EONIKO METZOBIO IIOAYTEXNEIO

2XOAH ITOAITIKON MHXANIKQN
EPIAXTHPIO EAAOOMHXANIKHE

NATIONAL TECHNICAL UNIVERSITY

ScHooL OF CIVIL ENGINEERING
SoiL MECHANICS LABORATORY

Experimental Study of the Anisotropic Flow
Deformation and Critical State of Sand

DOCTORAL THESIS

Panayiotis K. Triantafyllos

Civil Engineer, M.Sc.

Athens, July 2020






EGNIKO METZOBIO IIOAYTEXNEIO
2 XOAH TTOAITIKON MHXANIKON
EPTAXTHPIO EAA®OMHXANIKHE

F%
£
&

2t
»

: E
8 Er:h“
"o,
-ljrlﬂ!r?oro

tay

MHBEY S

Hewpapatiky Argpedvnon TOV AvicOTpoT®V
XapoktnproTik@Vv Hopapopomwons katd tnv Actoyia
kol TN Kpiowyung Kataotaong Appov

ATAAKTOPIKH ATATPIBH

Hoavayiotng K. Tpravra@uirog

I[ToMtikd6g Mnyavikdéc, M.AE.

YopPovievtiki) Emrponn : Baocilikn N. I'ewpyidvvov
["'edpyroc A. Mmovkoaiag
['empyroc I'kalétag

EykpiOnke and v entapein eetaoctikn enttpony| v 27" lovAiov 2020.

Baocuukn N. T'ewpyidvvov, Tedpylog A. MrovkoBdrog, I'edpyroc 'kalétag, OpoTog

Koadnynrpuoa E.MLIT. Kobnynme E.M.IL. Kafnynmg E.M.IL
lodvvng ©. Aapardc, Ayréag I'. TTomadnuntpiov,  MyoenmA 1. Kofpaddg,
Kabnyntic University of  Avaminpotc Kabnynmg Kabnyntmgc E.M.IL.
California, Davis, U.S.A.  EM.IL

Nwodraog I'epdrvpog,

Avaminpotg Kadnynmg

E.M.IL

AbBnva, Toviiog 2020



[Tavayidtng K. Tpravrtapviiog

Awdaxtop IToAtikdog Mnyovikog E.MLIT.

Copyright © Mavayiong K. Tprovtaevirog, 2020
Me gmpOraén mavtog dwaudpartoc. All rights reserved.
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Extevniic ovoym

HHEIPAMATIKH AIEPEYNHXH TQN ANIXOTPOIIQN
XAPAKTHPIXTIKQN ITAPAMOPO®QYXHYE KATA THN AXTOXIA
KAI THX KPIZXIMHX KATAYXTAXHYX AMMOY

Adoktopikn Atotpipn
TOV

[Mavayiom K. Tpravrdeuiiov

EKTENHX XYNOWH
AVTIKELLEVO KAL 6TOXOL SI8aKTOPLKNG SLaTpLPi)g

Xmv mapovca  OOAKTOPIKN OTplPr] OlepeuvniOnKe TEWPAUATIKE 1 UNYOVIKT
CLUTEPIPOPE  AUUOL VIO oLVONKEG TPEOVIKNG KOl YEVIKELUEVNG (POPTIONC.
Jvykekpyéva, Oolepeuvninke 1 avicOTpomn ocvumeppopd ™G Aaupov M31 oe
ovvOnkec povotovng pevotomoinong (flow deformation) xabd¢ ko oty kpicwun
katdotaon (critical state). Ot melpopatikéc SOKIUEG EKTEAEGTNKAV OTN] GLOKELT
OTPENTIKNG OATUNONG KOTAOV KLAVIPIKOV SOKIUIOV KOl € V0 GVOKEVES TPLUEOVIKNG
@opTIong Tov Epyastnpiov Edagounyavikng, tov E6vikov Metoofrov TToAvteyveiov.

O mpmdTOC 6TOY0G Tov TEONKE Ntav M peAétn ™ Kpioywng Katdotaong (KK) g
GUUOVL KOl O TPOGOIOPICUOS TMV OVTIGTOL®MY UNYOVIKOV TUPAUETP®V VIO GLVONKEG
TPEOVIKNG eopTions. O de0TEPOG GTOXOG APOpPOLGE TNV €EETAON NG EMIOPACTG TNG
gyyevoig avicotpomiog (inherent anisotropy) (Casagrande and Carrillo 1944) ka1 g
otopiog @optiong (loading history) oto unyovikd xopoKTPIGTIKG TG GUUOV VIO
ovvOnkeg povotovng pevotoroinong (flow deformation) (Ishihara 1993) «ou
yvevikevpévng aotoyiog. Katd t povotovn pevotomoinon 1o €0apikd  dokipo
VIOKETOL  GE  Un-ovykevipouévn mapapopewon (diffuse deformation) evd 1
CUUTEPLUPOPE TOV GUOTNUATOG OOKIHI0 — GULOKELY] EOPTIoNG &ivar olovel actadng
(Daouadji et al. 2011). Ta wepapotikd omoteAéopato kpidnkay KoTdAANAQ va
xpnowonombovv yio v emoinbevon N Odyevon TV TPOPAEYEDV OPICUEVOV
TPOGOLOWUATOV, KOTOCTPOUEVOV o©T0 mAoicle ¢ Oswpiag  AtukAddwong
(Bifurcation Theory), oyetikd pe v actabn ocopmepupopd tov yembdikov (Darve
and Laouafa 2000, Darve et al. 2004, Prunier et al. 2009). TéAoc, T€0nKe ®g 6T0)0G Va.
EKTEAEOTEL 0E QUOIKEG CLVONKEG TO «Telpapo okEYNS» MOV emvondnke omd Tov
kaOnynt Aagoid (Dafalias 2016) kot apopd v emifoArr] 6Tpoeng TV Kupiov
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Extevniic ovoym

atovov tdoeng oty KK, damnpovioag otabepés Tig evepyés kvpleg TWES TAGEWG,.
Avtd 10 meipapa, to omoio eiye mpooouowwbei Tpoyevéotepa and Tovg Theocharis et
al. (2017, 2019) pe yprion ™c Mebodov Awxprtdyv Ztoyeiov (Discrete Element
Method), éxet g oxomd va avadeifel v emidpacn TG aVIGOTPONTNG ECOTEPIKNG
doung (fabric) (Brewer 1964, Oda 1972) otn unyovikn cvopnepipopd aupov otny KK
Kol va, amodeigel v avaykootnta avabedpnong e khaooikng Ocwpiag Kpiowung
Katdotoong (OKK) (Roscoe et al. 1958, Schofield and Wroth 1968), o6mmg
npotdOnke amd tovg Li and Dafalias (2012) ot omoiot ewonyayav ™ Ocwpio
Awvicotporikng Kpioyung Katdotaong (AAKK).

H OKK dwrvndver 6Tt T KOKK®ON VAMKA oV vroPfdAlovtol 6e GOPTIoN QTAVOLV
omv kpiown kot otobepn katdotacn (critical and steady state) votepa amod
eEKTETOUEV Tapapdpewon. H katdotaon avt) aviioTtolyel G610 TApUTPOVUEVO
QOIVOLEVO dL0PKOVG OLOTUNTIKNG TTOPAUOPPOGCTS TOL KOKKMOOLS DAMKOV VIO 6Tafepd
oyko kot otafepég tdoelg (amokiivovoa kot wotpomikny). H a&io g OKK éykerran
010 YEYOVOGS OTL M avoeopd oty TeMKN kotdotaor (ultimate state) péow xdmotog
KOTOOTATIKNG  TMOPOUETPOV  OMOTEAEL TNV TEUTTOLGIOL TNG  OMOTEAECUOTIKNG
TEPLYPAPNG KO TPOGOUOIWONG TNG EAUCTOTANCTIKNG CUUTEPLUPOPAS TMOV KOKKMIMV
vakadv (Wroth and Basset 1965, Been and Jefferies 1985, Triantafyllos et al. 2020b).
Y10 mAaicw g OKK daturndvovtonr 000 kavég Kot avaykoieg cuVONKeS Yoo TV
emitevén Kol SWTNPNON NG KPIoWNG KOTACTOONG COUPOVE HE TIG Omoieg O
amokAivav Adyoc tédoewv (deviatoric stress ratio, 7c = (q / p’)c= M) givar pio otabepd.
TOL VAMKOV Kot 0 deiktng mopwv (void ratio, ec) eivor pio povadikny cuvaptnon g
100TPOTIKNG Thong (isotropic stress, p’): onueidvetat 0Tt g givan 1 oToKAivovso Taon
Kol OTL 0 KAT® OEIKTNG C ONUAIVEL «OTNV KPIGIUN KOTAGTOCN.

Mia and 11 vrobécelc g OKK etvar 61t 10 £00.p1kd LAIKO oTEPEITOL OVIGOTPOTNG
E0MTEPIKNG OOUNG AOY® TNG EVTOVNG OVOLOYAELGTG TOV VITOKELTOL Y10, VO, PTAGEL TNV
KK (Schofield and Wroth 1968). Awtvrmvetot, niong, 0Tt T0 £80PIKO VAMKO QTAVEL
omv KK «at mopapopedvetal dtopk®dg vrd otabepd dyko Otav kot pudévo Otov
mpovvtat ot &ng cvvOnkes: @ = Mp” kaw v =17 - Alnp”’ (Schofield and Wroth 1968);
Omov V glvar 0 €101KOC OYKOG TOv €300V VAoV kot M, I' ko A glvan otabepég Tov
€00.P1KOV VAKOV. Etvar mpopavéc 011 n ecotepikn doun oty KK Bempeitar mpaxticd
1GOTPOTT KOt Yot LTOV TOV AOYO Ol IKAVEG Kol avaryKoieg cuvOnKeg yio v emitevén
kot owtnpnon g KK meprapfdvovv povo Pabuwtd peyédn (scalar quantities).
AvtiBétwg, obyypoves peréteg Exovv Ociéel 6t n ecmtepkn dopn otnv KK eivon
EVIOVOG OVIGOTPOTT KOl TPOGAVOTOAMGUEVT] TPOG TNV KATEVBUVOT TS POPTIONG OTNV
onoio. vVToPANONKE TO KOKKMAEG VAKO péxpt vo. tdoet otnv KK (Thornton 2000,
Masson and Martinez 2001, Zhang and Thornton 2007, Li and Li 2009, Fu and
Dafalias 2011, Wiebicke et al. 2017, Theocharis et al. 2017 and 2019). Eropévag, n
avIcOTPOTN £0MTEPIKY] SO €MNPEALEL ONUAVTIKA TN UNYOVIKY] CLUUTEPPOPAE TOV
KOKK®OMV VAMKOV og Kdbe katdotoon cuumeptlapfovopévng Kot e Kpioyung
KOTAGTOOMG.



Extevniic ovoym

To «reipapa oxéyno» mov meptypaenke nponyovuévog (Dafalias 2016) croyedel oto
va dlepevvnOel dv to £daKd vVAIKO ov Ppioketon otnv KK, 6tav wavomolovvtot
TOVTOYPOVO, Ol OVO OTVITMUEVES TKOVES KOl OVayKaieg cLVONKES, mapapeivel otV
KK xofac¢ exkiveitar 1 otpoer] Tov KOplov aEOvemv TAGE®S, dTnp®dVTag oTalepéc
TIG EVEPYEC KUPLEC TYES TACEMS. TNV TEPITTMGT TOL 0 JEIKTNG TOP®V TOV ESAPIKOV
VAoV petafAndel, dmwg Exel mpoyevéstepa deyBel oV aplBuntiky Tpocopoimon
ToV melpdpatoc and tovg Theocharis et al. (2017, 2019), tote avtd eykataAeinet T
KK kot ot dvo dwrtvnopéveg cuvOnkeg eivor avaykaieg oAl Oyl Kavég Yo T
dwatnpnon ¢ KK. Ou Li and Dafalias (2012) npotewvav v avabempnon g OKK
pe v mpooOnkn piog tpitmg ocvvOnkng m omoio omattel pio véo TAPAUETPOG
avicotpomne oSoung (fabric anisotropy variable) vo AdPet v kpiown tn g
TaLTOYPOVO. UE TOV amOKAivovia AOYO ThoewV Kol Tov Ogiktn mOpwV OOTE Vo
emrevyfet ko va dwatnpnBei n KK. H véa mapdpetpog Aapavet v kpicyn tipn mg
6tav o tavvotc doung (Satake 1978, Oda et al. 1985) mpooavatohotel pe v
Katevhuven POPTIoNG Kal TaVTOYPOVE. OTOKTAGEL TV Kpioun, Kotd péyeboc (norm),
Tiun tov. Emopévemg, n ypnon ™ véog mapapétpov eEnyel yuori to £6091kd vAKO
eykataleinel v KK otav ekkwveital n otpogn 1@v Kipltov aEovov Tdoewms mapoio
mov dgv mapafrdlovior apyik®g ot Vo cuvvinkec g KAooowng OKK, evd n
mpocsOnkn g tpitng ovvOnKne kabiotd ™ Bewpio TANPN otV avabewpnuévn g
popen (OAKK).

AvaBaOpioTn KoL TPOTOTIO 0T TWV GUGKEV WV (POPTLONG

Mo v enitevén 1OV otdYOV MOV TEOMKAV OTNV TOPOVGO SOAKTOPIKY OTPIN|
EKTEAECTNKOAY, OPYIKDG, EPYACIEG TOV APOPOVCAV TNV TPOTOTOINCT Kot avofadiucn
TOV GLOKEVOV TPLEOVIKNG QOPTIONG KOl OTPENTIKNG owdtunone. Kwnmtd pépn
OYEJACTNKOY, KATOOKELAGTNKAV KOl TPOCHPTHONKAY OTIS CLOKELES GOPTIONG UE
oKoOmO TNV EMPOAN OCULVOPIKAOV CLVONKAOV 7OV OMOTPETOVY TNV  EKONAMON
avemfountev SwkAadiopévov popeav mapapopeonong (bifurcated deformation
modes; Vardoulakis and Sulem 1995). H cvokeun vyniodv miEcemv tpomonoOnke
MOTE VO EKTELEGTOVV OOKIUEG GE apyIKn HéEoN evepyo tdon €mg ko 6 MPa pe oxomod
mv kebvotépnon g avantuéng TV (ovav cLYKEVTPOUEVNG Topapdpemong (Strain-
localisation zones) oto Tokvotepa dokiuta aupov (Desrues and Hammad 1989). H
OLOKELN OTPENTIKNG OwdTunons avaPobuiotmke oote va Kotaotel duvatdg o
ave€apTnTog EAeYY0G TV TEGE®V TEPIoOLYENG Héca kot EE® amd To KOTho KOAVOPIKO
dokipo (Hight et al. 1983). Emiong, o éleyyog tomov «kAeiatod Ppdyov» (closed-loop
control) 6Awv T®V GLVOPLOKOV EOPTIOY TOV SPOVV GTO KOIAO KLAWVOPIKO SOKipo
emeTeLYON pe ypNom €vOG VEOL AOYIGHIKOD GE TPOYPOUUATICTIKO TEPPAAAOV
LabVIEW 1o omoio aAANAETIOPA pHE TO GLOTAMATO GEPPO-EAEYXOV TNG GLOKELNG
otpentikng owdtunong. H avafabuion ovt) enétpeye v eKTéAECT TAGIKAOV
00€00EMV YEVIKELUEVNG POPTIONG, KATOAANA®V Yo TN OlEpebvIoT TNG EMIOPACNG TNG
EYYEVOUC OVIGOTPOTIOG KOl TNG 16TOPiog QOPTIGNG GTN UNYOVIKY) GUUREPIPOPE NG
Gippov.



Extevniic ovoym

Mewpapatikad anotedéopata, pépoc I: Kpiloyun Kataotaon
apupov

[Na ™ perétm g xplowng xotdotaong g aupov M31, pe ta Quowkd
YOPOKTNPIOTIKA TTOV avaypdeovtal otov [livaka 3, mapackevdotray Sokipo pe
néBodo amobeong oe vepod, Ta omoia otepeomomOnkay ootpoma (dupog IC) o péon
evepyo Taom, P in, Kopovopevn and 100 Eémg 6000 kPa: onpeidvetarl 6Tt o dgiktng in
onpaivel «otnv apykn Katdotaony. ‘Eneta, ta doxipa vrofAndnkay oe LovoTovikn
TPEOVIKY] ocvumieon vmod cvvOnkeg elevbepng M epmodilopevng otpdyyiong ot
dokiuég avtéc avikovy otnv katnyopia A (A-series tests). To Zynuata la kot b
delyvouv TG evepyéc Taoikég 0dgvoelg (effective stress paths) oto — p’ eninedo kot
TIG KOUTOAES amOoKAilvovGog Thong — mopapdpewons (4 — &g), AvIIoTOlY®S, Omd TIG
dokiuég ehevbepng otpdyyong, eved ta Zynuata 1c kor d deiyvouv To 01
Swypdppato  omd TG OOKIMEG  eUmOOLOUEVNS oTpdyyons. To  TEPARATIKA
OTOTEAEGUATO VITOJEIKVOOLY TNV Vmapén piog Hovadikng Ypouung otov p’ — e —
YHpo otV omoia KotaAnyovv ot odevoelg eoptiong (loading paths) otav o pvOudg
TOV TOCE®MV KOl TOV TAUCTIKOV OYKOUETPIKAOV TOPAUOPOAOCE®Y TNG GOV
undeviCeton TpoKkTIK®OC Votepa and ektetapévn mapapopemon (Roscoe et al. 1958,
Been et al. 1991, Verdugo and Ishihara 1996, Triantafyllos et al. 2020b). H I'papuun
Kpiowne Katdotaong (I'KK) mpocdiopiotnre aveloptitmg g apyIkng TIUNG TOL
delkn TOpwV Kot TG HEONG EVEPYOD TAGNC Kol AVEEOPTNTMOS TOV TUTOV TNG OOELONG
@oOpTIoNg (erevbepng M eumodlOpevNc oTpayyIong), Ommg Qaivetol ota Xyfuoto 2a
kot b ta omoia amekoviCovv v wpoforr; g KK oto q — p’ ko € — p’ emineda. O
[Tivaxag 4 divel Tig TapapéTpoug Kpioung Katdotaong e aupov M31 coppova pe
mv e€iowon mov mpdtewvay ot Li and Wang (1998).

H mpopory g 'KK ot0 € — p’ katoaotatikd eminedo ypnopomomdnke yio va
TPOGOIOPIOTEL 1 KATAGTATIKY TopAueTpos, v = € — e«(p’), tov Been and Jefferies
(1985) o kbe otddo g EOpTIons. H mapduetpog avtr ekepalet m o10popd TG
TPEYOLGOG TG TOV JeiKTN TOP®V, €, amd TNV TN Tov dOeiktn Topwv otnv KK yia
MV TPEYOVGA TN TG 160TPOTIkNG Tdong, e«(p’). Ta mewpauatikd amotelécpota
VROJEKVOOLV pio capn EAPTNON TG UNYAVIKTG GUUTEPLPOPES TG GUUOL amd TV
Kotootatiky wapauetpo, w (Manzari and Dafalias 1997, Li and Dafalias 2000). H
e€EMEN TV TOPAPETPOV 77 Kot &vol (N AU / P’in) Bpébnke Kadd cuoyeTIoUEVT HE TNV
e€EMEN NG KATAGTATIKNAG TAPAUETPOV, w* 0oV 77 = ¢ / P’ €ivol 0 amokAiveov Adyog
TAGEMV, &vol EIVOL T OYKOUETPIKY TAPAUOPO®ST kot AU / P’in givar 1 vigpmieon Tov
VO0TOC TOPWOV KOVOVIKOTOMUEVY] ®OG TPOG Tr WECT €vEPYO TAGN GTO TEAOG NG
160tponNg otepeonoinons. ' mapddetypo, o omokAivov Adyog TAGEWV, #pt, GTO
onueio alhayng edaong (phase transformation point) (Ishihara et al. 1975) av&avetat
EVD 0 AMOKAIV@OV AOYOG TAGE®V, #p, KOt 1 AOALTOG TN TOL AGYOL S0GTOMKOTNTOG,
Dp = (defol / deg )p, OTNV KOTAOTOOT KOpLeaiag actoyiag (peak failure) peidvovron
OTaV 1M KOTOOTOTIKY TOPAUETPOS, Y, YIVETOL AYOTEPO OPVNTIKY, OTMG PAIVETAL GTO
Zyua 3+ onuetdvetot 6tL 0 v Ogikng P otov opiopd Tov D onuaivel «mhaosticdoy
Kol OTL OTI  GUYKEKPWWEVY €pyocion  ypnoLoTomOnKoy Ot  EANCTOTANCTIKEG
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Extevniic ovoym

TOPALOPPDCELS Y10 TOV TPOGOI0PIGHd Tov D, evd 0 Kdtw deiktng p onuaivel «otnv
KOTAGTOOT KOPLEAIOG O0TOYIOG» TOL OVTIIGTOLEl OTN WEYIOTONMOINGT TOv AdYOL
tdoewv 7. Emiong, m oxéon Adyov tdoewv — Odactoakotntag, n — D, sivon
JLPOPETIKN Y10l TUKVI KOl YOAQPN Gupo, dniadn eEoptdtol amd TV KOTOGTOTIKN
TOPAUETPO, Y, OTWG QaiveTal 6To Zynua 4.

Mepapatika ATMOTEAECLATA, MEPOG II: Mnyavika
XOAPUAKTPLOTIKA  CUHOV VTO ovvOKeg HLOVOTOVTG
PEVOTOTIOMONG KAL YEVIKEVUEVG X TOXLAG

Mo ™ pelétn g UNYoVIKNG GLUTEPLPOPAS TNG GUUOL TOPACKEVAGTNKAY YAAOPE
dokipa pe ™ peébodo andbeong o vepd, ta omoia otepeoTomOnKay 16OTPOTO (A0
IC) o péomn evepyd taom, p’c= 200 kPa ( 100 kPa 1} 300 kPa). ‘Exnctto, ta dokipua
vroBANONKaV G HOVOTOVIKT QOPTIoN EUTOOILONEVNG OTPAYYIoNng VIO oTabepn Héom
OMKT Téion, P, kot otadepn| mapduetpo evotdpeong koplog tong, b =(c2—-0%3) /(o1
—03) = 0.5, S1TnpOVTOS TOV TPOGAVATOMGHO TOV AEoVa NG UEYIGTNG KOPUG TAONC,
0’1, otabepd oe dapopec KatevhHVGEIS MG TPOG TNV KATAKOPLPO, LETPOVUEVES LE TN
yovia a (M a.1) (BA. Zynua 5) ot dokiuég avtég avikovy oty katnyopio A (A-series
tests). Enuewwveron 6T Katd v andfeomn ¢ dppov vd v enidpacn g PapvnTag
dnuovpyovvtar opilovtia enineda dootpoudtwong (bedding planes) tave ota omoia
TPOGOVATOAILOVTOL EMAEKTIKG Ol HEYOAOL AEOVEC TOV U1 COOUPIKAOV KOKK®V
oynuotiCovroag pia gyyevag avicdtponn eowtepikny doury (inherently anisotropic
fabric) (Arthur and Menzies 1972, Oda 1972). Emouévwg, Otav aAldler o
TPOGOUVATOAICUOG TOV AEOVA TNG HEYIOTNG KOPLOG TAOTC G TPOG Ta 0plldvTia emineda
SLOTPOUATOONG UETARBAAAOVTIOL TO HUNYOVIKG XOpOKINPOTIKA NG dupov. A&ilet,
OUmC, va. emonUovOel 6Tl aVIGOTPOTY ECOTEPIKT] dOUN TAPAYETUL OYL LOVO eEontiog
TOV EMAEKTIKOV TPOCAVOUTOMGHOU TOV UEYOA®V aEOVOV TOV U1 GROUIPIKOV KOKK®OV
oAG Ko e€outiog TOL EMAEKTIKOD TPOCAVATOAMGHOD TOV KAOETOV O0VUGUATOV
demapng (contact normal vectors) Tov kOKK®V (CEUIPIKOV N UN) Kol TOV UEYOA®V
aEOVOV TV Kevav HETaED Tov KOKK®V. Ta tpio ovTtd oToryeion E0OTEPIKNG OOUNG
e€eMocovial KOTd T POPTION TV KOKKMOMV LVMK®OV LE JpopeETIKOVS puhpode
(Oda et al. 1985, Wang et al. 2017).

