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ITpoAeyopeva

IIpoAeyopeva

«Tovg Aaiotpoyovag kat tovg Koxhwnag, tov opwpevo Tlooedova pn gofacat,
TeTOWa OTOV dPOo oov 1oté oov Oev Oa Ppetg...» Aéet o moutg. Eva tadiot otnv
I0axn Oev tedelmvel Y®PIG POLPTOLVEG KAl EUITOdIA, Pd 1) YELOT] TG YADKIA «Kl AV
ITOXKI) TV Ppetg, n 10axn dev oe yedaoe  £Tol 0opoOg mov éyiveg, pe TOon neipa, 10n
Oa to xatahafeg n I0akeg Tt onpatvoov». Avtol ot otiyot pov épyovtat oto POaNo
TV OTLYHI) LTI IOV KAAOOPAL VA YPAY® Tig evxaptotieg. Me avto akpipmg OEA® va
eoyapotjom tov K. Miydhn Kafpadd, Avaminpot) Kabnyntu) EMIL yuati pe
d1dade va amolapPdave to talidt. O vootog Oa ¢pbet padi pe v copia al\a to
tadidt kat i epmelpia etvat Dpaypatikd 1 0w 1 xapd. I'ia aoto tov Aoyo Oa neha
péoa amd avtég Tig Alyeg YPappég va eKppaom éva peydalo evyaplote. Eivat exetvog
oL Mioteye Ot epéva. Aotog mov pe mapaxkolovbovoe, pe emePAere, aKOLYE TOLG
HIPOPANPATIORODS POV KAl e ENAVEPEPE ITO® OV Hopeid, Kdbe gopd mov xavopoov
ota xawdrn povondartia tng Bewpntikr)g avadrtong g KATACTATIKI|G COHIIEPLPOPUS,
HE TV XAPAKTIPLOTIKI) TOL £K@ppaot) «object oriented». O@eihm va Tov evXapLoTr|ow
yld THV aydirn ToL oL He TOOIN XAPd HOL HETEOMOE Yld TO AVTIKEIPEVO, pa TIOAD

IIEPLOCOTEPO Y1d TOV IPAKTIKO TPOIIO OKEWYIG TIOD POV HETEOWDOE.

Oa r)fela va evyaploton Oeppd ta peAn g Tpipelovg ZopPovlevtiknig Emrtpornn),
tov K. ['wpyo Mnovkopdia, Kabnynty EM.IL xat tov Nixo I'epolopo, Emikovpo
Kafnynt EMIL, ywa 1o evliagepov Toug yia v €peova pov Kat v mpobopia
Toug va oovOpdapovy Kat va Ponbriooov oe kdabe ékpavorn tng dovAeldg pov, oOrote
Kdt av toog ypewaomka. Oa nbeda va amevbove Tig evyapiotieg pov Kat mpog ta
vnohoura péAn g Emtapelovg ESetaotikng Emtpomnr|g, tov k. I'. I'kaleta, Kabnyn)
EM.IL, twov k. I'. Towapndo, Kabnynt E.M.IL, tov x. M. ZaxkeNapioo, Kabnyn)
EMIIL xat tov k. Ay. Iamadnpntpiov, Emikovpo Kabnynt oto Ilavemot)pio
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®eooaliag, yla Ta OYOAld, TIG EMICNHUAVOELS KAl TV OOPPOAR] TOLG OTNV TEAIK)

dapopewmorn g dratpPrig.

EmBop® and aoto to Prjpa va anevbove tig i0aitepeg eoyaplotieg Hov oTov OHOTIHO
kabnynt K. Av. AvayveotorovAo yida TV (@VIAavid ToV, Yid T0 eVOLaPEPOV TOD yid
TV €PELVA POL KAl yld TV ACTEIPELTH AVNoLXia TOL yld THV IPOO0dO TOL TOopEa

lewteyvikng.

[Tpaypatikd poo etvat SOOKOAO VA OLYKEVTPMO® TO POAAO POV yid Va arevfove Tig
eoyaplotieg. Yorpdav OAa 1000 POVAOIKA KAl ON®G OAA TA POVAOIKA MPAypatd
IIEPVOLV, (PELYOLV KAl dAIOpEVelL pia YALKWA Odupnon omv dkprn tov podalod...
EBexwvovtag Oa nbeha va evyapiomom tov avlpwro tov omoio dev propm va
gavtaot® pakpwd arno tov Topéa Ieotexvikng Mnyavikig. Oé\® va evxaplotion
tov Awaxktopa Tavvny Xalodlo ywa v eoxdplot) Owdbeory tov, ywa v

POVAOIKOTITA TOL KAt TO Yeyovog OTt arotelet v yoyr) tov Topea.

Oé\® va eoxaplotom ta pEAn NG epevvNTKNG opadag. AMmote to Tadidt pag
ovoveyiCetal akopa (0ev pe Sepoptwbnkarte, Oa oag tpehaive akopa). Eixa v tur)
KAl TV XApd vd SEKIVI|O® TV €PELVA POV IAPJANAA pe Tov Yrnoyngo Adaktopa
Kovotavtivo TGpaxo. Kabe gopa mov awobavopovv kovpaocpévog 1 ayxopévog
kataldPawva ott Oev 1povv povog oto tadidt pa vmmpyav xt aileg I0daxeg va
neppevoov Odvooteg. Tov Ynoyngro Awddxtopa Iavaywwty Zitapévio opeido va
ToVv evyaploton Sexwplotd. I1ooeg ovln ol prjveg eIt PnveV IPAYHATOIIOWOAHE
ya va Ppoovpe tov pito g Aptadvng, ekpwva advvate va fopnbo. Atapmvieg
ITOANEG pa TIAVTA KAAOIIPOAIPETEG KAl O 0XAPLOTR. BEN® Va e0XAPLOTIO® KAl TOVG
Neoog pag, Tov Ynoyngo Awdaktopa Anprtpn Aitoa Kat T0 eKKOAAIITOPEVO PENOG
NG EPELVNTIKI|G pag opdoag tov ilurmo Xoptr). Oa 1)0ela emum\eov va enaploTrjon
mVv Yonoyneua Awdaktopa Zpapdayda Evboptov yua tig emonpdvoelg mg Kata v
dapketa tng SwatpPrg pov. Ildvta avrooyn, navia oto TPESIHO Kal IIAVIA
AYXOPEVI) PE eva XapoyeAo. AyamnnTol HOO CLVAYWVIOTEG ELXA TV TN VA AIIOTEA®
PEPOG TNG EPELVNTIKY] PAG OPAOAG KAl OAG EDXAPLOT® Y1a TOVG IPOPANUATIOROVS OAG.

Me exavav xkalvtepo avbpwrio.

Ta televtaia ypovia népaoca tov MePLOOOTEPO XPOVO HOL PECA O £va YypaPeio Tov
Topéa lewteyvikng. Eexivrnoa va to PMnm oav dedTeEPO Omitt oL HETA Ao TOOEG

®PeG KAt TOoOVG vIEpoyovg avipmmovg. Ot avektipntot @ilot ékavav Tig wpeg
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dovAerdg va powaloov draokédaon). Aev 0a oag kAelom O Pla YeVIKI] IIPOCEYYLOon
yati dev oag adiCer. Evyxapiote Oeppda tovg Ymowyrngrovg Awdxtopeg ITavAo
Aoteptov (amha povadikog), tov Néo (I'tdvvr Towama), tov Paledo (Oavdorn
Zagepaxo), tov Wynho (Iwpyo IIpovvtComovro) kat tov alnievoeto Iletpo
doprodakn, v 000vn (Maptavva AmAn), v Kkr) Anuntpiadn (o npwtog avBpwiog
II0L YV@PLoa oty oxoAr) kat mVv Iavaywwta TaolormovAov (povadikr!). EAmim va

PNV Sexaoa kavévav pa K av SExaoa va SEpete MmG 0ag OKEPTORAL. ..

Ag@noa tov teAenTaio avtd Yopo yia Tovg adep@PKog pov PIAODG KAt TV OLKOYEVELT
pov. Me avéytnkav Kat pe otptSav moAd Kat yid aoTto Tov AOyo odg evxaplot®. Me
&vav payko TPOIo 1)0aotav IAavida Sima pov, PIpootd pov, navta ekel. Aev BéAw
va oag ava@épem yuati eloaote povadikol péoa pov kat dev embope va oag
polpaot®, pa oag evxaplot®!! «Extog amo v pdava cov kavelg 0ev oe Bopdrar»
avagepet o Kappadiag xat oav moutg katt Oa {epet mapanave... ANeote epeig

HPNXaVIKol etpaote.

H nmapovoa épeova £xet ypnpatodotmbet ano tov Ewdwko Aoyapracpd KovovAiov
Epevvag (EAKE) too EOvikov Metoopiov IToAvteyveiov. @¢Aa va eoyaplotrjom OAd
ta péAn g Emtrpornng Awayeipiong too Eidwkov Aoyapiacpoo ya v dovatoujta
XPNPatodoTnong TOOO THG IMPOOMIIKIG HOL €Pevvdag 00O KAl TG EPELVITIKIG
dpaotnploTag TV LIOAOII®V HEADV TG AKAONPAIKIG KOWVOTNTAG HEO® TOV

XOPIYOOHEV®V DIIOTPOPLDV.

Tnv dayxopa QovVTAPE! 0TIG KODKODVAPIES

POPTWVEL PPETKO AEPA K1 AT’ TIG OVO UEPIEG

Eivar amo padpn wétpa ki1 eivar arx’ ovelpo

K1 €xer Aootpopo abwo vavty wovipo

AleSavOpog Kalog (Ampiiog, 2014)
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EONIKO METXZOBIO ITOAYTEXNEIO
ZXOAH ITOAITIKQN MHXANIKQN
TOMEAX I'EQTEXNIKHX

Arbaxropixn) Awatpifn

Aiepedvo1) TG PN-YPAPRHIKIG CORIEPLPOPAS TV EOAPIKDOV DAIKGOV

HE IPOCOPOIWOT] TOV EPIIDOHOV
AXé§avdpog N. Kalog
INEPIAHWH

2V napovod OWAKTOPIKI) JtatpiPr] KATACTPMOVETAL €VA VEO XPOVIKA eSApTpévo
KATAOTATIKO NAAioto ovprepipopds. To katvovplo avtd miaioto Oepetovetat Iave
OTIG €AAOTONMNAOTIKEG  APXEG T®V  OOPNPEVAV  YEMLAK®V &ved HMAapdAAnAa
EVOOHUATOVEL €va €MUIAéOV  OOVONO  OopNTIK®V (LY. PeATiopévong  VOpovg
arro0opnong g SOHI|g KAt KIVIHATIKIG KPATOVONG TG KAlong ¢ Kat tng petadeong d
HEO® TNG OLOOWPELONG MAAOTIKOV IAPAPOPPMOEMV) KAl XPOVIKA e APTNHEVDV
XAPAKTPOTIK®V (ILY. THV dmopei®on g meptBallovoag avioxng HEo® TG
OLOOMPELONG EPIIVOTIKMV IIAPAPOPPDOEDV).

H emrtaxtikn avaykn yia v Odmoneoon evog VEoL KATAOTATIKOL IIAALolo
OLHIIEPLPOPAG ATIOPPEEL ATIO TV CAVEINAPKELD TOV DPLOTAPEVOV pedodoloytov va
IIPOOOPOIMOOVY TOV HIXAVIOHO TG IIPO0OEVTIKIG aotoxiag oe mpavr), otnpllopeva
ATTOKAELOTIKA KAl POVO 0¢ EAAOTONAAOTIKA YaApaKTplotikd. H ovowmwdng atélela tov
eEAAOTOMAAOTIKOV IIPOCOHOI®HPATOV damoppéel ard Tty adovapia eAéyyov Tov
peyéovg T®V  MNAJOTIK®OV —HOAPAPOPPOOEDV. XLVEN®s, Oev  ddvaviar  va
OLOOMPELTOLY  ONUAVTIKEG AVEAAOTIKEG MAPAPHOPPAOOEL MOV VA odnyovv otnv
EVEPYOIIOLNOL] TOL PNXAVIOROV TG IIPoodevTIKIg aotoyias. H evoopdtoon ©otooo
TOV  EPILOTIKOV XAPAKTPOTIK®OV EMUTPENEL TNV dovatomta eAeyxov 1oV
AVEAAOTIKOV IAPAPOPPDOEDY HEOD TI|G EPIIDOTIKIG OLVIOT®OAS. ATIOOEIKVDETAL OTL
elvat 0 oovOLAOPOg TV OOPNTIKOV KAl T®V EPIVOTIK®V YAPAKTPIOTIKOV II0V
odnyet otnv aotoyia.

To eSidavikeopévo mnpooopoiopa Oespehoverar emi g KAaoowrg Oesmpiloag
DAAOTIKOTNTAG TOV €OAPIKOV DAK®V OAOKANPOLHEVI] €VIOG TOL MAAOOD TG

Oewplag vmeppoptiong (Perzyna, 1962 & 1966). Toco o pnyxaviopog yrpavong (oo
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oOnyel oe avlnon g avroxng Aoy® TG avinong g TAoNg IPOOTEPEOIIOINONG) 000
KAl O PNXAVIOPOG E€PILOTIKIG Aotoxidag (IIOL amoppel Ao TV AIOPEIDOn TG
repPAANoLOAg  avioxrg) EVOMPATOVOVIAL EMTUXMG EVIOG T®V  KATAOTATIK®OV
eSlomoemv. To eCdavikeopévo npooopoimpa adtoloyeitat oe aplBpntikeég avaivoeig
VAWKOL onpelov kat oe eminedo memepacpévav otolxelov kabmg xat evavtt
EPYAOTNPLAK®V OOKIPOV. ATIOdeKVDETAL OTL TO XPOVIKA €SAPTNHEVO KATAOTATIKO
IAAiOl0 OLHIIEPIPOPAS POCOHOIWVEL EMTUXMG TOVG HIYAVIOHOLS YIPAVONG KAt
€PIIDOTIKI|G AOTOXIAS (P1E0® TG CLOOMPEVONG AVEAAOTIK®V HAPAPOPPDOEDV).

To mpotewvopevo eSidavikevpevo mpooopoiopa xpnowponou)dnke emroxmg otnv
POPAeYn TOL HNXAVIOPOL TIPOOOELTIKNG dotoxiag o éva MANP®S KOPEOHEVO

IIPAVEG.

-20-
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NATIONAL TECHNICAL UNIVERSITY OF ATHENS
SCHOOL OF CIVIL ENGINEERING
DEPARTMENT OF GEOTECHNICAL ENGINEERING

Doctoral Thesis
Investigation of the nonlinear time-dependent soil behavior
Alexandros N. Kalos
ABSTRACT

The present dissertation develops a constitutive behavioral framework for structured
soils with time-dependent characteristics. The model builds on previously developed
models for structured soils (Kavvadas and Amorosi, 2000; Belokas and Kavvadas,
2010) and includes additional structural features (e.g. a strength envelope
degradation with plastic strains) and, mainly, a complete set of time-dependent

characteristics.

The need for the development of this model was based on finite element analyses of
slope stability which indicated that structure degradation effects could not model the
onset of slope instability by a mechanism of strength reduction due to plastic strains.
This deficiency was attributed to the fact that classical inviscid elastoplasticity for
structured soils cannot control the magnitude of plastic strains (and thus cannot
generate large-enough plastic strains to cause failure), as plastic strains are imposed

by the physical problem.

It was envisioned that additional time-dependent characteristics can solve this
problem, as accumulation of "creep" strains could be independently controlled and
reach large-enough values to cause failure. Thus, it is the combination of time-
dependent characteristics and classical structure degradation which leads to the

solution of "delayed" failures is slopes (but also in other geotechnical problems).

The model is founded on the classical theory of elastoplasticity integrated within the
overstress theory (Perzyna, 1962 & 1966). Both aging effects (leading to an increase of
strength through the increase of the preconsolidation pressure) and creep induced

failure (stemming from the strength envelope evolution due to creep strains) are

-21-



abstract

accounted for within the definition of the governing constitutive equations. The
model is evaluated through single point and element based numerical analyses and,
mainly, against experimental measurements. It is established that the proposed
mechanical framework can simulate accurately the underlying mechanisms

associated with creep failure and aging.

The developed model was used in the analysis of slope stability and the above
features were successfully modeled by predicting a retrogressive slope instability

mechanism triggering failure in a saturated slope.
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EONIKO METXZOBIO ITOAYTEXNEIO
ZXOAH ITOAITIKQN MHXANIKQN
TOMEAX I'EQTEXNIKHX

Arbaxropixn) Awatpifn

Aiepedvo1) TG PN-YPAPRHIKIG CORIEPLPOPAS TV EOAPIKDOV DAIKGOV

HE IPOCOPOIWOT] TOV EPIIDOHOV
AXé§avdpog N. Kalog

EKTENHX ITEPIAHWYH

I. IIeprypapn tov nmpoPAfnpatog

H emotrjpn tov [MToAttikod Mnyavikoo eival oovo@aocpévn pe v Olepedvnon Kat
erridvon oovletwv mpoPAnpatov adbldppnKta ovvOedepEveOV PE TG HNXAVIKEG
W00TNTeg KAl TNV MAPEAKOPEVI] OLPIEPLPOPA  TOL Yye@LAKov. H avamrtody
aplpntikeov pebodmwv kat kmdikev (numerical methods and codes), ev tayet
avagépoovpe v pEbodo twv nemepaopévav ototyeiov (Finite Element Method), tnv
pébodo twv nenepaopévev dtapopav (Finite Difference Method) xat tv pédodo tov
oovoplakoVv otolyeiowv (Boundary Element Method), éxer wg otoxo v emitlvon
noAvn\ok®v npoPAnpatov. H  depedvnon xat emilvon TtEtodv  ovvletov
npoPAnuateov  kabiotatatr Odovar otig npépeg pag AOy® TG avSavopevig

DITOAOYIOTIKI|G 10XDOG TOV NAEKTPOVIK®DV DIIOAOYIOTOV.

[Tpowtapxkd oLOTATIKO 0TV MPOCOPOimOon T®V appntik®v pedodwv amotelet 1)
KATAOTATIKI] COPIIEPLPOPU TOV YE@VAIK®V. To KaTaotatiko mpooopoimpa amotelet
MV pabnpatik) meplypagr) TG HNXAVIKNG OLHIEPIPOPAG TOL YemLAKoL. Ot
KATAOTATIKEG OYE0ELG EAEYYOLV TV AIIOKPLON TOL CLOTPATOS Oe Kabe petaPolr) tov
eCoTEPIKOG emPalAopevov taotkov mediov. To KATAOTATIKO MAJIOO0 PIYAVIKIG
ODPIIEPLPOPAG TEIVEL VA €VTOMI(EL OTNV PAKPOOKOIIKI] (PLOIKI] TOL MPOPANpaTog
napd efetalet v alnlenidpaon petadd TOV KOKKOV (1] T@V HAAKOImV) TOL

€0aPKOD 10TOL 08 PIKPOOKOITKO EMiTedo.

[T\nfopa Kataotatik®V eAdOTONAAOTIK®V IIPOCOHOIOHUAT®OV €youv Ipotabdel (ILy.

Kavvadas and Amorosi, 2000; Belokas and Kavvadas, 2010) otv BipAoypagia pe
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AII®TEPO OKOIIO TNV HEPLYPAPI] THG HINXAVIKIG COPIIEPLPOPCS TOV edAPIK®V DAIKOV
aveSaptu)twg Tov pobpod mapapoppwons. H epyaocmplaxr) Oepevvnon TV
e0APIKOV DAIK®OV PAVEPOVOLY HId £VIOVA HN-YPAPHIKL), AVICOTPOII] COHIEPIPOP.
Apketeg Qopeg evOEXETAl VA ePPAVIOOLY XANAP®DON 1] AKOPA KAl KATAPPELOI] TG
doprg Tov eda@kov otov. H pnyavikr) oopmepipopd 1oV ye@OAK®V dtepevviOnke
APXIKA Og EPYAOTNPLAKO eImredo oe avapoyAevpeva eda@Kd LAWKA (p€ II0CO0TO
vypaotag kovta oto opto vdapotnrag). Emurpoobeta pnyavika yapaxtnplotikda
npotadnkav pe okomo g Peltioon TG MPoPAEnOpEvVIg CLHIEPIPOPAS TOV
KATAOTATIKOV — MIPOCOHOIOPAT®Y, evtomiovtag TOoO Otnv  IEPLypAQr) TG
AV10OTPOIIlag 000 KAl OTNV €VIOVA AVENJOTIKI] OLPIIEPLPOPA KATA TV OldpKela

AVAKOKAIK®OV QOPTIOEDV.

AV Kat 1) pnXavikl] ToV avalOHOPEVOV e0APIKOV DAIKGOV dIloteel opoonpo yia v
diarvnwon g Oewpiag Kpiowpng Karaoraong (Critical State Theory, Schofield and
Wroth, 1968) advvatel va meptypdyel pe OAQrjveld TV HNXAVIK] OOPIEPLPOP
€0APIKMOV DAIKQOV 0TIV HOP@PI) IIOL avTd avTipetomi(oviatl oty @ovorn) (natural soils).
H Oepediwdng Owagopa ovvoyiletatr otnv ovmapdn tg O¢ong (bonding) mov
«dlaympifer» ta guowda amno ta avafopepéva vAkd. H d¢on dovatat va mpoxdyet
ano amo@opton (stress induced structure), amo amooabpwon em@avelaxkmv
OTPOUAT®V, aIIO YI)PAVOT, IO TOWEVT®OOT 1) avdrtodn 0iSotpomxmv deopmv Kadmg
Kat amno v Onpovpyla Oeopav AOy® dapaivopevev ynpkov 11 Ploloyikev
dlepyaoiwy emt Tov eda@KoL 10TOoL. XVVEN®G, elval ep@aveg OTL 1) d¢on mpoodidet
emIPOoleTa XaPAKTPLOTIKA &Il TG PNXAVIKIG OOPIIEPLPOPUS TOV YEDDAIK®V ®F
AIIOTEAEOPA TOV PLOK®OV OlEPYAOI®V OXNPATIORoL avtrg. Me faon v vmapdn 1)
arovota 6¢ong ta edaPKd LAKA Katataocoovtat oe dopnpéva (structured) xat pn-
dopnpeva (structureless). ITo mpoogata kataotatikd DAaiowa (EAACTOIAAOTIKIG)
PNXCVIKIG COPIEPLPOPAS EMLYELPOVY VA EVODMUAT®OOLV TV O¢on) evrorifovtag otnyv

pawopevn npo@option (apparent preloading).

H napovoa O&wdaxtopwkry dwatpiPr) Sexkivnoe oto DAAiO0 PG OLVIOVIOHEVIG
ripoorrdbelag petayeiplong 1@V PNXAVIK®OV YAPAKTPIOTIKOV TOV OOPNPEVOV DAIK®V
HE AI®TEPO OKOIO TNV IPOCOHOI®OI TOL HNXAVIOHOD IIPOOJELTIKIG AOTOXIdAS
(Zxnpa 1- Oewpridnke OTL 1 eKOKAQI] TOL MOdA O éva APXIKA HHo Ipavég Oa
odnyovoe OV €VEPYOIIOINON TOL HPIXAVIOHOL IIPOOdELTIKIG daotoxiag mov Oa

avadveto amd Tov moda avAaoTpo@d IIPOG TV OTEYIH TOL MPavolg). QoTooo 1)

-24-



Extevrig ITepiAnyn

Oewpnon g eAAOTONAAOTIKIIG P XAVIKI|G CORIIEPLPOPAS HE TIPOCOHROI®OT TG deong
anedeiydn avenapkrg. H aotoyia @uowkev 1) TEXVNTOV IPAVOV (O AIOTEAeOHd
avbponoyevov napepPdoemv - Zxnpa 2) amnotelel aviikeipevo diepedvnong 0oov
agopda tooo Vv aoctoxia kabeavtr) 000 KAl TOL EVEPYOIIOIOVHEVOL HIXAVIOHOD.
[Tapadoolakég Oemprjoelg optaxi)g evotabetag otnpilopeveg emt g pedodov v
Aopid®Vv arattovy eSapyng ONEAVIIKI] YV®OI TOL PI)aviopoL dotoxiag. Amo tnv
GA\ peEpPLd, 1) EVIOMIOHEVI] ODOOWPELOL MNAACTIKOV IAPAPOPPMOOEDV KAl 1)
EIIAaKOAOLON POPP®OT] OADV TOV MOAVAOV HOPP®OV OLATHNTIKIG AOTOXIAG OIS AVTEG
npoPAérovtat amo v Bewpia StaxAadwong (bifurcation theory) dev etvat dvvatov

Va Meplypaqovy Oe MPAYHRATIK KApaKa (OAOKANpOL TOL IPAvoug).

Apx1Ko mpavég

Exoxagn Too
moda

Mnyyaviouog
TIPO0DEVTIKTG Telixn) exoxagy
aoroyiag

Zxnpa 1: ZXNPATIKY] AIIEWKOVIOL) TOV PNXAVIOPOD IPOOOEVTIKI|G AOTOXLAS.

Ixfnpa2: Kataotpopukég ovvémeleg g aotoxiag mIpavodg Oe KATAOKELES
roAttikoo pnyavikoo (California, 2011).
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Ot appntkég avalvoelg emedeifav v oagr) advvapia Tov HNXAVIOROL
arnodopnong tng deong va evepyoIIow)0el TOV PNYAVIORO IPoodevTikng aotoyiag. [a
Tov AOYyOo autd enuipoofeta HNYAavika XAapakKIPloTKA eVOOUAT®ONKav oto
KATAotatikod TAAiolo  pnyavikng oopmepupopds. H  mepiPdlovoa aotoyiag
ovoyetiobnke pe TV OLOOWPELON] MAJOTIKOV IAPAHOPPMOE®YV HE OTOXO TNV
IPOPAeYT) ONPAVTIKIG XAAIP®ONG AKOHPA KAl 08 MEPUITOOELG IIOL YAPAKTINPifovTal
arrd navteln) ENewyn) g dopr|g. Qotdoo, Ta enuIpOodeta SOPNTIKA XAPAKTPLOTIKA
(omwg dagaivoviat amd v amodopnon g meptPailovoag aotoxiag AOy®
IAAOTIK®V HAPAPOPPMOE®Y, ard Tovg PBeATiopévong pabnpatikovg VvVOpovg
arodopnong g Oopng k.a.) Oamotewdnke OTL advvatovv va odnyroovv oe
datpntiky) actoyia (evepyoIOw®VTAG TOV HIXAVIORO IIPOO0OELTIKOLS AdoToxiag oto

IIPAVEG).

H ev ANoyo avendpkela amododnke otnv eyyeviy advvapia T®V KAAOOK®OV
eAAOTOMAAOTIK®OV IIPOCOHOIOPAT®OV Y1 OOPNHEVA YE@OAIKA va eAeyoov Tto péyebog
TOV DAAOTIKOV IAPAPOPPOOEDV, KADMG 01 MAAOTIKEG TAPAPOPPDOELS ermPANAOVTAL
ano To QLOKO HPOPAnpa. Xvvenwg, kpibnke adovvaro va evepyomouboov
IKAVOITOUTIKA «HEYANeG» MAAOTIKEG IIAPAPOPPADOEL YA VA IIPOKANECOLY AOTOXdL.
H Bewpnon g xpovikd eSaptnpevng Pnxavikg CORIEPIPOPASG @OTO0O eVOEXETAL VA
artotehet To KAedl 1tov Oa evepyoroujoet TOV pNaviopo g IPOoodeLTIKIG AoToXiag
oto npavég. H ovoompevon xpovikmg eSeAlOOOPEVOV aVEAdOTIK®OV IIAPAROPPAOOERDY,
TO00 MAAOTIKOV 000 KAl EPIIVOTIKMY, O MEPLOXEG EVIOVEG PIYAVIKIG KATATIOVNONG
(kovta oty aotoxia) @avtalel @G évag eVAAAKTIKOG TPOIOG €VEPYOIIOINONG TN
aotoyiag. Katd avtov 1ov 1pomo avadelkvoeTdt 1) avayKn evog VEOD KATAOTATIKOD
rpooopowwpatog mov a xtifet mave oto Kald OepeA@pévo KAaTaokebLAOpRA TG
HPNXCVIKIG OCOPIIEPLPOPUS TOV OOPNHEVOV YEDDAIKOV VD TTAPANANAA EVO@PATOVEL

éva IA1)peg OOVOAO XPOVIKA ECAPTHEVAOV P XAVIKOV XAPAKT|PLOTIK®DV.
II. Xxomog tng dratpifrig

H evoopdtmon tng ePHILOTIKIIG OLVIOT®OAS, HE OLVEAakolovdn ovoyetion Tov
pLOpOL MAPAPOPP®ONG PE TNV HPIYAVIKI] AIIOKPLON TOD YEDMLAIKOV, OIIOTEAEL THV
MIEPIITOLOLA TOL TIPOCOHOLODHEVOD HNXAVIOROL HoL 001yel Oe aotoyia. Zovenmwg, o
oLVOLAOHNOG TG PIYAVIKI)G COPIIEPLPOPUS TOV SOPNPEVAOV E0APIKDOV DAIKOV He Ta

EMUIAEOV XPOVIKA e§APTNPEVA EPITDOTIKA XAPAKTPLOTIKA OOVATAL VA IIPOCOHOINOEL
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TNV IPO0dELTIKY| aotoyia o¢ emirnedo pnYaviopmy . O AOyog €yKeltal 0To YeEyovog 0Tt
Ol EPIIVOTIKEG IAPAPOPPOOELG PIIOPOLV va eAeyxboov aveSaptnta (amo Tig eAaotukég
KAl MAJOTIKEG OLVIOT®OEG) KAt va AAPovv peydleg Tipég odnymvtag oe aotoyid.
ZNPELOVETAL OTL O HNXAVIOHOG TG IIPOOOEDTIKIG AOTOXIAG KAl OLVENMG TA EPITVOTIKA
XAPAKTNPLOTIKA TOL IIPOTELVOHEVODL IPOooopolwpatog dev meptopioviat povo ota
pavi) aAAd PIIOPOLV VA TOXOLV EPAPHOYNG Of MOAMAIAA HpoPApata Tov
YEDTEXVIKOD HNXavikoo (m.x. va efetacoov v avinorn g mieong et g TeAKr|g
EIeEVOLONG ONPAYYDV).

ZKomog TG IHapovodg OOAKToPiki)g dtatpiPr)g amotelel 1 mpoOTaon &vog VEOL
KATAOTATIKOD IIPOCOPOIMHUATOG IOV EVODHUATMOVEL VA OLVOAO XPOVIKA SAPTHEVOV
PNXAVIKOV XAPAKTPLOTIK®V O éva PEATIOPEVO KATAOTATIKO IAAiolo yia dopnpéva
YEDOAIKA (mephapPavovtag PeATI®pPEVODS pnXaviopodg armodopnong tng O0éong
napdAnAa pe Vv anopeinon g mepiPailovoag actoxiag T000 AOy® IAAOTIK®V
000 KAl EPMUOTIKOV IApapoppmoe®v). To mpooopoimpa adioloyeitalr peow
appNTIK®V avalvoe®V O IEPAPRATAd OLHIIECOPETPOL IIPOg Olepedvron Tov
PNXAVIOPOL YHpavong OLVOQAOPEVOD PE TNV abdnon g avtoxrg (peom avinong g
TAONG IMPOOTEPEOIIOiNONG) Kabmdg KAt O MEPAPATd EPIIVOHODL O  TPLASOVIKI)
KATAIOVIOl) TIOD EVEPYOIIOODV TOV OEDTEPOYEVI] EPITVOPO. L20TO00, TO KATAOTATIKO
eCldavikeopévo mpooopoiopa mpémnet va mapéyel v dovatotta mpoPAeyng Tov
TPLTOYEVODG EPITDOTIKOL OTAOIOV IOV Od1 el 0TIV AOTOYId O MEWPAPATA OIATHITIKIG
KATarovnong (m.x. TPlagovikng KAatamovnong, eminedng napapoppaongs, ameodeiag
diatpnong). H mpofAeyn tov pnxaviopod MIPoodevTIKI)g dotoxiag armoppéet amo
AotV TNV KAVOTTA TOL IPOCOHOIWHATOS VA EVEPYOIIOLEL TOV PXAVIOHO aotoxiag

€ TOV XpOVvo.

Ou afoveg yopw amo tovg omoiovg eGeliooetal 1 mapovoa dwaktopikr) datpiP)

oovoyilovtatl MapaKato:

ASovag 1: Katdaotpwon Tov XpoviK®g £SapTNpEVOD KATACTATIKOD NAA10i00
pnxavikng oopmneptpopdag. Ot Kataotatikég eSl0N0ELg EVO@PATOVOLY TIG APXES TS
Oewplag TG xplowpng xataotaong eviog g Oewplag vmep@optiong (overstress
theory) tov Perzyna (1962 & 1966). To xataotatiko MAAiO0 EVO@PAT®VEL IIpoobeta

otolyela amodopnong tg Odopng (ywa Oewpovpeva Oopnpéva ye@OAKA) Kdt
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XAPAKTNPOTIKA  armopeimong tg meptpallovoag daotoxiag amodidopeva otnv

avarrtodn kat eeAln 1OV aveAdoTIK®V IAPAPOPPDOEDV.

Afovag 2: ASwoAoynon  TOL  IPOTEWVOHEVOD  1E@WOO0EAAOTONAAOTIKOD
IPOCOHOIDHATOG PEO® APOPNTIK®V avaldoe®wVv Kdt €vavilt €PyaoTplaK®V
doxipav. To xataotatiko npocopolopa agtoloyeitat péoa aro opeia aplpnTikov
avalvoemv. Ot KATaoTpo@ikég OLVENELEG T1)G OIEKTPOIIIKIG EPIIVOTIKI)G OLVIOTMOAG
eni g OlatpnTikr)g avioxr)g eSetaletat oe aplpntikeg avalvoelg ePIILOPOD
TPLadoviKng Katarovnorng, emnirnedng Napapoppmong kat arevdeiag diatpnong vro
OTPAayylwopeveg oovOrkeg (n &vvola TOL €PILOPODL ElVAL OCLVOQPAOCPEVI] HE TG
otpayytopeveg oovinkeg avaloyl{opevol TV ardaitnon yia otabepég evepyeg Taoeg
IOV dIOTEAEl KAl TOV OPLOpO TOL daptyoLg @aivopévov). Emurhéov, avalvoelg
IIPAYHATOIIOOLVTAL 08 OLVOIKEG OCOPITIECOPETPOD IIPOCOPOIOVOVTAG TOOO OLVONKEG
EPIIDOPOL OCO KAl TAOWKI YaAdpworn (stress relaxation). To eSidavikevpevo
KATAoTATKO IHpooopoiopa adloloyeltatl &vavil MEPAPATIKOV O0edopévev, o€
MEPAPATA  EPIVOPOD Of OLHUIIECOPETPO €CeTACOVTIAG TNV XPOVIKA eSapTnpevy)
HPNXCVIKE] COPIEPLPOPA PANAKIG APYiAOL (TA PNYAVIKA XAPAKTNPLOTIKA TG OIotlag
epPaviCouV ONUAVTIKEG OpOWOTNTEG PE TOPQPIN) Kabmg Kat O IEPAPATa IOV
EVEPYOIIOIODV TOV HIYAVIOHO IIPOOOELTIKI|G AOTOXlOG O MEWPAPATA EPIVOHOV
noMarm\ov otadiov (multi-stage creep tests in the triaxial apparatus) tpralovikr|g

KATarovnong o KapPoovo.

Agovag 3: Eappoyn Too npoTtetvOpevoD 1m80eAaoTONMAACOTIKOD IPOCGOHOIMHATOG,
omv evotaleia mpavev. To mpotevopevo  eSOAVIKELPEVO  KATAOTATIKO
IIPOCOPOIWHA  XPIOOIIOElTal o8  aplpntikeg avalvoelg evotdbelag mnpavev
IPOPAEIIOVTAG TNV OLVEXIT] OLOOMWPEVOL AVEAAOTIK®OV HAPAPOPPDOOEDV (TIAAOTIKEG
KAl €PILOTIKEG) HEXPLG OTOL TO IIPAVEG AOTOXNOEL HEO® TOL HNXAVIOHOL

IIPOOOEVTIKI|G AOTOXLAG.
III. Epevvntikn MeBodoloyia

H napovoa didaxtopikr] datpiPry amotedeital amd d00 okéArn). XT0 IPOTO OKEAOG
(KepdaAaia 2 ¢wg 4) emrteAeital pia O1e§odikr) epeovnTiky) OtepedvNon TG XPOVIKA
eCAPTNPEVIG HNXAVIKIG OOUPIIEPLPOPAS TOV HNXAVIKOV AoV COHIIEPLPOPAG KAl
TOV COPLOTEDPEVAOV KATAOTATIK®V IIPOCOHOIOPATOV IIOD EVOMUATMVOLV OTolyela

Wwdonmaotikotntag. Emurhéov, avalvetatl 1 kKhaoowr| Oewpia g mlaotikotntag
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TOV edaPKoOV VAK®OV Kat covoyilovial ot Paocikég apxég g Oemplag xpioung
Kataotaong. Akolovfel n mp@TOTLIIN CLVEIOPOPU TG OOAKTOPIKIG dtatpPrig ota
Kepalata 5 ¢og 8 omov datuon®vovial ot KATAOTATIKEG eSIOMOELS M XAVIKIG
ODPIIEPLPOPAG PE CLVDIIOAOYIOHO TOL PLOPOL TNG MAPAPOPP®ONG Kat 1] AStOAOYN o
TOL eSOaVIKELPEVOD TIPOCOPOIWHATOG, ON®MG aLTO IPOEKLYe, Ot APOpPNTIKEG
AVAADOELG KAl EVAVTL EPYAOTPLAK®OV OoKIp®V. Téhog, diepevvatal o IpoodevTikog

pnxaviopog aotoyiag oe poPAnpa evotaberag npavav (KegdAato 8).
EE 1. Biphoypagikr avaokomnnon)

ITAnfopa epmooTIK®V MPOCOHOI®HUATMOV EMXELPODY VA MPOOEYYIOOLV T XPOVIKA
eCapTPEVI] HNXAVIKI] OOPIIEPLPOPA TOV YEMVAK®V. ZTd HAJIOW TG HAPOVLOAS
Odaxtopkr|g OwatpiPr)g emyelpeitat 0 OAX@POHOG TOV MIPOCOHOIDPAT®V OTIG

axkolovbeg Tpelg Katnyopleg:

e Epmeipikda mpooopote@patra: AnoteAodV damlég epmelplkeg ovoxeTioelg
IIOL TIPOKLITOLV PEOW IIPOCAPHOYNG TG Oewpovpevng KapmoAng ota
MEPAPATIKA Oe0OHEVA, OIS ALTA IPOKLITOLY AIO IEWPANATA EPIIDOHOV
(creep tests), taowng xaldpwong (stress relaxation tests) xat melpapata
otafepod pvOpov mapapodpPwong (constant strain rate tests). Ot epmelpixeg
OLOXETIOEG TIEPLYPAPOVTAL arId ATIAEG AVANDTIKEG OXE€0eLg 1] artd dlaPopikeg
eClO0MOELg ONOKANPOVLHEVEG HE TOV XPOVO. ZNPEIDVETAL OTL Ol EPIEIPIKEG
ovoxetioelg dvvavtal va IPOCOHOI®OODY IKAVOIIOU|TIKA TO00 TNV HOPQP1) 000
Kat 10 peyedog T®V PNXAVIK®OV XAPAKTNPWOTIK®OV (ILY. TACES, €PITDOTIKEG
IIAPAPOPPRDOELS, TOV PLOPO TOV EPIVOTIKAOV IAPAPOPPMDOEDV K.d.). L20T000,
1] €PAPPOYY TOLG Eelval IEPLOPLOPEVI] OTIG OLYKEKPIPEVEG OLVOPLAKEG
oovOnkeg OPTIONG Kat otPEng yia Tig omoieg popeabnkav. Ot epmelpikeg
ODOXETIOELG ALTIG THG KATNYOPIAG AIIOTEAOLV IIPOCOHOI®HATA PBAOoNg MAV®
ota omnota otpifovtal HOAA COPLOTELPEVA 1EMOOIAAOTIKA IIPOCOHOI®HATA
otV BiAoypagia (OImg KAt TO IPOTELVOREVO) KAl XPIOOIO0DVTAL MG eIt
Tov mAeiotov ywa ) Pabpovopnon avtov. Ot epmelpikég ovoyetioelg
dvvavtal va Slay®plotovV MePAITEP® O MP@TOYevelg (primary) (my. npt-
AoyaplBpikog eprmvoTikog VOpog Kat mapeAkopevn) Bempia tov Bjerrum, 1967,

npooopoiopa Singh-Micthell, 1968, x.a.) xat Oevtepoyevelg (secondary)
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EHIIELPIKEG ODOYETIOELG, HE TV OLAPOPC OTL 01 EVTEPEDOVOEG ATIOTEAOVV EVav
oovOLacpo VO 1) HAPATIAVK IPDTOYEVMV IPOCOHOIOPATROV.

Ev tayet Oa avagepbodpe otig Paoikeg apxég Tov npt-Aoyapipukov
EPIIDOTIKOL  VOHOL Kat oto 1mpooopoimpa Singh-Mitchell (1968) mov
EVOOPATOVOVIAL OTO IIPOTELVOHEVO KATAOTATIKO IAdiolo ovopmepipopds. O
NE-Aoyaplpikog eprooTikog VOPOG IPOEKLYE arld IAPATPHOEL €It TG
devtepoyevovg ovprieong oe OoKipa OLPIMECOPETPOL LIOPANOpeva o
eproopod. H ypovikd eSaptnpévn pnxaviky OOPIIEPLPOP  aIIoTelel TOV
ODYKEPAOPO TG OYKOHETPIKIG He TV dlekTpomki) ovviotwoda. [lelpaparikeg
KATAypa@eg TOL €PIVOMOL Oe OLVONKeg ovpmecopétpov (Exnpa 3)
PAVeEP®VOLY TNV eMOPAON TNG OYKOHETPIKI)G EPITVOTIKIG OLVIOTWOAG OTNV
avtoxn peo® TG avdnong g taong Ipootepeorioinong. O deiktng

devtepoyevovg ovpmieong C,, (secondary compression index) opiCetat

axkoAovOwg:
Cae = L (1)
Alog(t)

Ormov e 0 OeikIng MOpwV Kat t o xpovog. O Oelktng mopmwv ddvatal Ornmg

avadiatonebet og e8r|g:

e:ei—Cae-Iog(tlj:ei—w-ln{tlj |[t>t, 2)

0 0

Ormov ei 0 apykog Oeiktng HOP®@V, th 0 XPOVOG ava@popdag Kat i o 100d0Vapog
deiktng Odevtepoyevovg ovprieong oto eminedo e-Int  (onpewwveratr ot
w =C,,/In10). H emhoyr) tov xpdvov avagopds t, amotelet onpeto tpiPrig
apxetov epevvtov (Y. Mesri and Choi, 1985; Bjerrum, 1967; Leroueil et al.,
1985; Yin, 1999). Ztv napovoa didaxtopikr) epyaocia Oewpr)fnke 0tL 0 XpOVOG
avapopag arotelel pia eyyevi] HAPAPETPO TOL YEOVAIKOD. ZOVEKTIHOVTAG TO
YEYOVOG OTL Ol HIXAVIKEG 10T TEG AVAPEPOVTAL O EVA VEO YEDLALKO X®DPig
rpornyovpevy) otopla @optiong (kabwg avty) £xet petaoyxnpatiotel oe Oopr)
péow TG peTtaPolr|g TG TAONG IIPOOTEPEOIIOINONG) O XPOVOG AVAPOPAS
Aappavetat ioog pe v apxin tov xpovoo, dnhadr 1At (xpovog pndév dev

veloTatat mapd povov padnpatikd). Znpewvetdatl 0Tt 0 Xpovog avagopdg t,
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KAl 0 XPOVOG IOL avTlotolyel 0To TEANOG TG MPWTOYEVOLG Otepeorioinong t;

OULPITUITOLY.

4
(]

TéNog
IIpwtoyevoog
Ztepeonoinong

Xpovog oto TENog g C
IPWTOYEVODG “
OTEPEOIIOINO0T)G
Log (time)
Zxnpa 3: ZXNPATIKY anewkovion tov Oeiktn Oevtepoyevovg ovprieong Cee O

MIEWPAPATA  ODHIIECOPETPOL (0 Olaypappa Tov Oeikty HOpOV e
ovvaptroet Tov Aoyapidpov tov xpovov).

Znpewwvetat O0tt o Bjerrum (1967) ewonyaye v Oempila TV «XPOVIKOV»

KaprmmoAev (time lines) pe oxomo g meptypaqr) g TAaong IPooTEPEOIIOLNONG

AOY® y1)PAvong Tov YE@OLAIKOD (Zxnpa 4).

e

€0

€t

4

Log (o'

Ixnpa 4: Avnon g Taong IPooTEPEOIOiNong AOY® Y1)PAVONG TOD YEDVAIKOD
(Bjerrum, 1967) (oe Staypappa tov Oeiktn MOP®V OCLVAPTI|OEL TOD
Aoyapibpov Tng KatakopvPng evepyow TAONG).
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Eilvat epgpaveg 0Tt 1] OYKOPETPIKI| EPIIVOTIKI) OLVIOTOOA 001 yel 0 avinon g
avioxng péo® g avdnong g Tdaong mpootepeornoinong. H dtextpomix)
ODLVIOTOOA MOTO0O TIPOPANAEL TA KATAOTPOPIKA TI)G AIIOTEAEOPATA €I Trg
AVTIOXT|G O€ EPILOTIKA MEPAPATA TPLASOVIKNG Katamovnong. Ta eprmvotikda
otadla (IPWTOYevl)G, DeLTEPOYEVI|G KAl TPLTOYEVI)G EPIIDOROG) O OLVONKeG
Tpradovikng katamovnong vro Oempnon MOMA\®V enuied®v daTPNTIKLG

POpTIONG ITapovotafovtat oto Zxnpas.

A
o [mpwroyeviig Oevtepoyevrg | TPLTOYEVIG
8 ':‘ ':‘ T npotoyevig &
= I I osvtepoyevg &
8. i i TPLTOYEVIG
= | |
2 l l
Q
g | | ,
= \ . mpwtoyevrg &
! Bl Sevtepoyevrg
e
______________ A ----- TIIPWTOYEVIG
0a < 0 < OC
Xpovog
Ixnpas: Eprmvotika otadwa oe mepdpata  epIvopod VIO TPLASOVIKI

katamnovnor Beopwvtag dragopetikd ermineda GopTiong.
Ot Singh xat Michell (1968) otmpilopevol oe melpdpata epHILOPOL OV

TPLASOVIKI] OLOKELH] VIO AOTPAyYloteg ovvinkeg Olardnmwoav Tov Katwbev

EPIILOTLKO VOO:

£=0% _ p.gao -(t—"jm ©)

Omov A, m xat a ot mapdpetpot mov Pabpovopovvratr pe Pdon Tig
EPYAOTNPLAKEG OOKIPEG (ATIATOLVTAL 2 TIEWPARATA EPITDOROL O OlAPOPETIKA
erteda goptiong). O Noyog D =q/ 0y, exppadet tov AOyo g SleKTPOIIKg
TAONG MPOg TV PEYLOT OaTpnTiKy) Tdon (otnv actoyia) oto do eminedo
wotporng mieong.  Xnpewwveratr OTt 11 dvebev  oxéon woyvel  yia
0.1<D<0.6+0.9 xat avadwaronobdnke apyotepa yla TV KaAOTePD

IIPOOOPOL®OTL) T1G EPITVDOTIKI)G OUPIIEPLPOPCS Yia TIpEG TOL Aoyov D < 0.1:
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g‘:%:Z-A-sinh(E-D)-(t—ojm 4)
ot t

A&iCer va onpewwbel OTL TO KATACTATIKO E€PIVLOTIKO Mpooopoiopa Singh-
Mitchell emyepei va mpooopowwoet enakpiPwg POVO TOV OeLTEPOYEVT)
EPIIDOMPO Of MEPAPATA TPLASOVIKIG KATAIIOVIONG KAt OXl TOV IP®TOYEVT)
KAado (o Tprroyevr|g eprvopog advvartetl va mpooopotmfel aro orotodnote

EUIIELPIKO T) COPLOTELPEVO KATAOTATIKO IIPOCOPOIPA).

e Peoloyika ITpoooporwpata: Ta Kataotatikd IPOCOPOI®UATA AVTHG TG
Katyoplag —emyelpovv  va  Ipooeyylooov  povodalovikég  oovOrjkeg
napapoppmons.  Amotehodv  oovrjfwg oovOvaopd dAanm\ov  pPNxXavikev
avaloyev (eAatrpia, anooPeotr)peg, oAtodntrpeg) ovvdedepéva mapaAnAa
n/kat oe oepd. Ot pnyavikég Bewpieg eproopov (engineering theories of
creep) amoTeAOOV Hlwa GAAN POPQPI] PEOAOYIK®V IIPOCOHOIDHAT®V IOV
EIMTPEIIEL TNV EL0AY®YT] TOV KATAOTATIKOD IIPOCOHOIOHATOG DITIO POPPI] ATIAIG
avalvTikng oxéong (ToyXavel eQAPHOYIG OTO OKDPOOEHA KAl Ot HETAAAQ).
ZNHEWVETAL OTL TA PEONOYIKA IIPOCOHOI®HATA SOVAVTIAL VA IIPOCOHOI®OODV
IKAVOIIOWTIKA TOOO TNV HOPPy 000 KAt to peyebog TV pnyxavikov
XAPAKTNPOTIK®OV. Q0TO00, 1] €pAPPOYI] TOLG &lval MEPLOPLOPEVI] OTIG
ODYKEKPLIEVEG OLVOPLAKEG OLVONKEG POPTIONG KAl OTNPENG yld TIG OIOieg
pope®OnKav.

e Tevikég Oewpieg Epmoopoov: Anotedovv 3A Oewpleg xat etvatr o
Oepedwdng Aibog twv xpovika eSaptnpévav MAaoiov ovupmepipopas. H
dlatdneor] tovg otov e§aedPKO X®PO TOV Taoe®V Oev optobetel KATIO0
MIEPLOPIORO MG TIPOG TV XP101) TOLG Ot pepovapéva npoPAnpata. Ot faocikot
oAwveg arotehovvtat aro v Beopla kpatovopevng empavetag porg (Non-
Stationary Flow Surface, NSFS) xat amod tmv Oewpla ovmeppoptiong tov
Perzyna (1962 & 1966). Ev tayet Oa avagepBobdpe oty Bewpia vmeppoptiong
kabog yiverat xprjon aot)g oty OlATOIMON TOL KATAOTATIKOL IAdoiov
OLPIIEPLPOPUS.

H Beopia omep@optiong otnpiletatl oy Bempnorn drapdng pag «otatkig»
ema@avelag (static surface) otov yevikeopévo yopo TV TaoemV oo dtaympilet
mv EOOONAAOTIKI) Amld TNV Apydg €AdOTIKI) ovpmepipopd. Evtatukég

KATAOTAOELG PEOA KOt €L TG EMPAVELAG EPPAVICODY ENAOTIKT) COPITEPLPOPUL.
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ZNHEWVETAL OTL 1] «OTATIKI» EMUPAVELD EYEL TNV Evvold TG mepPdAlovoag
avagopdag epooov etvat dvvatov va xpartvverat. H eviatn katdaotaon
dovatat va Ppedel  ektOg TG «OTATIKIG»  EMPAVELAG — AVAPOPUS
OLOOWPELOVTAG KATA dLTO TOV TPOIO 1EOOONAAOTIKEG TIAPAPOPPDOELS

avaloyeg pe to peyebog g vmeppoptiong F .

A

I€wdonmAaotikr)
MEPLOXT]

: Srémiich) Bripdyéw ) \/P

s o Awppond sl T, g(0)
BERENY (o URERESERES \\ o
A HE N

[
|

o,é¢

Zxnpa 6: Zxnpatikr amewovion g Bewpiag vreppoptiong tov Perzyna (1962
& 1966) (aro Debernardi, 2008).

ZOp@eVA pe Vv apxiki) fempia Tov epILOpoL OImS avtr) datvnednke amo
tov Perzyna o tavootu|g T@V OAPAPOPPOOLDV EKPPACETAL CLVAPTHOEL TG

eNAOTIKI|G KAl 1SOOOMAAOTIKIIG OLVIOT®OAS Y1d AIEPO0TEG PETAPBOAEG TOL

taowkov mediov (€ =£€°+£"). H wdomaotiky) ovviotwoa Siatvnovetat

akoAovlwg:
éVp:y'd)(F)~— )

Omov y 1 mapdpetpog pevotomtag (eAéyxetatr amod to Wwdeg), F 1
onep@optior), @ (F) exppadet Tov 1§00 moprva (viscous nucleus) kat g 1

oLVAPTNOT] TOL 1EOOOMAACTIKOD SLVAPIKOD.

Zopela KATaoTatkeov Hnpooopoldpdt®v (my. Adachi and Okano, 1974;
Boidy, 2002; Debernardi, 2008; Yin et al., 2010) covavtovtat oty diedvr)
BAoypagia. Qotd6co, T0 GLVONO TOV IPOAVAPEPDEVI®V IIPOCOPOIOUATOV

evtomi(ouv ®¢ €Ml ToV IAelOT®V OtV IIPOCOHOI®ON TOL OeDTEPOYEVOLG
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EPIIDOHOV 1] AKOPA KAl TOL MP®TOyevoLg. [To cogilotevpeva KaTaoTaTKA
IAJIOWd  OLPIIEPLPOPAS EVODPAT®VOVTAG EMUINEOV OTOlLYEld aVvioOTpOIIiag
EIMXEPOLY VA IIPOOEYYIOOLV TV XPOVIKA eSAPTNHEVI] OLUIIEPLPOP TOV
e0aPK®V  LAKQOV 0g OLVONKeG OLUIIECOPETPOL KAl  TPLASOVIKIG
KATAIOVN01G. 0TO00 apeAoDV eVIEADG TOV TPLTOYEVI] EPITVOTIKO KAAOO ITOL

o0nyel oe aotoyia vmo ovvOnkeg évtovig OlEKTPOIIKIG KATATIOVONG.

KAetvovtag to xepalato g PiAoypa@iki)g avackormnong oovoyifetat 1 KAACOIKI)
Oewpla g MAaoTkoOTNTAg yia arnelpooteg petaPolég g goptiong. Ot Paoukég apyég
mg Oewplag xplowpng xatdotaong (dmelpeg OEKTPOIKEG IIAPAPOPPMOELS DIIO
otabepr] 100TPOIIN TAOL OKLAYPAPOLY TV KPIon Kataotaor)) oovoyifovial outmg
®ote va evoapat®bfoov oto mpotevopevo eSdavikevpévo 1EmO0EAAOTOIAAOTIKO
npooopoiopa. Baowlopevolr oty Bewpnon tg doprg xat evBopoovpevor ot ta
e0a@PIKa LAKA Katatrdaooovtat oe dopnpéva (vrapln Oour|g) Kat oe pn-Oopnpeva
(mavteAn)g éNewpn Ooprg) YE@LAIKA €l0aydydpe TV &vvold TG HeptPariovoag
avtoxng deopwv (structure strength envelope) xat Vv em@avela eyyevodg avioxrs
(intrinsic strength envelope) yia va bmoSnAmoovpe Tig OPLAKEG EMUPAVELEG ITOD
nepukAeionv ONeg Tig dopnpéveg Kat pn-O0PNEVEG EVTATIKEG KATAOTAOELS AVTIOTOLYdL.
Té\og, 1 mepPpaAAovoa DAAOTIKIG d1aPPOI)G XPIOLHOIIOLELTAL Yia TV IIPOCOHOI®ON)
TG AIIELPOOTIG EAAOTIKIG TIEPLOXTIS.

EE 2. Kataotp®or) 100 IPOTEVOREVOD KATACTATIKOD MAAL0I00 COPIIEPLPOPAS

To mpotevopevo Kataotatiko MAAiolo oopmepupopds pe e&dptnon amd tov podpo
NG NAPAPOPPmONG Depeliovetat emt g KAAOOKIg Oempiag TG TAACTIKOTTAG TOV
e0aPIKOV DAK®OV eved MAapdMnAa evoopatevet Tig Oepehimdelg apxég tig Oempilag
vneppoptiong (Perzyna, 1962 & 1966). H xataotatiki) coprmepipopd 1oV OOPNHEVOV
VAKQOV arrotelel o pyaviko nmiaioto BAong nave OTo OIOol0 EVOMPATMVETAL €Va
OOVOAO XPOVIKA €Saptpéveyv yapaxktnplotikev. To eSidavikevpevo mpocopoiopa
xpnowonotet tig mepPallovoeg g avrioxng dopng (Structure Strength Envelope,
SSE), g eyyevovg avtoxt|g (Intrinsic Strength Envelope) xabwg xat v empdvela
nhaotikng Swappor)g (Plastic Yield Envelope, PYE). H ypa@iki damewkovion Tov
IIPOTELVOPEVOD eCldavikeopévoo EwdoeAaotonm\aotikod IIPOCOUOLMHUATOG

dwagpatvetar oto Xxnpa 7. H oxnpatikn amekovion HOpaypdrtonotleitat oto
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LIIEPEMITEDO TOV TACE®V OIIOD, ¢ O TAVLOTIG TOV EVEPYDV TACEDV 2% TASEWMS, o 1)

100TPOTIN EVEPYOG TAOT KAl § O OIEKTPOITKOG TAVDOTIG T®V TACEDV 29 TASEWG:

oc=o0-1+s (6)
1
O'(E p):—(O'.l) (7)
3
s=o—-o-I 8)
A
s Short-term
CSL Current
-~ CSL
'
Ccs 7
7~
. “c Long-term
________ 7 _cst
-7 -7 T - _-="0Cur
/”/ /él_\ \—\/‘_/—/
Y _—" ~
LT N A ~
; P ~<—i" PYE “ S
/ -7 SSE  © L
/! 7 P _//_/‘/ Isg_ \\‘
I -
N O :/ K.). A :
A S-—. I K B o
\ ~ \\~\\\ [
\\ ~ \N\‘\ £ /I
\ NG ~>T_ ’
\\ ~N \~\~\ /l
\\ ~ h\‘\ ’,
~ ~ ~~__ 7
\\\ ~ < />"‘\_
a \\\ _______ _j_\__\_——’ e
oL \ ~
~ ~
d Ok \
a a
Ixnpa 7: ZXNPOTIK]  OIEKOVION  TOD  TIPOTEWOHEVOD  KATAOTATIKOD
IIPOCOHOIMHUATOG,

Znpewwvetal ot a eivat 1o péyebog Tov nuaova g nepiParlovoag avtoxrg doprg,
Q" exppddel To péyebog Tov natova g mepBANAOLOAG eyYeEVOLG aVIOoxHs, Oy Kat
O, eK@PAalovy TV PETATONION TOV KEVIP®V NG IePBAaAlovoag avtoxrg doprng Kat
TG EMUPAVELAG TTAAOTIKIG OlaPPOI§ WG IIPOG TNV APXI] TOV ASOVOV. ZNHeVveTdat OTt
n nepiBdllovoa avtoyrg Ooprg petratomiletar opBotpoma (kata d) emi tov
00TPOIIOL  ASOVA  HE dAINMTEPO OKOMO TV IPOCOHOI®ON TOV  EPEAKDOTIK®V
XAPAKTNPLOTIK®V TI0L 11poodidel oto dopnpeévo bAKO 1) évvola g dopng. Eivat
epPavég OTL TO HMAP®V MNAAIO0 KATAOTATIKI)G OLHIIEPLPOPAS OV IIPOCOPOLMVEL

XAPAKTNPLOTIKA HPOTOYEVOLG CVICOTPOIAG Hidag Iov 1 HePPANAODOA  AVIOXIG
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doprg elvatr mpooavatoAlopévn emi Tov  100TPOIoOL  Aafova  (XAPAKTNPLOTIKO
100TPOIIOL  OOPNPEVOL  Ye®LAWKOD). Telog, TO ONpavikotepo OTOlyelo  TOL
IIPOTELVOHEVOD KATAOTATIKOD 1§®@00eAAOTONAACTIKOD IIPOCOPOIMHUATOG EYKELTAL OTNV
aropeiowon g neptPpdilovoag aotoxiag oe pla MAPAPEVOLOd KATAOTAOL. XTIV
repintmon mov 1 xpovikn e5eAln g nepiPdarlovoag aotoyiag ovoxetifetatl pe myv
EPITDOTIKI] MAPAPOPP®OL), 1 KAlon c¢ (g mpoPoArg TG KapmbAng Kpioipng
KATAOTAoNG OTO LIEPENinedo TV taoemv) egeAiooetat anod my Ppayompobeopn Cqg
otV paxporpobeopn Katdotaorn C ;. 2V vIOOETIKY| IEPTT®OT IOV 1) CLOOWPEDLOT)
TOV IAAOTIKOV OEKTPOMIK®OV HMAPAPOPPMOE®V Xpnotponomdel wg 0 Kvntriplog
poxAog 1oL ®Oel oV amopeiwon g mepipalovoag aotoxiag TOTE 1)
Bpaxompobeopn C.s xat 1 paxpomnpobeopn xAion C; avtukabiotavrar amo v

apyik1) C, Kat TeAKI) Katdotaon Cy, tng neppariovoag aoctoyiag. H amopeinon tng

nepiPdAlovoag aotoxiag YPNOWOMOlElTal yia TNV IPOOOHOI®ON  CHHAVTIKIG

XAAAPOLHEVIG COPHEPLPOPAG AKOPA KAl O TIEPUITOOELG I DOPNPEVOV YEDDAIK®YV.

Kata opoto tpomo opifovial o Tavootg T®V NAPAPOPPOOEDV &, 1] OYKOPETPIK)

MAPAPOPPWOL] & = &, KAl 0 OIEKTPOITKOG TAVDOTIG TV IAPAPOPPDOEDV € !

1
=—¢g-l+e 9
§=3¢ ©)
e=¢:1 (10)
1
e=¢g——¢-1 11
£ 38 (11)

Znpewwvetat 0Tt 1) feopla TAACTIKOTTAG TOV YEDGDAK®V XPIOIOIIOLEL TIG ATIEPOOTEG

PETAPOAEG TOV TACED®V KAl TOV IAPAPOPPDOERDV.

To xataotatiko npocopoinpa evo@patovet Vv neptBaAAovod eyyevodg avioxng Kat
v meptBaA\ovoa avtoxrg Soprg ot covapTroelg diapporig Tev onoiev (F~ =0 xat

F =0) didovtatl napaxdate:

F*(a,a*,c):ciz-s:s+(a—a*)2—(a*)z:0 (12)

F(o-,a,d,c):ciz-s:s+(a—a+d)2—az=O (13)
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21 avabev oLVAPTHOES TO E€0MTEPIKO YIWVOHEVO T®V TAVLOT®OV 29 TASEMS
oopPoAiletat wg ":". To obpPoro "™*" (aotepdxt) xprowponoteitat yia va OnAmoet Tig
EYYEVEIG KATAOTAOELG (ODOXETION HOVO He TOV OgiKT HOP®@V KAl TO TAOIKO 1medio Kat
Oxt amo Vv wropia @optong). Tédog, 1 eSlowon Mov MePLypA@Pel TV CLVAPTNON
drappor)g g mepParAovoag TAAoTIKIG Stappor)g opiletat MAPAKAT®:

1
CZ

-(s—sL):(s—sL)+(a—0L)2—(§-a)2:O (14)

f(o,0.,a,c)=

O MNoyog opowomntag ¢ eCaptdtrat  amd 1O emttpenopevo  peyedog  Tov
IAPAPOPPROLAKOL Pripatog (strain increments) Iov xPNOHOIOLELTAL OTNV AVAALON)
Tov mHenepaocpévev otoxelowv. Ev  yéver AapPdvetar mept tov 0.1%+5%. H
neptPdaAlovoa MAaotikr|g diappor)g drayxmpilet TV 1E@O0EAAOTIKY] CLOPIEPIPOPA (YL
TAOWKEG  KATAOTACEG €VIOG TNG EMPAVEIdG IAJOTIKNG Olappor)g) amo v
1SOO0ENAOTOMNAOTIKI] PIXAVIKI] OLPIIEPLPOPA (VI TAOWKEG KATAOTAOELS el TG
PYE). Ta va dwatonooovpe TNV HAPAIAVE IIPOTAON HE HAOnpATiKod Opovsg, O

TAVLOTIG TOV HAPAPOPPOCEDV OVVATAL VA EKPPAOTEL WG e€NG:
de=de®+de” +dég’ (15)

Ot exBéteg ¢, p xat v LIOONAGVOLY TNV EAAOTIKI), TV IMAJOTIKI] KAl TV XPOVIKI
eCaptnpévn ovviotwoa avtiotoya. H avmbev oxéon exppdlet v armeipoot)
PETAPOAT) TG TAPAPOPPOOTG OLVAPTIOEL TWV EAAOTIKOV, ITAAOTIKOV KAl EPITVOTIK®V
ouVIoTOOo®V avtyg. Kataotdoelg eviog g neptBailovoag nhaotikig diapporg dev
EVEPYOIIOOVV TNV OLOCM®PELOI MAAOTIK®V HAPAHOPPDOEDV. ZIHEW®VETAL OTL 1)

eNAOTIKI|] OOVIOTOOM EAEYYETAL ATIO THV ITOPOENAOTIKOTITAL.

