edge deflections 13.4 6.5
a b
Displacement scale, cm
I ) I E— [ [ [ [ [ [ | I I N
-8 -7 -6 -5 4 -3 2 -l 0 1 2 3 4 5 6 7 8

Fig. 15. Horizontal displacements of a gravel-pebble dam during reservoir filling: a — HS model; 5 — MC model
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Fig. 16. Horizontal displacements of a rubble soil dam during reservoir filling: « — HS model; 5 — MC model
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Fig. 17. Settlement of a gravel-pebble dam during reservoir filling: a — HS model; b — MC model
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Fig. 18. Settlement of a crushed stone dam during reservoir filling: « — HS model; » — MC model

of the screen of the gravel-pebble dam is 134 cm and that
of the crushed stone dam is 62.5 metres.

The distribution of vertical and horizontal stresses
is less influenced by hydrostatic pressure than by self-
weight loads (Fig. 20, 21).

Deformability parameters using the Coulomb — Mohr
model for hydrostatic pressure in a dam

The MC model parameters were selected on the ba-
sis of the condition that the horizontal displacements and
settlements at the head face of the dam are approximately
the same as those obtained by the HS model. It was found
that when hydrostatic pressure is applied to the dam,
the moduli of linear deformation E of the soils should
be significantly higher than the moduli under self-weight
loading. Therefore, the MC model parameters were se-
lected separately for the hydrostatic pressure case.

For approximate prediction we used the formulae
given in [19]. In them, the modulus of linear deformation
E of the soil is expressed through the deflection of the top
face screen. For gravel-pebble soil £ = 223 MPa,
for crushed stone soil £ =480 MPa. These values are re-
spectively about 4.1 and 2.7 times higher than the moduli

XO Y, m

.
10 // al
S

=]

o_é-:‘;—// U, mm
—40 20 0 20 40 60 80 100 120 140

== Crushed stone — model HS
== QGravel and pebble — model HS
=== Crushed stone — model MS
== Gravel and pebble — model MS

Fig. 19. Deflections of the dam face under the action of hydrostatic
pressure
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Vertical stress scale, MPa
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Fig. 20. Vertical stresses in the dam according to the model of hardening soil during reservoir filling: @ — gravel and pebble

soil; b — crushed stone soil
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Horizontal stress scale, MPa
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Fig. 21. Horizontal stresses in the dam according to the strengthening soil model during reservoir filling: @ — gravel-pebble

soil; b — crushed stone soil
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Vertical stress scale, MPa

—0.68 -0.64 —0.60 —0.56 —0.52 —0.48 —0.44 —0.40-0.36 —0.32 —0.28 —0.24 -0.20 -0.16 —-0.12 —-0.08 —0.04

0 0.04

Fig. 22. Horizontal stresses in a gravel-pebble dam after filling the reservoir according to the Coulomb — Mohr model:

a — variant No. 1; b — variant No. 2

obtained for time 1. They are within the range correspon-
ding to the rockfill of real dams.

When the MC parameters were selected by numeri-
cal modelling of the dam’s SSS, it was not possible to
achieve simultaneous matching of horizontal and verti-
cal displacements. When using the HS model, the screen
settlement is about 2 times higher than the displacements,
while when using the MC model, they are close to each
other. The closest results are obtained when the Poisson’s
ratio v = 0. The following values of modulus of deforma-
tion were obtained by selection: for gravel and pebble
soil £ =190 MPa, for crushed stone soil £ = 350 MPa.
They are somewhat less than the predicted ones.

The results of calculating the dam’s SSS with
the selected MC model parameters are shown in Fig-
ures 15-18, b; 19, 22, 23. The deformation of the dam in
the MC and HS models is different:

* the MC model dam settlement is noticeably
smaller than the HS model (Fig. 17, 18);
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* with the MC model, the entire dam profile is
horizontally displaced only downstream, whereas with
the HS model the crest is displaced upstream (Fig. 15, 16).

Because of this, the screen deflections at the top
edge are also distorted. The deflections of the MC model
are smaller than those of the HS model (Fig. 19). For ex-
ample, in the gravel-pebble dam, the maximum deflec-
tion of the HS model was 6.25 cm and that of the MC
model was 5.67 cm, a difference of 9 %. In the gravel-
pebble dam, this difference is significantly larger at 23 %
(13.4 cm for HS, 10.3 cm for MC). In addition, in this
case the distribution of deflections by height is also dif-
ferent (Fig. 19).