H yohopn dppog emédeile evidvmg ovicOTPOTA UNYOVIKO YOPOKTNPIOTIKA OTIC
JOKIUEG POPTIONG EUTOSILOUEVIC OTPAYYIONG KATA TIG OTTOIEC O TIUES TV o, b Ko p
TopopETpOV dratnprionkoav otabepéc (dokég axtvikng @optiong) (radial loading
tests). Ta Zynuata 6a kot b deiyvouv Tig evepyég TOGIKES 00€VGEIG 6T0 (Jd — P EMiNEDO
KO TIC KOUTOAEG OKTOEIPIKMV SLOTUNTIKAOV TACEDV — TOPUUOPPDGEDY (Toct — Yoct),
OVTIGTOIY®G oNUEW®VETAL OTL Od €lvar 1 O10popd TACEMY 61 — 7’3, 1| OTO10L LIGOVTOL [LE
mv amokAivovca tdomn, g, 6tav b = 0 1 1. Eta doypdppote mopotnpeitor n TOTKn
ooumepLpopd  mTopodkng povotovng pevotoroinong (limited flow deformation)
(Nakata et al. 1998) yio ™ yolopn KOPEGUEVN GUUO 1) OTTOI0L EKONADVETOL LE TNV
TTOGCT NG AVTOYNG, Jd, HETE TO onueio Tapodikov peyictov (transient-peak state) o
LE TAVTOYPOVI] CLGGMPELGT LOVOTOVIG SUTUNTIKNG TOPALOPPOCTG KOl VIEPTIECTG
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tov voatog mopwv (Vaid and Chern 1983). H mtdomn g avtoyng, dd, opeiletal otnv
avantoén ¢ vrepmieong tov Vootog mOpwv (Sassitharan et al. 1993) eved o
amokAivav Aoyoc tacewv, 7 = q/ p’, av&avertal, SNAadT] TO ApU®IES VAIKO KPOTOVETOL
ue tovtdypovn peimon tov evepydv tacewv (Lade et al. 1988). Adyom tov
TopapéTpov ehéyyov (control parameters) mov emléyOnkav 1 peimon ¢ avToxng
odnyel oe aotdBetn (instability) pe otoyeio dvvapukng amodkpiong (Castro 1969, Chu
and Leong 2001) kot dwaxiadwon (bifurcation) tg coumepLPOphEc TOV GVGTAUATOC
OLOKEVT POPTIONG — OOKIUo péEYPL To onueio aAlayng @dong mépav TovL 0TOIOL
OVOKTOTOL 1 OVTOYY), O €AEYXOC T®V TAPOUETPOV QOPTICNG Kol 1 €votadein
(Triantafyllos et al. 2020a).

H ovunepipopd g aupov yiveton, ev yével, mepiocdTEPO GLGTOAIKN OTAV O 0 '1-
AEoVag amopaKPHVETAL A0 TNV KOTAKOPLPO LE ATOTEAEGLO 1] VTOYY|, Od, OTO GMUETD
ToPOodIKoD HEYIGTOL KOl 6TO onueio aAhayng @AoMG Vo LEIMVETAL LE TN Yovia o
EMIONG, 1 KOVOVIKOTOIWEVT VIEPTIEGT] TOL VOATOC TOPWV, AU / P in, KOL 1] OKTAEIPIKT|
SlITUNTIKN  TOPAUOPPMOGT], Yoct, OTO ONUEID GAAOYNG @AoNG avEdvovionr Otav
avéavetal n yovia a. ZTnv Kotdotoon Kopueaiog actoyiog n Ty tov Adyov Tacemy,
sin @p (0 deikTNC P oNUAivEL «OTNV KATAGTOOT KOPLPAIOC AoTOYING) TOL AVTIGTOLYEL
ot pEYIoTONOiNoN TOV AdY®V TAcE®V SIN @ Kol 77), UELOVETOL, €V YEVEL, UE TNV
avénon g yoviag a. Molatavta, 1 mepocdTePo acbeving amdkpion mapatnpeitot
otav 1 yovia o Aappdvel Tipég petaco 60° ko 75°, 616t totE Eva amd to enimeda oTo
omoio, 0 AOyo¢ TNG dlaTUNTIKNG TPOg TNV opBn thon yivetan uéytotog (Maximum stress
obliquity planes — eninedo olovei aotoyiag) Teivel vo TpocavatoMoTel ue To opliovTio
eMimedo doTpopdtmons. Eropévmg, n eyyevig avicotpomio exnpedletl Too unyavika
YOPOKTNPLOTIKA TNG GUUOL 6TO oNUeEio Tapodikoh UEYIGTOL OVTOYNG, OTO OMUEio
OAAOYTG PAONG KO GTNV KOTACTOGT KOPLQOIG aoTOY{0G.

To onueio woPOdIKOL UEYIOTOV OVTOYNG OTIG OOKWEC OKTWVIKNG  POPTIONG
eumodlopevng otpdyyiong tavtilovtol TPOKTIKOG He To onueion exkivinong g
aotdOetog (instability points) kot og avtd aviiotoyel évoag Adyog Tdoemv, SN gip (0
deiktng Iip onuaivel «ot0 onueio aotdbelac»), o omoiog peidvetal pe Ty avénon g
yoviag a. Evovovtag, emopévmg, ta onpeio Topodikod HEYIGTOV avTtoyns Le TV apyn
TOV 0EOVOV GTOV (d — P’ XDPO TAGE®V TPOKLITOLV YPOLUES LE OLUPOPETIKT] KAloM
avéAoyo pe TV TN ™G Yoviag o, ot 0moieg 0VCLICTIKG amoTeAoLV TS Ipappéc
Aoctdfeiag (Instability Lines) kotd tov opiopd tov Lade (1993). Xmv  mapovca
dwaktopky dwatpiPrn opiotnke n Empdveio Actdbeiog (Instability Surface, IS) otov
Y — X ydpo taoewv, 0mov Y = 279/ (6’2 + 0’00) xau X = (6'22 - 600) | (6’22 + 7 00), M
omoia d€pyetat amd T onpeio aotdbelog Kol amotedel T yevikevon g £vvolag g
ypoupng aotddeiag tov Lade (Triantafyllos et al. 2020a). Xt cuvéyeta, eéetdotnke
av M ekkivnomn g HovOTovng pEVCTOTOINoNG VIO GLVONKES EOPTIONG EUTOOLONEVNC
oTpayylong mov mEPIAAUPAVOLY GUVEXN GTPOPN TOV KOUPLOV aEOVeV Tdcems Umopel
va ovoyetotel pe m owdoywon ¢ Emedvewng Aoctdbeiag (EA) M xdmolag
EVOAMOKTIKNG empavelag 6mwc 1 Tomkn Opuoxn Empaveln (Local Boundary Surface)
7oL opiotnke amd tovg Symes et al. (1984) kau Shibuya et al. (1987, 2003a, 2003b).
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Eneénynoeic oyetikd pe tov mpocdlopiopd twv onueiov actddslog, TV ypopumv
aotdfelog Ko g empavelng aotdbelog divovior ota Zynuato 7a kot b to omoia
delyvouv TIg Tao1kég 00eVoelg 6T0 (d — P’ kot ¥ — X eminedo, avtiotolyme, amd Tpels
JOKIHEG LOVOTOVIKNG QOPTIONG EUTOSILOUEVNS OTPAYYIONG HE SOPOPETIKES TIUEG TNG
yoviog Katevbuveng g HEYIOTNG KOPLOG TACEMS, @, Kol KOWES TEG Tov b kot p
TOPOUETPOV. ZTO Zynpo 7a emonuaivovton ta onueion aotddeiog (copmayeic KHkAo)
KoL Ol YPOUPES 0oTAOE10G (SIOKEKOUUEVES YPOUUES) EVD O1 101G Ol TOGIKES 00EVGELS
(ovumayeic ypappég) amotehovv Vv mpofoin evdg tunquatog e Tomkng Opakng
Empavelog amo tov qa — p’'—a — b (= 0.5) ydpo oto gd — p’ eninedo. o Tynua 7b
anewoviCovtal oto ¥V — X ekTpomikd €mMinedo Ol TOGIKEG 00€VGES amd TIS 1d1eg
SOKIUEG POPTIONG EUTOILOUEVING OTPAYYIONG KO £VOL TUMLLOL TG ETPAVELONS 0LGTAOELOC,
OT®G 0 To TPocdopiletan evdvovtog to Tpia onpeio aotdbeiog.

Y10 Yymua 8 mpoodiopilovionr Ye®UETPIKE o1 KOpleg kaTevhOVeES TAGE®S Kol
TOPAUOPOOGEMS 6T0 ¥ — X ko Vs — Xs exktpomikd emineda, 6mov Ys = 270 Ko Xs =
0’z - 0'gp, TO. OMOIOL YPNGLOTOOVVIOL KATO KOPOV GTNV TOPovGH OO0KTOPIKN
dwtppn, evod otov Ilivaxa 1 divovror ot adyePpikol TOTOL Yo TOV VTOAOYIGUO T®V
YOVIOV KOplog KatebBuvong Tdoeme Kot TopapopeOcems Kabmg kol Tov puudv
avtov. H tacwm 6degvon mov amewovileton ota ¥ — X wou ¥s — Xs emimeda tov
yMuatog 8 aeopd oTpopn TV KLupimv aOVeV TACE®S Kol 1 KUplo Katevhuvvon
TAGEMC, TPOCAVENTIKNG TACEWMS KOl TPOGAVENTIKNG TOPULUOPPAOCENS VTOOEIKVIETOL
ue v vaépheon Tov povadinv dtavvopdtov, 6, de kot dg, avtiotoiyme, 6To TpEYoV
TaoIKO onuelo. Enuewdveror OTL ot TavvoTtég aviipetonilovior oto €€ g
dlvoopoTe  YOpy  €VKOAMOC TOV  YEMUETPIKOD TPOCOOPICHOD  TOV  KOPLWV
Katevboveewv.

H yovia mov oynuatiovv ta dtavdouata 6, de kot de pe tov opiloviio aEova (X 1 XS)
etvar ion pe 2001, 20ds1 Ko 20de1, OVTIOTOIY®G, VO M Yovia mov oynuotilel to
dtbvvoua ds pe tov Xs-GEova dev 1oovTOl KOT avaykn pe 2ad. . Me Bdaon 1
ovpPaon mov viobetOnke N Yyovia as petoPdiretarl omd v Tun 0° oty Tyun +45°
omv T £90° oy TN -45° Ko T oty TR 0° dtav o SIVLGUA 6 GTPEPETOL
avtifeta amd TNV Popd Kivnong Tev SEIKTMOV TOV pOA0YLOV, dElYVOVTOS TPOG T ETIKA
o0V Xs-G&ova 0tav a7 = 0° kKo mpog ta Betikd tov Ys-aEova Otav og 7 = +45° 1 1o
GUUPACT YPTGULOTOIEITOL Y10, TIC YWOVIEC Oldo' KOL Odes. EVOALOKTIKG, 1 Yovia o o7 (1
o do'1 N & der) PETAPEALETOL ad TNV T 0° oty T +45° ot T +90° oty T
+135° ko téhog oty T +180°/ 0° dtav to ddvuoua 6 (| de 1 de) oTpépeTon
avtifeta amd ™V Popd Kivnong TV SEIKTOV TOv POAOYD EEKvavTag amd Tov Xs-
d&ova. H devtepn ocOuPaocn ypnoiponoleitor yoo Tov Tpocdlopiopd g yoviog un
opoofovikétnrag (non-coaxiality angle), & = a'der - o »1, M omoia VIEOdeucvOEL THV
OTOKAIOT TNG KLPWG KATELOLVONG TNG TPOCAVENTIKNG TAPAUOPPDOCEMS Omd TNV
KOplo  katebBvvon  TAcE®C.  Enpewdvetor  OTL otV mapovoo  gpyacia
YPNOWOTOONKAV Ol EAAGTOTAAGTIKES TOAPAUOPPADGEL Y10, TOV TPOGOHIOPIoUO TOov &
LE TNV mapadoyn 0Tt 01 0pHEG TOPAUOPPDGELS Eg9 KoL &rr v 10€C.
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To Zyqua 9 deiyver v empdveln aotdbewog, 1S, e yolopng Guupov kot to
TEPLYPAULOTO {GOV TIHDV Yoct Kot AU / P’in KOTA TN GLGTOAKY Pdon andkpiong 6to ¥
— X enminedo, Onmwg mpoodlopicTnkay omd To OedoUEVE TOV SOKIU®OV OKTIVIKNG
QOpTIoNG eumodlopevng otpdyyons. H emoedveln actdbeiag kol to meprypbppota
elvar elMetyerg (N tupato eAAelye®V) GLUUETPIKEG ®G mpog tov X-GEova, TmV
omoiwv o pikpdg déovag sivar mapdAiniog mpog tov Y-aEova og 0éon pe X > 0.
Emopévag, n exkivnon g aoctdBeiog kot 1 ovamtoén piog dedopévng TG g
TOPAUETPOL AU / P in M Yoct AVTIOTOLYEL G HIKPOTEPO AOYO TAGEWVY, SN @, OTOV 1 YOVio
a (as1) aEAVETOL, VITOSEIKVOOVTAG TNV EMOPACT) TNG EYYEVOVG OVIGOTPOTIOG OTNV
TOPALOPPOGIULOTNTO TG dupov. H emedvela actabeiog kot to mepiypappo Au / pin
= 0.60 givor «avoktd» oto éva Gikpo d10TL N Auuog avamtvocel AU / pin < 0.60 Kot
napapével evotadng otav n katevbuvon tov o '1-aEova fvor Kovid 6Ty KaTaKOpLEO.
Y10 Zynua 9 arewoviCovral, emiong, Kot ta dwavdopata de ota onueio aotdbelog To
omoia amokAivouv amd v KatevBovvon g Koplag Taons (aKTvikn KatevBovvon) Ko
KAvouv mpog v kotevBuvon tov Y-a&ova. Aegdopévov OTL M KOpla kotevBuvon
TPOCOVENTIKNG TOPAUOPPWONG ades = +45° (o'ger = +45° 1 +135°) avtictoysi os
TOPALOPP®ON TOTOV amAng didtunong (simple-shear deformation mode) cvvdyeston
otL n Ymapén opldéviiwv emmédwv doTtpoudToong mhovodg vo mpodyst TV
TOPALOPP®MOT ALTOV TOV TOTOV AOY® TNG KIVNUOTIKNG 01EvKOALVOTG TG oAlcOnomng
oto enineda dotpoudtowong (Miura et al. 1986, Triantafyllos et al. 2020a).

[Ma ™ pehétn g enidpaong TG 10Topiog OTEPEOTOINONG Kol POPTIONG GTY| UNYAVIKNI
CLUTEPIPOPE TNG GOV TOPUCKELAGTNKAV YOAapd dokipia pe ) uéhodo amdBeong
o€ vepd, ta omoia otepeomomOnkay avicotporna (aupog AC) oe péon evepyd taom,
p’c= 200 kPa (1} 100 kPa), kow o€ d16¢popovc Adyoug tacemv otepeonoinone, Ke = o3¢
/ 6’1c (0 deIKTNE C oNUOIVEL KOTNV KOTAGTOON OTEPEOTOINONG»), uéypt v Tiun Ke =
0.40 mov avtiotoy el mpakTiKA 6 cuvinKeg Ko-otepeomoinong yio ™ yolapn Gppo.
X1t devtepn @dor otepeomoinong petafAndnke n ) g mapapétpov b and 0 ot
0.5 ko g taoemg P’ and p’coe Pin (> P’c) kot ot cvvéyEla mPANONKE LOVOTOVIKN
QOPTION EUTOOILOUEVNG OTPAYYIONG UE OTPOPN TOV KOPIOV aEOVOV TACEWS Kol
otafepéc p ka1 b (= 0.5) mopopétpovs. Tt dokyég tomov B (B-series tests) m
amokAivovoa Taom, J, aLEAVETOL HLOVOTOVO EVE TAVTOYPOVO GTPEPOVIOL Ol KVLPLOL
G&oveg tdoemg. Xtic dokyég tomov C (C-series tests) n amokiivovoa tdomn, q,
dwnpeital otabepn evd oTpéPoviol ot KOPoL AEOVES TAGEMG TPOKOADVTIOS TNV
avamtuén vmepmieong TOv  VOOTOC TOPOV KO, EMOUEVEOS, TNV ovénom  Tov
amokAivovtog Adyov tdcewv, 7 = ( / p’, kabmdg ol gvepyég Tthoelg anopoptilovral
wotporo (do’'t = do> = do’s = -du < 0) (Symes et al. 1984, Nakata et al. 1998,
Sivathayalan and Vaid 2002, Yang et al. 2007, Triantafyllos et al. 2020a). A&iCel va
onpewdel 6Tt 611G dokég Tomov B 1 yovia g kopog katevbuveong tdong, as'r, OV
pumopel va petafindel mépav g Tung +45° dedopévov Ot M yovio TG KLPLOG
Katevbuvong mposovénTikng tdong, ades, elvar otobepn kot ion pe +45° (vmd
evotabeilg ouvOnkec), evd otic dokyég tomov C egivar dvvatdv vo eKTEAECTOLV
TOAAATTAOL KOKAOL LOVOTOVTG GTPOPNG T®V KUPLOV aEOVmV TACEMG.
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Ta Zynuata 10a kot b deiyvouv Tig Tacikég 0deboelg 6to (a — P’ kot Y — X erinedo,
ovVTIOTOIYMC, omd TIC Sokuéc Tomov B kan C* (C” eivon ot Sokiuéc tomov C katd Tic
omoieg 1 aotdbelo TPokANONKE KATA TO TPDOTO GO TOL TPATOV KUKAOL GTPOPNG TMV
KOplov afdvov tdoemg). Xto Zynua 10a ot dtakekoppéves gubeiec ypoppés mov
dépyovtar amd Vv opyn tov a&dvov gival ot ypoupéc actdbelog tov Lade ya
YOAOPN LGOTPOTO. GTEPEOTOMUEVT AUUO OTMOS TPOGOOPIoTNKAV GTIC SOKIUEG TOTTOL A.
H | g yoviag as'7 vTodekvieTol pe ETIKETEG GE OPIGUEVA TAGIKA onpeia (Kothot
KOKAO1) cvumepapfavopévav Tov onueiov oaotdbewog (ocvumayeic kokAor). H
OLOKEKOUUEVT] KOUTOAT YPOUUN omoTeAel pio exTipumon g tacikng 6dsvong C2 katd
mv aotadn edacn omdkpiong, Y. THV Omoio Ta Kotayeypoupuévo dedouéva eival
OVETOPKY] AOY® YPNONG YOUNANG CLYVOTNTOG KATAYPOUPNG GE GLTNV TN OOKIUY|. XTO
Yynua 10b anewoviCovronr n empdvelo aotdbetog yio Y > 0 kot to, onpeio aotddeiog,
evd ta povaodlaio davoopata de vmodeikvoovy TV KOplo Kotevbvven NG
TPOGUVENTIKNG TAPALOPP®ONG 6T onpeia aotddeiog.

Ta anoteréopata mov mapovoidlovrar ota Zypuota 10a kot b ko  avédivon tov
TOPOLOPPMDOEDY VTOOEIKVOOVY OTL OTIG Ookég TOmov B 1 avamtuén piog
OLYKEKPIUEVNG TG TOPOUOPP®ONG, Yoct, KOU 1) TPOKANGCN 0aotdbelog omontel
HIKpOTEPT OENON NG YOviag Aoy Kot TG Thong, (d, Otav n Ty tov Ke petdvetor n
TAPAUETPOC Ads'1 EKPpALel T povoTovn aénom g Yoviag tng Koplag KatevBuvong
tdoemc. Ta amoteAéopata avTd LTOONAMVOLY TV TPO®TOTNTA TNG YoAapng AC dupov
£VOVTL PEVOTOTTOINGONG OV TPOKAAEITOL OO WIKPES dtatapayés oto peEyedog kot tnv
KatevBuvon TV KHPL®V TAGEMY OTAV 1] GTOTIKY OWTUNTIKY TACN &€ival LynAy, v
napdderyua o ovvinkeg Ko-otepeomoinong (Sivathayalan and Vaid 2002,
Georgiannou and Konstadinou 2014, Georgiannou et al. 2018, Triantafyllos et al.
2020a). A6 Vv GAAN TAELPE, OTOV 1 OTATIKY] SLOTUNTIKY TAGT €lval HIKPN 1 Yovio
0’1 0TO oNueio 0oTdOENG HEYAADVEL KOL 1] 0VTOYT], (d, OTO onueio aotdbelng Kot 6To
onueio oAayng @aocng HiIKpaivel. XnUE®VETOL OTL 1 OVIGOTPOTY GTEPEOTOINGN
EVIGYVEL TNV AVIGOTPOTIO TOV dNovpyeiTol katd tv amdbeon g dupov (Hu et al.
2010) kot avt) N oAloyn evtomileTon HOKPOOKOMIKA oTn O0yKmon g Tomikng
Opaxng Empdvelag yopm and 10 onueio otepeomoinong 6tov s — P’ — a  xopo
(Shibuya et al. 2003b). Emopévmg, ot tacikég odevoelg amd Tig dokiég thnov B
amoTeEAOVV tyvn mave oe dapopetikég Tomkég Oplakég Empdvelag avdioya pe v
T tov Adyov Ke. Tlapopoimg, otig dokipég tomov C 1 avAmtuén cuyKeKpLEVNC
TIUNG TALPOUOPPMONG, Yoct, KOL | TPOKANON aoTdBelng amontel pikpoOTeEPN avENOM NG
yoviag Aas; 6tav n Ty tov Ke petdverat. Eniong, yio pio dedopévn tipr] tov Adyov
Kc 1 povétovn otpoen Aa, péypt Ty ekkivnon g actdfeiag ivar peyoldtepn otig
dokyég Tomov C og ovyKplon pe Tig dokipég Tumov B.

To Zynuo 10b Seiyver ot otig dokipée @optiong tmov B ko C’, otic omoiec
emPAALETOL GTPOPT TOV KOPLOV 0EOVOV TAGEWS, N aotdbeia g yohapng AC qupov
ocvoppaivel 6tav N tacwkn O6dgvomn dwoyilel v empdveln aotdbelog, IS, mov €yet
opotel omd TIG OOKIMEG OKTWIKNG @OpTiong oe yoiapr IC dupo. Avtd ta
OOTEAECULATO. DTOOEIKVOOLY OTL 1 Y®ViOL SWTUNTIKNAG OVTIGTAONS, ¢, GTO orueio
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actdBetag eoptdrol povo amd v T TG Yyoviog e KOplag katebhvuvong TaGEMC,
as'1, EVO gtvor aveEdptntn omd tov Adyo tdcewv otepeomoinong, Ke, kot v 1otopia
QOPTIONG TOL TPONYEiTAL TNG KWNTOMOMOoE®G NG Katdotaong (as1 , @),
emPePardvovrag to evpnuata tov Nakata et al. (1998), Sivathayalan and Vaid (2002).
To Zymua 11a delyvel T1g Taoikéc 0d€voelg Kot ta onpeia aotdbetog 6to Y — X eninedo
amd Tic Sokipéc Tomov A, B ko C* 68 yohaph GO GTEPEOTOMUEVN GE LECT EVEPYO
taon p’c = 200 kPa, evéd to Zyua 11b deiyvel o onueio aotdbeiag omd Tig 1d1eg
JOKIEG OTO @ — ag; eminedo. Ilapopown cvumepipopd dupov moapatnpnbnke oe
dokiuég eoptiong tomov A ko B pe péon evepyd tdon otepeomoinong p’c = 100 kPa,
ONAadn N aotabeio cuVEPN GTav M TAGIKN 0JELOT JEGYICE TNV EMPAVELD 0oTAOELS,
IS. MoAatavta, Oo Tpémel va onuelwbei 0Tt dAeg o1 TaokEG 0dgvoElC 6T0 Zynua 11a
dwoyilovv Vv emeavew actdbsog ved pion peydAn yovio. Osopntikd, 10 £pyo
devtépog taeme, d°W (Hill 1958), mpémet avaykooTikd vo undeviotel yio var cuppPet
aoTdfelo Kot TN avT 1 TocdTNTA £€0PTATAL ATTd TNV KATELOVVOT TPOGAVENTIKNG
Taong kot v otopia eoptiong (Darve et al. 1995) eivar mboavoév n gvotddeio vo
dwtnpn et edv n empdvela aotdbeiog o10oy1cBel VIO dPOoPETIKES KATELOVVOELG.

A&ilel va onueliwbel 0T optopéves amd TIg TaoKEG 00ev0el; 610 Y — X eminedo Tov
Yymuatog 11a mapovctdlovy Eva S1oKptd YapaKTNPIoTIKO HETE TO onpeio actddeiog
OV VTOOEIKVVEL OTL GuUPaivel GTPOPN TOV KLPLWV AEOVOV TACEMC gite TPOG TNV
katevbuvon o7 = 0° egite mpog v KatevOvuvon a,r = 90° o160t M thon Vs
amo@opTileTon un avoroyikd g mpog TV téon Xs. Avti 1 awbopuntn (aveEEreykt)
CLUTEPIPOPAE, 1) OTTOl0 TOPATNPEITOL KOl OTIS OOKIUEG OKTIVIKNG POPTIONG, OMOTEAEL
éva. TUMIKG  TopddElyuo OlOKAGO®ONG O0@QOV 1 TOCIKN 00gvor akolovBel pia
ampoOPAETTY, UN HOVadIKN Topeia mov e&opTaTal OO TIC ATEAEIEG TOV GLGTNLUOTOC
ovoKkeL POptiong — dokipio (Chu and Leong 2001, Desrues and Georgopoulos 2006).
O1 Triantafyllos et al. (2020a) wpotewvav 6tL 1 €yyevig avicotpomio, petald GAAmV
Tapayoviov, emmpedlet T  SWKAAO®ON TNG OCLUTEPIPOPES TOV  GLOTNUOTOG
OedOUEVOL OTL TA YOPOKTNPICTIKA OIOKAASMONG Elval TEPIGGOTEPO €LOAKPLITA HTAV M
aotdfelo ovpPaivel 6e GUVOLOGHOVG TacE®V pe 22.5° < ap; < 35° M pe 60° < o <
75°, dnhadn gite Otav €va amd ta emineda olovel actoyiog Teivel vo TposovaToMGTEL
pe to opovTio emimedo daotpmpudtwons N 6tav n oAicOnon oto opilovio eminedo
etvar o Kupilapyog punyavicpds mapapdpemong (k. 6tav ade = +45°, BA. ko Zymuo
10b). Emiong, mapammpnOnke 0Tt Ol TAGIKEG 00€0GEG WHETO T1 SlakAddmon
aKoAovOoVV TapPOUOIEG SdPOUES AvEEAPTNTMG TG TPONYOVLEVNG 1GTOPIOG POPTIONG
(m.x. PA. TG TaoKéEG 0devoE A4, A6, B1, B4, C1) kot avt 1 cupmeptpopd cuvdietal
cLYVA HE TNV Kivnomn tov onueiov ThceMV TAVEO GE KATO OPLOKY] EMUPAVELL TOVL
TEPLYPAPEL TNV KATAGTOTIKT) CUUTEPIPOPE TOV appuddovg vikov (Roscoe et al. 1958,
Symes et al. 1984).