H eprvotikr) ovoviotooa (n amewpootr) petaPolrn) avtg de’) didetar mapakdat® og
OLVAPTNON TG OYKOPETPKNG (péowm Tov Oeiktn Sevtepoyevodg ovpITiEoNg O
MEPAPATA COPITIECOPETPOD) KAl THG OWATHNTIKI)G OLVIOT®WOAG (eA&yyetal amo v
Oewpnon g epmelpikrig ovoxetong Twv Singh-Mitchell, 1968, mpooopowwvel tov

devTEPOYEVT] EPITLOPO OF MEPAPATA TPLASOVIKIG KATATIOVIONG):

. 1, N
de' =¢"-dt=|| =& | T+— & -——|-dt 16
{(3 ] 2 1/sf:sl (16)
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Ormov ¢ 0 pubpog TOV EPITLOTIKOV IAPAPOPPHOEDV (TAVLOTHG 295 Talems), £ o
PLBHOG CLOOMPELOTIG TIG OYKOHPETPIKIG EPIIVOTIKIG OLVIOT®OAG KAL &, TO HETPO TOL
PLOPOL TV OEKTPOIMK®V EPIVOTIKOV HAPAHOPPOOEDV. ZNHEIMVETAL OTL EV® 1)
OYKOPETPIKI] EPIIDOTIKY] MAPAPOPP®OL) elvat EKONAN TO00 eviog tng meptPailovoag
IAAOTIKNG dappor)g 000 KAt emt avtrg, 1) OEKTPOIIKI] €PIVOTIKY] OLVIOTOO
EVEPYOIIOLELTAL IOVO OTAV 1) TAOIKI| KATAOTAOT EYKELTAL €111 TNG EMPAVELAS O1aPPOT|g
(yia tov Aoyo avtod o SleKTPOIIKOG TAVLOTHG 2% TASemg ONAMVETAL @G S, 0TV avmbev
oxeon). Ooov apopda tovg puHPOLG TOV OYKOPETPIKOV KAl OEKTPOMK®DOV EPITDOTIKOV

MAPAHOPPROE®V ALTOL LITOAOYI{OVTAL MG IAPAKAT®:

oV (1+e)
=" exp| ——2L. t>t 17
» 2-A-sinh(a-D)
&y = — [t>t, A(s:s)=0Am=1 (18)
— 1-m
1+ (1 nl) &
2-A-sinh(a-D)-t, °
2-A-sinh(a-D)
[t>t, A(s:s)20Am=1 (19)

Po—
’ 1
ex <&y
pL-A-sinh(E‘D)-to %}

Eivat epgavég ott ot mapandave eSlomoelg eVOOPAT®VOLY Tl ODOOMPEDHEVEG
OYKOPETPIKEG KAl OlEKTPOIIKEG EPIIDOTIKEG IAPAPOPPOOES YA TOV OPLOPO TOL
poOpov. O Aoyog evtomiletal 0To yeyovog OTL 0 €da@ikog 10tog dev Ovvatat va
avtingbel v évvola tov YpOVoL MHApd POVO Péod AIld TV AVAKATAVOHL| TOV
TACE®V KAl TOV IAPAPOPPROEDV. ZOVENNG, Ol AVRDEV EKPPATELS YOV IIPOKLYEL HIE
AIIAI) AIIGAOLPL] TOL XPOVODL ONmG pavepavetat oto Kegalato 5 (onpeimvetat 0Tt OAa
ta peyedn éxoov oprobet). O exbeTikog OLVTEAEOTIIG TOL EPIELPIKOD IIPOCOHOIDHLATOG
Singh-Mitchell Aappdvet Tipeg pikpotepeg TIg HOVAOAG COPPDVA PE TOLG EPEDVITES
(1968). XZe OragopeTIKI) MEPUITOOT] eivat EKONAOG HOVO O TIPWTOYEVIG EPITVOPOG KATL
oL aduVATEl Va MPOCeYYIOEL TO ePTEPIKO TIPOoOpOIOPA (Onpel®ote 0Tt To (1—m)

elval OTov HAPOVOHAOTH) &Viog Pl{Kov KATl Mov Odnpovpyel Kat apldpntuo
POPANpa o€ mePUITOON oL 0 eKOeTIKOG ovVTENEOTHG 1 AdPet Tir) peyahdTepn) TG
povadag).
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O enavintka ypappikog vopog por|g (incrementally linear) wg mpog tig petaBoleg
TG TAONG KAl TNG MAPAPOPP®O1G O1OETAL OTOV HETACXHATIOPEVO XDPO TOV TACEDV

g €86
deP =dA-P (20)

Onov dA amotelet éva Pabpwto peyebog mov exppdlel T0 PETPO TOV MAACTIKGOV
MAPAPOPPOOEDV KAt P elvatl o Tavootig MAAOTKOD duvaptkod mov ek@pddlet v
dtevbovon TV DAAOTIKOV HOAPAPOPPOOe®V (KAt oe éva Pabpd 1o petpo).
Znpet@vetat 0Tt OtV Iapovod HOP@r] TOL KATACTATIKOD IIPOCOHOIMHATOG YIVETAL 1)
rapadoxr) ovoxeTopevon vopoov porg ormov Q =P . O tavootg Q opiletat wg 1)
KALOT TG em@avelag OWapPong ™G MPOg TNV EVIATIKY] KATAOTAO! (KAl OLVEN®S O
TAavooTrg éykettat mavta Kdbeta g mpog v meptPdilovoa nhaotikrg Stappor|g). O

tavootg Q opiletat akolovbwg:

Q=3Q:1+Q @)
‘Omov:

Q;Q:l:jf—gzz-(a—q) (22)

ot _2 -

Q'=Q 3 Q |_8S_C2 (s—s.)(23)

Katomv opiopod tov ovoxetiopévov vOpov porlg, akoAovBovv ot MPOTELVOPEVOL
VOPOl KPATLVONG TOL KATAOTATIKOD MAJIOI0L PHXAVIKIG oLpeplpopas. To péyebog
Tou Nuuadova g eAenyoedovg meptBarlovoag avtoxrg deopmv a eléyxetal amo
&va VOPO 100TPOING KPATovVoNnG. Znpewwvetatr Ott 1 petabeon tng mepiPpdailovoag
avtoxng Seop®v KATd HPNKOG TOL 100TPOIOL dSova He OKOIO TNV IIPOCOHOIMON)
EPEAKDOTIK®V avtoxwV d, 1] Oe0TEPOYEVIG AVICOTPOIIA ON®G avT) opiletal amo v
TAOIKI] KATAOTAon 6, (Tov KEVIPODL g neptBailovoag MAAoTikg dtappor)g) xabwg
Kdt 1 KAlon ¢ g meptBAalAovoag aotoxiag armoteAovV IapapéTpong KPATOVONG Kat

eAEyxOVTal armod KIvNPatikodg VOROOG KPATOVOLG.

Avayvapifovtag 0Tt ot 100tporiot vopotl armodounong tov Kavvadas kat Amorosi

(2000) xat Belokas xat Kavvadas (2010) advvatodv va odnyrjooovv apketda coxva
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otV Ttavton g nePPaliovoag avtoxrg dopng pe v meptPaliovoa eyyevong
avtox1s, o PEATIOPEVOG VOPOG IOOTPOIIG KPATOVONG EL0AYYEL TV £VVOLd T1G dopng

péow Tov Aoyov B:
a=B-a (24)

O Noyog B AapPaver tipég ano By (avtumpoowiievovtag my apyikny Tir) €og B,
(mapapévovoa Oopr)). Znpew@vetal OTL OtV MEPUITOON MOV PlOAOYIKEG 1) YHUKES
dlepyaoieg £xoov PETACXNHATIOEL TNV HAKPOOKOIIIKI]) OLHIIEPIPOPA TOL EOAPLKOD
OKEAETOV HEO® NG avamtudng yNUKeV Kat fifotpomkmy Seopmv 1) HAPApEVOLOA
avtoxn B, AapPavet tipég ehdyiota peyalvtepeg g povadag (otnv mepirtmor) Iov
1] TENIKT| aITodOpN1€VT) KATAOTAOT] peTarIimtet otV eyyevy) tote 10 B =1). Ia mv
PeAtimon Tov vopov amodopnong to peyedog a opiobnke apxka covaptroel Tng

OAKI)g TAAOTIKNG OYKOPETPIKI|G &P KAl SIEKTPOMIKIG MAAOTIKIG IAPAPOPPROONG &g

@G e8¢

« |[By =B +&)
a - ( 0 res é}
+B

res

5p|+§qp '|gqp|)'eXp[_(77Vp '

N gp|+77qp .|gqp|ﬂ -

H avebev oyéon oty mpooavdntikr) g pop@r) Slatonmvetat IapaKaTo:

da=- - qgr + P gt (26)
og’ ot
‘Omov:
i+e -a"-de” -(PART-EXPONENT +B,_,)
—K
oa «
rde’=q+a -(gvp-|dgp|+§qp-|dgqp|)-EXPONENT (27)
~a"-(PART-EXPONENT)- (! |d&”|+n¢ -[dz?])

PART =(E;O B, + P[]y .|gqp|)

(28)
8p|+77qp '|‘9qp|)}

EXPONENT = exp[—(nf :
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B gt =22 gt.[(PART -EXPONENT) + B, (29)
at at

L TN U L P P (30)
ot A—Kk ot A—K A—K

Z1g avabev e§lomoetg elvat ep@aveg OTL 0 100TPOIIOG VOHOG KPATOVONG EVODIATOVEL
Ti§ Kataotatikeg otabepés 7,7, 77 1MoL e\éyxoov TV amodopnon g doprg (kat Tig
otabepég ¢ kat £ moo ehéyyoov v mo fra anodopnon g Sopr)g eNéyxovtag
TV OLVAPHOYI] M€ TNV KAPIIDAN €yYyevolLg OLHINiEOng oto eminedo v-lno mov
anewovigetat oto Lxfpa 8 - ot otabepég £ kat £ emhéyovtat mepi to 5-10% tov
avtiotoyev otabepav 7, kat 5! ). k eivain otabepd g nopoehactikomTag kat A

o Setkg mapbevikrg ovprieong (A =C, /In10).

Zxnpa 8: ZXNHATIKY] AIEKOVION TAolkr)g 0devong oto emimedo v-Ino (edkov
OYKOL OLVAPTHOEL TOL PLOLKOL AoyapiBpov g WOTPOIING TAONG).

H eSiowon (30) oxiaypagel v emppor) g OYKOHPETPIKI|G EPIIVOTIKIIG OLVIOTOOMS
(oplonke peow g eSiowong (17)) omv avroxn péowm g avdnong tng Tdong
IIPOOTEPEOIIOMNONG. XLOVEN®MG, TO KATAOTATIKO TACIOI0 HIYAVIKI|G OOLPIIEPLPOPCS

dvvatal va IPOCOHOI®OEL TOV PIXAVIOHO YI)PAVOLG OI®G avtdg Otartonmbnke amod
tov Bjerrum (1967). O m\aotikdg vopog kpatovong h, g mapapétpov kpatovong a

didetat mapakdte:
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i+e -a -P-(PART-EXPONENT +B,,, )
—K
h, = +a*-[gvp-|P|+gqp- %-(P’:P’)j-EXPONENT (31)

~a"-(PART: EXPONENT)(UVP [P+

w|nNo

-(P’:P')]

H xAion g neptPdAlovoag avtox)g ¢ EVOMPATOVETAL OTO KATAOTATIKO ITAAIOL0
PNXCAVIKIG OLPIIEPLPOPAS @G IAPAPETPOg Kpdatovong. H petaPolry avtrig dc

ovoyetifetatl pe TIG OEKTPOIMKEG MAJOTIKEG KAl EPIVOTIKEG IMAPAPOPPMOELS MG

IIAPAKATR:
do=-"dsp+ L gt (32)
og” ot
Ornov:
oc
m:de‘p:—(C—CLT)-qu-|d€qp| (33)
oc

=—(c—cr)-a’-|g

v
dgq

E-dt:—(c—c”)-af- -dt (34)

Ou otabepég 67 xar @ eléyyoov Tov pubpo amopeiwong g xk\ong ¢ g
neptpallovoag aotoxiag eite omv mapapévoooa T avt)g Cp PEO® TV
IAAOTIK®V OEKTPOMKOV HAPAPOPPOOEDV EITE OTNV HAKPOXPOVIA TIr] C ; HECW

TOV OATPNTIK®V €PIVOTIK®OV Hapapopeooemv. H otabepd a) onpetdverar ot
arotelet TOoV  axkpoywviaio Ao TOL HPOTEWVOPEVODL KATAOTATIKOD XPOVIKA
eCapTpEVOL MAALOIOL CLUIIEPLPOPUS ITOL OO YEL O «EPIVOTIKI)» AoTOXid (PEO® TNV
ODOOMPEVOLG AVEAAOTIK®V TIAPAROPPDOEDV TOOO MAACTIKOV 000 KAl EPIIDOTIK®DV).
H npoodeutikr) aotoyia ToV Ipavev droppEet arrd avtyVv akpipmg v OapdapeTpo.

O mhaotikog vopog kpatovong h, g mapapétpov kpdrovong ¢ vmoloyiletat g

MOPAKATR:

oc 2 A
hczﬁ:dP:—(c—cLT)-eqp- ,E(P :P) (35)
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H petabeon d g nmepiparlovoag avtoxng doprg o e@eAKDOTIKEG TIHEG TG ITEDNG
KATA PIKOG TOL 100TPOIIOD ASoVa AIIOTEAEL pld eMUIAEOV IAPAPETPO KPATOVONG TOD
eCidavikeopévoo 1mdoedaoctomaotikod npocopotwpatos. H petabeon d petarmintet
0¢ pPNOEVIKEG TIPEG pe TNV armoOOHN o1 TG 0£0ng AOY® OLOCWPEVDOPEVMDV OEKTPOITIKDOV

AVENOTIKOV MAPAPOPP@OEDV (MAIOTIKOV Kat eprootikev). H petafolr d(d)

ovoyetifetatl pe TiG OlEKTPOIMKEG MAJOTIKEG KAl EPIIVOTIKEG IMAPAPOPPMOELS MG

MIAPAKATO:
d(d):;jp :dgu%dt (36)
Ormov:
;;—dp:dgp =—d-97-|d/| (37)
%.dt:_d.a‘z’-dg;=—d-a‘zl-é";~dt (38)

Ot otabepég IP xat a, ehéyyoov Tov pubpoO amopeinong g epeAKLOTIKNG petdbeons
d tng mepiparlovoag avtoyrg deopav oto pndév pEom TV SEKTPOIIKOV MAAOTIKOV

KAl EPIIDOTIKOV IIAPAHOPPHOEDY AVTIOTOLYd.

O m\aotkog vopog kpdrovong h, tng petddeong d vroloyiletat wg e€ng:

od 2
hy=—>:dP=-d-8"- [=-(P": P’ 39
° oe” 73 ) )
ZNHEWVETAL OTL 1] OEVTEPOYEVI|G AVICOTPOIIIA ONIMG ALTY] IIPOBAA\eTal péoa aro v
TAOIKI] KATAOTAON TOL KEVIPoL Tng HepiPpallovoag MAAoTKNg Owappong o
axkoAovBetl évav avtiotolyo VOPOo KIVI|PATIKG KpdaTtovong opoto pe towv Kavvadas xat

Amorosi (2000).

Oocov agopa 1o Pabpwto péyebog dA mov ek@pdalel TOo PETPO TOV MAAOTIKGOV
MAPAHOPPRDOE®Y, avTO vIoAoyifetat ano v oovOnkn oopPatotnrag yla TAOKEG
Kataotdoelg emt g meptpaliovoag avioxng dopng. H ovvdptnon napaxkdto

arotelet TV KataxkAeida 1oV padnpatik®v DIIOAOYIopH®V:
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OF ca oF od OF oac
‘Cérlde—-¢g'-dt)+& | — =42 22 7 22 | dt
0 <88 )g(ﬁaat od ot 8C6tj
H+Q:C*:P

dA = (40)
H napandve eionon vmoloyiopov tov Babpetov peyebovg dA evoopatmvel Tov

eAaoTikd tavoot) 415 taleng C° kat 1o Maotikod pétpo Kpdatovong H .

Ia evtatkég xataotdoelg emi g meptPallovoag avioxng dopng 1 pabdnpatik)
dlatdWorn TOL TAAOTIKOD METPOL KPATLVONG Kpivetat amAr kat arodidetat

MIAPAKAT®:

oF oF oF
H:H = — . —~h +—'h +_'h 41

Ot mapaymyot TG ovvVAPTNONG AVIOXT|S SOPNG WG TIPOG TI§ IMAPAPETPOVS KPUTOVONG

vrioAoyifovtat aro Tig KAt@bev oxeoelg:

oF

52—2‘(0—(:]) (42)
oF

%:2'(G—a+d) (43)
oF 21,

=~ _—E-[C—Z~(s.s)} (44)

I'a Tov vmoloylopd wotooco tov Babpwtod peyéboog dA o Taoikég Kataotdoelg emt
TG empavelag MAaotikng dtappor|g aAAd evtog tng mepiParlovoag avtoxng Ooprg
etval anapatmt 1 femdpnon evog oofoyovg onpeiov kat 1 SaTdIMON EVOG VOOV
napepPolng (interpolation rule). H ypagukr) anewovion g Bempnong too oofoyodg

onpetoo M anavtdarat oto Zxnpa 9. To ovloyég onpeio vmoloyifetat wg IAPAKAT®:
1
O'M'=(a—d)-l+g~(0'—01) (45)

AxoAovBet 1) Otatvni®or) Tov VOpoL IAPepRPoAr|S:

H=H, +(Q:C*:P).A"| & | (46)
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H avwbev datonoon tov vopov mapepPoArg yla 10 IAAOTIKO PETPO KPATOVONG
EVO®HUATOVEL Ta EAAEWPOEDT] XAPAKTPLOTIKA TG HePBANNODOAG £YYEVODG AVTOXI|G
(kat oovenag Kat g avioxng Sopng epooov epgavifoov mapopoto oxrpa). H taowkn
KATAaotaor) ¢, OLVIOTAd TO TAOWKO Medlo TV HP®TI OTLypr) IIOL CLVAVIATAL 1)
n\aotikn) Katdotaor). To mhaotikd pétpo kpatovong H,, vmoloyiletar amo v
oxeon (41) yla TV TAOIKI] KATACTAOH ON®G avuTl) MpoPAémetat ano v eSioworn) (45).
Ot otafepig A~ kat » eléyxoov Tov pvbpd petaBoAnig ToL MAACTIKOD PETPOD
KPATOVONG aro H — co (OTav 1) Tacikr] KaATdoTaol) eW0EPXETAL Yid IP®TN Popd OTnV
n\aotikn) mepoxn)) oe H = H,,. v otiypr) mov n eviatikn) katdotaorn evromiletat et
¢ epPaAovoag avtoxrng doprs.

A

-
-

~
~ -
~ -
- -
~_—— -

Ixnpa 9: ZXNHATIKY aIIeKovion tov obluyodg onpeioo M.

2ovenng, 1o Pabpwto péyedog dA yla TAOKEG KATAOTACEL €VIOG TG EMUPAVELAG

IAAOTIKIG O1apporig Kat eviog TG eptPdAlovoag avtoxrg Oopr)g vrroAoyiletatl og:

Q:Ce:(dg—g'v-dt)+§~(6|:~aa+aF~ad+8F~acj-dt
da ot od ot oOc ot
1 e
) = (s =5):(sy —8)+(oy —0)°
H, +Q:C*:P-<1+4"-| € 1
c?

dA =

~(s—so):(s.—so)+(a—ao)2

H Swardnmon tov DAAcTIKOO PETPOL KPATLVONG KAt TOL ovvenayopevoo PBabpmtoo
peyéboog dA  amotelet ocagrn Peltioon WG  ENACTONAAOTIKIG  HNXAVIKIG
ovpePLUPopag Twv npocopotwpatov Kavvadas kat Amorosi (2000) xat Belokas xat

Kavvadas (2010) yia evtova mpo@opTIopeVveg TAOIKEG KATAOTAOELG,
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Eivat eppaveg 0Tt 10 IPOTEWVOHREVO KATAOTATIKO Hpooopoiopa Oepedioveratl mave
OTO PNYAVIKO TAAIO0 TRV dOPNPEVOV DAK®V (KAl To PeATidVel) eved eloaydyet
emmAéov OOpNTIKA (ILY. TV amnopeinon g meptPailovoag avtoxrg OOprg Kat TG

petabdeong pe TV TAAOTIKI] HAPAPOPP@OT]) KAl EPITVOTIKA YAPAKTNPIOTIK.
EE 3. AS1oA0yn o1 T00 Ipocopot@patog o apt@pntikég avalvoeig

Katomyv oloxAfjpoong tng padnpatikrg StatdImong Tov KATAOTATIKOD IIAALoIon
OVLPIIEPLPOPAS TO MPOTELVOPEVO 15@O0EAACTONAACTIKO IIpocopolopa atoloyeitat oe
appnTikeg avaivoelg DAKOL Onpelov Kat og emiredo IEMEPAopPEVOV OTOLYEIDV
(péow eSwtepikr|g vropovtivag UMAT otov K®OwKa MENEPACPEVOV  OTOLYElDV

SIMULIA ABAQUS).

Apywa efetalovtat  Ta  eNAOTONAAOTIKA — PIYAVIKA — XAPAKT)PLOTIKA  TOV
rpooopowwpatog. H amodopnon g doprig xat 1 anopeioorn g KAiong ¢ Kat tg
epeAkvoTiKng petabeong d Ponboov oty mpOPAeyrn ONUAVTIIKIG YXAAAPOLHEVIG
OLPITEPLPOPAG AKOPA KAl 08 KATAOTACELG IOV Yapakxtnpilovtat armd mavtehr] ENeuyn)
dopng. Emurléov, Otepeovatar 1 dvvatotnta eleyyxov g dpxiki)g (eAdoTikig)

otpapomrag 10oo péoe tov Aoyov 2-(G/ K)e (oo Svvatat va ovoxetiodet pe tov

Aoyo tov Poisson) 0co kat péow g otabepdg Tng moposAactikotrag k. H
IIPOOOPOI®ON]  LIIOdeKVLEL TG avdnpéveg dvvatdtteg oL  eSOAVIKELHEVOD
IIPOOOPOIONATOG Va eAéyGel KAl va Olapop@®oel TO APXKO HETPO oTPapotnrag.
Té\og, Oepeovrfnke 1 emppor] T@v mapapétpav A kat p omv e Tov
MAQOTIKOD PETPOL KPATLVOLG PEO® TOL EAEYXOD TNG OTIPAPOTNTAG OTAV 1) EVIATIKY)
KATAOTAOT) £YKELTAL €M TG empavelag maotikng Stapporg. Ot mapdpetpot 4 Kat
kpifnke OTL eppavifoov olovei aAvTIKPOLOPEV) CLPIEPIPOPd (avnon Tov A~ Kat
TALTOXPOVI] Pel®Oorn - OxL 1o0moon - 1oL » o0nyel ot akpPwg da pnyavix
OLPIIEPLPOPC) KAl OLVEN®G Ipotabnke 1 Afjyn tov exbetikov ovvtedeotr) y =1 kat n

Babpovopunon povo piag mapapétpov A mov eppavilel cagr MeovekTpaTd.

AV kdl TO KaTAoTtaTKO IIPOCOPOIOPA HAPOLOLfel APKETEG PEATIMOELG €vavTl
IAAALOTEP®V EAAOTOMAAOTIK®V efdavikevpevay opowwpatov (.. Kavvadas xat
Amorosi, 2000; Belokas xat Kavvadas, 2010) xpivetat ott 11 Baoikr) oovelogopd g
rapovoag ddaktopikrg datpiPrg covoyiletal OtV EVODOUATHON TOV EPIIVOTIKMV

PNXAVIKOV 1O10THTOV IOV EMITPEIIONV TV HPOPAeyn) TG epruOTIKYg aotoyiag. I'a
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TOV AOYO auto OtV IapoLod ektevr) IepiAnyn em\exOnke va evromotel 1) épeova et
aoTod TOL AVTIKEIPEVOD. Ze MEPUITOON MOTOOO MOV O AVAYV®OoTNg embopel va
avayvopioet Tig eAdoTonAAoTiKeg OVVATOTITEG TOV KATAOTATIKOD IIPOCOHOIOHATOS

KAAELTAL VA EL0XMPL0EL EVTOG TOL KDPLOL KEPEVOD.

AxoAoLOmG OlepevVATAL 1] XPOVIKA ESAPTIHEVT] PIXAVIKI] OOPIIEPLPOPA ONKG LT
npoPAénetat ard To MPOTEVOpEVO  eSlOavikevpevo Ipooopoimpa.  AdiCet va
onpewdet OTL 11 OA1] XPOVIKA OLVO@PAOHEVI] CLHUIEPUPOPA AIIOTEAEL HlA OLVEXT)
avtigpaon. Amo TV Hd HEPLA O OYKOHETPLKOG €PIDOPOG Odnyel Ot yr)pavor pHe
aroté\eopa v avdnon TG avtoxrg, oL AIoppEel amod TNV avdnon g Taong
IIPOOTEPEOTIONONG, EV® AIIO TV AN O OIEKTPOIIKOG EPITDOHOG OO YEL O EPITDOTIKI)
aotoxla pe TV amopeimon g kAiong g mepiPdAlovoag aotoyiag HEo® Tng
OLOOMPELONG TOV AVEAAOTIKOV MIAPAPOPPRoeDdV. O prYaviopog mov vreptepel oe

kabe metpapatikny doxipn kabopilet Kat v IPoPAeIOpEVT) PN XAVIKY) COUIIEPLPOPU.

[Tapaxdte eCetdfovpe TV UNXAVIK] COPIEPLPOPA EVOS OOKIPIOD Ol KATAOTATIKEG
otabepég mpooopoiwong tov omoiov ovvowifovrar otov Ilivaka 6.18. Eivat
onpavtiko va onpembdet 0Tt emAexOnke va eSetaobet 1) xpovikd eSapTnpev P avikr)
ODPIIEPLPOPA  EAAPP®DG LIEPOTEPEOIOMPEVOV YE@VAK®OV (pe OCR<2). O Aoyog
evtomiCetal oto yeyovog OTt dokipta pe peyalotepo Pabpd vmepotepeonoinong
eppaviCoov éviovn MAAOTIKY] YOAAP®ON Kot ovvenmg Oev eivat dovatov va
arooa@nVviotel 1 enidpaoct) AMOKAEIOTIKA KAl POVO TOL PIYAVIOHOD IOL 0dnyel oe

EPITLOTLKY] AOTOXLd.

Aokipo pn-dopnpévng apyihoo pe deiktn mpogoptiong OCR=1,25 (C, =0,2 xat
C, =0,02) otepeonoumpévo vmo ootpormo taowkod medio 80kPa vmopPaletar oe
Tpradoviky Karanovnorn (to apywo Prjpa dapket 1 nuépa) (n apyikr) otepeomnoinon
avturpooeneveTal amno 1o onpeto A). Karomv to dokipto goptifetat alovikda pexpig
OTOL 1) OLVOAIKY] evepyr] Katakopo@n taon avinbet ota 180kPa (amod ta 80kPa). H
@option Owapkei 0,05 npépeg €TOL MOTE TA EPIIVOTIKA PALVOPEVA KATA TNV OldpKela
aotob Tov Prjparog va etvat apeAntéa (1o €Aog g POPTIONG AVIUIPOOMIIEDETAL ATIO
to onpeto B). Katomv 1o taoko nedio datnprOnke otabepod xat to Soxipto agédnke
va é¢pmet pexpt v aotoxla (onupeto C). To Zynpa 10 napovowdlet v
IIPOOOHOLODPEVT]  XPOVIKA &€SAPTNPéVI] HIXCAVIKI] OLHIIEPIPOPA  TOL  OOKIpIOL
VIIOPANOPEVOD Ot TPLASOVIKI| EPMVOTIKIY] KATAIIOVNON Yla Old(opeg TUHEG TG
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otafepag a, . Eivar eppavég ot n avalvon yua & =1 Sev mpoPAémet epmvotir)
aotoyia evtog tov Ypovikov miawoiov twv 100 nuepmv. O Aoyog ovvoyiletat oto
YEYOVOG OTL 1] KALON TG TIEPPANAODOAG AOTOYIAG PETATIUTTEL OTNV HAKPOXPOVIA T
G pe TIOAD apyovg pudpodg KAt OLVEN®MS AIIALTELTAL ITOAD IIEPLO0OTEPOS XPOVOG Yid

va enéNdel n aotoyia.

1.0

II.CIIIIIIIIIIIIIIIII

0.8

0.2

0 20 40 60 80 100
t (days)

Zxnpa 10: Eprvotikr) aotoyxia peow g amopeiwong g meptPdilovoag
aotoxlag AOYy® EPMLOTIKOV MAPAHOPPRDOEDY O  |1)-OOPNHEVO
EAAPP®DG VIIEPOTEPEOIIOUIEVO DOKIpO0 DIIOPANNOPEVO O EPITLOTIKY
Tplaloviky] Katamovnorn (OlatpnTiky) Dapapop@®orn & OLVAPTIHOEL
TOL XPOVOU f O NHEPES).
H eprnvotikn) aotoyia OwepeovnOnke emmAéov o  aplfpntikég avalvoeg
IIPOoOPOlwONG dokiprg erminedng mapapoppmong kat amevbeiag Owatpnong. Ztnv
doxpr) emiedng napapopemong to ido Bewpovpevo dokipto (otepeomoupévo oe
ootporio taowko medio 80kPa - onpeto A) vroPArfnke oe KatakoOpv@n OLHIIIEOT)
PEXPLG OTOL 1) Katakopo@n evepyn tdaon avéNdet amo ta 80kPa ota 355kPa ()
em@option emhexnke KAtaAnA®wg ®ote va petabetet v eviatiki) KAatdaotaor)
avapeoa oty Ppayvxpovia Kat Ty paxkpoxpovia mneptBdalovoa aoctoxiag). H
dapkela g optiong (onpeto B) emhexOnke ion pe 0,05 nuepeg anmookonmvtag oty

ApeANTEa OLOOMPELOL] EPIIDOTIKOV IMAPAPOPPOOEDV 0To IApov Pripa. Katomy to
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eCoTEPIK®OG emtPalopevo taoko medio Owatnpridnke otabepd xat 1o Oewpovpevo
dokipo agednke va epmet ewg v aotoyia (onpeio C). To Zynpa 11 napovoradlet v
IIPOCOPOLODPEVT]  XPOVIKA eSAPTNPEVI] HINXCAVIKI] OLHIIEPIPOPA  TOL  OOKIpIiOL
LIIOPANOPEVO O €PMLOTIKI] KATAIOVNON eminedng Oapapop@®ong ya Otagopeg
Tpég g otabepag @ . Eivar eppavég ot n apunuikn) avaloon ya @ =5 dev

TIPOPALIIEL EPITDOTIKI] ACTOXIA EVTOG TOL XPOVIKOL MAAoiov TV 160 npepav.

1.0

O

0.8 |—

0.6

1
I Y Y p——y |
1

0.4

0 40 80 120 160
t(days)

Ixnpa 11: Epnivotikr) aotoyia péow Ttg amopeimong g  mepiPaliovodag
aotoxiag AOYy® EPMLOTIKAOV IMAPAHOPPROE®Y O  H1)-OOHNHEVO
eAAPP®G LIIEPOTEPEOIOUHPEVO OOKIpIO DIIOPBAANNOPEVO Of EPITVOTIKY

doxipn) emimedng MAPAPOPP®ONG  (OIATHNTIKY] HMAPAHOPPROOL &g
OLVAPTI|OEL TOL XPOVOL t 08 NHEPES).

To eSidavikevpevo 1§@00eAacTONAAOTIKO ITpooopoinpa eSetactinke emmIAEoV oG IIPog
mv Ovvatdmra npoPAeyng TG EPMLOTIKIG aotoylag oe Ooxkipr) amevdeiag
datpnong. Av Kat 1) Delpapatikl] SOKIpn avty] €K IPp®THG OYemg Oev Qavtadetl og 1)
A€oV KATAAMNAD yla TV dlepedvnon NG EPIIVOTIKIG AOTOXIAG, EVEPYOIIOlElL MOTO0O
akppwg tovg 1dlovg pnyaviopovg mov Ba diepevvnboovv apyodtepa otv evotdbela
npavev kat Oa odnyrjooovv otV IIPOCOHOI®ON TOL HIXAVIOHOD IIPOOOEVTIKI|G
aotoylag. XZmv Ookipn) amevbetag dwatpnong to 100 Bewpodpevo doxipto
(otepeommompévo oe wootporno taoko medio 80kPa - onpeio A) vmoPAndnke oe

owatpnon 26kPa otnv eledbepry avmbev empavela (N KATAVTL EMUPAVELD E£XEL
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npooopowwbet deopevpévn wg mpog Tig petaxkvnoelg). H em@option emhexOnke
KATAMIA®G ®ote va petabétet v eVIatiki) KATtaotaorn avapeod oty Ppaxvxpovia
Kat v paxkpoxpovia neptpallovoa aotoyiag. H didapxeia g @optiong (onpeio B)
emAexOnke ion pe 0,05 nuépeg amookommviag OtV AHEANTEAd OLOOMPELON)
EPIILOTIKMV IIAPAPOPPMOEMV OTO IAPOV Pripa. Katomy to eSotepikmg emParlopevo
Taowo nedio dratnprBnke otabepo xat 1o Bempodpevo dokipto agednke va épmet £mg

v aotoyia (onpeto C).
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0.6
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o
©® axmse ¢ assezve amse amse amse amse © ©
~
11

(@]
Stee o ccec o cesec e @ eme

& 0.4

0.2
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Q
.

<
L

=

(]
|

0 20 40 60 80
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Ixnpa 12: Eprvotikr) aotoyxia peow g amopeiwong tng mepiPdilovoag
aotoxlag AOYy® EPMLOTIKOV IMAPAHOPPHOOEDY O  1)-OOHNHEVO
ehappwg vroepotepeoriompevo dokipto vroPalopevo oe  doxipn
eproopod  amevbelag datpnong  (SATPNTIK] TAPAPOPPDON] &g
OLVAPTIOEL TOVL XPOVOL f O€ NHEPES).

To Zynpa 12 mapovowalet TtV IIPOCOROIOLPEVI] XPOVIKA eSAPTNHEVI] HIXAVIKI)
OLHIEPLPOPA  OOKIpIOD VLIOPANNOHEVO O  €PIVOTIKI]  KAtaroviorn emimedng
napapopeaong yua Owagopeg tipég g otabepag @ . Eival epgavég ot to
KATAOTATIKO TIPOCOpOI®pa TPOPAENEL TV €PIVOTIKY aotoxia oe OOKEG IOV
EVEPYOIIOIODV TNV OOTHNTIKI] EPIDOTIKI] OLVIOT®WOA. £20TO00, AIIOPEVEL Vd
dtepevovnOet o pnxaviopog yrpavong moo Oev Oa odnyrjoet oe aotoxia al\da oe

aodnorn tov ovvteAeot!] TAeLPK®V WO oV otV povada, petabdeTovtag v TAoIK)
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Katdotaorn emnt tov wootporov afova. I'a tov Aoyo aoto Otepevvdatat TO00 1)
PNXAVIKI] €PIIDOTIKI] OLHIEPLPOPA OO KAl 1] EVIATIKI] XAAAPW®ON o¢ aplfpntikeg

AVAADOELG TIPOCOPOIMOTG OLVONK®V OLPITIECOHETPOD.

AxoAovBet 1) StepebdvN o) TG EPITLOTIKIG CVUIIEPLPOPAG O OLVOIKEG CLUITIECOPETPOD.
Znv Ookur avtr) to 1010 Bewpodpevo SOKIPIO (OTEPEOIIOUHEVO O 10OTPOIIO TACIKO
nedio 80kPa - onpeio A) vmoPAndnke oe ooprmieon 3.636kPa (amo 80kPa mov ntav
apxwka). H dwapketa tmg @optiong (onpeto B) emhéxOnke ion pe 0,05 npépeg
AIIOOKOMIMVTAG OV ApEANTEd OLOOMPEDON EPIVOTIKOV HAPApop@moenv. Katomv
10 eCOTEPIKMOG emPal\opevo Taowko nedio Oratnpndnke otabepd kat 1o Bewpovdpevo

dokipto agédnke va épmet yia 1.000 npépeg (onpeto C).

1.7 I LLBLLILILAL I LLBLLILILAL I LU
o — a1V:20 A\ -
1.6
3_’ L 4
15
T \
> - -
1.4
T
1.3 1 L1 11111 1 L1 11111 1 L1 1111
10 100 1000 10000

Oy

Zxnpa13: Ipagwr) amewovion g taokng Owdpopng oto eminedo v-Inoy
(edod OyKoL oLVaPTHoEL TOL PLOKOL Aoyapibpov g eSoTEPIKA
emPBal\opevng evepyon TAONG) Ot TEIPAPA EPITVOHOD OVHUIIECOPETPOD.

To Zxfpa 13 napovolalel TNV empPPO1] TG OYKOPETPLKIG OLVIOTMOAG OTNV Y1)PAVOl)

TOL €0aPIKOL VAKOL KAl OLVEN®SG Oty dwagawvopevn avinon Tng TAong

nipootepeorioinong. Eivat epgpaveg ot 1 emtepikda emParAopevn) TAon MAPapEvel

otabepr) katd TV OWIPKEWd TOL €PHVLOMOD &V O OEIKTG IOPOV HEWWVETAL,
odNymvtag oe TavTOXPOVI avinon TG Taong mpootepeonoinong. O prnyaviopog

evappoviCetatl pe Tig mapatnproelg tov Bjerrum (1967).
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H altoAoynon 100 KataoTtatikod IIPOCOHOIOPATOG OAOKAPGOVETAL PE TV ECETAON TG
EPIIVOTIKIG OLUIIEPLPOPASG O APUNTIKI] AVAADOIN IIPOCOHOIWONG TNG TAOIKIG
XaAapwong. XtV Odoxkyur) aoty to 100 Oewpovpevo OOKIPIO OF IAPAIIAVE
(otepeormoupevo oe ootporo taoko medio 80kPa - onpelo A) vmoPAndnke oe
katakopogn ovprtieon 20% (péow emPalopevov petaxkwvioenv). H dapketa tng
@opTiong (onpeto B) emAéxOnke ton pe pua npépa. Katomv oloxArjpwong ng
POPTLONG, Ol PETAKLVIIOELS DeOPELTNKAV KAl TO IAPAPOPPMOLAKO medio datnpr)Onke

otabepo xatd v Owdpketa Tov eproopov yia 1.000 npépeg (onpeto C).

3000 ™17 ™11 ™T1 T 171 T 771 T 771 T T
| Shortterm cSL | . L. a0 ! ::B ]
- - current CSL ot . ,-'.: .
2000 — ¢ ]
© - .
a I .o
X . -
S 1000 - ]
O / 11 I 1 1 10 I 1 1 10 I I:CI [l ]
0 1000 2000 3000 O 0.04 0.08 0.12 0.16
P (kPa) &
a. b.

Ixnpa 14: I'pagikn) amekovion tng Taoikng dadpour)g a. oto emirnedo p-g xat b.
oto eminedo g-gq (SATPNTIKIG TAONG-TIAPAPOPPMONG) O Ielpapa
TAOIKI|G XANAP®DOTG OUPITLECOPETPOD.

To Zynpa 14 anewovilet T000 TtV TAOKI] Otadpopr] 0To Medio TOV TACE®V 000 KAt

TV TAOWKI] XAAAP®OT] IO DPLoTATAl TO OOKIPO 0TV dOKIpI) avTy (CNpel®VeTAt OTt

3 2 e , .
p=oc, Q= > SIS Kat g, = 3 € :€e). Anodeikvietatl OTL TO IPOTEWVOHEVO XPOVIKA

eCaPTNPEVO KATAOTATIKO IAAIO0 HNXAVIKIG OLHIIEPLPOPUS IIPOCOHOLMVEL TOVG
PNXAVIopoLg mov o0nyoLV TOOO Of aLSNON TG AVIOXNG 000 KAl Of EPMLOTIK)
aotoyia. Katomyv emyeipeitat n aStoAoynon tov eSlOavikedHEVOL IPOCOHOIOPATOG

EVAVTL EPYAOTNPLAKDOV OOKIIMV.
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EE 4. AS1oA\0yn o1 T00 IPOCOPOIOHATOG EVAVTL EPYACTNPLAKRDV SOKIP®V

To mpotewvopevo eSidavikevpévo mpooopoiopa adoloyrnke mepattépem evavti
epyaotnPlak®v OoKp®v. ‘Ooov agopd TNV EPIDOTIKY) OLHIEPIPOPA Ot OOKI)
ovpmtecopétpov 1 mapovoa Owaxktopikyy Oatpiffr) evromilet Of MEPAPATIKA
arotehéopara et palaxig apyiAoov (mov meploootepo MPooeyyidel TV PNYaVIKI) Kat
Xpovika eSaptnpévi ooprepipopd topPng - Yin et al., 2010). Qoto00, 1 EKTETAMEVT)
PPAoypagikr) Olepevvnon mov Oedr)xbn ywa v eevpeon  MEPAPATIKOV
AIIOTEAEOPATOV IOV EVEPYOIIOIOVV TV EPITVOTIKI] AoToXia erEdetSe pia oapry ENNewyn)
MEPAPATOV 000V APOPd TI§ APYIAODG. ZNPEIOVETAL OTL I IPOCOPOIMON amatteital
va mpooeyyilet Vv otpayyl{opevn Pnxaviki oopIepipopda evromnifovrag oe otadepo
evepyo TAOKO medio (oL amotedel KAt TOV OPWOHO TOL  EPIVLOROVL). M
otpayyopeveg ovvOnKeg evepyorolonv TOOO TOV HNXAVIOHO AIIOPEI®ONG NG
nepipdAlovoag aotoyiag AOYy® TOV EPMUOTIK®OV IAPAPOPPDOEDV 000 KAl Td
YEVIKOTEPA  ENAOTONMAAOTIKA  HNYXAVIKA YAPAKINPIOTIKA TOL  IIPOCOHOIOPATOG.
Zovenwg, dev etvat dovatov va efaxfodv ac@aln ooprepdopata damo TéTold
epyaotnplakd Oedopéva avaloyl(Opevol TO YEYOVOG OTL TA MEPARATA KAELOTIG
otpayyong ®fovv 1000 0g TAOKI YAAAP®DOL 000 KAl 0¢ aotoxia (Kat ovvernwmg dev
elvat eDKOAO va arepmAESODE TOLG PN XAVIOHOVG).

H BipAoypagikn) diepevvnon eviomoe OO0 OnHooledoelg pe TNV MO IPOOPATH Vd
xpovoloyettat to 1975 (Bishop, 1966; Ter-Stepanian, 1975) mov efetaloov Vv
EPIIDOTIKI] AOTOXla T®V APYK®OV AV IO oTpayylopeveg oovonkeg. O Aoyog
evtomifetat otV xpovikn didapketla oo anatteital ywa va emédet ) aotoyia (amo 200
¢wg 1.000 npepeg). Zovenmg, dev Kpivetat eOKOAN 1 deaywyt) TETOW®V MEPAPRATOV
OTO €PYAOTI)PLO, HOAD IIEPLOCOTEPO AV AVANOYIOTODHE OTL Hld OL1PA XNHK®OV Kt
Poloyikmv dlepyaoimv propet va odnyroet ev 1@ HETASL OTOV OXNHATIORO doprg
(Y. TOo otdowo vepd peTalyd TV KOKKDV pIopel va odnynoet oe BloAoyikeg
depyaoieg mov ovvopdapovv otnv avdmrtodn deopwv Kat ovvenwg 6éong). ['a tov
AOYO avto 1) epIILOTIKI] aotoyia dlepevvr)OnkKe Oe MEPAPATIKA dedOpEva ePIILOTIKIG
TPLadovikng karamnovnong oe kappPoovo (Debernardi, 2008).

H dovatomta 100 Ipocopotdpatog va IPoPAEYeL TOV HNXAVIOHO YI)pavong péom
MEPAPATOV  EPIIDOPOL O¢ OOKIY OLPIMECOPETPOL Otepevvatal mapaxkate. H
dwatpiPr) eviomoe emt evog palaxkov apyl\kod vAwov (Yin et al, 2010). Eva

KAVOVIKA otepeornompévo  dokipto vmoPArdnke oe ovprieon ovTOG ®OTE 1)
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Katakopo@n taon va avinbet anod 69kPa oe 132kPa. Znpewwvetal ott o mapbevikog
deiktng ovpmieong AfjpOnke toog pe 4 =0,48 eve 1 otabepd TG HOPOEAACTIKOTITAG
Bewpr)Onke ion pe & = 0,038 . Znpeidote 611 0 Noyog A/k =12,63 kpiverat e€atpetida
peyalog ocoykpwvopeveg pe PipAoypagikeg avagopés. To Zxfapa 15 emdekvoet v
dvvatomta Tov TPOTEWVOPEVOD  1E®O0EAAOTONAAOTIKOD IIPOCOHOI®HUATOS  Va
HPOPAEWPeL TNV KATAYEYPAPPEVT] XPOVIKA eSAPTHEVI] PNYCVIKI] OOLHIIEPIPOPA O

doxpr] ePITLOPOL COPIIIECOUETPOD.
0.00

L) I L) I L) I L) I L)
== Experimental oedometer Yin et al. (2010) T
@ Simulation L

0.02

0.04

0.06

0.08

0.10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000
time (min)

Ixnpa 15: ZOYKPLUTIKI| AIIEWKOVIOL TG IPOPAEIOPEVTG HNXAVIKIG OOPIIEPLPOPS
(draxexkoppévn ypapprn) pe TV MEPAPATIKY] Kataypd@r] (OOpmayrg
pavpn ypappr)) oto epILOTIKO Melpapa oupmecopétpon v Yin et al.
(2010).

Ot evamopetvavteg kataotatikeg otabepég amavtovtar otov IMivaka 7.1 Tov

Kegalaioo 7. Znpeiovetat ot o deiktng devtepoyevovg ovprieong BemprOnke ioog pe

w =0,028. H ) ovykAivet ent g npotewvopevng i = 0,026 tov Yin et al. (2010).

H Stepedivnon g napovoag nelpapatikrg dokirg dev mpaypatonou)dnke toyata.

EmAéxOnke ovykexkpipéva 1 meplmtoon pla HOAD  palakrg  apythoo  (ta

XAPAKTNPLOTIKA TG OIIOIAg aVIAIIOKPIVOVTAl MePLO0OTEPO O TOPPI)) KpivovTag OTt

TO KATAOTATIKO IIpooopoieopa Oa emdeikvoe v xelpotepn OvVAT) COPIEPLPOP OE

€va TETO10 DAKO pe eSaPeTIKA DYPNAO EPITLOTIKO OLVAPLKO.
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H S&extpormnika) epriootikr] ovprepipopd diepevvidnke oe 60O melpdapata MIOAAIA®V
otadimv tov Debernardi (2008) oe xdapPoovo. I[Tapaxdte oovowyiletat to meipapa
Al7a oo odnyel 0e ePIILOTIKI] AOTOXIA KATA TNV OlIPKela Tov TeAevtaiov otadiov
poptiong. To metpapa Al7b eppavifel peiopévn adia Aoy pn evepyoroinong tng
EPIIDOTIKIG aoToxlag Kat yia Tov Aoyo avto dev Oa avagepbel otnv mapovoa extev)
nepiAnyn. Kata wmyv extéleorny tov mepapatog Al7a éva xoAwvdpwko doxipto
dapetrpov 50,1mm xat vpoog 100mm vrofalAetat oe Sradoykd Prjpata opTong
KAl ePIDOROVL. Apxikd to OoKipo otepeomnou)Onke oe 0o0tpomnrn taon 20MPa. Metda
aro 4 npepeg ePIILOPOL LIIO OTABEPO TAOWKO 1EdI0 PeTPNONKAV apeAnTEeg EPITVOTIKES
napapoppaoelg. Katomyv to dokipto evidbnke pexpt n péon tdon va yivet ion pe
p=17.67MPa kat 1 dratpnrtikr) g=14MPa. Aoto ovvenayetat 0Tt petaPfalAetal 1000 n
afovikn) mieon 0o xat 1 tdon eykiPotiopod. To doxipo agédnke va epmet yua 16
NPEPES Kat enava@optiodnke oe pia peor) tdor eyKiPoTiopon ton pe p=16.67MPa kat
oe Owatpn Tk taon g=20MPa. Meta ano 50 npépeg eprmoopon petpr)OnKay eprrooTikeég
IIAPAPOPPHOOELS TNG TASNG ToL 2¥10° (onpeltmvetal 0Tt 0TO PO YOUHEVO EPIIDOTIKO
Bripa Tov 16 npepmV 1] EPIILOTIKY] IAPAPOPP®OL ) TAV aKopa pkpoteprn). H poption
ovovexloTnKe pEXPLG OTOL 1 péon Iieon Kat 1) evepyog tdaon EAapav tpeg p=15.67MPa
Kat g=26MPa avtiotolya. Xe aoto TO ONpelo Ol HETAKIVI|OELG OeOpeLTNKAV KAl
npaypatornow)Onke doxir) Taokrg Yakdapwong. Meta amno 13 npépeg n StatpnTiky)
taon pewwbnke xata povo 1IMPa petatonmifoviag Katd OOVEIEWd TV TEAKA TAOIKI)
Kkatdotaorn oto onpeto F mov avtiotowet oe p=15.33MPa xat g=25MPa (n taouwi)
Xaldpworn) kpibnke apeAntéa amo tovg epevvnteg, Debernardi, 2008).

H apiBpntikr) npooopoinon mov exmovidnke Bempel oav apyikr) TAOKr| KATACTAOL
to onpelo F. Ev ovvexeia 1 taon eykipotiopod deopevtnke ota 7MPa xat aodrnke
otadwaxka n afoviky mieon. H afovikny oopmieon Owaxomtetatr ota onpeta G
(g=28MPa), H (9=30MPa), I (3=32MPa), J (9=34MPa) xat oto onpeio K (g=36MPa)
OII0D TO TAOWKO 1edio dwatnpettal otabepo Kat Ta SOKIPIA APHVOVTAL VA €PIIODV Yid
3 npépeg, 3,5 nuepeg, 15 npépeg, 13 nuépeg xat 1,5 npépeg avtiotorya. Znpetwvetdat Ot
KATA TV O1IpKeLd TOL TeEAeLTALOL Pr)atog popTiong T0 OOKIHIO aoToyel o epITopO.
To Zxfpa 16 amewkoviel TO00 TV IIPOCOHOLOLHEVH] TAOKY] dradpopr) 000 Kat Tig
KATAYEYPAPPEVEG OIEKTPOIIKEG IAPAPOPPDOELG KATA TV OLIPKELT TOV EPIVOTIKMV

Pnpatev (yia taonpeta G, H, 1, J).
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a. b.
Ixnpa 16: Anewovion a. g Taowkrg Stadpoprg oto eminedo p-g kai b. twv

nelpapatikov  xataypagov (Exp.) g alovikrg Hapapoppmong
OLVAPTIOEL TOD XPOVOD, KATA TV OIIPKELD TOV EPIIVOTIKOV PPATOV
Yld TIG TAOLKEG KATAOTACELG ITOL avtiotolyovv ota onpeta G, H, I xat |
oto neipapa Al7a too Debernardi (2008).

Ot xataypagég ota onpeta G xat H otapdamoav peta amod 3 xat 3,5 npépeg
avtiotoyya Aoym npoPAnpdareov otov texviko efomhiopo (Debernardi, 2008).
Emu\éov, kamoteg anotopeg petaBoleg Tov epyaotnplakmy dedopévav amodobnkav
oe Oeppokpaoctaxég petaporég oto epyaotrplo (Debernardi, 2008). Ou xataotatikég

otabepég mov xpnotponouw|dnkav oty npooopoimorn napatibevrat otov MMivaxa 1.

ITivakag1l:  Kataotatikég otabepég mpooopoimong tov melpapatog Al7a
(Debernardi, 2008).
a* e
Bo Bres (MPa) (% Cin Cfin 2- (G /K ) A K
1 1 22.03 1.19  1.099 0.8736 0.923 0.0042 0'08 28
A ¥ din n’ ne P P o° el
(MPa) v q v q q q
5 1 8.05 75 75 0 0 0 0
tO % v a
(days) a, a, P A m a DLIMIT 4
1 50 2 23E-5 48E-6 0.9% 7 106 0.02

To Zynpa 17 amewovifel Ta OLYKPITIKA Olaypdppata daloviki)g MApApopP®Ong
OLVAPTI|OEL TOV YPOVOL TIG MPOPAEIOPEVNG KATAOTATIKIIG OOPIIEPIPOPUS KAl TOV

MEPAPATIKOV Kataypagav. Eivatl eppaveg ott yia v pikpotepn) KATarovnon oto
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onpeio G To KATAOTATIKO IIPOCOHOI®HA advvartel va IIPOOeyYioel IKAVOIIOUTIKA TG
nelpapatikeg petproes. To yeyovog avto amodidetatr oty eyyevi) advvapia g
epnelpikn)g  ovoyétong Singh-Mitchell (1968) va mpooeyyioet TovV IP®TOYEVT)
EPILOPO. QO0TO00 Og OAeG TIG DIIOAOUIEG IEPUITMOELG 1) KATAOTATIKI] IIPOCOHOIMON)

1IpooeyYiletl eCAIPETIKA TG EPYAOTIPLAKEG HETPIOELS.

0'020 | I B | I | I B | I | I I | | I I | i 0'04 L B I L L L I L L L I T I LI B
ee Sim.-PointH i : :
=== EXp. - Point H ] B _

0.016 oo Si(nq - Po=nt G 1 003 L _
— Exp.-PointG ] - 4

~ 0.012 - N i
S ]l o002} 3
« 0.008 ] K i
] 0.01 - - PointJ 4
N . = EXp. - Point J =7
0.004 3 Sim. - Point | 1
. - Point | ]
0000 [T B T O N N N N O N A OOO
0 1 2 3 4 0 4 8 12 16 20
time (days) time (days)
a. b.

Ixnpal7: ZOYKPLTIKI| AIIELKOVIOL T1)G ASOVIKIG IAPAPOPPMOLG OLVAPTIOEL TOD
xpovoo a. ota onueta G xat H xat b. ota onpela I xat J. Ot
MEPAPATIKEG KaTtaypdpeg dnAmvovtal pe v evdelln «Exp.» xat ot
IIPOCOPOWOElG pe TV &vdeln «Sim.» oto meipapa Al7a too
Debernardi (2008).

Téhog, To Zynpa 18 mapovotalet TNV OLYKPLTIKY) AIEIKOVION TOV MEPAPATIKOV
KATAYPAPROV KAl TG IPOPAENIOPEVI)G OOHIIEPIPOPAG OTO TeAevTaio Prjpa goptiong
ornov mapdartnpeitat Kat 1 eprnvotiki) aotoyia. Eivat epgavég ot av kat to
npooopoiopa detyver va mpooeyyilet Tov pnyaviopo adovvatel va mpoPAéyet tov
IIPWTOYEVT] €PIVOTIKO KAAOO KTl mov amodidetat oty eyyevi) adovapia tng
epnelpkr|g ovoyétwong twv Singh-Mitchell (1968). Emurhéov, kpibnke adovatov va
AIIEPIAECODPE TOV MIPMTOYEVI] EPIVOTIKO KAAOO wote va deifovpe v avaloyn
ooykpon. Qotooo, elval ep@Avég OTL O MPOTELVOPHEVOG KATAOTATIKOG VOHOG
EVO@UATOVOVTAS OTOLYELd XPOVIKIG €§dpTNong TG MAPAPOPP®ONG IPOCOHOIDVEL

eCAIPETIKA O¢ eMiNEOO PNYAVIOPOV TNV KATAYEYPAPPEVT] PN XAVIKE] OCOHIEPIPOPL.
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0'3 L] L] L] l L] L] L] l L] L] L] l L] L] L]
0.2 |-
Ry

0.1 |-

'o" ee Sim. - PointK
.7 — Exp. - PointK -
@
OO .l N N | N N N | N N N | N N N
0 0.4 0.8 1.2 1.6
time (days)

Zxnpals: ZOYKPLUTIKI| AIIELKOVIOL T1)G ASOVIKIG IAPAPOPPMOLG OLVAPTIOEL TOD
xpovoo oto onpeio K. Ot mepapatikég xataypapeg dnhovovtat pe
mv évden «Exp.» kai 1 mpooopoimorn pe mv €vdeldn «Sim.» oto
neipapa Al7a tov Debernardi (2008). Ot melpapatikeg petprioetg
EVOMPAT®VOLV TOV HPMTOYEVI] EPMVOTIKO KAAOo mov advvartel va
ripoPAe@Oet amo To epmelpko npoocopoinpa Singh-Mitchell.

EE 5. E@appoyr) 100 Ipooopot@patog otnv evotadeia npaveov

To mpotetvopevo eSidavikevpévo mpooopoimpa ypnotponouw|dnke oty Olepedvnon)
g evotabetag mpavav oe 2A aplBpnTikeg avalvoelg otov KOOIKA MENEPAOPEVDV
otoyeiwv ABAQUS. Apywa efetdofnke 1 advvapia 1oV eAdoTOnAAOTIK®V
PNXAVIKOV XAPAKINPLOTIK®V va odnynooov oe aotoyia. Kpibnke avepikto va
rpooopowbet 1 mPoodevTIKY) aoToia PE0K TOV PXAVIOPOV Artodopnong g 0éong
KAl arnopei®ong tng nepPAAAovoag aotoxiag peo® TV TAAOTIK®V IAPAHOPPMDOEMDV.
To yeyovog avto amodobnke otnv adovapia eléyxov NG OLOOWPELONG TGOV
IAAOTIK®OV  IAPAPOPP®OE®V. 0TO00, I XPOVIKI] €SeAn TRV  aAveAdoTIK®V
MAPAPOPPROE®V AIoTeNel TO KAeWdi oL 0dnyel 0e IIPOOOELTIKI) ACTOXIdL.

Oewpr)Onke eva MPavég pe Ta YEDPETPIKA XAPAKTNPLOTIKA Hov ep@avifoviat oto
Zxnpa 19. Ta Prjpata ekoKagng KAt 1) dpyIKl) KATAoTaor ENoNpaivovtal oto Zxnpa
20. H apywr) yeootatik) katdotaor Oeoprifnke eminedn kat eixe Owdpketa 1 npépag
€ OKOMIO TNV OUYKALON TOL DIIOAOYIJOHEVOD TAOIKOD IEOIOL He TIG APYIKEG TACELS.

Znpewwvetal ott oe Kabe Pripa (ye®otatiko 1) PHpa eKOKA@rg) 1 emupavela Tov
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0dpoPoOpoL opilovta tavtietal pe avtr Tov eddagovg. Katomy epappoodnke éva
Pripa otepeomnoinong 80 nuepmv. Xt ovvexela mpAaypatonou)dnke n eKoKa@r Tov
apyov mpavouvg fmag xkAiong (mept g 20°). Ot miéoeig moOpaV amnotovabdnkav katd
mv Swdpkela evog Bempovpevoo Pripatog otepeomnoinong 140 nuepwv. To emodpevo
Pripa exokaerng tov moda ohoxAnpabnke oe 0,5 nuépa kat akolovbnoe eva Prjpa

OTEPEOIIOLNONG OOV evepyorou)OnKe Kat 0 EPIILOHOG.

40 m

60 m

10 m

20m

189.9

Ixnpa19: Te®PETPIKA XAPAKTNPLOTIKA TOL Oe®@POvHEVOL TIPAVODG

Zxnpa 20: ZXNPATIKY] AIIEKOVION a. THG dPXIKIG YEDOTATIKIG KATAOTAonG, b. Tov
APXKOL IIPAVOLG KAl C. T1)G TEAIKIG EKOKAPT|G TOL OO

AvT10 mov avapéverat etvat a@evog va arotovabody apyikd ot DIEPIECELS TTOP®Y,
Kal oovenmg va ermeldet pa «toodvvaprn otabeporrompévy) Kataotaor porg» (o 0pog

Xpnotpomoteital yia va Slaton®oel UV KATAoTaor dIloTOV®ONG TOV DIIEPIIECEDV
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Hlag IOV 1) OTEPEOIIOiNOT) artoTeAel PeTAPATIKY] KATAOTAOL POT|G), KAl APETEPOD HE

TV IAPOodO TOL XPOVODL TO MPAVEG VA OLOOMPEVOEL AVEAAOTIKEG IIAPAPOPPDOELS £RG

OTOL doTOXN|Oel PEO® TOL PN YaViopoL mpoodevTikng aoctoyiag. To Zynpa 21

ovvowilet Tig MEOEIG TOP®V IIPLV AIIO TNV EKOKAPL] TOL MOdA PEXPL KAl TNV AoToyidL

Eivat epgpaveg 0Tt apvnTikég méoelg mop@v evtomifovtal Katd PIKog TG EMPpAveLag

oAiobnong. AvTO elval XapaxINPOTIKO TOV dOTPAYYlOT®V OLVONK®V II0V

EMKPATOOV KATA HNKOG Trg em@pavelag oAiodnong (kat attioloyet v avdamtodn

APVNTIK®V DIIEPIIECEDV TTOP®V) O OLVOLAOHO He TOV eSalpetika LYNAO Pabdpod

vriepotepeornoinong (OCR>>2).

Zxnpa 21:

+6.000000000e+02
+5.500000000e+02
+5.000000000e+02
+4.500000000e+02
+4.000000000e+02
+3.500000000e+02
+3.000000000e+02
+2.500000000e+02
+2.000000000e+02
+1.500000000e+02
+1.000000000e+02 a.
+5.000000000e+01
+0.000000000e+00

- +6.000000000e+02
+5.500000000e+02
+5.000000000e+02
+4.500000000e+02
+4.000000000e+02
+3.500000000e+02
+3.000000000e+02
+2.500000000e+02
+2.000000000e+02
+1.500000000e+02
+1.000000000e+02 b
+5.000000000e+01

- +0.0000000002+00

POR
+6.000000000e+02
+5.447019653e+02
+4.894038696e+02
+4,341057739e+02
+3.788076782e+02
+3.235095825e+02
+2.682114868e+02
+2.129134064e+02
+1.576153107e+02
+1.023172150e+02
+4.701912308e+01 C.
-8.278968811e+00
-6.357706070e+01

Arnrewcovion tov nieoceov nmopov POR (kPa) a. mptv v ekoka@r too
110da, b. agpov exovv amotovabet ot vrepmiéoetg peta amno 13,13 nuépeg
AIIo TNV EKOKAQT) TOL OOA («1000VVapn oTadepOIoév KATaoTaor)
POI1G») KAl C. KT TV aotoxid Tov mpavoug petd aro 106 npépeg.
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Axolovbet 1 ypa@ixkn amekovion g perakivnong oe pétpa oto xnpa 22. Eivat
EPPAVEG OTL TO IPAVEG dev AOTOYEL PEXPL TNV OTLYHIL] TIOD EMEPXETAL 1) ATIOTOVMOI] T®V
VIEPITEOE®V MOPHV petd amno 13,13 npépeg. H petaPoln) tov napapoppaooemy eivat
apeAntéa xatd mv owpkela tov 13,13 nuepmv Kat ovvenwg Oev LIIAPYEL Kapia
évOelln n amodeln OTL TO HmpaAveg Aotoxel oe avT TV IP®TH XPOVIKI IePiodo.
ZVOVEN®G, KAIOl0G PNYAVIOPOg ovvOpdpel otV aotdbela Tov mpavovg ON®g duty)

exdnAmvetat petd aro 106 npépeg.

U, Magnitude

+1.587811112e-01
+1.455493569e-01
+1.323176026e-01
+1.190858400e-01
+1.058540791e-01
—+ +9.262231737e-02
—| +7.939055562e-02
+6.615879387e-02
+5.292703584e-02
+3.060527781e-02
+2.646351792e-02 a.
+1.323175896e-02
+0.000000000e+00

U, Magnitude
+1.852822751e-01
+1.698420942e-01
+1.544018984e-01
+1.389617026e-01
+1.235215142e-01
— +1.080813259e-01
bt +9.264113754e-02
+ +7.720094919e-02
+6.176075712e-02
+4.632056877e-02 b
+3.088037856e-02 .
+1.544018928e-02
+0.000000000a+00

U, Magnitude
+1.592006564e+00
+7.500000000e-01
+6.875000000e-01
+6.250000000e-01
4+5.625000000e-01
+5.000000000e-01
+4.375000000e-01
+3.750000000e-01

+3.125000000e-01

+2.500000000e-01

+1.875000000e-01 C.

+1.250000000e-01

+6.250000000e-02
+0.000000000e+00

Ixnpa 22: Arniewovion g petakivnong U (m) a. Ipwv v eKoKa@r) Tov 1odd, b.
13,13 npepeg amd TV EKOKAPN TOL mOda  («toodLvapn
otabeporompév) KAtdotaon porjg») KAt €. KATd TV dotoxid Tov
npavooug peta amo 106 nuepeg.