Thus, the use of the MC model can significantly
distort the results of numerical modelling of the rockfill
dam screen. In the case of crushed rock, the agreement
between the MC and HS results is satisfactory, but in
the case of the gravel and pebble soil considered, the dis-
tortions are significant.
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Fig. 23. Horizontal stresses in a crushed stone dam under hydrostatic pressure according to the Coulomb — Mohr model:

a — variant No. 1; b — variant No. 2

Table 8. Selected parameters of the Coulomb — Mohr model

Gravel-pebble soil Crushed stone soil
Model parameter - - - ;
Weight Hydrostatics Weight Hydrostatics
Modulus of elasticity £, MPa 62-64 190 150-160 350
Poisson’s ratio 0.23-0.27 0 0.17-0.25 0

The results of fitting the MC model parameters are
summarized in Table 8.

CONCLUSION AND DISCUSSION

The hardening soil (HS) model generally reflects
the main manifestations of nonlinearities in the de-
formation of soils used in high earth dams. This is
evidenced by the authors’ comparison of the results
of experimental tests with the results of their numerical
modelling. However, the Hardening Soil model has sev-
eral disadvantages. It does not allow to reproduce both
dilatancy and soil contraction effects simultaneously. In
addition, it does not take into account the curvilinear
nature of the ultimate surface.

The soils for which the parameters of the nonlin-
ear models are fitted correspond to the rock fill of real
rockfill dams.

For crushed stone soil, higher values of the HS
model parameters characterizing soil stiffness are ob-
tained compared to those given in the literature. How-
ever, the linear strain moduli obtained for this soil
(according to the Coulomb — Mohr model) are within
the range typical for real dams. The obtained param-
eters of the HS model of the crushed stone soil are quite
suitable for carrying out predictive calculations of SSS
of rockfill dams with well-compacted soil.

The results of calculations show that in rockfill
dams the effect of “hardening” (reduction of deform-
ability) of coarse clastic soils is strongly manifested. It
is most clearly manifested in a sharp decrease in the de-
formability of the soil at the stage of hydrostatic pres-
sure as compared to the stage of self-weight loading.
With respect to the MC model, this means an increase
in the linear deformation modulus (2-3 times) and a de-
crease in the Poisson’s ratio.

The nonlinearity of ground deformation significant-
ly affects the formation of SSS of a homogeneous rockfill
dam with a screen. This is due to the fact that the effect
of soil “hardening” occurs unevenly in different zones
of the dam profile.

Due to the strong nonlinearity of the soil defor-
mation, the use of MC model with constant parameters
leads to a very strong distortion of the rockfill dam SSS.
In order to reduce these distortions, it is advisable to use
different MC model parameters for the stage of loading
by the dam’s own weight and for the stage of hydrostatic
pressure.

It is very difficult to find MC model parameters
equivalent to nonlinear ground deformation. When
the MC model is used, either the deformation of the dam
or its stress state is distorted. The selected MC model pa-
rameters can be used for approximate calculations.

REFERENCES

1. Andjelkovic V., Pavlovic N., Lazarevic Z., Rado-
vanovic S. Modelling of shear strength of rockfills used for
the construction of rockfill dams. Soils and Foundations.
2018; 58(4):881-893. DOI: 10.1016/j.sandf.2018.04.002

2. Marsal R.J. Large scale testing of rockfill ma-
terials. Journal of the Soil Mechanics and Founda-

tions Division. 1967; 93(2):27-43. DOI: 10.1061/js-
feaq.0000958

3. Araei A.A., Soroush A., Tabatabaei S.H., Gha-
landarzadeh A. Consolidated undrained behavior of grav-
elly materials. Scientia Iranica. 2012; 19(6):1391-1410.
DOI: 10.1016/j.scient.2012.09.011

55

(€G) € ANSS| 'PLJON Sencanwa e soucios



scionco o ruction: 1) 14, Issue 3 (53)

Filipp V. Kotov, Mikhail P. Sainov

4. Ghanbari A., Hamidi A., Abdolahzadeh N.
A study of the rockfill material behavior in large-scale
tests. Civil Engineering Infrastructures Journal. 2013;
46(2):125-143. DOLI: 10.7508/ceij.2013.02.002

5. Honkanadavar N.P., Sharma K.G. Testing and
modeling the behavior of riverbed and blasted quar-
ried rockfill materials. International Journal of Geome-
chanics. 2014; 14(6). DOI: 10.1061/(ASCE)GM.1943-
5622.0000378

6. Xiao Y., Liu H., Chen Y., Jiang J. Strength and
deformation of rockfill material based on large-scale
triaxial compression tests. I: Influences of density and
pressure. Journal of Geotechnical and Geoenvironmen-
tal Engineering. 2014; 140(12). DOI: 10.1061/(ASCE)
GT.1943-5606.0001176

7. JiaY., XuB., Chi S., Xiang B., Zhou Y. Research
on the particle breakage of rockfill materials during tri-
axial tests. International Journal of Geomechanics. 2017,
17(10). DOI: 10.1061/(ASCE)GM.1943-5622.0000977

8. PanJ., Jiang J., Cheng Z., Xu H., Zuo Y. Large-
scale true triaxial test on stress-strain and strength
properties of rockfill. International Journal of Geome-
chanics. 2020; 20(1). DOI: 10.1061/(ASCE)GM.1943-
5622.0001527

9. Sainov M.P. Deformation of rockfill in bodies
of rockfill dams. Construction: Science and Education.
2019; 9(3):5. DOI: 10.22227/2305-5502.2019.3.5. EDN
GBNXDO. (rus.).