Toa Zyquata 12a ko b deiyvouv Tig Tacikég 0dgboelg 610 Jd — P’ ko ¥ — X eminedo,
avTIoTolY®s, amd T dokyég Tomov C, otic omoieg M aotdbsior cLVEPN petd v
OAOKANP®OOTN TOV TPOTOV KOKAOL OTPOPNS TV kKupiov afdvev tdoemg. Avtd
emeTeLYON emA&yoviag VYNAOTEPES TIHES TOV AOYOL TAcEwV GTepeonoinomg, Ke, ot
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omoiec, MOTOCO, OVTIGTOLYOVV GE GTOTIKN TAOT, (Qd, LEYOAVTEPN amd TNV EAGYIOTN
avTOY NG 1I6OTPOTO GTEPEOTOMUEVTG AUUOV Y1 0y > 45°. Agdopévou 0Tt 0 puOudC
AvATTLENG TNG LITEPTLESTG TOV VAUTOG TOP®V VIO VOTAOEIC GLVONKEG PLELDVETAL PLETA
TOV TPMOTO KOKAO 6TpoPn TV Kupinv a&dvev tdoemg (Ishihara and Towhata 1983,
Nakata et al. 1998, Yang et al. 2007) n tacw” 6devon omd T1g dokég Tomov C
draoyilel v emeavela aotabeag vd pikpn yovia. Onog eaivetatl oto Zynua 12b n
evotdfelo dwtnpeitar 6tav N emedvel aotdadelag daoyileton vd pKpn yovio
(oxeddv epamTopeVIKA) evd, Omwg Ba deytel 6T cLVEKELD, YAveTal OTOV 1 TOCIKN
00gvomn 010 (d — P’ emimedo dwatéuvel tov eOivovra kAado g Tomkng Oprakmng
Emoeavewog pe popd mpog ta €.

O1 €TIKETEG TOV EMGVVATTOVTOL GTOVG KOIAOLG KUKAOVG 6T0 Zynua 12a vrodetkvovy
NV T TG YOVIOG 06’7 OTIC OVTIGTOLYES TACIKES KOTAOTAGELS, EVAD Ol ETIKETEC TOV
EMIGVVANTOVTAL GTOVS CUUTAYEIC POUPOVE VTTOEIKVVOVY TNV TN TNG YOVING 6’7 OTO
onueio aotabelog. Xty mepintwon e Tooikng 6devong Co6, o copmaynig poupoc
VTOJEIKVOEL TNV KOTACTOCT GTNY 0Toi0l 1 AUIOG aoToYel 6TV Kopveoio Tiun qd / p’
M g/ p’) xou yavetar o éreyyog tov mpoypaupatog eoptiong (loss of controllability)
(Nova 1994), evdd n OSvvaukn ootdbel mov 0dnyel oIV TOPOSIKY HOVOTOVT|
pevotonoinon (flow instability) ocvppaiver oe pio GAAN xotdotocn Kopveaiog
0oTOYIOG TOL VLIOJEKVVETAL UE EVa TETPAY®VO TO Omoio £xel éva cOUPoOAO X oTO
KEVIPO TOV' OLGLUGTIKA, 1 AULOC PEVCTOTOLEITOL APOD TPONYOLUEVMC £xel EMPANOEel
oTPOPN TV KVPI®V aEOVmV TAGEMS TAVMD GTNV ETPAVELN KOPLPOIOS AoTOYI0G.

H xaumdin mov mpocapudletoar otoug cvpmayeic poppfoug (onueio aoctdbelog) oto Y
— X gninedo tov Lynfuotog 12b ovopdaletan ) e€elyuévn emeavelo actoyiog (evolved
instability surface) kot eivor éva tufuo élkewyng (ue tov kvpo G€ovd g va
tavtiletan pe tov X-a&ova kot Tov dgutepedovia aova TG vo eival TapdAAnNAog 6ToV
Y-a&ova oe Béom pe X > 0) mov PBpioketon petald TG apytkng EMPAvelng aoTadelg
(initial instability surface) ka1 tng emdveiag kopveaiog actoyioc. Toviletar 6Tt givan
dvvaTdV Vo OpPIOTOVV OLOPOPETIKEG EMPAVEIEC OOTAOEWG TOV OVTIIGTOOVV GOF
JOPOPETIKEG 10TOPiEG POPTIoNG KO otepovvtar yyevovg a&iag (Darve et al. 1995).
MoAatadta, 1 YPNOOTNTO QVTAOV TMV VONTIKOV KOTACKELOSUAT®V £YKETAL GTO
yeYovOs 0Tt emonpaivouy v eEdptnon ¢ cuvOnKkng ekkivnong g actdbelog and
MV wtopia tdoemv — mapapopemcemy. Eniong, vrodeikviovy 0TL 1) GuUTEPIPOPA TNG
Gppov Kot ™ EAcTN TG TOPOJIKNG LOVATOVIG PEVGTOTOINGNG ennpeaietal omd v
gyyvTnta Tov onpeiov actdfelog TPog TV EMPAVELD KOPLPALNS acToyiog, TOUVOS €&
artiog g e€eMocopevnc avicotporiag (evolving / induced anisotropy).

H enidpaon g 1otopilog thoewv ot ovvOnkn aoctdBelag yoropng Eppov
emonpaivetal oto Lynpa 13 1o omoio deiyvel T yovia STUNTIKNG avTioTAoNS, @, GE
ovvapTNoN Ue TN Yovio Koplog katehBuvong Tacems, aq'r, 6To onpeio aotddeiag Kot
kopvoaiog actoyiog. Ta onueion aotdbeiog otig dokipég TOmov A cupfoArilovror pe
ovumayeic (1 xoihovg) kdKhove, otic dokiée onov B i C° (C1-2) pe ovpmoyy
teTpdyova kKo otig dokég tomov C (C3-6) pe ovumayeig poppovg (| pe 1o
TETPAYOVO TOL €Yl T0 GOUPOAO X 0T0 KEVTPO TOov). Ta onueio kKopveaiog actoyiog
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oTIG OOKIUEG OA®V TV TOTMV anewkovifovtot pe to oOpPoia X. To Zynuoa 13 emiong
delyvel v apyikn emedveln aotabelog, v eeMypévn emedveln. aotabelog, v
EMPAVELN, KOPLOOING 0oTOYIOG KOt TNV 0dgvon eEEMENG TV GLVOLACUDV (a1 , @)
ot dokyn C6. Eivar mpopavég Tt | Tun ¢ yoviag gip 6T0 onpeio aoctdbelog dev
elval amoKAEIGTIKY] GLVAPTNON NG YOVING 067 0AAG e€aptdrtat, emiong, Kol amd TV
otopia eoptions. o mopdadetypa, n yovia gip etvon ion pe 20.0°, 25.6° 11 39.1° otig
dokyég Al3, C3 kot C6, avtiotoiywe, evd n yovia o, eivon mepimov ion pe 60°.
Emiong, n 6devomn eEEMENG tov cuvdvacpav (as7 , @) ot doky C6 dwoyilet
evotadMdG TV apyIKN EMEAVEIL A0TAOENG Kol QTAVEL GTNV EMUPAVELD KOPLPOIOG
aotoylog, mavew oty omoia Kwveitar mpotod mpokAnOel m ooctabng povotovn
peVoTOMOINGT. XMUEW®VETOL OTL TO GYNUO TNG EMPAVEINS KOPLEOING 0oTOYI0G
VTOOEIKVVEL TNV EMIOPACT] TNG £YYEVOVS OVIGOTPOTING GTA YOPOUKTNPIOTIKA ACTOYI0C.

H enidpaon g otopiog mapopopemcemv ot ovvOnkn aoctdbsog kol ot
CUUTEPIPOPE YOAUPNG GUUOV KOTA TN LOVOTOVI] PELGTOMOINCT) EMICNUOIVETOL GTO
Yymua 14 to omoio deiyvel TV T TNG KAVOVIKOTOMUEVNG VIEPTIECTC TOL VOATOG
nopwv, AU / pP’in, € cLVAPTNON pE TN Yovia katedBuvene g KOpLog TAoEwe, aqr,
oto onueio aotddelog Kol oAy Ao ToV TopaTnPONKay oTig SoKIUES TOTOV A
kot C (C3-6)' og avtd 10 oynua Bewpeitor Ot apt = aip. Me 6KOmd var oy mplotel M
TAOGTIKT] GLOTOAN Tov SLUPaivel aoTaBME KOTd T HOVOTOVI) PELGTOMOINGCT Ao
avtv mov ovpPaivel Tpwv TV ekkivnon ¢ aotdBewog (Borja 2006) xoi va,
mocotikonombel Eupeca N TPMOTN OPIGTNKE 1 TAPAUETPOS LOVOTOVNG PEVGTOTOINGNG
(flow parameter) U; = (Upt — Uip) / P in. TIpoGopo1dGEIC @OPTIONG KOKKMIDV DVAIKOV UE
™ néBodo dukprtwv otoryeiov (DEM) €xovv deilet 6t1 N amooOpTIon TV TACEWY P’
Kol  Kotd TV 160XmpN HOVOTOVIKY] PELGTOMOINGCT] GLVOEETOL LE TN UEIMON TOV
ap1Opol TV oNUEI®V JETAPNC TOV KOKK®V KOl TNV OTOOVVAU®OGT TOV QOPTICUEV®V
dopmv kokkwv (force chains) (Gong et al. 2012, Guo and Zhao 2013), H napduetpog
Ui evoéyetor va ek@palel LOKPOOKOMIKE OUTHYV TNV amodounot, n onoio e&aptdrol
amd TNV 16T0pia TACEMV — TAPUUOPPOGEMY OTMS Bl deLYTEL TN GLVEKELD.

To ZyAuo 14 deiyver 01t 6T dokég TOmov A 0 AdYog (AU / Pin)ip €ivar TPOKTIKG
otafepdg kat icog pe 0.30, ave&optTmg TG TWAG TG YOVIOS as'r, VD 0 Adyog (Au /
P in)pt €lvan icog pe 0.44 o6tav a1 = 10°, émerta av&avetar o 0.90 — 0.91 otav N yovia
as1 MpPavel Tég oto gupog 60° — 75° kat TEMKA peidveTat Erappds otnv Tyun 0.83
otav a.1 = 90°. AvtiBétmg, otig dokipég Tomov C (C3-6) o Adyog (AU / p'in)ip givon
icog pe 0.68 — 0.69 6tav n yovia s kopatvetar petadd 57.4° kot 64.4° kot peudveTat
og 0.55 otav n yovia oy kopaivetar petag&d 79.6° kat 90.0°, evéd o Adyog (AU / P’in)pt
etvon icog pe 0.85 oOtav m yovioa a,7 kopaiveton petold 57.4° ko 90.0°. 'Eva
onuavtikd cvpmépacpa givar 0t N T Tov A0Yov (AU / P’in)pt dev emnpedleton
TPOKTIKOG and TV otopion eoptions (0tav Ke > 0.64) ko e€optdrar povo omd v
T opt, VO M T G mopapétpov Up = (Upt — Uip) / Pin HEWDVETOL SPACTIKA OTIG
dokyég C3 €wg Co6. Tapodpota amoteAésOTO TOL APOPOLY TV €EAPTNON TOL AOYOL
(AU / P’in)pt 0O TV T ™G YOVIOG opt, M omoia MOAVOS OPEIAETOL GTNV €YYEVN
aVIGOTPOTiO. TNG Gupov, &yovv avapepbel amd tovg Yoshimine et al. (1998),
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Yoshimine and Ishihara (1998). Enueidvetar 6Tt YopNAOTEPES TYWEG TNG TOPOUETPOV
Ui avTiotoodv 6€ VYNAOTEPES TIES TNG TOPOUETPOV SIN @ip (oTig dokiuég Tomov C),
VTOOEIKVOOVTOS OTL 1] CUUTEPLPOPE TNG GLUOV KOTA TN LOVOTOVY] PEVGTONOINOT)
yiveton Ay6tepo ouoTOAKY o€ pia dedopévn kvpla katehbvvon Taoems, a1, OTaV N
PEVOTOTOINGT TPOKAAEITAL O KOVIA GTNV EMPAVELN KOPLPAING AcTOYING, TOUVAOC
AOY® ™G e€eMacdEVNG AVICOTPOTTIOG.

Ta Zyquoate 15a kot b deiyvouv v tacikn 6dgvomn oto qd — P’ ko ¥ — X eminedo,
avtotoiywe, amd tn dokyny C3 ypnowomoidviog Tovg idovg cupPoAlcpovs pe
avtovg oto Zynua 12. Xto Zynuo 15a anewoviCovtar, emiong, ot TaGIKEG 00EVGELS
and 11 dokeg A8 kot Al3 pe okomd va amotuvmwBOEl 1 TOMIKY OPLOKY ETPAVELN
(LBS) ¢ 160Tpoma 6TEPEOTOMUEVNC XOAOPTS AUUOV Yo ap; = 45° wou 60°. H
taotkn 6dgvon C3 dwoyilel tnv apykn empdvelo aoctdbetog (initial I1S) oto onueio 1
e as1 = 45° ko ¢ = 22.1° katd TN OdpKeEW TOV TEUTTOV KOKAOL (OPTIONG,
poAatavta, mn evotdbela dwtnpeitoan péxpt 10 onueio 6mov o EBivov KAAdog ™G
TOTIKY|G OPLOKNG EMPAVELNS SOTEUVETAL LECH GTOV 1010 KOKAO QOPTIONG GTO oMpeio 2
e as1 = 57.4° wor ¢ = 25.6°. Inueidvetor OTL M opylkn Em@dveln aoctdbelog
Staoyileton VIO P LUKPN YOVIO EVO 1) TOTIKY OPLOKY| EMPAVELN OIUTEUVETOL LLE POPA
npog ta Em. Emiong, 1o éva and ta emineda olovel actoyiog oynuatiCel yovia 11° pe
10 oplovTIO EMimedo doTpOUdT®ong oto onueio 1, eved tovtileton pe avtd oTO
onueio 2. Avtd to OmOTEAECUOTO VTOOEIKVOOLV OTL TO onueio aotdbewng vmod
oLVVONKeG POPTIONG EUTOOILOUEVTG OTPAYYIONG LLE GUVEXT GTPOPT] TOV KLPIwV aEOV®V
TACEMC «TPOGEAKVETOY GE GLVOVACUOVS (s’ , @) TOL OVTICTOLYOVV GE OVGUEVEIS
KIWWNUOTIKEG GUVONKES TOPAUOPPOOTC.

O1 tipéc tov moapouétpmv (AU / p’in)pt ko Up = (Upt — Uip) / P’inotn dokyun C3 eivar
0.86 ko 0.18, avtiotoiywc. Otov cuykpBovv pe Tig avtioToryeg Tiég otn dokyun All,
ot onoieg givar 0.70 ko 0.39, pmopei va cuvaydei 611 T0 Yohopdtepo dokiuo C3 (e =
0.721), to omoio pevotomomdnke otnv KupPLo KatevOvvon Tadcemg aip = 57.4°, eivan
MyOTEPO GLOTOMKO KOUTA TN PACT TG LOVOTOVIG PELGTOTOINONG OO TO TLKVOTEPO
dokipo All (e = 0.699), to omoio pevotomomBnke otV KOpla kateHBvvon TAcEWS
aip = 49.5° To 0 ocvumépacpo cuvdystor kol omd T GLYKPION TOV TUOV TNG
SWITUNTIKNG TOPAUOPPMOONG, Yoct, OTO onueio oAAayng edong otig dokyég C3 won
All, mov eivar 3.9% xo 3.5%, avtictolyws. Ilpogavog, m otopio thoewv -
TOPOLOPOOCEMY TOL Tponyeitor ™G &vapEng G HOVOTOVNG PELGTOMOINGNG
emMpedleL TNV HETAYEVESTEPT] GLUTEPLPOPA TOPOAO TTOL 1) TN TOL AOYOL (AU / Pin)pt
e€aptaton pOVo md TG TaPAUETPOVS opt Kot € (BA. Zymupa 14).

Ta (evyn onueiov 3 — 4 ka1 5 — 6 oto Zynua 15b vrodewvoouvy v évapén kat AHEn
000 éviovav YeYOVOT®V aVATTUENG GLYKEVIPOUEVOV TOPOLOPPDOGEDY T OmOoin
oLVEPNoaV og HEYAAEG TOPAUOPPDOGELS (GE OVOUOGTIKY TAPAUOPPMOOT Yoct = 16% ko
18%, avtiotolymc) Kot £ywvov avTIANTTd HEG® OMTIKNG TOPUTPNONG Kol EpUNVEiag
TOV TPOTOL OVATTLENG TMV OVOUOCTIKOV TAGEDV Kol TOPOUOPPDOCEDV: 0cOEVNC
OCLYKEVIPMOOT] TMOV TOPOUOPPDCENDY, LE UN OVIXVELCIUN EMIOPACT OTO UETPOVUEV
neyébn oto cuvopa Tov dokiyiov, TapatnpHinKe Yo TPOTN Popd oto onpeio H (yoct
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= 8.2%) 4tav N avtoyxn ™S Gupov emavaktnOnke vd cVVONKEG TAAGTIKNG O10lGTOANG
petd to onueio odhayng edong. Ot OVOROGTIKEG TIES TV 0’7 KOL ¢ DITOOEIKVOOVV OTL
10 éva and To emineda oovel actoyiog oynuatiCel yovia 11° pe to opildvtio enimedo
dwotpopdtoons ota onueio 3 ko 4, eved tavtiletal pe avtd ota onueio S kot 6.
Enopévac, ta onueion 0otafong S10kAadmong Le GUYKEVIP®OT TV TOPULOPPDOCEDY
EVOEYETOAL VO «TPOGEAKVOVTOY GE GLVOVACHOVS (G’ , @) MOV OVTIIGTOLOVV OF
Ovoevelc KVNUOTIKEG oLVONKEG TOPOUOPP®ONS, OT®MG aKPPOS Kol To. onueio
aotafo0¢ SaKAGd®oNG Ywpic oLYKEVTIPWON TeV Tapopopemceny. Ommg elval
avOUEVOUEVO, M aoTadNG OKAAO®MOTN YOPIG CLYKEVIPWON TOPULOPPDOCEDY
mponyeitol eketvng HE OLYKEVIP®OT TOPAUOPOAOCE®V KOTE TNV €EEMEN NG
povotovng eoptiong (Desrues and Viggiani 2004, Nicot and Darve 2011, Li et al.
2018).

Ta povadiaio dovooporo, de, oto Zynuo 15b vrodewvdouvv 611 1 KOpla katebOvvon
NG TPOCSALENTIKNG TapapOpewong Ppioketal petad tov KHplwv katevdivoewy g
Taong (dtdvvoua 6) katl TG TPocovéNTIKNig tdong (dtdvuouo de) votepdviog Tom
amd T 0evTEPY. InuewdveTal 0Tt To ddvuopo de givarl kbbeto mpog 1o dibvvoua 6
Kot 0gv €)El avayKaoTikd v idta katevbvvon pe to dtdvoouo ds. H avélvon tov
Sedopévamv delyvel otL 1 yovia un opoafovikdtnrac, &= a'dr - o o1, OOivel pe v
avénon g yoviag STunTIKNG avtiotaons, ¢, Kaddg o £vag KOUKAOG GTPOPNG TMV
Kupiov aOvev Tacemg d1adEYETAL TOV AALOV, OU®G ETNPEALETOL KOL OO TV OAAAYN
TOV TPOCAVOTOMGHOV TOV 0 '1-0E0VO O TPOG TNV KATAKOPLPO Hésa o€ kdbe KOKAO®
t0 Zynuo 19 mov mapovoidletar omn ovvéyeld cLVOYILEL TOL YOPOKTNPIOTIKE U
opoa&ovikdtntog ¢ aupov otn dokun C3 kabmdg kot otic dAlec doxiég tomov B
kol C. H pun opoaovikn cvumepipopd aArdlel amodtopo oto onueio aotdbelog un
OLYKEVTPOUEVIC TOPaUOpP®ong (onueio 2) Omov Tapatnpeitol 0 UNOEVICUOS NG
yoviog ¢ kaBmg 1 60gvon akoAovdel TNV aKkTvik) KatebBuvorn Katd T pHovotovn
pevotonoinon (de = ¢ = -d6), 61011 o1 Tdoelg Ys Kot Xs amooptiloviol avoloyiKa o
OLTNV TN SOKIUN" VIO AVTEG TIG GLVONKEG ELUYIGTOTOEITOL TO KOVOVIKOTOUUEVO £PYO
devtépac taEems, d?Wnorm (ITivakac 1). Metd tqv kopvaio actoyio. TS Gupov 1
TAGIKT GOEVOT| KIVEITOL TAV® GTNV EMPAVELN 0CTOYING EVOD 1 AULOG TOPALOPPDVETOL
VO TPaKTIKA 6TafEPS amokAivovta Adyo tdoewv, 1, otabepn péon evepyd taom, p’
Kot 6tafepn yovia un opoaEovikdtntog, <.

H otofepn koatdotaon oy onoio 1GEPYETOL TEAIKMG N AUUOG PETd TNV acToYia OEV
avTioTo el otV Kpiown Kotdotaon, Kabmdg n T e givor yauniotepn g ec«(p’),
EVA OOKOTTETAL OO TNV EKKIVNON AGTADEIDV CLYKEVIPOUEVNS TAPAUOPPOONG GTO
onueio 3 ko 5 (Triantafyllos et al. 2020a). Xta onpeia avtd n yovio ¢ av&aveton
amotopa kabmg 1 KOHp KATeLOLVGT TPOGAUVENTIKNG TAPAUOPPMOTG dtaKAadIleTN
TPOC TV TN 0der = -45° (o'gr = 135°) mov avticTolel 68 mOpopdPPmON THIOL
OmANG OWTUNONG, N ONOi. GLUYKEVIPAOVETOL GTO KAT® GO HEPOS TOL OOKIUiOL.
MoAatadta, ot OpoaEOVIKEG GLVONKES TAPAUOPPMOTG amoKaBicTavVTOL 6TO TEAOG TV
YEYOVOT®OV 00TAOEG CUYKEVTIPMOUEVIC TOPAUOPPMOOTG, ONAadT oto onpeia 4 kot 6
(Roscoe 1970, Vardoulakis et al. 1978, Zhang and Thornton 2007). ITapopoing, ta
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YEYOVOTO OOTAOENG GULYKEVIPOUEVNG TOPOUOPPMOONG OTOTUTMOVOVINL KOl OTN
petpovpevn (eEMTEPIKMG) Tieon TOV VOATOG TOP®V 1 OMOICL GTO OPYIKO GTASI0
ALEAVETOL OTOTOUO, VITOONADVOVTOG TNV OVATTLEN TANCTIKNG GUOTOANG UECH OTN)
Covn  CLYKEVIPOUEVOV — TAPOUOPPOCE®Y mlavdg AdY® g  évtovng  un
OLOaEOVIKOTNTOG, EVE GTO TEAIKO OTASI0 UELOVETAL, EXEWON 1 AUUOG TOPULOPPDOVETOL
npog v kpiown katdotacn (Desrues et al. 1996, Vardoulakis and Georgopoulos
2005).

Ta Zyquoato 16a kot b deiyvovuv v tacikn 6dgvomn oto qd — P’ ko ¥ — X eminedo,
avtotoiywg, amd tn dokyn C6 ypnoomoidviog Tovg idovg GVUPOACHOVS uE
avtovg oto Zynuo 12. H tacwknm 6dgvon kiveitor amd v KotdoToon GTEPEOTOINONG
(onueio 1 pe 7 = 0.38) otnv Katdotacn kopveaiog actoyiag (onueio 3 pe 7 = 1.23)
V1o gvotabeic cLVONKES evd o1 evepyég KOpLeg Taoelg amopoptilovtal wotporma (do 'y
=do’2 = do’3= -du < 0), Aoy® g ave&éleyKtng avanTtuéng g TEoNS TOL VOUTOC
mopwv. Avtd To evpNuaTO Eivol TPOTOTLTA O10TL, GUUEMVO HE GUYYXPOVO
TPOGOUOIDOUOTO  KOTAOTPpOUEVE oTo TAoicte g Osowpiog AwkAadwong, 1
KatevBuvon 160TPOTNG AmOPOPTIONS TEPIAAUPAVETAL GTO CLVOAO TOV ooTAd®OV
KaTeELOVVOEWV TNG YOAOPNG GUUOV OKOUO KOl GE YOUNAEG TYES TOL OTOKAIVOVTOG
AOYyoL Thoewv, pakpld amd v kopveaio actoyia (Darve and Laouafa 2000, Darve et
al. 2004, Sibille at al. 2007, Prunier et al. 2009). Znueidvetot 6Tl 1 apyIKN ETPAVELQ
00TAOEL0G OTEUVETAL GE OLPOPETIKA onueia eite epamtopevikd (.. oto onueio 2)
elte VIO KPY| YOVi, EVO 1) TOGIKN OOELON KIVEITOL CLUVEXMS KAT® OO TNV TOMIKY
OPLOKN EMPAVELD LLEXPL VO PTAGEL GTN YPOUUT KOpLPaiag acToying, 6to onueio 3. Xe
oVTO TO ONUEID M TN NG OTATIKNG TAONG (d €lvon pIKpOTEPT Omd TNV €Ad 10N
aVTOYN TNG GOV OV AVTIGTOLYEL 6TV TPEYOVGO T TS Yoviag a.7 (= 30.2°) kat
¢ €K TOLTOV dgv TPOKaAEiTon povotovn pevotonoinon (Poulos et al. 1985).