Kabiotatat evkpivég oti 1) anopeinon mg neptBaAlovoag aotoxiag pe v epIvoTIKD)

MAPAPOPP®DOL] €VEPYOIOlEL TOV HNYXAVIOPO TG IMPOOOELTIKYG dotoxiag Omnmg

dragatverat oto Zxnpa 23.
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Ixnpa 23:

SDV5
{Avg: 75%)
+9.609185159e-02
+1.999999955e-02
+1.833333448e-02
+1.66666675de-02
+1.500000060e-02
+1.333333366e-02
+1.166666672e-02
+9.999999776e-03
+8.333332837e-03
+6.666666362e-03
+4.909990888e-03 a.
+3.333333181e-03

+1.666666591e-03

+0.000000000e4+00
-4.828881472e-03

SDVS

{Avg: 75%)
- +2.475166798e+00
+1.999999955e-02
+1.833333448e-02
+1.666666754e-02
+1.500000060e-02
+1.333333366e-02
+1.166666672e-02
+9.999999776e-03
+8.333332837e-03
+6.666666362a-03 b
+4.999999888e-03 .
+3.333333181e-03
+1.666666591e-03
+0.000000000+00
489327967e-02

SDVS

(Avg: 75%)
+3.172466755e+00
+1.999999955e-02
+1.833333448e-02
+1.666666754e-02
+1.500000060e-02
+1.333333366e-02
+1.166666672e-02
+9.999999776e-03
+8.333332837e-03
+6.666666362e-03
+4.999999888e-03 C.
+3.333333181e-03
+1.666666591e-03
+0.000000000&+00
-5.756432563e-02

SDVS

{Avg: 75%)
—r +3.609997749e+00
+1.9999999055e-02
+1.833333448e-02
+1.666666754e-02
+1.500000060e-02
+1.333333366e-02
+1.166666672e-02
+9.999999776e-03
+8.333332837e-03
+6.666666362e-03 d
+4.999999888e-03 .
+3.333333181e-03
+1.666666591e-03
+0.000000000e+00
-7.364875078e-02

AmelkOVion TOL HNXAviopoL IPOOOELTIKIG aotoxlag péoa amo v
XPOoVikn] &SeAln TG OlEKTPOIIKI)G TAAOTIKIG IAPAPOPPMONG &P
(SDV5) oo ovvOnkeg kopeopoov petda amo a. 13.13 nuépeg, b. 91.56
npépeg; c. 102 npépeg xatr d. oty aotoyia (106 nuepeg) peta v
eKOKAQI] tov moda (1 OTePEOIOiNon KAt O epILOPOG egeAiooovtat
Tavtoxpova).
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O pnxaviopog mpoodevTik)g aotoyiag Sexivael amo tov moda kat dwadidetat
avaotpo@a IMpog Ta IMow avadvopevog mpog v empaveta. Kdmowa otiypr| xat
a@ov 1) empaveta oAMobnong exel mpooeyyloet TNV EMPAVELD TOD IIPAVODG (HETA amod
96 npepeg) evepyomoteitat pia devtepedovoa empaveta oAtotnong moo fexvaet ano
mV em@aveld Katr dtadidetatl mpog Ta KAT® yla va evobel TeMikd pe v apyxi)

HOPPOVOVTAG KATA ALTO TOV TPOIIO TNV TEAIKI) ENPAVELD AOTOXLAS.

210 Zxnpa 24 anewovietat n xpovik eSEAMEN TV petakivrjoe®v otov noda (toe),
oty oteyn (crest) xat oto onpeio mov opifet TO APYIKO IPAVEG pe TNV TEAIKI)

exoxaQr) (intersection).

16 L) L) L) l L) L) L) l L) L) L)
[ A=510+ & 0,'=10° T
[ === TOe y
- Intersection e
1.2 = === Crest -

Displacement (m)
o
(o]

©
N

0.0

t (days)

Ixnpa 24: Arnieiovion g xpovikng eSeAEng Tov petaxwvrjoemv (Displacements)
otov noda (toe), otnv oteyn (crest) kat oto onpeio mov opilet 10
APXKO TIPavég pe Vv TeAkn) ekoka@r) (intersection).
O pnxaviopog g npoodevTikn)g actoyiag evepyornou)bnke Oetovtag Tig KataAlneg
KATAOTATIKEG TIAPAPETPOVG OTo MPOPAnpa. Atepeoviidnke ®OTO0O0 KATd IOCO 1)
IIPo0deLTIKI] actoxia o@eiletal otnv vrapdn tov vepoov. Ta Zxfpata 25 xat 26
arrodekvboov 0Tt 1] Bempnor Snpov edAPoOLG KAt 1] EVOOUAT®OON T®V AKPPrg idtov
KATAOTATIKOV otabepov oto mpoPAnpa dev odnyet oe aotoxia mapda povo oe
OLOOMPELOT] MAAOTIKOV IAPAPOPPMOE®Y OTOV OO HE AIIOTENEOHA 1) AVAALOL vVa
OTAPATAEL VA OVYKATVEL AOY® TOIIKIG AOTOXI0G eVTOMIJOPEVT) €Ml TOV EMUPAVELAKDV

OTOlYel®V aDTOL. ZDVEN®G, elval To vepd Kdi 1] dmopeimorn tng meptPaliovoag
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aotoxiag AOy®m TOV ePIIVOTIK®V IAPAPOPPOOEDV IIOD EVEPYOIIOlEL TOV HIXAVIOHO

TG IIPOOOEVTIKI|G AOTOXLAG OTA IIPAVT).

U, Magnitude
+1.579490900e-01
+1.447866708e-01
+1.316242516e-01
+1.184618250e-01

+~ +1.052993983e-01
+9.213697165e-02
+7.897454500e-02
+6.581211835e-02
+5.264969543e-02

+3.948727250e-02 a

+2.632484771e-02 .

+1.316242386e-02

+0.000000000e+00

U, Magnitude

+7.874696851e-01
+7.218471169e-01
+6.562246680e-01
+5.906022191e-01
+5.249797702e-01
+4.593573213e-01
+3.937348425e-01
+3.281123638e-01
+2.624898851e-01
+1.968674064e-01 b
+1.312449425e-01 .
+6.562247127e-02
+0.0000000002+00

Zxnpa 25: Arniewkovion g petaxivnong U (m) a. Ipwv v eKoKa@r) Tov nodda, b.
peta amno 171 nuepeg eprmvopov. ZNHEMVETAL OTL I AVAADOL APopd
Vv nepimtmorn) $npov edaPouvg.

SDVS

(Avg: 75%0)
+1.802602530e+00
+1.999999955e-02
+1.833333448e-02
+1.666666754e-02
+1.500000060e-02
+1.333333366e-02
+1.166666672e-02
+9.999999776e-03
+8.333332837e-03
+06.6666606362e-03
+4.999999888e-03
+3.333333181e-03
+1.666666591e-03
+0.000000000e+00
-6.127525866e-02

Ixnpa 26: Amiekovion g OEKTPOMIKIG MAAOTIKIG HAPAROPPHONG &P (SDV5)
ono ovvinkeg Enpoov edagovg 171 nuepeg peTd TNV EKOKAPT) TOL MOdA.
IV. AnoteAéoparta, Zopnepacpata kat [Ipotaosig
2V napovod OWAKTOPIKI) JtatpPr] KATACTPMVETAL €VA VEO XPOVIKA eCAPTHEVO
KAtaotatiko nhaioto oopnepipopds. To katvovplo avtd mhaioto Oepedwvetat mave
OT1G EAAOTONAAOTIKEG APXEG TOV DOPNPEVAV YEDDAIK®V Kot IAPANNAT EVOOPATOVEL

éva enurhéov oOVOANO dopnTK®V (ILX. PEATI®pEVOLS VOROLG artodopnong tng Ooprg
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KAl KWVIHATIKIG KPATOVONG TG KALONG ¢ KAt g petadeong d péom TG oLOOmPELONG
IAJOTIK®V IAPAPOPPMOOEDV) KAl XPOVIKA ECAPTNHEVOV XAPAKTNPLOTIKOV (LY. TNV
aropeiwon g HePPAaAlovoag aotoxiag HEO® TG OLOOMPELOLNG  EPIIDOTIKOV
IIAPAPOPPROEDV).

O oxomog g OaTdI®Oong &vog VEOL KATAOTATIKOD NAALOLOL OLPIIEPLPOPUS
oLVOWYICETAl OV AVEIAPKELD TOV DPLOTAPEVOV pedodoloylmv va IIpooopotmoovy
TOV PNXAVIOPO TG IIPOOOEVTIKI|G ACTOXIAG 08 TIPAVT), OTHPOPEVEG ATTIOKAELOTIKA KAt
POVO 08 eAaOTONAAOTIKA XapaKtnPloTikd. H ovoimdng atelela tov eAaoton\aotik®v
IIPOCOPOIWUAT®V ATIOPPEEL ATIO TV AdLVAPLA EAEYXOL TOL peYE00Vg T®V IAAOTIK®V
HAPAPOPPRDOEDV. ZOVENMG, Oev dOVAVTAL VA CLOCMPEDTOVY CNUAVTIKEG AVENAOTIKEG
MOPAHOPPRDOELG IOV Va 00nyoLV OtV EVEPYOIOINON TOL HIXAVIOHOD TIg
11p00devTIKIg aotoyiag. H evoopdtoon ootdoo TV epIILOTIK®OV XAPAKTPLOTIK®OV
EMTPENEL TV JLVATOTNTA EAEYXOL TOV AVEAAOTIK®V IIAPAPOPPOOEDV HEO® TG
EPIIDOTIKIG ODLVIOTMOAS. ZOVEN®S, eival o oovOLACHOG TV OOPNTIKAOV KAl TOV
EPIIDOTIKMV  YAPAKTINPIOTIKOV IIov odnyovv oty aotoyia. To mpotewvopevo
eCdavikeopévo mpocopolepa xprnowonou)dnke emroxwg otnv MIPOoPAeyn Tov
HPNXAVIOPOD IIPO0dEVTIKIG AOTOXIAG 08 £VA AN POG KOPEOHEVO IIPAVES.

Ta ovpmepaopata mov mpoékoyav amo v mapovoa datpipry covoyiloviat

MAPAKATR:

a. To mpotevopevo KATAOTATIKO IIPOCOHOI®HpA Oepediwvetat mave otig
KATAOTATIKEG APXEG TRV OOPNPEVEV 0a@mV Kat Tig PEATIOVEL PEO® VEDV
VOP®V KPATOVONG KAt arodoupnong g d¢ong. EmumAéov, kivnpatikot vopot
EIMTPENIOVY TV AIIOPEI®OT) TG MEPBANODOAG AOTOYIAG KAl TNG EPEAKVDOTIKIG
petabeong g mepiPdAlovoag avioxng Ooprg  pe TG IAAOTIKEG
IIAPAPOPPROOELG.

b. To mpotelvopevo Kataotatiko IPOCOROI@HA EVODHIATOVEL £VA IIAI|PEG GCOVOAO
XPOVIKA OLVLPAOPEVAOV HNXAVIK®OV Yapaktnpotikeov. H oykopetpix)
EPIIDOTIKI] OLVIOT®WOA TIPOoodiIdel avioxr] pEowm TG avinong Tng TAong
IIPOOTEPEOIIOMONG.  ZOVEN®G, TO TMAAIO0 KATAOTATIKIG OLHIIEPLPOPUS
evappoviCetatl pe Tig mapatnproelg tov Bjerrum (1967).

c. H Otextpomikyy ovviotwoa oO0nyel O EPHNDOTIKI] daOTOXid PEO® THG
OLOOMPELONG  AVEAAOTIK®V — IAPAHOPPMOEDV.  ZINHELOVETAL  OTL  TO

KATAOTATIKO TIACIOl0 OLHIEPIPOPAS OepeAlwveTal MAV® OV  EUIEIPIKI)
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ovoxetwon TV Singh-Mitchell (1968) xat ovvenmg Ovvatar va eléydet
AIIOKAEOTIKA TOV OeoTepoyevi) epmoopo. O MP®TOYEVI|G ePILOPOG Oev
rpooopowwvetat enakpPpog (evromifetar advvapia e\éyyov davtov) otnv
IIaPovOd  HOP@PI] TOL KATAOTATIKOD NAAOOL OLpIIEPLPOoPdS. Avt 1)
napadoxr) armoteAel pa eyyevr] adovapia Tov €PILOTIKOD IPOCOPOIWHIATOS
Singh-Mitchell. O tpttoyevrlg epmoopodg mov odnyelt omyv  aoctoyia
IIPOCOHPOIMVETAL HEO® TrG amopeimong tng mnepiPpdrlovoag aotoyiag. To
KATAOTATIKO Tmpocopoiopa adloloyrfnke oe aplOpntkég avalvoelg xat
EVaVTL IEPAPATIKOV OedopEvmV 0oL Kat erédelle v KaAvotntd oL OtV
O®OTH IPOPAEYN TOV PNYAVIOP®V IOV 001yOLV 0TIV AoToXid.

d. To mpotewvopevo 1§mO0EAAOTONAAOTIKO MPOsOpoidpa Xpnotponow)onke yia
NV dlepebVION TOL PNXAVIOPOL dotoxiag Tav mpavev pe v Pordeta tov
kodwka nenepacpévav ototxeiov ABAQUS (to mpooopoiopa eonydn péoo
eCwtepikr)g vropovtivag UMAT). Ov aplBuntukég avalvoelg enedetSav v
dvvatotta IPocopoi®ong TG MPOOOEDTIKI)G AOTOXIAG KAl TNV AIIOCAPIVIOon
TOL pNXAVIOPOD ITOL 00N Yel Oe avt).

e. Emurhéov, xateotn eokpivég OTL 1] mPoodevTIKY] dotoxia ota mpavy etvat

OLVOQAOCKEVT) HE THV BIIAPST TOL VEPOD.

Ipotaoceic yia uelovrikn Epsova

Zmv napovod OWaktopikn) OaTpiPry MPOTElvVETAl €va  KAVOLPLO  XPOVIKI
eCapTéVOo KATAoTATIKO MAAIOL0 OOPIEPLPOPAS TV dopnpevav bAikev. To miatoto
dUTO EVOMHUATOVEL XAPAKTPLOTIKA Td Oomoid odnyovv oe OmOTI| IIPOCOHOI®ON NG

EPITLOTIKIG AOTOX LG TOLDAUY1OTOV O€ eNinedO PN YAVIOP®V.

[Tpotetvetat n mepattep® OtepedVNON KAl PeATio®on TOL KATACTATIKOL IAALOI00
ODLPIIEPLPOPAS, IOV EVODUATMVEL TNV EMPPOL] TOL PLOPOD TWV MAPAPOPPROEDYV,
TOOO Of emirnedo KATAOTATIKI)G IPOCOHOI®ONG 000 KAl ®¢ IPOG TNV IIPAKTIKN

dlepevvnon evOEXOPEVOV EPAPHOYDV.
Evlewtika avagepovtat ol Iapaxkate MPOTACELS:

a. Ilpoteivetar 1 evoopdtoon TG MIPOTOYeEVOLS avicotporiag. Emi g
rapoovong 1 neptpaldovoa avtoxrg dopng etvat mpooavatoAlopéve) et Too

wootporiov afova. O afovag g mepiBarlovoag avioxrg Ooprg ovvenag Oa
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Extevrig ITepiAnyn

MIPETIEL VA EKTPAIIEL €K TOV 100TPOIOL KAl VA AKOAOLOIOEL £Va KIVIHATIKO
VOHO KPATLVOIG IIAPOHOL0 HE ALTO IOV IPOTEIVETAL Ao TovG Sitarenios et al.
(2013). Enurhéov, mpoteivetdal 1] eVOOPAT®OOL] £VOG HN-ODOXETIOPEVOD VOHOD
POI)G Y1a TNV IO PEANLOTIKI| IIPOCOHOI®OI) TOV EPYACTNPLAKDOV KATAYPAPDYV.

b. H obykpion tov mpotetvopevoy eSOAVIKEDHEVOD IPOCOPOIOPATOG ermedetle
Vv advvapia DpoPAeyng Tov IPOTOYEVOLG EPITVOPOD. ZVVEN®S, EVOeikvoTal
n Owtdnwon M veag dmAfg EPIEPLKI)G OLOXETONG Paoctopévn ot
dnpootevpéva  epyaotnplaka dedopéva  kat oe  &va  VEOo  OLVOAO
EPYAOTPLAK®V AIOTEAEOPATOV. ZIHEW®VETAL OTL Ol EPYAOCTNPLAKEG DOKI1EG
AIATTELTAL VA aVAQEPOVTAL 08 OTPAYYIOPEVEG OLVOIKEG KATL IOV eVOEXOPEV®G
va amnoteletl Tpoxomedn yia Ty evdelexr| OlepebVNON TOV APYINK®V e0APOV
(epooov pmopet va actoxoov peta amd 200 1 kat 1.000 npépeg peta v
emfBoAr| TG EMPOPTIONG).

Cc. Av Kal o PNYAVIOHOG TrG IPOOOEDLTIKI|G aoToxiag IPOCOpOolwOnKe Kat
AIooa@nVviotnke HEO® TG Iapovoag OWaktopikig datpiPrig mpoteiverat n
evdelexr|g épevva yop® daAmo TV actoxla TOV IPAvev oe  eninedo
ddaxtopikr|g datpPris. H épevva mpoteiverat va agopd TV IPAKTIKN
EQPAPHOYL] TOL KATAOTATIKOD HAAIOIOD OLPIEPLPOPS HE OKOMO eVOEXOHEVT)
IIPOTAOI TEXVIK®OV KAl HETPOV aVAOYeong TG aotoyiag. Evdexopévmg xaroteg
avAaotpopeg avalvoelg va Bondrocovv og pog avtiyv v katebbovon.

d. Muwa al\An HDpaKTIKI) eQAppoy1) agopd TNV avdnon g TAong eYKIP®TIOHOD
YOp® amod v telikn) enevovor onpayyav. H evdeyopevn avinon tng mieong
OtV TeAKr| enevdvon evdexopevmg va wbroel oe pOYPAT®OON Kat aotoyid.
ZVOVEN®G, TO KATAOTATIKO IIpocopoimpa Ba propobdoe va xprowpomnowdet ya
va depeovnBel 1) avlnon g mieong otV TEAKI) EMEVOLON 1€ ATIMTEPO OKOIIO

NV OlatdKOT KAteLOLVTINPLOV 0dNYIOV KAl KAVOVOV 0Xed1A0HOD.

H ypovika-eSaptnpevn pnXavikr] COPIEPLUPOPU EMITPENEL TV XPOVIKY eSEAE TV
AVEAAOTIKOV MIAPAHOPPROE®Y O MEPLOYEG £VIOVIG KATATIOVIONG KAt odnyet otnv
exdNA®or Tov pn)aviopoL mpoodevTikng actoyiag ota mpavi). Advvatel ®oTooo va
IIPOCOPOLMOEL TOVG PNXCAVIOPOLS ACTOXIAG ITOL AIIOPPEOLY AIIO TNV KATAPPELOL] TG
avtoxng (soil collapse) Aoyw petafolav g podnong. Zovenms, To IAP®V XPOVIKA
eCAPTNPEVO KATAOTATIKO TAAIOI0 OLPIIEPUPOPAS OIIALTEITAL VA EVOMPAT®OEL Td

XAPAKTPLOTIKA TOV PI-KOPEOHEVAV £DAPIKOV DAIK®DV OTO AIIM®TEPO PEANOV.
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Chapter 1: Introduction

Introduction

1.1 Problem description

The investigation of complex geotechnical problems associated with the mechanical
response of the underlying geomaterial summarizes the focal point of geotechnical
engineering. The Finite Element and the Finite Difference techniques together with
the Boundary element method permit the study of geotechnical problems regardless
of the complexity involved. The increasing computational efficiency of modern
computing has allowed for a more elaborate simulation of problems incorporating

the aforementioned numerical techniques.

Constitutive modeling comprises the foundation pillar where the superstructure of
numerical methods is based on. The mathematical description of the undergoing
mechanical soil response is controlled through the constitutive models. The
governing equations dictate the reaction of the soil fabric to alterations in the applied
stress field. The constitutive behavioral framework tends to focus on the macroscopic

behavior rather than on the microphysics of the geomaterial.

An ensemble of inviscid elastoplastic formulations (e.g. Kavvadas and Amorosi,
2000; Belokas and Kavvadas, 2010) have been proposed to account for the time-
invariant mechanical response of both structured and structureless geomaterials. The
objective was to investigate the structure degradation and primary and secondary
anisotropy effects. It was falsely assumed that the aforementioned mechanisms
would prove the key to the onset of slope instability (Figure 1.1). Slope stability of
natural or man-made slopes (Figure 1.2) has been long examined mostly by
employing traditional limit equilibrium analyses founded upon the method of slices,

assuming a priori considerable knowledge of the failure mechanism. On the other
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hand, plastic strain localization and consequent formation of all possible modes of
shear banding described by bifurcation theories cannot be employed on real scale

basis.

Initial slope

Toe excavation

-~
Seo
-

......

Retrogressive
slope instability Final cut
mechanism

Figure 1.1: = Schematic representation of the slope instability problem.

Figure 1.2:  Slope instability effects on the infrastructure (California, 2011).

The finite numerical analyses of slope stability indicated that structure degradation
effects would not activate the progressive failure mechanism. Hence, additional
behavioral features needed to be incorporated to cause failure. In this end, the

strength envelope was associated to the plastic strains to introduce significant strain
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softening even in the complete absence of structure. However, the additional
structural characteristics (e.g. strength envelope degradation with plastic strains,
improved structure degradation laws) could not model the onset of retrogressive

slope instability by means of a strength envelope reduction due to plastic strains.

This deficiency was attributed to the fact that classical inviscid elastoplastic models
for structured soils cannot control the magnitude of plastic strains, as plastic strains
are imposed by the physical problem. Thus, it is impossible to generate large-enough
plastic strains to cause failure. On the contrary, time-dependent behavior permits the
temporal accumulation of inelastic strains, both plastic and viscous, in highly
stressed zones. Hence, the necessity arises for a new model that builds on previously
developed models for structured soils while at the same time incorporates a

complete set of time-dependent characteristics.

1.2 Scope of work

The new idea stems from the fact that the addition of time-dependent characteristics
in the sophisticated inviscid elastoplastic formulations can solve this problem, as
accumulation of "creep" strains can be independently controlled and reach large-
enough values to cause failure. Thus, the combination of time-dependent
characteristics and classical structure degradation can lead to the solution of

"delayed" failures is slopes (but also in other geotechnical problems).

Hence, the focal point of the current doctoral Thesis is to introduce a new
constitutive model that builds on previously developed formulations for structured
soils (by accounting for structure degradation and additional structural features, e.g.
strength envelope degradation with plastic strains) but at the same time it needs to
incorporate an ensemble of time-dependent characteristics. While the model needs to
account for the traditional response in oedometer tests exhibiting the strength
increase or simulate the stationary (secondary) creep stage in the triaxial apparatus it
cannot be bounded to such cases. The model needs to incorporate the capabilities of
reproducing the "delayed" failure mechanism in the laboratory shearing tests. The
prediction of the retrogressive slope instability mechanism builds on this model

characteristic.
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The following three steps comprise the pillars around which the current dissertation

is founded:

Step 1: Formulation of the mathematical time-dependent behavioral framework
integrated in the definition of the new constitutive model. The mathematical
formulation incorporates the principles of the overstress postulate proposed by
Perzyna (1962 & 1966) while at the same time is founded on the principles of classical
elastoplasticity. Structural characteristics emulating structure and strength
degradation due to plastic strains are also included within the overlying overstress

behavioral framework.

Step 2: Evaluation of the proposed model via a complete set of numerical analyses.
The deviatoric creep component reveals its devastating effect on soil strength leading
ultimately to delayed failure. The statement will be justified through an ensemble of
triaxial and shear tests by imposing drained conditions (the assumption of drainage
is justified by the very definition of creep postulating drained boundary conditions
for the stress state to remain intact). The effect of time dependency is examined in
further standard oedometer creep and stress relaxation tests. The proposed model
was further evaluated against experimental measurements. The sustained strength
increase associated with temporal effects was examined in an oedometer test on soft
clay (resembling peat). The deleterious effects on soil strength will be revealed
through the simulation of a multi-stage shear test in the triaxial apparatus activating

the accelerating (another term for tertiary) creep stage on coal, that leads to failure.

Step 3: Application in a slope stability analysis. The developed model will be used
in the analysis of slope stability. Analysis shows the aforementioned set of features
has been successfully modeled. Thus, the model permits the description of

retrogressive failure mechanism in the analyzed slope (Figure 1.3).

The proposed time-dependent behavioral framework incorporates the minimum
number of constitutive parameters without imposing any limitation in the simulated
behavior. The structural characteristics of the proposed model (associated with
structure degradation) can be derived easily via experimental measurements similar
to Belokas and Kavvadas (2010). As for the set of time-dependent features included

in the definition of the governing equations, the secondary compression index and
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the Singh-Mitchell (1968) parameters comprise well established quantities in the

literature.

Figure 1.3:
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Activation of the retrogressive slope instability mechanism portrayed
through the evolution of the deviatoric plastic strains e (SDV5) at
saturated conditions (water) assuming that the strength envelope

degrades with time (t1<t2<ts<ts).
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The proposed model is composed in FORTRAN to allow for single point testing
revealing potential undesired behavioral characteristics. Following the evaluation in
single point, the proposed model was incorporated in the Commercial Finite Element
Code SIMULIA ABAQUS (via a UMAT subroutine) to allow for a more elaborate

evaluation of the time-dependent mechanical response.

The current doctoral Thesis is part of a coordinated effort to construct constitutive
models addressing the mechanical response of geomaterials in the National
Technical University of Athens, and explore the vast practical implications involved.
Relevant research fields address the unsaturated mechanical response of soils

leading to soil collapse associated with suction alterations.

1.3 Research Methodology

The dissertation is comprised of two parts. The first section (Chapters 2 to 4) focuses
on an extensive literature survey of the time-dependent mechanical formulations and
associated sophisticated constitutive models and reviews the classical theory of
plasticity to highlight the major keypoints. The following section (Chapters 5 to 8)
addresses the original contribution of the doctoral Thesis. The governing equations
are introduced and the proposed model is evaluated against numerical analyses and
experimental measurements. Finally, the model is applied in a slope stability
problem to investigate the "delayed" characteristics associated with the progressive

failure mechanism.

Chapter 2 performs an extensive literature review on the vast load of constitutive
formulations associated with the time-dependent characteristics of geomaterials. The
constitutive formulations are classified as empirical (primary or secondary semi-
empirical) based on the best-fit of experimental measurements (oedometer and
triaxial), rheological models (analogical models and integral representation theory)
and models founded on the concept of viscoplasticity (are presented extensively in
Chapter 4). The presented models (with the sole exception of the advanced theories
of viscoplasticity) focus solely on the rheological profile of the soil skeleton and
neglect alterations in the mechanical behavior associated with consolidation,
swelling, structuration/destructuration and saturation. Dynamic effects and
temperature dependence elude the focus of the present research and, thus, are not

addressed.
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Chapter 3 reviews the classical theory of plasticity and highlights the major
keypoints. The critical state soil mechanics theory in soils is reviewed and the
governing equations of classical elastoplasticity are introduced. Soils are categorized
in structured and structureless states and the critical state principle is analyzed. The
Intrinsic and Structure Strength envelopes are incorporated to denote the virtual
boundaries enclosing all structureless and structured states respectively. Finally, the

Plastic Yield Envelope is employed to designate the infinitesimal elastic domain.

Chapter 4 focuses on the most recent advancements in elastoviscoplastic constitutive
modeling based on the overstress theory. Some primary constitutive formulations
based on overstress are reviewed followed by the most recent state of the art
approaches. It is concluded that all approaches focus mainly on the stationary or
even the primary creep stage and completely disregard or conveniently ignore the
temporal accumulation of inelastic strains, both plastic and viscous, in highly

stressed zones which leads to "failure".

Chapter 5 introduces the mathematical framework which builds on previously
developed models for structured soils (Kavvadas and Amorosi, 2000; Belokas, 2008)
while at the same time includes additional structural characteristics (e.g. a strength
envelope degradation with plastic strains) and, mainly, a complete set of time-
dependent features. The proposed formulation is founded on the principles of
classical elastoplasticity for structured soils integrated within the time-dependent
overstress theory (Perzyna, 1962 & 1966). Note that the governing equations are
stated in the generalized stress space to allow for direct integration within the
numerical code. The proposed expression for the interpolation rule (controlling the
plastic hardening modulus) is pressure dependent associated with the phase
transformation line projection in the stress hyperplane. The definition addresses the
deficiency of Kavvadas and Amorosi (2000) and Belokas (2008) at stress states laying
on the dry side. Finally, a hierarchical approach is assumed following the concept by
Mroz and Norris (1982), Desai et al. (1986), Pastor et al. (1990) and Gens (1995).
Hence, the formulation can degrade into a simple structureless isotropic model
lacking all aspects of anisotropy and it can even degenerate into an intrinsic

elastoplastic model by further disregarding any undergoing viscous effects.
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Chapter 6 evaluates the model through an ensemble of single point and element
based (in Finite Element Code SIMULIA ABAQUS) numerical analyses. The scope is
to investigate the elastoplastic and time-dependent simulated response. Drained
triaxial, plane strain and direct simple shear testing of a slightly overconsolidated
structureless soil specimen comprise the case studies to be examined. In such cases,
the deviatoric component reveals its catastrophic effect on soil strength thus
justifying delayed failure. Drained conditions are assumed to account for pure creep
postulating drained boundary conditions for the stress state to remain intact. The
effect of time-dependency will be further evaluated in standard oedometer creep and
stress relaxation tests. Both experimental setups should result in the lateral pressure
coefficient increasing to unity, by activating different mechanisms (of the volumetric

and the shear inelastic viscous strain).

In Chapter 7 the proposed model is further evaluated against experimental
measurements both in the oedometer and in the triaxial apparatus. The time-
dependent response in an oedometer test is examined in a natural soft clay specimen
(resembling peat). It is concluded that the simulated response converged to the
experimental observations. Selection of the case study was not random considering
that the highest discrepancy would prove at such a soft geomaterial. An extensive
literature survey revealed only a limited number of publications addressing the
drained time-dependent response of clay in the triaxial apparatus with the last one
dating back to 1975 (Bishop, 1966; Ter-Stepanian, 1975). The reason lies with the
considerable time period required for the specimen to fail in creep (time to failure
may exceed 200 days and even reach 1000 days). Hence, the mechanical response is
examined in an experimental study of coal in the triaxial apparatus. Delayed failure
is portrayed in a specimen subjected to a high shear stress level undergoing a multi-
stage creep test. Regardless of any logical approximations made in the definition of
the governing equations, the proposed model performed relatively well in all stages

of the experiment (including the tertiary creep stage).

Chapter 8 investigates the practical implications of the model. The proposed model
is applied in a 2D slope stability analysis via the finite element method. It was
concluded that the time-dependent behavior permits the temporal accumulation of
inelastic strains (plastic and creep) in highly stressed zones and thus permits the

description of progressive failure in the analyzed slope. The analyses show that the
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proposed model has the capabilities to predict delayed failure of a slope by
triggering tertiary creep and a retrogressive slope instability mechanism. The failure
surface would propagate from the toe backwards and uphill while at same time
another slip line originating from the crest would transition downwards to unite
with the primal. The slope fails at the time when the two segments unite to form the
final slip surface. The progressive failure mechanism is associated inextricably to the

presence of water in the slope without which failure is located solely along the toe.

The doctoral Thesis is concluded in Chapter 9 by reviewing the main keypoints of

the doctoral thesis and posing recommendations for future research.
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Time dependent behavior of soils

2.1 General

Time dependent behavior has been the focal point of scientific research for many
decades. Natural soils tend to exhibit transformations in their material fabric
associated with time-dependent phenomena. Thus, creep can be defined as the time
dependent behavioral trend of a solid material under constant loading conditions. In
such sense, the fundamental problem can be summarized in reproducing a general

framework emulating the macroscopic behavioral trend.

Numerous approaches have lead to a vast load of constitutive models in the
literature associated with the time dependent behavior of soils. Focusing on
representing different aspects of the same phenomenon researchers tend to shed
light from different views by each focusing on creep, stress relaxation, rate
dependence or accumulated effects. The constitutive formulations can be classified
as empirical (primary or secondary semi-empirical) models based on the best-fit of
experimental measurements (oedometer and triaxial), rheological models (analogical
models and integral representation theory) and models founded on the concept

viscoplasticity.

The present chapter addresses the necessity of a comprehensive review of the
aforementioned models and their basic characteristics, advantages and shortcomings.
The models to be presented hereafter (with the sole exception of the advanced
theories of viscoplasticity) focus solely on the rheological profile of the soil skeleton
and neglect alterations in the mechanical behavior associated with consolidation,

swelling, structuration/destructuration and saturation. Dynamic effects and
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temperature dependence elude the focus of the present research and thus will not be

addressed or summarized.
Next, the constitutive formulations to be presented have been classified as follows:

e Empirical Models: Experimental measurements stemming from creep,
stress relaxation and constant strain rate tests are employed to derive curve
fitting based constitutive relations. The models are usually formulated in an
analytical expression or in its differential form. Depending on boundary and
loading conditions the aforementioned expressions tend to vary thus leading
to their inherent limitation. Such empirical expressions regardless of their
shortcomings can be employed as base models in the formulation of
advanced viscoplastic constitutive relations or for calibration purposes of
those.

¢ Rheological Models: Such formulations tend to describe uniaxial
conditions in a rather elegant analytical solution. They are usually comprised
of elementary elements (springs, dashpots, sliders) manipulated (in series or
in parallel) as to allow for a more accurate replication of the overall time
dependent mechanical behavior. The engineering theories of creep present
another form of rheological models (addressing the time dependent behavior
of concrete and metals) which allows for a more direct introduction of the
analytical constitutive equation. Once again, such representations can act as
basis for a more elaborate and advanced viscoplastic constitutive model.

e General Theories: General three-dimensional theories (usually
programmed in finite element or finite difference codes) comprise the
keystone of the time dependent behavioral constitutive framework. These
formulations are not limited to specific loading or boundary conditions. The
most widely employed general theories in the literature are Perzyna's

overstress theory and the Non-Stationary Flow Surface (NSFS) theory.

2.2 Empirical Models

The empirical models can be expressed in either simple analytical solutions or in
their differential form. The constitutive relations are based on observations on
experimental data derived from laboratory (creep, stress relaxation, constant rate)

tests. On the downside however, their simplicity is bounded by their inherent
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limitation of addressing solely specific boundary and loading conditions. Such
models tend to be used as a starting point for the development of more advanced
constitutive formulations. Empirical models can be subdivided in primary and

secondary.

The primary empirical models are simplified elegant analytical formulations
stemming from the curve fitting of experimental measurements. Limited as they are
to given boundary and loading conditions, they have the advantage of describing
consistently the mechanical behavior at hand. This means that creep, stress relaxation

and constant strain rate tests cannot be captured in a single expression.

The secondary semi-empirical formulations are a simple combination of multiple
primary models aiming to reconstruct a rather general theory addressing more

aspects of the phenomenon.

221 Primary empirical constitutive formulations

The empirical relations to be analyzed hereafter are:

e The semi-logarithmic creep law: The constitutive relation described as
semi-logarithmic creep law is based on observations made by careful
examination of the secondary compression process in standard oedometer
tests (which impose one-dimensional deformation on the soil sample).

The mechanical behavior associated with creep is a combination of its
volumetric and deviatoric component characteristics. Results on oedometer
tests tend to reveal the effect of creep on the volumetric component of strain,
illustrated in Figure 2.1.

The secondary compression coefficient can thus be defined as follows:

Ae

Ca = Tioa (D) 0 2.1)

The secondary compression coefficient Cee may also be given in terms of the
vertical deformation undertaken &,. In this case, the logarithmic relation

describing the dependence of the vertical displacement on time is defined as:

g, :Cag-Iog(1+t£j:(1+ei)-W-In[1+tl] (2.2)

0 0
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EOP
End of Primary
Consolidation

Time to the end of
primary consolidation

Cae

Log (time)'
Figure 2.1:  Secondary compression coefficient C.e in standard oedometer test.

The expression above employs the void ratio at the end of primary
consolidation e;. Parameter p is the projection of the secondary compression
coefficient Cee in the e-Inf space:

C
_ e 2.3
Y =10 @3)

The void ratio can be expressed as a function of time as follows:

e=ei—Cae~log(lJ:ei—y/~ln[iJ | t>t, (2.4)
t0 t0

One of the major issues arising however is the determination of the reference
time to. The main concern is the starting point of time at which the volumetric
creep strain component begins to accumulate. It is undeniable that creep
strains tend to accumulate during primary consolidation thus affecting the
dissipation of the excess porewater pressure.

Mesri and Choi (1985) stated that the reference time should be considered as
the end of primary consolidation. The aforementioned statement however,
raises an issue in clayey soils of whether the reference time should vary with
drainage length and soil thickness. According to Mesri and Choi's postulate
the creep strains are assumed to be negligible during the state of primary
consolidation and are therefore disregarded. Such statement however, fails to
consider the case of soft clays and organic materials where the creep potential
appears to be dominating the overall mechanical response even during

primary consolidation.
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Thus, the reference time should be considered solely as an intrinsic parameter
characteristic of a given soil, as has been suggested by Leroueil et al. (1985),
Bjerrum (1967) and Yin (1999). Thus, t, is independent of drainage conditions
and thickness of the deposit.

Reference time in such sense possesses another more robust and physical
meaning. Regardless of its geological history, it strikes as odd or even
ludicrous to assume that one could predict the geotechnical properties of the
original deposit much more the exact geological transformations undertaken
during the last geological periods. Hence, all physical and mechanical
properties extracted from the laboratory tests or in-situ measurements
correspond to a rather "newly" formed soil deposit. Regardless of all chemical
bonding, biological alterations and mechanical transformations undertaken
the soil formation is a snapshot of its geological history revealing information
only for the present. Thus, the reference time of such a deposit should be
considered as the time of soil extraction. In simple words, the End of Primary
Consolidation (EOP) t; and the reference time fy are one and the same and
equal to the time measurement employed (lsec, 1min, 1 day, etc).
Furthermore, creep tends to accumulate even during the process of primary
compression.

e Bjerrum's approach: Bjerrum (1967) presented the concept of "time lines"
based on results addressing the time dependent behavior of normally and
slightly =~ over-consolidated clays incorporating the aforementioned
logarithmic creep law by focusing on settlements.

Based on observations on oedometer creep tests, Bjerrum stated that there is a
family of parallel curves in the e - log(c'v) diagram corresponding to different
duration of applied loads (Figure 2.2), the "time lines".

A careful examination of Figure 2.2 reveals the importance of the
preconsolidation pressure denoted o', in Bjerrum's theory. The value of the
preconsolidation pressure depends on the considered time line. Thus,
different time lines account for different equilibrium relations holding true
after different time periods of sustained loading. Hence, the young NC
(Normally Consolidated) clay deposit reveals an active preconsolidation
pressure 0',p0 coinciding with the active vertical effective stress ¢',0. However,

assuming that the vertical effective stress is kept intact throughout a period of
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1000 years, the clay medium tends to compress with time, being subjected to
secondary compression. The aged NC clay (regardless however if it is no
longer being regarded as NC but rather as an overconsolidated clay with an
OCR analogous to the time period subjected to secondary compression)
reveals a considerably different preconsolidation pressure of ¢';p1. In other
words, the decrease in void ratio builds up the soil strength, thus increasing

the preconsolidation pressure.

A
e| ¢ o, s
U 25 %
%
%%,
%
»
—\ Ulz,pO
Young
1000 years of
secondary NC Clay
consolidation \
X _ Urz,pl
Aged
A/NC Clay
equilibrium
time lines
Log (0,

Figure 2.2: = Compressibility by accounting for the geological history of a young
and aged normally consolidated clay medium after Bjerrum (1967).

The semi-logarithmic creep law was incorporated in Bjerrum's approach by
Garlanger (1972) as follows:
o, ' ty+t

Z!Yp _CC ’ Iog OI-Z _Cae ’ Iog( Ot ] (25)

z,0 z,p

e=¢,—-C,log

In the expression above the void ratio e has been defined as a function of the
initial void ratio, e, the vertical preconsolidation pressure, ¢',p0, the initial
vertical effective stress, 0,0, the current effective stress, o', time t and the
reference time fo.

The ratio of preconsolidation pressure at time t normalized with respect to
the initial pressure o',p0 of the young NC clay reveals the age dependency
illustrated in Figure 2.3 and is given in the following form:

Cae

U; t C.—C,
0

z,p0
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Figure 2.3:  Age dependency after Bjerrum (1967).

The ratio Cie/(C-C:r), where C. is the virgin compression index and C: the
recompression index, resembles the parameter m' (m'= C /Cc) assuming that
the recompression index could be neglected. Parameter m' comprises a well

established quantity in the literature (Mesri and Godlewski, 1977).

e The Singh - Mitchell creep model: Singh and Mitchell (1968)
proposed a model based on observations on specimens subjected to
undrained triaxial creep. This model describes creep effects in shearing
modes and thus it is fundamentally different than the secondary compression
model described above.

Results of shearing in the triaxial apparatus either drained or undrained
(regardless whether the stress is not kept constant throughout the process
thus not representing pure creep process) tend to produce rather different
conceptual mechanical behavior once subjected to different levels of imposed
stress, as can be seen in Figure 2.6.
A careful examination of the shear strain - time diagram reveals the
undergoing creep stages triggered at different shear stress levels:
* primary or transient creep: in this stage the strain rate decreases
with time;
* secondary or stationary creep: in this stage the strain rate is
constant; and
* tertiary or acceleration creep: in this stage the strain rate

increases with time thus leading to failure attributed to creep.
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Figure 2.4:  Definition of creep stages in shear based on observations on triaxial

2.7)

creep laboratory tests at different stress levels.

The Singh-Mitchell original criterion addresses adequately the stage of
secondary creep and at no point can it emulate tertiary creep. The primary
creep stage is considered of limited interest but is formulated regardless
considering the necessity for a smooth transition towards the stationary strain

rate in the analytical formulation below:

In the expression above the deviatoric creep strain rate is expressed as a
function of time based on observations from undrained triaxial laboratory
measurements, by incorporating three parameters A, m and a. D is defined as

the ratio D =q/ g, , where g is a measure of the shear stress and grar the

corresponding value at failure (Figure 2.5).

Parameter A controls the measure of the deviatoric creep strain component by
accounting for the chemical composition of the soil and structure (stemming
from both bonding and stress history). Parameter a portrays the stress
intensity effect on creep rate while parameter m controls the tempo of strain
rate increase with time.

The validity of the aforementioned expression is limited to shear stress
intensities ranging from 0.1 < D < 0.6+0.9. A careful examination of the

expression above (expression (2.7)) reveals a significant shortcoming once the

-92-



Chapter 2: Time dependent behavior of soils

stress level D drops below 0.1. In this end, Mitchell et al. (1968) published a
slight modification of the original formulation (2.7). The modification was
proposed rather to extend the validity in regions closer to null values of the
shear stress level than to account for higher stress intensity levels that could
potentially lead to creep failure (Aristorenas, 1992). Note that the model
cannot predict the tertiary creep stage. The revised constitutive relation can

be formulated as follows:

o€ . t \"
:=—=2.A.sinh(a-D)-| 2~ 2.8
T ( )(tj @8)

The hyperbolic sinusoidal function may not always provide accurate
predictions at low stress levels (D < 0.1) but has the advantage of providing a
smooth transition towards the stationary creep stage and proves invaluable in

terms of numerical programming (by eliminating the discontinuity).
A

m<1

Straig

Time

Figure 2.5:  Creep strain paths for different values of the exponential factor m

predicted by the Sing & Mitchell (1968) constitutive relation.

The Lacerda - Houston relaxation model: The proposed model by
Lacerda and Houston (1973) addressed the problem of stress relaxation under
shear, based on observations on laboratory tests mainly on clay. The
formulation incorporates the well established Singh-Mitchell (1968)
parameters.

Laboratory measurements on N.C. San Francisco bay mud, kaolinite,

Monterey sand and Ignacio Valley clay subjected to shear stress relaxation
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were employed to clarify several aspects of the time-dependent behavior. It
was stated that the normalized deviatoric stress (with respect to its initial
value qo) had the tendency to decay in a linear fashion with respect to the

logarithm of time, excluding an initial part where strong nonlinearities tend

to be present (Figure 2.6).
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Figure 2.6:  Schematic results on clay specimens subjected to stress relaxation: a.

stress relaxation diagram at different levels of deviatoric stress and b.
corresponding normalized deviatoric stress as a function of the
logarithm of time after Lacerda and Houston (1973).

Lacerda and Houston proposed a linear expression connecting the deviatoric

stress with the logarithm of time, with a cutoff depending on the reference

period to:

q t
—=1-s-log| —| | t>t, 2.9)
% b

The above expression tends to predict a deviatoric stress decrease for times
greater than to. Reference time o stands for the time at the initiation of the
stress relaxation process and is dependent on the soil characteristics (soil type
etc.) and the strain rate. Parameter s depicts the inclination of the stress
relaxation line in the g/qo0 versus logarithm of time plot, where go stands for
the initial shear stress level imposed and g is the relaxed value of the shear
stress. Furthermore, the inclination s can be expressed as a function of the

Singh - Mitchell (1968) parameters as follows:
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Log (0'z)

>

2.3-(1-m)
S=———7—"= (2.10)
a-D,

The expression above holds true for values of the Singh - Mitchell exponential
factor m <1 (Figure 2.5). D stands for the initial mobilized stress level at t= t,.
Lacerda and Houston's model appears to be limited to one-dimensional
conditions since it lays on the assumption of the Singh-Mitchell criterion
holding true. Furthermore, the expression portrayed in equation (2.10) fails to
converge to a final relaxation value thus continuing to degrade gradually to
null.

The strain rate approach: Leroueil et al. (1985) assumed a unique
relation associating the current effective stress o', to the vertical strain &,

assuming that a constant strain rate &, is imposed. It was further suggested

that the overall mechanical behavior could be described fully by first defining

the variation of preconsolidation pressure as a function of the strain rate

(o) 0= f(é‘Z )) and the effective vertical stress as an expression of the

vertical strain (0, = O, . (82 ) )-
Thus, the strain rate can be defined as a function of the vertical effective stress

and the strain rate as follows:

g =f1 —= (2.11)

The graphical representation of the aforementioned expressions is portrayed

in Figure 2.7.
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Figure 2.7:  Stress - strain - strain rate relation based on the Leroueil (1985)

222

approach: a. preconsolidation pressure is expressed as a function of
logarithm of strain rate and b. normalized effective vertical stress
versus strain curves subjected to various strain rate levels.

The strain rate approach allows for both creep and stress relaxation to be
considered within the one-dimensional constitutive framework. Furthermore,
the portion of vertical strain employed in the expressions above represents
solely the viscoplastic component. Thus, the total strain needs to be
deconvolved in an elastic and a viscoplastic component, prior to introducing
the aforementioned approach to account for the viscoplastic portion. The
formulation addresses solely the mechanical time-dependent response of

normally consolidated clays.

Secondary semi-empirical constitutive formulations

The secondary semi-empirical relations are a simple combination of multiple

primary models aiming to reconstruct a rather general theory addressing more

aspects of creep. The constitutive formulations to be analyzed in this section are:

Kavazanjian and Mitchell's concept: Kavazanjian and Mitchell (1977)
proposed a multi-axial stress-strain-time constitutive relation to account for
creep.

The total strain was decomposed in an instantaneous portion and a delayed
part, representing creep. The delayed part was further decomposed in a
volumetric and a deviatoric component.

For the volumetric component & the semi-logarithmic creep law was

employed:
&, = Co 1 (2.12)
In(10) t

The aforementioned expression incorporates the secondary compression

coefficient in terms of the vertical strain.

As for the deviatoric creep component the Singh-Mitchell constitutive relation
was employed. Considering that expression (2.7) refers to the first principal

axis & (in other words the axial strain) the deviatoric strain rate £, may be

calculated from the axial strain in triaxial conditions as follows:
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(2.13)

The axial strain rate in triaxial conditions denoted ¢, is portrayed in equation

2.7).

e Tavena's approach: Tavenas et al. (1978) proposed a concept in which the
creep deformations could be decomposed in a volumetric, ¢y, and a deviatoric

component, &, each described by an individual Singh-Mitchell relation given

below:
§,=B-f (a;j)(t?f)jm (2.14)
é,=Ag (ai;)-(%j (2.15)

Expressions f(0'j) and g(0';) are a function of the effective stress ¢'j. Parameters
A and B control the measure of deviatoric and volumetric creep components
respectively while m governs the rate of the strain rate decrease. In the
aforementioned expressions (2.14) and (2.15) the same exponential parameter
m is incorporated to describe the volumetric and the deviatoric creep
components alike. Tavenas et al. further proposed that expressions f(c';) and
g(d"j) are stress functions associated with the yield surface.

Sekiguchi (1984 & 1985) proposed that the ratio of the volumetric over the

deviatoric component could be expressed as a new stress function:

& _ flay)

= =h(ay) (2.16)

éq g (O'ij)
h(o';) should not be considered as a soil characteristic, but depends on the
material properties.

e Yin and Graham's approach: Yin and Graham (1996) incorporated
Bjerrum's principle and the strain-rate approach in the formulation of a one-
dimensional model. In such fashion, the time-dependent behavior of both
normally consolidated and overconsolidated clayey soils subjected to a
variety of loading and boundary conditions (creep, stress relaxation and

constant strain rate tests) can be addressed.
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The model is founded upon namely four pillars, visualized in Figure 2.8:

a. Equivalent time and time line. Based on the Yin and Graham
hypothesis, lines corresponding to the same equivalent time t. are
characterized as time lines. Equivalent time defines the time required
to evolve from the reference time line (f.=0) to the subjected value of
strain €', and vertical effective stress ¢',. For a normal consolidated
sample of clay subjected to oedometer testing the equivalent time
coincides with the duration of loading increment. On
overconsolidated samples however, the equivalent time may be
considerably different (higher) depending on the value of the
overconsolidation ratio (OCR). Each equivalent time line can be
associated uniquely to a single creep strain rate. Thus, the larger strain
rates correspond to the minimum equivalent times and vice versa.
Equivalent times below the reference time are considered as positive
(te>0) while the lines laying above it are regarded as negative (t.<0).

b. Reference time line can be defined as the equivalent time line at which
the equivalent time is set to null.

c. Instant time line is the line defined by instantaneous loading response
of the soil skeleton. The strains are assumed to lay on the elastic
region.

d. Limit time line is the quasi-static boundary when the mechanical

behavior appears to be time independent.

The mathematical formulation of the Yin and Graham model is illustrated

here below:
A
) 1 . ;X
8225' - O-Z'+Lexp _(82_820).1 . O_'Z (217)
v o, v-i, X1\ 90

The expression incorporates the initial vertical strain, &,0, the initial effective
vertical stress o', the projection of the recompression index in the e-In(o)
space, denoted x, parameter A representing the projection of the virgin
compression index in the e-In(0) space, creep parameter y and intrinsic time

parameter fo.
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Figure 2.8:  Graphical representation of the Yin and Graham (1996) model
incorporating the instant time line, reference and limit time lines as
well as positive and negative time lines.

2.3 Rheological models

Rheological models were originally developed to describe the time-dependent
behavior of metals. Considering that the temperature effect in such materials is of
crucial importance attributing to the creep characteristics of the material fabric, it
needs to be accounted for within the formulation of the constitutive framework.
Historically, rheological models addressing the time-dependent behavior of
geomaterials are an extension of the rheological models developed for fluids, gases,
metals and even concrete. Although natural soils tend to exhibit significant

differences from metals qualitatively they share common rheological properties.

The constitutive behavioral framework of such models is formulated generally to
account for one dimensional boundary and loading conditions. The governing
equations are expressed in analytical or differential forms and extension to three-

dimensional conditions is relatively simple.

Rheological models, despite any lack of finesse, provide an insight to the rheological
transformations undergoing throughout the phenomenon and may provide simple

and robust mechanisms to capture the macro viscous behavior in its essence.

The rheological behavioral frameworks to be analyzed hereafter may be classified as

follows:
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e Analogical and mechanical models: Such formulations are comprised
of simple elementary analogs (springs, dashpots, sliders) manipulated in such
a fashion (in series or in parallel) as to allow for an accurate replication of the
overall time-dependent mechanical behavior.

e Integral representation approach: The integral representation
approach is also known as the hereditary principle. This concept is founded
on the assumption of a memory function capturing the history dependence of
strains (assuming creep behavior is of interest) or stresses (if stress relaxation
is assumed).

Furthermore, this section may include phenomenological engineering theories. Such
formulations tend to describe the time dependent behavior exhibited in concrete, ice
and metals. The constitutive formulations portraying the time dependence are given
directly in simple analytical expressions. Phenomenological theories appear to be
similar to the empirical relations and can be easily be mistaken for such. They tend
however to describe creep characteristics at states below the yield state. The
empirical formulations for soils on the other hand need to address the plastic stress

states. The phenomenological engineering theories may classified as follows:
a. Total strain approach: The viscous strain ¢ is given as a function of time ¢ and
imposed stress 0, £° = f (0)- ¢ (t)
b. Time hardening approach: The viscous strain rate £° may be expressed as a
function of time f and imposed stress o, &=f (G) g (t) .
c. Strain hardening approach: The viscous strain rate £° is formulated as a
function of stress ¢ and accumulated viscous strain e, £° = f (0') g (gc ) .

Such formulations tend to describe uniaxial conditions in a rather elegant analytical

solution.

2.3.1 Analogical and mechanical constitutive formulations

There is an ensemble of analogical models in the literature. However, they are all
comprised of elementary material analogs combined either in series or in parallel.
Hookean (visualized by a spring), Saint - Venant's (visualized by a slider) and

Newtonian model prove to be the foundation pillars in which all analogical models
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are based upon. The aforementioned models may be combined either in series or in

parallel depending on the addressed time dependent behavior.

Even though the mechanical analogs tend to be one dimensional, the constitutive
equations may be generalized to account for three dimensional conditions of loading

or boundary.

Analogical models tend to prove reasonable results for the most boundary and
loading conditions they are addressing despite any approximations made in the
simulated behavior. Next, the three elementary material models (Newtonian,
Hookean, Saint - Venant's) will be analyzed along with some more advanced

behavioral analogs such as Maxwell's, Kelvin - Voigt's, Burgers' and Bingham's.

Note that the Hookean spring and the Newtonian dashpot could be manipulated to
account for any nonlinearities sustained and the Saint -Ventant's slider may be
transformed to account for hardening based on the plasticity theory (Christensen and

Wu, 1964; Murayama and Shibata, 1966).

e Newton's elementary model: The first elementary model was proposed
by Newton (1967) in describing the laws of motion of an ideal viscous fluid
and is known as Newtonian fluid. Newton assumed a linear relation between

the flow rate and flow resistance. Here follows the mathematical formulation:

oe"
=n.&" 2.18
Pl (2.18)

o"=n-

In the expression above o n represents the stress (viscous coincides with the
total - the superscripts are included solely for visual purposes), 7 is the
coefficient of viscosity either effective or dynamic and &7 stands for the
viscous strain rate. In rheological behavioral frameworks the Newtonian fluid
analog is accustomed to be portrayed as a viscous element (dashpot). The
relation between stress and viscous stress rate and the associated mechanical

analog are depicted in Figure 2.9.
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Figure 2.9:  Newtonian viscous dashpot: a. mechanical analog and b. stress-

viscous strain rate schematic diagram.

e Hookean basic model: The concept of elasticity is attributed to Hooke.
The foundation stone was set in 1660 in a lecture to the Royal society (Hooke
et al., 1705). Hooke assumed a linear relation between the stress and strain.

Here follows the mathematical formulation:

c°=E-¢° (2.19)

o'e

o€ o¢

£e

A 4

Ee
a. b.

Figure 2.10: Hookean elastic spring: a. mechanical analog and b. stress-strain
schematic diagram.

In the expression above oe represents the elastic stress (elastic stress coincides
with the total - the superscripts are included solely for visual purposes), E is
the Young's modulus and e stands for the elastic strain. In rheological
behavioral frameworks the Hookean analog is portrayed as a spring element.
The stress-strain relation and the associated mechanical analog are visualized

in Figure 2.10.

e Saint-Venant's plastic model: Saint-Venant's elementary model is
founded on the assumption of an ideal perfectly plastic behavior (Saint-

Venant, 1855). The mechanical behavior is similar to that of a rigid body on a
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rough horizontal surface subjected to a horizontal force while the interface
can be simulated by Coulomb's dry friction law. Once the load exceeds the
yield (limit) stress the undergoing deformation tends to infinity. Here follows

the mathematical formulation by employing the Macaulay brackets:

c-o, | oczo,

(o-0,)= {0 o<o, (2.20)

In the expression above oy represents the yield stress. In rheological
behavioral frameworks the Saint-Venant's mechanical analog is accustomed
to be represented by a slider. The stress-strain relation and the associated

mechanical analog are portrayed in Figure 2.11.

A
(0)
(0}
y
(0} (o)
> < Oy
&
g
a. b.

Figure 2.11:  Saint-Venant's plastic slider: a. mechanical analog and b. stress-strain
schematic diagram.

Maxwell's analogical model: The analogical models are simple
manipulations of the three elementary material analogs, the Newtonian
viscous dashpot, the Hookean elastic spring and the Saint-Venant's plastic
slider. Maxwell's viscoelastic model incorporates an elastic spring and a
viscous dashpot connected in series (Maxwell, 1868; Havel, 2004; Fortsakis,
2012).Assuming that the system is subjected to some sort of stress, then
immediately after the initiation of loading the elastic spring should deform.
On the other hand, the viscous dashpot would portray no change in the
undergoing strain. With evolving time however, the dashpot should
undertake certain pressure by reacting to the imposed pressure. Here follows
the mathematical formulation:

=200 ¢ (2.21)
E 7
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In the expression above oy represents the imposed stress (either normal or
shear), E is the Young's modulus (assuming that shear stress was applied it
would have to be replaced with the shear modulus G), # stands for the
coefficient of viscosity either effective or dynamic and t is the time. The stress

and strain-time relations and associated mechanical analog are summarized

in Figure 2.12.
A
&
0] 0o /E
oo t1 /I]
E
t1 t >
A
(0]
0o
(0]
t1 t -
a. b.

Figure 2.12: Maxwell's rheological viscoelastic model: a. mechanical analog and b.
stress-strain schematic diagram.

e Kelvin-Voigt's analogical model: Kelvin-Voigt's or simply Voigt's
viscoelastic solid model incorporates an elastic spring and a viscous dashpot
connected in parallel (Kramer, 1996; Fortsakis, 2012) . The elastic spring and
the viscous piston may deform in conjunction and at the same extent. In other
words there is no instantaneous response to any stress increment undertaken

(normal or otherwise). Here follows the mathematical formulation:

£ :%[l—exp(—%-tﬂ (2.22)

In the expression above oy represents the imposed stress (either normal or

shear), E is the Young's modulus (assuming that shear stress was applied it
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would have to be replaced with the shear modulus G), # stands for the
coefficient of viscosity either effective or dynamic and t is the time. The stress
and strain diagrams as a function of time and the associated mechanical

analog are illustrated in Figure 2.13.

A
€
o \"(
t1 t >
I E
A
(0)
o (0])]
t1 t >
a. b.

Figure 2.13: Kelvin-Voigt's rheological viscoelastic solid model: a. mechanical

analog and b. stress-strain schematic diagram.

Burgers' analogical formulation: Burgers' viscoelastic model
incorporates a Kelvin-Voigt and a Maxwell model connected in series

(Burger, 1948). Here follows the mathematical formulation:

g:ﬁ+%{l—exp[—5-tﬂ+ﬁ-t (2.23)

In the expression above oy represents the imposed stress (either normal or
shear), E; and E; are the Young's moduli of the springs (assuming that shear
stress was applied they would have to be replaced with the shear moduli G),
m and 72 stand for the coefficients of viscosity (effective or dynamic) and ¢ is
the time. The stress and strain diagrams as a function of time and the

associated mechanical analog are depicted here below (Figure 2.14).
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Figure 2.14: Burgers' viscoelastic analogical model: a. mechanical analog and b.
stress-strain schematic diagram.

e Bingham's analogical model: Bingham's viscoplastic rheological model
incorporates a Newtonian viscous dashpot and a Saint-Venant's plastic slider
connected in parallel (Bingham, 1922). Here follows the mathematical
formulation:

c=0,+Ng & (2.24)

In the expression above oy represents the Saint-Venant's yield stress and 175 is
the "Bingham viscosity" (another term for "Bingham viscosity" is "Bingham
flow coefficient"). The Bingham viscosity is not a physical property of the soil
but a parameter computed by curve fitting. The stress as a function of the
viscous strain rate plot and the associated mechanical analog are depicted

hereafter (Figure 2.15).
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Figure 2.15: Bingham's viscoplastic rheological model: a. mechanical analog and b.
stress-strain schematic diagram.

2.3.2 Integral representation theory

Integral representation approach is founded on the assumption that the current
strain &(t) can be computed by integration over the entire loading history (e.g. Murad
et al., 2001; Saleeb et al. , 2001; Abuzeid et al., 2010). The integral over all stress
changes even the infinitesimal ones on any current time t shall provide the overall
accumulated strain. Another term for the integral representation approach is
hereditary theory. The simplest form of the integral representation theory is based on
viscoelasticity, which is nothing more than a generalization of the rheological analog.
However, the hereditary approach is possible to incorporate nonlinear behavioral
characteristics corresponding to a generalization of the aforementioned rheological
engineering theories. The main shortcoming however making it unsuitable for use in
soil mechanics application stems from the great number of laboratory measurements
required for the calibration. 28 tests (Feda, 1992) are required to describe solely a
uniaxial experiment by means of the nonlinear integral representation theory (for the

triaxial case are required six times as many).

24 General Theories

Numerical analyses are being employed more and more nowadays in geotechnical
engineering to investigate complicated mathematical problems. General theories of
viscoplasticity represent the governing equations by incorporating principles of
plasticity. Such theories are not limited to specific boundary and loading conditions
but tend to address potentially all possible stress and strain paths. The time

dependent behavioral framework allows for simulation of creep, stress relaxation
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and strain rate dependency. More sophisticated models incorporating the principles
of this approach may also include aspects of the theory of plasticity (allowing for the
plastic component of strain to be defined separately through the theory of plasticity

from the elastic and viscoplastic).
The general theories can be classified into three categories:

a. Elastoviscoplastic models based on the Perzyna's overstress theory;
b. Elastoviscoplastic models based on the Non Stationary Flow Surface theory;

c. others.

24.1 Perzyna's overstress theory

The overstress theory is attributed to Perzyna (Perzyna, 1962 & 1966; Olszak and
Perzyna; 1966). Perzyna in essence combined the classical theory of elastoplasticity
with the time-dependent behavior of metals. The new theory developed would be
called elastoviscoplasticity and incorporates the elastoplasticity solely as a specific

case.

24.1.1 Mathematical Formulation

Perzyna's overstress theory was based on experimental measurements and assumes a
"static surface" in the effective stress space, comprising the virtual limit separating
the elastic from the viscoplastic regime. The static surface is generally different than
the employed loading yield surface. The loading yield surface f(0)=0 is defined by
the state of imposed stress and in the general case does not coincide with the strength
envelope (neither the intrinsic envelope nor the structure strength envelope to be

analyzed in section 3.9).

The state of stress o0 may cross the static surface at the end of a given loading
increment. The aforementioned statement summarizes the essence of Perzyna's
overstress theory. By crossing the static surface the stress path oversteps the

viscoplastic boundary thus accumulating viscoplastic deformations (Figure 2.16).
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Figure 2.16: Schematic representation of Perzyna's overstress theoretical
framework and definition of static yield surface and stress regions
(after Debernardi, 2008).

The static yield surface (or yield surface for short) comprises the virtual boundary
separating;:

e the elastic region inside which the yield function f produces negative values,

f(O')<O. Within this region the deformations are purely elastic and the

constitutive expression describing the overall mechanical behavior can be

expressed as follows:

6=C°:é° (2.25)

In the expression above superscript e is employed to denote the elastic

incremental component of strain tensor £°and the elastic stiffness matrix C°.

The inner product is denoted using the symbol ":".

e the elastoviscoplastic regime laying on the outer bound of the elastic,
corresponds to positive values of the yield function f (0') >0. In this case,

Perzyna assumed a deconvolution of the strain increment in an elastic and a

viscoplastic component portrayed hereafter:

=8 +&" (2.26)

In the expression above the superscripts e and vp are employed to denote the

elastic and viscoplastic components of incremental strain respectively. The
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viscoplastic incremental strain tensor employed in equation (2.26) can be

computed through the following expression:

. og
P =y ®(F) == 2.27
&=y ®(F)—— (2.27)

Where y is the fluidity parameter influenced (not equal) by the material
viscosity, )] ( F) represents the viscous nucleus, F is the overstress function, g

portrays the viscoplastic potential function and o is the stress tensor.

The overstress function F is a measure of the distance between the stress state
and the static yield surface. The viscoplastic potential function g controls the
direction of viscoplastic strain rates (and incremental strains). Finally, the
overstress function dominates the measure of viscoplastic strain rates through

the viscous nucleus.

2.4.1.2 Hardening of the yield surface
In the general case the yield surface is nothing but static. It can evolve throughout
time and stress by translating and deforming as a consequence of the accumulated

viscoplastic strains. Hardening of the yield surface may be associated with:

a. the measure of deviatoric viscoplastic strains g;p = E-(e"p :eVp) , where e"

stands for the deviatoric viscoplastic strain tensor (e =g" ——(eVp I )I )
and | is the identity tensor.

b. the viscoplastic work denoted W™ = J.Ot ( c:&" ) dr.

In the original formulation by Perzyna (1962, 1966) the yield function hardening was

assumed to be controlled by another two functions namely f_(a) and K(s) :

f(0,6)= o), (2.28)

24.1.3 Definition of viscous nucleus
The viscous nucleus governs the measure of the viscoplastic strain rates thus

controlling the time-dependent behavior of a material. In essence, the viscous
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nucleus provides null values when the state of stress lays inside the yield surface (no

creep). The viscous nucleus needs to meet yet another criterion; it must be a

monotonic function of the overstress F.