10. Pramthawee P., Jongpradist P., Kongkitkul W.
Evaluation of hardening soil model on numerical simula-
tion of behaviors of high rockfill dams. Songklanakarin
Journal of Science and Technology. 2011; 33(3):325-334.

11. YaoF.H.,GuanS.H., YangH., Chen Y., QiuH.F.,
Ma G. et al. Long-term deformation analysis of Shuibuya
concrete face rockfill dam based on response surface
method and improved genetic algorithm. Water Science
and Engineering. 2019; 12(3):196-204. DOI: 10.1016/
J-wse.2019.09.004

12. Qu P., Chai J., Xu Z. Three-dimensional static
and dynamic analyses of an embedded concrete-face

Received August 23, 2024.
Adopted in revised form on September 8, 2024.
Approved for publication on September 16, 2024.

rockfill dam. Water. 2023; 15(23):4189. DOI: 10.3390/
w15234189

13. GaoJ.,Han X., Han W., Dang F., Ren J., Xue H.
et al. Research on the slip deformation characteristics and
improvement measures of concrete-faced rockfill dams
on dam foundations with large dip angles. Scientific Re-
ports. 2024; 14(1). DOI: 10.1038/s41598-024-59222-0

14. OzkuzukiranS., Ozkan M.Y ., Ozyazicioglu W.M.,
Yildiz G.S. Settlement behaviour of a concrete faced rock-
fill dam. Geotechnical & Geological Engineering. 2006;
24(6):1665-1678. DOI: 10.1007/s10706-005-5180-1

15. GaoY.,LiuH., Won M.S. Behavior of rockfill dam
under complex terrain condition. Arabian Journal of Geo-
sciences. 2020; 13(19). DOI: 10.1007/512517-020-06040-z

16. Sukkarak R., Likitlersuang S., Jongpradist P.,
Jamsawang P. Strength and stiffness parameters for harden-
ing soil model of rockfill materials. Soils and Foundations.
2021; 61(6):1597-1614. DOI: 10.1016/j.sandf.2021.09.007

17. Andrian F., Ulrich N., Monkachi M. Numeri-
cal analysis of the 210 m-High Nam Ngum 3 CFRD.
Lecture Notes in Civil Engineering. 2020; 749-762. DOI:
10.1007/978-3-030-51085-5 41

18. Sukkarak R., Jongpradist P., Pramthawee P.
A modified valley shape factor for the estimation of rock-
fill dam settlement. Computers and Geotechnics. 2019;
108:244-256. DOI: 10.1016/j.compge0.2019.01.001

19. Soroka V.B., Sainov M.P., Korolev D.V. Con-
crete-faced rockfill dams: experience in study of stress-
strain state. Vestnik MGSU [Proceedings of Moscow State
University of Civil Engineering]. 2019; 14(2):207-224.
DOI: 10.22227/1997-0935.2019.2.207-224 (rus.).

20. WenL.,Chail.,XuZ.,QinY.,Li Y. A statisti-
cal review of the behaviour of concrete-face rockfill dams
based on case histories. Géotechnique. 2018; 68(9):749-771.
DOI: 10.1680/jgeot.17.p.095

21. Sainov M.P., Kotov F.V. Parameters of a hard-
ening soil model for modeling high embankment dams.
Journal of Science and Education of North-West Russia.
2024; 10(2):56-67. EDN FIGMOIL. (rus.).

BroNoTEs: Filipp V. Kotov — senior lecturer of the Department of Hydraulics and Hydrotechnical Engineering;
Moscow State University of Civil Engineering (National ResearchUniversity) (MGSU); 26 Yaroslavskoe shosse,
Moscow, 129337, Russian Federation; ID RSCI: 675643; KotovFV@mgsu.ru;

Mikhail P. Sainov — Doctor of Technical Sciences, Associate Professor, Head of the Department of Energy
Structures and Hydrotechnical Installations; National Research University “Moscow Power Engineering Institute”
(MPEI); build. 1, 14 Krasnokazarmennaya st., Moscow, 111250, Russian Federation; SPIN-code: 2369-9626, Scopus:
6506150284, ORCID: 0000-0003-1139-3164; SainovMP@mpei.ru.

Authors’ contributions:

Filipp V. Kotov — collection and processing of material, performing calculations, development of methodology, pro-

cessing and design of the text of the article.

Mikhail P. Sainov — scientific guidance, research idea, collection of material, development of methodology, writing
of the original text, design of the article, scientific editing of the text.

The authors declare that there is no conflict of interest.

56