210 onpeio 3 (yoct = 1.7%) n migon tov VoaTOG TOPOV apyilel va peudVETAL EAAPPADGS
VTOOEIKVOOVTOG OTL GVUPaivel NTo TAACTIKN SGTOAN 1 ooio 0dNyel o€ yoAdpmon
(softening) vd cuvONKeg U GLYKEVTIPOUEVIG TOPOUOPP®GTG S10TL TO TOCIKO ONUELD
KIWVEITOL VTOYPEMTIKA GTNV EMPAVEID KOpLPaios actoyias, Tng omoiog To oYnuo
emnpealetat amd TV €yyevn avicotpomio g aupov (BA. Zynua 13 kot v avoaeopd
Symes et al. 1984). Tavtdypova, N téon d apyilel va pewdvetat v HEPEL AOY® TOV
TAGE®V TOL AVUTTVGCOVTAL OTIS LEUPPaveg Tov TepPdAlovy TO dOKIO Kot gV PLEPEL
AMOY® TG amdkpiong g Gupov (010t to Tackd onueio opsilel va mapopeivel Tavem
OTNV TOMIKN OPLIKY] EMPAVEIL TTOV KOTEPYETOL) KoL, EMOUEVMG, O EAEYXOG TOL
TPOYPAUUATOS @OpTIoNG Ybvetar. H omdier tov €A€yyov TOL TPOYPAUUATOS
QOPTIONG VIO 010VEL OTATIKES GLVONKES LTOONADVEL TV EKKivon piog actdbeiog un
GLYKEVIPOUEVTG TTOPALOPPOONG 1 ool avTioTotyel oe avEavopeveg evepyég KOpleg
10og1g (do 1, do’2, do'3> 0) ko perovpevo amokiivovra Adyo tdoewv (dy < 0), xopig
™V TPOKANCT HOVOTOVNG PEVGTONOINOTG, EMPEPoLOVOVTAG YOl TPAOTN QOPA LE
QLo1Ko melpapa Tig TPpoPAEYElS TV Tpocopowwpdtev tov Darve (Darve and Laouafa
2000, Darve et al. 2004, Sibille at al. 2007, Prunier et al. 2009). 'Exnetta, n wieon tov

XX



Extevniic ovoym

vo0tToc mOpwv apyilel va avéhvetar ava Kot 610 onpeio 4 TPoKAAEITOL SLVOIKT
aotdfela Tov 00MYEL GE LOVOTOVN PEVGTOTOINOT).

210 onueio 4 n yovia a7 etvar 64.4°, n yovia ¢ gtvor 39.1° ko | TopapdpOOON Yoct
~ 6.6% (M axpPng TY TOL Yoct VAL AYVEOGTN S10TL TO OPYOVO HETPNONG TG YOVIOG
otpéyng Pynke extdc opimv Asttovpyiog akpPodc mpw amd 10 onueio 4). And pia
(OLVOLLEVOAOYIKY] OKOTIE 1 LOVATOVY] PELGTOTOINGT GLUVERN OTOV KOTd TN GTPOPN
TOV Kupiov aEOvav TAcEMS N TOTIKY oplakn emupdveln Bpeédnke kAT amd TO0 TACIKO
onueio Kot 1 EAQYIOTN AvTOYN TG QUUOV EYIVE UIKPOTEPT] OO TNV TPEYOLGA T TNG
oTaTIKNG OlaTunTikng téong (PA. Zynuo 16a). Amd pio HIKPOOKOTIKY] OKOM M
povotovn pevctonoinon cuvéPn otav éva omd ta emimedo. olovel aotoyiog Eywve
oplovTI0, VITOdEIKVVOVTOS OTL Ol 0oTAOEIC dUKAAODGEIS VTTO POPTIOT| EUTOINLOUEVIG
OTPAYYIONG HE OTPOPN T®V Kupiov aOvev TAcewg oLUPaivovy EMAEKTIKA OE
TAGIKOVG GLVOLOGHOVS TOV  OVTICTOLYOUV GE OLGHEVELG KIWWNUOTIKEG GLVONKEG
TOAPALOPP®ONG, ONAdN 6€ OAloONGN / dtdTuNoN TAV® GTa EMITESD OLUCTPOUATOONG
™G GOV,

Ocov agopd ™V Topapdpewon g aupov otn dokyn C6 mpv v ekkivnon g
00TAOE0G LOVOTOVIG PELGTOMOINCTG TOPATNPNONKAY TOPOLOLL YOPOKTNPIOTIKA U
opoatovikdTntag oOmwg avtd ot ook C3. Zuvykekpyévo, 1 yovie un
opoagovikdtTntog, &, HEIOVETOL UE TNV avENom TOL @, OUMG, HECO GTOV KOKAO
QOPTIONG VLIAPYEL M TEPLOYN TOV a7 amd -45° ¢ -22.5°, mov avtictoyel oe
amoPOPTION TNG TAGEMG 20, OTNV oMol T0 ¢ AapPdvel VYNAES TIHEG, TOL LEWDVOVTOL
KOl QUTEG [LE TNV A0ENCT TNG YOVING @. AVTN 1] GUUTEPLPOPA dlEPELVHONKE TEPETATP®
v vo e€akpifwbel eqv oyetieton pe ™ ovlevén TOV EANCTIKOV KOl TAACTIKOV
YOPOKTNPLOTIKGOV Tapapdpeoong e aupov (elastic — plastic coupling) (Tatsuoka
and Ishihara 1974, Hueckel 1976, Dafalias 1977). H dupoc mopopopp®dveTol uetd to
onueio 3 oe pia otabepn xoatdotaon mov yopokpiletor omd pIKpEG aAlayES GTOV
amokAivovta Adyo thoewv, #, ot uéon evepyod Tdom, P, Kol ot yovie un
opoa&ovikéTntag, &, n omoio, OU®MG, SOKOTTETOL OO TNV EKKivnon ¢ aotadslog
povotovng pevotonoinong oto onueio 4. To Zynua 19 mov mapovcualetar ot
ouvéyel cLVOYILEL TOL YOPUKTNPIOTIKA U1 OpOaEOVIKOTNTAG TG GUUOL OTN dOKIUN
C3 xabng kot otig GAleg dokyég tomov B ko C.

H taown| 60evon D1 pe ta yopaxmmpiotikd mov ¢oaivovior oto Zynupo 17 elvan
KatdAAnAn va ypnowomomBel v va emPePfoiwbel, mpdTov, 6t1 M KotevHuvoM
SWTUNONG TG aPYIKNG EMEAVENS 0oTdfsg oto Y — X €mimedo Kol TNG TOMIKNG
OPOKNG EMPAVELNG 6TO Qd — P eminedo emnpedlel T GLVONKN aoTABEWOG TG XOALPNS
dppov Kat, dgvTEPOV, OTL 1 AMOPOPTION TNG UN OYDOVING GUVIGTMOGOS, Tz9, TOV
TOVUGTN TAGEWMG €MMPEAlEL TN UN OUOOEOVIKY] GULUTEPIPOPA TNG GUUOV GE &va
QOVOIEVO EAACTIKNG — TAAGTIKNG 60Cevéng. H povotovn otpoen twv kbplov a&dvev
thcemg mpaypatonoeiton ot doky D1 pe cuyvomra f = 102 Hz evéd 1 péon ohiky
TaoM, P, dTPEiTOL TPAKTIKOG 6TOdEPT, N TAPAUETPOG EVOLApEST|G KOPLOG TAoNS, D,
tohavtdveton petasd g tung 0.40, otav asr = £90°, ko g tiung 0.52, étav a.1 =
0°, won ot téoelg g Kot qd peTaPdArovion mePLodikd pe TpoOTo oV EAGPAAILEL TNV
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amoPOPTION] TOVG OTOV M YOVid 0y petafdiieTor amd -35° oe 0° 1 and 35° og 90°,
ONAadN OTIC TEPLOYEG ATOPOPTIONG TNG TACEMG Tz0. LNUELOVETOL OTL OL TAGELS Kot (g
amo@optiCovial eVTOVOS Kot EAEYYOMEVA OTAV 1| YOvia ax1 PeETaPdAleTon amd 45° oe
90°, dnAadn otV Teployn mov cuvéPnoav ot actdbeleg otig dokég C3 émg CO (PA.
Yynua 12). Emiong, mapatnpeitar 6tt 1 pukpn petafoin tov b dev avapéverarl vo
HETOPAAAEL TNV TOTIKN OPLOKY EMPAVELDL TNG YOAAPNG AUUOV, EOIKE GTNV TEPLOYN
«epeikvopov» (Lam and Tatsuoka 1988, Shibuya et al. 2003a).

Ta Zyquoato 18a kot b deiyvovv v tacikr 6dgvon oto (s — P’ ko ¥ — X eminedo,
avtiotolywg, omd 1t doky] DI ypnowyomoiwvtag tovg 1d1ovg cuuPoAicpots e
avtovg 010 Zynua 12. To mepapatikd amroTeEAEGUATO VTOOEIKVOOVY OTL O UEPIKOG
éleyyog g katevbuvong mPocavENTikng thong oto Y — X eminedo pECH TG
eLeYOLEVIG OOPOPTIONG TG ATOKAIVOLGOG TAGEWS, [, kKaBvotepel TV ekkivnomn g
aoTafo0C HOVOTOVNG PELOTOMOINGNG. ZVYKEKPIUEVA, OTOV 1 OPYIKY ETLPAVELL
00TAOE0G KOl 1) TOMIKY OPLOKY ETIPAVELD OUTEUVOVTAL GYEGOV TALTOXPOVO, OTN
yerrovia tov onueiov 1, m xoatevOBvvon ddtunong eivol €QATTOUEVT) OTNV TPOTN
EMPAVELDL KOl TPOGOVOATOMGUEVT] TPOG TO ECMTEPIKO TNG OEVLTEPNG, EMOUEVOC, OEV
mpokaleiton aotabeia. ‘Emerta, 1 tacwkn 0dgvomn cvveyiler va Kwveitor méveo oty
apyIKN EMPAveLr aoTAOEC Kol KAT® Ond TNV TOTIKN OPlOKN EMOAVEIL O10TL M
eleyyouevn amo@opTion G Tdong g meptopilel Tov puOUd avATTLENG TG VTEPTIESNC
TOV VOOTOC TOPWV.

Etvow evoapépov va suykptBovv ta amotedéopata amd T1g dokuég D1 kar C3 otig
oToieg 1M TAGIKN GOEVON SUTEUVEL TNV APYIKN EMPAVELD AoTAOENG TEPITOV GTO 1010
onueio oto Y — X eminedo. Xe avtiBeon pe t dokiun C3, om dokur D1 n aoctabrg
povotovn pevotomoinomn mpokaieital oto onueio 2, poakpld amd to onueio 1, détav o
@Oivov KAEOOG TN TOMIKNG OPLOKNG EMUPAVELNS OIOTEUVETAL e POPE TPOg To. EEM.
Inuelwveton 6t ta onueia aotdbelog otic dokipég D1 ko C3 Bpiokovion kovtd otov
0L — 0’2 — 0’3 YOPO TAcE®V Kol OTL 1] 0dgvon akolovbel oTa onuein aVTE TV
KaTELOVVOT 1GOTPOTNG ATOPOPTIONG, OUWMS OL TIUEG TNG YOVIOG ip €V O1POPETIKES
emiong, ta onueio actdbelog avikovy oty B eEghypévn emodveln actabewog. H
oLYKplon TG amodkpiong g aupov otig dokég DI ko Al7 avadewvoer v
enidpacm g w6Topiag EOHPTIGNS GTNV TAPOOIKT) LOVOTOVN PELGTOTOINGN: 1) TIUN T®V
TopopéETP@V (AU / P’in)pt, Ui = (Upt — Uip) / P in Kot poctpt €ivar 0.90, 0.23 kon 3.3%, kot
0.91, 0.59 ka1 4.5%, avtictoiymg, vrodeuvvovtag 0Tt o dokipo D1, pe e =0.738 ko
aip = -85.5°, cvumeprpépeton Aydtepo cuoTolkd amd to dokipo Al7, pe e = 0.727
Kot ajp = 79.1°, KoTd TV TOPOSIKN LOVATOVY PELGTOTOINGT AOY® TNG SLPOPETIKNG
16Toplog TACEDV — TAPULOPPDOCEMV.

H mopapdpewon g dupov ot doxkun D1 givor un opoagovikn| pe yopoaktnplotikd
TOPOpOLN EKEVOV TNG aupov otig dokipég C3 kar C6 (PA. Zynuo 19b ot cvvéyew).
H yovia ¢ pewwvetar, ev yével, pe m yovia ¢, pundevietar amdtopa oto onpeio
actdBetag (onpeio 2) kot yiveror avamdvieya pkpn oto onpeio 1, 810t 1 ohicOnon
v 010 optlovTio eMinedo SOGTPOUATOONG OV giye evepyomomBel mpoyevéotepa
eppével. H dwapopd g andkpiong g aupov ot dokun D1 oe ovykplon pe Tig
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dokyég C3 ko C6 éykertarl 610 yeyovog 6t yovia & sivor Wbuaitepa vymin Kot oTig
V0 TTEPLOYES ATOPOPTIONG TNG TAONG T26, ONALDY| OTOV N YOVIO 0lo'7 PETARAAAETOL OTTO
-35%c¢ 0° 1 amd 45° og 90°. Agdopévou 0TL 1| ATOPOPTION TNG amokAivovcag tdong, q,
odnyel ot peiwon tov amokAivovtog AOYov Tdcewv, 7, LolovoTt 1| Tieon Tov HOUTOG
Topwv, U, ov&dvetal, To EAUCTIKA YOPAKTNPIOTIKA NG GUUOL €ivol TEPIGGOTEPO
TOVIGUEVA OTIS QPAGELS TAVTOYPOVNG ATOPOPTIONS TV TAcE®V ( Kol 70. Kabdg o
apOUog TOV KUKA®V QOPTIONG AVEAVETOL O T20 — Y20 PPOYOG LVOTEPNONG EMOEKVIEL
pevpeve HETPO omo@OPTIoNS, TOAVAS AOY® TOV TAOCTIKOV UETOPOADY oTNV
E0MTEPIKT douUn mov eMNAOaY Katd TN QOPTIGN, LIOSEIKVOOVTAG OTL 1| €€APTNON TNG
yoviog ¢ and ™ yovia ¢ o1 PAGES amoPOPTIoNG eivat Eva eatvopevo cOlevéng twv
EMICTIKMOV KO TAACTIKAOV YOPOUKTNPIOTIKOV TOPAUOPPOONG TNG GAULOV.

Ta Zyquata 19a kot b deiyvouv ) oyéon petaéd tov yoviov ¢ kot ¢ vmd svotadeig
ovvOnkec otig dokipég tomov C (Cl éwg C6) kau B, avtiotoiymg, evd oto de01EPO
oynuo cvumepthapfavovtor Ko to amoteAéopota and t dokwun D1. H dupog otig
dokiuég Tomov C otepeomombnke avicotpona o€ péon evepyo téon p’c = 200 kPa kat
oe Moyo thoewv Ke = 0.48 — 0.75, kot to. yokopd dokipwo (e = 0.704 — 0731)
vroAOnKav 6e oTPOPN TV KHPI®V AEOVOV TACENMS dATNPOVTOS TV OTOKAIVOLGH
Taomn, [, otafeptn. e avTEC TIG SOKIUEC 1| Yovia Tov dlovdopotog de pe 1o didvocuo o
otov Ys — Xs yopo (PA. Zymua 8a) mapapével otabepn otic 90° 660 datnpeitor
evotdBelo Tov ovotiuatog. H dupog otig doxyég B1l, B2 xow B3 otepeomominke
avicoTpoma o€ péomn evepyo tdon p’c = 200 kPa xat og Aoyo tdoewv Ke = 0.80, 0.50
kat 0.40, avtiotoiyws, evd ot dokiun B7 1 aupog otepeomomOnke oe péomn evepyo
taon p’c = 100 kPa kot og Loyo thoewv Ke = 0.40. Ta yarapd dokiwa (€ = 0.711 —
0.728) vmoPfAnbnkav oce oTpogn TOV KOPLOV aEOVOV TACEMS OOTNPOVING TNV
Katevbuven tov davocpotog de otabepn oTIC adsr = +45° ko awédvovtag povotovo
NV omoKAIvovsa Tdo, (. XTig dokiuég Tonov B n yovio petaé&d tov davoopdtov do
KOl 6 PELOVETOL EEKIVAOVTOG ord TNV T 90°.

AVO S1oKP1ITEG KAUTOAES, 01 0moieg emonpaivovtal pe to ypaupo L 1 U, anewoviovv
™ oyéon petasd tov ¢ kot Tov ¢ otig dokipég Tomov C, aveEaptitog g Tiung Tov Ke
(ne e€aipeon v N Ke = 0.48, ot dokiun Cl, mov Ba cuintnbel otn cuvéyea), tov
€ kol Tov aplpoy TV TPonyovpEVOV KOUKA®V @éptiong. H L-kapmdAn, mov
QVTIOTOYEL GE TOOIKEG KOTOOTAGELS UE TO 0o’ €KTOG NG Tepoyng (-45°, -22.5°),
delyvel 0TI M Yovia & LEDVETOL LN YPOLLUIKA LE TN Yovia ¢ Kot Tetvel va yivel otabepn
vy @ > 35° onhadn o6tav 1 aupog actoyel. H otabepomnoinom tov & pe to ¢ oyetileton
pe v emitevén g otafepng KATACTUONS YOPIS TAGT Yo LETABOAN TOL OYKOV, OTMC
nopatnpnnke ot doxur C3, N1 pe tdom Yy NI TAACTIKY SWGTOAY|, OTMC
nopatpnnke otg dokyég Cl ko C6° pohotawta, m otabepr] KotdoToom
OWKOTTETOL Omd TNV €KKIVINON 0OTAOELOV U GUYKEVIPOUEVNG 1] CLYKEVIPOUEVNG
TAPAUOPOOONG. ZNUEIDOVETOL OTL TPOGOUOLDGELS TNG GTPOPNS TV KOPLOV aEdvmv
1doewg VIO cuvinkeg ehevBepng oTpdyyong kol otabepés evepyég KOPLEG TUES
Ta0emg pe ypnon g Mebddov Alakpumv Etoyeiov (Discrete Element Method)
Exouv deiéetl OTL Ta KOKKMOM VAIKA E1GEPYOVTIOL TEMKMOG G€ oTofePn KOTAGTAON LE
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napouoto yapaktnpiotikd (Tong et al. 2014, Li et al. 2016, Theocharis et al. 2019).
Avtifeta, 1 U-kopmdin, mov avtiotol el 68 TAGIKEG KOTOOTAGELS LE TO Oy EVTOG TNG
neployng (-45° , -22.5°), Osiyvel 0Tt 10 & PEDVETOL UM YPOULIKE HE TO @ YOPIS
onuadia otabepomoinong, evad Aapupdvel onuavTikd LeyoldTePES TYES OO AVTEG TOV
avtietoryovv otnv L-kaumdin ywo ¢ < 25° Ilapopowa amoteléopato amd SOKULES
OTPOPNG TV KLPIwV aEOVOV TAGEMG dTNPOVTOG OTAOEPES TIC EVEPYEG KUPLEG TIUES
Taoemg Exovv avapepbei amd tovg Tong et al. (2010).

To Zyqua 19b odeiyver 6011 1 oyxéon peto&d tov & ko Tov @ ot dokwun D1
neptypdoetar and t1g id1ec koumvreg (L ko U) pe avtég otic dokiuéc tomov C, pe
povn owpopd to 01t M yovia ¢ elvor wWwitepo VYNAN Kot oTIC 000 TEPLOYEC
amoPOPTIONG TG TAONG T20. AVTIOETMOC, GTIG SOKIES TOTOV B dropopeTikég KopmOAES
TEPLYPAPOLY TN GYEGN TOL & UE TO @ TPV TNV Kopveaia actoyio, pe ™ yovia & va
av&avetal yoo dedopévn T tov ¢ (1 Tov 77) 0tav o Adyog Ke pewwvetal poiatovta,
N €€eMooOUEVT] TIUN NG YOVIOS 0o’ TOL OVOYPAPETOL OTIS ETIKETEG TPEMEL KO OLUTY|
va Anedet voyn. H tyun g péong evepyod tdong p e otig dokiuég B3 (200 kPa) ko
B7 (100 kPa) pe K= 0.40 a1 e = 0.727 — 0.728 @aivetor vo, unv exnpealet Ty tun
tov ¢ mpv TV actoyio. Metd v actoyio N Tun Tov P’c €xel peyolvtepn emidpaon
ot Yovia ¢ amd 0Tl ot Yovia & evd 1 tiun Tov Ke €yl pikpn| emnidpaocn ot yovia &,
pe ta onueia (¢ , &) va Ppiokovror kovtd otnv L-KapmdAn mov opliotnke oTig OOKIUES
tomov C. MoAatavta, 1 otadepr) KOTAGTOON OV EMTLYYXAVETOL LETE TNV QGTOYI0 OTIC
dok1pég Tomov B 31011 supPaiverl Evrovn TAaoTikn 0106TOAN Kol TO & LEUDVETOL, EVED O
pLOUOG OTPOPNC TV KUPLOV AEOVOV TAGEMG UEIOVETOL KOl avTOS, KaOmg 1 Kupla
katevBuvon thoewg as; = +45° mpooeyyileton pe  otabepr]  katevbuvon
TPOGAVENTIKNG TACEMC atds'7 = +45°.

A&iler va onueiwdel 6t n yovia & mpv v kopveaio actoyio otic dokiuég B3 kol B7
elval peyolvtepn omd avtiv mov mapotnpeitar otn dokyun C6 yo wapdpota T Tov
YOVIOV @ KOl 0’1, TOPE TO YEYOVOS OTL 0 pLOUOS GTPOPTG TOV KUPLOV AEOVOV TAGEMG
elval pikpoOTEPOG OTIS TPMOTEG dOKIUEG (PA. Taw onueio ovykprong P, P1 kot P2). Z1ig
dokyéc B3 kaw B7 o Adyog tdoewv otepeonoinong Ke etvan 0.40 (kon avtictoyet
npokTiKA oe ovvinkeg Ko-otepeomoinong) eved ot dokyn C6 eivan 0.64.
Emmpocbétmg, n ovykpion petald tov Tipdv tov & 0popd KOTAGTAGES GTPOPTG TOV
KOpLoV aEOVOV TACEMS TOL £TOVTAL TNG AVIGOTPOTNG GTEPEOTOINONG UE arr = 0° oV
nepintwon tov dokiudv B3 kot B7, eved oy nepintoon g dokyung Co6 xet non
nponynOet évag kbxkhog eoptionc. Avifétmg, ot dokur C1 pe Ke = 0.48 n tipun tov
¢ oV apyIKn Ao EOPTIONG UETA TNV aVIGOTPOT oTEPEOTOiNnom sivor vynAdtepn
amd vtV mov avtictoyel oty L-koapmdAn kot vymAdtepn amd Tig TWEG OV
napatnphOnkav otig dokég B3 ko B7. Znpewdvetor, emiong, OTL M OTUNTIKY
TOPALOPPMOT), €g, TOV OVOTTVGGETOL GTN (ACN TNG AVIGOTPOTNG GTEPEOTOINGNG
pewwveror otig doxkég B3, B7, C1 xar C6 xotd ) oepd avaypapng kKot 0Tt m
avicOTPOTN GTEPEOTOINOT] TEPAAUPAVEL pio PACT TPO-OLITUNGNS KATA TNV ool O
AOY0g 7 av&avetat vtd otabepn Taon P
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Ta dedopéva and tig dokyég B3, B7, C1 kot C6 vrodeikviouy OTL 1] GUUTEPLPOPE TNG
bppov yivetar evtévmg un opoafovikny O6tav ot KOplol AEOVEC TACEWMS GTPOUPOLV
votepa amd pio dadikacion SdTunomg Kot TOPAUOpP®oNS He otabepn KOHPLL
katevbvvon thoems. Ymodewvoovy, emiong, OTL 0 PLOUOC OTPOPNG TV KOPLOV
aEOVeV TAcEmS £xEL TOTE OELTEPEVOVOO. EMIOPACT) GTN U1 OLOAEOVIKOTNTA TNG GLLLOV
o€ cOyKpLon pe TV évtaon Tng Tpo-0idtunons. Emopévmg, n ootk GUGTOAN AOY®
™G €vIovng Un Oopoa&oVIKOTNTAG GE OUTNV TNV TEPITTMOT EVOEXETOL VO OPOL M
anootafepomomTikdg TOPAyoOVTOS KoL VO CLOYETICETAL HE TNV TPOTOTNTO TOV
OVICOTPOTIO.  GTEPEOTMOMNUEVAOV  AUU®V  EVOVTL PEVOTOTTOINONG OTaV 1 OTATIKN
dwtuntikn taon eivar vynAn (PA. Zynua 10), 6mwg yio mopddetypo oty nepintmon
TV K,-otepeomomuéveoy  €00pmV 1 OTNV  TEPITTOOT  EGUPIKAOV  TPOVAV.
Yvykekpyévo, pio pukpn Tooiky olatopoy M omoio mEPMAUPAVEL OTPOPN TOV
Kopwv atdvov tdoemg (my. M oAlayn ¢ yeouperplag piog mAayds oto medio)
mpokalel €vtovn N OHOOEOVIKOTNTO KOl TAGCTIKI) GLGTOAN TOL 0dNyel otV
0oTAOED U1 GUYKEVTIPOUEVIG TOPOUOPPOOTG HE TPOTO AVALOYO G TPOS OVTOV TOV
neptypdonke and tov kabnynty BoapdovAidxn (Vardoulakis et al. 1978, Vardoulakis
and Graf 1985, Vardoulakis and Georgopoulos 2005) yw v zepintmon ™G
00TAOEL0G CLYKEVTPOUEVIC TTAPAUOPPOOTC.