The viscous nucleus may be formulated as follows:

. . . F . .
in a linear relation ® ( F) =—, where F is a reference unit.
0

F

n
in a power relation (D(F)=(—J , where Fy is a reference unit and »n a
0

constitutive parameter. This form is adopted frequently in the fitting of

experimental measurements (i.e. Nguyen-Minh, 1986).

n
E
in an exponential relation CD(F)=A- exp [FJ -1, where Fy is a
0

reference unit, A and n are constitutive parameters employed.

2414 Constitutive models based on the overstress theory

Some of the most widely known overstress models in the literature are summarized

below:

o

lma)

A

[y

j-

Lemaitre's overstress model (Boidy, 2000; Debernardi, 2008);

Prager's overstress model (Prager, 1949);

Cristescu's overstress model (Jin and Cristescu, 1998);

Bodner and Partom's (Bodner and Partom, 1975);

Adachi and Okano's overstress model (Adachi and Okano, 1974);

Adachi and Oka's overstress model (Adachi and Oka, 1982);

Zienkiewicz's overstress model (Zienkiewicz et al., 1974 & 1975);

Desai and Zhang's overstress model (Desai and Zhang, 1987);

Debernardi's overstress model (Debernardi, 2008; Debernardi and Barla,
2009); and

Karstunen's overstress model (Yin et al., 2010; Leoni et al., 2008).

Chapter 4 reviews the main characteristics and highlights the original contribution of

the most important of the aforementioned models.
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24.2 Non-Stationary Flow Surface theory (NSFS)

The Non-Stationary Flow Surface (NSFS) theory was introduced by Naghdi and
Murch in 1963. In some ways the NSFS conceptual framework resembles that of
classical elastoplasticity and can be regarded as an extension of the theory of

plasticity to account for the time-dependent phenomena.

The NSEFS theoretical framework differs from the classical elastoplasticity in the sense
that the yield surface is not a simple function of the stress state and dependent on
time invariable state variables alone. It is allowed to evolve with time. Thus, the yield
surface is not regarded as "stationary" (certainly not static since hardening may be
incorporated for time independent materials). The NSFS theory assumes a yield

function of the following form:
f(a,", w(t))=0 (2.29)

In the above expression above w(t) is a time-dependent function.

A
S f(o’svp’wc) =0 ~ ~
N

flo,evp,wp)=0 N
~

(0,evP,wa)=0 N

Figure 2.17:  NSFS yield surface and stress paths. The elastoviscoplastic behavior
simulated by the NSFS theoretical framework even in the case when
the viscoplastic strains are kept constant can evolve from point A to C
through B or vice versa depending on the simulated behavior by
employing function w(t) (i.e. stress relaxation would result in the
exact opposite stress path). For an elastoplastic material assuming no
change in the plastic strain the stress state would remain exactly the
same (i.e. at point A).
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One main characteristic of the NSFS theory is that the yield surface is allowed to
harden with evolving time even when the viscoplastic strains are kept constant

(Figure 2.17). This justifies the name of the theory as "non-stationary".

Inside the yield surface the simulated behavior is purely elastic and can be expressed
through equation (2.25). The viscoplastic regime is set on the yield surface since no
stress state may exceed that. Assuming a loading increment occurs, then the
elastoviscoplastic strains tend to accumulate. Similarly to the overstress theory the
stress rate tensor may be deconvolved in an elastic and a viscoplastic component by

means of equation (2.26).

The viscoplastic strain rate may defined in a way similar to that of elastoplasticity, by

employing a potential function g:

£" = (A}-ﬁ—g (2.30)

oo
The expression above incorporates the non-negative measure of viscoplastic strain
denoted A inserted in the Macaulay brackets. The Macaulay brackets ensure that the
viscoplastic strains accumulate only when the stress state lays on the yield surface.
The measure of viscoplastic strain A can be determined through the consistency

condition (Prager, 1949), similar to the case of classical elastoplasticity:

of . of . of . of .
AT g T g o og i
0e”® 0o 0™ oo 0e™ oo
A A,

Parameter A; in the expression above is identical to the measure of plastic strains
employed in classical elastoplasticity. Thus, creep and all time-dependent

phenomena are included in the definition of A> multiplier.
The most widely known NSFS models in the literature are depicted below:

Matsui and Abe's NSFS model (Matsui and Abe, 1985);
b. Nova's NSFS model (Nova, 1982);
c. Sekiguchi's NSFS model (Sekiguchi, 1984); and
d. Dragon and Mroz's NSFS model (Dragon and Mroz, 1979).
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2.4.3 Other Constitutive formulations

In the literature there are an ensemble of models that cannot be classified in any of
the aforementioned categories. The most noteworthy formulations are summarized

here below:

The Kaliakin and Dafalias elastoviscoplastic sophisticated model (1990a,b) is
probably the most widely known. It incorporates the time dependency and a
flow rule similar to that of Perzyna. However, the mathematical formulation
tends to introduce an excess of complexity and any real problem application
can prove cumbersome.

e The Borja model is comprised of a stress-strain-time relation for cohesive soils

addressing the mechanical behavior only in the wet side (Hsieh et al., 1990).

e The subloading surface model by Hashiguchi and Okayasu (2000).

e The Adachi et al. (Adachi et al, 1987, Oka et al., 1994 & 1995)

elastoviscoplastic model incorporates memory and internal variables.

2.5 Concluding Remarks

A great number of constitutive formulations have been introduced to account for the
time-dependent mechanical behavior of materials. Regardless whether most of the
theories originated from material sciences aiming to address metal alloys, steel
concrete or ice, they have been extended to account for the viscous behavior of
geomaterials. The current chapter addresses the necessity of an extensive survey on

the time-dependent constitutive formulations in the literature.
The classification undertaken distinguishes the constitutive formulations in:

a. empirical (primary and secondary semi-empirical) formulations;

b. rheological (analogical models and integral representation theory) models;

c. general theories.
None of the aforementioned constitutive relations however can capture all aspects of
the time dependent behavior in situ. Each researcher tends to shed light in the aspect
that favors most by neglecting others (creep, stress relaxation, rate dependence or
accumulated effects). Hence, it lays on the shoulders of the reader or the designer to
adopt the approach that deals best with the loading and boundary conditions at
hand.
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Aiming to address the time-dependent behavioral response of both structured
(resembling stiff soils to weak rocks) and structureless geomaterials (resembling
clayey deposits) the main keypoints of the classical elastoplasticity is analyzed next
(Chapter 3) along with the main characteristics of the aforementioned sophisticated

overstress creep models (Chapter 4).
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Plasticity theory for soils

3.1 General

The classical theory of plasticity is used to describe the mechanical elastoplastic
behavior of soils. Plasticity theory was originally formulated to account for the
inelastic mechanical response of metals and was extended to geomaterials (Drucker
et al.,, 1956). The critical state principles (Roscoe et al., 1963; Schofield and Wroth,
1968) were introduced later, thus leading to a breakthrough in the constitutive

formulation of geomaterials, the Cam-Clay model (Roscoe et al., 1963).

Natural media tend to exhibit nonlinear hysteretic mechanical behavior even at low
imposed stress levels. Hence, soils tend to portray purely elastic behavior only at
extremely low effective stress levels. By exceeding the virtual boundary separating
the elastic from the plastic field, the soil fabric tends to yield by accumulating plastic
strains. Once the stress state enters the plastic regime then the accumulated strains
are no longer retrievable upon removal of the stress increment (the original cause for

the plastic deformation).

Aiming to develop a time dependent viscoelastoplastic constitutive framework the
foundation stones need to be set sound and solid. For this purpose, the classical
theory of plasticity needs to be reviewed and the major keypoints highlighted. All
constitutive formulations employing the principles of elastoplasticity are based on
the concept of the soil element. Its volume is sufficiently small for the stress
distribution to be uniform but at the same time sufficiently large so that the soil may
be considered as a continuum medium, rather than a collection of particles. Thus, the
constitutive formulations focus on the macroscopic nature of the problem rather than

the microphysics of the particulate medium. The overall system behavior is formed
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though the ensemble of all soil elements. The classical theory of plasticity in soil
mechanics is addressing the mechanical behavior of rate insensitive geomaterials.
Thus, following the principles of classical soil mechanics the stress-strain relation
may be expressed as a function of the effective stress tensor ¢’ (the dot will be
dropped henceforth for simplicity) and the strain tensor denoted ¢. All vectors and

tensors will be portrayed in bold to distinguish them from the scalar quantities.

3.2 General principles of the incremental plasticity theory for soils

The classical theory of plasticity addressing the mechanical behavior of soils portrays
the mathematical framework of the stress-strain relation. The plasticity theory will be
described here below in its incremental form. In this sense the increment of strain is
comprised of an elastic and an inelastic component, similar to equation (2.26),

illustrated hereafter:
e=£°+¢° (3.1)

In the expression above the increment of the total strain tensor ¢ is formulated as the
sum of the elastic strain tensor increment £° and the plastic strain tensor increment

£". The superscripts e and p are representative of the elastic and plastic components.
The dot symbol is employed solely to denote the incremental nature of the theory
rather than the rate dependency since the classical plasticity theory cannot account

for the time-dependent behavior of geomaterials.

In the absence of any plastic deformation increment the behavior is classified as
elastic and all the incremental strains are reversible upon removal of the infinitesimal
stress increment. Figure 3.1 portrays the elastic and plastic strain components after
an unloading cycle. It is noted that the purely elastic region (characterized by the

absence of accumulated plastic strains) tends be infinitesimal small (OA part).

This means that at point A the state of stress reaches the yield surface thus entering
the plastic regime. Another term employed in the literature to denote the virtual
boundary separating the elastic from the inelastic fields is the Plastic Yield Envelope

(PYE) (it will be analyzed in section 3.9 in detail).
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Figure 3.1: = Definition of elastic and deviatoric strain components in uniaxial
compression.

Furthermore, the concept of the material state employed so extensively includes all
aspects influencing and controlling the mechanical response of the soil element.

Those aspects may be quantified through the state variables controlling:

a. the stress state of the soil element through the stress strain tensor ¢, and are
called stress variables and
b. the previous history-memory of the soil skeleton and may be described

through a series of scalar or even tensorial quantities q, called hardening

variables.
For the material state to change, at least one state variable needs to evolve. Every
alteration in the stress or hardening variables, regardless of how small it may be,
transforms the material state and shall be called stressing. Any change in the
hardening variables is called hardening. Measures of the accumulated total or plastic
strain, the position - size - inclination or shape of PYE, the overconsolidation ratio,
the porosity, the relative density, the rate of loading are some of the parameters that

could potentially be introduced as hardening variables.

In inviscid plasticity, hardening can only be the result of stressing, i.e., there is no
hardening without stressing (note: however, there may be stressing without
hardening, e.g. in the elastic domain). In viscous plasticity, however, hardening can
occur even without stressing or without straining (due to creep/stress relaxation). In

inviscid plasticity, stressing usually leads to substantial strain (especially when
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loading leads to the accumulation of plastic strains). However, in viscous plasticity,
stressing and/or hardening can occur even without a corresponding change in

strain.

Loading is defined as any transformation (e.g. change in tractions, other boundary
conditions, alterations in temperature or time, in viscous plasticity) that results in

alterations in the state variables.

In rate insensitive (inviscid) geomaterials, where hardening variables cannot alter
without a change in stress, strains can only result from stress changes. Thus, there is
a unique relationship between a change in stress and the corresponding change in
strain. This means that when a material element (having a state (o,q)) is subjected
to a strain increment &, the resulting changes in stress and hardening variables

(0,4 ) can be uniquely computed. Hence, stressing and hardening can be computed

through the theory of plasticity by incorporating the following principles:

e an Elastic Law;

e a Plastic Flow Rule; and

e the Hardening Laws.
In the forthcoming expressions, the stress tensor o= o - | + s shall be portrayed as a
function of the volumetric stress (equal to the mean effective stress p) o and the
deviatoric stress tensor s. The mean effective pressure and deviatoric stress tensor

may be formulated as follows:
1
o(=p)=3(0:1) (3.2)

s=oc-o-| (3.3)

The incremental octahedral stress ¢ and deviatoric stress tensor § may be defined in

an exact analogy:
R T
6(=p)=5(¢:1) (3.4)

§=6-c-1 (3.5)
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Furthermore, the strain tensor ¢ :%g- | +e can be decomposed by employing the

volumetric strain & and the strain deviator e. The volumetric component of strain

and the deviatoric strain tensor may be formulated as follows:

e=¢:1 (3.6)
e:g_%gw (37)

The incremental expressions of volumetric strain & and strain deviator é can be

formulated as follows:

e=¢:1 (3.8
é:é—%é-l (3.9)

The expressions above are given in their tensorial form instead of providing the
formulations in the principal stress space. The formulation in tensorial notation is
introduced in order to account for a generalized constitutive framework that treats
easily all potential stress paths without each time rotating the stress and strain
tensors back and forth to the principal stress space. Thus, the constitutive
formulations are given straightforward in the generalized stress space comprised of a

hyperplane of the octahedral stress ¢ and the stress deviator s.

The constitutive governing equations portray the response of the soil skeleton to
infinitesimal alterations in strain. Following Terzaghi's effective stress principle
(1936) all quantifiable changes in stress (portrayed in strain and stress resistance) are
attributed to alterations in the effective stresses. Hence, all stresses involved are

effective. Primes will be dropped for simplicity reasons henceforth.

3.3 Elasticity

The laws of elasticity reviewed here below are addressing the mechanical response of
rate insensitive (inviscid) geomaterials. Hence, the effect of certain aspects such as
creep or temperature will not be accounted for. A soil element exhibiting linear
behavior does not require previous knowledge of the undergoing stress path since

there exists a unique mapping from strain to stress and vice-versa. When a loading
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increment produces solely elastic strains then the incremental strain tensor is null

£" =0 and thus no hardening may be introduced through the elastic strains since:
£=£"=(4=0 (3.10)

In the literature, there are multiple forms of the elastic law addressing the elastic
behavior of geomaterials the most widely employed of which are depicted here

below:

e the Cauchy elasticity;

e the hypoelasticity;

e the poroelasticity; and

e the hyperelasticity.
Some of the aforementioned expressions - namely all forms of hypoelasticity, the
poroelasticity and some forms of Cauchy elasticity - are not truly elastic (the work
along a loading cycle is not null) by thus justifying their characterization as pseudo-

elasticities.
In any case the elastic law in its incremental form can be described as follows:
6=C°:¢&° (3.11)

where C° is the elastic stiffness matrix, ¢ and &° are the incremental stress and
strain tensors respectively. The stress and strain tensors are 2nd order matrices while

the stiffness matrix a 4th order one.

By employing the incremental isotropic and deviatoric components of stress and

strain the constitutive formulation (3.11) may be reformed as follows:
=K &%+ X°:¢° (3.12)
S=P°.&°+2G"-¢é° (3.13)

In the expression above K° stands for the elastic bulk modulus, G° is elastic shear

modulus and X° and ¥* are the conjugated stiffness moduli.
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In the special case of isotropic elasticity, where there is no association between the
isotropic strain and the strain deviator, the constitutive relations can be further

simplified (Kavvadas, 1982; Houlsby, 1985) as follows:
o=K®.g° (3.14)
§=2G°.¢° (3.15)

It is noted that in cases where the stress-strain governing equation is a priori known
the incremental form may be computed by simple differentiation of the constitutive
equation. Next, we present the major types of elasticity, aside from the
hyperelasticity that eludes the purpose of this chapter since it will not be employed
in the forthcoming proposed constitutive behavioral framework. Linear elasticity and
Cauchy elasticity comprise the simplest forms of elastic law and hence are
summarized hereafter. Poroelasticity comprises a special case of elastic law and
considering the future implementation in the proposed model in Chapter 5 needs to

be reviewed also.

3.3.1 Linear isotropic elasticity

Linear elasticity or Hooke's elastic law was originally proposed by Hooke (1705). The

constitutive equation may be formed as depicted in the equation that follows:
o=C°.¢ (3.16)

In this case, the elastic stiffness matrix C°® is constant. The elastic stiffness tensor
portrays the unique transfer function by which the strains may be translated to

stresses and vice versa (Figure 3.2).
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Figure 3.2:  Linear elasticity or Hooke's elastic law.

Equation (3.16) in its incremental form may be formulated as expression (3.11).

Assuming that linear elasticity may be defined through the expression (3.14) and

(3.15) then the scalar moduli K° and G°® as well as the tensors X° and ¥* are
constant. Special cases of isotropic, orthotropic or cross-anisotropic symmetry denote
different forms of linear elasticity. Linear elasticity tends to exhibit limited
application to soils and is mainly applied to stiff rocks stressed to yield or failure.
However, application to natural media as soils or soft rocks may prove erroneous

results and should be avoided.

Isotropic linear elasticity is a 1st order Cauchy elasticity:

oc=a-¢l+a,-¢ (3.17)
and in its incremental form may be rewritten as follows:

c=a-¢-1+a,-¢ (3.18)
Where parameter a1 and a, are given as:

alzKe—%Ge (3.19)

a,=2-G° (3.20)

By substituting equations (3.19) and (3.20) in (3.18):
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dz[Ke—é-Gej-é- 1+2-G*-é=K*-¢-1 +2-Ge-[é—%-é- Ij:>

c=K®-&-1+2.G*.¢ (3.21)
or in terms of the incremental strain tensor:

o S
= O+
3-K*® 2-G¢

é (3.22)

In isotropic linear elasticity the bulk and shear moduli may be expressed as functions

of the Young's modulus E® and the Poisson's ratio v :

.__ FE
K® = T 1-27) (3.23)
G*=2-(1+v)-E° (3.24)

3.3.2 Nonlinear elasticity

The mechanical behavior of geomaterials appears to be nonlinear even at extremely
low stress levels, even if the strains may be recovered upon removal of the loading

increment (Burland, 1989).

It is possible to simulate nonlinear elastic behavior assuming that the stiffness matrix

C® is not constant but can evolve by accounting for alterations in the state variables
(i.e. functions of stress or strain). What has also been widely accepted is that the
initial elastic modulus is pressure dependent (Wesley, 1990; Allman and Atkinson,
1992; Jardine, 1992; Jamiolkowski et al., 1995; Rampello et al., 1994 & 1997; Kavvadas
and Anagnostopoulos, 1998; Kavvadas, 1998; d' Onofrio et al., 1998). Instead of
employing a multi-linear approach to overcome the shortcoming of linear approach
within the elastic regime it is possible to introduce nonlinear elastic laws. Such
realization allows for a continuous evolution of the hardening variables and stiffness
moduli. Cauchy elasticity, poroelasticity, hypoelasticity and hyperelasticity are

special forms of nonlinear expressions of the elastic law.
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3.3.2.1 Cauchy elasticity

In the Cauchy elastic law postulates the existence of a unique relation connecting the
stress state with the current strain tensor &. All polynomial expressions of linear
elasticity may be classified as Cauchy elasticities of a given order. The most widely
employed expressions of Cauchy elasticity laws are the parabolic or hyperbolic

stress-strain relations by Kondner (1963) and Hansen (1963):

o="f(e) (3.25)
or in terms of strain:

¢=17(0) (3:26)

The aforementioned forms of the governing constitutive formulations may be
computed through curve fitting of experimental measurements and are thus limited

to specific boundary and loading conditions.

The equations above may be expressed in their incremental forms as follows:

5=, (3.27)
oe

PG G P (3.28)
oo

However, employing expressions as described through the equations (3.25) and
(3.26) (or in their incremental form in (3.27) and (3.28)) is not a necessary condition to
ensure truly elastic behavior. It is possible for the work along a full loading cycle to
be finite (and therefore not null) and thus the elastic law should be considered as

conservative.

3.3.2.2 Poroelasticity
Poroelasticity was originally formulated based on observations on unloading and
reloading stress-strain paths subjected to isotropic and uniaxial loading. The

governing equation in the v-In(o) space is given here below:

V=v,—x-In (EJ (3.29)

Oy

-126-



Chapter 3: Plasticity theory for soils

where v stands for the current specific volume (v=1+¢e), vo is the initial specific
volume, « is a constant portraying the inclination in the v-In(0) space and oo portrays

the initial mean effective stress.

The tangent bulk modulus may be computed through the equation (3.29):

e

. . o e o . o
V=g ———>0=-K—>-¢ V=—K—2& =K ——
oo o o V-o
by considering expression (3.14):
K=Y o (3.30)
K

Hence, the elastic bulk modulus can be expressed as a function of the specific volume
and the octahedral stress. Considering that the mean effective stress and void ratio e
tends to undergo changes throughout loading the bulk modulus is not constant but
is allowed to evolve. The governing equation of poroelasticity tends to predict non-
zero values along a full loading cycle and is therefore regarded as conservative.
However, it is based on observations on laboratory measurements and has been
employed extensively in multiple constitutive formulations founded upon the Cam-
Clay (Roscoe et al., 1963) or the Modified Cam-Clay models (Roscoe and Burland,
1968).

Assuming isotropic symmetry of the stiffness matrix, the constitutive equations

(3.14) and (3.15) do apply. As for the shear modulus, it may be given by the

e

following expression incorporating the ratio of as a soil property depending

Ke
on the Poisson's ratio:
ee=1. 2'? K® (3.31)
2 K

3.3.2.3 Hypoelasticity
In the case where hypoelasticity is employed to account for the constitutive elastic

behavior the elastic stiffness matrix is defined a priory, thus distinguishing it from all
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other expressions of the elastic law. Once again in the case of hypoelasticity the

incremental stress-strain relation may be given by means of equation (3.11).

A A
o o

Ou
03 0r 0
increases

Jsis

Typical )
Stress Paths |01~ 03

o
/ 03
SV

a. b.

Figure 3.3:  a. Hyperbolic stress-strain hypoelastic law and b. effect of minor
principal strain or mean effective stress.

The nonlinear elastic behavior may be introduced assuming a variable elastic
stiffness matrix C°. Thus, it is probable in some cases for the expression of
hypoelasticity to prove conservative. Essentially, hypoelasticity is employed to
describe monotonic nonlinear hysteretic phenomena through the variable elastic
moduli (Desai and Siriwardane, 1984). Such realizations may be portrayed in the
tangent Young's modulus by Duncan and Chang (1970) and in the tangent Poisson's
ratio by Kulhawy et al. (1969) assuming a hyperbolic stress-strain relationship and by
accounting for the effect of lower principle stress o3 in the Mohr-Coulomb failure

criterion (Figure 3.3).

The variable tangent Young's modulus (Duncan and Chang, 1970) and Poisson's ratio

(Duncan et al., 1969) formulations are depicted here below:

E {1— i '(1_Si”‘p)'(01_63)} K, pa-(ﬁj (3:32)

2-(c-cosp+o;,-sing) P
G-F-log ((;?’j
Vv, = 2 3.33
t (l—Az) ( )
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where A may be expressed as follows:

A= (01-7,)d (3.34)

Kh-pa.(%Jn.{l_z‘(Rf.(l_sin(p)_ 2

P, C-COsS@+0,-sing)

In the aforementioned expressions K, and nare elastic constants, p, stands for the

i
atmospheric pressure, R; =— is the ratio of yield stress over the stress at failure
o

u

(asymptotic stress), cand ¢ are the cohesion and friction angle respectively of the

Mohr-Coulomb failure criterion. Finally, G ,F and d are material constants.

It is also possible to modify the expressions (3.12) and (3.13) by employing the
tangential expressions of the elastic stiffness matrices X; and ¥/ (instead of X° and
¥°) and the elastic moduli K{ and Gf (instead of K* and G°). In principle, it is

rather difficult to account for the interaction-conjugation between volumetric and
deviatoric strains. Hence, isotropic symmetry is adopted in reforming the equations

(3.14) and (3.15) by accounting for the tangential expressions of the elastic moduli K
and G;':
o=Ki-&° (3.35)

§=2GS -€° (3.36)

The tangential expressions of the elastic bulk and shear moduli may be computed as

follows:
Ki=a,+a-0+a,-\s:s (3.37)
G’ =b,+b-o+b,-s:s (3.38)

The hypoelastic formulations have been widely employed in their isotropic form

mainly due to the pressure dependency imposed on the shear modulus.

Regarding the initial bulk modulus value K, expressions similar to the ones

proposed by Whittle and Kavvadas (1994) may be adopted:
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Kmax = KO Py fK (e) hK (OCRP)[pij (339)

where K is a dimensionless parameter, p, stands for the atmospheric pressure,

f. (e) portrays a function of the void ratio and m, is a positive exponential

parameter employed. Furthermore, h, (OCRp) is a function of the overconsolidation

ratio incorporated in the case of cohesive soils.

In a similar fashion the initial value of the shear modulus denoted G, may be

expressed as follows (Rampello et al., 1994 and 1997):

Gmax = GO Py fG (e) hG (OCRP)[piJ (340)

where G, is a dimensionless parameter, f;(e) portrays a function of the void ratio

and My is a positive exponential parameter employed. h; (OCRp) is a function of

the overconsolidation ratio incorporated in cohesive soils. The effect of the
overconsolidation ratio in cohesionless soils (i.e. sand) inflicted upon the initial
values of bulk and shear moduli appears to be negligible (Pestana, 1994;
Papadimitriou, 1999).

Hypoelasticity has been incorporated extensively in numerical codes due to its
simplicity and elegance. Usually the proposed formulations are easy to calibrate and
use. On the downside however, the formulations are potentially conservative and are

not directly associated to the laboratory measurements.

3.4 Plastic yield envelope (PYE)

The theory of plasticity does not account solely for the elastic strain tensor. It also
contains another component that has been so elaborately concealed. The plastic
component of strain tensor denoted &° tends to undergo changes once the soil
element yields. By entering the plastic regime the mechanical behavior tends to
become highly nonlinear and hysteretic. Hence, based on the principles of the

classical theory of plasticity the possible states may be classified as follows:
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e The elastic state comprises the state (o,q) at which the incremental stress
increment ¢ is responsible for the accumulation of elastic strains alone
(6=¢°% €"=0). Hence the mechanical behavior tends to portray no
hardening =0.

e The elastoplastic state is the state (o,q) at which the infinitesimal stress
increment ¢ is responsible for the accumulation of elastic and plastic strains
alike (¢ =€°+£°, €°#0, 4=0).

The aforementioned states require the introduction of the plastic yield envelope
(PYE). Assuming that the state of stress lays inside PYE the initial state is considered
elasticc. However, every state laying on the plastic yield surface denotes an

elastoplastic state. Hence, PYE may be considered as the virtual boundary between

the elastic states (inside PYE) and unattainable states laying outside PYE (Figure 3.4).

To sum up, every loading increment responsible for reproducing solely elastic

straining needs to satisfy one of the following conditions:

e the initial state was elastic;
e theinitial state was elastoplastic but the new state lays inside PYE; or
¢ the initial state was indeed elastoplastic but neutral loading was undertaken
and regardless whether the new state lays on PYE the loading was imposed
vertical to the derivative of PYE with respect to stress. In such case, neutral
loading is an elastic stress increment and thus hardening is not undertaken
(e=£° €°=0, q=0).
Although it is impossible for the stress state to cross the plastic yield envelope it may
be possible for PYE to harden. Any alteration in the size, shape and position of PYE
portrays the effect of hardening and is attributed solely to plastic straining (in the

classical inviscid theory of elastoplasticity).
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A
o A: elastic state

o B: elastoplastic state
o C: impossible state

N PYE

Figure 3.4:  Plastic Yield Envelope (PYE) and definition of possible states.

The mathematical formulation of the plastic yield envelope is a function of the stress
state and hardening variables. Hence, all elastoplastic states laying on PYE need to

satisfy the expression below:
f(o,q9)=0 (3.41)

The hardening variables denoted ¢ are the ensemble of scalar and potentially

tensorial parameters acting as memory variables for the upcoming loading

increments through the hardening laws.

Figure 3.5:  Isotropic hardening - changing the size of PYE.
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The plastic yield function depicted in expression (3.41) produces negative values for

states laying inside PYE (f(o,q)<0 for elastic states) and positive for the
unattainable states laying outside the envelope ( f (o,q) >0 for impossible states).

Condition (3.41) tends to describe states laying on the boundary that may produce
plastic strains and hardening. Hardening may be controlled via either an isotopic
(Figure 3.5) or some sort of kinematic (Figure 3.6 and Figure 3.7) hardening law. The
common denominator however in both cases lies on the fact that hardening occurs

only on the plastic path BC and not on AB.

A

S

Figure 3.6:  Kinematic hardening - translation of PYE.

A
]

Figure 3.7:  Kinematic hardening - rotation of PYE.
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3.4.1 Criterion for elastoplastic loading and elastic unloading

The mathematical formulation of the yield function may be employed to distinguish
the elastic from the elastoplastic states. Hence, on the elastic states (stress point A)
the loading state lays inside the plastic yield envelope leading to negative values of

f (0,9) <0. Assuming that elastoplastic states (stress point B) are encountered once
the loading increment has been subjected, then the yield function is f (o,q)=0.

States originating from an elastic state (subjected to a loading increment) that tend to
cross PYE (stress point C') are simply imaginary and lead to positive values of the

yield function f (o,q)>0. Assuming that a stress increment produces such positive

values of the yield function then the system portrays an elastic response till point B
(Point B lays on PYE) followed by an elastoplastic loading increment until point C
(Figure 3.8).

Assuming an initial elastoplastic state on PYE in order to distinguish between elastic
unloading and elastoplastic loading we need to employ a criterion incorporating the
elastic stressing, holding true for the subjected loading increment, ° =C*®: & and

the gradient of the plastic yield envelope denoted Q , where Q :

of (0.9)

Q= oo

(3.42)

S| o AB: elastic loading inc., f(0,q)<0

o BC: elasto-plastic loading inc., f(0,q)=0
oC: elasto-plastic prediction

oC" elastic prediction

Figure 3.8:  Elastic and elastoplastic prediction of the current stress state.
The criterion for plastic loading or elastic unloading concerning plastic states may be

described through the inner product Q:6° =Q:C*: & assuming convexity of PYE.
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By assuming convexity of the PYE it can be concluded that its gradient is always

directed towards the outer normal to the surface. Hence, elastic unloading from an
elastoplastic state may only occur when the dot product Q:6° <0 takes negative
values. In this case, there is no hardening and no accumulation of plastic strains

(6=4° &°=0, q=0).

Summarizing, elastic unloading from an initial elastoplastic state laying on the

plastic yield envelope should satisfy the following condition:
Q:C°:£é<0 (3.43)
Considering that stressing is purely elastic and thus &=¢°, £€° =0, q=0:
Q:C*:6=Q:C*:6°<0=0Q:0<0 (3.44)

The condition as rewritten in the form (3.44) always accounts for elastic unloading
when the elastoplastic state has been attained in the previous increment. However,
the expression does not work both ways. Thus, Q :6 <0 does not always mean that
elastic unloading is sustained. The condition may also apply to plastic strain
softening in which case the size of PYE tends to decrease. In every other case
originating from an elastoplastic state the stress increment leads to plastic straining

and thus the new state lays on PYE. In other words:
Q:C°:£20 (3.45)

Here follows the schematic representation of the types of stressing originating from

an elastoplastic state (Figure 3.9):
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4 oAA’: unloading (elastic stressing)

°AB: plastic hardening (elastoplastic stressing)
oAC: plastic softening (elastoplastic stressing)
©AD: neutral loading (elastic stressing)

Figure 3.9: Types of stressing originating from an elastoplastic state.

Summarizing, assuming that the state originates on the plastic yield envelope (PYE)

the following cases of stressing may be considered:

e Plastic (strain) hardening or elastoplastic loading (stress path AB in Figure
3.9 and Figure 3.10) represents the case where both of the following

conditions hold true, Q:C®:£>0 and Q:6 >0.

e Plastic (strain) softening (path AC in Figure 3.9 and Figure 3.10) represents
the case where both of the following conditions are justified, Q:C°:£>0
and Q:0<0.

e Neutral loading (path AD in Figure 3.9 and Figure 3.10) represents the case
where the following condition is met, Q:6=0.

¢ Elastic unloading represents the case where both of the following condition
hold true Q:C*:6=Q:C*:6°<0=Q:0 <0 (path AA in Figure 3.9 and
Figure 3.10).

Considering that the plastic yield surface tends to expand or contract depending on

the type of hardening sustained, the stress paths depicted in Figure 3.9 are merely a

simple projection of Figure 3.10 in the stress hyperplane.
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A
S | ©AA" unloading (elastic stressing)

°AB: plastic hardening (elastoplastic stressing)
©AC: plastic softening (elastoplastic stressing)
°AD: neutral loading (elastic stressing)

PYEp

PYEA=a
PYEc Qc lC
Qa
) A
B
y4
B D

Figure 3.10: Types of stressing originating from a state on PYE - effect of plastic
strain hardening and softening (after Belokas, 2008).

All the aforementioned criteria for the type of stressing are based on the assumption
that the stress state lays on PYE. Should the initial state be elastic then application of
an infinitesimal stress increment is assumed to be elastic and hence leads to a new
elastic state. In such case however, the only criterion to be met lies with the

expression f(o,q)<0. Assuming that the yield function upon application of the
elastic increment produces positive values f(o,q)>0 then the loading increment

needs to be divided accordingly to an elastic part (setting the stress state on PYE) and
a remaining elastoplastic portion (to account for any plastic strain hardening or

softening).

3.5 Plastic flow Rule

The magnitude and direction of plastic strains are described through the plastic flow
rule. The incrementally linear form with respect to stress and strain increments can

be expressed as follows:

E’=A-P (3.46)
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In the expression above P is the plastic potential tensor controlling the size (and to

some extent the magnitude also) of the plastic strain tensor. Parameter A is a scalar
quantity expressing the measure of the plastic strain tensor magnitude. The plastic
potential tensor is a second order tensor that can be decomposed in a volumetric and

a deviatoric component as follows:
P=P:I (3.47)

P’EP—%-P-I (3.48)

Thus expression (3.46) may be rewritten as follows by accounting for equations (3.47)

and (3.48):

P =81 +6° :A-(%-é"-l +epj=A-(é-P- | +P’j

1

3

Hence the volumetric and deviatoric incremental strains may be expressed as:
EP=A-P (3.49)
e’ =A-P’ (3.50)

The measure of the plastic strain tensor magnitude A may be expressed as a function

of the gradient Q and the stress tensor increment ¢':
. 1 .
A:ﬁ-(Q:a) (3.51)

The formulation above incorporates the plastic hardening modulus H. By

introducing equation (3.51) in (3.46):

&’ =

%-(Q .6)-P (352)

The dot product Q:0o may be expressed by accounting for the volumetric

(Q=Q:1) and the deviatoric (Q’EQ—%~Q~ I) components of the gradient

Q= % Q-1 +Q’" (similar to the plastic potential tensor decomposition):
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Q:d:(%-Q-HQ’j:(a-Hs’)@
Q:o"z(%-QJ]:(O'-I)+(%~Q-I):S'+Q':(a-I)+Q':S’<:>

Q:0=Q-0+Q":¢' (3.53)

It should be noted that the dot product of two unity 2 order tensors equals three
(r:1=3).

Assuming that the plastic hardening modulus in equation (3.52) is null, H =0, then

expression (3.51) indicates that the magnitude of &° (denoted A) tends to infinity.
Consequently, the magnitude of the incremental plastic strain tensor becomes
indeterminable. This situation is defined as “failure” and is associated with zero

plastic hardening modulus :

failure < H =0 (3.54)

The plastic hardening modulus may be computed through the consistency condition
by employing the hardening rules, as will be shown in an upcoming subsection.

Scalar measure A on the other hand can be computed by undergoing certain

manipulations depicted here below:

A 1 . 1 .e.-e_l .e.--_l .~e.f . A
A=5Qio=Q:C" 8 =2Q:C .(g—g”)_ﬁ-Q.C (¢-A-P)=
_ QC L& (355)
H+Q:C°:P

The phase transformation state is defined through the isotropic component P of the
plastic potential tensor as the state defined by null values of P =0. Elastoplastic

states laying on the Phase transformation line result in zero sustained isotropic

incremental plastic strain £ =0. The phase transformation comprises the boundary
between contractive and dilative behavior (and will be further discussed in

subsection 3.9). Assuming that the soil fabric undergoes strain softening, by
conforming to the conditions Q:C°:£>0 and Q:0 <0, the plastic hardening

modulus takes negative values H <0. On the other hand, the soil element tends to
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exhibit plastic strain hardening, by satisfying simultaneously the conditions

Q:C°:£20 and Q: 0o > 0. In other words by considering:

Q:6=Q:C*:£ =Q:C*:(¢-£")=Q:C°:(¢-A-P)=

A —O'Ce e A.O'CE P=O'Ct p_ Q:Ce:é O-C°¢-
Q:6=Q:C*:é6-A-Q:C°:P=Q:C":é (—H+Q:CE:PJQ.C Po
o [ QICTIP ) el

Q.a—{l —H+Q:CGZPJQ'C L€

it is possible to discriminate between plastic hardening and plastic softening in the

case of plastic loading Q :C*®: & >0 by considering the following expressions:

Q:C*:P

lastic hardening: Q:6>0= ——————<1 3.56

plastic hardening: Q:o H1Q.C° P (3.56)
. . . Q:C°:P

last ft : Qo< ———> 3.57

plastic softening: Q:o HiQ:C' P (3.57)

3.5.1 Plastic potential tensor and stress - dilation association

The direction of the incremental plastic strain tensor is controlled through the plastic
potential tensor, by considering equation (3.46). By governing the directionality of
the plastic strain however, the plastic strain tensor further controls the plastic

dilation d:

-p \/Zép:ép \/2PI:P/
d _gq _ 3 _ 3
= (3.58)

. D 2 0. ap - . . :
In the expression above &; = Ee :€" is the incremental deviatoric strain measure.

The plastic strain tensor may be computed as the gradient of a certain surface, similar
to the gradient of the plastic yield function, or it can be provided straight forward
through an analytical formulation of the material current state. Assuming that the
plastic potential tensor may be defined through the gradient of the plastic potential
envelope (PPE) it needs to be convex and redefined for every stress state laying on

PYE. In the general case, the plastic potential envelope and the plastic yield envelope
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do not coincide, unless an associated flow rule is adopted (also known as normality
rule). The PPE comprises the envelope denoted by the orthogonality of the

incremental plastic strain tensors.

Figure 3.11:  Plastic potential envelope and corresponding plastic potential tensor.

It is possible to integrate the relation associating the dilation with the stress state
derived from laboratory measurements illustrated here below, analogously to

expression (3.58) extended to the generalized stress hyperplane:

o o b
d:?_:izm (3.59)
&” P P(o,q)

The plastic potential function, depicted in equation (3.60), comprises the

mathematical formulation of PPE and the plastic potential tensor P E%' P-1+P"is

its gradient:

9(c,0)=0 (3.60)

p - 99(0.q) (3.61)
oo

pr—99(0,9) (3.62)
0s
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Considering, that the plastic potential tensor is the gradient of the plastic potential
function it is always normal to the boundary. Hence, the flow rule may also be called

as normality condition with respect to PPE.

On the other hand, it is possible to introduce explicitly an analytical formulation
describing the plastic potential tensor as a function of the stress state and the
hardening variables. Such realization allows for some flexibility in the formulation of

the desired mechanical behavioral framework.

3.5.2 Associated flow rule

In most cases it is assumed that the plastic yield envelope coincides with the plastic
potential envelope. Hence, the associated flow rule postulates the orthogonality of
the plastic strain tensor to the plastic yield envelope (Figure 3.12). The formulations

to describe the associated flow rule are depicted here below:

Q=P (3.63)
£ —A-P-A.Q=A.2(0.9) (3.64)
oo
A
1
5(s:9) pg=
f=3
o) .
30

Figure 3.12: Schematic representation of associated flow rule (Desai et al., 1986).

Assuming an associated flow rule whenever the plastic hardening modulus is
positive H >0 the material is undergoing plastic hardening. On the other hand,

negative values of the plastic hardening modulus may be representing either plastic

hardening or plastic softening. Considering an elastoplastic stressing Q:C°:£2>0
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the scalar measure of incremental plastic strain tensor A may be expressed by either

one of equations (3.51) and (3.55):
Q:C*:P=Q:C°*:Q>0 (3.65)

Assuming that the plastic strain hardening is positive H >0 then the scalar measure

is also positive A >0 and consequently Q : 6 >0 leading to plastic hardening;
H>0= A>0= Q:6 >0= plastic hardening (3.66)

On the other hand, assuming that the plastic hardening modulus is negative H <0

then the material exhibits either plastic hardening or plastic softening (Figure 3.13):

H<0AH+Q:C® :Q>0:>A>0:Q:o“<0:plastic softening (3.67)

H<0AH+Q:C*:Q<0=A<0=Q:6 >0= plastic hardening (3.68)

\ 4

a. b.

Figure 3.13:  a. Stress path 1-1'-1" denotes plastic hardening while b. stress path 2-
2'-2" represents plastic softening in a formulation based on associated
flow rule subjected to shear stress (from Mroz and Norris, 1982).

Drucker's stability postulate (Drucker, 1951, 1956, 1959) states that in order to ensure
stability (note that the constitutive model needs also conform with the laws of

thermodynamics) the following statement needs to hold true:
6:£">0 (3.69)

The aforementioned postulate (referring to the latest form of 1959) stems from the

assumption that the consumed work needs to be positive (comprises a case of
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maximum entropy production according to Ziegler, 1959 and Green and Naghdi,
1965) thus leading to an associated flow rule and a convex plastic potential envelope.
Once the postulate is adopted no plastic softening is allowed. The smallest value the
plastic hardening modulus is allowed to undergo is H=Q:C®:Q representing a
purely plastic non-hardening (plastic hardening is allowed but not plastic softening)

mechanical behavior.

It is noted that assuming an associated flow rule the elastoplastic stiffness matrix is

symmetric.

3.5.3 Non-associated flow rule

Non-associated flow rule states that the plastic potential envelope and the plastic

yield envelope are distinct and do not coincide:
Q=P (3.70)

The relationship above postulates that the magnitude and the direction of the plastic
potential tensor are not equal to the gradient of PYE. Hence, the direction of the
incremental plastic strain tensor is not orthogonal to the plastic yield envelope,

except possibly in some very specific cases.

A

..
E(S'S)

»

30

Figure 3.14: Schematic representation of non-associated flow rule (Desai et al.,
1986)

Assuming a non-associated flow rule the plastic strain tensor may be computed as
the gradient of PPE or through an explicit analytical formulation of the material

current state. Assuming that the plastic potential tensor is defined through the
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gradient of the plastic potential envelope (PPE) it needs to be convex and redefined
for every state of stress laying on PYE. In the case of an adopted non-associated flow
rule the plastic potential envelope and the plastic yield envelope do not coincide. The
PPE comprises the envelope denoted by the orthogonality of the incremental plastic

strain tensors and may be described as follows:

g —A.p-i. 2@ (3.71)

oo
Non-symmetric stiffness matrix stems from the assumption of the non-associated
flow rule (Lade and Nelson, 1984). Although it may be computationally expensive in
terms of numerical programming it tends to allow for a more realistic simulation of
the mechanical behavior and accumulation of plastic strains. Furthermore, laboratory
measurements tend to justify the assumption of the non-associative flow rule

(Burghignoli et al., 1998; Callisto and Calabresi, 1998).

3.6 Hardening Rules

The hardening variables control the size, the position and even the shape of PYE and
along with the stress state o comprise the state variables employed in the definition
of the plastic yield function f(o,q). The hardening rules control the evolution of
the hardening variables once the elastoplastic state is attained. Once the stress state
enters the elastoplastic domain the stress is adjusted on PYE and the plastic strains
accumulate. Plastic strains will cease to develop once an elastic unloading increment
is sustained, thus transitioning the stress state back to elastic regime. Schematic
representations of the effect governed by different hardening rules have been
presented in Figure 3.5, Figure 3.6 and Figure 3.7. The present dissertation adopts
the general incremental form of the hardening rules (Kavvadas, 1982; Whittle and
Kavvadas, 1994; Kavvadas and Amorosi, 1998 & 2000; Belokas and Kavvadas, 2010 &
2011; Kavvadas and Belokas, 2000) portrayed here below:

g=A-h (3.72)

The expression above incorporates the scalar measure of the hardening incremental

hardening variables (coincides with the scalar measure of the incremental plastic

strain tensor) A h determines the evolution or the direction (assuming a tensor) of
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the incremental hardening variables (and to some extent the magnitude also) and it
can be either a scalar quantity or represent a tensor (i.e. in anisotropic models the
inclination of the bounding surface in the stress space is employed as hardening
variable in a tensorial form). The hardening variables together with the stress state
compose the material state and comprise the state variables. Hence, the void ratio,
the total, the plastic or even the elastic (i.e. in hyperelasticity) strains, the current
stress state, the size, the position and the shape of PYE and many other quantities
may be employed as hardening variables within the constitutive framework. The
mathematical formulation of the hardening rules may also introduce certain
hardening parameters. Consequently, selection of h governs the form of the

hardening rule and therefore the simulated mechanical behavior.

The plastic hardening modulus H, the adopted flow rule (associated or non-
associated) and the hardening rules controlling the isotropic or kinematic plastic
hardening or softening of the plastic yield envelope comprise the pillars of the
constitutive formulation. Here follows the derivation of the plastic hardening
modulus and the classification of plastic hardening/softening to isotropic and

kinematic.

3.6.1 Plastic hardening modulus

The plastic hardening modulus may be defined solely for elastoplastic states and
associated loading increments as it can be observed from a careful examination of
expression (3.52). The plastic hardening modulus is derived by employing the
consistency condition (postulating that assuming an elastoplastic increment is
imposed on an elastoplastic state the new state needs to remain on the plastic yield
envelope), the adopted flow and hardening rules. The mathematical representation

of the consistency condition incorporates the increment of the plastic yield function

f(0,q)=0:

f.(a,q):O:>—af (0.0) :G.+—8f(a,q) =0=
oo aq
Q:a‘+m:q:0 (3.73)

aq
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By employing the expressions (3.51) and (3.72) the aforementioned expression may

be transformed as follows:

Q:6+d @D oo iy T@D 4 FO
aq aq aq

H= —(M: hJ (3.74)

o
Thus the critical state of geomaterials may be introduced through the plastic

hardening modulus as the state described mathematically as follows:
H=0AP=0Aqg=0 (3.75)

Assuming that the critical state is attained the volumetric strain component is null
while at least one component of the strain deviator tends to infinity. Furthermore, the
material tends to portray no plastic hardening or softening. Any elastoplastic

increment originating from the critical state should satisfy Q:0 =0. The critical

state comprises a special case of the failure state as depicted in expression (3.54) (the

concept of critical state is explained thoroughly in section 3.9.2).

3.6.2 Isotropic hardening rule

The isotropic hardening rule controls the size evolution of the plastic yield envelope
during plastic straining. The visual representation of isotropic hardening is
portrayed in Figure 3.5. Assuming that the geomaterial exhibits plastic hardening the
size of the plastic yield envelope tends to grow. The stress path AB in Figure 3.10
(and its projection on the stress space illustrated in Figure 3.9) is characteristic of
undergoing transformations during plastic hardening. On the other hand, assuming
that the material point undergoes plastic softening PYE has the tendency to contract
(represented by stress path AC in Figure 3.9 and Figure 3.10). The size of the plastic
yield envelope may be described by a single parameter governing the concentric
evolution of PYE. Assuming a spherical PYE, the selected size could be represented
through the radius g =r or in the case of an elliptical MCC (Modified Cam-Clay)
type model through the half length of the isotropic axis denoted g =a (Figure 3.5).
Therefore the hardening rule governs the evolution of such parameters controlling

the size of PYE during plastic straining. The isotropic hardening rule incorporating
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the hardening variables q may be described through expression (3.72) or in the case

of a single hardening variable q:
g=A-h (3.76)

The isotropic hardening variable describes the material state and in most cases is

expressed as a function of the incremental plastic strain £° or the plastic work W ".

However, the measure of the incremental hardening variables (coincides with the

scalar measure of the incremental plastic strain tensor) A may be a function of
further quantities such as the incremental total strain or even time assuming time-

dependency is accounted for.

Historically, the first expressions of isotropic hardening addressing the mechanical
behavior of geomaterials would incorporate solely the volumetric component of
plastic strain (Roscoe et al., 1963). Association of the isotropic hardening with the
deviatoric component of plastic strains (Mroz and Norris, 1982; Nova, 1988) or with
the 2nd order plastic work (Mroz and Norris, 1982) was postulated later. In the

formulation of the proposed constitutive time dependent model the plastic strain

tensor and time controls the scalar measure A.

3.6.3 Kinematic hardening rule

The kinematic hardening rule controls the translation, rotation and distortion of the
plastic yield envelope. The translational hardening portrays the effect of homothetic
rendering of PYE (Dafalias and Popov, 1975; Mroz et al., 1978; Prevost, 1978; Mroz
and Norris, 1982; Al-Tabbaa, 1987; Al-Tabbaa and Wood, 1987; Kavvadas, 1995;
Wood, 1995) as depicted in Figure 3.6. The rotational hardening on the other hand
portrayed in Figure 3.10 accounts for any alteration in the inclination of PYE (Crouch
and Wolf, 1994; Hashiguchi and Chen, 1998). Distortional hardening finally accounts
for any changes in the shape of the plastic yield envelope (Pender, 1978; Dafalias,
1987; Belokas, 2008). The mathematical formulation of the aforementioned hardening

rules may be expressed through equation (3.72).

The two most widely known kinematic hardening rules are Prager's linear kinematic
hardening law (Prager, 1955) and a modification of that undertaken by Ziegler
(Ziegler, 1959). Based on Prager's kinematic hardening postulate the center of the
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plastic yield envelope translates proportionally to the plastic strain increment (Figure
3.15). Hence, assuming that the center may be described through the stress tensor o,
then the measure of the hardening incremental hardening variables is constant A = ¢

and h=£" leading to the formulation here below:

G =C-&° (3.77)
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Figure 3.15: Schematic representation of Prager's linear kinematic hardening
postulate.

In other words the center may be translated proportionally to the gradient of the
plastic potential envelope P (the plastic potential tensor). Prager's kinematic
postulate has been employed in an ensemble of constitutive formulations (i.e.

Walker, 1981; Ohno, 1982; Krempl et al. 1986; Watanabe and Atluri, 1986).

Ziegler (1955) proposed a slight modification of Prager's original formulation (Figure
3.16), by translating the center proportionally to the back stress tensor o,,, =0 — 0
and further incorporating the measure of the incremental hardening variables as

A=/ and h=o0,,, =0 -0, leading to the following expression:
6 =p-(oc—0y) (3.78)

where the employed parameter j may be expressed as a function of the plastic

strain increment (4 =b-£") or the deviatoric stress increment (iz=b-q).
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Figure 3.16: Schematic representation of Ziegler's kinematic hardening postulate.

Zieger's kinematic postulate has been employed extensively in the literature in an
ensemble of constitutive formulations (i.e. Shield and Ziegler, 1958, Mroz, 1967;

Nagtegaal and De Jong, 1982; Agah-Tehrani et al., 1987).

3.7 Elastoplastic stiffness modulus

The elastoplastic stiffness modulus C* associates the incremental stress with the
incremental strain tensor in the case of elastoplastic stressing. The general
constitutive relation connecting stress and strain can be expressed in its incremental

form as follows:
c=C:é& (3.79)

Assuming that the material exhibits purely elastic behavior ¢ =&° then the total and

the elastic stiffness moduli coincide C =C°. However, assuming an elastoplastic
increment is sustained, the increment of stress may be described through the

following expression:
G=C®:£=C":14°=C*:(6-£")=C":(6—A-P) (3.80)

By employing expression (3.55) the elastoplastic stiffness tensor may be formulated

as follows:

C*:6=C:(é-A-P)=C:|-—LE £ _p|
H+Q:C*:P

-150-



Chapter 3: Plasticity theory for soils

1

" H+Q:C°:P
1

" H+Q:C:P

ce :e:{ce—m-[(ce:P)@(Q:ce)]}:g':

C®:6=C%:¢ (Q:ce:¢)-(C*:P)=

C®:6=C*:¢ -[(CQ:P)®(Q:C9)]:é:

ep _ e_i‘ e. e
C®=C Q[(c :P)®(Q:C*)] (3.81)

and Q2 may be computed through the following expression:
Q=H+Q:C*°:P (3.82)

In the finite element codes the initial elastoplastic stiffness matrix C* at the
beginning of the loading increment is employed for the elastoplastic prediction of the
forthcoming state. Assuming that equilibrium is not attained the code undergoes

numerical iterations until convergence is achieved.

3.8 Hardening elastoplasticity postulates

The classical theory of elastoplasticity incorporates arbitrarily selected forms of the
plastic yield and potential functions and isotropic and/or kinematic hardening rules.
However, the necessity arises for certain physical aspects (Desai and Siriwardane,
1984) to be described through the aforementioned employed expressions. The basic
principles (as described by Prevost and Hoeg, 1975 for the simulation of strain

softening materials) are summarized here below:

e The continuity condition states that orthogonally to the plastic yield surface
no incremental plastic strain may be accumulated. In other words during
neutral loading Q :6 =0 the incremental plastic strain tensor is null (Prager,
1949; Desai and Siriwardane, 1984).

e The consistency condition postulates that whenever elastoplastic strains are
sustained the stress state needs to lay always on the plastic yield envelope.

The mathematical description of the principle may be formulated through

f(o,q)=0.
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e The irreversibility condition states that the undergoing work during

unloading followed after elastoplastic stressing is always positive W " >0
considering the positive rate of entropy. Drucker's (1951, 1956, 1959) stability

postulate would assume:

Ac:é°=(c-0"):£°>0 (3.83)

The expression above incorporates the elastoplastic state of stress on PYE o,
the elastic state ¢~ and Ao is the elastoplastic stress increment. Convexity of

the plastic potential envelope stems from expression (3.83) (Prevost and

Hoeg, 1975).

¢ The uniqueness condition dictates the existence of a unique association
between the incremental state and the incremental strain response variables
(Desai and Siriwardane, 1984; Darve et al.,, 1995). Loading is normally
employed to denote any change in the state variables while alterations in the
response denote transformations undergoing in the strain tensor. The
alteration in a combination of certain state variables and some strain
components may also be considered as loading. The remaining state variables

and strain components could be classified as response variables.
The continuity and irreversibility conditions are always satisfied by the constitutive
formulations founded on the elastoplasticity principles. However, special attention
needs to be paid on the irreversibility and uniqueness principles in order to assure
stability. The concept of irreversibility portrayed in Figure 3.17 through the stress
path AB originating from the elastic state o (represented by point A) transitioning
to an elastoplastic state o (through point B) followed by a loading increment ¢ may
be described through the 2nd order plastic work required for the unloading to the

original state as follows:
WP=Ac:6P+6:8°=(0-0"):6°+6:£" >0 (3.84)

Drucker's postulates may be derived from the aforementioned expression (3.84) as

follows:

G:6°>0 (3.85)
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(c-07):£">0 (3.86)

Equation (3.85) dictates the use of an associated flow rule while accounting solely for
plastic hardening through Q:o > 0. Expression (3.86) portrays the convexity of the
plastic potential envelope (coincides with PYE). Regardless whether Drucker's
postulate does not allow simulation of plastic softening, it does conform with the

uniqueness principle thus leading to a stable assumption of the constitutive behavior.

*

o° 5>

Figure 3.17:  Elastoplastic loading increment originating from an elastic state.

Drucker's postulate may allow for uniqueness but still comprises an assumption and
is not founded solely on the principles of thermodynamics. Instead, Prevost and
Hoeg (1975) and Hueckel and Maier (1977a & 1977b) proved that it is possible for the
plastic work to be negative by simulating plastic softening without any of the
thermodynamic laws to be violated and even account for a non-associated flow rule.
Hence, regardless whether the constitutive formulation incorporates an associated or
a non-associated flow rule it is possible to conform to the uniqueness postulate for

infinitesimal loading increments. Hill's stability postulate (1958) states that the

second order work may be expressed as follows:
V6,6° W=6:£>0 (3.87)

Hence, the second order plastic work may still become negative allowing for

numerical simulation of plastic softening (Darve et al., 1985) by satisfying the

condition WP =g:€° >—-g:¢&°.
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Uniqueness condition "in the large" (not accounting for infinitesimal loading

increments) is impossible (based on Hueckel and Maier, 1977a & 1977b) when:

e the critical state has been attained and consequently expression (3.75) is
satisfied (there is an infinite number of solutions satisfying the governing
equation) or

e the conditions H <0 and Q :6 <0 hold true leading to two distinct solutions
for the strain tensor satisfying the same stress state. The expression leads to
—-Q:C°:P<H<0.

The uniqueness of the solution is of crucial importance considering it is associated

with the definition of the compliance matrix D (&=D:g) computed through

inversion of the elastoplastic modulus D% = ce . However, the elastoplastic
stiffness matrix may not always be positive definite or in simple words the following

condition may not always be satisfied:

c*?|=0 (3.88)

3.9 Intrinsic and structured states

In the current section we will be introducing the mechanical characteristic of
structured and structureless states. The Critical State postulate is reviewed and the
strength Envelopes (Intrinsic, Structure and DPlastic) employed in classical

elastoplasticity are summarized.

Geomaterials are characterized as structured and structureless based on their
mechanical behavior (Vaughan et al, 1988; Leroueil and Vaughan, 1990).
Structureless soils can only be encountered in special cases under idealized
conditions. In such states the resistance attributing to the soil strength stems solely
from the interlocking of the soil particles. Note, that the soil particles are considered
relatively stiff and unyielding under "normal" stress levels. Structureless soils may be
encountered in cases where the sedimentation and deposition results in a state that
can be characterized solely by the specific volume (v=1+e) and the current

effective stress field (o). Note that the dots have been dropped for simplicity.
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3.9.1 Intrinsic strength envelope

All structureless states of a given geomaterial may be enclosed within the Intrinsic
Strength Envelope (ISE). The ISE comprises the virtual boundary enclosing all
structureless states at which the geomaterial falls into after the accumulation of
substantial strains associated with failure. In such case the intrinsic anisotropy is null
due to the chaotic distribution of the soil particle orientation at the initiation of
failure. Every structureless state characterized as intrinsic can be described solely by
the effective stress field and void ratio. The following expression portrays the

mathematical formulation of the intrinsic strength envelope:
F*(a,a*,c)=i2-s:s+(a—a*)2—(a*)2=o (3.89)
C

The star " * " superscript is employed to denote the intrinsic measures. a  stands for
the halfsize of the ISE oriented along the isotropic axis illustrated in Figure 3.18.
Orientation of the intrinsic strength envelope is along the hydrostatic axis. The ISE is
allowed to harden isotropically by associating the halfsize of the ISE with the

alterations in the void ratio and the stress state.
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Figure 3.18: Schematic representation of the Intrinsic Strength Envelope (ISE).

3.9.2 Critical State

The study of structureless soils by Roscoe et al. (1963) set the foundation for the
Critical State Theory along with the Critical State Soil Mechanics theory (CSSM by
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Schofield and Wroth, 1968). The investigation of the mechanical response of
structureless geomaterials contributed to the introduction of elementary empirical
relations of the basic mechanical characteristics (i.e. the compressibility and strength)

as a function of the index properties.

The Critical State Soil Mechanics theory comprises the foundation stone for most
sophisticated constitutive formulations addressing the mechanical behavior of soils.
It was originally developed to describe the response of isotropically consolidated
soils. Direct simple shear and triaxial tests, emulating compression or extension,
were performed on both normally loaded and preloaded specimens (Roscoe et al.,
1963). The theory was founded on the observation that the structureless soils are
independent of the loading history and can thus be described accurately solely from

the current state (o, v). The conditions at which the prior observation was based are

summarized here below:

e In Isotropic Compression originating from a normally loaded isotropically
consolidated state depicted in the g-p-v space through the lateral pressure

coefficient K = /0, =1 and the Isotropic Normal Compression Line (I-NCL)

portrayed in Figure 3.19. The material constants N, and A control the

position and inclination of the Isotropic Normal Compression line in the v-Inp
space.

e The Critical State at Failure corresponds to the accumulation of potentially
infinite deviatoric strains of the soil element under constant volume assuming
either drained or wundrained boundary conditions. Such states are
characterized as Critical and comprise the Critical State Surface (CSS). The
projection of the CSS in the v-Inp space defines the Critical State Line (CSL).
The projection of the CSS in the stress space p-g emulating either compression
is portrayed through the inclination M. or extension through M.. In the v-Inp

space the Critical State Line is defined through the parameters I and A = A.

It is also possible to include the one-dimensional compression of normally loaded
soils in the aforementioned cases justifying the Critical State Soil Mechanics

postulate. In the one-dimensional compression the mechanical response in the g-p-v
space is defined through the lateral pressure coefficient at rest denoted K, =o0;/0;

and the Ko-Normal Compression Line (Ko-NCL). The material constants controlling
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the mechanical behavior in this case according to the CSSM are the Ko value
governing the inclination in the p-g space through the stress ratio

n, =a/p=3-(1-K,)/(1+2-K,) and the constants N, and A designating the v-Inp

response.

A v
q N |-

_,Mc T}---

O

p=1kPa ]n(p):

Figure 3.19: Observations on the mechanical response justifying the Critical State
Soil Mechanics theory.

In the CSSM theory the stress history is accounted for through an equivalent
isotropic pressure along the I-NCL (i.e. Hvorslev's equivalent stress, p.*). Moreover,
the CSL comprises the virtual boundary between compressive and dilative behavior.
The mechanical behavior associated with volume loss under drained conditions or
with the generation of positive excess water pressure assuming undrained boundary
conditions will be classified as compressive. The dilative response is associated with
volume increase assuming drained conditions or with the generation of negative

excess porewater pressure under undrained conditions.

The projection of all stress states prescribing the transition from the compressive to
the dilative mechanical response in the v-Inp space comprises the critical
overconsolidation ratio line according to Roscoe et. al. (1963) (another term for the
critical overconsolidation ratio line is Phase Transformation Line, PTL). In essence,
such states lay on the phase transformation boundary. The CSL coincides with the
critical voids ratio line by Roscoe et al. (1963). The assumption that the phase
transformation line and the critical state line coincide was introduced for simplicity
considering that it is a rough approximation at best as can be seen from a careful

examination of Figure 3.20.
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Finally, according to Roscoe et al. (1963) all possible states of a given soil element are
defined through the Roscoe-Rendulic and Hvorslev envelopes comprising the State
boundary surface (SBS) in the CSSM theory (Figure 3.21). It is emphasized that the
critical state refers to the intrinsic states. Note that the inclination ¢ in Figure 3.18

comprises the projection of the CSL in the stress hyperplane.
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Figure 3.20:  Critical State Line and Phase Transformation Line for cohesive soils
(Roscoe et al., 1963).
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Figure 3.21:  Critical State Soil Mechanics principles introduced by Roscoe et al.
(from Belokas, 2008).
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3.9.3 Structure strength envelope

Natural soils are often characterized as structured. In contrast with structureless
media structured soils exhibit significant differences in terms of stiffness, strength,
dilatancy and anisotropy influenced by structure. The two basic structure inducing
mechanisms are the stress history and bonding. Structure comprises the memory of
the geomaterial and governs the mechanical response of the soil. The stress history
governs the memory of the geomaterial (due to the divergence of the current stress
state from the structured) while bonding contributes to the interparticle resistance.
Note that the stress history (i.e. Kavvadas, 1999) and the bonding process (i.e.
Cotecchia and Chandler, 1998; Kavvadas, 1998) may act simultaneously.

The Structure Strength Envelope (SSE) portrays the effect of bonding on the soil
tabric (Figure 3.22). It defines the available strength due to bonding formation and
hence encloses the ISE. The shape of the SSE is usually considered analogous to the
Intrinsic and assuming that primary anisotropy is not simulated it can be defined
through equation (3.90). Considering it encloses the ISE its size is allowed to degrade
but at no time should it cross the intrinsic surface thus justifying its limit bound on

the down side.
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Figure 3.22: Schematic representation of the Structure Strength Envelope (SSE).

The expression for the Structure Strength Envelope assuming that primary

anisotropy is not simulated is given below:
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F(a,a,aK,c):Ciz-s:s+(a—aK)Z—a2:0 (3.90)

The center of the SSE is translated solely along the hydrostatic axis to account for the
effect of cementation and possible thixotropic bonding formed during isotropic

compression responsible also for the isotropic orientation of the envelope. The
. . . a . .
halfsize of the SSE is denoted a and the ratio B = — >1 is always greater than unity
a

considering that the ISE comprises the lower bound of the Structure Strength
Envelope. It is noted that at times when chemical or biological transformations have
been undertaken throughout the bonding formation it is not unusual for the ratio not
to reach the residual size value of the intrinsic, at least for the strain levels measured
in the laboratory. Summarizing, the SSE comprises the bounding envelope and the
ISE represents a characteristic surface coinciding with the SSE in the complete

absence of structure (no primary anisotropy is considered).

3.9.4 Plastic yield Envelope

In the case of classical elastoplasticity the purely elastic domain, where the
accumulated strains are recoverable upon removal of the loading increment, is
infinitesimal and consequently the plastic yield surface is only but a fraction of the
SSE. Even strains of the order of 0.01+0.1%. may be considered irreversible and
hence inelastic (i.e. Georgiannou, 1988; Jardine, 1995; Smith et al. 1992). Hence, the
Plastic Yield Envelope (PYE) comprises the boundary enclosing all purely elastic
stress states (Figure 3.23). We will be assuming that the PYE and the SSE are
associated through a similarity ratio denoted &. The similarity ratio is considered
constant throughout plastic or elastic loading increments. Here follows the
mathematical formulation of the PYE in the generalized stress space:
L
2

So(s-8):(s-8) (0 -0 ) ~(§-a)" =0 (3.91)

f(o.0.,a,c)=
The center of the plastic yield envelope denoted o, is employed as a state variable

and it may translate towards the SSE assuming an elastoplastic loading increment.

The proportionality ratio controls the size of the PYE and is assumed to be a fraction

of the SSE, usually & =1%o +5%. It is noted that the strain increment imposed in the
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numerical analysis is not independent of the similarity ratio. Small ratios result in a
small PYE and consequently the elastic increment to adjust the stress state on PYE is

equally small.
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Figure 3.23: Schematic representation of the Plastic Yield Envelope (PYE).

The center of the plastic yield envelope denoted o, is controlled through a kinematic

hardening law thus portraying the recent stress history through the secondary

anisotropy tensor as will be shown in Chapter 5.

3.10 Concluding remarks

The present chapter summarizes the basic characteristics and principles of the
classical theory of plasticity in geomaterials. The constitutive relations are employed

in their incremental form and are expressed through the equations (3.11) and (3.79).

Expressions (3.11) to (3.82) portray the constitutive behavioral framework by

incorporating:

a. the elastic stiffness modulus (through some type of elasticity-linear or

nonlinear) denoted C°*.
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b. the plastic yield envelope (through the plastic yield function f) and

o (,a)

consequently the gradient, Q = 5
o

c. the plastic potential envelope (through the plastic potential function g) or
the stress-dilation relation and therefore the plastic potential tensor,

o_09(0,9)
oo

d. the plastic hardening rules of PYE.

e. the plastic hardening modulus H .
The critical state soil mechanics theory in soils was also reviewed. Soils were
categorized in structured and structureless states and the critical state principle was
analyzed. The Intrinsic and Structure Strength envelopes were introduced to denote
the virtual boundaries enclosing all structureless and structured states respectively.
Finally, the Plastic Yield Envelope was portrayed to denote the infinitesimal elastic

domain.

The next chapter presents novel constitutive formulations founded on the principles
of elastoplasticity further extended to account for viscous effects. Advantages and
shortcomings of the most advanced constitutive formulations will be portrayed as
well as the necessity for a new sophisticated framework emulating the time-

dependent behavior.
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Sophisticated time dependent constitutive models

41 General

The general theories describing time-dependent phenomena tend to gain more and
more ground. Considering they are no longer restricted to specific boundary and
loading conditions but can account for all possible undergoing stress and strain
paths. Most recent time-dependent formulations allow for simulation of potentially
all aspects associated with aging such as creep, stress relaxation and strain rate
dependency. More advanced and sophisticated constitutive behavioral formulations
are founded on the principles of elastoplasticity extended to account for time-
dependency. More recent expressions of such general theories tend to allow for the
plastic component to be introduced separately, through the theory of classical

elastoplasticity, from the elastic and viscoplastic component.

Next, the most recent advancements in elastoviscoplastic constitutive formulations
based on the overstress theory are reviewed. The proposed constitutive model to be
analyzed in the forthcoming chapter incorporates the principles of the overstress
postulate proposed by Perzyna (1962 & 1966). Regardless whether the viscous
nucleus is given explicitly or straight forward in the proposed form to be employed
in numerical modeling (it can be easily derived through experimental
measurements) it satisfies and conforms to the overstress framework. Hence, here
follows some basic constitutive formulations and the most recent advancements in

the time-dependent overstress constitutive modeling.
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4.2 Zienkiewicz's overstress constitutive framework and examples

The governing equations proposed by Zienkiewicz (Zienkiewicz and Cormeau, 1974;
Zienkiewicz et al., 1975; Kanchi et al., 1978) would incorporate Perzyna's overstress

principle in an elastoviscoplastic behavioral framework.

The strain tensor may be deconvolved in an elastic and a viscoplastic component as

follows:
e=g"+¢g" 4.1)

In essence, the ideally elastic-perfectly plastic original behavior based on the classical
theory of elastoplasticity was altered to account for the time effects. Hence, the

plastic component of strain was replaced by the viscoplastic strain tensor.

The viscoplastic strain rate was expressed as a function of the stress state and the

accumulated viscoplastic strain tensor:
§%=¢"(0,6") (4.2)

Whenever the stress state exceeds the yield function F the viscoplastic component

of strain tends to accumulate. The yield function may be expressed as follows:
F(o,£7)=0 (4.3)

In the aforementioned expression notation has not been employed randomly just to

denote the difference to the plastic yield surface f . The yield function incorporated

in the formulation of the governing equations coincides with the expression of
overstress (the overstress principle was introduced previously in section 2.4.1).

Hence, assuming that the stress state lays inside the yield surface the yield function is

negative F (0', g” ) <0 and the behavior is purely elastic. When the state lays on the

outer bound of the yield surface the material exhibits elastoviscoplastic behavior and

the overstress function receives positive values F (0', EVP) >0.

The plastic potential tensor is computed as the gradient of the plastic potential

function g (o) through the following form:
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p-29(0) (4.4)
oo

The expression above portrays the gradient of the plastic yield envelope

incorporated in the governing equations to account for the viscoplastic strain rate:

g'v"=y.<®(F)>.§—i=y.<®(F)>.P (4.5)

In expression (4.5) parameter y represents a fluidity parameter, influenced by the

material viscosity. Perfectly plastic behavior may be considered by employing an

infinite value for the parameter y — oo . The Macaulay brackets are employed for the
viscous nucleus ®(F) to account for the accumulation process of viscoplastic

strains solely at instances when the overstress function takes positive values:

(®(F))=0 | F<0
(4.6)
(d(F))=®(F) | F=0
A rather simplified linear relationship was chosen for the viscous nucleus:
O(F)= F (4.7)
FO

In the previous expression (4.7) parameter F, represents some reference value of

stress.

421 Non-hardening models

The plastic yield envelope and the plastic potential surface may or may not be
associated. Zienkiewicz selected to describe the plastic yield function and
consequently his overstress employed function through the Drucker-Prager model
(degenerating to the Von Mises criterion for null value of the friction angle ¢ - Figure
4.1) and the Mohr-Coulomb failure criterion (falling into the Tresca criterion for null

friction angle - Figure 4.2).

The mathematical formulations for the aforementioned criteria are depicted here

below:
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e Mohr-Coulomb:

. sina-singp | |1 .
F=0-sinp+| cosa——————|-,[=S:5s—C-cos@p=0 4.8
@ ( 7 j’/z @ (4.8)

e Drucker-Prager:

J3-sing J3-c-cosp

Parameter a employed in equation (4.8) represents the Lode angle to be computed

0 (4.9)

through the following expression:

1

1. _3,\@[3(3-5):3}
3

(4.10)

INA
oY

Symbol "e ' is employed to account for the product of two second order tensors.

Drucker-Prager: ¢>0

space diagonal
03
01=02= 03

Von Mises: =0 -

v

02

Figure 4.1:  Drucker-Prager and Von-Mises failure criteria employed in
Zienkiewicz's overstress viscoplastic formulation (1975).
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Mohr-Coulomb ¢>0

space diagonal
03
-~ 01= 02= 03

v

02

Figure 4.2:  Mohr-Coulomb and Tresca failure criteria employed in Zienkiewicz's
overstress viscoplastic formulation (1975).

The plastic potential function may be expressed by analogous forms:

e Mohr-Coulomb:

9(a)=a-sin9+(cosa—WJ-,/%s:S—C*'COSH (4.11)

¢ Drucker-Prager:
J3- _V3:sing \/7 NERS ~3-c -cosd 412)
1/ 3+sin’ 9 1/ 3+cos? 6?

The overstress function and the plastic yield function appear similar in form but
different in the angle # and ¢ . The angle # may be employed to account for any
modification envisioned in the plastic potential tensor. Normality rule is justified by
assuming that angle ¢ and the friction angle are equal. In this case, the gradient of
the yield function and the plastic potential tensor coincide (the cohesion does not
come into play). In any other case the flow rule is non-associated and assuming that
no volume change is anticipated at elastoviscoplastic states then 8 =0, thus falling

into the simple Tresca (in the case of Mohr-Coulomb) or Von Mises (in the case of

Drucker-Prager) failure criterion.
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4.2.2 Hardening model

Another example of the elastoviscoplastic overstress framework employed by
Zienkiewicz was based on the assumption of an MCC type model incorporating a
Mohr-Coulomb criterion to describe the critical state line in the stress plane (Figure
4.3). The critical state line is represented as the line connecting points 2 and 4. Stress
path 1-2 is characteristic of a strain hardening behavior while 3-4 represents plastic

softening.

originally
elastic
region

cst

Figure 4.3: = Graphical representation of the yield surface in the p-q space in the
case of a critical strain hardening yield function (Zienkiewicz, 1975).

Parameters ¢' and ¢’ (note that tan(¢') resembles the M parameter in the MCC)

may be expressed as a function of the friction angle ¢ and cohesion ¢ as follows:

tan (¢") = 3-Sln.(p .
\/§-cosa—sm a-sine
(4.13)
, 3-C-Ccos¢p

C = - -

\/§-cosa—sm a-Sine

The yield function may be described through the following expression:
' -p,—d

Fo_\2 2+(p Pr ) 120 (4.14)

( P, -tan (0') P
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The initial p, is allowed to harden for a given material through evolution of the

volumetric viscoplastic strain component analogously to the original law by Roscoe

and Burland (1968). In this case an associated flow rule was employed g =F . The

viscoplastic strain once again can be described through expression (4.5).

Zienkiewicz's elastoviscoplastic framework was amongst the first to employ
Perzyna's overstress theory. It lacks the explicit definition of the plastic component in
the classical sense of elastoplasticity and thus it cannot simulate accurately neither
the plastic nor the time-dependent behavior. On the other hand, the formulation
provides an insight to the elastoviscoplastic constitutive formulation and some

preliminary qualitative observations on the viscous behavior may be drawn.

4.3 Adachi and Oka's overstress model

Adachi and Oka (1982) proposed a constitutive behavioral framework for the time
dependent behavior of normally consolidated clays. The governing equations would
incorporate Perzyna's overstress theory and the original Cam-Clay model in an
elastoviscoplastic formulation. The multiparametric model would incorporate
namely eight material parameters in need of calibration via experimental
measurements (two undrained constant strain rate triaxial compression tests at

different strain rates, simulating consolidation and swelling).

Adachi and Oka originating in a similar sense to Perzyna's overstress theory

assumed the existence of a static yield function of the general form:
Floe®)=—T2-1 (4.15)

The dynamic yield function f(a,g"p) is an expression of the stress state and
accumulated viscoplastic strains. Furthermore, the aforementioned formulation
incorporates the work hardening parameter K,. Perzyna's expression for the
viscoplastic strains was employed:

o
oo

&® =(®(F)) (®(F))-Q (4.16)
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Expression (4.16) portrays significant differences from equation (4.5) not simply due

to the viscosity parameter y that has been incorporated in the definition of the
viscous nucleus ®(F). By incorporating in expression (4.16) it is inherently

assumed that an associated flow rule is adopted and therefore the plastic potential

tensor coincides with the plastic yield gradient.

The viscous nucleus is determined experimentally and accounts for the strain rate
effect upon material yielding. Hence, by manipulating equations (4.15) and (4.16) the

dynamic yield function may be computed through the following expression:

VP . AVp

f(o.e%)=k,- 1+c1>‘1[ £ ¢ } (4.17)

Q:Q

The dynamic yield function may evolve due to isotropic viscoplastic strain rate
hardening. The dynamic yield function term is employed to denote the hardening of

a typical yield function (henceforth the notation for dynamic yield function assuming

hardening is undertaken shall be changed to f = f;). The rate sensitivity state is
attained whenever the overstress F =0. In such case, the f =k, and the notation

shall be changed to f, for the static situation. In this case the inelastic behavior of

soils represents purely the elastoplastic state and the following postulate holds true:

g'=A-—=A-Q (4.18)

The original Cam-Clay criterion (Roscoe et al., 1963) was employed as to account for

the static yield function:

7

f =k =YX=2""+] 419
s s M-G+n(as) ( )

S

The subscript s is incorporated in the expressions above to denote the values at the

static equilibrium state.

In the formulation of Adachi and Oka the parameter K,is considered as a strain

hardening (namely volumetric strain hardening) parameter instead of a work
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hardening parameter as was envisioned by Perzyna. To put it in plain words the

parameter K, may be expressed as follows:

k,=In(p,.) (4.20)

The strain hardening parameter Kk, may be related to the inelastic volumetric strain

component (considering that the subscript s denotes the static equilibrium state then

the inelastic and plastic components coincide - inviscid behavior) as follows:

&P :l_K. pm,s
1+e P,

(4.21)

The expression (4.21) above incorporates the compression index 4 and the swelling
index x in the e—Ino space. Hence, the purely elastoplastic behavior may be

formulated by incorporating equations (4.18) to (4.21).

The elastoviscoplastic behavior shall be analyzed henceforth. The dynamic yield
surface needs to be described by the same primal governing relation as the static
yield surface (considering that the dynamic yield surface falls into the static for null
values of the overstress F =0):

VSIS

fo=kg = M*.G+In(0) (4.22)

The parameter Kk, accounts for both aspects of strain hardening and rate
dependency. Analogously to the strain hardening parameter Kk, the dynamic

parameter k; may be defined as follows:

ky =In(Ppo) (4.23)

Ky
k

To make a long story short, the overstress function can be expressed as F =

Hence the overstress portrays the effect of simultaneous contributing aspects of

strain hardening and time-dependency (through the parameter k,) over strain
hardening (portrayed via parameter K ). The schematic representation of the

dynamic and static yield surfaces are depicted in Figure 4.4.
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In the diagram p,; stands for the dynamic (subscript d) isotropic (subscript i) state
after a single day of creep subjected to isotropic pressure p, ,;. The static state p,; is

introduced in an exact analogy to the dynamic (characteristic of the static isotropic

state after a single day of creep subjected to isotropic pressure p, ;). p,; represents
the equivalent static state to p,; with the same strain hardening, at the same inelastic

(either plastic or viscoplastic) volumetric strain rate (isotropic compression is
undertaken) and lays on the static isotropic consolidation line after infinite time of

isotropic compression.

The path originating from p,; transitioning to p; is the graphical representation of a

shear deformation being imposed leading to the accumulation of viscoplastic strains

(through the viscoplastic strain rate). The path originating from p,; to p,,

represents the porewater pressure increase when after a day of consolidation

undrained conditions are established. Finally, the path from p,; to p,, is

characteristic of secondary compression under constant imposed isotropic pressure.