Mepapatika amotedéopata, pépog III: IMpémer 11 Oewpia
Kplowng¢ Katastaong va avabewpnbel wote va teplhapfavel
TNV TS PAGT TG AVICOTPOTING EGWTEPLKNG SOUNG;

IMa ™ d1epedivnon ¢ emidpaong TG AVIGOTPOTNG ECMOTEPIKNG OOUNG TNG GOV GTNV
KPIGIUN KOTAOTOON TOPACKELAGTNKAV YoAopd dokipio To omoia vroPAnOnKov ot
LOVOTOVIKT] @OpTIoN €UmOOILOUEVNG OTPAYYIoNG ME otabepn kvplo KotevOvvon
tdoemc (okTvikn @Option). H povotovikn @option eumodilopevne otpayyiong
TEPUOTIOTNKE OTIC OAPOPES OOKIUES OE TOOIKEG KOTOOTACELS UETA TNV KOopveaio
aotoyio kou 660 TO dvvoTdv TANCIKESTEPA OtV Kpiown kotdotoon. ‘Emetta, ot
ocvvOnkeg otpdyyiong GAAaEaY He OTOVON MGTE Vo punv mpokAndel petafoin otic
eVEPYEG TAOELG TN OTyPn NG aAAayng kot vo eEac@ailotel otnv emduevn @don
oTPOPNG TV KOpLv aEovav (KA) tdoemg o éleyyoc tav evepydv kiplov tpov (KT)
1doewg kot 1 ehevBepn otpdyyon tov odokiiov. H otpoen tov KA tdcemc
exteAéotnke dwtnpavtag otabepés Tig evepyés KT tdoemg cvppwva pe to «meipapio
okéyme» tov kabnyntn Aagaiid (Dafalias 2016). Exteléotnke, emiong, 6Tpoen tov
KA tdoewg pe otabepéc evepyég KT thoemg petd v avicOTponn 6TePEOTOINGT TG
dppov, yopic va mponynbei poption.

Ta Zyquoto 20a kor b deiyvouv v Odgvon TACE®V Kol TOPAUOPPDCEDV,
aviwotoiywg, amd 1 dokywn PAR1 oto extpomikd emimedo TOoE®OV KO
TOPOALOPPDOCEMY, OvTIoTolY®S. To dokito ce avtiv TN oK oTeEpEomOmONKe
avicotponta o # = 1.01 (K¢ = 0.40, mov avtiotoryel mpoktikd ce cvvOnkeg Ko-
otepeonoinong) kot p’c = 100 kPa kot vropAndnke ce Evav mAnpn KOKAO GTPOPNG
TOV KOPLOV aEovav Tacemg pe otabepéc Tiég p’ = 100 kPa, 7 = 1.01 ko b = 0, yopig
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va ponynOei edption. To Zynua 20a deiyvel 6TL N TOPApOPE®SN TS Aupov givort
eVIOVRg U opoafovikn  agoy 1 KOplo  kotevbuvon NG TPOoOLENTIKNG
nopapopemons (dtdvuopa de) Ppioketar peta&d ToV KOPOV KOTELOOVGE®V TNG
Taong (dtdvuoua 6) katl TG TPocovénTikhg Tdong (dtivuoua de) votepdviog Tom
amd T devtepn. H Odevon mapapopemdcems oto Zynuoe. 20b vrodewvoer Ot 1
TAOGTIKN TOPOLOPPOCIUOTNTA TNG GUUOV eMNPEAleTon £VIOVO amd TNV €YYEVY] Kol
eEelMooopevn avicotpomio ¢ eo@TePkng doung: To Betikd kot apvntikd péyioTo
tov X; givat 0.08% kot -1.06%, avtiotoiymg, pe To apvnTIKO UEYIGTO VO AVOTTUGGETAL
petd v Katdotaon mov ovtiotowel o asr = 90° evd to BeTikd Ko apvnTikd
péyioto tov Y givon 0.93% won -1.14%, avtiotoiywe. H emidpoaon g €yyevoig
OVIGOTPOTIOG VITOONAMVETOL OO TO YEYOVOS OTL TO OKTIVIKO O1AVUGUA GTO TEAOG TOV
KOKAOV  @OpTIoNG (To omoio O&iyvel TNV TOPOUEVOLGO  TOPAUOPP®OT)  EYEL
TPOGOVATOMOUO @ ¢y = 135° ko T0 KEVIPO TNG AVOIKTAG EAAESIMTIKAC TPOYLAG
Tapapopemcemv Ppioketol o Béon pe X, < 0.

To ZyfAua 21a Seiyver v e£EMEN TV HEYEDDV &vol, 01, 62 KOL 63 IE TN YoVio o 51
gvd 1o Zymua 210 Seiyver v eEEMEN TV YOVIOV & der KOL & do1 PE TH YOVIQL & 57, Ot
SlaKEKOUUEVES Ypoupéc oto Xynua 21b avtiotoyodv oty cuvOnKn ouoa&oViKNg
TOPAUOPPMONG, O del = & o1, kKol ot etikétec N omoapOpodv 10 mAn0oc TV
OAOKANPOUEVOV KOKA®V oTpo@r|g Tov KA tdoeme. Onmg paivetanr oto Zynua 21a,
KOTA TN OWIPKEW TOL TPMOTOL KOKAOL oTpors Twv KA 1dcemg cvoompevetal
TPOOJEVTIKA GLGTOAIKT] OYKOUETPIKN TOPAUOPPOOT TP TO YEYOVOS OTL O1 EVEPYEG
KT téoeng droarnpovvion mpaktikdg otadepéc. H khion devor / da’sr etvon modd puicpny
otav M yovia o 7 avEaveton and 0° oe 22.5°, émerta avédvetol kot AopBavet ™
péyloT TN TG OToV o1 = 114° (a1 = -66°), OmmC LTOSEvOETAL HE TN
OLOKEKOUUEVT] EQOATTOUEVT YPOUUY, KOl TEMKO LEUDVETOL LETA amd OVTO TO OMEio.
To ZyAuo 21b dsiyver 611 1) yovio pn opoalovikdTnTac, &= a der - & o1, LETABEALETOL
HEGOL GTOV KOKAO POPTIONG, Ovtog mepimov fon pe 11.5° 6tav o o7 = 33.5° (o' ¢es = 45°),
dNAadn otav N TapoudPE®ST Tov dokuiov aviioTotyel o olovel anin didtunon (dez
=0, dego= derr = 0%, dezg# 0), xon perdveton poydoio kodmbg N yovio o o ovédveton
amd 33.5° og 45° 016t o unyaviopdg oiicOnong ota emimedo O10GTPOUATOONG
gupévet. H péyiom yovia & = 21° mapatnpeiton yio o' o = 114° (ags = 135°) dtov o
pvOUOC devol / da’ss YiveTon TanTOYPOVO HEYIGTOC KOl TO SOKIIO TOPUUOPPDOVETOL GE
otovel amin dwdtunon. Hopatnpeitar, eniong, 6TL N yovia & avédavetar OtV 1 TAGN 20
amogoprtiletat.

To Zymua 22 deiyvel to amoteléoparta amd ™ dokun PAR3: To Zynua 22a deiyvet
™V Tactkn 6dgvon 6to  — P’ eninedo, To Zynua 22b deiyver mv e&EMEN TV peyebov
1, &vol (0p1oTEPOS KATAKOPLPOG GEOVAG) Kot AU / P’in (8e€10¢ KoTakOpLEOg GEovac) pe
TNV TOPALOPPOON &g, TO ZyNHa 22C delyvel TNV TaGIKY 00gvoT 610 Ys — Xs eninedo
Kot To Xynuo 22d deiyver v 00gvon Topopope®oEws oto Y. — X, eminedo. To
JOKI[Io G€ QTN TN JOKIUN GTEPEOTOMONKE 1I60TPOTA o€ Hés evepyd tdon p’c = 100
kPa kot vtofAnOnke o LOVOTOVIKY OKTIVIKT QOPTION EUmodLOUEVNG GTPpAYyYIonG (e b
= 0.5 kot as7 = 15°. H povotovikn okTvikny @OpTIon TEPUATICTNKE OTNV TOGLKN
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KOTAGTOON HETA TNV Kopuaio actoyio pe P’ = 343 kPa,  =1.05 kot &g = 7.6%, evd N
Gppog S106TEALOTOV TAAGTIKA VIO OLOOEOVIKEG GUVONKES TOPAUOPPOONG KOl YMPIC
EUPAV OTOV YOUVO OQOOAUO ONUASIN GLYKEVIPOUEVNG TOPAUOPPMOONG. XTN|
oLVEYELWD, eKTEAESTNKE GTPOQT] TV KA 1dcemg vd otpayylldpeveg cuvOnkeg Ko
dwnpavtag otabepés Tig evepyég KT tdoemc. To Zynua 23a deiyvel v eEEMEN Tov
HEYEODV evol, 01, 0’2 KOL 63 [E TN YOVIO & 517 KOTA T QAON TN OTPOPNC Tov KA
ThoEmG, EVD To Tyfuo 23b Seiyvet v eEEMEN TV YOVIOV o der KOL & o' LE TN YOVIOL
o1 KOTA T SIEPKELD KL TOV SV0 PAUGEMV.

Ta dedopéva mov mapovcidlovior oto Xyfuoate 22 Kot 23 VTOJEIKVLOLY OTL 1
TOPAULOPPMOT TNG AUUOV KOTE TNV OKTWVIKY QOPTIoT givarl apytkd pn opoagovikn
OpmG yivetar otadKE OHOOEOVIKY) OTn QAo TNG TANCTIKNG OlIGTOANG Ko
YOAAp®oNG HeTd v kopveaio actoyio. Emeita, n mapapopemon yiveton axoaploio
Un opoa&ovikn Kot 1 QUUOG apyilel Vo GUGTEALETAL TAACTIKA aKPIPAOS TN GTLYUN TOL
apyiler n otpoen tov KA tdoemc pe otabepég tig evepyég KT thoewe. O Tipég tov
ueyebav devorl / deg ko & ™ otryun exeivn givar 0.47 xon 27.8°, avtiotoiywe, kabdg
ouwg n yovia o, petapdiieton and 15.0° oe 42.3° 0 Adyoc devol / doyr mapapéver
TPOKTIKA oTafepdc evad M Yyovio ¢ petwvetoan payoaio. H avdivon tov dedopévmv
VIOdEIKVVEL OTL M Aupog otn ook PAR3 Bpicketan kovtd oty kpioiun Katacstoon
OTOV EKKIVEITOL 1) OTPOPN TOV KOUP®V aOVeV TACE®MS Kal, Tapd To YeYovog OTl
TPONYOLUEVMOG  TOPOTNPEITOL  TANCTIK Ol0GTOA] VIO  OUHOOEOVIKEG  oLVONKEG
TOPAUOPPMONG, TN OTIYUN EKKIVIIGNG 1| GLUTEPLPOPA TNG AUUOV YiveTol akoplaio
GLOTOMKT] KOt EVTIOVOC U1 OLOOEOVIKT).

To Eyfua 24 napovcidlel ta anoteAéopata amod TG ookiués PAR2 kot PAR4 poli pe
avtd and 1 dokyn PAR3. Zvykekpéva, to Zynuo 24a dsiyver v e&EMén twv
peyebdv 1 (aplotepdg KATaKOPLPOS AEOVAS) Kot &vol (0€E10¢ KaTaKOPLPOG AEOVOC) LE
NV TOPOUOPP®ON &g, TO Zyfuo 24b deiyver tnv eEEMEN tov peyebdv evol (aplotepde
KAToKOPLPOG dEovag) kat & (6e£10¢ KataKOpLPOG AEOVAG) LE TN YOVIL 047, TO ZYNHO
24c deiyvel Tig 00ev0EIC TaPApOpP®ong 610 Y, — X, eminedo kot 1o Zynua 24d deiyvel
mv €EEMEN ToLV Guvovasol (P’ , €) oto KataotoTkd enimedo pali pe TN YPOUUn
Kpiowng kotdotacng, n oroia Bewpeitan povadikn aveEaPTNTOS TOL TUTOV POPTIOTG
(Li and Dafalias 2012, Salvatore et al. 2017, Zhou et al. 2017). Xtig dokipég PAR2-4
N Guuog otepeonomdnke 10oTpomo o péomn evepyd taon p’c = 100 kPa 1 200 kPa,
énerto, VIOPANONKE 6 LOVOTOVIKY POPTION EUTONLOUEVNC oTpdyylong pe b = 0.5 kot
as'1 = 15° ko votepa oe otpoen Tv KA 1dcemg e otabepés tic evepyéc KT tdoemc,
Vo cuvOnkeg elevBepnc otpdyyione. To Zynua 24b deiyver povo ta amoteréopoto
amo T edaon otpoens Tov KA tdoems, evd ta vmoloura Gynpato Kol ard Tig 600
eacelg. Ot ouvOnKeg KoTd TV ekkivnon g otpoens Tov KA 1doems 6Tig dOKIUES
tonov PAR mapovoidlovtor otov Ilivaka 5. Eivar onupoavtikd va onpeiwdel 6t1 6t
doxiuy PAR4 n exkivnon g otpogng tov KA tdoemg €ywve oe pikpdtepn
SWTUNTIKY TOPAUOPP®ON, &g, OO OTL o dokyn PAR3, evd ot dokiun PAR2 éywve
oe peyaivtepn. Emiong, onuewdveror 6t ot dokiun PAR2 viipyav epoaveig {dveg
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CLYKEVIPOUEVNG TAPaUOpe®oNg oto dokipo 6tav Eekivnoe 1 otpoen tov KA
TdoEmC.

Ta amoteléopota oto Zynuo 24 dsiyvouv kabapd OTL N AUUOG EMOEIKVVEL EVTOVN UN|
OHOOEOVIKOTNTO KOl TAACTIKY) GUGTOAN OTAV 1| LOVOTOVIKT] @OPTIoT e otafepong
KA tdoewg dwokomel otn @dorn g yardpowong ond pio cvveyn otpoen tov KA
tdoemg pe otabepéc evepyéc KT tdocme. MdMaota, n évtaon g Un opoagovikdtntog
KOl TNG GUGYETIGUEVNG TAAGTIKNG GLUGTOANG YivETOl peYOAOTEPT OTAV 1) TPONYOULEVN
dwTunTikn Swdkocio (mpo-didtuncn) sivor €viovotepn o€ OPOVE CLGGMOPELGNG
SOTUNTIKNG TTOPAUOPPOONG. LVYKEKPIUEVA, KATA TNV EKKivion ™¢ otpopns tov KA
tdoemg otig dokiuég PAR4, PAR3 kot PAR2 n dwotuntikn mapapdpemon, &g, eivat
4.7%, 7.6% wor 12.4%, oviwotolymg, n yovie ¢ etvon 25.9°, 27.8° won 32.5°
AVTIOTOLY®G, Kot 0 AOYOoG devol / deg eivar 0.10, 0.47 xoar 0.97, avtictoiymg. Koabamg,
opwg, n otpoepn Tov KA tdcewg cvveyileton n yovia pun opoagovikdtntog, &, ebivel
paydaing kot n eEEMEN Tov & PE TO Ay YIVETOL KON OTIG TPELS OOKIUES OVEEAPTNTO
amd TV 1oTopio. POPTIoNG, eV O AGYog dlootoMKkoTNTog, Uevol / deg, mapopéver
drapopetikods. To «reipapa okéyney tov kabnynty Aagoid (Dafalias 2016) eivoe 1
OPLIKY TEPIMTMOON TNG 0KOAOVLOIOG TV TEPAUATOV TOL TAPOoLSIAlovTal €M Kol
O0edOUEVOL  OTL TO. TOPATNPOVUEVO  YOPOKTNPIOTIKA U1 OHoa&ovIKOTNTOG Kot
TAOGTIKNG GVGTOANG Yivovtol otadlakd evtovotepo kobmg mpooeyyiletar n kpiown
KOTAOTAOT CLUVAYETAL OTL TO TEPAUATIKO OTOTEAECUOTO TNG TOPOVCOS €PYOCIOG
enaAnfebovy tov 1oyvupiopd 6t Oewpia Avicotpomikng Kpiowng Katdostaong mov
npotdOnke amd tovg Li and Dafalias (2012) amote)el pio avaykaio avabedpnon tng
Khaookng Oswpiog Kpioyng Katdotaonc.

A&iler va onueiwbel Ot1 Ta mEWPAPATIKG omoteAéopoTo eival TpoTOTLTTO. O10TL
VIOOEIKVOOLV  OTL 1M €mdpaon NG TPO-Oldtunong oty €viacn NG Un
OHO0EOVIKOTNTOG KOl TAAGTIKNG GUGTOANG KOTA TN UETAYEVESTEPT OTPOPY| TV KA
TACEMG Elval oNUAVTIKOTEPN amd TV enidpacn TV Topaustpov 7, p°, b kot e. T
napdderyua, oouewvo pe tovg Tong et al. (2010), to péyebog g GLOTOMKNG
OYKOUETPIKNG TOPAUOPPOONG, Evol, TOV GLGCMPEVETOL KATA TN oTpoPn TV KA
tdoewg pe otobepéc evepyéc KT tdoesmg avébveror Otav kdbe pio and Tig
nopopétpoug 7, P°, b ko e av&daverar. Mohotovta, n auuog otn dokuny PAR4
ovoTéAeTol AMyotepo amd OtL M dupog otn dokir] PAR3 mapdio mov n tyun tov
TopopéTpOv 4 Kol P’ oetvor peyoddtepn oty mPOTN 00K, VA 1 TN TGV
nopopéTpov b kot e givar mpaxtikd 1 ida (PA. Tivaxa 5).

Emiong, obupova pe toug Miura et al. (1986), Gutierrez et al. (1991), Li and Yu
(2010) ot Tong et al. (2010, 2014) to péyebog g yoviag un opoaovikémrog, &,
pewwvetar 0tav 1 otpon Twv KA 1dcewmg ektedeiton oe peyahdtepo 77, 6 HEYAADTEPO
b kot og peyaddtepo e. Molatavta, Om®G @oiveTolr oto XyAuo 25 to omoio
omekovilel T eE6MEN Tov € pe 10 o »1 otig dokipég PAR1L-4, 1 yovia & ot Sokipn
PAR4 givon peyoivtepn and avtyv ot dokun PAR1 mopdro mov oty mpdtn dokiun
M T TOV Topapuétpmv 7, b kot e givar peyoloteprn. To TapatnpodUEVO QOIVOUEVO
petd v aAlayn tng Katevbuvong tov KA tdoemg eivat, Opmg, mopodikd Kot 1 dEcun
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TV onueiov and T dokég PAR2-4 gaivetal vo kiveital mpog o, onueio amd ™
dokyn PAR1 xabmdg n otpopn tov KA 1doewg e&eliooetatl. Térog, Tovileton 6L TO
TOPOOIKO OVTO (QOIVOUEVO TOPATNPEITOL KOl OTNV TEPIMTMON TOL 1 TPO-JSIUTUNON
eMPAAAETOL KATA TNV AVICOTPOT OTEPEOTMOINGCT TNG GUUOL HE VYNAN OTOTIKY|
dtuntikn taon (v mapddetypa, oe cuvinkeg Ko-otepeonoinong), dnwg £deiydn otig
dokég aotpayylotng optiong tomov B kar C (BA. Zyniuo 19b). H npwtotumtio oe
LTV TNV TEPITTOOT EYKEITOL GTO YEYOVOG OTL | EMIOPACT] TN TPO-JIUTUNONG OTHV
évtaon g Un opoaovikotrag ivol onuavTikotepn amd v enidopacn tov puouov
oTPOPNC TV KOHPLOV aEOVmV TAcemg oL £yl emonuaviel and tovg Gutierrez et al.
(1991).

TuunepdopaTa

Xmv mapovcd  OaKTOPIKN OTplr] OlepevvnONKe TEPAUATIKE 1 UNXOVIKN
ovumeppopd g dupov M31 vd cuvOnkeg TPLOEOVIKNG Kot YEVIKEVUEVIS POPTIGTG.
YuykeKpEVo HeAeTONKE 1 eMOpOOT TNG AVIGOTPOTIOG TNG GUUOL OTN HOVOTOVN
PEVGTOMOINGY], GTN YEVIKELUEVN OoTOYio Ko otV Kpioyn Katdotaon. To doxipua
™G GUUOL TTapacKeELASTNKAV e TN HEBodo amdBeong oe vepd ko otepeomomOnKay
o€ HEYAAo €0pog TaoemV P'c = (0'1c+ 02 + 0 '3¢) / 3 ka1 Adyov thcewv Ke = 03¢ [ 0'1c.
H povotovikn 1 avaxvkAikr eoption Tov dokiuiov tpaypoatomodnke pe otafepoig
N otpepopevoug kuplovg aéoves (KA) tdoemg kol pe 000 S0POPETIKEG TYES NG
TOPAUETPOL EVOLAUESNG KOpLog Taong, b = (62 — 63) / (6’1 — 6'3). Ot mepapotikég
OOKIUEG EKTEAEGTNKOV OTN) GUOKEVY OTPEMTIKNG OITUNONG KOIAOL KLAMVIPIKOV
dokipiov kor oe 000 ovokevéc Tplafovikng  @optiong Ttov  Epyaotnpiov
Edagounyavikng, tov EBvikov Metcofiov Iloivteyveiovn. Oleg o1 ocvokevég
tpomomomOnKay 1 avafobpicTnKay yio T avAayKeg TG TApOVCAS EPYUCIOC.

[Ma tov 7TPpocsdlopod TV YOPOKTINPIOTIKOV KPICWUNG KATAGTAONG NG GOV
eEKTEAEOTNKOV OOKIUEG LOVOTOVIKTG TPLOEOVIKNG GLUTiEoNS VIO cuvOnKeg eAevBepNC
Kol EUTOSILOUEVNG OTPAYYIONG GE OOKIHLO AULOV GTEPEOTOMUEVA 1GOTPOTO GE LEOT
evepyd thom, p’c, and 100 kPa éwg 6000 kPa. IIpocdiopictnke pio, LOVOSIKY YPOLLUN
Kpiowng Katdotaong otov P’ — € — g Y®POo, OveEAPTNTN TOV aPYIKOV GLVONKOV Kot
TOV TOTOL NG 00gvong EOpTIoNG (eAevBepng M eumodlopevng otpdyyonc). H
CLUTEPLPOPE NG Gupov Kab’ OAn T Suipkel TG EOPTIoNG UEXPL TV Kpiotun
KATAoTOoN UTOpPEl VoL CLGYETIOTEL e TNV €EEMEN TNG KOTAGTATIKNG TOPAUETPOV, ¥,
tov Been and Jefferies (1985). I'a mapdderypo, o anokAivov Adyog Tdoemv, 4, 6TO
onpeio oAAayNng eaong avdvetal evad 0 amoKAIvav AOYOS TAGEWY, 7, KOl 1] ATOAVTOG
T ToV AdYOoV dsToMKOTNTAS, D, 0TV Katdotaor kopueaiog actoying LetdvovTal
OTaV 1M KOTOOTOTIKY TOPAUETPOS, ¥, yivetaw Arydtepo apvnriky. Emiong, m oyxéom
Adyov tdoemV — dacToAKOTNTOG, 771 — D, elvon dapopetiky| yio yohapr| Kot TUKVY
GpLpo.

Mo ™ pedétn g UNYOVIKNG GLUTEPIPOPAS TNG GUUOL TOPUCKEVAGTNKAV YOAUPA
dokipa to omoia otepegomomOnkay wodtpoma (aupog IC) oe péon evepyod téon, p'c=
200 kPa (1 100 kPa 1 300 kPa). 'Emetta, ta doxipio vrofAnOnkov e LOVOTOVIKY
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@Option gumodilopevng otpdyyiong pe otabepn péon olkn téom, P, Kot otabepn
TOPAUETPO eVOLaUESC KVPLaG Tdong, b = 0.5, dtatnpdvog ToV TPOGOVATOAGHIO TOV
dEova g péyog Kvplag Tons, 0’1, otabepd oe dpopes KatevhHVGELS MG TPOG
TNV KOTOKOPLPO, UETPOVUEVES HE TN Yovia o7 (1 o) (axTviky eOpTion). AoKiuég
eKTELEOTNKOY Y100 TWEG TNG YoOVviag as7 amd 0° émg 90° ko yo b = 0.5. H yoapn
Gupog emédelée TLMIKY GLUIEPIPOPE. TAPOSIKNG HovoTtovng pevotoroinong (limited
flow deformation) pe mtdon ™¢ avioyne, g, HeTd T0 onueio mapodkod peyioTov,
AOy® ™ avénong ¢ Teon g ToL VOATOG TOP®V, KOL AVAKTNOT TNG OVTOYNG UETA TO
onueio aAlayng @donc. Xt @Aomn G TOPOSIKNG HOVOTOVNG PEVCTOTOINGNG M
amOKPIoN TOV GULGTNUATOS OKIHO — GUOKELT POPTIONG YiveTol aoTabng AdY®D TmV
EMAEYUEVOV  TOPAUETP®OV  EAEYYOV, &V TO OoKipo dOev  guppavifel onudd
GLYKEVTPOUEVIC TAPALOPPDOTG.