A

Jsis

~~~~~~
.

Tpms

m,s,i

_—— S =Y

——
-

-~ . .
“isotropic relaxation

Figure 44:  Schematic representation of both static and dynamic yield surface
(Adachi and Oka, 1982).

F considering the aforementioned equations (equations (4.15), (4.19), (4.20), (4.22)

and (4.23)) can thus be expressed as follows:
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e _(Pna) | In(Pos)-tn(pn) (4.24)
) In(Pn,)

Furthermore, by integrating equation (4.21) under the initial condition of £” =& :

gp—gip—i_’c-ln{ Pr.s ] (4.25)

 1+e

ICL att— o

p vp

v

E VE

Figure 4.5:  Selected strain hardening parameter as a function of inelastic (plastic
or viscoplastic) volumetric strain.

The strain hardening parameter is depicted in Figure 4.4 as a function of inelastic

volumetric strain. The employed framework requires a priory selection of the p,_

and the volumetric inelastic strain (plastic or viscoplastic) ¢” v ™. However,
knowledge of such variables at infinite time after imposing the isotropic pressure is
elusive and practically impossible. However, it may be possible to overcome such a

problem by incorporating expressions (4.19) and (4.22) as will be shown here below.

The following governing equation depicts the incremental strain as a function of

incremental stress for normally consolidated clays:

.1 K p
= St—— ]
26 3:(1+e) p

(4.26)
*1 -CD(F)- S 1

+ —O(F) | M -
M™p Jvs:s 3-M -p ()[ p

+
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In the aforementioned expression G is the elastic shear modulus, x stands for the
swelling index (in the v—Ino space), e portrays the void ratio and | is the identity

tensor.

The selected form of viscous nucleus employed in the Adachi and Oka (1982) model
is calibrated through two undrained constant strain rate compression tests in the
triaxial apparatus (at different strain rates, simulating consolidation and swelling),

based on the Adachi and Okano's (1974) and Oka's (1978) formulation:

®(F)=co-exp{m'~ln[pm’dﬂ (4.27)

m, s

In the expression above ¢, and m' are parameters controlling the time dependent

behavior of soils. In total there are eight parameters in need of calibration through

*

experimental measurements, namely G, 1, x, e, M, ¢, m

and p, .. By

incorporating expressions (4.19) and (4.22) equation (4.27) may be rewritten in the

following form:

CD(F)Co'exp{m{hﬁ+|n(a)—l\/ﬁf:

> —In (o, )}} (4.28)

The constitutive equations were extended to account for anisotropic behavior of
soils. However, considering that the underlying principles are the same and that the
proposed model will not be accounting for material primary anisotropy the

formulation will not be further reviewed.

It should be noted that the Adachi and Oka’s (1982) model fails to describe the
undrained accelerating creep component leading to creep failure (Oka et al., 1995).
Moreover it lacks the explicit definition of the plastic component in the classical
sense of elastoplasticity and thus it cannot simulate accurately neither the plastic nor

the time-dependent behavior.

4.4 Lemaitre's overstress model

The viscoplastic overstress model described in this section was originally proposed

by Lemaitre and Chaboche (1990) to account for the time-dependent behavior of
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metal alloys. The formulation was extended to the study of the time-dependency of
geomaterials by Boidy (2000). Once again the model is founded on Perzyna's

overstress theory.

Lemaitre's formulation states that the static yield surface is set to coincide with the
principal space diagonal (hydrostatic axis) and no hardening is sustained. Therefore,
the purely elastic behavior is encountered solely along the hydrostatic axis in the
absence of deviatoric stress. Viscoplastic strains tend to accumulate at stress states
characterized by finite (null values of the shear stress do not activate the viscoplastic

component) values of the stress deviator.

The yield function f may be decomposed to a component f_(o-) , dependent solely

on the stress state, and another component k(g"p), dependent only on the

accumulated viscoplastic strains:

f
G (4.29)
k (gvp )
The function f (o) may be described by a Von Mises criterion:
- 3
f(o)= E-(s ) (4.30)
The function k (6‘Vp ) may be expressed as follows:
k(e®)=(er) " (4.31)

Hence, the function k (6“"’) is associated with the measure of the viscoplastic strain

deviator ¢”. Expression (4.31) incorporates two constitutive parameters m and n in

need of calibration. It is noted that the constitutive parameters m and n need to

conform to the following conditions:
n>1 (4.32)

1-n<m<0 (4.33)
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The measure of deviatoric strains may be computed by integrating the viscoplastic

deviatoric strain rate throughout the entire time history:

.y
g = qup -dr (4.34)

The viscoplastic measure of deviatoric strain rate may be expressed as follows:

o 2 .y
£y = ge P.e" (4.35)

where é" is computed through the following expression:

6P = g% —%-(é"p )1 (4.36)

The viscous nucleus incorporates a power law of the general form:
®(F)=(F) (4.37)

As for the selected overstress function, it is set equal to the yield function f :

oot (4.38)

k(e”)

The viscoplastic potential function employed for the derivation of the plastic

potential tensor is selected to coincide with f (o):

«
Il
—h|
Ve
Q
A —
Il
N w
—_—
wm
w
N

(4.39)

In other words, an associated flow rule is assumed.

By incorporating the aforementioned expressions (portrayed in equations (4.37),
(4.38) and (4.39)) in Perynza's original formulation for the viscoplastic strain rate

depicted in equation (2.27):

& = %y-[%(s:s)}-(g;p)n1 S (4.40)
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The expression above portrays the significance of the constitutive parameters m and
n on the viscoplastic stress deviator and the deviatoric stress. The fluidity parameter

y controls the magnitude of the accumulated viscoplastic strains.

The aforementioned relation may be solved analytically solely in the case where the
stress deviator is constant, representing creep behavior under constant stress level. In

any other case numerical integration is required.

A specimen exhibiting creep behavior subjected to a constant deviatoric stress with
time may be described by a power-law formulation (similar to the one given in

Betten, 2005) may be described through the following expression:

B
2

3 -
e;p:a-qﬁ-tfs:a-[?(s:s)} 10 (4.41)
where the parameters a, f and ¢ are given here below:

O0=—— (4.42)
f=n-8=—ro (4.43)

a= (g =[7-(1- m)]ﬁ (4.44)

For a cylindrical specimen in the triaxial apparatus subjected to axial stress o, and

radial stress o, :

q= %-(s:s):aa—ar (4.45)
el =g =—£~5"p (4.46)
q a 2 r

In the aforementioned expression (4.46) the assumption of constant volume is
evident. The elastic regime is set to the isotropic axis and consequently, the elastic

component is null.
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Once equation (4.41) undergoes derivation with respect to time it may be rewritten in

logarithmic form as follows:

log(£,?)=log(a-5)+ A-log(q)+(5-1)-log(t)

:'Og(a'5)+ﬂ-|09{\/%}+(5—1)-|og(t) (*47)

Study of expression (4.47) reveals some interesting keypoints:

e the logarithmic viscoplastic deviatoric strain rate may be expressed as a linear
function of the logarithm of time;

e the inclination of the logarithm of deviatoric strain rate as a function of the
logarithm of time does not depend on the applied stress (converges with
observations by Singh and Mitchell (1968) and Tavenas et al. (1978));

o the logarithm of deviatoric strain rate is a linear function of the logarithm of
the stress deviator measure q (supposedly in good approximation with the
expression of Mitchell and Soga (1976) - however, Mitchell's expression is

linear with respect to ¢ and not its logarithm log(q)).

The expression (4.47) may be employed to derive the constitutive parameters from

laboratory measurements (i.e. Debernardi, 2004; Bonini et al., 2009).

The Lemaitre's overstress viscoplastic model lacks the explicit definition of the plastic
component in the classical sense of elastoplasticity and thus it cannot simulate
accurately neither the plastic nor the time-dependent behavior. The elastic behavior
is disregarded and the initial viscoplastic hardening modulus cannot be controlled
efficiently. The model incorporates an associated flow rule. On the upside the

constitutive parameters are easily extracted through experimental measurements.

45 Cristescu's overstress model

Cristescu's (Jin and Cristescu, 1998) formulation accounts for the time-dependent
behavior of rock salt. The elastoviscoplastic model to be analyzed in this section
addresses the transient behavior (primary creep) rather than focus on the stationary
creep component (characterizing the secondary creep stage). The total strain rate is
composed of the elastic and the inelastic component. The elastic strain rate may be

computed as follows:
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f=——$5+—— G-I (4.48)

The elastic parameters can be determined by employing the unloading procedure by
Hansen and Carter (1984) and Cristescu (1989). As for the viscoplastic strain rate, it

may be computed by employing the following expression:

év":;/-<CD(F)>-§—2_:<<D(F)>-P (4.49)

In Cristescu's approach, the viscous nucleus is not set equal to the overstress but it

may be expressed through the following general formulation:
O(F)=—r (4.50)

The overstress function incorporates the plastic work WP and the yield function

f (o) as follows:

f
F= %—1 (4.51)

The total plastic work may be formulated as:
szra(r):ép(r)'dr (4.52)

The plastic work is employed as an internal state variable or a work hardening

parameter.

In the general case the flow rule is non-associated and the yield surface does not
coincide with the viscoplastic potential envelope f #g. The formulation
incorporates the compressibility/dilatancy boundary (Cristescu, 1989 & 1994) to
derive the plastic potential and a yield surface defined as the stability boundary or
relaxation boundary (Cristescu, 1967 & 1989; Lubliner, 1990). The formulations are

based on curve fitting associated with laboratory measurements.

The Cristescu's overstress elastoviscoplastic model lacks the explicit definition of the
plastic component. Hence, it cannot simulate accurately neither the plastic nor the

time-dependent behavior. It aims solely to describe the undergoing viscous
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transformations during the primary regime of creep (transient creep). Thus, at no
point should it be considered to account for the stationary or tertiary creep stages
comprising the essence of the deviatoric time dependency (note that the creep stages

have been introduced in section 2.2.1).

The model incorporates a non-associated flow rule. The constitutive formulations are
extracted through experimental measurements and can be employed solely to
account for the transient viscoplastic characteristics of rock salt (for which they were

derived).

4.6 Debernardi's overstress model

Debernardi's formulation or Stress Hardening ELastic VIscous Plastic model
(SHELVIP) comprises an elastoviscoplastic framework addressing the time
dependent mechanical behavior (mainly squeezing phenomena) of poor rock masses.
Such squeezing phenomena need to be considered assuming tunnel excavation is

undertaken in such rock masses (Barla, 2001 & 2005).

The constitutive formulation of this section aims to account for the mechanical
behavior near failure by considering the interaction between time dependency and
failure due to yielding without substantial creep deformations being reproduced (the
model cannot capture delayed failure due to tertiary creep). Furthermore, the long-
term behavior (aging effects) is considered as a function of the loading history and

any undergoing process associated with hardening or softening.

The SHELVIP model combines the classical theory of elastoplasticity with the
overstress theory developed by Perzyna. In this sense, any instantaneous irreversible
alterations in the material fabric are considered. Thus, the total strain rate may be

expressed as follows:
E=£E°+£"+&" (4.53)

In the aforementioned expression the superscripts e, p and vp are employed to denote

the elastic, the plastic and viscoplastic component of the strain rate respectively.

The plastic and viscoplastic states are defined through two limit surfaces described
through the Drucker - Prager criterion, portrayed in Figure 4.6. The plastic surface
comprises the virtual boundary by which the plastic states are defined through the
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classic theory of elastoplasticity. Every state laying inside is either elastic or
viscoplastic (depending on its relative position with respect to the viscoplastic
surface) while the stress state on the plastic surface exhibits an elastoplastic-
viscoplastic behavior. The viscoplastic surface exhibits a behavior that complies with
Perzyna's formulation. Hence, the viscoplastic surface denotes the lower bound for

the development of viscoplastic strains.

Viscoplastic surface

Plastic surface .
space diagonal

03
-\ 01= 02= 03

Elastic field

Elastoviscoplastic
field

Elastoplastic-viscoplastic
field »

>

02

Figure 4.6:  Limit surfaces and stress fields incorporated in SHELVIP formulation.

Elastoplastic-viscoplastic ~_ Plastic surface

fP=0
-g" =const

-

Viscoplastic surface

f*=0

[
»

P

Figure 4.7  Limit surfaces and stress fields incorporated in the SHELVIP
formulation portrayed in the p-g plane.
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The plastic and viscoplastic surfaces define the following fields in the stress space:

o the elastic field lays inside the viscoplastic surface and the behavior is elastic:

§=¢° (4.54)

o the elastoviscoplastic field lays between the plastic and viscoplastic surface

and the geomaterial exhibits elastoviscoplastic behavior:

=8 +&" (4.55)

e the elastoplastic-viscoplastic field lays on the plastic surface and the

geomaterial exhibits elastoplastic-viscoplastic behavior:

E=£°+€"+&" (4.56)

The plastic yield envelope may be defined mathematically through the plastic yield

function in the p—q space as follows:
fP=q-a-p-k"=0| p=o, (4.57)

Extending the formulation to the generalized six dimensional stress space leads to

the following expression:
3
fP= §~(S:S)—ap«0—\/kp:kp:0| p>o, (4.58)
Parameters a” and k" comprise the inclination and intercept with the vertical g axis

portrayed in Figure 4.7. The parameters may be associated to the Mohr-Coulomb

friction angle and cohesion:

a® - 6-sing
. - 3-sin
circumscribing : ¢ (4.59)
K = 6-c-coso
3-sing
6-sing
ap :3—_
L +sing
inscribing : (4.60)
Ko = 6-c-cose
3+sing
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Stress o, comprises the tension cut-off. The keystone of the formulation lies with the

tixed plastic yield surface. The plastic yield envelope does not harden during the

accumulation of either plastic or viscoplastic strains.

The viscoplastic yield surface may also be defined through the viscoplastic yield

function in the p —q space as follows:

vp

fvp:q_avp,p_[zp}.kpzm p>o, (4.61)

The aforementioned expression may be rewritten in the generalized stress space as

follows:
vp
£ = §~(s;s)—avp~a—(2—p]-Jkp:k“ =0 p2o, (4.62)

Parameter a” comprises the inclination of the Drucker-Prager criterion in the p—q

plane portrayed in Figure 4.7.

The viscoplastic surface defines the transitional stage from the elastic to the
elastoplastic-viscoplastic behavior. Considering that any transformation in the

loading history alters the viscoplastic yield envelope the surface is allowed to harden

through the hardening variable a".

The elastic behavior incorporates linear elasticity through the following expression:
£=D":g (463)

The elastic compliance matrix is founded on Hooke's elasticity.

A non-associated plastic flow rule is assumed based on the principles of classical

elastoplasticity:

b :A.% (4.64)

The plastic potential function g” defines the direction of the plastic strain rate tensor

and can be expressed as follows:
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9P =q-® p (4.65)
3 /..
g° = E-(s.s)—a)p-o- (4.66)

The parameter »” stands for the plastic dilatancy defined as the ratio of volumetric

over the deviatoric incremental plastic strains.

Assuming that the stress state exceeds the viscoplastic yield surface (f"p > 0) the

viscoplastic strain component tends to accumulate. The viscoplastic strain rate may

be computed through Perzyna's overstress theory:

og"

P = . ®(F)-
£ 7/()60'

(4.67)

The overstress function F represents the state of overstress with respect to the
'static' yield function, defined by the viscoplastic yield envelope. In the SHELVIP the
selected expression for the overstress function coincide with the viscoplastic yield

function:
F=f" (4.68)

A power function was employed to define the viscous nucleus controlling the

measure of viscoplastic incremental strains:

O(F)=(F)" =(f"y (4.69)

The viscoplastic potential function g* may be expressed in analogous forms to

equations (4.65) and (4.66):

9" =q-0"-p (4.70)
V| 3 . V|
g”® = E-(s.s)—wp-a (4.71)

The parameter »" stands for the viscoplastic dilatancy defined as the ratio of
volumetric over the incremental deviatoric viscoplastic strains, in an exact analogy as

before.
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By computing the derivative of the equation (4.71):

vp
9° _3__S —%-va-l (4.72)

aazm

the viscoplastic strain rate may be expressed as follows:

g7 =y (f7) | S —-Z-0""1 (4.73)

The selected hardening variable a” is not associated with the viscoplastic work or

the viscoplastic measure of deviatoric strains. Instead, the following hardening rule

is adopted:
vp vp
ar = ! . f . f (4.74)
m-n \/kp:kp E S'S)

In the expression above | and m are constitutive parameters (positive in nature). |is
a time stretching factor that controls the scaling factor of the creep curves, while
parameter m defines the shape of the strain rate curves with respect to time. Finally,
n is a load factor portraying the dependency of the viscoplastic strain rate from the

deviatoric stress (Figure 4.8).

A A

Iog(éa) ‘m increases |Og(é‘a)
___lincreases \§§§&

log(t) -
a. b.

Figure 4.8:  Geometrical effect of a. parameter m and b. parameter | on the
log(&,)—log(t) space.

-185-



Chapter 4: Sophisticated time dependent constitutive models

Assuming that the stress state remains intact, characteristic of undergoing creep,
implementation of equation (4.74) depicts an alteration in the inclination of the
viscoplastic surface. By doing so, the next increment will have set the new
viscoplastic surface higher with respect to the original thus evolving towards the
plastic yield envelope. Evolution of the viscoplastic surface will cease to develop

once the stress state is adjusted on the viscoplastic yield envelope.

The SHELVIP model should be considered as a major advancement in the
viscoplastic formulation of constitutive elastoviscoplastic models. It may describe the
secondary compression and even simulate the primary creep conceptually
accurately. However, the SHELVIP cannot represent the rapid increase of the
viscoplastic strain rate at high stress levels near failure comprising the effects of
tertiary creep (Debernardi, 2008). Furthermore, the model is addressing the time-
dependent mechanical behavior of poor rock masses by considering a Drucker-

Prager criterion and at no point should it be employed to clayey soils.

4.7 Karstunen's overstress model

Conventional overstress models may be assuming the absence of any viscoplastic
strains within the static yield surface (i.e. Adachi and Oka,1982; Shahrour and
Meimon, 1995; Fodil et al., 1997; Rowe and Hinchberger, 1998; Hinchberger and
Rowe, 2005; Mabssout et al., 2006 Yin and Hicher; 2008) or permit the accumulation
of time-dependent inelastic strains within the static yield envelope (i.e. Kutter and
Sathialingam, 1992; Vermeer and Neher, 1999; Yin et al., 2002; Kimoto and Oka;
2005). Some more recent constitutive formulations may also account for anisotropy
(i.e. Leoni et al.,, 2008; Zhou et al., 2005) by simply extending the isotropic creep
models proposed formerly (i.e. Vermeer and Neher, 1999; Yin et al., 2002).

Karstunen's formulation of the governing constitutive equations is founded on
Perzyna's overstress theory. Creep-SCLAY1 (Leoni et al., 2008; Yin et al., 2010;
Karstunen et al., 2013; Sivasithamparam et al., 2013) is an anisotropic time dependent
model incorporating an elliptical yield surface and Wheeler's rotational hardening

law (Wheeler et al., 2003).

The incremental strain rate may be expressed as a function of an elastic and a

viscoplastic component:
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=8 +&" (4.75)

The elastic behavior is expressed by poroelasticity but is of limited interest

considering that the elastic region coincides with the isotropic axis.

As for the viscoplastic strain rate it is expressed as a function of the dynamic yield

function depicted below following Perzyna's formulation:
g =y-(o(F))- = (4.76)

In the expression above y is the fluidity parameter, ®(F) stands for the viscous

nucleus and f, portrays the dynamic yield function. F is the overstress function

controlling the distance between the dynamic and static yield envelopes. When the
equilibrium is reached (the static and dynamic envelopes coincide) or the stress state
lays inside the static yield surface the overstress function is F <0 and thus the rate

of viscoplastic strains is null.
The viscous nucleus is a power type expression of the ratio of dynamic over the static

N
overstress function (D(F ) = (Fdj . Conforming to Adachi and Oka's formulation,

S
the Creep-SCLAY1 (Figure 4.9) incorporates the ratio of the size of the dynamic yield

surface over that of the static to define the viscous nucleus:

(D(F)=[ P }N 4.77)

pm,r

Hence, the expression (4.76) may be rewritten in the following form:

N
VP, pm,d % 4.78
e =y ( .. Py (4.78)

In the expression above there is no need to define an overstress function F . The ratio

pm,d

m,r

always receives values even when the dynamic envelope crosses the static

leading to ratio values lower than unity. Hence there is no restriction whatsoever for

the development of viscoplastic strains considering that in this case it is possible to
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account for purely linear behavior solely along the hydrostatic axis. In this sense, the
static yield envelope comprises a reference surface (justifying use of subscript r). The

reference size p, . refers to a value of the apparent preconsolidation pressure

computed through a selected experimental test (Yin et al., 2010).

Dynamic loading —d

pm,d p

Figure 4.9:  Creep-SCLAY1 graphical representation in the p-q plane.

Wheeler's elliptical (Wheeler et al., 2003) yield function is employed to account for

the dynamic (and consequently the static also) yield envelope:

N | W

(s—o-ay):(s—o-ay)

(Mz—g-ad :adj-a

where a; is the deviatoric fabric tensor and M stands for the inclination of the

f, = +0—Ppg =0 (4.79)

critical state line (CSL). The inclination a in the p—q space is defined as

a= g-(ad :ad) depicted in Figure 4.9.

The incorporated value of M tends to vary depending on the Lode angle & (Sheng

et al., 2000) between compression M, and extension M:

-188-



Chapter 4: Sophisticated time dependent constitutive models

I

. 7 7 (4.80)
14| Me ] 11 [ Me | | sinag
MC MC
The Lode angle may be expressed as follows:
. 3.3 {;[(s—aad)o(s—aad)]:(s—aoad)}
6’:§s,in‘1 -~ : (4.81)

’ \/B(s—a-ad):(s—a-ad)}g

and —13931.
6 6

As for the reference yield envelope it is allowed to harden as a function of the

volumetric incremental viscoplastic strain:

—K

dpm‘r = P (]ﬂ"—'_ € j-dg"p (4.82)

Wheeler's kinematic hardening law (Wheeler et al.,, 2003) is employed in the

formulation of the elastoviscoplastic overstress creep model as follows:

3-s v 3-S v
dad:a).KE_adj-<dgp>+wd-(E—ad)dgqp} (4.83)

where @ is a constant controlling the rate at which the fabric tensor reorientates

towards the current stress state and @, portrays the relative effect of the viscoplastic

deviatoric strain effect over the volumetric on the rotation of the yield surface.

The volumetric viscoplastic strain rate component is depicted here below:

MZ—E (s:s)

.V Cae IVI(:2 _a2 pm,d Ca 2 ' 2
= re)r '(MZ— SON 1= (59
0 r c 77K0 pm,r Mz_f.(ad:ad)

~

—K

®
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3-M Mcz_ﬂlio

c

where 7, , = and a,, =7, — . The reference time 7, depends on

c
the duration of the loading increment in the conventional oedometer test. In general
practice standard 24hr oedometer tests are conducted thus setting the reference time
(to 24hr). The expression above comprises the major improvement on the ACM
elastoviscoplastic model (Leoni et al., 2008). It ensures that the volumetric strain rate

approaches zero as the current stress ratio approaches the critical state line

2

S:S
inclination, by incorporating the function {M 2 2 ( > )} / {M ? —2 (a4 12y )} .

Expression (4.84) is considerably different from Vermeer and Neher's formulation

(1999):

A—k

CBE
g0 Cau [ P (4.85)
(1+&)-7, | Pp,

or the expression of Yin et al. (2002):

o C.. de, i de, 1+e,
Er = | 1+—- | -exp . (4.86)
(1+e0)'2-r gvl (1+d‘\i}/j Cae
gvl

where 71 is the reference time and ¢ stands for the limit of viscoplastic volumetric

strain.

Hence, the Creep-SCLAY1 viscoplastic strain rates may be computed as follows

(Sivasithamparam et al.; 2013):

-
__et o (4.87)

B
oo

The Creep-SCLAY1 elastoviscoplastic model comprises a major advancement in the

p

viscoplastic formulation of constitutive models. It addresses the time-dependent
mechanical response of anisotropic clayey soils by accounting for the secondary

compression. However, the Creep-SCLAY1 cannot represent the rapid increase of the
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viscoplastic strain rate at high stress levels near failure comprising the effects of
tertiary creep or consider failure due to yielding without substantial creep

deformations being accumulated.

4.8 Concluding remarks

A great number of constitutive formulations have been introduced in the literature to
account for the time-dependent mechanical behavior of geomaterials. In this chapter,
the most recent advancements in elastoviscoplastic constitutive formulations based
on overstress theory have been presented. Some primary constitutive formulations
based on overstress were reviewed followed by the most recent state of the art

approaches.

Regardless whether the governing mathematical framework addresses the time
dependent behavior from clayey soils to soft rocks all reviewed approaches tend to
focus mainly on the stationary or even the primary creep stage and completely
disregard or conveniently ignore the rapid increase of the accumulated strains
exhibited at high stress levels near failure stemming from tertiary creep. Most even
neglect to consider failure due to yielding without substantial creep deformations
being accumulated. Regardless, whether it is the accumulation of substantial plastic
or viscoplastic strains attributing to failure, a sophisticated model needs to consider

both mechanisms.

Hence, the necessity arises for the formulation of a new time-dependent behavioral
framework of both structured, resembling stiff soils to weak rocks, and non-
structured geomaterials resembling clayey deposits. The proposed model
incorporates the principles of the overstress postulate proposed by Perzyna (1962 &
1966) and is founded on the principles of classical elastoplasticity. The
viscoelastoplastic formulation is based on novel empirical relations stemming from
observations on laboratory measurements. Hence, the proposed formulation
incorporates constitutive parameters that can be easily derived through experimental
measurements. Instead, of introducing complex mathematical transformations or
extending the volumetric behavior to account for all aspects of creep (even the
deviatoric component) the proposed constitutive formulation employs well
established empirical relations (the mathematical framework incorporates

parameters associated with the physical process). Next, follows the mathematical
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formulation of the proposed viscoelastoplastic constitutive model and single point

results portraying the simulated time-dependent behavior.
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The proposed model

5.1 General

The current chapter analyses the mathematical time-dependent behavioral
framework to be used in the development of a new constitutive model. The time-
dependent mechanical response of both structured (resembling stiff soils to weak
rocks) and non-structured geomaterials (resembling normally consolidated clayey
deposits) is addressed. The mathematical formulation incorporates the principles of
the overstress postulate proposed by Perzyna (1962 & 1966) while at the same time is

founded on the principles of classical elastoplasticity.

The proposed constitutive model accounts for structure and consequently structure
degradation to a residual state that may or may not coincide with the intrinsic
depending whether chemical or mechanical transformations have been undertaken.
Both a Structure Strength Envelope (SSE) and a Plastic Yield Envelope (PYE) are

employed, integrated within the overlying overstress behavioral framework.

The proposed model addresses the time dependent behavior associated with the
stationary and tertiary creep stages leading to delayed failure while at the same time
conforming with Bjerrum's postulate (1967), as mentioned in Chapter 2. Small strain
stiffness is accounted for by employing an infinitesimal plastic yield envelope.
Another key feature of the model lies with the incorporated structure degradation
mechanism. The structure strength envelope is oriented along the hydrostatic axis
translated towards the tensional regime to account for the bonding effect under
isotropic compression. Only secondary anisotropy is incorporated in this version of
the model. The critical state line projection in the stress hyperplane is allowed to

transition towards a residual state through a proper kinematic hardening rule. The
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kinematic hardening rule associates the inclination of the CSL to either the deviatoric
viscous or plastic strains. The viscous component is evident even at states laying
within the PYE. Hence, the model could be characterized as viscoelastic-viscoplastic
or viscoelastoplastic; however, in this dissertation it shall be called viscoelastoplastic
to denote the extension of viscoplasticity to a more robust and elegant formulation

incorporating the aforementioned features.

The outline of this chapter begins with the definition of the characteristic surfaces
(SSE, PYE and Intrinsic Strength Envelope-ISE). Next, the incremental strain will be
decomposed in its primary elements and each component, elastic, plastic and
viscous, will be analyzed. The isotropic and kinematic hardening rules are presented
and analyzed to portray the physical meaning and gain some insight in the overall

time-dependent mechanical response.
The isotropic hardening rule accounts for:

e any plastic hardening or plastic softening behavior due to plastic strains;
e structure degradation effects due to plastic strain development and
e viscous strain rate effects attributed to creep strains.

The kinematic hardening rule considers:

e the evolution of the position of the SSE along the isotropic axis due to the
development of either plastic or viscous strain components - we shall not be
denoting that as primary anisotropy considering that in the current version of
this model the SSE is basically an MCC model translated solely along the
hydrostatic axis towards the tensional regime;

e the evolution of solely the secondary anisotropy due to the undergoing stress
path and

e the alterations in the shape of both the Structure and the Plastic Yield
Envelope associated with the accumulation of either plastic or viscous strains.
This is achieved by employing the inclination of the Critical State Line (CSL)
in the stress space as a hardening variable. In the case where the plastic
strains are employed in the hardening law of the CSL inclination, the
assumption leads potentially to non-uniqueness of the critical state line thus
raising a significant issue. However, it should be considered solely as a

mathematical manipulation that allows for the simulation of significant
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softening even in the absence of structure. On the other hand, assuming that
the viscous strains are employed within formulation of the hardening rule the
behavioral framework attains a physical meaning justified by experimental
measurements (or by shedding light from a point of view on such).
By employing the hardening law and some interpolation rules the plastic hardening
modulus may be obtained. The adopted flow rule considered is purely associated in

this stage.

Following the concept by Mroz and Norris (1982), Desai et al. (1986), Pastor et al.
(1990) and Gens (1995) the constitutive formulation may undergo simple
transformations to fall into a simple structureless isotropic model lacking any aspects
of anisotropy and even degenerate into an elastoplastic model without accounting
for any undergoing time effects. Hence, the principle was extended to the time-

dependent behavioral framework and a simple manipulation of certain parameters

(t, > ) sets the viscous component to null thus leading to a purely elastoplastic

formulation.

5.2 Characteristic surfaces

The proposed time dependent constitutive model (Figure 5.1) incorporates the

following characteristic surfaces:

¢ Intrinsic Strength Envelope (ISE)
e Structure Strength Envelope (SSE)
e Plastic Yield Envelope (PYE)
The graphical representation of the proposed model is depicted in Figure 5.1.

The Intrinsic Strength Envelope is employed solely as a reference surface for the
destructuring mechanism. Hence, the elastoplastic underlying framework of the
model is founded on the assumption of two characteristic surfaces the Structure
Strength Envelope and the Plastic Yield Envelope corresponding to the two levels of
yielding based on the concept of Vaughan et al. (1988) and Malandraki and Toll
(1994). The SSE encloses all possible states for the given structure and anisotropy
simulated while the PYE encloses all possible elastic states assuming the general
elastoplastic behavioral framework. Considering that the viscoelastoplastic

formulation will be founded on this framework it will have to undertake several
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modifications to account for the accumulation of the viscous components even in
states laying inside the plastic yield envelope. However, assuming that the model is

allowed to degrade towards an elastoplastic behavioral framework the principle

holds true.
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Figure 5.1:  Graphical representation of the proposed model.

5.2.1 Intrinsic Strength Envelope

The Intrinsic Strength Envelope encloses all structureless states of the geomaterial.
Considering that it comprises the state that the material falls into after the
accumulation of substantial strains associated with critical state, the intrinsic
anisotropy is null due to the chaotic distribution of the soil particle orientation at the
initiation of failure. Regardless, whether a preferred orientation does occur after the
shear banding forms thus leading to a macroscopic failure the proposed constitutive
model will not focus on the post residual mechanical behavior of geomaterials. Every

structureless state characterized as intrinsic can be described solely by the stress state
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and void ratio. The following expression portrays the mathematical formulation of

the intrinsic strength envelope:
. . 1 . .
F (o-,a,c):c—z-s:s+(a—a)2—(a )2:0 (5.1)

The star " * " superscript is employed to denote the intrinsic measures. a  stands for
the halfsize of the ISE oriented along the isotropic axis illustrated in Figure 5.2.
Orientation of the intrinsic strength envelope is along the hydrostatic axis. The ISE is
allowed to harden isotropically by associating the halfsize of the ISE with
undergoing alterations in the void ratio either due to creep or to the accumulation of
plastic strains. The kinematic hardening of the ISE is of no major significance

considering that the only measure of the intrinsic strength envelope required within

the formulation of the constitutive model is its halfsize a" to define the asymptote for

the destructuring process of SSE undertaken during plastic deformation.
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Figure 5.2: = Graphical representation of the Intrinsic Strength Envelope (ISE)
employed.
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The projection of the critical state line (CSL) in the stress space is quantified through

its inclination denoted c. The inclination of the CSL in the stress space is allowed to
evolve from the initial ¢, towards a residual value C. . In the case when the
kinematic hardening rule is associated solely to the viscous strain rate deviator the
values ¢, and C, will be substituted with C; and C; respectively. Experimental
measurements in the literature portray the effect of imposed strain rate on the

mechanical response. Specimens subjected to rapid strain rates tend to fail at higher

shear stress levels. Hence, the CSL is allowed to transition from the short-term

Critical State Line C.g (representing high speed strain rates and characteristic of the

strain rates imposed in common practice in the laboratory to derive the CSL

associated with elastoplasticity) towards the long-term CSL inclination C

(representing quasi static strain rates of the order 107's™).

5.2.2 Structure Strength Envelope

The Structure Strength Envelope portrays the effect of bonding on the soil fabric
(Figure 5.3). It defines the available strength due to bonding formation and therefore
encloses the ISE. The selected shape of the SSE is considered analogous to the
Intrinsic since primary anisotropy is not simulated in this version of the model.
Considering it encloses the ISE its size is allowed to degrade but at no time should it

cross the intrinsic surface thus justifying its limit bound on the down side.

The selected expression for the Structure Strength Envelope is given below:
1 2 2
F(o,a,d,c)==-s:s+(c-a+d) —-a*=0 (5.2)
C

The center of the SSE is translated solely along the hydrostatic axis by d to account
for the effect of cementation and possible thixotropic bonding formed during
isotropic compression responsible also for the isotropic orientation of the envelope.
Hence, bond anisotropy is not accounted for and the sole attention will be paid to the

secondary anisotropy associated with the position of the plastic yield envelope inside

the SSE. The halfsize of the SSE is denoted a and the ratio B :i*21 is always
a

greater than unity considering that the ISE comprises the lower bound of the

Structure Strength Envelope. It is noted that at times when chemical or biological
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transformations have been undertaken throughout the bonding formation it is not
unusual for the ratio not to reach the residual size value of the intrinsic, at least for
the strain levels measured in the laboratory. Hence, conforming with the Dafalias
and Popov (1975) postulate the SSE comprises the bounding envelope and the ISE
represents a characteristic surface coinciding with the SSE in the complete absence of

structure (no primary anisotropy is considered).
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Figure 5.3:  Graphical representation of the Structure Strength Envelope (SSE).

The SSE and the PYE employed in the formulation of the proposed viscoelastoplastic
model (Figure 5.4) denote the following two stress fields:

e the viscoelastic field lays inside the plastic yield envelope and the behavior is

viscoelastic:

de=def+dég’ (5.3)

e the viscoelastic-viscoplastic field lays either inside or on the SSE, outside or

on the PYE and the geomaterial exhibits elastoplastic-viscoplastic behavior:

de=de®+de’ +dg’ (5.4)
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The viscoelastoplastic model is allowed to degrade to a classical elastoplastic model
(Figure 5.5) by setting the viscous strain tensor to null &' =0 or setting the reference
time to infinity (t, — ) in the numerical formulation.
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viscoelastic-viscoplastic

viscoelastic
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/
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Figure 5.4:  Graphical representation of the viscoelastoplastic proposed model and
the employed stress fields.
A
S .
elastoplastic
>
o
Figure 5.5:  Graphical representation of the degenerated viscoelastoplastic model

to a classical elastoplastic model and elastoplastic stress fields.
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5.2.3 Plastic Yield Envelope

The Plastic Yield Envelope (PYE) defines the viscoelastic stress field (Figure 5.6). In
the case of classical elastoplasticity the purely elastic domain, where the accumulated
strains are recoverable upon removal of the loading increment, is infinitesimal and
consequently the plastic yield surface is only but a fraction of the SSE. Even strains of
the order of 0.01+0.1%0 may be considered irreversible and thus, inelastic (i.e.
Georgiannou, 1988; Jardine, 1995; Smith et al. 1992). In the formulation of the
proposed model the PYE and the SSE are similar associated through a similarity ratio
denoted &. The similarity ratio is considered constant throughout plastic, viscous or
elastic loading increments undertaken. Here follows the mathematical formulation of
the PYE in the generalized stress space:

1
C2

(s=s.):(s=s.)+(c-0c,) —(£-a) =0 (5.5)

f(o.0.,a,c)=

The center of the plastic yield envelope denoted & is employed as a state variable

and it may translate towards the SSE assuming a viscoelastic-viscoplastic loading

increment.
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Figure 5.6:  Graphical representation of the Plastic Yield Envelope (PYE)
employed.
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The proportionality ratio controls the size of the PYE and is assumed to be a fraction
of the SSE, usually & =1%o +5%. It is noted that the strain increment imposed in the
numerical analysis is not independent of the proportionality ratio. Small similarity
ratios result in a small PYE and consequently the elastic or viscoelastic increment to
adjust the stress state on PYE is equally small. Hence, the similarity ratio for the
numerical solution to be precise needs to be somewhere in the aforementioned range

assuming that the imposed strain increment employed within the numerical

programming is of the order of 10° +10°.

The center of the plastic yield envelope denoted o, is controlled through a kinematic

hardening law thus portraying the recent stress history through the secondary

anisotropy tensor.

5.3 Elasticity

The incremental strain may be expressed as a function of its primary components as

follows:
de=de®+de’ +de’' =de' =de® +deP +¢&"-dt (5.6)

The superscripts e, p and v denote the elastic, plastic and viscous components. The
incremental strain tensors are denoted in the differential form de while the viscous
strain rate associated with time is expressed as ¢". dt is the time interval employed

in the integration of the constitutive equations.
This section summarizes the formulation of elastic strain component.

The elastic law in the case of classical elastoplasticity describes the mechanical
behavior inside the plastic yield envelope. However, formulation of the proposed
model assumes the accumulation of the volumetric viscous component within the
PYE. Hence, there is no purely elastic domain in the formulation of the model. It is
noted that solely the volumetric viscous component is accumulated within the plastic
yield envelope. The reason for such assumption will be explained in the upcoming

section regarding the viscous strain component.
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Elasticity is incorporated within the formulation of the viscoelastoplastic stiffness
matrix and by associating the incremental stress tensor with the incremental elastic

strain tensor as follows:

do=C°:d¢° (5.7)
The incremental stress can be expressed also in the following form:

do=C:de—-do’ (5.8)

The stress relaxation do’ and the stiffness tensor C require knowledge of the

measure of plastic strains A defined through the consistency condition of the

structure strength envelope.

The poroelasticity is employed to define the elastic stiffness tensor C°.

5.3.1 Poroelasticity

The porous elastic law incorporated in the formulation of the constitutive behavioral
framework is an isotropic expression of poroelasticity reviewed in a previous
subchapter 3.3.2.2. The elastic bulk modulus denoted K® and the shear modulus G°

are pressure dependent expressions formulated as follows:

G =K & (5.9)

§=2G*.¢° (5.10)

Ke=Y.o (5.11)
K

=126 (5.12)
2 | K

e

The definition of the shear modulus incorporates the initial elastic ratio as a

soil property associated with the Poisson's ratio.
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54 Viscous component

The volumetric and deviatoric component of creep have distinctively different effect
on the mechanical behavior. While the volumetric viscous component builds on
strength the deviatoric component reveals its deleterious effects on soil resistance at
high shear stress levels leading to delayed failure. In essence, it is postulated that the
standard oedometer and triaxial tests tend to reveal a completely different

fundamental behavior.

In oedometer tests it is the volumetric viscous component that is active. Following
Bjerrum's approach the evolution of time is responsible for the increase of the
apparent preconsolidation pressure. This is equivalent as saying that the SSE is
allowed to increase in size stemming from undergoing transformations in the
material fabric associated with thixotropic bonding attributed to the viscous
volumetric component. The well established semi-logarithmic creep law has been
employed widely either in its original form or in its modified expressions (i.e.
Vermeer and Neher, 1999; Yin et al., 2002; Leoni et al., 2008; Yin et al., 2010).
Considering it has proven to be an invaluable tool in expressing the volumetric creep
strain the empirical relationship will be employed within the formulation of the

viscous strain.

The deviatoric viscous component on the other hand may prove catastrophic for the
overall mechanical behavior. Experimental measurements in the triaxial apparatus
have revealed the deleterious effect of deviatoric creep on soil strength. Once the soil
specimen is subjected to high shear stress levels the deviatoric strains tend to
accumulate leading ultimately to creep failure. In the literature the Singh-Mitchell
criterion has received a lot of attention and comprises to date one of the most simple
and elegant empirical formulations addressing the mechanical behavior on saturated
specimens subjected to undrained creep in the triaxial apparatus. The Singh-Mitchell
empirical law tends to provide reasonable and accurate results for the secondary
creep stage but fails to capture accurately the primary stage of creep. Hence, the well
established Singh-Mitchell empirical model is employed to account for the viscous
strain deviator instead of incorporating the volumetric creep component to calibrate
the deviatoric (i.e. Vermeer and Neher, 1999; Yin et al., 2002; Debernardi, 2008; Leoni
et al., 2008; Yin et al., 2010) by further imposing a non-associated law for the viscous

plastic potential.
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In order to account for the tertiary component the projection of the critical state line
in the stress hyperplane is allowed to transition. Consider a triaxial drained test
where the specimen is stressed and the new attained stress state lays somewhere
between the short-term CSL and the long-term CSL. Assuming that the critical state
envelope does not evolve then the stress state remains constantly inside the SSE and
at no point should it reach the critical state. Consequently, the soil element does not
exhibit failure. However, experimental measurements and in-situ slope failures
reveal the deleterious effect of creep in the most pronounced way. In order for the
stress state to adjust on the critical state thus leading to failure, the critical state line
needs to evolve with time or plastic deformation by accounting for some sort of

kinematic hardening rule.

Here follows the mathematical formulation of the viscous strain tensor in its

incremental form.

5.4.1 Volumetric viscous strain

Assuming that the semi-logarithmic creep law is considered to define the volumetric
viscous strain component then the void ratio may be computed as a function of time

as follows:

t
e:ei—l/wln(t—J | t>t, (5.13)
0
In the expression above the void ratio at the end of primary consolidation e; is

employed. Parameter y is the projection of the secondary compression coefficient Cee

ae

In(10)

in the e-Int space and therefore y =

The reference time is considered solely as an intrinsic parameter characteristic of a
given soil in this formulation, as has been suggested by Leroueil et al. (1985), Bjerrum
(1967) and Yin (1999). Thus, to is independent of drainage conditions and thickness of
the deposit.

Reference time in such sense possesses a more physical meaning. Regardless of the
deposit's geological history, is strikes as odd or even ludicrous to assume that one

could predict the geotechnical properties of the original deposit much more the exact
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geological transformations undertaken during the last geological periods. Hence, all
physical and mechanical properties extracted from the laboratory data or in-situ
measurements correspond to a rather "newly" formed geomaterial. Regardless of all
chemical bonding, biological alterations and mechanical transformations the soil
formation is a snapshot of its geological history revealing information only for the
present. Thus, the reference time of such a deposit should be considered as the time
when the soil samples were extracted. In simple words, the End of Primary
Consolidation (EOP) t; and the reference time fy are one and the same and equal to
the time measurement employed (1sec, 1min, 1 day, etc). Furthermore, creep tends to

accumulate even during the process of primary compression.
By differentiating expression (5.13) with respect to time:

. oe 7
g=—=—"— |12t 5.14
Pl e (5.14)

The viscous volumetric strain rate can be expressed as:

v _0Os & 4

&= ot 1+e:(1+e)

i

[t=t, (5.15)

The expression above incorporates time within the formulation of volumetric viscous
strain rate. Regardless, whether in the laboratory it is possible to measure time with a
clock it is ludicrous to assume that the soil fabric may be expressed through a time
scale. The soil fabric responds to stress and strains and the constitutive relation
associating the two measures comprises the governing behavioral framework. In this
sense constitutive equations should be solely a function of stress, strain and strain-
rate rather than time. Considering that a loading increment corresponding to
alterations in the stress state or hardening variables associated with behavioral
characteristics (depicted through strains) it stands to reason that the viscous strain

rate should be manipulated to eliminate the time scale. Hence, the expression (5.15)

above may be integrated and the proper initial conditions employed &' = 0t , to
=

define the viscous strain rate as follows:

g =2 -In(lj [t>t, =

0
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l+e

& =—Y  exp _(+e) [t>t, (5.16)
(1+e)-t, 7

The volumetric viscous component accumulates at all stress fields, regardless if the

stress state is inside PYE on it or even at the tangent stress state by simultaneously

laying on the SSE and the PYE.

5.4.2 Deviatoric viscous strain measure

The deviatoric viscous strain deviator builds on the modification of Mitchell et al.
(1968) (depicted in equation (2.7)) instead of the original Singh-Mitchell criterion.
Validity of the original formulation is limited to stress intensities ranging from 0.1 <
D < 0.6+0.9. Thus, the modification was proposed to extend the validity in regions
closer to null shear stress levels rather than to account for higher stress intensities
that could potentially even lead to creep failure (Aristorenas, 1992). The model's sole
aim is to predict the secondary stage of deviatoric creep.

The formulation of the Singh-Mitchell constitutive relation requires calibration

through two undrained creep tests in the triaxial apparatus subjected to different

shear stress levels. Hence, the axial viscous strain rate £, may be described through

the following expression:

! =2.A.sinh(a.D)-(tT°j 1t>t, (5.17)

Considering the undrained nature of the problem at hand the radial strain rate &/

may be expressed through the following equation:

&=y, & (5.18)

. . . 1 . . .
where v, stands for the undrained Poisson ratio v, = > By incorporating expression

(56.18) and conforming to the experimental triaxial conditions:
é =§-(é; —&) =§-(1+vu)-g; :%[1%].5-; =g (5.19)
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Hence, the modified constitutive relation setting the basis for the upcoming
introduction of the viscous strain deviator is depicted below:
m

g';:2-A-Sinh(§-D)-(tT°j [t>t, (5.20)
The hyperbolic sinusoidal function may not always provide accurate predictions at
low shear stress levels (D < 0.1) but has the advantage of providing a smooth
transition towards the stationary creep stage and proves invaluable in terms of
numerical programming (by eliminating the discontinuity).
In the expression above the deviatoric viscous strain rate is based on observations on
undrained creep tests in the triaxial apparatus and is expressed as a function of time
by incorporating three parameters A, m and a@. D can be defined as the ratio

D =q/ gg,, (Figure 2.5). Parameter A controls the measure of the deviatoric viscous

strains, parameter @ portrays the stress intensity effect on creep rate while parameter
m controls the tempo of strain rate increase with time.
In order to employ equation (5.20) in the time-dependent behavioral framework the

time scale needs to be eliminated.
By integrating expression (5.20) we need to account for the following two cases:

e if m=1:

. _ 1-m
gVZZ.A.smh(a.D).t (1) e It (5.21)
| (1-m) ° 11, . °

By incorporating equation (5.20) into (5.21):

1—7m
qV=2-A-smh(a-D)'t0~ 2-A-sinh(a-D) +c, |t>t, (5.22)
(1-m) a

&

&

Imposing the proper initial conditions 8;' = 0t i
=l

_2-A-sinh(a_-D) )

C = (1_m) 0

(5.23)

Incorporating expression (5.23) in equation (5.22):
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2-A-sinh(a-D
£y = sinh (- D) [t>t, A(s:s)#0Am=1 (5.24)

m

_ m
(1-m) i

"2-Asinh(3-D) L,

Assuming that the t<{; the viscous strain rate is null and therefore no

viscous strains are accumulated. Furthermore whenever the stress state lays
on the isotropic axis, the measure of deviatoric stress Q= E (S:S) =0

equals zero, the viscous strain rate deviator is null.

e if m=1 and imposing the proper initial conditions 8; =0 o
—0

g;=2-A~sinh(a-D)-to-|n(tij [t>t, (5.25)

0
Incorporating expression (5.25) in equation (5.22):

2-A-sinh(a-D)

Vo

|[t>t, A(s:s)#0Am=1 (5.26)

Eq =
exp L g
2-A-sinh(a-D)-t, *

Assuming that the t<ft; the deviatoric viscous strain rate is zero and

therefore no viscous strains are developed. Assuming the stress state lays on

the hydrostatic axis, the measure of deviatoric stress ¢ =, /% (S : s) =0 equals

zero, the viscous strain rate deviator is null.

5.4.3 Derivation of the viscous strain rate tensor

The viscous strain rate tensor needs to incorporate both volumetric and deviatoric
viscous components. Thus the viscous potential needs to be specified prior to
composing the total viscous strain rate tensor. The adopted viscous potential denoted
R may be expressed as follows:

Sf

R=—of (5.27)
S, IS,
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The subscript f denotes that the stress state needs to lay on the plastic yield envelope
for the deviatoric viscous strains to develop. Assuming that the dot product of the

S; 1S, is null the deviatoric strain rate is zero and therefore there is no evidence of

the viscous strain component.

Assuming the deviatoric viscous strain rate tensor may be expressed in the following

form:
é'=M-R (5.28)

Then the measure of the deviatoric strain rate g; is:

v (200 [2 . 2 .
gl = §(e .e):\/;M-\/R.Rz\/;M (5.29)

Solving for the scalar measure M :

(5.30)

Hence the viscous strain rate deviator may be expressed as follows:

6 S

e =" L (5.31)

2 % s s,

Consequently, the total strain rate tensor is given through the following expression:

S
gvz(l.gvj.pre"’:(l.gvj.1+ﬁ. ;—f (5.32)
3 3 2 JSt S,

and finally the deviatoric viscous strain tensor portrayed in expression (5.6) can be

computed as follows:

S
de' =&’ -dt = (%g]u%g—f dt (5.33)

s s,

Where the volumetric strain rate is depicted through equation (5.16) while the

deviatoric strain rate ¢; is computed by incorporating either expression (5.24) or
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(5.26), depending on the value of m (derived as prescribed in the original paper by
Singh and Mitchell (1968)). dt is the time interval in the integration scheme.

While the volumetric viscous component accumulates at all possible stress states
(even inside PYE) the viscous strain deviator is evident solely at states associated
with plastic deformation (on PYE) thus justifying the use of subscript f in expressions

(5.31) to (5.33).

Formulation of the viscous strain rate tensor and corresponding strain tensor would
be all but complete except for a small thing that has been intentionally concealed.
Selection of the Singh-Mitchell parameters and the parameter i associated with the
secondary compression index can be calculated straight forward through standard
oedometer and triaxial creep tests. However, the stress ratio D needs to be fully

defined for the formulation of the deviatoric viscous strain component to be

complete.
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Figure 5.7  Graphical representation of the stress states employed in the
definition of stress ratio D.

The stress ratio D is a measure of the overstress distance computed through the

following expression:
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D=—1 = (5.34)

The stress deviators denoted as S and S, are depicted in Figure 5.7. The stress
deviatoric tensors denote the projection of the stress state ¢ =6, (point E on PYE)

upon the SSE (point Z) and the current critical state line (point Y) in the stress space
respectively. Consequently, stress states E, Y, and Z correspond to the same isotropic

stress o =0 .

In the case where the stress state E (on PYE) lays on the hydrostatic axis no viscous

strains may be accumulated in the model and thus there is no reason to compute
expression (5.34). In any other case, the stress deviators S and S, need to be

computed for equation (5.34) to be applied.

Considering that stress state Z lays on the SSE at the same isotropic stress as the

original stress point ¢ =, :
Se =4S (5.35)
O =0 (5.36)

By satisfying expression (5.2) portraying the structure yield function:

F(o-F,a,d,c):/le-Ciz-(s:s)+(a—a+d)z—a2 =0=

(4 —1)oci2-(s:s): F(o,a,d,c)=
A= 1—M (537)

>-(s19)

c

As for the stress state Y laying on the current CSL at the same isotropic stress as the

original stress point ¢ = ¢, it is possible to compute the scalar quantity requested by

applying the expression for the CSL cone in the stress hyperplane:
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T e e

Hence the stress ratio in expression (5.34) can be computed as follows:

Jsis

D= <1 (5.39)
max 1_F(10-,a,d,c) /SISt cz(aer)2
C—z-(s:s)

In all cases the stress ratio D is lower or equal to unity.

5.5 Plastic flow rule

The adopted flow rule controls the magnitude and direction of the plastic strains.
Considering the need for stability through the uniqueness postulate for infinitesimal
loading increments, the incremental plastic strain may be described through the

general formula below:
deP =dA-P (5.40)

Expression (5.40) is similar to (3.46). P is the plastic potential tensor controlling the
size (and to some extent the magnitude) of the plastic strain tensor while parameter

dA is the scalar quantity expressing a measure of the plastic strain tensor magnitude

(depicted in expression (3.46) as A). In this chapter the dot symbol " " is employed

solely to denote a quantity associated with rate effects. The plastic potential tensor is

a second order tensor:

P:%-P-I+P' (5.41)

where P=P: 1 and P’EP—%-P-I.

Assuming an associated flow rule:

Q=P (5.42)

-213-



Chapter 5: The proposed model

In the same notion as the plastic strain tensor the derivative of the plastic yield

envelope Q=0f /06 may be decomposed in a volumetric and a deviatoric

component as follows:

Q=%-Q-I+Q’ (5.43)
where:

QEQ2I=§f—G=2~(a—aL) (5.44)

Q=Q-1-Q1=2 =2 (s-3,) (5.45)

5.6 Hardening rules

The proposed model incorporates a plastic yield envelope and a structure strength
envelope. Furthermore the viscous strain component portrays its effects on the
mechanical behavior even at stress states enclosed within the plastic yield envelope.
The position and shape of the incorporated bounding envelopes are controlled
through the hardening rules. The word plastic (hardening rules) has been removed
to account for the combined effect of plastic and viscous aspects on the hardening
phenomena attributing to the time-dependent mechanical response. An isotropic
hardening rule controls the size a of the Structure Strength envelope and thus the
plastic yield surface through the proportionality ratio &. The translation of the SSE
to the tensional regime in the stress space is controlled by a kinematic hardening rule
acting of the isotropic tensional translation d. Further kinematic hardening rules
control the position of the plastic yield surface within the bonding strength envelope

quantified through the evolution of its center &, and the shape of the SSE associated

with the transition of the critical state line c.

5.6.1 Isotropic hardening law

The isotropic hardening rule governs the undergoing transformations associated
with the size of the Structure Strength Envelope and consequently the plastic yield
envelope. Hence, the proposed model incorporates the halfsize a of the SSE as a

hardening variable. The hardening parameter a tends to evolve with the
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accumulation of plastic and viscous strains. Hence, it is not necessary for the stress

state to lay on the plastic yield surface for the bonding envelope to increase in size.

Assuming that structure may be quantified through the ratio B :
a=B-a (5.46)

where a is the halfsize of the Structure Strength Envelope and @ stands for the
halfsize of the ISE portrayed in Figure 5.1. During the destructuration process the

bonding tends to degrade with the accumulation of the plastic strains. Hence, an

initial structure B, = (a/ a )0 transitions towards its residual value B, = (a / a*)res.

The residual structure ratio B, may be equal to unity or depending on any

chemical, biological or thixotropic bonding formed during the structuration process

may receive values slightly over 1.

The graphical representation of a typical stress path associated with the structure
degradation process in isotropic compression is depicted in Figure 5.8. The kick
above the Isotropic Compression Line (ICL) is only schematic and is employed in our

constitutive model to allow for a smoother transition back to the intrinsic ICL.

A
(¢

Pdho\
* N

0] § N

Figure 5.8:  Graphical representation of the undertaken stress path in the v-Ino
space.

In the formulation for the halfsize a instead of providing a formulation in the

incremental form adopt a more general approach is adopted:
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N (Bo =B+ [ |+ €2 [e])-exp [ (e

+B

res

8p|+77qp .|gqp|)} (5‘47)

B, and B, are the initial and residual structure ratios respectively (B, > B, >1).

res —

n) . ne, ¢ and ¢! comprise constitutive parameters in need of calibration through

the destructuring process (Figure 5.8).

The formulation depicted through equation (5.47) is concise and robust by providing
a continuous transition from the initial to the residual structure. ¢ and ¢ are
responsible solely for the kick above the structured Isotropic Compression Line
(ICL). They can be employed only for fine tuning assuming that a smoother
transition to the residual state is of interest. In the general case the parameters can be
dropped (by setting them to null) and therefore the parameters controlling the

structure degradation process are 7, and 7. The first controls the degradation of

bonding attributed to the volumetric plastic strain component calibrated through

oedometer test results. 77” requires the activation of the deviatoric plastic component

and can be derived through triaxial experimental data. The principle is similar to

Belokas and Kavvadas (2010). Assuming that the reader or a practitioner would like

to incorporate parameters ¢ and ¢ a general guideline is to adopt a value within

the range of 1%+5% of 77 and 7 respectively.

Next, the increment of the halfsize a is defined as follows:

da=-22  qgr+ B gt (5.48)
oe® ot

The component associated with the plastic strain increment is depicted here below:

ﬂl+e -a"-ds”-(PART-EXPONENT + B, )

-K

e R G R ey o)
~a"-(PART -EXPONENT): (1} -|d&”| + 7 '|d5qp|)

where:
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PART=(BO -B,. +¢) '|‘9p|"'é/qp '|gqp|)

5.50)
8p|+nqp_|gqp|)} (

EXPONENT = exp[—(m” :

Assuming that the incremental plastic strain can be expressed in the following form:

de® =(dA)-P (5.51)

. . aq oa oa
The plastic hard le (—=:de?=——:de? =(dA)-h, =(dA)-| —:P
e plastic hardening rule (Ggp & Py & ( ) A ( ) [88" j)

may undertake the following form:

Ltre -a"-P-(PART-EXPONENT +B,,)

—-K

h, = +a*-(gvp-|P|+§qp-

w|N

(P P’)j- EXPONENT (5.52)

—a*-(PART~EXPONENT)-(77Vp-|P|+77qp- %-(P’:P’)J

As for the component in expression (5.48) associated with time:

% dt = % -dt- [( PART - EXPONENT) + Be (5.53)
Computation of the incremental halfsize a requires the definition of the halfsize a’
of the intrinsic strength envelope. In the literature it is typical to use the size of the
intrinsic strength envelope denoted a~ depicted in Figure 5.8 (i.e. Kavvadas and
Amorosi, 1998 & 2000; Belokas and Kavvadas, 2010 & 2011). Halfsize a” is usually
calculated through the expression below:

w1 -V

a :—-exp(N;0 J (5.54)

2 A

The proposed time-dependent mechanical framework however, builds on the

assumption that the ISE can be described through the size a" denoting its halfsize:

« 1 N —v—x-Inoc
a =—-ex 50 5.55
> p[ P ] (5.55)
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The reason for the above implementation lies on the fact that the size a" is directly
associated to the plastic strain increment thus it can be manipulated to extract the
hardening modulus and furthermore the size of the Intrinsic Strength Envelope does

not change assuming that the stress state returns at states enclosed by the ISE.

Similar to classical elastoplasticity the assumption is made that the increment of the

ISE halfsize may be expressed as follows:

_l+e
A—K

da”

a2 -de? (5.56)

The word assumption has not been considered lightly in the aforementioned

statement. It stems from the definition of the incremental void ratio:

e:eo—ﬁ~m(fij:>de=_g“9€

O (o2

’ = de’ :—(A—K)-d—g (5.57)
. (GJ . do o
=g, —k-In| — |=>de’ =—x-—

o, o

Although the expression above holds in the case of classical elastoplasticity it is an
approximation in the case where the creep strain needs to be considered. The
argument could be made that the A accounts solely for the elastic and plastic strain
component but it is rather impossible to distinguish them from the plastic (Kaliakin
and Dafalias, 1990a). However, the viscous component is evident both in the
definition of ¥ and A. Hence, regardless whether the expression (5.57) is not an
accurate condition it comprises the best possible approximation for the formulation

of the constitutive equations.

The volumetric plastic strain increment is given below:

de’ = de’ _(A-x) do

- = (5.58)
1+e l+e o

Equation (5.56) may be derived from expression (5.58) by imposing o =2-a" and
do=2-da".

By having fully defined the ISE it is now possible to compute the time derivative of

the a" through the underlying expression:
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ai.dt:_a*.i.@.dt: 1+e a8l dt = 1+e .a -dég’ (5.59)
ot A-Kk ot A-K A-K

The viscous strain rate may be computed by employing expression (5.16).

5.6.2 Kinematic hardening rules

The kinematic hardening rules control the evolution of the secondary anisotropy
through the center of the PYE associated with the undergoing stress path. The
translation of the tensional shift along the hydrostatic axis (it is not classified as
primary anisotropy) is also controlled through a kinematic hardening law. The shape
of the SSE may transition to a rather elongated state by employing the inclination of
the CSL projection in the stress space as a hardening variable controlled through a

final kinematic hardening rule.

5.6.2.1 Kinematic hardening of the CSL projection in the stress space

Aiming to capture failure associated with viscous phenomena the inclination of the
critical state line (CSL) in the stress space has been employed as a hardening variable.
The principle is rather elementary in its conception. Consider a triaxial drained stress

path where the specimen is loaded until a deviatoric stress Q, is attained and then it

is allowed to creep (Figure 5.9).

The stress state is set constant to point E with time evolving. Assuming that the
volumetric component was evident the Structure Strength Envelope would increase
until the stress state would lay within the SSE. Hence, no plastic strains would
accumulate transitioning the state towards the critical state. One could state that the
isotropic hardening would increase the size a of the SSE considerably so that the
stress point would adjust again on the plastic yield surface but on the diagonal side.
Even in this case however the stress state would be constant and the critical state

would not be attained.
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Figure 5.9:  Schematic representation of the kinematic hardening of the CSL
projection in the p-q space assuming drained triaxial conditions.

So the question arises of how to account for the delayed behavior revealed through
triaxial testing portraying its catastrophic effects in slope stability problems. The sole
certainty lies in the necessity for another approach that accounts for the delayed
characteristics of failure. In plain words, for the specimen to fail it is undeniable that
the stress state needs to lay on the current CSL projection in the stress space while at
the same time laying at the tangent point of PYE and SSE. Hence, the CSL needs to

transition until the stress state is adjusted on it.

Expressing the current inclination of the CSL in the stress space as a function of

deviatoric plastic and viscous strain:

gy +07 |gqp m +Cy (5.60)

c=(c, —cﬁn)-exp[—(aiV :

In the expression above ¢, and c,, are the initial and residual values of the

inclination of the CSL. a/ and §; are constitutive parameters associated with the
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CSL degradation with evolving deviatoric viscous strain ¢; and deviatoric plastic
strain ¢; respectively. Assuming that the CSL is allowed to transition with respect to
the deviatoric plastic strain &, uniqueness of the critical state line is not justified.

Associating the CSL should be seen from the prism of predicted mechanical
behavior. In order to simulate significant strain softening even for structureless states
a purely fictitious initial value ¢, may transition to the residual critical state line
inclination measured in the laboratory. The aforementioned principle portrays a
resemblance to the soil hardening model principle (Schanz et al., 1999). In the case
where the deviatoric viscous strain ¢, is employed to control the transition towards
the long-term CSL then the process tends to reveal its physical interpretation
considering that specimens subjected to rapid strain rates fail at higher shear stress

levels.

The behavioral framework is founded on such principle. Henceforth the initial value

of the CSL inclination ¢, will be replaced with the short-term inclination C.

Analogously the residual value of the CSL inclination c,, will be substituted from

the long-term inclination C ;. The CSL is allowed to degrade from the short-term

Critical State Line (representing high speed strain rates and characteristic of the
strain rates imposed in common practice in the laboratory to derive the CSL

associated with elastoplasticity) towards the long-term CSL (representing quasi static
strain rates of the order 107's™). The degrading process is controlled through the

constitutive parameter a’. Parameter a/ can be computed through a drained creep

test in the triaxial apparatus leading to delayed failure.

In this end equation (5.60) may be transformed as follows:

v
Sq

C=(Cx —Cr7 )-EXP [—(aiV les|+6F -|gq"|)}+cLT (5.61)

Considering that the incremental description is required for the computation of the

plastic hardening modulus:

do=-"dgp+ L gt (5.62)
oe’ ot
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where the components associated with plastic and viscous degradation are depicted

here below:
L . 4gP = P.|de 5.63
ag—p. & ——(C—CLT)~9q | €q| ( . )
6(: v v v -V
E-dt: (c—cp)-a -[dey|=—(c—c)-a & dt (5.64)
. . aq oc oc
The plastic hardening rule (—=:de?=—-:de? =(dA)-h =(dA):| —:P
P 8 (6£p oe® (dA)-h, =( )(68" j)

may undertake the following form:

ac 12 (5o

It is possible to account for different stress ratio inclinations depending on the stress
axis. Hence, instead of employing a sole value for the short-term and the long-term
Critical State Line inclination c it is possible to construct a tensor and employ that as
hardening variables associated with the viscous and plastic measures of the stress
tensor deviators through expression (5.62). The capability is incorporated within the

formulation of the model following Belokas (2008) principle.

Finally, it should be noted and emphasized at the most pronounced way possible

that the proposed model should not be employing both the a’ and 6 parameters

simultaneously. The reason does not lay on some computational deficiency but

rather on the lack of physical meaning.

Regardless of the complication involved in the aforementioned expressions or in the
overall time dependent behavioral framework the keypoint lies on the assumption
that the viscous strains (assuming that the viscous strain is responsible for the
degradation of the CSL towards the long term state) tend to inflate plastic straining.
Assuming that the stress state lays on PYE somewhere between C, and C; the
geomaterial will creep but eventually it will exhibit delayed failure due to plastic
deformation. The viscous component comprises the trigger while the plastic strain
component is the bullet thus leading to the unavoidable outcome of delayed failure.

Hence, the tertiary creep stage is indeed induced by the creep strains but attributed

-222-



Chapter 5: The proposed model

to the plastic strain component. After all, the soil fabric cannot distinguish between
elastic, plastic or viscous strains. It is solely an assumption made in the constitutive

formulation of the governing equations.

5.6.2.2 Kinematic hardening of the SSE's tensional shift d

The effect of bonding associated with isotropic compression is quantified through the
parameter d depicted in Figure 5.1. Assuming that the material undergoes
alterations in its material fabric associated with plastic straining or time-dependent
phenomena then that tensional transpose tends to shift towards the null, thus

comprising a perfect MCC bounding surface.

Expressing the tensional transpose of the Structure Strength Envelope as a function

of deviatoric plastic and viscous strain analogously to the CSL inclination:

d=d, -exp[—(aﬁ- gq|+F -|gq"|)} (5.66)

where d,, represent the initial value of the Structure Strength Envelope translation to
the tensional regime. a, and J/ are constitutive parameters associated with the
tensional transpose d with evolving deviatoric viscous strain ¢, and deviatoric
plastic strain & respectively. Expression (5.66) reveals that the residual value for the
tensional translation of the bonding strength envelope is the null origin of the

hydrostatic axis.

Considering that the incremental description is required for the computation of the

plastic hardening modulus:

:aadp :dg‘#%-dt (5.67)
£

d(d)

where the components associated with plastic and viscous degradation are portrayed

here below:
od
ag—p.dgp=—d~3qp-|dgqp| (5.68)
ad v \' v -V
E~dt=—d~az-d£q =—d-a2-£q -dt (5.69)
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od od od
The plastic hardening rule (—:deg? =——:dg&’ =(dA)-h, =(dA)-|—:P
P 8 (88" oe’ (dA)-h, =( )(88" j)
may undertake the following form:
od 2 oo
h, = rdP =—d- 9/ g-(P :P') (5.70)

It is noted that the proposed model should not be employing both the a, and §?

parameters simultaneously. The reason does not lay on some computational
deficiency but rather on the lack of physical meaning. It is advised that assuming that
the viscous component is employed in the degradation of the critical state line,
towards the long-term inclination, the same component to be activated in the
degradation of the tensional translation of the bounding envelope since the same
phenomena are attributing to the shift. The principle is not bounding. The

parameters may be derived through an isotropic extension test by reducing the

hydrostatic pressure. As a general guideline the parameters 97 and a, should be
1.5+2 times higher than the constitutive parameters 6 and a, considering that it is

desirable for the tensional shift to reach the null of hydrostatic axis much earlier than

the long term inclination of the CSL is attained.

5.6.2.3 Kinematic hardening of the secondary anisotropy tensor oL

Depending on whether the stress state lays on the bonding strength envelope or
inside, it is necessary to account for two distinct loading cases. The Structure
Strength Envelope and the position of the PYE evolve due to plastic straining and
transformations attributed to viscous effects. Both envelopes tend to translate and
elongate. Thus, the position of the PYE needs to conform with the new state by

transitioning to the conjugate point with time evolving and plastic straining.

Prior however to providing the framework for the kinematic hardening of the plastic

yield center denoted o it is necessary to define the conjugate point M’ depicted in

Figure 5.10.
The conjugate point M' may be derived by assuming that:

KM'=1,-LM =
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oy —(a-d)-1=2; (c-0,)=

oy =1 (6-0,)+(a—d)-| (5.71)
Considering that the stress state M' lays on the SSE:

F(oy.ad,c)=0=
A7 -‘:%-(S—SL)Z(S—SL)+(O'—O'L)2}—8.2 =0=

if-[f (a,a,d,c)+(§-a)2}—a2 =0

Considering that the stress state o lays on PYE:
Af -[f (o-,a,d,c)+(§-a)2]—a2 =0=

2[(ga)]-a"=0=
at| (4 -¢) -1]-0=

A = (5.72)

1
¢

Figure 5.10:  Definition of the conjugate point M'".

Hence, the conjugate point M' can be computed through the following expression:
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GM,:(a-d).né(a-aL) 6.73)

Two general cases need to be stated and examined separately concerning the
evolution of the secondary anisotropy tensor depicted through o, . The first scenario

describes the stress states on the structure strength envelope while the other accounts
for the states laying on PYE transitioning towards the conjugate point. It is noted that
stress states laying inside the plastic yield surface are not responsible for any
alteration in the secondary anisotropy tensor. The translation is associated to either
plastic strains or deviatoric viscous deformations that are accumulated solely on

states laying on PYE and SSE.

e For states laying on the SSE:
The material states laying on the SSE are adjusted on the unique point of
intersection between the bonding strength envelope and the plastic yield

surface (Figure 5.11).

-
-
e e e - -

Figure 5.11:  Graphical representation of the conjugate point for material states
laying on PYE.

Accounting for the similarity between the PYE and SSE, the two bounding

surfaces are tangent along the axis defined through their centers:
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oc-0,_0-0y

£-a a
oc-0, =a—(a—d)-| -
&-a a
o, =(1-¢)o+&-(a—d)-1 (5.74)

Hence, assuming that the conjugate point M' and the stress point M coincide
the stress anisotropy portrayed through the center of the plastic yield

envelope can be computed through expression (5.74).

e For states enclosed in the SSE but on PYE:
Assuming that the stress state lays on PYE and transitions towards the
conjugate point (Figure 5.10) then the secondary anisotropy tends to evolve.
Assuming that a non-radial stress path is undertaken then the stress state
tends to evolve even on PYE thus altering slightly the target conjugate point.
For the material states laying on PYE it is assumed that the evolution of the

plastic yield envelope center o is a function of the isotropic hardening due

to a and further associated with the evolution of the stress state towards the

conjugate point = MM'. Note, that the adopted kinematic hardening rule
is proposed by Kavvadas and Amorosi (1998 & 2000):

daL=%-aL+(dy)~ﬂ (5.75)
where the tensor f can be expressed as follows:

B=MM'=0,-0c==(c-0,)-[c—-(a-d)-I] (5.76)

U |

The isotropic hardening da and the measure of the stress state translation

along the direction f are functions of both plastic and viscous strain

components.

The kinematic hardening of the plastic yield envelope center incorporates two

distinct features (Figure 5.12):
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da . . I
v The component — .o, comprises the translation along the direction
a

da : . : :
OL transposed by — .o . This portion accounts for the isotropic
a

evolution of the size associated with the structure yield envelope and
through the proportionality ratio with the plastic yield surface.

v" The component (d)- B represents the translation along the direction
f . The magnitude is controlled through the measure du (on the most

part considering that to some extent f has already a measure and
therefore /g : g #1). By employing the direction f# in the expression

of the kinematic hardening rule of the PYE it is assumed that the
stress state will be adjusted on the conjugate point and not intersect

the bounding surface (i.e. Mroz, 1978) at some random point for finite

increments of the da and du (Kavvadas, 1995).

Figure 5.12: Graphical representation of parameters employed in the kinematic
hardening of PYE.

For the expression (5.75) to be fully defined, the measure du needs to be

computed through the consistency condition of the plastic yield envelope.
Assuming that the original stress state lays on the PYE undergoing a
viscoelastoplastic increment then the new stress state should also lay on the

surface:
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of :daL+i-da+ﬂ-dc:0 (5.77)
oa oc

df (a,aL,a,c):Ozi:da+
oo oo,

By accounting for the following conditions:

of 1 ,
Q=2-=7Q:1+Q (5.78)
Q=2:(o-0,) (5.79)
.
Q =C—2-(S—SL) (5.80)
of 1 2
aaL:_5'2'(0—0L)"‘?'(S—SL)Z—Q (5.81)
of )
ria (5.82)
of 21 e
E——E-[C—Z~(S—SL).(S sL)} (5.83)

the measure du may be given trough the following expression:

Q:da—z . j
du= o B (5.84)

da-[Q Lo, +2~(¢f-a)2}—[czz-(s—sL):(s—sL)](1~dc

In order to compute the aforementioned expression each individual
component needs to be analyzed individually and expression (5.84) needs to
be recomposed in its computational form employed within the numerical

integration scheme:

+C£2-(S—SL)Z(S—SL):>
Q:0'L+2~(§~a)2=Q:0'L+Q:(0'—0'L)=Q:O' (5.85)
Q:dO':2-(0‘—0L)-dO'+C£2-(S—SL):dS (5.86)
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Q:doy :2-(c)'—0'L)-dO'L+£-(S—SL):dSL

CZ

As for the denominator denoted Q : B it may be computed as follows:

B=2(c-0V-2-(c—0,)(c—a+d)+2-2(s—s ):(s—s
Q:p=2(0-a) ~2(0-a)(o-ard)r 3 Zu(s-s):(s5)
—C%-(S—SL)ZSS
) [C%'(S—SL):(s—sL)+(a—aL)2}
Q3ﬂ=g' L =
— C_g'(s_SL):S+(G_GL).(G_a+d):|

Q:p=2{(¢af | Fr(s-s)isw(o-o) (a-ava) -

c

Q:ﬂ=2-{§-az—[C%(s—sL):s+(o—m)-(0—a+d)}}

(5.87)

(5.88)

Hence, the expression (5.84) can be computed through the following

formulation:
du= PART1-PART2
f-az—[clz-(s—sL): s+(a—aL)-(o——a+d)}
where:
1 da da
PART].:C—Z'(S—SL)Z(ds—?-sj—{—(o'—o-L).[do—_?.o-)
PART2:{Ciz-(s—sL):(s-sL)}.(%.dcj

(5.89)

(5.90)

(5.91)

Noted that dc and da comprise functions of the plastic incremental strains

and time, computed by applying expressions (5.62) and (5.48).

5.7 Plastic hardening modulus

The plastic hardening modulus can be specified accurately solely on stress states

laying on the Structure Strength Envelope. For all other plastic states enclosed by the
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bonding surface but adjusted on the plastic yield envelope an interpolation rule
needs to be considered; interpolation between an initial infinite value at the moment
of first plastic yielding to the value of the hardening modulus at the conjugate point

laying on the SSE.

In classical elastoplasticity the measure of plastic strains denoted A is associated
with the hardening modulus through the expression (3.55). In the proposed model
the measure of the plastic strains denoted dA portrayed in expression (5.40) is
altered to account for alterations in the nominator attributed to the time associated

transformations in the material fabric.

Measure dA may be computed through the consistency condition of the Structure
Strength Envelope. Assuming that a stress point laying on the SSE undergoes a
viscoelastoplastic increment then the new stress state needs to remain adjusted on

the envelope:

dF(a,a,d,c):0:>E do +ﬁ da+ & -d(d)+ Edc 0 (5.92)
oo oa ad oc

Considering that do=C®:d&® and at the tangent point of the SSE and PYE
Q=¢ 2—F attributed to the similarity of the two bounding surfaces quantified
o

through the proportionality ratio § the expression (5.92) may be manipulated as

follows:
F do+ T gar Fd(d)+ L de=0=
oo oa ad 60
E-Q:da+ﬁ-da+8': d(d ) — dc 0=
& oa ad
1, . oF aF aF
oF oF
de—-de® - dt — —d d)+—-d
Q:C (g e’ —¢" ( ()+8c cj

— —dt+— -—-dt
sa ot 8d ot o ot

_é(aF B g O O O j

Q'Ce'(dg de’ — & dt ( 8a 6F ~ad oF ac j

£ deP+— —:d¢
oa og’ od ogP oc og®
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By further incorporating expressions (5.40) and 6_qp :de” =(dA)-h:

o€
oF oF oF
dA)-|Q:C*:P-¢-| —-h, +—-h,+—-h_||=
( )[Q ég(aa *tad Y ac H
:Q:Ce:(dg—év‘dt)+§ (('ﬂ: 6a+8|: 8d+8|: 8Cj dt:}
da ot od ot oc ot
Q:Ce'(de g’ dt)+§ [?: Zta+gz ?+86F ?t:j dt
CiP-&| —-h+—-h,+—-h
Q 5(aa " Tad T A j
In the general case:
PSR N S e X
dA = t oc (5.94)
H+Q:C":P

e For states laying on the SSE the plastic hardening modulus H, may be

computed through the following expression:

H0 =_§.[a_F.ha+6_F.hd +8_F'hcj
oa od oc

(5.95)

The partial derivatives of F with respect to size a, tensional isotropic

translation d and CSL inclination transition ¢ are portrayed here below:

X 2(5-d

= 2 (o-d)
%:2-(J—a+d)
oF 2|1
Ez——-[c—z-(s:s)}

(5.96)

(5.97)

(5.98)

The plastic hardening rules denoted h,, h, and h, may be computed through

(5.52), (5.70) and (5.65) respectively.
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e For states enclosed within the SSE laying on PYE an interpolation
rule is required. Instead of adopting interpolation formulae similar to Mroz et

al. (1978) depicted below:

hoanf 98 )

e on {25 o

H=H,+ h.ln(M] (5.100)
1-6/5,

it is necessary for the interpolation rule to be pressure dependent and
associated with the phase transformation line (in the current model coincides
with the critical state). Hence, it should be expressed as a function of stress

and state variables similar to the principle of Dafalias and Herrmann (1982):

1+6/6,

H=H,+h(o,q) In L+o/0, (5.101)
1-6/6,

In the expressions (5.99) to (5.101) the parameter h is measured in units

[kPa]® and assuming a realization similar to Mroz et al. (1978) it is pressure

independent and constant. In the expression by Dafalias and Herrmann

(1982) parameter h is a function of (Q:Q)- P,y -

In the proposed constitutive formulation, an expression that is pressure

dependent and further associated to the critical state is introduced without
employing the atmospheric pressure p,. (simply to set the units straight
while at the same time dropping the physical meaning). Furthermore, a
rather different measure of the distance /8, is proposed (where &, is the

initial distance from the conjugate point at the time of first yielding while the
current distance is expressed through &). The proposed formulation

considers the ellipsoidal shape of the Structure Strength envelope as follows:

[ 2 ts-9): (s =940 -0) |
H=H, +(Q:C*:P)-4"- (5.102)

(;LZ~(S—SO):(S—SO)+(O'—O'O)2
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In the expression above, the plastic modulus of the conjugate point M' is

denoted as H,,  instead of H,. The plastic hardening modulus prior to
computation of H,, through expression (5.95) requires the definition of the
conjugate point M' through equation (5.73). Expression (5.73) holds for states
on the SSE solely and thus, it is employed on M' and not M. a,,. is the target
conjugate point that is allowed to evolve considering that the stress state may
evolve on PYE thus transforming its corresponding target. g, is the stress
state at the time of first yielding. 2~ and y comprise constant constitutive soil

parameters in need of calibration through experimental tests (at intrinsic

geomaterial conditions to be portrayed in the following chapter).

Formulations similar to Kavvadas and Amorosi (1998 & 2000) and Belokas
(2008) have been disregarded considering that they prove erroneous results
on the dry side considering that the stress state cannot exceed the critical state
cone for states laying within the Structure Strength Envelope corresponding

to highly overconsolidated soil conditions.

In the expression (5.102) the interpolation rule is a pressure dependent
function of the phase transformation line. Considering, that in this version of

the model an associated flow rule in assumed Q=P the dot product

Q:C°:P isequalto Q:C°:Q.

At the time of first yielding ¢ =6, the denominator is set to null and thus,

the limit of the ratio (in expression (5.102)) tends to infinity H — oo. Once the

stress state has been adjusted on the SSE ¢ = 6,,, the nominator is set to zero

and consequently the plastic hardening modulusis H =H,,, = H,.

Employing expression (5.102) into (5.94):

Q:Ce:(dg—év-dt)Jré-(aF-aa+aF-ad+6F-acj-dt
ca ot od ot oc ot
dA = ) ~ (5.103)
) —2.(sM,—s):(sM,—s)+(aM,—0)2
H, +Q:C*:P-11+1"-| & 1
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5.8 Concluding remarks

In the present chapter the mathematical time-dependent behavioral framework was
established and analyzed. The time-dependent mechanical behavior of both
structured (resembling stiff soils to weak rocks) and non-structured geomaterials
(resembling normally consolidated clayey deposits) is addressed. The mathematical
formulation incorporates the principles of the overstress postulate proposed by
Perzyna (1962 & 1966) while at the same time is founded on the principles of classical

elastoplasticity.

The proposed time-dependent constitutive model accounts for bonding and portrays
the effect of structure degradation attributed to plastic or time related phenomena.
The Structure Strength envelope is allowed to degrade towards the intrinsic state due

to plastic straining thus comprising its limiting bound on the down side.

The viscoelastoplastic (or viscoelastic-viscoplastic) model incorporates the following

characteristic surfaces:

e an Intrinsic Strength Envelope (ISE) employed solely as a reference state;
e a Structure Strength Envelope (SSE) to account for the effect of preexisting
structure and

e aplastic yield envelope (PYE) to denote the infinitesimal viscoelastic domain.
Following the concept by Mroz and Norris (1982), Desai et al. (1986), Pastor et al.
(1990) and Gens (1995) the formulation may undergo simple transformations to
degrade into a simple structureless isotropic model lacking any aspects of anisotropy
and even degenerate into an intrinsic elastoplastic model disregarding any

undergoing viscous effects.

The major characteristics of the proposed time dependent formulation are

summarized here below:

e Both the stationary viscous behavior and the tertiary stage can be simulated
by means of the governing equations. Delayed failure can be simulated by
employing the critical state line inclination as hardening variable. The
deviatoric viscous strain deviator proves the fuse that inflates the transition
towards failure. Hence, it is not a creep failure but rather plastic straining

triggered by viscous phenomena.
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e The critical state line projection in the stress hyperplane is allowed to
transition towards a residual state also due to the accumulation of significant
plastic strains. This situation comprises a mathematical trick-manipulation of
the governing constitutive equations allowing for the simulation of
significant softening even in cases without structure. In this case, the residual
CSL inclination comprises the critical state line projection measured through
laboratory testing while the initial state is a purely fictitious situation to be
calibrated with respect to the simulated behavior (the amount of softening).

e The volumetric viscous strain is assumed to be existent within the plastic
yield surface. This leads to the increase of strength thus conforming to
Bjerrum's postulate (1967). The viscous deviatoric component develops solely
at states laying on PYE associated with plastic straining.

e Small strain stiffness is accounted for by employing an infinitesimal plastic
yield envelope. The Structure Strength Envelope and the Plastic Yield surface
are similar associated through a proportionality ratio §. The plastic yield
envelope transitions towards the conjugate point on the SSE due to plastic or
deviatoric viscous straining by thus altering the plastic hardening modulus.
The proposed expression for the interpolation rule is pressure dependent
associated with the phase transformation line projection in the stress
hyperplane. In this version of the model an associated flow rule is assumed
and therefore the derivative of the plastic yield surface and the plastic
potential tensor coincide.

e The Structure Strength Envelope is adjusted along the hydrostatic axis
translated towards the tensional regime to account for the effects of bonding
under isotropic compression. Only secondary anisotropy is incorporated in
the model.

e Finally, it is noted that the elastic stiffness tensor is controlled by assuming an

isotropic poroelastic law.
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Evaluation of proposed model

6.1 General

The proposed constitutive model addresses the time dependent mechanical behavior
of geomaterials. The mathematical framework introduced in the previous chapter
aims to describe the time-dependency of both structured and non-structured
deposits. The governing equations of classical elastoplasticity have been manipulated

to incorporate the overstress postulate by Perzyna (1962 & 1966).

This chapter evaluates the proposed model through a parametric study of the
proposed constitutive parameters. The effects of initial and small strain stiffness as
well as the structure degradation process due to plastic straining are examined in the
degenerated elastoplastic basis model. Single point or element based (in Finite
Element Code SIMULIA ABAQUS) results illustrate the effect of each individual
parameter in the overall elastoplastic mechanical behavior. The time-dependent
effects on long-term strength will be portrayed separately in wet conditions through
element based results (in ABAQUS). The reason for not portraying results referring
to the dry, characteristic of highly overconsolidated states, lies on the negligible
effect of viscous phenomena in such regions. Delayed failure is associated solely with
states or loadings setting the stress state on the wet domain. It is noted that the stress
state is required to be "sufficiently" close to the failure envelope for the deleterious
creep effects on soil strength to be dominant. This means that the stress state needs to

lay on the intermediate boundary of short and long-term CSL.

The proposed model is evaluated by investigating the employed constitutive
parameters associated with each individual behavioral characteristic. The governing

equations are solved numerically in the general effective transformed space (Prevost,
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1978; Kavvadas and Amorosi, 2000). The transformed stress and strain measures are
energy conjugate and portray an advancement in terms of computational efficiency
and memory requirement. The stresses and strains are depicted in the original
Cartesian or cylindrical (in the case of triaxial testing) stress and strain hyperspace
instead of the transformed. Hence, the transformed stress space is employed solely

within the formulation for the integration of the constitutive equations.

6.2 Structure degradation

The governing constitutive equations incorporate an ensemble of material constants
comprising the constitutive parameters. The elastoplastic degenerated model
comprises an extension of the Modified Cam-Clay model incorporating an
infinitesimal elastic region. Depending on the simulated structure it is translated
towards the tensional regime to allow for a rather accurate simulation of bonding
effects. The tensional translation degrades with plastic or viscous strain towards the

null of the hydrostatic axis.

What becomes evident however from a brief review of the governing equations is the
substantial amount of constitutive parameters in need of calibration. Depending on
their physical meaning the material constants can either be derived straight forward

from laboratory measurements or may be computed through trial and error analyses.

The current chapter focuses on the simulated behavior and investigates the relative
effect of each material constant individually. In such sense, the reader shall gain an
insight into the predicted mechanical behavior along with a range of magnitude

associated with each parameter.

6.2.1 Degradation of size a

The isotropic hardening rule governs the undergoing transformations associated
with the size of the Structure Strength Envelope and consequently the plastic yield
envelope. The hardening parameter a, denoting the halfsize of the SSE, tends to

evolve with the accumulation of plastic and viscous strains.

a is the halfsize of the Structure Strength Envelope and a" stands for the halfsize of

the ISE. During the destructuration process the bonding tends to degrade with the
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accumulation of plastic strains. Hence, an initial structure B, = (a/ a’ )0 transitions

towards its residual value B, = (a/ a*)res. The residual structure ratio B, may be

equal to unity or depending on any chemical, biological or thixotropic bonding

formed during the structuration process may receive values slightly over 1.

A represents the inclination of the Isotropic Compression Line for isotropic loading

increments of normally consolidated soil deposits depicted in the v-Ino diagram. It

can be associated to the virgin compression index C, through the following

expression:

2=—Ce _~o43s.c 6.1)

In(10)

The compression index is a well established quantity in the literature associated with
different material types ranging from organic materials and peats to stiff clays
(Bowles , 1996). It is noted that the compression indices in the literature especially for
peats and organic clays may be including a substantial portion of inelastic strains
associated with viscous phenomena. However, the rapid rate of loading associated

with failure, setting the stress state on the CSL, justifies the use of the novel values

for the compression index C, and consequently the compressibility parameter A .

The (poroelastic) material constant x controls the slope of the Isotropic Compression

Line for isotropic rebound tests on overconsolidated soil deposits depicted in the v-

Ino diagram. Parameter x is associated to the swelling index C, through the

following expression:

Cr
In(10

K=

~0.434-C, (6.2)
The poroelastic compressibility parameter x can be selected as a portion of the
compressibility coefficient 2 somewhere in the range between A/x =4+10.

The N,, represents the void ratio along the Intrinsic Isotropic Compression Curve

for a mean effective isotropic stress equal to 1kPa (Burland , 1990). An isotropic stress

of such low intensity is unfeasible to attain without completely failing the specimen.
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This approach is established solely for the mathematical formulation of the

poroelastic law.

The similarity ratio £ controls the size of the PYE and is assumed to be a fraction of
the SSE, usually & =1%o +5%. Strains of the order of 105+10+ may be considered

irreversible and thus, inelastic (i.e. Georgiannou, 1988; Jardine, 1995; Smith et al.
1992). The strain increment imposed in the numerical analysis is not independent of
the similarity ratio. Small similarity ratios result in a small PYE and consequently the
elastic or viscoelastic increment to adjust the stress state on the Plastic Yield
Envelope is equally small. Hence, the similarity ratio for the numerical solution to be
precise needs to be somewhere in the aforementioned range assuming that the

imposed strain increment employed within the numerical programming is of the

order of 10°° +107°.

The material constants 7! and ¢ can be computed through an isotropic
compression test on a structured geomaterial. 7” controls the tempo of bonding

degradation attributed to the volumetric plastic strain component. It is involved
within the exponentially decaying assumed law transitioning the size of the
Structure Strength Envelope towards the Intrinsic state. The constitutive parameter

&) on the other hand is employed for fine tuning assuming that a smoother

transition to the residual state is of interest (Figure 6.1). In the general case the
parameter can be dropped (by setting it to null). The effect of the destructuring
parameters is depicted in Figure 6.1 revealing that the stress state transitions and is
ultimately adjusted along the Intrinsic Isotropic Compression Line in the v-Ino
diagram. The constitutive parameters associated with Figure 6.1 are portrayed in

Table 6.1. The significance of the remaining material factors is discussed hereafter.

Note that the soil element was isotropically consolidated to 25kPa. Originally it was

assumed that the halfsize of the Intrinsic Strength Envelope was equal to 8 = 50kPa

and the halfsize of the Structure Strength Envelope a =150kPa thus attributing to a
high initial imposed structure B, =a/a” =3 and an equally high overconsolidation

ratio. The element was isotropically stressed to an isotropic strain of 0.2. The

reference time was assumed infinite to isolate the elastoplastic response.
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Table 6.1: Constitutive parameters associated with Figure 6.1.
a* e
. % . . .
Niso Bo Bres (kPa) c Cin Cfin o (kPa) 2 (G / K)
2.08053 3 1 50 09798 0.9798 0.9798 25 0.75
A K ¥ Y din N Sy o7 97
0.08686 0.008686 5 1 0 75 0 0 0
to a a, Y A m a DLIMIT g
0 0 0 0.002 0.016 0.8 2.5 106 0.02
1.9

o 0 ol B,=3 & ny=75 & ¢,,=0
) —
- - B,=3 & n,p=g,,=75

5]
+
— -
l
>
1.4 ] Illlllll ] Illlllll L1 1 1111l
10 100 1000 10000
o (kPa)
Figure 6.1: Structure degradation in isotropic compression.

The ensemble of material parameters are portrayed In Table 6.1 associated with the

elastoplastic mechanical behavior depicted in Figure 6.1. It is noted that the selection
of the intrinsic state size denoted a~ was established to account for a void ratio

around the proximity of 0.7. The N, was computed conforming to Burland (2000)

suggestions for the intrinsic properties of clayey soils. A significant initial structure
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was established B; =3 transitioning towards the residual value of B =1 once the
stress point was adjusted upon the Intrinsic Isotropic Compression Line in the v-Ino
diagram. The CSL inclination in the stress space ¢ was not allowed to transition

(hence, c=c, =c;, and &' =0).

The inclination of the CSL in the stress space denoted ¢ can be computed through
shear tests activating different deviatoric stress components. In the general case,
three direct simple shear and another two triaxial tests may be employed to establish
the CSL inclination c¢. Note that in the mathematical formulation and computational
programming of the proposed model the hardening parameter c is expressed not as

a single variable but rather as an ensemble of deviatoric hardening variables
{c}:[cl,cz,c3,c4,cs]T. Consequently, the initial {Cm}:[Cinfl,CiH,CiH,CirHl,CiH]T

. T .
and residual values {Cﬁn}=[Cﬁnfl,cﬁnfz,cﬁn%,Cﬁnf4,cﬁn75] can be expressed in

analogous forms. In the upcoming results portraying the capabilities and
shortcomings of the proposed model a single value will be selected to denote the

inclination of the CSL in all directions in the deviatoric stress hyperplane:

{c}=c-[11211]
{ca)=c,-[L1111] (6.3)
{Cin} =Cpp-[112,2,1]

The aforementioned expressions assume the use of a single variable a/ and 6

controlling the evolution of the CSL inclination to the long-term or the residual state
respectively depending on whether c is associated with the viscous or plastic strains.

The inclination ¢ is proportional to the Cam-Clay parameter M :
c=,/=—-M (6.4)

The inclination ¢ may also be associated to the effective friction angle ¢ of the

Coulomb failure criterion through the following expression:

\F 6-sing
C=,|= —" (6.5)
3 3-sing
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The above expression reveals that the inclination c¢ is calibrated solely for

compression considering that the CSL inclination in the stress space c¢ should be

2 6-sin
transformed to account for extension as C:\/7 2220 (the minus has been

3 3+sing
disregarded considering that the expression of SSE involves the square of c). In our
formulation the exact same value ¢ is employed to control both compression and
extension. This might raise an issue considering that the argument could be made
that a constant value of ¢ does not conform to the experimental data. However, it is
noted that our assumption proves higher values for extension compared to
compression conforming at least qualitatively to the measurements. Furthermore,
considering the fact that extension measurements are rather cumbersome to impose
in the laboratory, results should be treated with caution and skepticism. Regardless
of all possible discrepancies involved in the determination of the material constants
c associated with extension the proposed model considers solely the values for
compression thus revealing a limitation of the model. Note that the Lode angle is not
employed in the definition ¢ in expression (6.4) and (6.5). It comprises a constant
associated to the deviatoric loading stress path independent of the Lode angle in the

n-plane. In the analyses to be portrayed hereafter a value of 0.9798 has been selected

for the c leading to a rather elevated friction angle of 30°. An upcoming section

focuses on the transition to the residual state due to plastic yielding.

The material constant 2-(G / K)e is introduced to impose the stress dependency of

the shear modulus. The bulk modulus can be computed by employing the expression
(5.11) accounting for the stress state and the poroelastic compressibility x. As for the

current shear modulus, the expression (5.12) employs the initial parameter

2-(G/K )e and the current bulk modulus for scaling purposes, as to set the isotropic

stress on the current state. The material constant 2-(G / K)e is characteristic of the

soil material and can be associated with the Poisson's ratio v (stemming from the
isotropic linear elasticity):

2-G° _, 9w

K~ 1+v

(6.6)
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Hence, the selected value for the analyses presented in Figure 6.1 is 0.75 to justify the

use of a Poisson's ratio of 0.333.

The intrinsic compressibility 42 was associated to a virgin compression index
C. =0.2 and the poroelastic compressibility parameter x was selected as a portion

(10%) of 4.

Next, the triaxial drained and undrained response is examined through single point
and element test results to illustrate the effect of structure degradation portrayed in
the size a of the SSE. The behavioral characteristics associated with parameter 7
are investigated next, after clarifying the effect of the material constants 7 and £
on the mechanical response in isotropic compression. The effect of £ is of similar
significance as the P and will not be investigated any further considering it is

employed solely for a smooth transition towards the residual state and can be

dropped (by setting it to null) at any time. As a general guideline it is suggested & ”

and ¢ to be selected as a portion (5%+10%) of the exponential associated

parameters 7, and 7. .

Numerical results at drained conditions associated with triaxial testing are portrayed
in Figure 6.2. The projection of the undergoing stress path is depicted in the p-g space
following an inclination of 1:3. The g-¢q diagram reveals the effects of the deviatoric

exponentially decaying parameter 7 (it is a combined effect of the isotropic and
deviatoric component acting through 77 and 7 but the former has already been

computed through the isotropic compression test). Higher values of the 7 result in

a steeper descent in the g-gq diagram and a lower maximum value attributed to the
destructuring process undergoing even at states laying within the SSE but on PYE. In

order to clarify the effect of the exponentially decaying associated parameters the

material constants ¢? and ¢ have been dropped. The material parameters

associated to Figure 6.2 are depicted in Table 6.2. It is noted that the results address

the mechanical elastoplastic behavior of highly overconsolidated soil deposits.

The soil element was initially isotropically consolidated to 25kPa (Point A).

Originally it was assumed that the halfsize of the Intrinsic Strength Envelope was
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equal to @a" =50kPa and the halfsize of the Structure Strength Envelope a =150kPa
thus attributing to a high initial imposed structure B, =a/a”=3 and an equally

high overconsolidation ratio. The confining pressure was kept constant to 25kPa
while the axial strain was increased until failure (from Point A to B and ultimately

C). The reference time was assumed infinite to isolate the elastoplastic response.

Table 6.2: Constitutive parameters associated with Figure 6.2 and Figure 6.3.

" a* ; ] e
Niso Bo Bres (kPa) c Cin Cfin o (kPa) 2 (G / K)
2.08053 3 1 50  0.9798 0.9798 0.9798 25 0.75
A K A* Y din Sy Sy o; 47
0.08686 0.008686 5 1 0 0 0 0 0
to a a, P A m a DLIMIT 4
0 0 0 0.002  0.016 0.8 2.5 10-6 0.02
250 T T [Yyv[vyr[veyrpreorproror
L - - o ﬂVP=fqu:20 -
200 -— —- -— ) r]vp=l']qp:75 _-
[ i N _— r]Vp=I']qp:150 .
< 150 |- - - -
ol " CSL ] _ B -
< [ initial SS : B 7
100 |- - - — -
A final SSE \ 4 N )
- o - Np=n=20 \] [ cH
50 an—— nvp=ﬂqp:75
- === Np=npr=150
0 [ I [ [ [ I |q [ [ LAl I LAl I LAl I LAl I il
0 100 200 300 0.00 0.04 0.08 0.12 0.16 0.20
p (kPa) £,
a. b.
Figure 6.2:  Structure degradation in triaxial drained testing on the dry side

depicted in a. the p-g space and b. g-¢q diagram.

Assuming that the drainage conditions were changed to account for no flow at the
boundaries the undrained mechanical behavior is depicted in Figure 6.3. The soil
element was once again consolidated isotropically initially to 25kPa (Point A). The

halfsize of the Intrinsic Strength Envelope was assumed originally equal to

a’ =50kPa and the halfsize of the Structure Strength Envelope a=150kPa thus
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attributing to a high initial imposed structure B, =a/a” =3 and an equally high

overconsolidation ratio. The axial strain was increased until failure (from Point A to
peak B and ultimately to failure C) while at the same time the volumetric strain was
set to null. The reference time was assumed infinite to isolate the elastoplastic

response.

The hook type behavior in the p-q space is characteristic of the structure degradation
process. Considering that the degradation process is slow the stress state increases
thus converging to the SSE and attributing to the accumulation of plastic strains by
approaching the intersection point of the CSL while the SSE shifts to the right. Once
the accumulated plastic strains increase significantly the stress state drops resulting

in significant softening.

160 rvirlrrvrryrrrrvrr rTroTd i v LI 1 LI L | LI v i
: : B Qe O =m0 ﬂvpzﬂqPZZO i
o B - ™ nvp:nqp:75 -
T 1 F —
s | 1 | i
4 80 |- - L O _
o 5 csL . - R SR o)
20 L np=np=20 7 I N
L r]vp=l’]qp=75 - -
[ ,p=Np=150 ] i
0 [ | '? | U W U N NI U T W N T WY T Y W N
0 40 80 120 160 O 0.04 0.08 0.12
P (kPa) g,
a. b.
Figure 6.3:  Structure degradation in triaxial undrained testing on the dry side

depicted in a. the p-g space and b. g-¢q diagram.
The g-gq diagram (Figure 6.3) reveals the effects of the deviatoric exponentially

decaying parameter 7?. Higher values of the 7 result in a steeper descent and a
lower maximum value.

Assuming that the stress state originates on the wet domain, characteristic of slightly
overconsolidated samples with an overconsolidation ratio OCR < 2, the elastoplastic

behavior associated with the constitutive parameters of Table 6.3 is portrayed in

Figure 6.4. The soil element was consolidated initially isotropically to 96kPa (Point

-246-



Chapter 6: Evaluation of the proposed model

A). The halfsize of the Intrinsic Strength Envelope was assumed originally equal to

a’ =50kPa and the halfsize of the Structure Strength Envelope a=60kPa thus

attributing to a low initial structure By=a/a" =12 and an equally low

overconsolidation ratio. Considering the undrained nature of the problem, the axial

strain was increased until failure (from Point A to peak B and ultimately to failure C)

while at the same time the volumetric strain was set to null. The reference time was

assumed infinite to isolate the elastoplastic response.

It is evident that failure occurs at the exact same point (Point C) on the CSL at

different shear strain levels depending on the material constants controlling the

bonding degradation. Low values of the parameters lead to a higher increase of

strength thus shifting the residual state at higher deviatoric strains.

Table 6.3: Constitutive parameters associated with Figure 6.4.
a* e
Niso Bo Bres (kPa) c Cin Cfin o (kPa) 2 (G / K)
2.08053 1.2 1 50 09798 0.9798 0.9798 96 0.75
A ¥ Y din g/ - Oy 9
0.08686 0.008686 5 1 0 0 0 0 0
to a, P A m a DLIMIT ¢
0 0 0.002  0.016 0.8 2.5 106 0.02
120 ™17 ™17 T T 1 1 T 1 1 T 1 1
| r]ver]qp:150 I i L ! ! -
L r]vp=r]qp:75 o o -
o 0 —o NP=N P=20 - B 9
PN, B
— 80 - CSL = .
('U - lo} o o C'
Q .
< -
> i 4
40 - om0 o NP=NP=20 7
T —_— I‘]Vp=l‘]qp:75
i —_— r]vp=l']qp:150 :
0 | T S T | T W T [N N
0 40 80 120 O 0.02 0.04 0.06
P (kPa) &
a. b.
Figure 6.4:  Structure degradation in triaxial undrained testing on the wet side

depicted in a. the p-g space and b. g-¢q diagram.
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Results are shown solely for undrained conditions on slightly overconsolidated
states. Assuming drained conditions the mechanical behavior in the p-g space would
once again reveal a slope of 1:3 and depending on the material constants controlling

the structure degradation (namely 77 and 7;) a softening behavior in the g-&

diagram. However, failure would be attained at the exact same point thus providing

no further information for the mechanical behavior.

6.2.2 Strength envelope evolution due to plastic straining

The Critical State Line in the stress space is allowed to transition towards the residual
state. In the case where the transition is associated with the strain rate dependency it
portrays the physical meaning straight forward. However, the strength envelope
evolution due to plastic straining may appear as arbitrary and even erroneous. The
argument could be made that it does not lead to the uniqueness of the critical state

line.

The transition of the CSL projection in the stress space towards the residual state
associated with plastic yielding should be considered solely as a mathematical
manipulation to simulate significant softening even in the absence of structure.
Consider a structureless soil specimen subjected to loading in the triaxial apparatus
under undrained conditions. Assuming a highly overconsolidated soil sample the
stress rebound would be evident. However, without accounting for stress and
structure anisotropy and by further neglecting bonding it is impossible to simulate

significant softening. Hence, another approach needs to be established.

In the case where the strength envelope evolution is associated with the
accumulation of plastic strains the original CSL is a fictitious state imposed solely to
account for the amount of softening measured in the triaxial experiments under
undrained conditions. The measured values of the critical state line inclinations in

the stress hyperplane measured through triaxial and direct simple shear test coincide

with the residual values {Cres} )

Figure 6.5 portrays the undergoing stress path, conforming to the material constants
portrayed in Table 6.4, assuming a highly overconsolidated structureless soil
specimen is subjected to loading in the triaxial apparatus under undrained

conditions. The soil element was once again consolidated isotropically initially to
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25kPa (Point A). The halfsize of the Intrinsic Strength Envelope was assumed
originally equal to a” =50kPa and the halfsize of the Structure Strength Envelope
a=50kPa, characteristic of a structureless state where B, =a/a"=1. The axial

strain was increased until failure (from Point A to peak B and ultimately to failure C)
while at the same time the volumetric strain was set to null. The reference time was
assumed infinite to isolate the elastoplastic response. The CSL is allowed to transition
towards the residual state corresponding to an effective friction angle of 22¢ (note
that the initial inclination of the CSL projection in the stress space corresponds to a
friction angle of 30°). Even in this case when no structure is simulated it is possible to

account for significant softening (consider the difference in the soil response between

the lines 6 =0, where the strength envelope does not degrade, and 6 =75).

80 v v rr1 LN B B RN B B R B BN B ]
[—— 6,0 —— =0 ;
60 - 0,,=75 6,=75 -
E initial CSL B=C B=C ]

-- - - = final CSL

ﬁa

A
N
@)
Ll I Ll I Ll I Ll 1
Ll I Ll Iq [

0 'R T I T N PR P T W Y R
0 20 40 60 O 0.04 0.08 0.12
P (kPa) €
a. b.
Figure 6.5:  Strength envelope evolution due to plastic straining in triaxial

undrained testing of a structureless soil specimen on the dry side
depicted in a. the p-g space and b. g-¢q diagram.

Table 6.4: Constitutive parameters associated with Figure 6.5.
Niso* Bo B (ﬁ)a) Cin Crin (k‘I’)a) 2.(G/IKY A
2.08053 1 1 50  0.9798 0.7 25 0.75 0.08686
K A* ¥ din ne nqp ¢k é/qp 9qp
0.008686 5 1 0 75 75 0 0 0
fo a, a, Y A m a DLIMIT &
e 0 0 0.002 0.016 0.8 2.5 10- 0.02
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In the case where a slightly overconsolidated specimen is subjected to triaxial
undrained loading conforming to the material constants of Table 6.5 the undergoing
stress paths are illustrated in Figure 6.6. The soil element was consolidated

isotropically initially to 96kPa (Point A). The halfsize of the Intrinsic Strength

Envelope was assumed originally equal to a =50kPa and the halfsize of the

Structure Strength Envelope a =50kPa, characteristic of a structureless state where
B, =a/a” =1. Considering the undrained nature of the problem, the axial strain was

increased until failure (from Point A to peak B and ultimately to failure C) while at
the same time the volumetric strain was set to null. The reference time was assumed
infinite to isolate the elastoplastic response. The CSL is allowed to transition towards
the final state of an effective friction angle of 22°¢ (note that the initial inclination of
the CSL projection in the stress space corresponds to a friction angle of 30°). Even for
slightly overconsolidated states it is possible to account for softening without
accounting for structure. Hence the initial CSL is a fictitious envelope to be calibrated
depending on the stress rebound desired in the mechanical behavior. Softening
might appear a bit stretched when considering such a slight overconsolidated

structureless soil specimen but results are shown solely to illustrate the capability of

the model.
80 LI | | .I.I | LI LI LIS I LN B B DL DL DL R LB B i
K initial CSL S i ]
| ---- finalCSL /B=C i B B=C
ob—s /1 B ;
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L , 4 -/ =
2 40 [ R \ - - -
= vl R )
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Figure 6.6:  Strength envelope evolution due to plastic straining in triaxial

undrained testing of a structureless soil specimen on the wet side
depicted in a. the p-g space and b. g-¢q diagram.
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Table 6.5: Constitutive parameters associated with Figure 6.6.
Nico* Bo B (ﬁ)a) Cin Crin (k‘I’)a) 2.(G/IK)Y A
2.08053 1 1 50  0.9798 0.7 96 0.75 0.08686
K A % din n my g Cq S
0.008686 5 1 0 75 75 0 0 0
to a a, Y A m a DLIMIT ¢
0 0 0 0.002 0.016 0.8 2.5 106 0.02

In the diagrams above we have selected to portray the effect of the strength envelope
evolution towards the residual state due to plastic straining on a structureless
geomaterial. The effect was crystallized through the difference in the simulated

response between the lines 6 =0, characteristic of no degradation in the strength
envelope, and g =75. The combined effect of structure degradation and strength

envelope evolution would portray a softening effect that could not be easily
attributed to the one or the other mechanism. However, it is of major importance to
investigate the combined effect in terms of the overall elastoplastic mechanical
behavior. Aiming to clarify the relative effect of one mechanism on top of the other

results are depicted in Figure 6.7 and Figure 6.8.

Figure 6.7 portrays the inviscid mechanical response of a highly overconsolidated
structured soil subjected to undrained triaxial loading conforming to the material
constants depicted in Table 6.6. The soil element was once again consolidated
isotropically initially to 25kPa (Point A). The halfsize of the Intrinsic Strength
Envelope was assumed originally equal to a =50kPa and the halfsize of the
Structure Strength Envelope a =150kPa thus attributing to a high initial imposed

structure B, =a/a” =3 and an equally high overconsolidation ratio. Considering the

undrained nature of the problem, the axial strain was increased until failure (from
Point A to peak B and ultimately to failure C) while at the same time the volumetric
strain was set to null. The reference time was assumed infinite to isolate the
elastoplastic response. The CSL was allowed to transition towards the residual state
corresponding to an effective friction angle of 22° (note that the initial inclination of
the CSL projection in the stress space corresponds to a friction angle of 309).

Moreover, the structure degradation constitutive parameters were set equal to
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ny =ny =75. The preexistent structure is high enough to result in significant

\

softening (line ¢ =0). However, the combined effect of structure degradation and

strength enveloped evolution due to plastic straining results in even greater

softening of more than 50% of the peak deviatoric stress (line 7 = 75). Furthermore,

it is evident that the specimen tends to fail at approximately the same mean effective

pressure but at different shear stress levels.

Table 6.6: Constitutive parameters associated with Figure 6.7.
_ a* ] ] o ) e
leo BO Bres (kPa) Cin Cfin (kPa) 2 (G / K) A
2.08053 3 1 50 0.9798 0.7 25 0.75 0.08686
K A Y din m M - <y &7
0.008686 5 1 0 75 75 0 0 0
to a, a, Y A m a DLIMIT &
00 0 0 0.002 0.016 0.8 25 10-6 0.02
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Figure 6.7:  Strength envelope evolution due to plastic straining in triaxial
undrained testing of a structured soil specimen on the dry side
depicted in a. the p-g space and b. g-¢q diagram.

Figure 6.8 illustrates the time-invariant mechanical response of a slightly
overconsolidated structured soil subjected to undrained triaxial loading conforming
to the material constants depicted in Table 6.7. The soil element was consolidated

initially isotropically to 96kPa (Point A). The halfsize of the Intrinsic Strength
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Envelope was assumed originally equal to a" =50kPa and the halfsize of the
Structure Strength Envelope a=60kPa thus attributing to a low initial structure

B,=a/a"=1.2 and an equally low overconsolidation ratio. Considering the

undrained nature of the problem, the axial strain was increased until failure (from
Point A to peak B and ultimately to failure C) while at the same time the volumetric
strain was set to null. The reference time was assumed infinite to isolate the
elastoplastic response. The CSL was allowed to transition towards the residual state
corresponding to an effective friction angle of 22° (note that the initial inclination of
the CSL projection in the stress space corresponds to a friction angle of 309).
Furthermore, the structure degradation constitutive parameters were set equal to

ny =n, =75. The initial structure is negligible thus resulting in unnoticeable plastic

\

softening (line § =0). However, the combined effect of structured degradation and

strength enveloped evolution due to plastic straining results in significant softening

even in the case when the stress state lays on the wet domain (line § =75). Once

again, it is clear that the specimen fails at approximately the same mean effective

stress.
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Figure 6.8:  Strength envelope evolution due to plastic straining in triaxial

undrained testing of a structured soil specimen on the wet side
depicted in a. the p-g space and b. g-¢q diagram.
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Table 6.7: Constitutive parameters associated with Figure 6.8.
Nico* Bo B (ﬁ)a) Cin Crin (k‘I’)a) 2.(G/IK)Y A
2.08053 1.2 1 50  0.9798 0.7 96 0.75 0.08686
K A % din n my g Cq S
0.008686 5 1 0 75 75 0 0 0
to a a, Y A m a DLIMIT ¢
0 0 0 0.002 0.016 0.8 2.5 106 0.02

6.2.3 Degradation of tensional translation d

The translation d to the tensional regime can only be estimated by accounting for the
undergoing stress path in the p-g space. In structured soils it is not uncommon for the
material to withstand tensional stresses undergoing on the soil skeleton. Chemical
alterations in the material fabric, cementation and thixotropic bonding may result in
the tensional translation. Regardless, whether the proposed model aims to capture
the mechanical behavior in such low stresses the capability is incorporated within the

formulation.

The original tensional shift is allowed to transition to the null along the hydrostatic
axis with plastic yielding (and with viscous strains). The hardening variable d was
incorporated mainly to account for some sort of equivalent cohesion without altering

any other behavioral characteristic of the geomaterial (i.e. the CSL inclination {c} or

the size of SSE a that could potentially lead to discrepancies in terms of the
predicted mechanical response). In inviscid elastoplasticity the proposed model is
allowed to degrade its tensional shift due to the deviatoric plastic strains. The
argument could be made that isotropic extension would at some point lead to a
predicament considering that the PYE would adjust on the SSE in the tensional
regime without transitioning to the isotropic null with evolving isotropic plastic
deformation. However, tensional stresses in soils are considered extremely rare
possibly associated with some sort of failure (i.e. in tunneling face stability or in
retrogressive slope instability problems at the toe) and are usually linked to the

compatibility condition.

To exaggerate a bit, even a fly would create enough stress to shift the stress to

compression. Hence, it is ludicrous to assume that tensional stressing is no more than
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a fictitious state in soils at least for monotonic loading. What's more, the poroelastic
expression involves the natural logarithm of stress that provides erroneous results in
regions below 1kPa. In the formulation of the constitutive model a tension cutoff has
been introduced to assure that the stress state will not undergo such tensional

stresses, thus attributing to the inherent limitations of the model.

Next, the effect of the degradation of the tensional translation is investigated in
undrained triaxial loading. The results refer to the same experimental loading
conditions as in the previous section to allow for a comparative review of the
simulated mechanical behavior. The combined effect of structure degradation in size
a, translation d and the strength envelope transition due to plastic straining are
portrayed in Figure 6.9 (conforming with the material constants depicted in Table
6.8). The soil element was consolidated isotropically initially to 25kPa (Point A). The
halfsize of the Intrinsic Strength Envelope was assumed originally equal to
a’ =50kPa and the halfsize of the Structure Strength Envelope a=150kPa thus
attributing to a high initial imposed structure B, =a/a” =3 and an equally high
overconsolidation ratio. The initial tensional transpose of the SSE was assumed a
fraction of the size of the Structure Strength Envelope equal to d, /2-a=5%.
Considering the undrained nature of the problem, the axial strain was increased until
failure (from Point A to peak B and ultimately to failure C) while at the same time
the volumetric strain was set to null. The reference time was assumed infinite to
isolate the elastoplastic response. The CSL was allowed to transition towards the
residual state corresponding to an effective friction angle of 22¢ (note that the initial
inclination of the CSL projection in the stress space corresponds to a friction angle of
30°). Moreover, the structure degradation constitutive parameters were set equal to

nvp = 77qp = 75

While the effect of structure degradation in terms of softening is evident on its own
accord (consider line g7 =6 =0), incorporating the strength envelope evolution
and the tensional shift as hardening variables reveals a higher stress rebound (line
87 =6, =75). The relative increase is attributed mainly to the strength envelope
evolution considering that the effect of tensional translation d is minor compared to

the former mechanism. One last keypoint to be noted is that the two lines tend to fail

at the exact same deviatoric stress while being translated along the isotropic axis.
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Table 6.8: Constitutive parameters associated with Figure 6.9.

Niso* Bo  Brws a*(kPa)  Cin e o(kPa) 2-(G/KY A
2.08053 3 1 50 0.9798 0.7 25 0.75 0.08686
K }L* )/ din / 2 a nvp nqp C:vp équ i’()

0.008686 5 1 0.05 75 75 0 0 0
a, a, Y A m a DLIMIT ¢
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Figure 6.9:  Combined effect of structure degradation of size a, tensional

translation d and strength envelope evolution due to plastic straining
in triaxial undrained testing of a structured soil specimen on the dry
side depicted in a. the p-g space and b. g-¢q diagram.

Figure 6.10 illustrates the inviscid mechanical response of a slightly overconsolidated

structured soil subjected to undrained triaxial loading conforming to the material

constants depicted in Table 6.9. The soil element was consolidated initially

isotropically to 96kPa (Point A). The halfsize of the Intrinsic Strength Envelope was

assumed originally equal to @  =50kPa and the halfsize of the Structure Strength

Envelope a=60kPa thus attributing to a low initial structure B, =a/a” =1.2 and

an equally low overconsolidation ratio. Considering the undrained nature of the

problem, the axial strain was increased until failure (from Point A to peak B and

ultimately to failure C) while at the same time the volumetric strain was set to null.

The reference time was assumed infinite to isolate the elastoplastic response. The
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CSL was allowed to transition towards the residual state corresponding to an
effective friction angle of 22¢ (note that the initial inclination of the CSL projection in
the stress space corresponds to a friction angle of 30°). Furthermore, the structure

degradation constitutive parameters were set equal to 7 =7, =75.
100 =y r

K | LA
[— - CSLw/océ&d
- —— initial CSL

| I
reduction

80 |- o] 9,7=0,,=75 ]
- - - final CSL < -
—~ 60 [ 9,=6,/70 ] ]
S . .
2 n ] E c
o 40 » [ .
[ . | ]
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Figure 6.10: Combined effect of structure degradation of size a, tensional
translation d and strength envelope evolution due to plastic straining
in triaxial undrained testing of a structured soil specimen on the wet
side depicted in a. the p-g space and b. g-¢q diagram.

Table 6.9: Constitutive parameters associated with Figure 6.10.

Niso* Bo Bres a* (kPa) Cin Cfin g (kPa) 2- (G /K )e A

208053 12 1 50 09798 0.7 9% 0.75 __ 0.08686
K ooy dy/2a ) g - &s to
0.008686 5 1 0.05 75 75 0 0 ©
al oy A m a  DLIMIT &
0 0 0002 0016 08 25 106 0.02

The preexistent structure is negligible thus resulting in unnoticeable plastic softening

on its own accord (line $” =6 =0) as has been observed previously from Figure

6.8. However, the combined effect of structure degradation in size a, translation d

and the strength envelope transition due to plastic yielding (line 9’ =67 =75)

results in significant softening even in the case where the stress state lays on the wet
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side. It is evident that incorporating the strength envelope evolution and the
tensional shift as hardening variables results in a higher stress rebound. The relative
increase is attributed mainly to the strength envelope evolution considering that the
effect of tensional translation d is minor compared to the former mechanism. One
final keypoint noted is that the two lines tend to fail at approximately the same shear

stress level while being translated along the hydrostatic axis.

This section summarizes results (based on numerical analyses) revealing the overall
mechanical response of combined effects associated with structure degradation of
size a, tensional translation d and strength envelope evolution due to plastic
straining. The tensional translation is evident solely in the case of structured soils;
consequently, the effects of structure degradation of size a and tensional shift d are
investigated in conjunction. Considering that the effect of degradation associated
with the translation d is negligible (only 5% of the size of the SSE was selected), the
strength envelope was incorporated in the analyses to denote the capability for
significant softening as well as reveal possible undesired simulated mechanical

behavioral aspects.

6.3 Initial stiffness
This section investigates the capability of the model to control the initial stiffness
through the initial value of 2-(G / K)e and the poroelastic compressibility x. A

careful examination of the diagrams above reveals a rather steep initial portion until
the peak strength is attained. The question arises whether it is possible to control the
initial stiffness and even smoothen the elastoplastic behavior. As for the second part
it will be investigated in the next section addressing the small strain stiffness. The

initial stiffness however is controlled by namely two parameters.

The material constant 2-(G/K )e is introduced to account for the stress dependency

of the shear modulus. The bulk modulus can be computed by employing the
expression (5.11) accounting for the current stress state and the poroelastic

compressibility x. As for the current shear modulus, the expression (5.12) employs

the initial parameter 2- (G /K )e and the current bulk modulus for scaling purposes,

as to set the isotropic stress on the current state. The material constant 2- ( G/K )e is
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characteristic of the soil material and can be associated with the Poisson's ratio v
through equation (6.6). Expression (6.6) builds on the assumption of isotropic linear

elasticity. However, the assumption is adopted in this dissertation primarily to
induce some physical meaning in the constitutive parameter 2~(G/K)e and

secondarily to investigate the effect of the material constant on the simulated

response by accounting for an ensemble of Poisson's ratio values.

The effect of the 2- (G /K )e will be portrayed in undrained triaxial compression tests

to illustrate the effect in both the p-q space and in the g-¢q diagram (drained triaxial
would result again in a slope of 1:3 and the stress path would be set). Figure 6.11
portrays the undergoing stress paths assuming a structureless soil specimen
(conforming to the material constants in Table 6.10) is subjected to loading in the
triaxial apparatus under undrained conditions. The soil element was consolidated
isotropically initially to 25kPa (Point A). The halfsize of the Intrinsic Strength
Envelope was assumed originally equal to a =50kPa and the halfsize of the
Structure Strength Envelope a =50kPa, characteristic of a structureless state where
B, =a/a” =1. The axial strain was increased until failure (from Point A to failure C)
while at the same time the volumetric strain was set to null. The reference time was
assumed infinite to isolate the elastoplastic response. The CSL was not allowed to
transition towards the residual state considering that the employed constitutive

parameter was set to zero ¢ =0. The tensional translation was also considered as

null d,, =0.

It is evident that regardless of the Poisson's ratio values the specimen always fails at

the exact same stress state on the CSL (Point C). However, the mechanical behavior
tends to portray significant ductility with increasing 2-(G/K )e values

(characterized by lower Poisson’s ratio values) thus shifting the stress paths lower

and resulting in a smoother curve in the g-¢q diagram reaching the residual state at

higher deviatoric strain values &, (note that in triaxial loading &, =—-(8a —8,),
3

where ¢, is the axial strain and &, stands for the radial).
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Table 6.10:  Constitutive parameters associated with Figure 6.11.

.k ﬂ* X . 0
N iso B 0 Bres (kPa) Cin Cfin (kPa) A K
2.08053 1 1 50 0.9798 0.7 25 0.08686 0.008686
A* Y din 77Vp nqp gvp équ eqp l9qp
5 1 0 75 75 0 0 0 0
to a a oy A m a DLIMIT &
0 0 0 0.002 0.016 0.8 2.5 10 0.02
60 T 1 1 T
40 |- -
= 1L -
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Figure 6.11: Investigation of the Poisson's ratio effect in the initial stiffness in
triaxial undrained testing of a structureless soil specimen on the dry
side depicted in a. the p-q space and b. g-¢q diagram.

Figure 6.12 illustrates the undergoing stress path assuming a structureless slightly
overconsolidated soil specimen (conforming to the material constants in Table 6.11)
is subjected to loading in the triaxial apparatus under undrained conditions. The soil
element was consolidated isotropically initially to 80kPa (Point A). The halfsize of
the Intrinsic Strength Envelope was assumed originally equal to @~ =50kPa and the
halfsize of the Structure Strength Envelope a=50kPa, characteristic of a
structureless state where B, =a/a” =1. The axial strain was increased until failure
(from Point A to failure C) while at the same time the volumetric strain was set to
null. The reference time was assumed infinite to isolate the elastoplastic response.

The CSL was not allowed to transition towards the residual state considering that the
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employed constitutive parameter was set to zero ¢ =0. The tensional translation

was also considered asnull d,, =0.

Regardless of the Poisson's ratio value the specimen always fails at the exact same

stress state on the CSL (Point C). The inviscid mechanical response tends to portray

significant ductility with increasing 2-(G/ K)e values thus shifting the lines lower

and resulting once again in a smoother curve in the g-gq diagram by reaching the

residual state at higher shear strain levels ¢, .

Table 6.11:  Constitutive parameters associated with Figure 6.12.
.k a . X o
Ni iso B 0 Bres (kPa) Cin Cfin (kPa) A K
2.08053 1 1 50  0.9798 0.7 80 0.08686  0.008686
A* Y din 77Vp nqp gvp équ qu l9c1p
5 1 0 75 75 0 0 0 0
fo a, a, Y A m a DLIMIT ¢
e 0 0 0.002 0.016 0.8 2.5 106 0.02
100 AN AN BEEE B UL LINNEL L D L DL L N LI B i
B v=0.1 - v=0.1 .
80 [---- v=0333 _' —--- v=0.333 .
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N csL ] C
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< X ] ]
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0 / ] L+ o o 1 o+ 4 ]
0 20 40 60 80 100 0.00 0.02 0.04 0.06
p (kPa) €,
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Figure 6.12: Investigation of the Poisson's ratio effect in the initial stiffness in

triaxial undrained testing of a structureless soil specimen on the wet
side depicted in a. the p-g space and b. g-g4 diagram.

While the effect of the material constant 2-(G / K)e controls the initial stiffness, it is

undeniable that the bulk modulus (scaled for the current stress state) dominates the
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overall mechanical behavior. Considering, equations (5.11) and (5.12) the poroelastic
compressibility portrays a significant role in the inviscid mechanical behavior. Next,
the effect of the poroelastic compressibility parameter x is investigated assuming a
constant Poisson's ratio equal to v = 0.333. Once again, the results will be addressing
the undrained inviscid soil behavior namely for two reasons. The first is attributed to
the necessity of providing comparable diagrams with the previous plots
investigating the effect of Poisson's ratio in the initial stiffness. The second concerns
the undergoing stress paths in drained triaxial conditions that reveal no real

information in the p-g space.

Table 6.12:  Constitutive parameters associated with Figure 6.13.

Nico® Bo  Bus (k”ga) Cin Ciin (kga) 2.(G/K) 1
208053 1 1 50 09798 07 25 075 0.08686
A* ¥ dn )7 - q b; 5
5 1 0 75 75 0 0 0 0
to a’ al oy A m a DLIMIT &

> 0 0__ 0002 0016 08 25 10+ 0.02

The mechanical behavior of a highly overconsolidated soil specimen (conforming to
the constitutive parameters depicted in Table 6.12) subjected to loading in the triaxial
apparatus under undrained conditions is portrayed in Figure 6.13. The soil element
was consolidated isotropically initially to 25kPa (Point A). The halfsize of the
Intrinsic Strength Envelope was assumed originally equal to a” =50kPa and the
halfsize of the Structure Strength Envelope a=50kPa, characteristic of a

structureless state where B = a/ a” =1. The axial strain was increased until failure

(from Point A to peak B and ultimately to failure C) while at the same time the
volumetric strain was set to null. The reference time was assumed infinite to isolate
the elastoplastic response. The CSL was not allowed to transition towards the
residual state considering that the employed constitutive parameter was set to zero

07 =0. The tensional translation was also considered as null d;, =0.
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Figure 6.13: Investigation of the poroelastic compressibility parameter x effect in
the initial stiffness in triaxial undrained testing of a structureless soil
specimen on the dry side depicted in a. the p-q space and b. g-&
diagram.

It is evident that the specimen fails at a different stress state on the CSL (Point C).
Neither the isotropic nor the deviatoric failure stresses are the same. A higher value
of the poroelastic compressibility tends to produce significant plastic strains.
Considering that the stress state lays on the dry side the size of the SSE decreases
while the stress point laying on PYE transitions towards failure on the CSL. Hence,
failure is attained at a lower stress state at the intersection of the SSE and CSL. The
initial stiffness is further affected revealing a more ductile behavior for higher x

values thus shifting the inclination to the right in the g-¢q diagram.

Figure 6.14 reveals the inviscid constitutive response (by assuming the material
constants depicted in Table 6.13) of a slightly overconsolidated structureless soil
specimen subjected to loading in the triaxial apparatus under undrained conditions.
The soil element was consolidated isotropically initially to 80kPa (Point A). The

halfsize of the Intrinsic Strength Envelope was assumed originally equal to
a’  =50kPa and the halfsize of the Structure Strength Envelope a=50kPa,
characteristic of a structureless state where B, =a/ a’=1. The axial strain was

increased until failure (from Point A to failure C) while at the same time the
volumetric strain was set to null. The reference time was assumed infinite to isolate

the elastoplastic response. The CSL was not allowed to transition towards the

-263-



Chapter 6: Evaluation of the proposed model

residual state considering that the employed constitutive parameter was set to zero

qu =0. The tensional translation was also considered as null din =0.

Table 6.13:  Constitutive parameters associated with Figure 6.14.
. a* ' _ Y e
Niso Bo Bres (kPa) Cin Cfin (kPa) 2- (G / K) A
2.08053 1 1 50  0.9798 0.7 80 0.75 0.08686
A* V din 77\,p nqp é/vp équ gqp l9qp
5 1 0 75 75 0 0 0 0
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Figure 6.14: Investigation of the poroelastic compressibility parameter x effect in

the initial stiffness in triaxial undrained testing of a structureless soil
specimen on the wet side depicted in a. the p-g space and b. g-g4

diagram.

Once again, the specimen fails at a different stress state on the CSL. The higher value

of the poroelastic compressibility x tends to produce significant plastic strains.

Considering that the stress state lays on the wet side, the size of the SSE increases

significantly while the stress point laying on PYE transitions towards failure on the

CSL. Hence, failure occurs at a higher stress state at the intersection of the SSE and

CSL. The initial stiffness is further affected revealing a more ductile behavior for

higher x values thus shifting the inclination to the right in the g-g4 diagram.
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6.4 Small strain stiffness

The small strain stiffness controls the transition towards the Structure Strength
Envelope. Considering that the proposed model incorporates an infinitesimal elastic
region in its inviscid form every loading increment has a good chance of setting the
stress state on the plastic yield surface thus transitioning the PYE towards the SSE
through the kinematic hardening law controlling the secondary anisotropy. This
transition dominates the plastic hardening modulus and consequently the time-

invariant soil response until the stress is adjusted on the SSE.

In this section the constitutive parameters A” and y are investigated in terms of the
simulated mechanical response. For the same reason as above the undrained triaxial
response of a structureless specimen will be examined both in the wet and the dry
regimes. The reason for choosing to investigate the mechanical response in
undrained triaxial conditions lies on the undergoing stress path revealing aspects in

the simulated response both in the p-q plane and the g-¢4 space.

The effect of superscript y (incorporated in the expression (5.102)) in the simulated
inviscid elastoplastic response is investigated next be assuming a constant value for
the material constant A~ =5. Assuming that a highly overconsolidated structureless
soil specimen is stressed in the triaxial apparatus under undrained conditions the
simulated mechanical response is portrayed in Figure 6.15 (the material constants
involved are depicted in Table 6.14). The soil specimen was consolidated
isotropically initially to 25kPa (Point A). The halfsize of the Intrinsic Strength
Envelope was assumed originally equal to a =50kPa and the halfsize of the
Structure Strength Envelope a =50kPa, characteristic of a structureless state where
B, = a/ a’ =1. The axial strain was increased until failure (from Point A to failure C)
while at the same time the volumetric strain was set to null. The reference time was
assumed infinite to isolate the elastoplastic response. The CSL was not allowed to
transition towards the residual state considering that the employed constitutive

parameter was set to zero € =0. The tensional translation was also considered as

null d,, =0.

It is obvious that the soil specimen tends to fail at the exact same stress state (Point

C). Any discrepancies are attributed to the large strain increment imposed and the
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response associated with the highest value of y has not yet reached the CSL. It
gradually freezes in convergence speed until the failure state is attained, at an
extremely high value of deviatoric strain g,. The sudden change in the slope
associated with the smallest value of y occurs at the point where the PYE and the

SSE coincide thus acting as a simple MCC model (not exactly considering that there
is a complete set of hardening variables involved but the principle is the same). It is
evident that high values of the constant y produce a brittle behavior (compared to
smaller ones) thus leading to a more ductile response. The initial slope may appear a
bit steep but the behavioral characteristics of the initial stiffness are not controlled

through the constant parameter y .

Table 6.14:  Constitutive parameters associated with Figure 6.15.

. a* ' _ o e
Niso BO Bres (kPa) Cin Cfin (kPa) 2 (G / K ) A
2.08053 1 1 50 0.9798 0.7 25 0.75 0.08686
K A* din 77\,p n qp é/vp é/qp qu lgqp
0.008686 5 0 75 75 0 0 0 0
to al al A m a DLIMIT £
0 0 0.002 0.016 0.8 2.5 10 0.02
60 L L |
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—— y=0.25 ]
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Figure 6.15: Investigation of the material constant y on the small strain stiffness in
triaxial undrained testing of a structureless soil specimen on the dry
side depicted in a. the p-q space and b. g-¢q diagram.
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Table 6.15:  Constitutive parameters associated with Figure 6.16.

% a* ] ] o ) e
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Figure 6.16: Investigation of the material constant y on the small strain stiffness in
triaxial undrained testing of a structureless soil specimen on the wet
side depicted in a. the p-g space and b. g-gq diagram.

Figure 6.16 portrays the elastoplastic response of a slightly overconsolidated
structureless specimen subjected to triaxial undrained compression (the material
constants associated with Figure 6.16 are depicted in Table 6.15). The soil specimen
was consolidated isotropically initially to 80kPa (Point A). The halfsize of the
Intrinsic Strength Envelope was assumed originally equal to a” =50kPa and the
halfsize of the Structure Strength Envelope a=50kPa, characteristic of a

structureless state where B = a/ a” =1. The axial strain was increased until failure

(from Point A to failure C) while at the same time the volumetric strain was set to
null. The reference time was assumed infinite to isolate the elastoplastic response.

The CSL was not allowed to transition towards the residual state considering that the
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employed constitutive parameter was set to zero ¢ =0. The tensional translation

was also considered asnull d,, =0.

Note that the soil specimen fails at the exact same stress state (Point C) regardless of
any discrepancies attributed to the large imposed strain increment. The response
associated with the highest value of y has not yet reached the CSL. It gradually
slows the convergence rate until the failure state is attained at an extremely high

value of shear strain ¢, level. The rapid change in the stress path associated with the

smallest value of y in the p-g space lays once again at the point where the PYE and
the SSE coincide. It is evident that high values of the constant y produce a brittle
behavior (compared to smaller ones) thus leading to ductile response. The initial
slope appears a bit steep, it could also be mistaken for purely elastic, but the
behavioral characteristics of the initial stiffness are not controlled through the

constitutive parameter y .

The material constant A~ holds the most important role in the transition of the plastic
hardening modulus towards the states laying on the SSE. Stress states laying on the
SSE are defined explicitly in terms of the plastic hardening modulus through the
consistency condition of the Structure Strength Envelope. However, elastoplastic
states on PYE transitioning towards the bounding surface may be described solely by
assuming some sort of interpolation rule portrayed in equation (5.102). While the

exponent y may have some influence on the predicted soil response, the dominant

effect lies with 1. Next, results are presented on structureless triaxial undrained

compression aiming to clarify the effect of the material constant A" on the small

strain stiffness mainly in the g-g; diagram.

The multiplier A~ incorporated in the expression (5.102) will be investigated
parametrically to portray its dominating effect on the small strain stiffness assuming

a constant value for the material constant y =1. The value for the superscript
material constant y was selected to lay somewhere between the examined extreme

values above, simulating neither brittle nor ductile behavior. Hence, the selected

value of y =1 was assumed appropriate to be employed as a starting point for the

upcoming study.
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Assuming a highly overconsolidated structureless soil specimen is stressed in the
triaxial apparatus under undrained conditions, the simulated constitutive response is
portrayed in Figure 6.17 (the material constants involved are depicted in Table 6.16).
The soil specimen was consolidated isotropically initially to 25kPa (Point A). The
halfsize of the Intrinsic Strength Envelope was assumed originally equal to
a  =50kPa and the halfsize of the Structure Strength Envelope a=50kPa,
characteristic of a structureless state where B, =a/a”=1. The axial strain was
increased until failure (from Point A to peak B to failure C) while at the same time
the volumetric strain was set to null. The reference time was assumed infinite to
isolate the elastoplastic response. The CSL was not allowed to transition towards the

residual state considering that the employed constitutive parameter was set to zero

qu =0. The tensional translation was also considered as null din =0.

It is evident that the soil specimen fails at the exact same stress state. In this case, the
lowest value of A" has not yet reached the CSL. What becomes clear from a careful
examination of Figure 6.17 is that for values higher than A" =5 the behavior can be
characterized as brittle. On the other hand, the effect of the other extreme at 1" =0.1
depicts a purely ductile inviscid mechanical response. Hence, the selected range
should be considered somewhere between 1" [0.1,5]. To make a long story short
the constitutive parameter to be calibrated correctly dominating the small strain
stiffness is 4". The exponential material constant y has been employed solely for fine
tuning assuming that the experimental data can support calibration of another less

significant parameter and can be dropped at any time by setting it to unity (y =1).

Table 6.16:  Constitutive parameters associated with Figure 6.17.

Nico® Bo  Bus (k[ga) Cin Ciin (kga) 2.(G/K) 1
208053 1 1 50 09798 07 25 075 0.08686
K 14 din n g -~ gy Oy 5
0.008686 1 075 75 0 0 0 0
to a’ al oy A m a DLIMIT &
= 0 0 0002 0016 08 25 10+ 0.02
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Figure 6.17: Investigation of the material constant 1” on the small strain stiffness in
triaxial undrained testing of a structureless soil specimen on the dry
side depicted in a. the p-g space and b. g-g4 diagram.

In the case of a slightly overconsolidated structureless soil specimen stressed in the
triaxial apparatus under undrained conditions the predicted constitutive response is
depicted in Figure 6.18 (the material constants involved are summarized in Table
6.17). The soil specimen was consolidated isotropically initially to 80kPa (Point A).
The halfsize of the Intrinsic Strength Envelope was assumed originally equal to
a  =50kPa and the halfsize of the Structure Strength Envelope a=50kPa,
characteristic of a structureless state where B, =a/ a’=1. The axial strain was
increased until failure (from Point A to failure C) while at the same time the
volumetric strain was set to null. The reference time was assumed infinite to isolate
the elastoplastic response. The CSL was not allowed to transition towards the

residual state considering that the employed constitutive parameter was set to zero

qu =0. The tensional translation was also considered as null din =0.

Again the lowest value of A~ has not yet reached the CSL. What becomes crystal clear
is that values of A higher than A" =5 lead to a rather brittle behavior. However,

values as low as A =0.1 are characteristic of a purely ductile time-invariant

mechanical response. Summarizing, the selected range should be considered

somewhere between 1" e [0.1, 5].
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Table 6.17:  Constitutive parameters associated with Figure 6.18.
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Figure 6.18: Investigation of the material constant 1” on the small strain stiffness in
triaxial undrained testing of a structureless soil specimen on the wet
side depicted in a. the p-g space and b. g-¢q diagram.

6.5 Time dependent behavior

This current section examines the time-dependent characteristics of the proposed
behavioral framework. The time-dependent associated behavior acts in a rather
tricky way. On the one hand, the volumetric creep strain component builds on
strength by increasing the size of the bounding surface. The evolution of time results
in the increase of the preconsolidation pressure attributed to the volumetric creep
component (the principle conforms to the Bjerrum's postulate). On the other hand,
the deviatoric creep strain component reveals its deleterious effects on soil strength

whenever the deviatoric stress is evident. It appears as if the deviatoric creep
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component desires to reset the stress state back to the isotropic thus achieving

stability through a state of lesser enthalpy.

Hence, nature always attempts to find a stable state associated with lesser enthalpy
compared to the previous state. The volumetric viscous component acts on that
principle by increasing the soil strength while the deviatoric creep strain reveals its
catastrophic effects associated with failure by transitioning the stress state to a more

stable equilibrium.

It is to the author's belief that there exists a common misconception concerning the
time-dependent mechanical behavior of clayey soils associated with creep. Every
experiment tends to shed light from a point of view on some aspect of creep.
Focusing on a single one while neglecting the others will result in erroneous results.
Hence, each experimental setup is addressed individually while attempting to clarify
certain aspects of the viscous mechanical soil response. The investigation focuses on
slightly overconsolidated soil samples subjected to stress controlled tests (with the
sole exception of the stress relaxation oedometer test to be examined last). The reason
for focusing on structureless states and at states laying on the wet side is that plastic
softening in such cases causes the numerical analysis to suspend once the peak
strength is attained. Furthermore, in highly overconsolidated specimens the
undergoing stress path reaches the CSL after the peak strength has been attained
without accounting for the creep effects but solely due to the inviscid behavior. The
effect might be a bit different in the loading of overconsolidated specimens under
undrained situations but considering that pure creep refers to drained conditions it

would be redundant to even go into that conversation.

6.5.1 Time dependent behavior in triaxial loading

This section investigates the effect of creep in shearing mode in the triaxial apparatus
under drained conditions. Laboratory measurements on creep associated with
triaxial compression reveals namely three stages of time dependent behavior: a. the
primary or transient, b. the secondary or stationary and finally c. the tertiary or
acceleration creep stage. The creep stages depend on the imposed shear stress level.
While low shear stress levels activate solely the primary stage significantly higher

stress intensities lead to delayed failure.
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Hence, the current chapter investigates the capability of the model to account for
failure associated with the devastating effects of deviatoric creep strain. The essence
of this section lays in the aforementioned statement. The triaxial specimen is
ABAQUS originally consolidated isotropically is loaded until the stress state is set
somewhere between the short-term and the long-term CSL regardless whether the
stress state is adjusted on the SSE (in the results portrayed herein the PYE and the
SSE are not tangent). Then the specimen is allowed to creep and depending on the

material constant a’ associated with the strength envelope evolution (due to the

viscous effects) delayed failure occurs sooner or later. It is noted that in the
laboratory not all stress states laying between the short-term and the long-term CSL
fail at times that can be measured (creep failure may require several years). For one,
the time for the delayed failure to occur may be so long that there is no point in
keeping the apparatus occupied for that kind of period. For example if the specimen
fails after a year of viscous acting phenomena, the soil skeleton will have sustained
so many alterations in its chemical composition that would not truly be characteristic
of the original sample. The formation of fungous in the interparticle space,
considering that the water is stationary, will result in bonding thus transforming the

material properties and in essence the soil itself.
The loading steps are portrayed here below:

¢ Geostatic step: The soil element is originally consolidated isotropically to
80kPa (Point A). The initial step is undertaken to establish equilibrium
between the initial values and the calculated stress state. The time period of
this step is fixed and equal to 1day.

¢ Loading step: The axial stress was increased from 80kPa to 180kPa while the
confining pressure was kept constant to 80kPa. Hence, the specimen is loaded
until the stress state lays on PYE at a state between the short-term and the
long-term Critical State Line inclination. In order to disregard any viscous
effects this loading increment was undertaken at At = 0.05 days.

o Creep step: The stress field is kept constant while the specimen is allowed to
creep. Failure (at point C) is attained once the stress state is adjusted on the
CSL. It is noted that it is not necessary for the CSL to reach the long-term

inclination for the soil specimen to fail.
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What is important to remember is that failure is triggered by the viscous effects.
However, it is the plastic deformation that accumulates faster leading to failure.
Hence, the tertiary or acceleration creep stage may not be suitable to describe the
phenomenon of delayed failure. After all in the laboratory measurements refer to the
axial strain during creep and are attributed to the viscous effects (it is just an
assumption). The term tertiary creep is nothing else but our limited insight of the
phenomenon. The soil fails to distinguish between the elastic, plastic or viscous
strain components. Separating the behavior in fields and regimes stems from our
lack of understanding of the underlying mechanisms attributing to the overall
mechanical response. The focal point is to provide the stress-strain-strain rate soil
response simulating the mechanical behavior measured in the experimental tests. It
is of no consequence whether it is the plastic or the viscous strain that leads to
failure, as long the predicted behavior is justified through the experimental
measurements. In this end, the term tertiary creep will not be used henceforth in this
dissertation to denote failure due to creep but failure attributed to plastic strains

triggered by viscous phenomena.

A structureless slightly overconsolidated soil specimen conforming to the material
constants displayed in Table 6.18 is subjected to creep once loaded to a stress state

between the short and the long-term CSL on the wet domain. The halfsize of the

Intrinsic Strength Envelope was assumed originally equal to a” =50kPa and the
halfsize of the Structure Strength Envelope a=50kPa, characteristic of a

structureless state where B = a/ a” =1. The axial strain was increased until failure

(from Point A to point B and then it was left to creep until failure C) while at the

same time the volumetric strain was set to null. The tensional translation was also

considered asnull d,, =0.

The mechanical response assuming different material constants a is depicted in

Figure 6.19. Once again regardless of the assumed material constant value a, the

stress path portrays an inclination of 1:3 in the p-g diagram reaching the exact same
shear stress (the problem is stress controlled). Then the specimen is allowed to creep

thus transitioning the strength envelope towards the long-term state. For the two

higher assumed values of the material constant a’ the soil sample fails. For the
lowest examined value of a’ =1 the CSL continues translate towards the stress state
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but requires significantly more time to attain it. Note that the value of &, ~0.34

refers to 300 days of undergoing creep for the a’ =1 curve.

The volumetric and deviatoric creep strain components associated with the creep
testing in the triaxial apparatus are depicted in Figure 6.20. It is evident that the
volumetric creep strain component is minimal while the shear viscous strain is

significant and approximately two orders of magnitude higher.

Table 6.18:  Constitutive parameters involved in the investigation of delayed

failure in the triaxial apparatus.
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Figure 6.19: Investigation of strength envelope evolution in triaxial drained creep
testing of a structureless soil specimen on the wet side depicted in a.
the p-g space and b. g-¢q diagram.

While all the curves concerning the volumetric creep strain component are aligned

following the exact same curve for all material constant values a’ the deviatoric
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viscous behavior portrays some differences in terms of the simulated response. The
reason for this is relatively simple. The volumetric creep strain component acts on
the current stress state that lays intact throughout time. Hence, there is no reason for
the curves to follow a different inclination whatsoever. The curves appear simply to
stop once the failure state is attained. On the other hand, the deviatoric viscous
response involves the relative distance from the strength envelope (or the peak
strength assuming a highly overconsolidated sample). While the stress state does not

change the strength envelope evolves thus increasing the shear stress ratio D.

Hence, different material constants a, result in distinctly different paths.
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Figure 6.20: a. Volumetric and b. deviatoric viscous strain components expressed
as a function of time in triaxial drained creep testing.

The most important however plot revealing delayed failure has been left for last.
Figure 6.21 portrayed the shear strain as a function of time. The sole thing to be
extracted from this diagram lies on the capability of the model to simulate the
delayed failure, not through the rapid increase of the viscous strains but due to the
accumulation of plastic deformations. Smaller values of the material constant a’ shift
failure to considerable longer time periods. One might assume that the lowest value
assumed a’ =1 portrays the secondary compression stage but a careful examination
of Figure 6.20 reveals that the viscous deviatoric strains continues to increase with

time thus resetting the strength envelope closer to the stress state until failure occurs.
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Figure 6.21: Investigation of strength envelope evolution in triaxial drained creep
testing of a structureless soil specimen on the wet side depicted in &4-
diagram.

6.5.2 Time dependent behavior in plane strain loading

The effect of creep in plane strain compression is investigated in this section under
drained conditions. The creep response in this case appears similar to the previous.
Low shear stress levels activate solely the primary stage while significantly higher

stress intensities lead to failure.

The current subsection investigates the deleterious effects of deviatoric creep strain
on soil strength at plane strain shearing modes. The plane strain element is ABAQUS
is originally consolidated isotropically at 80kPa (Point A). After equilibrium is
attained the element the vertical stress increases from 80kPa to 355kPa while the
confining pressure is kept constant and equal to 80kPa (Point B). The soil element is
allowed to freely deform in the horizontal direction (the cross sectional displacement

is null considering plane strain conditions). The axial loading sets the stress state
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somewhere between the short-term and the long-term CSL regardless whether the

stress state is adjusted on the SSE. The element is allowed to creep and depending on

the material constant a’ delayed failure occurs sooner or later (Point C).

The loading steps involved are portrayed below (similar to the previous case):

e Geostatic step: The soil element is originally consolidated isotropically to
80kPa (Point A). The initial step is undertaken to establish equilibrium
between the initial values and the calculated stress state. The time period of
this step is fixed and equal to 1day.

¢ Loading step: The vertical stress increases from 80kPa to 355kPa while the
confining pressure is kept constant and equal to 80kPa (Point B). The element
is allowed to freely deform in the horizontal direction (the cross sectional
displacement is null considering plane strain conditions). Loading sets the
stress state somewhere between the short-term and the long-term CSL
regardless whether the stress state is adjusted on the SSE. In order to
disregard any viscous effects this loading increment was concluded after
At = 0.05 days.

e Creep step: The stress field is kept constant while the element is allowed to
creep. Failure (at point C) is attained once the stress state is adjusted on the
CSL. It is noted that it is not necessary for the CSL to reach the long-term
inclination for the soil element to fail.

The same structureless slightly overconsolidated soil specimen as before (conforming
to the material constants displayed in Table 6.18) is subjected to creep once loaded to
a stress state between the short-term and the long-term CSL on the wet domain. The
halfsize of the Intrinsic Strength Envelope was assumed originally equal to

a’  =50kPa and the halfsize of the Structure Strength Envelope a=50kPa,

characteristic of a structureless state where B = a/ a’ =1. The tensional translation

was settonull d,, =0.

The constitutive time dependent response assuming different material constants a,

is depicted in Figure 6.22. Regardless of the assumed material constant value a’ the

stress path in the p-q diagram reaches the exact same shear stress state (the problem

is stress controlled). The element is allowed to creep thus transitioning the strength
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envelope towards the long-term state. For the two higher assumed values of the

material constant a, the soil element fails. For the lowest examined value of a/ =5

the CSL continues to transpose towards the stress state but requires significantly

more time to attain it. Note that the value of &, ~0.31 refers to 300 days of

undergoing creep for the a’ =5 curve.
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Figure 6.22: Investigation of strength envelope evolution in plane strain drained
creep testing of a structureless soil specimen on the wet side depicted
in a. the p-g space and b. g-¢4 diagram.

The volumetric and deviatoric creep strain components associated with the creep
testing under plane strain conditions are depicted in Figure 6.23. It is observed that
the volumetric creep strain component is minimal while the shear viscous strain is
approximately two orders of magnitude higher. The argument could be made that
the selection of the parameters was a bit crude concerning the volumetric
component. However, the effect of volumetric component will be examined later on
oedometer creep and stress relaxation tests revealing that the selected values are
more than accurate and conforming with the selected inviscid parameters according

to Mesri and Gholamreza (1977).
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Figure 6.23: a. Volumetric and b. deviatoric viscous strain components expressed
as a function of time in plane strain drained creep testing.
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Figure 6.24: Investigation of strength envelope evolution in plane strain drained
creep testing of a structureless soil specimen on the wet side depicted
in e4-t diagram.
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All volumetric creep strain component curves are aligned regardless of the selected
material constant values a,. The deviatoric viscous component however reveals the

same differences as before in terms of the simulated response. The volumetric creep
strain component acts on the current stress state that lays intact throughout time.
Hence, there is no reason for the curves to follow a different inclination whatsoever.
The curves simply cease to evolve once the failure state is attained. On the other
hand, the deviatoric viscous strain component involves the relative distance from the
strength envelope. While the stress state does not change the strength envelope

evolves thus increasing the shear stress ratio D. Hence, different material constants

a, result in distinctly different paths.

However, the most important plot revealing delayed failure is Figure 6.24 portraying
the shear strain as a function of time. Note that the proposed model can capture the

delayed failure response. Once again, smaller values of the material constant a/

translate failure to considerable longer time periods. The soil response for the lowest
value of a’ =5 does not really depict the secondary compression stage (at point C). A

thorough examination of Figure 6.23 reveals that the viscous deviatoric strain
continues to increase with time thus resetting the strength envelope closer to the
stress state until failure occurs. The material reveals its stationary creep stage at the

time scale selected to depict the simulated response.

6.5.3 Time dependent behavior in direct simple shear testing

A structureless slightly overconsolidated soil sample subjected to direct simple shear
testing is examined in terms of the mechanical behavior associated with time
dependent phenomena. Although direct simple shear testing may appear redundant
at first glance, the main reason lays with the retrogressive slope instability problem
activating the exact same shearing mode. Hence, it is of interest to investigate the

mechanical behavior under direst simple shear testing.

The effect of viscous shear strain on the mechanical behavior is examined in a direct
simple shear test. The inviscid elastoplasticity cannot account for the post yielding
failure of the soil associated with time. Assuming that a soil specimen is subjected to
direct simple shear without failing, the classical elastoplasticity theory cannot

account for the time dependent behavior which leads to delayed failure.
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A single element is subjected to direct simple shearing in the Finite Element Code

ABAQUS. The objective is to stress the element far enough as to set the stress state at

the intermediate space defined through the intersection of the short-term and long-

term CSL in the stress hyperplane. This step is assumed to be concluded very rapidly

to minimize the time-dependent effects on the overall mechanical behavior during

the initial loading step. Afterwards the element is allowed to creep until failure.

What is of great interest is to investigate the effect of the material constant a, in the

failure time period.

The loading steps involved are summarized here below:

Geostatic step: The soil element is originally consolidated isotropically to
80kPa (Point A). The initial step is undertaken to establish equilibrium
between the initial values and the calculated stress state. The time period of
this step is fixed and equal to 1day.

Loading step: The element was sheared by imposing the same nodal force
(lateral 6.5kN) in each node defining the upper surface of the element (note
that the nodes defining the bottom surface were pinned). The applied shear
stress was equal to 26kPa in total, thus setting the stress state on PYE
somewhere between the short-term and the long-term CSL (Point B). In order
to disregard any viscous effects this loading increment was concluded after
At = 0.05 days.

Creep step: The stress field is kept intact while the specimen is allowed to
creep. Failure (at point C) is attained once the stress state is adjusted on the
CSL. It is noted that it is not necessary for the CSL to reach the long-term

inclination for the soil specimen to fail.

A structureless slightly overconsolidated soil element (the associated material

constants are depicted in Table 6.18) is subjected to creep once loaded to a stress

state laying at the intersection of the short-term and long-term CSL on the wet

domain. The halfsize of the Intrinsic Strength Envelope was assumed originally

equal to a =50kPa and the halfsize of the Structure Strength Envelope

a=50kPa, characteristic of a structureless state where B, :a/ a"=1. The

tensional translation was set to null d,, =0. The predicted time-dependent

mechanical behavior assuming different material constants a’ is depicted in
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Figure 6.24. Regardless of the assumed material constant value a the stress path

in the p-q diagram reaches the exact same shear stress state (the problem is stress

controlled). Then the specimen is allowed to creep thus transitioning the strength

envelope towards the long-term state. All assumed values of the material

constant a result in delayed failure. Elevated values of the constitutive

parameter &, resultin a more rapid failure.
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Figure 6.25: Investigation of strength envelope evolution in direct simple shear
creep testing of a structureless soil specimen on the wet side depicted
in a. the p-g space and b. g-¢q diagram.
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Figure 6.26: a. Volumetric and b. deviatoric viscous strain components expressed

as a function of time in direct simple shear creep testing.
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The volumetric and deviatoric creep strain components associated with the creep
testing in direct simple shear are depicted in Figure 6.26. It is evident that the
volumetric creep strain component is minimal while the shear viscous strain is
approximately two orders of magnitude higher. A brief examination of the diagram
reveals that it is not the viscous component that builds up for failure to occur. It is
simply the trigger shifting the strength envelope towards the current stress state.

Note that all volumetric creep strain curves are aligned regardless of the selected

material constant values a, .
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Figure 6.27: Investigation of strength envelope evolution in direct simple shear
creep testing of a structureless soil specimen on the wet side depicted

in g4-t diagram.
The deviatoric viscous component however diverges in terms of the simulated
response. On the one hand, the volumetric creep strain component acts on the
current stress state (hence, laying intact considering that the stress state does not

change) and on the other the deviatoric viscous strain component involves the
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relative distance from the strength envelope. While the stress state does not change
the strength envelope evolves thus increasing the shear stress ratio D. Hence,

different material constants a,’ result in distinctly different paths.

Figure 6.27 portrays the shear strain as a function of time. Note that the proposed

model can capture the delayed failure response. Once again, smaller values of the

material constant a, translate failure towards considerable longer time periods.

6.5.4 Time dependent behavior in standard oedometer creep tests

While the plane strain and direct simple shear tests have been incorporated within
the current chapter to illustrate the deleterious effect of viscous deviatoric strain on
the material strength they offer no new insight in the time-dependent mechanical
behavior of geomaterials. What is of major importance however, is to investigate the
combined effect of volumetric and deviatoric viscous strains in both standard

oedometer and stress relaxation tests (to be analyzed next).

To make a long story short, numerical analyses referring to a structureless slightly
overconsolidated soil sample (the associated material constants are summarized in
Table 6.18) are performed in order to illustrate the combined effect of the volumetric

and the deviatoric viscous strain. The halfsize of the Intrinsic Strength Envelope was
assumed originally equal to @  =50kPa and the halfsize of the Structure Strength

Envelope a =50kPa, characteristic of a structureless state where B, = a/ a =1.The

tensional translation was set tonull d,, =0.

This section focuses on a single value of the material constant a’ =20, in order to

clarify the overall mechanical behavior considering that there is no failure involved
in the system. Hence, an isotropically original consolidated state is assumed equal to
80kPa. The element is stressed vertically from 80kPa to 3636kPa corresponding to a
vertical strain of approximately 0.2. Then the element is allowed to creep while the

vertical stress is kept intact.
The loading steps involved are analyzed here below in further detail:

e Geostatic step: The soil element is originally consolidated isotropically to

80kPa (Point A). The initial step is undertaken to establish equilibrium
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between the initial values and the calculated stress state. The time period of
this step is fixed and equal to 1day.

e Loading step: The element is compressed vertically. The vertical pressure
increases from 80kPa to 3,636kPa (corresponding to a vertical strain of
approximately 0.2-Point B). In order to disregard any viscous effects this
loading increment was concluded after At =0.05 days.

e Creep step: The vertical imposed stress is kept constant while the specimen is
allowed to creep for 1,000 days (point C).

Figure 6.28 summarized the mechanical response of the system both in the stress
space and in terms of the shear stress-strain behavior. It is evident that the stress
state does not lay in the intersection of the short and long-term CSL (hence, it is
impossible for the element to fail). The sudden drops in both the p-q space and the g-

gq diagram are associated with the effect of viscous strains.
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Figure 6.28: Investigation of time dependent soil response in standard oedometer
creep testing of a structureless soil specimen on the wet side depicted
in a. the p-g space and b. g-¢q diagram.

What is to be expected from the standard oedometer creep test is summarized in
Figure 6.29. During creep the void ratio decreases with evolving time while the
vertical effective stress is kept constant. This results in the drop in the v-In(ov)
diagram. Hence, it is the volumetric creep strain that contributes to this simulated
behavior. The effect of the deviatoric viscous deformation is depicted through the
sudden drop in Figure 6.28 and can be associated with the increase of the horizontal

effective stress depicted in Figure 6.30. The deviatoric creep strain component
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accumulates at a considerably faster rate than the volumetric. Considering that the
total strain equals the vertical and that the volumetric creep component is
approximately two orders of magnitude smaller than the deviatoric creep viscous
deformation the element tends to undergo a stress rebound by resetting the stress

state towards the isotropic state.
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Figure 6.29: Investigation of time dependent soil response in standard oedometer
creep testing of a structureless soil specimen on the wet side depicted
in the v-In(ov) space.

In this sense, the vertical stress is fixed considering it is externally applied and
equilibrium needs to be satisfied while the horizontal stress is allowed to increase.
The deviatoric stress is small enough to change the inclination of the CSL in the stress
space rapidly (consider Figure 6.28). Hence, the deviatoric plastic strain component
during creep is negligible. This means that approximately the horizontal viscous

equals the elastic strain component in magnitude causing the lateral pressure to
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increase. Hence, the lateral pressure coefficient K tends to evolve towards unity with

time.

Summarizing, it is the combined effect of volumetric and shear creep that is revealed
in the standard oedometer test. The volumetric builds on strength resulting in the
drop depicted in the v-In(oy) diagram while the deviatoric strain is responsible for

transitioning the stress state towards isotropic pressures.
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Figure 6.30: Investigation of a. the principal stress components and b. the lateral
earth pressure coefficient K as a function of time in a standard
oedometer creep test.

6.5.5 Time dependent behavior in stress relaxation tests

This subsection investigates the predicted mechanical response of a slightly
overconsolidated soil element subjected to stress relaxation. Next, the research
focuses on results based on numerical analyses in the F.E.M. Code Simulia ABAQUS
assuming the material constants depicted in Table 6.18. The halfsize of the Intrinsic
Strength Envelope was assumed originally equal to a” =50kPa and the halfsize of
the Structure Strength Envelope a =50kPa, characteristic of a structureless state

where B, =a/a” =1. The tensional translation was set to null d,, =0. An original

isotropically consolidated state is assumed equal to 80kPa. In the stress relaxation
test simulated in this section a given soil element was compressed by prescribing a
vertical displacement equal to 0.2. The loading increment did not set the stress state
at the intersection of the short and long-term CSL considering that it is a Ko situation

and therefore the element does not fail.
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Following the compression the element is allowed to creep but the displacement field
is kept intact. This results in the stress relaxation as can be seen from Figure 6.31.

This section focuses on a single value of the material constant a =20, in order to

clarify the overall mechanical behavior (considering that there is no failure involved

in the system).
The loading steps involved are analyzed here below in further detail:

e Geostatic step: The soil element is originally consolidated isotropically to
80kPa (Point A). The initial step is undertaken to establish equilibrium
between the initial values and the calculated stress state. The time period of
this step is fixed and equal to 1day.

¢ Loading step: The element is compressed vertically until the imposed strain
reaches 0.2 (Point B). In order to disregard any viscous effects the current
loading increment was concluded after At =1day.

e Creep step: The vertical imposed stress is kept constant while the specimen is
allowed to creep for 1,000 days (point C).

The stress path in the p-q space reveals a peculiar behavior at first glance. Once the
loading ceases to act on the soil element the viscous phenomena force the stress state
to decrease and tend to set it back to null isotropic stresses. The phenomenon is also
visible in the shear stress-strain diagram. The drop in the shear stress is attributed to
the deviatoric viscous strain acting to set the horizontal and the vertical stresses

aligned (Figure 6.33).

Figure 6.32 portrays the decrease of isotropic pressure at a constant void ratio. The
mechanism is rather simple in its essence. The vertical stress is allowed to decrease
thus slowly aligning with the lateral. At the mean time the volumetric creep
component acting on the element forces the isotropic pressure to decrease and
assuming that the stress relaxation was allowed to undergo infinitely it would set the

stress state at null hydrostatic pressure.

Summarizing, what is important to store in mind is that the deviatoric creep strain
causes the vertical stress to decrease thus setting the lateral pressure coefficient to
unity (Figure 6.33). This sums up the difference from the standard oedometer creep
test where the viscous shear deformation would increase the lateral stress to adjust

with the vertical. In terms of the volumetric viscous strain in stress relaxation testing
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it causes the isotropic pressure to transgress to null hydrostatic pressure while in the

standard oedometer test it has the exact opposite effect.
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Figure 6.31: Investigation of time dependent soil response in stress relaxation
testing of a structureless soil specimen on the wet side depicted in a.
the p-g space and b. g-¢q diagram.
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Figure 6.32: Investigation of time dependent soil response in stress relaxation
testing of a structureless soil specimen on the wet side depicted in the
v-In(p) space.
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Figure 6.33: Investigation of a. the principal stress components and b. the lateral
earth pressure coefficient K as a function of time in a stress relaxation
test.

6.6 Concluding remarks

In this chapter the predicted constitutive behavior of the proposed model was
investigated on both structured and non-structured deposits. The proposed model
was evaluated through a parametric study investigating different aspects of the

simulated behavior.

The effects of initial and small strain stiffness as well as the structure degradation
process due to plastic straining were examined in the degenerated elastoplastic basis
model. In this end, an ensemble of single point or element based (in Finite Element
Code SIMULIA ABAQUS) numerical analyses were conducted. All elastoplastic
material constants were analyzed and the associated behavior was examined in the

elastoplastic model thus providing a range of magnitude for future selection.

As for the time dependent soil response the strength envelope was examined
through further numerical analyses incorporating the viscous phenomena within the
constitutive governing equations. Results were presented in drained triaxial, plane
strain and direct simple shear testing on a slightly overconsolidated soil specimen.
The deviatoric component revealed its devastating effect on soil strength leading
ultimately to delayed failure. The reason for imposing drained conditions lies with
the definition of creep postulating drained boundary conditions for the stress state to

remain intact. The reason for not including results referring to the dry side
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(characteristic of highly overconsolidated states) lies on the negligible effect of
viscous phenomena in such regions. In these cases the softening effect would cause
the stress imposed problem to rebound thus not revealing any significant
information about the true time-dependent soil behavior. It is noted that the stress
state is required to be "sufficiently" close to the failure envelope for the deleterious
creep effects on soil strength to be dominant. This means that the stress state needs to

lay on the intermediate boundary of the short and long-term CSL.

The effect of time dependency was further evaluated in standard oedometer creep
and in stress relaxation tests. While both experimental setups result in the lateral
pressure coefficient to become unity the trigger mechanism is considerably different.
In the case of the standard oedometer test the shear viscous strain causes the lateral
stress to increase thus aligning ultimately (with time evolving) with the vertical. In
the meantime, the volumetric creep component builds on strength thus increasing
the size of the SSE, decreasing the void ratio and increasing the isotropic pressure
(only the vertical pressure is constant - the horizontal increases with time). In the
stress relaxation tests the deviatoric viscous strain results in the vertical pressure to
decrease and align with the lateral. The volumetric viscous component on the other
hand results in the drop of the isotropic pressure at a constant void ratio, thus

translating to null isotropic values at infinite time.
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Comparison with experimental measurements

71 General

The current chapter addresses the necessity for the evaluation of the proposed model
against laboratory measurements both in the oedometer and in the triaxial
apparatus. The constitutive parameters will be quantified in an attempt to simulate
the mechanical time-dependent response of a soil sample. Considering that the
oedometer viscous response of soils has been extensively covered in the literature
(i.e. Terzaghi, 1996; Leoni et al., 2008; Yin et al., 2010; Sivasithamparam, 2013)
estimation of the secondary compression index is well established and requires no
further investigation. The oedometer viscous response of a very soft clay (resembling
peat) is addressed to investigate the capabilities and limitations of the proposed

model.

Attention will be paid to the deleterious effects on the soil strength revealed in
triaxial loading. Considering that the elastoplastic basis model is an extension of the
Modified Cam Clay (MCC) criterion the governing equations can simulate accurately
the mechanical response of clayey structured and non-structured soils. However,
purely drained triaxial results on clays are rather difficult to attain. The time period
to reveal the deleterious effects of the shear viscous strain may be of the order of 200
to 1,000 days. Thus, it is evident that such tests cannot be easily found in novel data.
A very limited amount of published studies address the drained time-dependent
mechanical behavior of clays in the triaxial apparatus, namely by Bishop (1966) and
Ter-Stepanian (1975). Bishop conducted drained triaxial creep tests on brown
London clay from Hendon (delayed failure occurred after 200 days) while Ter-

Stepanian presented results on sensitive clay (failure occurred after 1,000 days).
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Most researchers tend to address the time-dependent behavior of clays by focusing
on the undrained response. Bjerrum et al. (1958) performed undrained triaxial tests
on Fernubu clay originating from an isotropic consolidation state. Similar
experiments were undertaken by Richardson and Whitman (1963) on a Mississippi
Valley alluvial clay, by Ladd (1972) on Atchafalaya clay, by Alberro and Santoyo
(1973) on Mexican clay, by Vaid and Campanella (1977) on undisturbed Haney Clay,
by Mayne and Kulhawy (1990) on Marine clay and Zhu and Yin (2000) on re-
consolidated Hong-Kong Marine clay deposits. Undrained triaxial creep tests have
also been performed by originating from anisotropic consolidation states either at Ko

conditions or at different shear stress ratios.

Berre (1975) presented undrained triaxial results on Drammen clay assuming an
original anisotropic state of consolidation. Hight (1983) performed similar
experiments on Lower cays. Graham et al. (1983) conducted undrained step range