H ovumepipopd ¢ duppov otig SoKWES axTviKig eopTiong (dokiég tumov A)
yivetal, v YEVEL TEPIGCOTEPO GLOTOAMKT OTAV O 0 '1-AE0VOC OTOUOKPVVETOL OO TNV
KOTOKOPLQPO LE OMOTEAEGUO 1) OVTOYT, (, OTO ONUEID TOPOSIKOV WEYIGTOL KOl GTO
onueio aAAaYNG PAONC VO LEWMVETAL UE TN YOVIO 05'7° EMIONG, M KOVOVIKOTOUUEVT
VIEPTEST TOL VAATOG TOPWV, AU / P’in, KOL 1] OKTAESPIKT| SIOTUNTIKY TOPAUOPPOOT),
Yoct, OTO OMNuEl0 aAlayng @aong av&dvovror 6tav avéavetor 1 yovio ag7. XV
KOTAGTAGT KOPLEOIAG 0oToYiog 1) TN TOL AOYoL TdcemV, SiN @, HEIdVETAL, €V YEVEL,
pe v avénomn g yoviog og7. Molatavta, m mEPocdTEPO acbevig amdKpion
napatnpeital 6tav 1 yovia a1 Aappavel Tipég petacd 60° kat 75°, 010t totE Eva amd
o eminedo owovel oaotoyiog (maximum stress obliquity planes) teiver va.
TPOGOVATOAMOTEL He TO 0plovVTIO emMinedo dnoTpopdtoons. Emopévmg, n eyyevig
avicotpomion emmpedlel To UNXOVIKA YOPOKINPIOTIKA TNG OGUUOL O©T0 onueio
TopodIKoy UEYIOTOV avTOYnG, ©TO0 OoNUeio aAlayng @dong Kol otnv Kotdotoon
Kopvaiog actoyiog.

Ta onueio wopodikod peEYIGTOL O©TIG OOKIUEG OKTWVIKNG @OpTiong Tovtilovton
TPOKTIKA HE TO onueio oto omoiol mpokoAeital N aoTAOEWL U GUYKEVIPOUEVNG
TOPALOPPMONG Kol EKKVElTAL 1 QAN NG povotovng pevotonoinone. Ta onueio
avtd opiovv o10 Y — X eminedo tdoewv v Emedven ActdBeiog (IS) n omoia
amotelel T yevikevon g Ipoupnc Aotdbeiag tov Lade (Lade 1993) oagov
VIOOEIKVOEL TOVS GLVIVAGLOVS (07 , ) GTOVS OmOioVG TTpokaAeiTal 1 acTdOE VIO
ouvOnKeg yeviKELUEVNC OKTWIKNG @OpTione. [lopatmpndnke Ot 1 0aotdbela
TPOKOAEITAL G PKPOTEPO AOYO TAGEW®V SIN @ OTAV 1 YOVIO 067 YIVETAL PEYOADTEP.
[Mapopoimg, pio dedopévn TN TG TAPAUOPPMOONG, Yoct, N TNG KOAVOVIKOTOMUEVNG
vrepmieong tov Vdéatog wOpwv, AU [/ P’in, OTN GLGTOMKN @GO ATOKPIONG
AVOTTOGGETOL 6 HKPOTEPO AOYO TAcE®V SIN @ OTaV M Ywvia o yiveTol peyoldtepn.
Ta dedopéva avtd vVmOdEKVOOLY OTL M €YYEVNG OvicoTpomio emnpedlel v
TOPOLOPPOCIUATNTA KOl T GLVONKT PELGTOTOINGNG TNG GLLLOV.

IMa ) pedétn mg enidpaonc g 16topiag GTEPEOTOINGNG KAl POPTIONG GTN UNYOVIKI
CUUTEPLPOPE TNG GOV TOPOCKELATTNKAY Yohapd dokipto pe T péBodo amdBeong
og vepo, ta omoia otepeomombnkay avicdtpona (dupog AC) oe péon evepyod tdon,
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p’c= 200 kPa ( 100 kPa), kot o€ di1dpopovg Adyovg tdoemv otepeonoinong, Ke (=
0.40 — 0.80). Xt devtepn @don otepeomoinong petafAnOnke n T ™G TOPAUETPOV
b a6 0 o€ 0.5 kou g Téce®s P’ and P'coe P'in (> P’c) Kot ot cuvéKEln emPANOnKe
LOVOTOVIKT] @OpTIoN eumodilopevng otpayylong pe otpopn tov KA tdcewmg Kot
otafepég p kot b (= 0.5) mopapérpovs. tic dokipég tomov B n amoxkdivovca téon, g,
avéavetal povotova eved tavtdypovo otpépovior ot KA tdcews. X115 doKIHEG TOTOL
C n amoxAivovoa tdom, (, dwtmpeitar otabepn evd otpépovionr ot KA tdoesmg
TPOKOADVTIOG TNV avATTLEN VIEPTIEONG TOL VOATOG TOPMV KO, ETOUEVEOS, TNV
avénon tov anokAivoviog Adyov tdoewv, n = q / pP’, KaO®OG o1 gvepyEC TAGELS
armoeoptilovtor wotpona (do's = do> = do’z = -du < 0). X doxyn DI 7
amokAivovoa tdon, , petofdiietar meplodikd evd otpépovionr ot KA thoewg pe
poxTiKd otabepéc p ko b (= 0.40 — 0.52) mopapétpoug.

H oaotéBeia otic doxyéc tomov B mpoxodieiton petd amd pio pukpn avénon g
amokAivovoag taong kol otpoer] Tov KA tdoewg 0tav o Adyog K eivor pukpdc,
VTOONAMVOVTOG TNV TPOTOTNTO TNG OVICOTPOTO GTEPEOTOMUEVIS OUUOL EVOVTL
pEVGTOTOINGONG OTAV 1 CTATIKY OWTUNTIKY TAOT €ivon HeYOAN, OTTMOC Y10 TAPAOELY L
oe ovvOnkeg Ko-otepeomoinone. H otpoery tov KA 1doemg vnd otabepn
amokAivovoa tdorm otig dokipég tomov C empépel TAAGTIKY) GLGTOAY, aoTAOELD,
TOPOOIKT] LOVOTOVY] PELGTOMOINCT Kol TEMKE OGTOYIOL TNG YOAMPNG GLLUOVL Y10 TIC
Tipég Tov Ke mov e€etdomray oe autv v gpyacio. o pia dedopuévn Ty tov Ke n
otpopn twv KA tdoewg péxpt v ekkivnon g aotdbeag eivor peyaAdteprn oTig
dokipég Tomov C oe ohykpion pe Tig dokipég tomov B. IMapatnpndnke, eniong, 6ti n
aotdfelo mpokadeital OTav 1 TactK] 6dgvon omd TG dokiég THmov B kar C datéuver
™V emMEAveln 0oTdOeL0g TOV 0ploTNKE OTIS OOKIUEG TOTOV A VIO o peYdAn yovia.
AvtiBétmg, 0ev mpokaleiton aotdbela O0tav 1 ddtunon yivetor ved kP yovia M
EQOTTOUEVIKAL.

Kot 6t0ug 000 TOTOVG SOKIU®OY 1 TOPAUOPP®CT TS AUV KaTd TN oTpo@r| TV KA
tdoemc etvar un opoaovikn, pe ™ yovio pun opoaovikotntag, &, Vo LEUDVETOL, €V
vével, kabng avéavetal o Adyog thoswv Sin ¢ (M 7). T1ig dokég Tomov C kot ot
dokymy D1 mopatnpnOnkav dSwkprtd potifo pn OpoaEOVIKNG  GULUTEPIPOPAS
OVTIGTOLYOVVTO GTH POPTION Kol amoPOPTICN NG UM S0yDVING GUVIGTAOGOS, Tz0, TOV
TavuoT téoems. Ta potifa avtd Ntav Kowd o OAeg TIG SOKIUES, AVEEAPTATMOC TNG
Tiung Tov Ke kot tov apBpod tev kokAov otpoeng tov KA tdosmg, pe e€aipeon v
apYIKY] PACT] GTPOPNG LETA AO TNV OVICOTPOTN oTEPEOTOiNCN 6€ YaunAd Ke. Ztnv
TEPIMTOON TG POPTIONG, M YOVia & LEWDVETOL U YPOUUIKE [LE TN YOVIO @, EVO LETA
™V actoyio ¢ aupov M yovia ¢ otabepomoteital KaOMG N GUUOG TOPALOPPDOVETOL
oV 6TafEPn KOTAGTOON  HoAATOOTA, 1 0TOOEPN KATAGTOOT OOKOTTETOL Old TNV
TPOKANGN 0OTAOELDV GUYKEVIPOUEVIC 1] LN TOPAUOPO®ONG. LTNV TEPITTOON NG
amoeoptTions, N yovia ¢ eivol Wwitepa LYNAN Kol UEUDVETOL U1 YPOUUIKA HE TN
yovia ¢, yopis va delyvel onuadia otabepomoinong, mhavdg Aoyw g ovlevéng tov
EAOCTIKOV KOl TAOCTIKOV YOPOKTNPOTIKOV Topopudpeoons (elastic — plastic
coupling). Xtig doxég tomov B mapatnpnniay dwkpird potifa e&dptnong tov &
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amod 10 @ TPV TNV Kopveaio actoyio avdioyo pe v Ty tov Ke, eved petd v
Kopvoeaio actoyio n cvumeppopd givor mapdpow yor Oreg Tig TipéS Tov Ke yopls,
OU®G, va Topatnpeitol . otadepn KoTAoTAON.

211c dokyég Tomov B kot C o1ig omoieg | upog otepeonomOnke oe modd younio Ke
napatnpnOnke éviovn un opoagovikdTnTo Kol TANGTIKI) GLGTOAN KATO TN GTPOPN
tov KA 1doemg mov axorovOnce apéowmg PETE TNV ovicOTponn otepeonoinomn. H
EMOPAOT NG MPO-OWUTUNONG OTNV €VTaoT TNG Un opoa&ovikotntog oamodeiynke
ONUOVTIKOTEPT OO TNV EMOPAOCT TOL PLOUOV GTPOPNS TOV KLPI®V AEOVOV TACEMC
mov €xel emonuavlel amd tovg Gutierrez et al. (1991). To @owdupevo avtod
dwaoAoyel, iomg, ™V TPOTOTNTO TOV AVICOTPOTO. GTEPEOTOMUEVOV GUU®V EVOVTL
pevotonoinong, o cuvinkeg otpoPng Twv KA 100em, OTOV 1 GTOTIKY OOTUNTIKN
tdomn eivor vymAr. Zvykekpléva, pio PIKpn TooKY] dotapoyny mov mepAapBavet
otpopn TV KA 1dcemg (m.x. N oAdayn g yeouetpiog piog mAayidc) empEpel Evrovn
UN OHOOEOVIKOTNTO Kol TAACTIKY] GUGTOAN AOY® TNG TPO-OATUNGCNG LE OMOTEAEGLOL
VO, TPOKOAEITOL OOTAOEW U1 GUYKEVTIPOUEVIC TOPOUOPPOONG, HE TPOTO aVAAOYO
TPOG AVTOV OV TTEPLypdpnke amd tov kabnynt BapdovAdkn yo tnv mepintwon g
aotdfetog ovykevipouivng mapaudpewong (Vardoulakis et al. 1978, Vardoulakis and
Graf 1985, Vardoulakis and Georgopoulos 2005).

Ta aroteAéopato and T1g doKIES TOTOV C VTOJEIKVHOVY OTL 01 GLVOLAUGOL @ KO Oy’
010 onueio ekkivnong ¢ povotovng pevatonoinong (onueio aoctdbeag) dev elval
povadikoi, wapdro mov Katl Tétowo dartvrmvetal o mapeAbovtikég Epgvveg (Nakata
et al. 1998, Sivathayalan and Vaid 2002). H ovvOikn ekkivnong kot Tto
YOPOKTNPIOTIKA  TOPAUOPQMOONG TG  MOVOTOVNG  TOPOOIKNG  PELCTOTOINGNG
eCaptdvTol omd TNV 16TOPio TAGE®V — TAPUUOPPDOCEMY, GUUTEPIAAUPAVOUEVNG TG
emidpaong tov Adyov Thoewv otepeomoinone, Ke, xor g xoatevbvvong g
mpocavéENTikng taoems. H e€dptnomn avt elvol Bempntikdg avapevopuevn agol To
épyo Sevtépag thEeme, d®W, to omoio mpémer va pndeviotel yoo vo mpokAndsi m
aotdfeta, etvar pio katevBuVTIKY TOSOHTNTA TOL EEAPTATOL OO TNV 1GTOPIN POPTIONC
(Daouadji et al. 2011). Emiong, domotdbnke 0Tt 1 €KKiVIiON OUEOTEPOV TMOV
aoTOOEOV LN GUYKEVIPOUEVNG KOl GUYKEVIPOUEVNG TOPALOPPOONG KOTE TN
povotovn eoption epumodilopevng otpdyyong e otpoen tov KA tdoemg cvpPaivet
EMAEKTIKA GE€ TOOCIKEG KOTOGTAGELS OV OVIIGTOL(OVV O OVLOUEVEIS KIVNUOTIKES
ouvOnKeg mapapOPEoNG, OoNAadn oe odtunon N / Kot oAioBnon oto opldvtia
eninedo  Swotpopdtoong  emPefowwbnke, pdAictoa, o6t M aotdbew  pn
GLYKEVIPOUEVNG TOPALOPPOONG GLUPIVEL TPV TNV OC0TAOEW GLYKEVIPOUEVNG
napapdpemons. Ta dedopéva avtd vmOdekviovy TNV EMdpOoT TNG EYYEVOLG
OVIGOTPOTLOG KOl TG 10TOPLOG OPTIONG GTNV a6TAOT CLUTEPIPOPA TNG GLLLLOV.

Ta amoteléopato oVTNG TNG EPYUCING VTOJEKVOOVY OTL 1| TOGIKY KOTAGTAOY TNG
YoAopNG Qupov mov vmoPdiAetar oe otpopr] TV KA 1dcewc vmd ocuvOnkeg
eumodilopevng otpdyyong kot pe otabepn amokiivovca tdon pmopel va petaffAndet
Kotd TV KotevBuvon 16otpomng amoedptiong (do’st = do 2 = do’z < 0) amd to onpeio
OVIGOTPOTNG GTEPEOTMOINCNG £®G TNV KATACTOON KOPLEAiNG acToyiog Yopic va

XXXV



Extevniic ovoym

npokANnOel aotdbelo un cvyKevIpoUEVNS Tapapdpemong (Lovatovn pevotomoinon).
Avtd To evprjpata gival TPOTOTLTIA S1OTL, COUPOVO, LE GVYXPOVO TPOCOLOIDLOTO
KATOoTpOUEVE 0To TAdiclo TG Oewpiag Atakdadmong, 1 koatevbuvon 166TPomNG
amopopTiong TePLapPaveTal 6To cHVOAO TOV 0oTOOMY KATEVOVVOE®DY TNG YOAUPNG
GULUOV aKOUO KOl GE YOUNAES TILEG TOL ATOKAIVOVTOG AOYOL TAGE®V, LOKPLL od TV
Kopvoaio actoyio (Darve and Laouafa 2000, Darve et al. 2004, Sibille at al. 2007,
Prunier et al. 2009). Xt ouvvéyelwn, €deiybn OtL pio olovel otatiky aotdbeio pun
GLYKEVTPOUEVIG TOpapOpPwong pmopel va mpokAnfel vmd avlavoueves evepyéc
TAoELG Kol LEWOVUEVO OmOKAIVOVTa AdY0 TAcE®V, akolovBoduevn amd pior OLVOUIKN
0oTA0E0l U CLYKEVIPOUEVNG TOPOUOPP®ONS (HLOVOTOVI] PELCTOTOINGT) LTO
pelovpeveg evepyég thoelg Ko amokAivovta Adyo thoewv. H mpwtotumio €0
gykertal 610 yeyovog Ot emPePordvovior Yoo TpOT Qopd pe euokd meipapa ot
TpoPAEYEIC TV TpOoGOUOIUATOV Tov Darve oyetikd pe ™ duvatotta TPOKANoNG
aotdfelog og katevBuven Tov aviioTo el oe aviavoueveg evepyéc thoelg (Darve and
Laouafa 2000, Darve et al. 2004, Sibille at al. 2007, Prunier et al. 2009).

IMa ™ d1epedivnon ¢ emidpaong TG AVIGOTPOTNG EGMTEPIKNG SOUNG TNG GOV GTNV
KpioUn KOTAoTOON TOPACKEVACTNKOY YOAMPA OOKifo To omoio. vroPANnOnKav,
TPAOTO, GE HOVOTOVIKN @OpTIoN eUmodlopevne otpdyylong pe otabepn KOplo
Katevbuvon tdoews (aKTVIKY eOPTIoN) Ko, €metto, o oTpoPn Twv KA tdcewg e
otafepéc evepyéc KT thoewc 660 10 Suvatdv TANGIESTEPA GTIV KPIGIUTN KATACTAOT).
[MapapnOnke 6t1 1 dppog emdeviel EVTovn Un OpoaEoVIKOTNTO KOl GUGTEAAETOL
TAooTIKG Otav M eopTion pe otabepovg KA tacemg dtokomteTon amd pion cuveym
otpopn tTov KA tdoemg. H évtaomn ¢ pun opoafovikomntag Kol TG CLGYETICUEVIG
TAOGTIKNG GUGTOANG YIVETOL LEYOADTEPT OTOV 1) TPONYOVUEVT] OLOTUNTIKY O1OOIKAGT0L
(mpo-01dtunomn)  €ivor  €viovoteEP]  GE  OPOLG  GLOGMPELONG  OLOTUNTIKNG
napapopemons. To amoteAéopato eival mpOTOTLTTOL O10TL LTOSEIKVLOVY OTL 1
EMIOPAON TNG TPO-OLATUNCNG OTI CUUTEPIPOPE TNG GUUOL EIvVOl GNUOVTIKOTEPT OTd
VTNV TOV TOPAUETPOVY 77, P, b ka1 € Tov £xet emonuavOei og TapehBoVTIKEG Epevveg
(Miura et al. 1986, Li and Yu 2010, Tong et al. 2010 and 2014), 6uwg 1 enidpoon
oty givon Topodikn kot eBivel kKabdg cuveyiletor n otpoen Tov KA tdosmg.

Yvuykekpyéva, €0elyn 0Tl M GUUOC GUUTEPLPEPETOL EVTOVOS WU OHOAEOVIKA Kot
oLOTEAAETOL OpUEc®G OTav ekKveitar M otpoen Tov KA tdcemc pe otabepés Tic
evepyés KT rthoemg moAd Kovid oty Kpiouun KOTAGTOGN, HOAOVOTL GTNV
TPOTYOVUEV] QPAON OKTWVIKNG (OPTIONG O0GTEAAITAV TAAGTIKG GTNV KOTAGTOON
actoyiog Vd opoaovikég GLVONKES TOPAUOPPOONG HOAGTO, TO QOVOUEVO YIvVETOL
TPOOOEVTIKA £vTOVOTEPO KOOMDC mpooeyyiletor 1 kpioyn Koatdotaor. To «meipapa
okéyno» tov kadnynm Aopaid (Dafalias 2016) eivor n oplokn mepintmon ™G
aKolovBiog TV SOKIUDY TOL EKTEAECTNKAY GTNV TOPOVGH EPYOCIN, EMOUEVEOS, TO
TEWPAUATIKA OTOTEAEGULOTO TOV TOPOVGLALoVTOL EMOANBELOVY TOV GYVPIGUO OTL M
Oewpia Avicotpomikng Kpioyng Kotdotoong mov mpotdbnke amnd tovg Li and
Dafalias (2012) amoteAei pio ovaykaio ovabBedpnon g khoookng Oewmpiog
Kpiownc Katdotaong.
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Ta anoteAéopota TG TapoHoos SOAKTOPIKNG STPPNG TPOSPEPOLY VEN YVMOGT Kol
cuupdrriovv ot Pabvtepn katavoémon TG EMIOPOONG TNG OVICOTPOTING KOl TNG
10TOPIlOG POPTIONG OTN UNYOVIKY cvumepipopd ¢ dupov. H dwdikacio amdBeong
Kol M wtopion pOpTIoNG ENNPEALOVY TOV CYNUATIGHO Kot TNV €EEMEN TNG ECMOTEPIKNG
doung kol ovtn M JdKacio 6to UIKpookomikd emimedo kabopilel ev télel
HOKPOOKOTIKY]  UNYOVIKY]  GUUTEPIPOpd g  dupov o€  kdbe Koatdotoomn,
SLUUTEPMOUPAVOUEVIG TG KPIGUNG. AVOOEIKVVETAL, EMOUEVMG, 1 OVOYKOLOTNTO
AVATTUENG TPOCOUOIWUATOV TOL SVVOVTOL VO TPOGOUOLMGOVY TNV EMOPOCT TNG
E0MTEPIKNG OOUNG OTN HUNYOVIKY] GULUTEPLPOPE TNG GUUOL VIO YEVIKELUEVES KOl
ouvBeteg cuvOnkeg POPTIONG, OTTMOS OVTEG OV eMPANONKAV oV TOPOoHGU EpYyaciaL.
Q¢ peAovtikdg 6TdY0C Epevvag TIOETOL 1) EPOPUOYT TEXVIKAOV TEPAUATIKNG LETPNONG
TOV TOVVGOTY] SOUNG KOKKMOMDV VAIKAOV HEGH QUOIKMOV 1010TNTOV OTMG 1N NAEKTPIKN
ay@YWOTNTO, KOl 1 ToXOTNTO Jddoong TV pnyovikov koudtov. Emiong, éva
EAKLOTIKO OVTIKEILEVO Y10, LEAAOVTIKT £PELVA APOPA TN OLEPEVLVNOT TNG UNYOVIKNG
CLUTEPIPOPES AP0V VIO GUVONKES TPAYUOTIKNG TPLAEOVIKNS POPTIOTG.
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Mivakeg

Mivakag 1 Katdhoyog tov cupformv kot Tov eE1I0MGE®MV TOV YPNCLLOTOMONKAY Vi
TOV VTOAOYIGUO TOV HECHOV TAGE®V, TAPALOPPMOCEMY KOl GAADV TAPAUETPMV OTIG
OOKIUEG OTPEMTIKNG OLATUNONG

Table 1 List of symbols and equations used to calculate the average stresses, strains
and other parameters in torsional-shear tests

Direction HC | Stress Strain
Vertical o - F s p.r2 —pr? . - Vy

(o) R w "
Circumferent P, — Py (Eyol —€5)
) Ogp =" Co =" 5 g.=€_-¢
ial r,—r 2 or "8~ “wv zz
Radial o = O P off ON € = (Evol - £zz)

"o+ " 2 or & =0
Rotational 3 3T Ze(rj _ 'ﬁs)

0 3 3 =42 =—=

2m(ry —, Voo =% = 30 1)

Principal Stress Strain
Major o, = O ;Oee + g, = €, ;See 4
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Minor _ Ozz +099 _ £zz + 899
2 2
o -0\ e —e. )
_ ( 222 Bej +T§e _ ( 222 e(—)j +€§9
Invariant Stress Strain
1 2 2
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D|r_ect|on of a,. =05 tan™ dy, a,,=0.5-tan™ dy,
major dX, dX,
principal
incremental
stress/strain
Ratio b o"'2 — 0"3
0,-0,
Ratio . c)"1 _0'3
sing =—"+—
g, + 0'3
Ratio
n-d
p
Ratio K - o'?c
O-1c

Second-order de,

W = (do, —day, )(%dsem 2dr de.,,

work

for isochoric conditions under b=0.5
Normalised > [de —de 5
second-order | & Wagm =d*W/ \/(dozz —dog, )? +(2dT1,) -\/(ZZTSE’)2 +(deg) |,
work for isochoric conditions under b=0.5
Angle 0, =+(45° -, / 2)

between the
¢’1-axis and
the planes of
max(t/en’)

MMivakag 2 Katdloyog tov Bacikdv GupPOA®V Kol GUVTOUOYPAPIDV
Table 2 Notations and abbreviations

a material constant used in the relationship of the critical state line in the e — (p /pa)*
plane

€1 major principal strain
g2 intermediate principal strain

€3 minor principal strain
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eq deviatoric strain, eq= 2Y2/3[(e1- £2)® + (e2- €3)% + (3 - €1)4]*?
evol Volumetric strain, evol= &1+ &2+ &3

n deviatoric stress ratio, = q/p’

/. slope of the critical state line in the e — (p /pa)” plane

¢ non-coaxiality angle, & = ade1 - ao1

o’1 major principal effective stress

o> intermediate principal effective stress

o’3 minor principal effective stress

¢ angle of shearing resistance (degrees)

@c angle of shearing resistance at the critical state (degrees)

w state parameter of Been and Jefferies, y =e - ec(p’)

ACST anisotropic critical state theory

B Skempton’s pore-pressure coefficient

c cohesion

CSL critical state line in the p’ — e — g space

CST critical state theory

D dilatancy ratio, D = dePvoi/ dePq (the superscript p stands for plastic)
e void ratio, e = Vv / Vs

ec«(p’) void ratio at the critical state at mean effective stress p’

er material constant indicating the intercept of the critical state line in the e — (p /pa)”
plane with the p’ = 0 axis