strain rate creep tests in the triaxial apparatus on Belfast and Mastemyr clay (similar
to Karstunen et al., 2013; Sivasithamparam et al., 2013; Yin et al., 2010). Lefebre and
Leboeuf (1987) and Marques et al. (2004) examined the time-dependent response of
various clays assuming undrained boundary conditions originating from either
isotropic or anisotropic consolidation states. Sheahan et al. (1996) and Yin and Cheng
(2006) investigated the strain-rate dependent behavior of Ko consolidated specimens
in the triaxial apparatus assuming undrained conditions. By further accounting for
the Mitchell et al.' (1968) experiments addressing the undrained time-dependent
behavior of remolded illite, remolded San Francisco Bay Mud and a Kaolinite-Sand
mixture in the triaxial apparatus it becomes evident that the majority of experimental
results on clays refer to undrained boundary conditions. Many researchers (i.e.
Mitchell et al, 1968; Vaid and Campanella, 1977, Karstunen et al., 2013;
Sivasithamparam et al., 2013; Yin et al., 2010) imposed Constant Strain Rate loading
regarding such process as characteristic of creep behavior. Regardless, whether the
effect of constant strain rate loading affects the soil strength it is not characteristic of
pure creep and should not be employed to clarify the elemental mechanisms

associated with the time-dependent mechanical behavior.

Note that during undrained loading the shear viscous strains tend to increase while
the total volumetric strain is fixed. Hence, the specimen is on the one hand, allowed

to relax and on the other the shear viscous strain leads to failure. By further taking
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into account, that the very definition of creep accounts for constant effective stress it
becomes evident why drained conditions are required to portray the total response
of the system. Hence, the current dissertation needs to investigate the effect of
viscous shear strain in another geomaterial (other than clay that is) under drained

conditions in the triaxial apparatus.

Di Prisco and Imposimato (1996) conducted both dry and saturated drained and
undrained experiments on loose Houston sand of relative density D, =20% in the

triaxial apparatus. The mechanical response of sand does not appear suitable for
application considering that the proposed constitutive model addresses the time-
dependent behavior of clayey deposits and structured materials resembling cohesive
media. Furthermore delayed failure which is the major keypoint to be considered is
portrayed solely in an undrained experiment. Heap et al. (2009) and Ventura et al.
(2010) performed constant shear stress triaxial experiments on sandstone. Yang and
Jiang (2010) further conducted triaxial experiments on sandstone leading to tertiary
failure. However, slices were included in the sandstone specimens to examine the

overwhelming time-dependent effect of coal on the associated failure.

An ensemble of researchers have focused on the time-dependent behavior of rock
salt considering possible applications in radioactive waste disposal systems (i.e. Yang
et al., 1999; Hunsche and Hampel, 1999; Slizowski and Lankof, 2003; Zhang et al.,
2012). An extensive survey of such efforts and experimental measurements reveals
that at extremely high shear stress levels the strain increases rapidly leading to high
axial measured values but soon recovers. Hence, no delayed failure occurs in the
specimens at least at the strain levels that can be measured in the laboratory. This
justifies also its use in the radioactive waste disposal systems to heal potential

cracking.

Shao et al. (2003) and Gasc-Barbier et al. (2004) focused on the time-dependent
response of hard argillites. Granite (i.e. Fujii et al., 1999; Maranini and Yamaguchi,
2001; Brantut et al., 2012), tuffs (i.e. Martin et al., 1997; Ma and Daemen, 2006; Shibata
et al., 2007; Okubo et al., 2008) and basalt (i.e. Heap et al., 2011) has also been the
focal point of numerous publications addressing the time-dependent mechanical

response of geomaterials. Further experimental surveys investigate the time-
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dependent response in triaxial tests addressing limestone (i.e. Maranini and Brignoli,

1999) and even Recycled Asphalt Pavements (RAP) (i.e. Juarez-Badillo, 2011).

What is however astonishing is that very few researchers tend to focus on the
mechanical response of the system subjected to a loading stress path (to the inviscid
behavioral characteristics). Instead, attention is given solely on the strain-strain rate-
time plots and completely neglect to examine any loading path. An elastic modulus
and possibly a friction angle are to be expected at best. If a picture speaks louder
than a thousand words consider having solely the strain-strain rate-time diagram as
a single word to extract the entire mechanical response of the geomaterial. It is
ludicrous if not impossible to do so. In this end, the capability of the proposed model
to simulate the delayed failure mechanism is examined in a well documented case of

coal by Debernardi (2008).

7.2 Evaluation of the proposed model in oedometer tests

The proposed constitutive model incorporates the secondary compression index for
the estimation of the volumetric creep strain component. Considering that the
secondary compression index is a well established quantity in the literature (usually
expressed as a fraction of the virgin compression index) the research focuses on
simulating the time-dependent response solely in an oedometer test on a very soft

natural clay resembling peat (Yin et al., 2010).

The original consolidation state corresponds to Ko conditions thus not conforming
probably to the constant orientation of the bounding surface along the hydrostatic
axis. The proposed elastoplastic basis model employed does not allow for simulation
of the primary anisotropy of the material fabric. Regardless, however of any possible
shortcomings of the proposed model in that respect the predicted mechanical

behavior will be investigate regardless.

Figure 7.1 portrays the simulated mechanical response in terms of the volumetric
strain as a function of time. The constitutive parameters associated with the
predicted soil response are depicted in Table 7.1. Originally the specimen was
stressed until the vertical effective pressure reached 132kPa and then it was allowed
to creep. The simulated mechanical response portrayed in Figure 7.1 coincides with

the measured experimental line of Yin et al. (2010). Note that the simulated line
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corresponds to a significant value of y to capture the experimental measurements,
which is characteristic of peat rather than clay. However, considering the extremely
elevated compressibility parameter A and the minimal poroelastic parameter x (the
measured ratio 4/k ~12.63 which is extremely low) the aforementioned statement is
justified. Based on the experimental measurements of A and x and the physical
properties of the soil sample as portrayed in Table 7.1 the value of the constitutive
parameter i adopted is 0.028. Note that the authors suggest use of C, =0.022 which
corresponds to a value of y =0.026. Considering that there are no available data to

simulate the shear viscous strain and that the model results in a different Ky value

(0.6548) than the experimental 0.48 the target was set solely to predict the simulated

response.
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Figure 7.1: = Comparison of the simulated time-dependent soft natural clay

response (dotted line) with the experimental measurements (solid
line) by Yin et al. (2010) in an oedometer test.
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Table 7.1: Constitutive parameters associated with Yin et al. (2010).

*

% a ) ) . €
Niso Bo Bres (kPa) Cin Cfin OCR 2 (G / K) A
4.8793 1 1 36.225 0.9798 0.9798 1.05 0.75 0.48
K ﬂ,* V din nvp nqp é/vp é/qp qu
0.038 5 1 0 75 75 0 0 0
fo -
9P V_ av
! (days) a =a, P A m a DLIMIT ¢
0 1 0 0.028 0.016 0.8 2.5 10-6 0.02

It is noted that for such high values of the secondary compression index
corresponding to peat rather than clay the appropriate and accurate definition of the
stiffness matrix becomes significant. Hence, the simulation above was conducted in a
single point analysis rather than ABAQUS considering that the finite element code
employed does not allow for a definition of a separate relaxation matrix but solely
for an individual stiffness tensor. Values for the secondary compression index are
easily accessible in the literature and have been the focal point of many researchers.

Hence, the oedometer time-dependent response will not be discussed any further.

7.3 Evaluation of the proposed model in triaxial tests

This section investigates the deleterious effect of viscous shear strain on the soil
strength. Drained conditions will be assumed corresponding to a constant effective
stress field characteristic of pure creep. The capability of the proposed model to
simulate the delayed failure mechanism is examined in a well documented case of

coal by Debernardi (2008).

The mechanical behavior of coal is considerably different from clay. Considering that
several MPa of stress need to be applied for the soil specimen to fail, Debernardi
(2008) conducted shearing tests resembling triaxial conditions in a High Pressure
Triaxial Apparatus (HPTA) of Polytechnico di Torino depicted in Figure 7.2. The
apparatus is characterized by a maximum vertical load capacity of 250kN. The
specimens tested are cylindrical of either 50mm, 70mm or 100mm in diameter and of
height up to 200mm. This means that for the case of the highest diameter of 100mm
the maximum vertical pressure that can be applied is 31.83MPa. The HPTA can

apply a confining pressure up to 64MPa and interstitial water pressure up to 32MPa.

-298-



Chapter 7: Comparison with experimental measurements

Figure 7.2:  High Pressure Triaxial Apparatus employed by Debernardi (2008) (a.
triaxial cell; b. load frame; c. cell pressure actuator; d. back pressure
hydraulic actuator; e. acquisition and control system; f. hydraulic tank

system).
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Figure 7.3: = General layout of the high speed railway tunnel Torino-Lyon (from
Debernardi, 2008).

The rock samples investigated by Debernardi (2008) were extracted from the Saint
Martin La Porte access adit along the Torino-Lyon Base tunnel. The Saint Martin La

Porte access edit (80m2 cross section and 2050m in length) comprises one of the three
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access adits, on the French side portrayed in Figure 7.3. Intact coal samples were
extracted from a borehole adjacent to tunnel face. The sample depth is portrayed in
Table 7.2 to clarify the fact that the samples were extracted at significant depths

ranging from 400m to 500m and therefore the confining pressure is extremely high.

Table 7.2: Core samples of intact coal extracted (Debernardi, 2008).

Sample Box Depth from  Depth to Length Diameter
(m) (m) (mm) (mm)
A10 178 394.20 394.40 200 85
All 179 397.40 397.70 300 65
Al12 - 398.50 399.00 500 65
Al13 - 399.50 400.00 500 65
A15 208 507.40 507.65 250 65
Al6 208 508.40 508.80 400 65
Al17 208 509.40 510.20 700 65

Table 7.3: Physical and index properties of coal (Debernardi, 2008).

Unit weight Y 17.29 kN/m3
Specific weight Gs 1.99 kg/m?3
Porosity n 15.94 %
Void ratio e 0.19
Water content w 3.36 %
Degree of saturation S 35.26 %
Liquidity limit LL 36.21
Plasticity limit PL 25.71
Plasticity index PI 10.55
CaCO; content 0.70 %

The natural properties associated with coal are depicted in Table 7.3. Note that the
porosity is extremely high resembling a soil rather than rock. Regardless, whether
coal cannot be characterized as a conventional soil geomaterial similar to clay the
index properties have been determined. They provide no information whatsoever
but are simply incorporated for completeness. An elastic Young's modulus of

E =5GPa was selected by Debernardi.

In this section, two multi-stage creep tests are addressed. Experiments A17b and

Al7a will be examined and the time-dependent response will be simulated. The
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creep test Al7a in the triaxial apparatus leads ultimately to delayed failure. Hence, it

will be a good case study to validate the proposed model.

7.3.1 Creep triaxial experiment A17b

In the experimental study A17b a cylindrical coal specimen of 50.Imm in diameter
and 100mm in height is subjected to a multi-stage creep test. Note that in the
experimental study the specimen was originally consolidated isotropically at 5MPa
and it was left to creep after 3 days (the experiment was stopped due to certain
problems with the triaxial apparatus). Afterwards the specimen was compressed
isotropically at 10MPa and was left to creep for 21 days experiencing an axial strain
of 2*105. The creep strains measured are negligible and tend to a constant value after
the first 5days. Thus, solely the subsequent loading steps activating the shear viscous

strain will be investigated henceforth.

In the current investigation (it is assumed that) the original state corresponds to the
isotropic consolidation state at 10MPa (Point B). The specimen is then loaded until
the mean effective pressure reaches p=8.33MPa and the deviatoric stress increases to
g=10MPa (Point C). In other words the axial pressure increases while the confining

pressure is reduced. The stress path in the s-t diagram (according to the MIT

convention) follows a straight line by keeping the s (s :%-(0'l +0,)) constant and

changing the shear stress ¢ (t = % -(0,—03)). The specimen is left to creep for 13 days

by keeping the stress field constant and afterwards loading is resumed. The final
state sets the mean effective pressure to p=7.67MPa and the deviatoric stress to
g=14MPa (Point D). A creep stage of 18days follows the loading step to Point D. The

simulated loading increments are depicted in Table 7.4.

Figure 7.4 portrays the graphical representation of the undergoing stress path along
with the simulated response in terms of the axial strain as a function of time. What
becomes evident from a careful examination of the predicted mechanical response is
the fact that the model fails to represent accurately the primary compression. This is
an inherent assumption of the Singh-Mitchell expression focusing solely on the

secondary stage.
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Table 7.4: Stress path associated with experiment A17b (Debernardi, 2008).

Stress states (M;i’a) (M(i)a)
Point B 10.00 0.00
Point C 8.33 10.00
Point D 7.67 14.00

Stress state C and D lay far from the strength envelope. Hence, the shear stress level
denoted D is minimal and therefore the viscous strains do not accumulate in a rapid
rate. Consequently, no failure occurs in the specimen associated with time-
dependent phenomena. Furthermore, each loading increment is concluded within
36min to minimize any time-dependent effects during the loading phase. Note that
while for the lower deviatoric stress C (g=10MPa) the exponential Singh-Mitchell
parameter is m=0.81 it shows the tendency to increase to m=1.07 which is
characteristic of solely primary compression (Figure 7.5). Regardless, whether the
experimental values should result in the same exponential parameter m one would
assume that higher values of m should be anticipated for the smaller deviatoric stress

level, rather than the other way around.
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Figure 7.4:  a. Stress path associated with triaxial experiment Al17b and b.
simulated response (Sim.) vs. experimental measurements (Exp.) in a
diagram of axial strain expressed as a function of time.

Regardless however, of any discrepancies and inconsistencies involved in the

experimental data the proposed model performs adequately in this case even though
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the primary creep stage cannot be simulated accurately. The constitutive parameters

involved in the simulations are portrayed in Table 7.5.
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Figure 7.5:  Strain rate computed for the experiment A17b for the creep phase a. at
stress state C (p=8.33MPa & ¢=10MPa) and b. at stress state D
(p=7.67MPa & g=14MPa) (from Debernardi, 2008).

Table 7.5: Constitutive  parameters associated with experiment A17b
(Debernardi, 2008).
a* e
Bo Bres (MPa) (% Cin Cfin 2- (G /K ) A K
1 1 12.53 1.19  1.099 0.8736 0.923 0.0042 0'0828
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7.3.2 Creep triaxial experiment A17a

In the experimental study Al7a a cylindrical coal specimen of 50.1mm in diameter
and 100mm in height was subjected to a multi-stage creep test. In the experimental
study the specimen was originally consolidated at 20MPa. After 4 days of creep
negligible deformations were measured in the specimen. The specimen was then
loaded until the mean effective pressure reached p=17.67MPa and the deviatoric

stress increased to g=14MPa. In other words the axial pressure increased while the
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confining pressure was reduced. The stress path in the s-t diagram (according to the
MIT convention) follows a straight line once again by keeping the s constant and
changing the shear stress t. The specimen was left to creep for 16 days by keeping the
stress field constant and afterwards loading was resumed. The following loading
increment set the mean effective pressure to p=16.67MPa and the deviatoric stress to
q=20MPa. After 50 days of keeping the stress field constant and allowing the
specimen to creep the measured strains were negligible (the axial creep strain
measured was approximately 2*¥10--the axial creep strain was even smaller in the
previous creep stage of 16 days at a lower shear stress level). Loading was resumed
once more thus setting the stress state to a mean effective pressure of p=15.67MPa
and the shear stress to g=26MPa. At this point the specimen was allowed to relax for
13 days. The shear stress rebound was 1MPa thus setting the new state to
p=15.33MPa and the shear stress to g=25MPa (Point F). Note that the stress drop was
experienced rapidly. The stress drop was characterized negligible and consequently

the loading was further continued (Debernardi, 2008).

This study assumes that the stress state of origin lays on Point F. In the subsequent
loading increments the confining pressure is kept constant at 7MPa while the axial
stress increases. The compression is interrupted at stress states G, H, I, ] and K and
the specimen is left to creep for 3, 3.5, 15 and 13 days respectively. The stress states
corresponding to the aforementioned loading steps are portrayed in Table 7.6. Note
that the specimen exhibits failure attributed to viscous phenomena during the last

stage of loading at Point K.

Table 7.6: Stress path associated with experiment A17a (Debernardi, 2008).

Stress states (M;;’a) (M?’a)
Point F 15.33 25.00
Point G 16.33 28.00
Point H 17.00 30.00
Point I 17.67 32.00
Point J 18.33 34.00
Point K 19.00 36.00

The graphical representation of the undergoing stress path is depicted in Figure 7.6.

What is also visible in Figure 7.6 are the experimental measurements expressing the
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axial strain ¢, as a function of time. The measurements for the final stage at Point K

portraying creep failure will be examined separately considering that the order of
magnitude is different. Note that in the experiment there was some technical
problem encountered during the first creep stages at Point G and H and the creep
stages were stopped after approximately 3 days. Moreover, the fluctuations
portrayed in the experimental measurements are attributed to the variation of the

temperature inside the laboratory, spiking during the weekend (Debernardi, 2008).
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© - ) N o.\'. ':‘\’. ]
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10 2 0.01 | ee EXp.-Point| ]
- = Exp. - PointH ]
] — Exp. - Point G |
0 0.00
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p (MPa) time (days)
a. b.

Figure 7.6:  a. Stress path associated with triaxial experiment Al7a and b.
experimental measurements (Exp.) in a diagram of axial strain
expressed as a function of time at the stress states F, G, I and J.

The simulated response associated with the constitutive parameters portrayed in
Table 7.7 is depicted in Figure 7.7. It is obvious that for the lowest value of shear
stress level corresponding to state G there is a considerable difference between the
predicted and the experimental response in terms of the axial strain (expressed as a
function of time). This is attributed to two major factors. There was some technical
problem during the first stages and foremost the Singh-Mitchell basis model
employed does not aim to simulate the accurately the primary creep stage. The low
intensity of the shear stress justifies the statement that the geomaterial experiences
solely the primary creep stage since m=1.18 (Figure 7.8). In our simulation a mean
value m=0.994 of the exponential parameter was selected. Note that each loading
increment is concluded within 36min to minimize any time-dependent effect during

the loading phase.
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For higher shear stress levels Figure 7.7 reveals a rather elegant convergence
between the experimental measurements and the simulated time-dependent
mechanical response. Any comparative difference between the experimental data
and the simulated response is attributed to the fluctuations due to the increase or

decrease of the laboratory temperature.

Table 7.7: Constitutive  parameters associated with experiment Al7a
(Debernardi, 2008).
a* e
Bo Bres (MPa) 0 Cin Cfin 2- (G /K ) A K
1 1 22.03 119  1.099 0.8736 0.923 0.0042 0'08 28
1 ¥ din n’ n’ P P o° 9P
(MPa) v q v q q q
5 1 8.05 75 75 0 0 0 0
to v v —
(days) a, a, Y A m a DLIMIT ¢
1 50 2 23E-5 48E-6 0.9%4 7 10- 0.02
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Figure 7.7 Simulated response (Sim.) of the axial strain as a function of time

compared to the experimental measurements (Exp.) in multi-stage
creep test Al7a a. at stress states G and Hand b. I and J.
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Strain rate computed for the experiment Al7a for the creep phase at
stress state G (p=16.33MPa & q=28MPa), H (p=17MPa & gq=30MPa), I
(p=17.67MPa & ¢=32MPa) and ] (p=18.33MPa & g=34MPa) (from
Debernardi, 2008).

Next, the tertiary creep stage will be investigated associated with stress state K.

Figure 7.9 portrays the simulated response compared to the experimental

measurements. What becomes clear from a careful examination of the failure based

on the triaxial data is that the coal specimen tends to exhibit brittle failure due to the

propagation of the micro-cracking in the sample associated with the undergoing

viscous phenomena. The predicted mechanical behavior reveals a rather "ductile"

response attributed to the deficiency of the Singh-Mitchell empirical model that fails

to simulate accurately the primary creep stage. Considering that it is very difficult to
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isolate the primary portion the simulated mechanical behavior, Figure 7.9 portrays
the maximum potential performance of the proposed model in the multi-stage
experiment Al7a. What is however important to note is that the proposed model can
indeed capture delayed failure encountered during the tertiary creep stage. The

measured exponential Singh-Mitchell parameter m is portrayed in Figure 7.10.

03 ) ) ) l ) ) ) l ) ) ) l ) ) )
0.2 |-
S
W
0.1}
.7 ee Sim. - PointK
e — Exp.-PointK =
[ 4
0.0 .I 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 0.4 0.8 1.2 1.6
time (days)
Figure 7.9:  Simulated response (dotted line) of the axial strain as a function of

time compared to the experimental measurements (solid line) in
multi-stage creep test Al7a at stress state K portraying delayed
failure. The difference portrayed in the beginning of the test is
attributed to the significant portion of strain due to loading.

To sum up, the proposed model can capture the elementary mechanisms attributing
to delayed failure regardless of any approximations made in the simulated
mechanical response. It is noted that the primary creep stage (as was introduced in
Chapter 2) eludes the purpose of this dissertation. This is an inherent assumption of
the Singh-Mitchell and assuming that at some point in the future the need arises for a
rather more robust approximation of the creep process the need for a more elegant
empirical relation is evident. However, any new empirical formulation needs to be
founded on the abundance of experimental measurements and a good
understanding of the physical process during creep.
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Figure 7.10:  Strain rate computed for the experiment Al7a for the creep phase at
stress state K (p=19MPa & q=36MPa) portraying delayed failure (from
Debernardi, 2008).

7.4 Investigation of the Singh-Mitchell parameters

The effect of the Singh-Mitchell constitutive parameters has not been considered this
far within the context of the current dissertation. The effect of the Singh-Mitchell
parameters is investigated next, in the aforementioned experimental study in order
to use the computed parameters simulating the experimental data as a common
denominator for the parametric investigation. The time-dependent mechanical

response at stress point J (in the multi-stage test A17a) will be examined henceforth.

7.4.1 Effect of Singh-Mitchell parameter A

The Singh-Mitchell parameter A does not solely control the initial slope but shifts the
secondary creep stage at higher axial strain levels, as depicted in Figure 7.11 . Hence,
elevated values of the parameter A result in the axial strain to transition higher in the
axial strain vs. time diagram. Note that, all the remaining parameters involved

remain constant.

Consequently, the deviatoric creep strains tend to accumulate rapidly thus resulting
in a faster transition of the current CSL towards its residual state. It is noted that the
strains are very small and the constitutive parameter employed is equally low
(depicted in Table 7.7) for the specimen to portray delayed failure at the current

shear stress ratio.
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Figure 7.11: Parametric investigation of the Singh-Mitchell parameter A in the
experiment Al7a for the creep phase at stress state ] (the experimental
measurements are portrayed through the solid black line).

7.4.2 Effect of the Singh-Mitchell parameter a

The constitutive parameter @ involved in expression (5.20) is investigated in the
same experimental study as before at the stress point J (experiment Al7a). Once
again all the other constitutive parameters remain intact in order to investigate the
effect of @. The exponential parameter appears to control both the initial slope and
the strain level at which secondary creep stage occurs. Elevated values of the

parameter @ shift the strain response in the ¢, - t diagram higher (Figure 7.12).

Consequently, the deviatoric creep strains accumulate at a faster pace resulting in a
more rapid transition of the current CSL towards the long-term CSL. Note, that the
strains are minimal and the constitutive parameter employed is equally low
(depicted in Table 7.7) for the specimen to exhibit delayed failure at the current shear

stress ratio D.
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Figure 7.12: Parametric investigation of the Singh-Mitchell parameter 4 in the
experiment Al7a for the creep phase at stress state ] (the experimental
measurements are portrayed through the solid black line).

7.4.3 Effect of the Singh-Mitchell parameter m

The effect of the constitutive parameter m involved in expression (5.20) is studied in
the same experimental study at the stress point ] (experiment Al7a). All the
remaining constitutive parameters remain constant in order to investigate solely the
effect of m. The parameter m appears to control the strain level at which secondary
creep stage occurs. Lower values of the parameter m transposes the strain response

in the ¢, - t diagram higher (Figure 7.13).

Note that all values investigated are smaller than unity. A careful examination of the
expression (5.21) reveals that the denominator involves (1-m) which becomes
negative once the parameter m becomes greater than 1. The physical meaning lies on
the inherent assumption of the Singh-Mitchell parameter simulating solely the
secondary creep stage. This summarizes the reason for the Singh-Mitchell guideline

for the selection of parameter m to lay somewhere within the region of m €[0.75,1].
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Figure 7.13: Parametric investigation of the Singh-Mitchell parameter m in the
experiment Al7a for the creep phase at stress state ] (the experimental
measurements are portrayed through the solid black line).

7.5 Concluding remarks

The current chapter evaluates the proposed model against experimental
measurements both in the oedometer and in the triaxial apparatus. The secondary
compression coefficient comprises a well established quantity in the literature and
has long been the focal point of numerous studies. Hence, the time-dependent
response in an oedometer test was portrayed in a natural soft clay specimen
resembling the mechanical response of a peat. It was shown that the proposed model
converges to the exact same mechanical response with the experimental
measurements. Selection of the case study was not random considering that the
highest discrepancy that could be potentially encountered would prove at such a soft

geomaterial.

Next, the mechanical response was examined in an experimental study of coal in the

triaxial apparatus. A thorough literature review revealed only a limited number of
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publications addressing the drained time-dependent response of clay with the last
one dating back to 1975 (Bishop, 1966; Ter-Stepanian, 1975). The reason lies with the
considerable time period required for the specimen to fail in creep. The time interval
required for failure to occur may exceed 200 days and even reach 1,000days. It is
evident, that such experiments are very difficult to conduct with so many potential
parameters that could potentially affect the soil response. Simply consider the
fluctuations involved in Debernardi's measurements with just a slight increase of
temperature of no more than a few degrees Celsius, not considering any chemical or
biological transformations that could potentially affect the soil specimen by
transforming the soil fabric (i.e. considering the static nature of the interparticle

water fungus might develop thus resulting in the formation of chemical bonding).

Therefore it was necessary to examine the time-dependent response of another
geomaterial. The research focused in the investigation of the mechanical response on
coal in a well documented case where the multi-stage creep tests permit simulation
of the time-dependent response at different shear stress levels. Delayed failure was
portrayed in a specimen subjected to a high stress level and was simulated by

incorporating the proper constitutive parameters.

Regardless of any logical approximations made in the definition of the governing
equations of the proposed model or some discrepancy involved in the experimental
measurements the proposed model performs relatively well. It is noted, that the
proposed model fails to capture the primary creep stage by focusing on the
secondary creep stage. This is an inherent approximation of the Singh-Mitchell

empirical relations comprising the foundation stone of the model.
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Application in slope stability analysis

8.1 General

This Chapter applies the proposed model in a 2D slope stability analysis via the finite
element method (using the computer program ABAQUS). The proposed model is
used to describe the time-dependent soil response in a slope that can potentially lead
to delayed failure by activating the deleterious effects of viscous shear strain on soil

strength.

The analysis starts by exhibiting the deficiency of time-independent elastoplastic
constitutive models for structured soils to simulate slope instability (e.g. the models
proposed by Kavvadas and Amorosi; 2000; Belokas; 2008). Such models attempt to
capture the slope instability mechanism through plastic softening, either due to
structure degradation or via strength envelope evolution associated with plastic
strains. Considering that time-independent models have no control on the
magnitude of the plastic strains (which can trigger the above failure mechanisms) it
was proven difficult to capture failure in such a way. On the contrary, time-
dependent behavior permits the temporal accumulation of inelastic strains (plastic
and creep) in highly stressed zones and thus permits the description of progressive
failure in the analyzed slope. The analyses show that the proposed model has the
capabilities to predict delayed failure of a slope by triggering tertiary creep and a

retrogressive slope instability mechanism.

As mentioned above, it was first attempted to investigate the onset of slope
instability without invoking the time-dependent characteristics of the model, i.e., by
using only the plastic-strain induced structure degradation characteristics of the

model. Following that, this chapter focuses on creep induced slope instability by
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examining three cases (all under fully-saturated conditions: a first case where the
incorporated parameters lead to immediate failure; a second case where the slope
reaches initial equilibrium but fails with evolving time and finally a third case where
the slope continuously creeps comprising a characteristic case study of the secondary
creep stage). Finally, the difference in the mechanical response assuming saturated

and dry conditions is outlined.

8.2 Deficiency of the inviscid elastoplastic approach

This section studies the shortcoming of the elastoplastic approach in predicting
delayed failure by consolidation even using models including inviscid structure
degradation. The proposed model incorporates several features to simulate
significant strain softening in the measured mechanical response. Structure
degradation and strength envelope evolution may be employed independently or
simultaneously to introduce plastic softening. The current subchapter focuses on the
simulated response associated with strength envelope evolution due to plastic

strains.

The geometrical characteristics of the selected ideal slope are depicted in Figure 8.1.
An original slope 40m in height is assumed at an inclination of approximately 20°.
Afterwards the toe is excavated and the slope is either left to creep (assuming that
the viscous characteristics of the model are activated) or it is simply allowed to
consolidate (thus plastic strains develop that could potentially lead to failure). The
excavation of the final cut assumes an inclination of 45°. Regardless, whether there
are confinement issues stemming from the close proximity of the selected boundaries
the problem is employed solely to examine qualitatively the mechanical response.
Assuming that a back analysis is undertaken in the future the boundaries might need

to be further translated to the far field.

8 node plane strain elements (either CPE8 or CPESP to account for pore pressures)
are employed in the numerical analyses. The total number of elements is 7,876 and
the associated number of nodes is 24,029. The Commercial Finite Element Code

Simulia Abaqus is employed to solve the numerical problem at hand.

Next follow the initial state and following excavation stages portrayed in Figure 8.2:
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Geostatic step (Figure 8.2a.): The structureless soil elements are originally

consolidated isotropically, considering that the selected coefficient of lateral
pressure is K, =1 (the selected OCR=3). In the case where the elements are

assumed to be fully saturated, the water table coincides with the soil surface
(at all times). The initial step is undertaken to establish equilibrium between
the initial values and the calculated stress state. The time period of this step is
fixed and equal to lday (note that the geostatic step is followed by a
consolidation step of 80 days to assure steady state conditions assuming
water is present).

Excavation of the initial slope (Figure 8.2b.): The elements are removed to
construct the initial slope. The excavation is concluded within At =10days
(note that the excavation of the initial slope is followed by a consolidation
step of 140 days to assure steady state conditions assuming water is present).
Excavation of the final cut (Figure 8.2c.): The toe is removed to construct the
final slope. The excavation is concluded within At =0.5days (note that the
excavation of the toe is followed by a consolidation step until steady state or

failure assuming water is achieved).

40 m

10 m

20m

189.9 m

Figure 8.1: = Geometrical characteristics of the investigated slope.

Assuming dry conditions and no creep involved in the mechanical response then the

duration of the excavation steps is irrelevant considering the inviscid nature of the

problem. The constitutive parameters associated with the elastoplastic response of

this section are depicted in Table 8.1.

Note that the selected saturated unit weight y,_, =20kN/m® is constant leading to a

variable p, with depth. The compressibility coefficient 1 was set equal to

A =0.0869 characteristic of a virgin compressibility index C, =0.2. The poroelastic
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coefficient k¥ was selected as a fraction of 1 (10%). Finally, the inclination of the CSL

projection in the stress space transitions from ¢,, =0.9798 (characteristic of an
effective friction angle ¢' = 30") to C.,, =0.3068 (characteristic of an effective friction

angle @' =10°). In this section, in order to disregard any time-dependent associated

response the reference time t, was set equal to 100,000days.

Table 8.1: Constitutive parameters associated with elastoplastic response of the
proposed model.

Bo  Bw OCR Ni  cn  cm 2(G/KS A x
1 1 3 2.2 0.9798 0.3068 0.75 0.0869 0.00869
A 14 din n 77qp - gqp gqp ‘9qp
5 1 0 50 50 0 0 12 12
g 3= v A mE e
105 0 1.E-9 5.E-6 0.8 2.5 20 0.02 108

Figure 8.2:  Schematic representation of the initial state and the following
excavation steps: a. geostatic step; b. excavation of the initial slope and
c. excavation of the final cut.
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Figure 8.3:  Stress paths depicted in the p-g space and associated CSL lines
assuming that the strength envelope evolves due to plastic strains
(Points X, Y and Z portrayed in Figure 8.3d refer to a creep analysis to
be summarized in an upcoming section 8.3.2 - aiming to provide
comparable results at the same stress points): a. saturated (water) and
dry soil response at point X; b. saturated and dry response at point Y
and c. saturated and dry response at point Z (from O to E).

Figure 8.3 compares the saturated and dry response of the slope characterized by the
constitutive parameters depicted in Table 8.1. Results are depicted at the centroid of
three elements represented by Points X, Y and Z in Figure 8.3d. Note that Figure 8.3d
does not refer to the elastoplastic response examined in this section but is
characteristic of a creep induced failure to be portrayed below. However, results are

portrayed referring to the exact same points to allow for a comparative examination
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of the simulated behavior. The stress paths in the Figure 8.3 originate from O
(denoting the Origin) and transition to E (denoting the End - portraying either failure
or steady state). The stress path corresponding to the dry situation originates at the
beginning of the excavation of the final slope (Point O). As for the saturated case
results are shown both on the excavation step of the toe (0.5 days) and for the

subsequent consolidation step (39days).

A rather brief glance at the results above reveals that the inclination of the CSL is
almost equal to the initial. This means that the analysis either does not exhibit
significant plastic strains or that elements close to the surface fail, thus leading to
unconverged increments in the Finite Element analysis. Note that, the selection of a

constitutive parameter 6 >12 would lead to failure at the excavation step of the toe

and not during the subsequent consolidation step as it was envisioned. However, the
increase of maximum displacement of 3.5cm in the case of the saturated slope
examined (Figure 8.4) and 1lcm assuming dry conditions (Figure 8.5) cannot be
characterized as failure. The excess porewater pressures generated in the case of the

saturated slope is less that 5% of the original and thus will not be portrayed.

U, Magnitude
+1.587811112e-01
+1.455493569e-01
+1.323176026e-01
+1.190858409e-01
+1.058540791e-01
+9.262231737e-02
+7.939055562e-02
+6.615879387e-02
+5.202703584e-02
+3.069527781e-02
+2.646351792e-02 a.
+1.323175896e-02
+0.000000000e+00

U, Magnitude
+1.794126034e-01
+1.644615531e-01
+1.495105028e-01
+1.345594525e-01
+1.196084023e-01
+1.046573520e-01
+B8.970630169e-02
+7.475525141e-02
+5.980420113e-02
+4.485315084e-02
+2.990210056e-02 b
+1.495105028e-02
+0.000000000e+00

Figure 8.4:  Displacement magnitude U (m) at saturated conditions (water)
(assuming strength envelope evolution occurs solely due plastic
strains): a. before the excavation of the toe and b. after the excavation
of the final cut and the subsequent consolidation step for 39 days.
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What is to be concluded from the investigation of the elastoplastic mechanical
response of the proposed mode lies with the difficulty to control the strength
envelope evolution due to the accumulation of plastic strains. The plastic strains are
associated to the stress field. Considering however that the stress field is more or less
fixed (certainly for the initial and the excavation of the final slope - but not during
the consolidation process) this means that the plastic strains are imposed by the
physical problem. Here lies the fundamental problem associated with the deficiency
of the elastoplastic response of the proposed model in the slope instability problem

at hand.

U, Magnitude

+1.332389265e-01
+1.221356764e-01
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+0.0000000008+00
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Figure 8.5:  Displacement magnitude U (m) at dry conditions (assuming strength
envelope evolution occurs solely due plastic strains): a. before the
excavation of the toe and b. after the excavation of the final cut.

8.3 Creep induced slope instability

This section addresses the time-dependent mechanical response leading to slope
instability. The elastoplastic characteristics of the model could not reveal the
deleterious effects on soil strength associated with softening. The plastic strains
cannot be controlled and therefore it is impossible to trigger retrogressive slope
instability propagating from the toe to the crest (note that the process of retrogressive

slope instability will be examined here below) without changing the initial geometric
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configuration (or accordingly transform the initial and residual inclinations of the

CSL in the stress space).

Next, slope stability is investigated in namely three individual cases. A situation
where the excess porewater pressures dissipate is assumed followed by the
accumulation of viscous strains leading ultimately to delayed failure under saturated
conditions. This example will serve as a common denominator for the current
chapter. All results will be portrayed with respect to the aforementioned case study.
The other two cases reveal either the stationary component of creep after
approximately 5,500days (approximately 15years) or failure at very short
consolidation times. Hence, the current subchapter focuses on the capability of the
model to accurately simulate the retrogressive slope instability mechanism and on
the versatility of the constitutive framework to account for media that tend to fail

after considerable times.

Finally, saturated conditions prove to be the key activating the retrogressive
instability mechanism. Saturated conditions do not simply attribute to failure; they
dominate the overall mechanical response. It is noted that in the current chapter the
term saturated is employed to denote the presence of water while dry conditions
refer to the complete absence of such. The reason for not incorporating the term
"drained" lies with the formation of shear banding at failure forming the distinct slip

line, designating undrained conditions along the failure surface.

The saturated inviscid mechanical response of the excavated cut needs to be
examined prior to investigating the comparative effect of creep on the simulated soil
response. Hence, it is essential to establish that the consolidation following the
excavation of the toe reaches the steady state and the associated displacements are

relatively small.

8.3.1 Saturated inviscid elastoplastic slope response

The inviscid elastoplastic response of the slope after the excavation of the toe is
examined in this section. The strength envelope is not allowed to evolve towards the

residual state and is thus kept constant to C=c,, =0.9798 (characteristic of an

effective friction angle of ¢’ =30").
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Here follow the simulated excavation stages and consolidation steps:

e Geostatic step (Figure 8.2a.): The structureless soil elements are originally
consolidated isotropically, considering that the selected coefficient of lateral

pressure is K, =1 (the selected OCR=3). The water table coincides with the

soil surface (at all times). The initial step is undertaken to establish
equilibrium between the initial values and the calculated stress state. The
time period of this step is fixed and equal to 1 day.

e Consolidation step: A consolidation step of 80 days is sustained to assure

steady state conditions (note that the permeability is equal to k =10~°m/s).
e Excavation of the initial slope (Figure 8.2b.): The elements are removed to
construct the initial slope. The excavation is assumed to be concluded within
At =10 days.
¢ Consolidation step: A consolidation step of 140 days is imposed to assure
steady state conditions.
e Excavation of the final cut (Figure 8.2c.): The toe is removed to construct the
final slope. The excavation is assumed to be concluded within At =0.5 days.
e Consolidation step: A consolidation step is undertaken until steady state is
attained after At=27.25 days (note that the steady state was attained until
the rate of porewater change in all nodes was lower than 0.4kPa/day when
the maximum porewater pressure sustained in the model is 600kPa).
The associated stress paths are depicted in Figure 8.6 in the p-q space. The stress
paths originate from O (designating the origin-characteristic of the initial slope)
transition to A (denoting the excavation of the toe after 0.5days) and consolidate to E
(designating the end of the consolidation process following the excavation of the
final cut (the toe). Note that the stress paths always lay beneath the CSL projection in
the stress space. The selected elements portraying the simulated behavior refer to
highly overconsolidated states (note that solely the elements along the slope may lay
on the wet side) and thus, it is evident that no failure occurs. Once again results are
depicted at the exact same points (X, Y and Z) as before. The stress paths appear
similar as in the previous case (considering that the CSL at such points hadn't
evolved in the previous case and that the elements lay relatively far from the slope to

be affected through the continuity condition).
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Figure 8.6:  Saturated (water) soil response depicted through stress paths in the p-
q space and associated CSL lines assuming that the strength envelope
does not evolve (Points X, Y and Z portrayed in Figure 8.6d refer to a
creep analysis to be summarized in an upcoming section 8.3.2): a. at
point X7; b. at point Y and c. at point Z (from O to A and finally to E).

The associated displacement fields before the excavation and after the consolidation
step reaching steady state are summarized in Figure 8.7. Note that the highest
displacement magnitude increase is measured at the intersection point of the initial
slope and the final cut (3.46cm). Figure 8.8 portrays the pore pressure contour plots
before the excavation of the final slope and after the steady state has been attained. It
is evident that equilibrium was reached and the pore pressures have consolidated. It
is emphasized that proper porewater pressure boundaries have been placed in the
far field emulating hydrostatic conditions. Considering that the change in pore

pressures is negligible at points X, Y and Z, the associated pore pressure diagrams
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are not included. Concluding, considering how the pore pressures reach steady state

and the displacement field is relatively low there is no evidence to support failure.

Figure 8.7:

Figure 8.8:
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Displacement magnitude U (m) at saturated conditions (water)
(assuming that the strength envelope does not evolve): a. before the
excavation of the toe and b. after the excavation of the final cut and
the subsequent consolidation step for 27.25 days.
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Porewater pressures POR (kPa) at saturated conditions (water)
(assuming that the strength envelope does not evolve): a. before the
excavation of the toe and b. after the excavation of the final cut and
the subsequent consolidation step for 27.25 days.
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8.3.2 Creep induced slope instability

The time-dependent response leading to delayed failure after the excavation of the

toe is investigated in this section. The strength envelope is allowed to evolve from

the short-term (C, =0.9798 characteristic of an effective friction angle of ¢'=30")
to the long-term CSL inclination (€ ; =0.3068 characteristic of an effective friction

angle of @' =10°). The associated constitutive parameters are portrayed in Table 8.2.

Table 8.2: Constitutive parameters associated with the creep induced slope
instability (paragraph 8.3.2).

Bo Bes  OCR  Ng, ¢ an  2:(G/IK) A K

1 1 3 2.2 0.9798 0.3068 0.75 0.0869 0.00869

7 o w o 7 o @

5 1 0 50 50 0 0 0 0
G E=E v A ma G
231.5 103 1.E-9 5.E-6 0.8 2.5 20 0.02 10-8

Here follow the simulated excavation stages and consolidation steps:

e Geostatic step (Figure 8.2a.): The structureless soil elements are originally
consolidated isotropically, considering that the selected coefficient of lateral

pressure is K; =1 (the selected OCR=3). The water table coincides with the

soil surface (at all times). The initial step is undertaken to establish
equilibrium between the initial values and the calculated stress state. The
time period of this step is fixed and equal to 1 day.

e Consolidation step: A consolidation step of 80 days is sustained to assure
steady state conditions.

e Excavation of the initial slope (Figure 8.2b.): The elements are removed to
construct the initial slope. The excavation concluded within At =10 days.

¢ Consolidation step: A consolidation step of 140 days is assumed to assure
steady state conditions.

e Excavation of the final cut (Figure 8.2c.): The toe is removed to construct the

final cut. The excavation concluded within At =0.5 days.
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e Consolidation step: A consolidation step is undertaken until failure. The
reference time was selected equal to t, =231.5 days as to kick in at the

initiation of this step. Hence, consolidation and creep are sustained

simultaneously. Failure occurs after approximately At ~106 days.
The consolidation and creep act simultaneously on the soil response. Hence, on the
one side, consolidation is responsible for the dissipation of the excess porewater
pressures while creep is responsible for the accumulation of the viscous strains. The
cumulative viscous strains are associated with the evolution of the CSL projection in
the stress space towards the long-term CSL thus increasing the developed plastic
deformations. Assuming that the proper set of constitutive parameters is employed
then the slope should theoretically (at least) fail. However, selecting proper
parameters is not the sole problem of the approach. Considering that creep failure
develops over substantial times consolidation needs to have reached a pseudo-steady
state. The term "pseudo-steady" state is introduced to denote the dissipation of the
excess porewater pressures attributed to the excavation of the toe (and not the final
state of equilibrium). The pseudo-steady state does not represent the final state of
equilibrium considering that the generation of creep strains results in transient
conditions. The problem at hand is no longer stationary but transitions to failure at

an accelerating pace.

The aforementioned statement postulates what is theoretically to be expected by
incorporating the proposed time-dependent behavioral framework. However, theory
needs to be proved in practice. Figure 8.9 summarizes the pore pressure contour
plots at several stages of the excavation. The initial stage is introduced to denote the
state before the excavation of the final cut while Figure 8.9b is characteristic of the
aforementioned pseudo-steady state after 13.13 days of creep and consolidation
phenomena acting in parallel. Note how the difference with Figure 8.8b (referring to
the pore pressure plot assuming that the strength envelope is stationary) is
negligible. The final state at failure is illustrated in Figure 8.8c. It is evident that
negative pore pressures have developed in the model along the failure surface (it is
proved here below that the maximum negative pore pressures occur along the slip
line). It is not simply that the excess porewater pressure tends to be negative.

Considering the highly overconsolidated state of the elements, the porewater
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pressure becomes negative thus shifting the stress point to failure (the associated

stress paths will be examined here below).
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Figure 8.9:  Pore pressures POR (kPa) at saturated conditions (water) assuming
that the strength envelope evolves with time (conforming with the
constitutive parameters of Table 8.2): a. before the excavation of the
toe and b. 13.13 days after the excavation of the final cut
(consolidation and creep act in parallel) and c. at failure after 106 days.

The displacement fields follow a similar trend. Figure 8.10 portrays the displacement
magnitude associated with the initial slope, the pseudo-steady state condition after
the excavation of the final cut and the moment of failure. What becomes crystal clear
from observing the aforementioned contour plots lies with the insignificant increase
of the displacement field until the pseudo-steady state is achieved after 13.13 days of
creep and consolidation sustained simultaneously. The maximum displacement (at

the pseudo-steady state) may be approximately 1cm higher than the case portrayed
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in Figure 8.7b (after 27.25days) but still follows the same behavioral trend and has

not increased rapidly to even imply failure.

The displacement field at failure portrays a maximum of 1.4m at the toe. However,

considering that some surficial elements may have failed along the final cut by thus

ruining the contour plot (the contour plot does not allow for a comparative study of

the space fields associated with the contour intervals), the maximum displacement

magnitude was set equal to 75cm. Note how there is still a substantial portion

exceeding the maximum set value (of 75cm). It is obvious that the elements close to

the cut exhibit higher displacement values than those laying on the crest.

Figure 8.10:
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Displacement magnitude U (m) at saturated conditions (water)
assuming that the strength envelope evolves with time (conforming to
the constitutive parameters of Table 8.2): a. before the excavation of
the toe and b. 13.13 days after the excavation of the final cut (while
consolidation and creep act in parallel) and c. at failure after 106 days.
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Figure 8.11:
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Activation of the retrogressive slope instability mechanism portrayed
through the evolution of the deviatoric plastic strains e (SDV5) at
saturated conditions (water) assuming that the strength envelope
degrades with time (conforming with Table 8.2) at: a. 13.13 days; b.
91.56 days; c. 102 days and d. failure (106 days) after the excavation of
the final cut (while consolidation and creep act in parallel).
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Figure 8.12: a. Declaration of the Points X, Y and Z (elements painted red denote
failure while blue denote plastic state and green designate viscoelastic
response) and b. declaration of the crest, the intersection (of the initial
slope and the final cut) and the toe (we are referring to nodes to be
used henceforth to portray the displacement as a function of time) in
the creep induced slope instability case of section 8.3.2 (conforming
with Table 8.2).

To make a long story short, the maximum displacement increased from 18cm to 1.5m
at approximately 92.7 days of creep and consolidation (from 13.13 days to failure at
106 days). It is evident that a phenomenon has been triggered in those 92.7 days
leading to slope instability. Considering that the critical state is associated with
infinite deviatoric plastic strains. Hence, the deviatoric plastic strain contour plots are
studied at multiple consolidation states along the time frame of 92.7 days (depicted
in Figure 8.11). While initially (after 13.13 days - Figure 8.11a) there are significant
deviatoric strains solely along the toe (the minimum was mixed to null and the
maximum to 2% to allow for the comparative study) the failure surface tends to
propagate backwards with evolving time originating from the toe (at 91.56days -
Figure 8.11b). At some point while the slip line continues to propagate backwards
and upslope significant deviatoric strains begin to accumulate near the crest and
transition downwards (at 102 days - Figure 8.11c). It is as if the slope starts creeping
more or less as a rigid block. Shortly after the slip line originating from the top

transitioning downwards and the failure surface propagating backwards and uphill
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(from the toe) unite thus leading to failure (at 106days - Figure 8.11d). This justifies

the triggered retrogressive slope instability mechanism.

Points X, Y and Z portrayed previously in the diagrams refer to the current case and
are portrayed thoroughly in Figure 8.12. Points X, Y and Z comprise elements laying
along the failure surface. Note that the elements painted red lay mostly along the
failure surface. They denote that the stress state lays simultaneously on the SSE and
PYE. Elements portrayed with blue are characteristic of plastic states (the stress state
lays on PYE but not on the SSE) while elements depicted in green exhibit purely

viscoelastic response.
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Figure 8.13: Saturated (water) soil response depicted through stress paths in the p-
g space and associated CSL lines assuming that the strength envelope
evolves with time (conforming with Table 8.2) at points X, Y and Z
(from O to E through intermediate states A, B, C and D consecutively).

The undergoing stress path at Points X, Y and Z are portrayed in Figure 8.13. It is
evident that the stress paths lay higher that the associated CSL lines characteristic of
highly overconsolidated stress states. The stress path originates from point O (for

origin) and transitions to E (for end denoting failure) through some intermediate
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points (A, B, C and D) employed to denote certain behavioral characteristics
portrayed also in Figure 8.14. Figure 8.14 illustrates the excess porewater pressure in

kPa during the excavation of the final cut (Au=u-U,, where u is the current

porewater pressure and U, the pore pressure before the excavation of the toe). Note

how each point is mapped from one diagram to the other. State A is characteristic of
the excavation step of 0.5days (the excavation of the final cut is assumed to be
concluded within 0.5days). It is evident that state E lays either on or close to the CSL
projection in the stress space while the excess porewater pressures have significantly
increased at that time. Stress state E shifts the stress path to the right of the isotropic
axis and it looks as if the evolution of the CSL is "chasing" the stress as to set it upon
the CSL. It is characteristic of the undrained nature of a highly overconsolidated

stress state.
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Figure 8.14: Saturated (water) soil response depicted through the excess porewater
paths assuming that the strength envelope evolves with time
(conforming to Table 8.2) at points X, Y and Z (from O to E through
intermediate states A, B, C and D consecutively).
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Figure 8.12b introduces the node set of the crest, the intersection (of the initial slope
and the final cut) and the toe. The node set is used here below to examine results on
the displacement expressed as a function of time (Figure 8.15). The time origin is set
to the time of the final cut excavation (Point O). It is evident that the delayed failure
occurs after approximately 3.5 months. The toe reveals extremely high displacements
characteristic of failure on the surficial element. What is however of the greatest
significance is that the Crest proves relatively smaller displacement values. This is

characteristic of the slope flowing downwards.
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Figure 8.15: Displacement expressed as function of time at saturated (water) soil
conditions assuming that the strength envelope evolves with time
(conforming to Table 8.2) at the Crest, the Intersection and the Toe
(depicted in Figure 8.12).

8.3.3 Rapid induced slope instability associated with viscous phenomena

This section focuses on a very rapid pace of induced slope instability. In other words
the employed constitutive parameters do not allow for the pseudo-steady state
(introduced earlier) to be attained. Instead, the combined effect of creep and

consolidation leads rapidly to failure (note that the term delayed failure will be
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avoided). This can be achieved by either setting the magnitude of the deviatoric
creep strains significantly high or by increasing the constitutive parameter
controlling the strength envelope degradation. The rapid induced slope instability
was encountered by accident when a poor selection of the Singh-Mitchell parameter

A led to failure without the consolidation playing any role whatsoever.
The strength envelope is allowed to evolve from the short-term (c, =0.9798
characteristic of an effective friction angle of ¢'=30") to the long-term CSL

inclination (€ ; =0.3068 characteristic of an effective friction angle of ¢'~10"). The

associated constitutive parameters are summarized in Table 8.3.

Table 8.3: Constitutive parameters associated with the rapid induced slope
instability due to viscous phenomena (paragraph 8.3.3).

By Bes  OCR  Ng, ¢ an  2:(G/IK) A K

1 1 3 2.2 0.9798 0.3068 0.75 0.0869 0.00869
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Here follow the simulated excavation stages and consolidation steps:

e Geostatic step (Figure 8.2a.): The structureless soil elements are originally
consolidated isotropically, considering that the selected coefficient of lateral

pressure is K; =1 (the selected OCR=3). The water table coincides with the

soil surface (at all times). The initial step is undertaken to establish
equilibrium between the initial values and the calculated stress state. The
time period of this step is fixed and equal to 1 day.

e Consolidation step: A consolidation step of 80 days is sustained to assure
steady state conditions.

e Excavation of the initial slope (Figure 8.2b.): The elements are removed to
construct the initial slope. The excavation is concluded within At =10 days.

e Consolidation step: A consolidation step of 140 days is sustained to assure

steady state conditions.
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e Excavation of the final cut (Figure 8.2c.): The toe is removed to construct the
final cut. The excavation is assumed to be concluded within At =0.5 days.
e Consolidation step: A consolidation step is undertaken until failure. The

reference time was selected equal to t, =231.5 days as to kick in at the

initiation of this step. Hence, consolidation and creep are sustained

simultaneously. It is assumed that failure occurs after approximately At~ 72

days (note that failure in terms of displacements has occurred much sooner).
Figure 8.16 portrays the porewater pressure contour plot at failure. The initial stage
before the excavation of the toe is the same as Figure 8.9a. It can be observed that
substantial negative pore pressures develop along the failure surface. Considering
the highly overconsolidated stress state of the elements, the porewater pressure
becomes negative thus shifting the stress points to failure. As for the associated
displacements portrayed in Figure 8.17 they reach a maximum of 7.8m at the crest.
While formerly (referring to paragraph 8.3.2) the retrogressive slope instability
mechanism revealed higher displacements along the toe, the current case offers a
rather different behavior at first glance. However, this is not the case. The toe does
originally produce higher displacements. Once the slip surface has formed
displacements tend to develop thus shifting the maximum point uphill to the crest.

The aforementioned statement is justified through Figure 8.18.
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Figure 8.16: Pore pressures POR (kPa) at saturated conditions (water) assuming
that the strength envelope evolves with time (conforming to the
constitutive parameters of Table 8.3) depicted at failure after 72 days.
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Figure 8.17: Displacement magnitude U (m) at saturated conditions (water)
assuming that the strength envelope evolves with time (conforming to
the constitutive parameters of Table 8.3) depicted at failure after 72

days.
80 L) L) L) I L) L) L) I L) L) L) I L) L) L)
- A=1.6104 & a,'=102 T
T e TO€ N
- - INtersection -
6.0 = === Crest -

Displacement (m)
N
o

n
o

0.0

80

t (days)

Figure 8.18: Displacement expressed as function of time at saturated (water) soil
conditions assuming that the strength envelope evolves with time
(conforming to Table 8.3) at the Crest, the Intersection and the Toe
(depicted in Figure 8.12).

It is also emphasized that substantial displacement around 0.5m develops equally at
all selected nodes (Crest, Intersection and Toe) around 20days of consolidation time

(creep is acting in parallel). This justifies the original statement that the selection of
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the Sing-Mitchell parameter A controlling the magnitude of the shear viscous strains
was considerably high. It further proves that there is no quasi-steady state attained in
this situation considering that the displacement tends to build up continuously at the
same pace until 65 days (at 65 days the displacements accumulate at an accelerating

rate leading to failure after 72 days).
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Figure 8.19: Saturated (water) soil response depicted through stress paths in the p-
g space and associated CSL lines assuming that the strength envelope
evolves with time (conforming with Table 8.3) at points X, Y and Z
(from O to E through intermediate states A, B, C and D consecutively).

The undergoing stress paths at points X, Y and Z (depicted in Figure 8.12) are
illustrated in Figure 8.19. Once again, the undergoing stress path originates from O
(stating the origin of the excavation) and transitions through A (after final cut at
0.5days) to failure E (denoting the end). Intermediate points from B to D are
incorporated to denote mechanical transformations undergoing until failure. Note
that the same stress states are depicted in Figure 8.20 to allow for a thorough and
elaborate observation of the simulated soil response. Once again the stress paths are

characteristic of highly overconsolidated geomaterial stress states. The stress state
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transitions to the right representative of the undrained nature of the problem at
hand. State E is adjusted on the current CSL projection in the stress space at all points
(X, Y and Z). Note how the excess porewater pressure tends to portray almost a
stationary response. However, this is not the case considering that point Z rests close
to the surface (the pore pressures are relatively small and therefore the excess

porewater pressure is equally low).
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Figure 8.20:  Saturated (water) soil response depicted through the excess porewater
paths assuming that the strength envelope evolves with time
(conforming to Table 8.3) at points X, Y and Z (from O to E through
intermediate states A, B, C and D consecutively).

8.3.4 Stationary creep slope stability

This section investigates a very slow rate of strength envelope evolution. Hence,
solely the secondary creep stage will be activated for the time frame of interest (we

have selected to show results for 15years). To this end, the Singh-Mitchell parameter
was selected equal to A=10" (similar to that incorporated in paragraph 8.3.2 - the

value used in that section was equal to A=5-10"°).
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The strength envelope is allowed to evolve from the short-term (c, =0.9798

characteristic of an effective friction angle of ¢ =30") to the long-term CSL

inclination (€ ; =0.3068 characteristic of an effective friction angle of ¢'~10"). The

associated constitutive parameters are summarized in Table 8.4.

Table 8.4: Constitutive parameters associated with the stationary creep slope

stability of paragraph 8.3.4.

By Bes  OCR  Ng, ¢ an  2:(G/IK) A K

1 1 3 2.2 0.9798 0.3068 0.75 0.0869 0.00869

A 14 din 77vp 77qp é/vp é/qp aqp ‘9qp

5 1 0 50 50 0 0 0 0
Gag BE v A wa G
231.5 20 1.E-9 1.E-5 0.8 25 20 0.02 10-8

Here follow the simulated excavation stages and consolidation steps:

Geostatic step (Figure 8.2a.): The structureless soil elements are originally
consolidated isotropically, considering that the selected coefficient of lateral

pressure is K; =1 (the selected OCR=3). The water table coincides with the

soil surface (at all times). The initial step is undertaken to establish
equilibrium between the initial values and the calculated stress state. The
time period of this step is fixed and equal to 1 day.

Consolidation step: A consolidation step of 80 days is sustained to assure
steady state conditions.

Excavation of the initial slope (Figure 8.2b.): The elements are removed to
construct the initial slope. The excavation is concluded within At =10 days.
Consolidation step: A consolidation step of 140 days is assumed to assure
steady state conditions.

Excavation of the final cut (Figure 8.2c.): The toe is removed to construct the
final cut. The excavation is concluded within At =0.5 days.

Consolidation step: A consolidation step is undertaken. The reference time

was selected equal to t; = 231.5 days as to kick in at the initiation of this step.
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Hence, consolidation and creep act in parallel. The slope is allowed to creep

for 5,614 days (15.3 years).
Figure 8.21 depicts the porewater pressure contour plot at the end of 15.3 years of
creep acting in conjunction with the consolidation process. The initial stage before
the excavation of the toe is the same as Figure 8.9a. Note that the pore pressures are
the exact same as the ones portrayed in Figure 8.9b (in the case where the strength
envelope is not allowed to evolve). Hence, solely from the porewater pressure
contour plot it is evident that no failure occurs or more accurately no failure surface
forms in the slope. As for the associated displacements illustrated in Figure 8.22 they
reach a maximum of 1.2m at the crest. Note that 1.2m is not negligible to say the least

regardless of the considerable time frame of 15.3 years imposed.

POR
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+0.000000000e+00

Figure 8.21: Porewater pressure POR (kPa) at saturated conditions (water)
assuming that the strength envelope evolves with time (conforming to
Table 8.4) after 5,614 days denoting the stationary creep stage.

U, Magnitude
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Figure 8.22: Displacement magnitude U (m) at saturated conditions (water)
assuming that the strength envelope evolves with time (conforming to
Table 8.4) after 5,614 days portraying the stationary creep stage.

A structure founded in the close proximity of that slope would sustain significant

deformation and potential failure. The examined case study reveals that regardless
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whether a distinct slip surface has formed it is possible to exhibit considerable
displacements over time assuming that the creep potential of the soil is elevated.
Figure 8.23 further justifies the stationary designation of the sustained creep process.
The argument could be made that the slope does not fail in a traditional fashion by
producing a distinct failure surface but creeps as a viscous fluid. It continues to creep

and deforms until after considerable time it shall fail (as it was revealed in section

8.3.2).
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Figure 8.23: Displacement expressed as function of time at saturated (water) soil
conditions revealing the stationary creep process (conforming to
Table 8.4) at the Crest, the Intersection and the Toe (depicted in
Figure 8.12).

Figure 8.24 portrays the undergoing stress paths in the p-q space. It is characteristic
of transformations associated with the continuity condition and consequently no
significant observation can be concluded (it was incorporated for completeness). The
stress path originates from the stress state O (for origin) and transitions towards E
(denoting the end of the 5,614 days time period). Stress state A designates the end of

the final cut excavation (concluded in 0.5 days) while intermediate points from B to
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D have been employed to denote mechanical transformations undergoing in the

slope.
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Figure 8.24: Saturated (water) soil response depicted through stress paths in the p-
g space and associated CSL lines revealing the stationary creep process
(conforming to Table 8.4) at points X, Y and Z (from O to E through
intermediate states A, B, C and D consecutively).

The excess porewater pressure is expressed as a function of time in Figure 8.25. Note
how the stress states of Figure 8.24 are depicted in Figure 8.25. It is obvious that the
continuity condition governs the overall time-dependent soil response. The
deformation of one element influences the adjacent elements thus transforming the
soil response. Consequently, no observation can be made in the excess porewater
diagram other than the fact that porewater pressures reach an equilibrium in time
regardless whether the deformations continue to accumulate. It is evident that the
slope is stable in the classical sense that no failure surface occurs. However, the

predicted displacements are considered extremely high for any structure to sustain.
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Figure 8.25: Saturated (water) soil response depicted through the excess porewater
paths revealing the stationary creep process (conforming to Table 8.4)
at points X, Y and Z (from O to E through intermediate states A, B, C
and D consecutively).

8.3.5 Importance of water in triggering retrogressive slope instability

This section evaluates the importance of water in the retrogressive slope instability
process. Figure 8.11 revealed the manner at which the failure mechanism originates
from the toe and propagates backwards and uphill while at some time another part is
activated on the crest transitioning downwards. When the two segments unite and
the failure surface is formed the slope fails. This summarizes the triggering of the
retrogressive slope instability mechanism associated not as much with saturated

conditions as it is with the presence of water to be shown here below.

Hence, this section investigates the exact same case study as the one summarized in
paragraph 8.3.2 but in this case dry conditions will be assumed instead. The unit
weight is kept constant and equal to 20kN/m?3 while every other material constant

remains intact (the constitutive parameters are depicted in Table 8.2). The strength
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envelope is allowed to evolve from the short-term (C, =0.9798 characteristic of an
effective friction angle of ¢'=230") to the long-term CSL inclination (C ; =0.3068

characteristic of an effective friction angle of ¢’ ~10").

However, the simulation raised two arguments associated with the reference time.
The simulation of the dry slope is independent of time assuming that creep is not
present in the original steps (of the excavation of the initial slope and that of the final
cut). Creep is sustained solely after the excavation of the final cut. Hence, it would be
possible to excavate the initial slope or the final slope in considerable less time
periods than 10 days or 0.5 days (as it was assumed in the case where water was
present). Furthermore the consolidation process requires substantial time periods
considering that the imposed permeability was set equal to 10°m/s. Theoretically,
assuming that the reference time t; changes the Singh-Mitchell parameter would also
need to be transformed, in order to introduce comparable viscous characteristics.
Simply consider equation (5.21). For the shear viscous strains to remain intact the

quantity A-t, needs to be constant. Furthermore the time period needs to be scaled
considering the ratio t/t; . In order to avoid such manipulations, the excavation steps

were "adjusted" as to result in the same reference time as before (t, = 231.5days ).

Here follow the simulated excavation stages in detail:

e Geostatic step (Figure 8.2a.): The structureless soil elements are originally
consolidated isotropically, considering that the selected coefficient of lateral
pressure is K, =1 (the selected OCR=3). The initial step is undertaken to
establish equilibrium between the initial values and the calculated stress
state. The time period of this step is fixed and equal to 1 day.

e Excavation of the initial slope (Figure 8.2b.): The elements are removed to
construct the initial slope. The excavation is concluded within At =120 days.

e Excavation of the final cut (Figure 8.2c.): The toe is removed to construct the
final cut. The excavation is concluded within At =110.5 days.

e Creep step: The slope is left to creep. The reference time was selected equal to

t, =231.5 days as to kick in at the initiation of this step. The simulation

stopped converging after 171 days.
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The displacement fields immediately after the excavation of the final cut and at the
time when the simulation stopped converging (after 171 days) are depicted in Figure
8.26. Note how the maximum displacement increases from 15.7cm to 78.7cm after 171
days of creep. Regardless whether the displacement appears to be elevated around

the toe, it is evident that the increase of displacement is negligible at all other fields.
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Figure 8.26: Displacement magnitude U (m) at dry conditions assuming that the
strength envelope evolves with time (conforming to the constitutive
parameters of Table 8.2): a. right after the excavation of the toe and b.
171 days of creep.

Consequently, the analysis stopped converging due to localized failure at the toe and
possible at some surficial elements as can be observed from Figure 8.27. It is clear
that the deviatoric plastic strains develop solely at the toe and at the surficial
elements. However, there is no evidence to justify the triggering of a retrogressive
slope instability mechanism. The model ceased to converge simply because the toe
failed. However, all other regions of the model appear to be intact without
considerable displacements or plastic deformations visible. The displacements at the
Crest, at the Toe and at the Intersection point (of the initial slope and the final cut)

are depicted in Figure 8.28.
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Figure 8.27:  Deviatoric plastic strain e (SDV5) at dry conditions assuming that the
strength envelope evolves with time (conforming To the constitutive
parameters of Table 8.4) after 171 days of creep.
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Figure 8.28: Displacement expressed as function of time at dry conditions
assuming that the strength envelope evolves (conforming to Table
8.2) at the Crest, the Intersection and the Toe (depicted in Figure 8.12).

Note how the displacement at the toe tends to increase rapidly in the initial 20 days
of creep. However, after the initial 100 days the displacement recovers gradually
leading to a response resembling the stationary creep stage. What happens is that the

toe has failed but the continuity condition redistributes the stress. In reality however
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the toe should have collapsed thus resulting in the progressive failure mechanism.
Hence, it is the presence of water that activates the triggering of the retrogressive

slope instability mechanism.
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Figure 8.29: Saturated (water) vs. dry soil response depicted through stress paths
in the p-q space and associated CSL lines assuming that the strength
envelope evolution degrades (conforming to Table 8.2) at Points X, Y
and Z.
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Figure 8.29 portrays the undergoing stress paths originating from stress state O
(designating the origin of the creep step) to E (denoting the end of the creep state
after 171 days). The saturated soil response is also incorporated in the figure to
emphasize the difference in the simulated response. It is evident that the soil
elements X, Y and Z portray no failure considering how far the stress state E is from
the CSL projection in the stress space. Note that the case study assuming the presence
of water failed after 107 days. The dry slope incorporating the exact same

constitutive parameters revealed failure solely at the toe after 171 days.

8.4 Concluding remarks

The current chapter investigates the stability of a saturated slope using the proposed
model. A slope of mild inclination (20° degrees) subjected to an undrained
excavation at the toe was modeled. It is shown that the inviscid elastoplastic
response, even with strength envelope evolution as a kinematic hardening rule does
not lead to failure because this model cannot control the strength envelope evolution
due to the accumulation of plastic strains. The plastic strains are associated to the
stress field. Considering that the stress field is more or less fixed, the model cannot
control the generation of plastic strains of sufficient magnitude to initiate slope

instability along a failure surface.

At first, the mechanical behavior of the excavated cut was examined assuming the
presence of water. It was established that the excavation was stable (assuming that
the strength envelope would not degrade) and the toe reached the steady state while

at the same time the associated displacements were relatively small.

Next, the creep induced slope failure was investigated in namely three individual
cases. A situation where the excess porewater pressures would dissipate was
assumed followed by the accumulation of viscous strains leading ultimately to
delayed failure under saturated conditions. This example served as a common
denominator for the current chapter. The creep parameters selected were chosen
carefully to portray that a pseudo-steady state was attained (the pseudo-steady state
is a term established to denote the dissipation of the excess porewater pressures
associated with the excavation of the final cut regardless whether it is not truly a
steady state but rather a transient situation). After the pseudo-state was attained

deviatoric creep gradually revealed its deleterious effect on soil strength. The failure
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surface started propagating from the toe backwards and uphill while at some time
another slip line originated from the crest and transitioned downwards to unite with
the former segment. Once the failure line was complete bifurcation began. This

statement summarizes the progressive failure mechanism.

The other two cases revealed either the stationary component of creep after
approximately 5,614 days (approximately 15.3 years) or failure at very short
consolidation times. The current chapter revealed the capability of the model to
accurately simulate the retrogressive slope instability mechanism and the versatility
of the constitutive framework to account for media that tend to fail after considerable

times.

Finally, it was clarified that the retrogressive slope instability mechanism is
associated to the presence of water in the slope without which failure is located

solely along the toe.
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Conclusions

9.1 Summary of main points

The present dissertation develops a constitutive model for structured soils with time
dependent characteristics. The model builds on previously developed models for
structured soils (Kavvadas and Amorosi, 2000; Belokas, 2008) and includes
additional structural features (e.g. a strength envelope degradation with plastic

strains) and, mainly, a complete set of time-dependent characteristics.

The need for the development of this model was based on finite element analyses of
slope stability which indicated that structure degradation effects could not model the
onset of slope instability by a mechanism of strength reduction due to plastic strains.
This deficiency was attributed to the fact that classical inviscid elastoplastic models
for structured soils cannot control the magnitude of plastic strains (and thus cannot
generate large-enough plastic strains to cause failure), as plastic strains are imposed
by the physical problem. The new idea stems from the fact that the addition of time-
dependent characteristics can solve this problem, as accumulation of "creep" strains
can be independently controlled and reach large-enough values to cause failure.
Thus, the combination of time-dependent characteristics and classical structure
degradation can lead to the solution of "delayed" failures is slopes (but also in other
geotechnical problems). The developed model was used in the analysis of slope
stability and the above features were successfully modeled by predicting a

retrogressive slope instability mechanism triggering failure in a saturated slope.

The proposed model combines features of structured soils and time-dependent

characteristics. Specifically :
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a.

The proposed model is founded on the principles of classical elastoplasticity
for structured soils and the time-dependent overstress theory by Perzyna
(1962, 1966). The model includes structure degradation attributed to both
plastic-strain and creep-strain related phenomena. The Structure Strength
envelope is allowed to degrade towards the intrinsic state due to plastic
straining thus comprising its limiting bound on the down side.

The viscoelastoplastic formulation incorporates an Intrinsic Strength
Envelope (ISE) to designate the reference state, a Structure Strength Envelope
(SSE) to account for the effect of preexisting structure and a plastic yield
envelope (PYE) to denote the infinitesimal viscoelastic domain.

The Structure Strength Envelope is adjusted along the hydrostatic axis
translated towards the tensional regime to account for the effects of bonding
under isotropic compression. Only secondary anisotropy is incorporated in
the model. Small strain stiffness is accounted for by employing an
infinitesimal plastic yield envelope. The PYE transitions towards the
conjugate point on the SSE due to plastic or deviatoric viscous straining by
thus altering the plastic hardening modulus. The proposed expression for the
interpolation rule is pressure dependent associated with the phase
transformation line projection in the stress hyperplane (it addresses the
deficiency of Kavvadas and Amorosi (2000) and Belokas (2008) at stress states
laying on the dry side).

Following the concept by Mroz and Norris (1982), Desai et al. (1986), Pastor et
al. (1990) and Gens (1995) the formulation may degrade into a simple
structureless isotropic model lacking any aspect of anisotropy and it can even
degenerate into an intrinsic elastoplastic model disregarding any undergoing
viscous effects.

The volumetric viscous strain is assumed to be existent within the plastic
yield surface. This leads to the increase of strength thus conforming to
Bjerrum's postulate (1967). The viscous deviatoric component develops solely
at states laying on PYE associated with plastic straining. Note that the
volumetric viscous strain definition incorporates the secondary compression
coefficient while the shear viscous strain component is founded on the Singh-

Mitchell (1968) empirical formulation.
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Both the stationary viscous behavior and the tertiary creep stage are
simulated by means of the governing equations. Delayed failure is predicted
by employing the critical state line inclination as hardening variable. The
viscous shear strain deviator proves the fuse that inflates the transition
towards failure. The primary creep stage cannot be captured accurately
considering the deficiency of the Sing-Mitchell expression comprising the
foundation stone for the definition of the deviatoric shear viscous strain
deviator.

The critical state line projection in the stress hyperplane is associated also to
the accumulation of deviatoric plastic strains. This situation comprises a
mathematical manipulation of the governing constitutive equations allowing
for the simulation of significant softening even in cases lacking structure.

The proposed model was evaluated through a parametric study investigating
different aspects of the simulated behavior. An ensemble of single point or
element based (in Finite Element Code SIMULIA ABAQUS) numerical
analyses were conducted to investigate the elastoplastic and time-dependent
simulated response. Results were presented in drained triaxial, plane strain
and direct simple shear testing on a slightly overconsolidated structureless
soil specimen. The deviatoric component revealed its devastating effect on
soil strength leading ultimately to delayed failure. Drained conditions were
applied to account for pure creep postulating drained boundary conditions
for the stress state to remain intact. The effect of time-dependency was further
evaluated in standard oedometer creep and stress relaxation tests. Both
experimental setups resulted in the lateral pressure coefficient increasing to
unity.

c. The proposed model was further evaluated against experimental
measurements both in the oedometer and in the triaxial apparatus. The time-
dependent response in an oedometer test was depicted in a natural soft clay
specimen resembling peat. It was shown that the proposed model converged
to the exact same mechanical response with the experimental measurements.
Selection of the case study was not random considering that the highest
discrepancy would prove at such a soft geomaterial.

A thorough literature review revealed only a limited number of publications

addressing the drained time-dependent response of clay in the triaxial
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apparatus with the last one dating back to 1975 (Bishop, 1966; Ter-Stepanian,
1975). The reason lies with the considerable time period required for the
specimen to fail in creep (time to failure may exceed 200 days and even reach
1000 days). Hence, the mechanical response was examined in an experimental
study of coal in the triaxial apparatus. Delayed failure was portrayed in a
specimen subjected to a high stress level and was simulated by incorporating
the proper constitutive parameters.

Regardless of any logical approximations made in the definition of the
governing equations the proposed model performed relatively well. It was
concluded that the model fails to capture the primary creep stage by focusing
on the secondary creep stage. This was attributed to the inherent
approximation of the Singh-Mitchell empirical relation comprising the
foundation stone of the model.

d. The proposed model was applied in a 2D slope stability analysis via the finite
element method (using the computer program ABAQUS). The analysis
revealed the deficiency of time-independent elastoplastic constitutive models
for structured soils to simulate slope instability (e.g. the models proposed by
Kavvadas and Amorosi; 2000; Belokas; 2008). Such models attempt to capture
the slope instability mechanism through plastic softening, either due to
structure degradation or via strength envelope evolution associated with
plastic strains. Considering that time-independent models have no control on
the magnitude of the plastic strains (which can trigger the above failure
mechanisms) it was proven difficult to capture failure in such a way. On the
contrary, time-dependent behavior permits the temporal accumulation of
inelastic strains (plastic and creep) in highly stressed zones and thus permits
the description of progressive failure in the analyzed slope. The analyses
show that the proposed model has the capabilities to predict delayed failure
of a slope by triggering tertiary creep and a retrogressive slope instability
mechanism.

e. The retrogressive slope instability mechanism was triggered in a creep
induced slope failure. The failure surface would propagate from the toe
backwards and uphill while at same time another slip line originating from
the crest would transition downwards to unite with the primal segment.

Once the two sections would unite to form the final slip surface the slope
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would fail. The progressive failure mechanism is inextricably linked to the
presence of water in the slope without which failure is located solely along

the toe.

9.2 Recommendations for future research

The current Thesis introduces a time-dependent mechanical framework emulating
delayed failure by incorporating a complete set of time-dependent characteristics.
Based on observations on experimental measurements and further numerical
analyses it was concluded that the proposed model can qualitatively at least emulate
correctly the underlying mechanisms leading to failure (by accounting for the

temporal accumulation of inelastic strains).

It is worth to continue in the same direction by improving on the proposed time-
dependent mechanical framework and further investigate the practical implications
of the time-dependent characteristics of the proposed model. Hence, the following
topics are proposed to elaborate on both the constitutive response and the practical

implications of the model:

a. Primary anisotropy needs to be considered. At the current version of the
model, the Structure Strength Envelope is oriented along the hydrostatic axis
and solely the secondary anisotropy is accounted for. Consequently the center
of the SSE needs to be deflected off the isotropic axis and follow a kinematic
rule similar to the one presented in Sitarenios et al. (2013). Furthermore,
incorporating a non-associative flow rule will result in a more realistic
simulation of the experimental measurements.

b. The experimental data revealed the shortcoming of the Singh-Mitchell
approach. Hence, another empirical formulation emulating the primary and
secondary creep stage needs to be established based on published
experimental measurements and possible new data sets. Note that the
experiments need to address drained conditions thus resulting in
considerable times especially in the case where the time-dependent clayey
response is of interest.

c. The retrogressive slope instability mechanism was established by

propagating from the toe backwards and uphill to unite with another section
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originating from the crest. The phenomenon needs to be further investigated
and evaluated possibly through back analyses in well documented cases
where creep induced slope failures have occurred.

d. The practical implication associated with introducing a set of possible
mitigation measures and techniques needs to be investigated. It would be of
great practical significance assuming that certain "surgical" interventions
would prevent the retrogressive slope instability mechanism to form. The
proposed formulation should be primarily employed in the original design of
a project to prevent potential failure. Cost and time-effective mitigation
measures could be introduced based on the time-dependent characteristics of
the model, assuming that the failure has already occurred (attributed to
viscous phenomena).

e. The time-dependent soil response around the tunnel final lining dictates a
pressure increase attributed to viscous phenomena. The sustained increase in
the final load can result in potential cracking and thus prove catastrophic for
the structure. The time-dependent constitutive framework could be employed
to designate the percentage of pressure increase in the design.

f. Time-dependent behavior permits the temporal accumulation of inelastic
strains (plastic and creep) in highly stressed zones and thus permits the
description of progressive failure in the analyzed slope. It fails however, to
account for the soil collapse attributed to the alterations in suction. Hence, the
time-dependent behavioral framework needs to incorporate unsaturated soil

mechanics principles in the future.
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