HCA hollow cylinder apparatus

IP instability point

IS instability surface

M deviatoric stress ratio, q / p’, at the critical state
PA principal axes

PTP phase-transformation point
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PV principal values

p’ mean effective stress, p’ = (c'1+ o2+ 03) /3

pa atmospheric pressure at zero elevation (101 kPa)

q deviatoric stress, q = [1/2 {(6'1- 62)? + (62~ 63)* + (03 - ') ?}]2
u pore-water pressure in excess of atmospheric pressure

Vs volume of sand particles

Vy volume of voids

Mivakag 3 duoikd yopaxTnploTikd e aupov M31

Table 3 Physical characteristics of M31 Sand

Specific gravity, Gs (-): | 2.66 Mo

Minimum void ratio, emin (-): | 0.50 2| Dw=0O21mm

Dg;=0.31mm
Maximum void ratio, emax (-): | 0.80

| U=Dg/Dy= 1.58
Grain size D1 (mm): | 0.214

Grain size Dso (mm): | 0.258

58 ¥ 8 3 8

Grain size Dso (mm): | 0.310

PERCENTAGE FINER (%)

Grain size Deo (mm): | 0.339

Coefficient of uniformity, Cu (-): | 1.58

so B B

Coefficient of curvature, Cn (-): | 0.92

1.000 10.000

PARTICLE SIZE (mm)

Dy is the grain size (diameter) corresponding to p% finer in the grain size distribution
curve. The coefficient of uniformity is Cy = Deo/ D10 While the coefficient of curvature
is Ch = (D30)?/ (Dso*D10)

Mivaxag 4 Tapapetpor kpioyng kotdotaons e aupov M31

Table 4 Critical-state parameters of M31 Sand

ec(p’) =er- A(p’Ipa)*, pa=101 kPaand 5. = (q/ p’)c. =M

er A o M (forb=0)

M31 Sand 0.7682 0.0112 0.70 1.24

IMivaxkag 5 ZuvOnkec Katd v Evapén e oTpoPng TV KOpLmV a&dvev Tdeems oTig
dokyég tomov PAR

Table 5 Conditions at the initiation of stress rotation in PAR-series tests

Test n p’ b a & e 7 Pre-shearing
() | (kPa) | () ©) (%) () ()

PAR1 | 1.01 100 0 0 0.78 | 0.693 | -0.064 AC

PAR2 | 1.02 507 0.5 15 124 | 0.726 | -0.008 RL

PAR3 | 1.05 343 0.5 15 7.6 0.744 | 0.003 RL

PAR4 | 1.12 402 0.5 15 4.7 0.733 | -0.006 RL
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Fig. 1 Response of IC sand to monotonic triaxial compression under drained (a & b) and undrained (¢ & d)
conditions. a & b Effective stress paths in the g — p’ plane. ¢ & d Deviatoric stress — strain curves (q — &q)
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Fig. 2 Projection of the Critical State Line of M31 Sand in the g — p’ stress plane (a) and in the e — p’ state
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Fig. 3 Stress ratio, #, against the state parameter, y, at phase transformation point (a) and stress ratio, #, and
dilatancy ratio, D, against the state parameter, v, at peak failure state (b)
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Fig. 6 Response of loose IC sand to monotonic undrained loading with constant o, b and p parameters a
Effective stress paths in the gs — p’ plane. b Octahedral shear stress — strain curves (zoct — yoct)
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Fig. 7 Definition of the Local Boundary Surface (Symes et al. 1984, Sibuya and Hight 1987), Instability
Lines (Lade 1993) and Instability Surface (Triantafyllos et al. 2020a) of loose isotropically consolidated
sand by means of stress paths a in the gq¢ — p’ plane and b in the Y — X plane
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Fig. 10 Response of loose AC sand to monotonic undrained loading with rotating stress principal axes and
constant b and p parameters. a Effective stress paths in the q¢ — p’ plane. b Stress paths in the Y — X plane
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Fig. 12 Response of loose AC sand to monotonic undrained loading with rotating stress principal axes and
constant g, p and b parameters. a Effective stress paths in the q¢ — p’ plane. b Stress paths in the Y — X plane
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Fig. 14 Strain history effects on the triggering condition and deformation pattern of flow of loose sand:
normalised excess pore-water pressure, Au / p’in, and flow parameter, U,, against the principal stress
direction angle, a,;, at the instability and phase-transformation points
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Extended abstract

EXPERIMENTAL STUDY OF THE ANISOTROPIC FLOW
DEFORMATION AND CRITICAL STATE OF SAND

Doctoral Thesis

by
Panayiotis K. Triantafyllos

EXTENDED ABSTRACT

This thesis investigates experimentally the mechanical behaviour of sand under
triaxial and generalised loading. The anisotropic flow deformation and critical state of
M31 Sand were investigated using the hollow cylinder apparatus and two triaxial
apparatuses of the National Technical University of Athens, all of which were either
updated or modified for the needs of the present study. Monotonic and cyclic loading
was imposed on water pluviated sand specimens under a broad range of consolidation
effective stresses, p’c = (6'1c+ 0'2c + 6'3) / 3, and stress ratios, Ke = 03¢ / 61, with
fixed or rotating stress principal axes (PA) and with two different values of the
intermediate principal stress parameter, b= (c’2—0c’3) / (6’1 —0"3).

The results of monotonic triaxial compression tests indicate the existence of a unique
critical state line in the p’ — e — q space for M31 Sand, irrespective of the initial value
of void ratio and mean effective stress and drainage conditions. The state parameter, v,
proposed by Been and Jefferies (1985) normalises the strength and dilatancy
characteristics of sand while the stress — dilatancy relationship depends on state. The
results of monotonic undrained loading tests at different fixed directions of the ¢ '1-
axis with respect to the vertical, measured by the angle «,;, and with constant p and b
= 0.5 showed that the inherent anisotropy affects the strength and deformability of
isotropically consolidated loose sand at the instability point, phase transformation
point and peak-failure state. The response of sand becomes, in general, more
contractive and less stiff when the angle a,; increases yet the weakest response is
observed when one of the maximum stress obliquity planes tends to align at failure
with the horizontal bedding plane. The same amount of shear strain or normalised
excess pore-water pressure is accumulated in the contractive phase of response at a
lower deviatoric stress ratio when o, is higher. Moreover, flow instability is
triggered at a lower deviatoric stress ratio when a,; is higher. Despite the fixity of the
stress PA the deformation of sand is (weakly) non-coaxial up to the peak-failure state,
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becoming coaxial only after intense dilative straining post-peak, while the principal
direction of incremental stain is biased towards aq.1 = +45°, possibly because sliding
occurs more easily along the horizontal bedding plane.

Undrained loading tests were conducted on anisotropically consolidated loose sand
with monotonically rotating stress PA at constant p and b = 0.5 and with either
monotonically increasing, constant or cyclically changing deviatoric stress, g, in order
to investigate the effect of consolidation and loading history on the mechanical
behaviour of sand. It was found that the combinations of ¢ =sin [(c'1—¢3) / (6’1 +
0’3)] and a,; at the triggering of flow instability are not unique, albeit being stated
differently in previous studies (Nakata et al. 1998, Sivathayalan and Vaid 2002). On
the contrary, the triggering condition and deformation pattern of flow depend on the
stress - strain history, including the effect of K¢ and incremental stress direction; a
new flow parameter indicates this dependence. It was also shown that a small stress
disturbance involving rotation of the stress PA can trigger flow when the sand is
consolidated at low K¢, e.g. under Ko-conditions. For higher values of K. the rotation
of the stress PA at constant q may still induce plastic contraction, flow instability and
failure of sand. Apart from the effects of stress - strain history on bifurcation the
inherent anisotropy also plays an important role since the triggering of both diffuse
and localised instabilities occurs preferably at stress states corresponding to
unfavourable deformation kinematics, i.e. to shearing and sliding along the horizontal
bedding plane.

The rotation of the stress PA is associated with strong non-coaxiality that persists past
the state of peak failure. Distinct non-coaxiality patterns and elastic - plastic coupling,
associated with the unloading of the non-diagonal component of the stress tensor,
were observed during the first cycles of stress rotation, at low deviatoric stress ratio,
when the deviatoric stress was kept constant. The non-coaxiality angle, & decreases
with the deviatoric stress ratio in both non-coaxiality patterns, though, the sand
ultimately deforms in a steady state corresponding to a stabilised angle of non-
coaxiality, mean effective stress and deviatoric stress ratio, only to be arrested by the
triggering of diffuse or localised instabilities. These non-coaxiality patterns are, in
general, independent of the value of K¢ and the number of the previous stress rotation
cycles and are also observed in the case that the deviatoric stress changes periodically.
On the other hand, distinct non-coaxiality patterns are observed before peak failure
depending on the value of K when the rate of stress rotation decreases as the
deviatoric stress increases, though, the differences become less pronounced past the
peak-failure state. Interestingly, stronger non-coaxiality corresponds to a lower K¢ and
the effect of pre-shearing on non-coaxiality appears to be more important than the
effect of the rate of stress rotation, which has been previously pointed out by
Gutierrez et al. (1991).

Among the novel findings of this study are those indicating that the stress state of
loose sand subjected to undrained principal stress rotation at constant deviatoric stress
may move along the direction of isotropic stress unloading from the consolidation
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state to the failure state without triggering flow. This behaviour is a contrast to the
predictions of recent models developed within the framework of Bifurcation Theory
which indicate that the direction of isotropic unloading belongs to the set of unstable
directions of loose sand even at low deviatoric stress ratio, away from the peak failure
state (Darve and Laouafa 2000, Darve et al. 2004, Sibille at al. 2007, Prunier et al.
2009). Once the failure surface has been reached it was shown that a quasi-static
diffuse instability can be triggered under increasing effective stresses and decreasing
stress ratio, followed by a dynamic diffuse instability under decreasing stresses and
stress ratio. Consequently, the experimental results verify for the first time the
predictions of the numerical analyses by Darve that instability may occur under
increasing effective stresses and decreasing stress ratio (Darve and Laouafa 2000,
Darve et al. 2004, Sibille at al. 2007, Prunier et al. 2009).

This study shows that sand exhibits strong non-coaxiality and contracts whenever the
loading with fixed stress PA is interrupted by a continuous rotation of the stress PA.
The degree of non-coaxiality and associated contractancy becomes higher when the
previous shearing becomes more intense in terms of shear strain accumulation. The
novel findings reported herein indicate that the influence of pre-shearing on sand’s
behaviour is more important than the influence of the degree of stress rotation and the
level of 5, p’, e and b, reported in previous studies (Miura et al. 1986, Gutierrez et al.
1991, Li and Yu 2010, Tong et al. 2010 and 2014), but diminishes gradually as the
stress rotation continues. Specifically, it is shown that sand exhibits strong non-
coaxiality and contracts immediately upon initiating the rotation of the stress PA at
constant effective stress principal values (PV) very close to critical state despite the
fact that it was previously dilating on the failure surface in a coaxial deformation
mode, under radial loading; the phenomenon becomes increasingly intense as critical
state is approached. Dafalias’s (2016) thought experiment is the limiting case of the
sequence of experiments performed herein thus the presented experimental evidence
is supporting the claim that the Anisotropic Critical State Theory by Li and Dafalias
(2012) constitutes a necessary revision of the classical Critical State Theory.

Accordingly, the effect of pre-shearing on the non-coaxiality and contractancy of
highly-stressed sand is also apparent when undrained loading is imposed after
anisotropic consolidation. In this case, a small stress disturbance involving rotation of
the stress PA induces strong non-coaxiality and the associated plastic contraction
triggers flow instability. This situation is the diffuse analogue of the mechanism in the
incipient shear band described by Vardoulakis (Vardoulakis et al. 1978, Vardoulakis
and Graf 1985, Vardoulakis and Georgopoulos 2005) and may explain the
vulnerability of sands to spontaneous liquefaction, in stress-rotation conditions, when
the static shear stress is high.

The results of this thesis offer new knowledge and contribute towards the deeper
understanding of the effects of anisotropy and loading history on the mechanical
behaviour of sand. The deposition process and loading history influence the formation
and evolution of fabric and this microscopic process controls the macroscopic
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mechanical behaviour of sand at every state, including the critical one. Consequently,
the necessity is highlighted to develop models that can simulate the effects of fabric
on the mechanical behaviour of sand under generalised and complex loading
conditions, similar to those imposed in the present study. The future research will be
directed towards the application of techniques for measuring the fabric tensor of
granular media by means of physical properties like the electrical conductivity and the
mechanical wave velocity. Likewise, the investigation of the mechanical behaviour of
sand under true triaxial loading conditions is an attractive subject for future research.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1 NECESSITY AND SCOPE OF THE THESIS

Understanding the behaviour of soil is an essential prerequisite for protecting both the
built environment and human life since the majority of human-made structures
interact with soil masses in plenty of different ways, rendering them exposed to the
catastrophic phenomena associated with the failure of soils. Liquefaction of soils is
such a catastrophic phenomenon that has caused severe damage to built environment
and loss of human lives in the past, while it remains a challenging issue for academic
research over time.

Although liquefaction is frequently triggered by strong seismic events, as for example
the 1925 Santa Barbara earthquake, the 1964 Niigata earthquake and the 1995 Kobe
earthquake, to name a few, flow deformation of soil slopes has been reportedly
induced by small stress disturbances under quasi-static conditions (Ishihara 1993,
Lade 1993). From the viewpoint of soil mechanics, it is noteworthy the fact that the
stress state at the triggering of liquefaction is frequently located inside the plastic limit
surface and at this state there may exist a diversity of incremental stress or strain
directions along which unstable flow deformation can be induced (Lade et al. 1988,
Chu et al. 1993). On top of this the corresponding kinematic field can be diffuse,
showing no obvious signs of strain localisation (Castro 1969, Lade et al. 1988, Chu et
al. 1993, Desrues and Georgopoulos 2006).

Albeit unambiguously fascinating these mechanical peculiarities that characterise the
non-associated soil materials may also become quite unsettling as soon as it is realised
that the application of the conventional plastic limit analysis in engineering problems,
such as the stability of slopes, may in some cases fail to predict the triggering of flow
instability (Lade 1993, Darve and Laouafa 2000). Furthermore, the consideration of
the triggering of localised instabilities in the hardening regime does not remedy the
problem since flow deformation frequently manifests itself in chaotic patterns
preceding the formation of a distinct failure surface (Nicot and Darve 2011). In an
attempt to remedy this problem some researchers developed models within the
framework of Bifurcation Theory (Vardoulakis and Sulem 1995) that rely upon the
second-order work criterion (Hill 1958) in order to determine the conditions that
trigger diffuse instabilities (Darve et al. 1995, Darve et al. 2004, Nicot et al. 2007,
Prunier et al. 2009, Daouadji et al. 2011, L et al. 2018).
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From the bifurcation analysis perspective diffuse instabilities initiate at points with
perturbed physical properties or concentrated stress from which they spread in all
directions through the surrounding soil volume, ergo a localised failure mechanism is
physically absent. On a theoretical basis the triggering of instability in the
homogeneous system requires that the stress state is located inside the bifurcation
domain, the incremental stress (or strain) direction belongs in the set of unstable
directions along which the second-order work becomes non-positive and the control
parameters of the loading programme are proper, in the sense that they allow the
instability to occur (Daouadji et al. 2011). In other words, at a given stress state the
necessary condition for instability is the non-positive sign of the second-order work
which is a directional quantity that depends on the previous stress - strain history.

Having these theoretical considerations as point of departure the present study
embarks upon the experimental investigation of the effects of the stress - strain
history and direction of incremental stress on the flow-instability condition of
sand. The aim is to perform undrained loading tests on both isotropically and
anisotropically consolidated sand with either fixed or rotating stress principal axes
(PA), at constant p = (61 + o2 +o3) /3 and b = (62— 63) / (6’1 — 6’3) = 0.5. The
loading programme includes rotation of the stress principal axes with either
monotonically increasing, constant or periodically changing deviatoric stress,
simulating a variety of loading situations occurring in situ, hence the data set that is
going to be collected can be scarcely found in the literature (Symes et al. 1984,
Shibuya and Hight 1987, Nakata et al. 1998, Sivathayalan and Vaid 2002, Shibuya et
al. 2003a and b, Yang et al. 2007).

Another research topic in the present study concerns the effects of fabric (Brewer
1964, Oda 1972) on the mechanical behaviour of sand. The gravity deposited sand
exhibits different mechanical properties when subjected to loading with the stress
major principal axis orientated at different angles with respect to the direction of
deposition (Oda et al. 1978, Tatsuoka 1986, Miura et al. 1986, Shibuya and Hight
1987, Yoshimine et al. 1998, Nakata et al. 1998, Uthayakumar and Vaid 1998, Lade
et al. 2014). The anisotropy in the mechanical properties of sand is attributed to the
directional characteristics of fabric in the microscopic level, i.e. the preferred
orientation of the long axes of particles or voids and the preferred orientation of
contact normals, which can be described using a fabric tensor (Oda 1972, Satake 1978,
Oda et al. 1985). The anisotropy formed during the process of deposition under the
action of gravity is termed the inherent anisotropy (Cassagrande and Carillo 1948).

Physical and numerical studies have shown that the anisotropy of fabric of granular
materials resembling sands evolves in response to the applied stresses after deposition
and this phenomenon is known as the stress-induced anisotropy (Oda et al. 1985,
Rothenburg and Bathurst 1989), though the different characteristics of fabric evolve
under a different rate (Wang et al. 2017). Specifically, the internal structure has been
found to rotate following the rotation of the stress PA (Oda and Konishi 1974, Li and
Yu 2010), while in the case that the latter are kept fixed during loading coaxiality
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between the principal directions of fabric and stress is achieved ultimately (Li and Yu
2009). The magnitude of fabric anisotropy, defined as the difference or the ratio
between the major and minor principal values of the fabric tensor, also evolves as the
level of the deviatoric stress ratio increases during loading with fixed or rotating stress
PA.

Dafalias (2016) pointed out that the premise of the classical Critical State Theory
(CST) (Roscoe et al. 1958, Schofield and Wroth 1968) concerning the isotropy of
fabric at critical state, which is supposedly the result of the intense remoulding needed
to reach such a state, does not comply with the results of recent studies indicating the
existence of a strongly anisotropic fabric at critical state, coaxial in direction with the
stress (Thornton 2000, Masson and Martinez 2001, Zhang and Thornton 2007, Li and
Yu 2009, Li and Li 2009, Fu and Dafalias 2011, Wiebicke et al. 2017, Theocharis et
al. 2017 and 2019). According to the CST, the phenomenon during which a granular
material keeps deforming in continuing shearing, under constant volume and stress, is
termed the critical state (CS) and the analytical conditions stated to be necessary and
sufficient for reaching and maintaining CS are givenby: n =q/p’=n.=Mand e = e
= ec(p’), where 5. = M is the value of the deviatoric stress ratio at CS, which is a
material constant, and ec = ec(p ) is the value of the void ratio at CS, which is a unique
function of p .

Dafalias (2016) conceived a thought experiment that may prove that the CST is
incomplete because it does not take into account the role of fabric anisotropy: a soil
specimen is first loaded monotonically with fixed stress PA until it reaches CS and
afterwards the stress PA are rotated while keeping the effective stress principal values
(PV) constant. The question raised then is whether the specimen will remain at CS or
not while shearing continues with rotating directions of stress and strain rate at fixed
effective stress PV. The fixity of the effective stress PV means that p’ and g remain
constant thus the critical void ratio, e, at the corresponding p’ also remains constant,
while the current value of void ratio, e, at the instant that the rotation of the stress PA
is initiated is equal to ec. Consequently, if the two analytical conditions presented
above are indeed necessary and sufficient for reaching and maintaining CS the
specimen should remain at CS because these conditions remain valid during the stress
PA rotation. On the contrary, if the CS is abandoned then the two analytical
conditions are necessary but not sufficient for maintaining CS, unless the fixity of the
directions of stress and strain rate relative to the specimen’s axes is tacitly assumed at
CS (Theocharis et al. 2019), and the CST is incomplete.

Theocharis et al. (2017, 2019) performed numerical simulations of this experiment
using the Discrete Element Method (DEM) and showed that the granular material
contracts immediately upon initiating the rotation of the stress PA at CS while
keeping the effective stress PV constant. These results showed that the two analytical
conditions presented above are necessary but not sufficient for maintaining CS and
proved the incompleteness of the CST. As a means to remedy this incompleteness Li
and Dafalias (2012) proposed the Anisotropic Critical State Theory (ACST) which
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introduces a third analytical condition at CS that is satisfied when an evolving fabric
tensor becomes aligned with the loading direction and attains its critical value
normwise. The three analytical conditions in the new theory become both necessary
and sufficient for reaching and maintaining CS.

The present study sets out with the aim to perform physically the thought
experiment proposed by Dafalias (2016) and simulated by Theocharis et al. (2017,
2019) in order to investigate the effects of fabric anisotropy on the critical state
behaviour of sand. Achieving this aim means that unique experimental data of great
value will be acquired proving physically that the Anisotropic Critical State Theory
by Li and Dafalias (2012) constitutes a necessary revision of the classical Critical
State Theory.

1.2 ORGANISATION OF THE THESIS

This thesis consists of eight chapters and one Appendix. Chapter 2 presents an
extended review of past literature on aspects concerning the fabric of sands. The way
is discussed in which the microscopic aspects related to fabric affect the strength and
deformation frictional characteristics of sand, placing emphasis on the dilatancy
mechanism. It is shown that the behaviour of sands depends on the combination of
mean effective stress and void ratio but is also directional dependent meaning that it is
highly affected by the direction of loading with respect to the specimen’s axes. An
effort is made to correlate the anisotropy in sands’ behaviour with the anisotropy in
fabric characteristics and present the techniques used to quantify these characteristics.
Finally, it is shown that the localisation of strain results in specific localised patterns
of anisotropy and inhomogeneity of void ratio. The detailed presentation of fabric
aspects reported in literature is justified since it aids the interpretation of the results of
the present study.

Chapter 3 discusses the concept of critical state of soils and other granular materials
and presents the experimental results that led to the foundation of the Critical State
Theory (CST) by Roscoe et al. (1958) and Schofield and Wroth (1968). The critical
state can be used as a reference state for describing and simulating the mechanical
behaviour of sands, especially their dilatancy. Then, the effects of fabric anisotropy
on dilatancy and critical state are discussed and the question is raised concerning the
necessity of revisiting the classical CST to include these fabric anisotropy effects, as
proposed by Li and Dafalias (2012) who introduced the Anisotropic Critical State
Theory (ACST). This study aims at giving an answer to this question.

Chapter 4 discusses the concept of flow deformation of sands which is a catastrophic
liquefaction phenomenon. Aspects such as the effects of state, anisotropy and
principal stress rotation on the flow behaviour of sands are discussed in the light shed
by previous experimental studies. This chapter also presents the results of numerical
studies that use the principles of Bifurcation Theory in order to predict the triggering
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of flow instability. Some predictions of the numerical models are viewed through a
critical prism in the present study.

Chapter 5 presents the capabilities of the hollow cylinder apparatus (HCA) of the
National Technical University of Athens before and after the upgrade accomplished
for the needs of the present study. The relationships used to calculate the average
stresses and strains in torsional-shear testing are derived and the limitations that the
inevitable non-uniformities of stress and strain impose are discussed. This chapter
also presents the physical characteristics of the material tested (M31 Sand) and
describes the specimen preparation method.

Chapter 6 presents the results of the drained and undrained triaxial compression tests
performed in this study for determining the critical state characteristics of M31 Sand.
Using the unique critical state line that was determined the dependence of strength
and dilatancy characteristics of sand on the state parameter proposed by Been and
Jefferies (1985) was verified. Then, an attempt was made to perform loading tests in
the HCA in accordance with the requirements of the thought experiment proposed by
Dafalias (2016). The dilatancy and non-coaxiality of sand were also investigated
under generalised loading conditions with either fixed or rotating stress PA.

Chapter 7 presents the results of the undrained generalised loading tests performed in
this study for investigating the effects of inherent anisotropy and stress - strain history
on the flow deformation of sand. Isotropically and anisotropically consolidated sand
specimens were subjected to loading with either constant or rotating stress PA and
with constant p and b = 0.5. The deviatoric stress ratio was increased monotonically,
kept constant or changed periodically in the course of principal stress rotation. The
experimental results obtained were used to verify or falsify some of the predictions of
numerical models developed within the framework of Bifurcation Theory.

Chapter 8 presents the summary and conclusions of the thesis. Finally, the directions
towards which future research will be oriented are discussed.

The Appendix at the end of the thesis presents the articles in which the results of this
this study were published.

1.3 SYMBOLS AND ABBREVIATIONS

The symbols and abbreviations used in this study are presented in the tables of the
Extended Abstract, Chapter 6 and Chapter 7.
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Chapter 2: Fabric of sands

CHAPTER 2: FABRIC OF SANDS

2.1 INTRODUCTION

Sands are granular soil materials deposited in the field mainly under the action of
gravity. The geometrical arrangement of sand grains described with the term fabric
(Brewer 1964, Oda 1972a) is characterised by the density of packing as well as the
orientational distribution of contact normal vectors and particles. Although sands are
frequently treated as continuum media in the field of Soil Mechanics the effects of the
particulate nature and fabric of sands on their mechanical behaviour cannot be
overlooked.

The present chapter presents an extended review of past literature on aspects
concerning the fabric of sands. The way in which the microscopic aspects related to
fabric affect the strength and deformation characteristics of sand is discussed, placing
emphasis on the dilatancy mechanism. It is shown that the behaviour of sands depends
on the combination of mean effective stress and void ratio but is also directional
dependent meaning that it is highly affected by the direction of loading with respect to
the specimen’s axes. An effort is made to correlate the anisotropy in sands’ behaviour
with the anisotropy in fabric characteristics and present the techniques used to
quantify these characteristics. Finally, it is shown that the localisation of strain results
in specific localised patterns of anisotropy and inhomogeneity of void ratio. The
detailed presentation of fabric aspects reported in literature is justified since it aids the
interpretation of the results of the present study.

2.2 EFFECTS OF THE NON-DIRECTIONAL CHARACTERISTICS OF
FABRIC AND GRAIN PROPERTIES ON THE FRICTIONAL
BEHAVIOUR OF SANDS

Sand grains that lack bonding are packed together under the action of gravity and
remain at static equilibrium via the normal and shear forces that act at interparticle
contact points. Figure 2.1 shows the interaction of two grains at their contact point. It
is noted that there exists always a contact surface between grains, instead of a
geometrical point, otherwise the stress (i.e. the force over surface) becomes infinite;
nevertheless, the term contact point is used hereinafter. The normal and shear force
are related by the well-known law of friction, introduced by Leonardo da Vinci circa
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1493 (Hutchings 2016), which states that “the force of friction acting between two
sliding surfaces is proportional to the load pressing the surfaces together”.

Since the frictional phenomenon of slippage occurs at the intergranular contacts when
the sand deforms it is apparent that the greater normal force makes slippage difficult
to occur and increases the sand’s stiffness and strength (Towhata 2008). If the two
grains are not sliding then the obliquity of the direction of the resultant contact force
(i.e. the vector sum of normal force and friction) with respect to the vertical defines
the mobilised friction angle which is lower than the intergranular friction angle (Horn
and Deere 1962).

The simple and fundamental direct-shear test offers insight into the frictional,
confining-stress-dependent mechanism that controls sand’s stiffness and strength. A
schematic diagram of the direct shear apparatus is shown in Fig. 2.2. A prismatic
specimen is formed by pouring sand into the space between two rigid containers. A
normal effective stress, o'y, is applied along the vertical direction and confinement of
sand is achieved. Afterwards, a horizontal displacement of the container induces shear
distortion of sand and the mobilised shear force, T, is monitored. The shear stress, z,
is calculated as the ratio of shear force over the current area of the cross-section of the
specimen, and plotted against shear displacement, as shown in Fig. 2.3. The stress ¢'»
is maintained constant throughout shearing in the case described here. Figure 2.3a
shows that if different sand specimens with the same relative density, Dy, are sheared
under drained conditions at different normal effective stresses, o', the peak shear
stress zp increases with o’n; these results indicate the frictional characteristics of sand
at peak state. Moreover, the initial slope of the stress-displacement curve (which is
non-linear) indicates that the stiffness of sand, also, increases with confining stress.
The failure of sand occurs on the horizontal plane and Coulomb’s criterion states:

7, =tang-o, (2.1)

The term tang is the friction coefficient and ¢ is the angle of internal friction.

It is apparent that there exists no unique value of shear strength of sand, in terms of
peak shear stress. However, if Eq. 2.1 is rearranged to yield the ratio of mobilised
shear stress over the constant effective stress then the following equation is formed:

tan (Dmob = i (22)
(o}

n

The term ¢mon is the mobilised friction angle. Failure of sand occurs when the stress
ratio of Eq. 2.2 reaches its maximum value. For the drained shear loading described
previously this condition concurs with the maximum shear stress condition, but this is
not always the case. Consequently, it can be stated that regarding failure sand is a
stress-ratio-dependent material. The mobilised stress ratio plays an important role in
all aspects of the mechanical behaviour of sand, as will be shown in the following.
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The failure stress ratio, tan ¢ or tan ¢p, for a given relative density of sand is less
sensitive to the effective confining stress than the peak shear stress, tp; in general, it
increases considerably at extremely low stresses (5 kPa - 50 kPa; Tatsuoka et al.
1986b) and decreases considerably at extremely high stresses (> 1 MPa; Yamamuro
and Lade 1996). The mobilised friction angle, before and after peak failure, can be
divided into various components (Terzaghi et al. 1996, Sadrekarimi and Olson 2011)
according to the equation:

Prmop = q),u + q’g = goﬂ + Py + qop (23)

The interparticle friction angle, ¢,, depends on the constituent minerals of grains and
the surface roughness in the microscopic scale; this component of shearing resistance
is purely frictional. The angle ¢q expresses the geometrical interference (or
interlocking) that mobilises shearing resistance by means of particle relative
movement and interaction, i.e. by dilation or particle climbing (¢q) and by particle
rearrangement and damage (¢p) (Lupini et al. 1981, Sadrekarimi and Olson 2011).
Owing to the important contribution of dilation and constant-volume remoulding
mechanisms to shearing resistance, some engineers prefer the term mobilised angle of
shearing resistance to describe @mob.

Each of the components of pmon contributes to shearing resistance to a different degree
depending on whether the sand is at pre- or post-failure state. The degree of
contribution depends, also, on the void ratio, e, of sand and on the effective confining
stress. For example, at dense packing and low stresses, the dilation mechanism
prevails, while at high stresses dilation is suppressed and breakage of grains
dominates. Sture et al. (1998) reported values of gmob in the range of 46.7° to 70° and
dilation angles in the range of 30° to 31° for sand subjected to drained triaxial
compression under extremely low confining stress, in the range of 0.05 kPa to 1.3 kPa.
The tests were performed in a space shuttle during space missions. Anastasopoulos et
al. (2010) also reported values of @mob higher than 50° in direct-shear tests under
normal stresses lower than 10 kPa.

Dense sand at a given effective confining stress demonstrates higher peak shear stress,
7p, and peak stress ratio, (z/a n)p, than loose sand, as can be seen in Fig. 2.3b. However,
at large shear displacements, both sands reach a common ultimate strength, zut, which
increases with confining stress. The void ratio, e, is a non-directional characterictic of
fabric which indicates how densely the grains are packed. When e is low the grains
are closely packed and the average number of contact points per grain, called the
coordination number, is large (Oda 1977). This means that the skeleton structure is
stable, since each grain is well supported by the neighbouring grains, and also each
grain has to climb over the adjacent grains in order to move, resulting in a high
dilation angle, ¢@q4. It is apparent that the variation in the value of the fabric
characteristic e can explain the different peak strengths and stress ratios of loose and
dense sand, at the same confining stress.
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Regarding the ultimate state of sand, Casagrande (1936 and 1938) observed that when
loose and dense sand specimens are sheared under drained triaxial conditions at the
same confining stress they ultimately reach a common void ratio. Loose sand
contracts and reaches the critical void ratio, ec, while dense sand initially contracts
and then dilates until it reaches the same void ratio ec, which is unique at a given
effective confining stress. This behaviour is presented in Fig. 2.4 that shows the stress
- strain and stress - void ratio curves for loose and dense sand sheared at the same
confining stress. It is noted that the sand continues to accumulate shear deformation
under constant volume and stresses (shear and normal) at the ultimate state. Figures
2.3a and b show that different ultimate shear strengths are mobilised at different
confining stresses, indicating the frictional characteristics of sand at ultimate states;
the different values of ultimate void ratio may also justify the different ultimate
strengths. If the critical void ratio is defined for different values of the effective
confining stress then the critical void ratio (CVR) line can be drawn inthe e — o’c
state plane, where ¢ ¢ is the effective confining stress. The CVR line is shown in Fig.
2.5a in linear scale and in Fig. 2.5b in semi-logarithmic scale.

Casagrande (1936 and 1938) performed only drained triaxial compression tests
because the instrumentation required to measure the pore-water pressure changes was
not available at that time; yet, he had the ingenuity to predict that if loose sand is
subjected to undrained loading the tendency to contract would squeeze the
incompressible water and impose a pressure increase inside the water-saturated sand
pores. This would result in a decrease of the effective confining stress, since the
compressive load is partly removed from the interparticle contact surfaces and applied
on the pore water, under overall constant void ratio. The state point (¢c, €) of loose
sand would travel horizontally until the ultimate state is reached at the effective stress
corresponding to the specific critical void ratio. The path of the state point can be seen
in Fig. 2.5 for both loose and dense sand, subjected to drained or undrained loading.
The prediction of Casagrande was verified later (Penman 1953, Castro 1969, Poulos
1981, Been et al. 1991, Verdugo and Ishihara 1996) and nowadays the change in the
state of sand when loaded under undrained conditions towards the ultimate state is
common knowledge.

The ultimate state of sand was thoroughly investigated by Verdugo and Ishihara (1996)
who performed drained and undrained triaxial compression tests on very loose, loose,
medium loose and medium dense specimens, consolidated to mean effective stress
varying in a very broad range (0.1 - 3 MPa). The conventional triaxial apparatus and
the applied stress state (axisymmetric) are shown in Fig. 2.6. However, Verdugo and
Ishihara (1996) used a more sophisticated triaxial apparatus with enlarged lubricated
end platens to avoid strain non-uniformities and shear banding (see Section 2.9). They
observed that the sand ultimately keeps deforming in continuing shearing, under
constant deviatoric stress, q (= o’1 — ¢3), constant mean effective stress, p’ (= {o’1 +
o> + 6’3} | 3), and constant volume, in the case of drained loading, or constant pore-
water pressure, in the case of undrained loading.
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The results from the study by Verdugo and Ishihara (1996) are in perfect agreement
with the observations made by Casagrande (1936 and 1938) concerning the ultimate
state of sand, termed the ultimate steady state or steady state or critical state by other
researchers (Roscoe et al. 1958, Schofield and Wroth 1968, Been et al. 1991).
Specifically, it was found that the combinations (p’ , e)ss at steady state in triaxial
compression form a unique line, called the ultimate steady state line (USSL) or
critical void ratio line (CVRL) or critical state line (CSL), irrespective of the initial
combinations (p’, e)in. Consequently, the existence of a unique fabric in terms of void
ratio at the ultimate state was verified.

Figure 2.7a shows the stress - strain curves from tests on medium dense sand
consolidated to 0.1 MPa, 1 MPa, 2 MPa and 3 MPa and subjected to undrained
triaxial compression (Verdugo and Ishihara 1996). The corresponding effective stress
paths are presented in Fig. 2.7b. The void ratio at the beginning of shearing (initial
void ratio) is common for all specimens. It can be seen that at large axial strain (eax>
20%) all specimens mobilise a common ultimate strength, qur, irrespective of the
initial effective stress. This deviatoric stress would have remained constant if shearing
had continued, however, unloading was performed. During unloading all stress -strain
curves are coincident. The effective stress paths in Fig. 2.7b demonstrate that all
medium dense specimens are contractive in the initial phase of shearing and dilative
afterwards, until the ultimate state is reached in which there exists no volume-change
tendency. The initial response becomes more contractive as the initial confining stress
increases. The response of sand changes from contractive to dilative at the phase
transformation point (Ishihara et al. 1975), which can be identified as an “elbow point”
on the stress-path curve. All the sand specimens reach the ultimate state at a common
stress, p'ur, Since they have the same void ratio, and the stress paths from all tests
coincide during unloading indicating that a common fabric was developed at large
deformations.

Figures 2.8a and b present the stress - strain curves and the effective stress paths from
tests on medium loose sand consolidated to 0.1 MPa, 1 MPa, 2 MPa and 3 MPa and
subjected to undrained triaxial compression, while Figs 2.9a and b display the results
from similar tests on loose sand (Verdugo and Ishihara 1996). All medium loose
specimens reach the ultimate steady state at large deformation at common stresses quit
and p'ur, irrespective of the initial confining stress. Both ultimate stress values are
lower than the respective ones from tests on medium dense sand. Loose sand
demonstrates even lower steady-state strength and ultimate mean effective stress. It is
important to note that in the case that loose sand is sheared at high mean effective
stress (1 MPa and 2 MPa) it remains contractive until the ultimate state is reached. On
the other hand, the medium loose sand sheared at p’s = 2 MPa or 3 MPa is very
contractive, yet, it exhibits phase transformation before it reaches the ultimate state.

Figure 2.10 shows the steady state line (SSL) or ultimate steady state line (USSL)
obtained from undrained triaxial compression tests on sand specimens at various
initial states (Verdugo and Ishihara 1996). The steady state line of this sand (Toyoura
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sand) is curved in semi-logarithmic scale and straight in linear or exponential scale
(Verdugo and Ishihara 1996, Li and Wang 1998). Sand specimens with an initial state
to the right and above the SSL demonstrate contractive behaviour until reaching the
ultimate state while those with an initial state to the left and below demonstrate
dilative behaviour. However, some medium loose specimens located initially to the
right of the SSL exhibit phase transformation and dilative response before the ultimate
state is reached.

It is very important to recognise that whether the sand’s response is contractive or
dilative depends both on the void ratio and the mean effective stress. Dense sand
demonstrates contractive response if the mean effective stress is very high, and vice
versa, loose sand demonstrates dilative response if the mean effective stress is very
low. Specifically, the distance of the current point (p’, e) from the respective ultimate
point at the same stress (p’, ec) was defined as the state parameter y = e —e¢(p’) by
Been and Jefferies (1985) and it was shown that y is well correlated with the
mechanical characteristics of sand; detailed discussion on this subject will be
presented in Chapter 3. At the current point of discussion, it is highlighted that
specimens consolidated to 0.1 MPa and to 3 MPa (that is a ratio of consolidation
stresses equal to 30) and having the same void ratio reach the same ultimate state (p~,
ec) when subjected to undrained compression. This is strong experimental evidence
indicating the existence of a unique ultimate combination of mean effective stress and
void ratio, irrespective of the initial state of sand.

At the ultimate state a higher mean effective stress corresponds to a lower void ratio
and a higher strength. Figure 2.11 shows the ultimate stress states inthe q/ 2 - p’
space from all undrained triaxial compression tests performed by Verdugo and
Ishihara (1996). It is apparent that the ultimate states form a straight line that passes
through the origin, called the ultimate strength envelope. Using the M symbol to
denote the unique value of the stress ratio, » = q / p’, at the ultimate state then the
following equation holds in triaxial conditions (Schofield and Wroth 1958):

3-M

M (2.4)

SIN@y, =

The term guitis the ultimate angle of shearing resistance, while sin put=[ (61— 03) /
(6’1 + 073) Jur. It is important to note that in the study by Verdugo and Ishihara (1996)
the term “ultimate stress ratio” represents the stress ratio at the ultimate material state.
Similarly, Li (1997), Li et al. (1999) and Li and Dafalias (2000) pointed out that “the
failure surface characterised by an ultimate deviatoric stress ratio does not necessarily
represent the ultimate material state (which is in fact the critical state), unless the void
ratio also reaches a critical value”.

From Eq. 2.4 it is apparent that a unique angle of shearing resistance is mobilised at
ultimate steady state. Since at steady state the sand keeps deforming in continuing
shearing at constant stress and volume (or constant pore-water pressure) the dilatancy
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contribution is zero. The ultimate angle of shearing resistance is suggested to be an
intrinsic material property, yet, for most sands the value of gy is greater than the
interparticle friction angle, ¢,. The friction angle ¢, is influenced by the roughness
and mineralogy of grains (Skinner 1969, Negussey et al. 1988, Sadrekarimi and Olson
2011), while the angle of shearing resistance gu: depends also on the particle shape
(Guo and Su 2007) that affects the constant-volume remoulding mechanism (Rowe
1962).

Koerner (1970) reported that angularity can increase the ultimate angle of shearing
resistance of a single-mineral soil by as much as 8°. Certainly, the angularity
increases the angle of shearing resistance prior to the ultimate state as well, since it
causes an interlocked fabric and provides extra restraint to particle rolling that
enhances dilatancy (Guo and Su 2007, Tsomokos and Georgiannou 2010, Sadrekarimi
and Olson 2011). It is noted that Taylor (1948) used the term “interlocking” to
describe the effect of dilatancy, while Guo and Su (2007) suggested that interlocking
may exist at the peak state, as a supplementary mechanism to dilatancy, but not at the
ultimate state. Moreover, Penman (1953) reported a slight decrease in the measured
residual angle of shearing resistance of silt subjected to drained triaxial compression
when the initial void ratio increased (see also Been et al. 1991); Penman (1953)
suggested that a mechanism different than Taylor’s interlocking, which is suppressed
at the ultimate state, might justify this finding.

Verdugo and Ishihara (1996) reported that the ultimate behaviour of sand subjected to
drained triaxial compression (TC) loading can be described within the steady state
framework proposed for undrained TC loading. Figures 2.12a and b present the stress
- strain and deviatoric stress - void ratio curves, respectively, for Toyoura sand with
various initial void ratios e, consolidated to stress p’o = 0.1 MPa and subjected to
drained TC. The comparison of the stress - strain curves indicates that the initial
stiffness of sand (i.e. the initial slope of the stress - strain curve) decreases with eo.
For axial strains eax < 20%, the same amount of ¢ax corresponds to a lower deviatoric
stress when e, is higher. However, at axial strains eax> 20% all stress - strain curves
merge into a single one. This indicates that a unique ultimate strength, qug, is
mobilised irrespective of the initial void ratio. The deviatoric stress - void ratio curve
indicates a similar behaviour: a unique strength and void ratio are exhibited at
ultimate state, irrespective of .. When the sand is consolidated to stress p o= 0.5 MPa
the behaviour is qualitatively the same (see Figs 2.13a and b), yet, the ultimate
strength is higher and the void ratio is lower. These results clearly show that the sand
reaches a steady state of deformation when sheared under drained conditions.

Verdugo and Ishihara (1996) found that the steady states of Toyoura sand are unique,
irrespective of the stress - path history. Figure 2.14 illustrates this concept since a
unique steady state line in the e - p’ plane captures well all the ultimate states of
Toyoura sand, irrespective of the drainage conditions and initial state (p”’, €)o. Similar
conclusions were drawn by Been et al. (1991) who subjected Erksak and Toyoura
sand to both triaxial compression and extension loading. However, a detailed
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discussion on the ultimate states of sand subjected to different modes of shearing (i.e.
compression, extension etc.) will be presented in Chapter 3. The uniqueness of the
ultimate stress ratio (q / p’)ur is also evidenced here. Figure 2.15 shows the mobilised
stress ratio, q / p’, against the axial strain, ax, for Toyoura sand subjected to drained
triaxial compression. Figures 2.15a and b refer to sand with various initial void ratios
€0, consolidated to stresses p’o = 0.1 MPa and 0.5 MPa, respectively. It is apparent
that a unique stress ratio q / p’ is mobilised at the ultimate state, irrespective of the
initial void ratio and confining stress, and its value M is the same as the one mobilised
ultimately under undrained loading conditions. Consequently, it can be inferred that
there exists a unique line in the q - p’ - e space that consists of the ultimate states of
sand subjected to triaxial compression loading (Roscoe et al. 1958, Schofield and
Wroth 1968).

2.3 EFFECTS OF THE NON-DIRECTIONAL CHARACTERISTICS OF
FABRIC ON THE STIFFNESS OF SANDS

Deformation of sands is generally irreversible. The stress - strain curve is non-linear,
even at very small strain, and unloading does not fully erase previously accumulated
strain. The strain range at which linear elastic deformation occurs is ¢ < 0.001% or ¢ <
107 (Iwasaki et al. 1978, Jardine et al. 1984, Burland 1989, Shibuya et al. 1992, Jiang
et al. 1997). Moreover, the reversible part of strain is in most cases negligible in
comparison with the irreversible part (Barden et al. 1969, Tatsuoka 1976). The
particulate nature of sands accounts for this inelastic mechanism of deformation. If a
load is applied to an assembly of grains then the ratio of shear over normal force at
some contacts inevitably reaches the limiting value tan ¢, and sliding occurs. Some
grains roll and override other grains, while others lose contact and fall into the void
space. It is apparent that these patterns of deformation at the microscopic scale are
irreversible and this is reflected in the deformational behaviour of sand at the
macroscopic scale.

The stiffness moduli of sand are highly affected by the irreversible deformation. The
definition of various stiffness moduli of sand subjected to monotonic triaxial
compression is presented in Fig. 2.16 on a non-linear stress - strain curve. The initial
slope of the curve at very small strain (< 107°) is the elastic Young’s modulus Emax.
The slope of the tangent line at point A, corresponding to strain ea, is the tangent
Young’s modulus Ean at that point, while the slope of the line connecting point A with
the origin O is the secant Young’s modulus Esec. If a small amplitude cyclic stress is
induced at one point of the stress - strain curve via unloading and reloading then the
equivalent Young’s modulus Eeq is defined as the slope of the narrow stress loop
formed. If the stress amplitude is small enough to produce strain e < 107 then linear
elastic unloading and reloading is performed and the loop becomes a line with slope
equal to the elastic modulus. This modulus is affected by the stress history and the
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current stress state and stress ratio (Yu and Richart 1984, Jiang et al. 1997, Hoque and
Tatsuoka 1998) so it can be different than the initial modulus Emax.

Figures 2.17a and b present the elastic and inelastic deformation characteristics of two
granular geomaterials subjected to drained compression under plane-strain and triaxial
conditions, respectively, in the tests performed by Shibuya et al. (1992). The axial
strain is measured externally (i.e. outside the cell environment) using proximity
transducers, which capture the response at moderate strains plotted on the lower
horizontal axes, while it is also measured internally (i.e. inside the cell environment)
by means of very sensitive local displacement transducers (LDT) (Goto et al. 1991),
which capture the response at small strains plotted on the upper horizontal axes. The
LDTs are placed on the specimen, as can be seen in Figure 2.18, and provide accurate
measurement of small strains (~ 10°%), free of bedding and compliance error. Figure
2.17a displays the results from monotonic plane strain compression (PSC) test on
sand and from one small stress amplitude unloading - reloading cycle. Figure 2.17b
displays the results from monotonic triaxial compression (TC) test on gravel and from
three small stress amplitude unloading - reloading cycles. It is noted that the modulus
E in PSC, defined as the local slope, is related to Young’s modulus E in TC, but these
moduli are not the same.

It is apparent in Fig. 2.17 that the tangent and secant moduli of both granular
materials decrease as the axial strain increases since the non-linear stress - strain
curves are concave downward. It can be suggested that as the deviatoric stress, g,
increases monotonically, so does the stress ratio, g / p’, hence at the grain scale more
and more contacts become unstable and slide because the ratio Fs/ Fn (see Fig. 2.1)
reaches the limit value tan ¢,. The soil yields and strain is accumulated, while the
stiffness decreases due to the damage induced to fabric. Moreover, it can be seen that
yielding of soil occurs at strain higher than 0.001%, while at lower strain the response
is linear elastic with modulus Emax. The unloading and reloading by a small amount of
stress occur along a line or a narrow loop with slope approximately equal to the initial
slope Emax. During unloading a smaller amount of strain than the one induced during
virgin loading is erased. This strain is mainly related to the elastic rebound of grains,
while some extremely small sliding may still occur (Shibuya et al. 1992). Reloading
by the same small amount of stress does not induce irreversible strain (at least not a
significant amount) and the same sloped line is followed. The grain contacts are more
stable during this re-increase in stress ratio due to the memory of the previous loading
and straining at the same stress ratio.

The discussion on the degradation of elastoplastic stiffness presented previously
implied that the monotonic increase in stress ratio induces strain and decreases the
tangent modulus (Vardoulakis 1980). However, it should be noted that if large stress
amplitude cycles are imposed and the stress ratio changes repeatedly between +# and
—n under drained conditions then the induced inelastic strain amplitude, after the
stabilisation of the hysteresis loop, is the predominant factor that controls the
degradation of elastoplastic stiffness, excluding the densification effects (Iwasaki et al.
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1978, Tatsuoka et al. 1979, Seed et al. 1986, Vucetic and Dobry 1991). The
characteristic degradation curve of elastoplastic modulus with strain amplitude is
presented in Fig. 2.19. It can be seen that the ratio G / G, (where G is the elastoplastic
shear modulus at strain amplitude y, further discussed later, and Go = Gmax IS the
elastic shear modulus at y,= 10) decreases as the strain amplitude increases. Higher
strain amplitude is induced by higher cyclic stress amplitude and, thus, higher extreme
stress ratio, . Moreover, it can be seen that the degradation of G / Go is less
significant when the effective confining stress is higher. This is because the “soil
discreteness” is limited under high confinement (Towhata 2008). Lastly, it is observed
that most sands exhibit similar G / G, degradation curves irrespective of the
differences in testing conditions.

The effect of strain amplitude on the degradation of stiffness is always apparent and
predominant, irrespective of the initial shear stress and stress ratio or past cyclic stress
history and over-consolidation history (Tatsuoka et al. 1979). This type of modulus
strain dependence is at least as important as the dependence on confining stress and in
many applications can even be more important (Houlsby et al. 2005; Roscoe 1970,
Vardoulakis 1980, Cubrinovski and Ishihara 1998, Michaelides et al. 1998).
Nevertheless, the effect of void ratio and confining stress on the elastic and
elastoplastic moduli is discussed next.

The dependence of the elastoplastic moduli on the void ratio, e, is considered first. It
is apparent in Figs 2.12a and 2.13a that the tangent and secant elastoplastic moduli at
a given strain and confining stress level increases when the void ratio decreases.
Dense sands are stiff and deform less under a given shear stress increment because the
closely packed grains are mutually well supported and move only if the fabric is
unlocked by means of dilative processes. Elastoplastic moduli depend, also, on the
level of effective confining stress for a given strain level and void ratio, as can be seen
in Figs 2.7a, 2.8a and 2.9a. Inelastic deformation is related to a frictional sliding
mechanism, among other mechanisms such as dilatancy, so the confining stress
dependence is justified. However, the dilatancy contribution is suppressed gradually
as the confining stress increases.

On the other hand, the justification of the dependence of the elastic moduli on void
ratio and confining stress needs a more scholastic interpretation. The reason is that the
mechanism of irreversible frictional sliding and the coupled (via dilatancy)
irreversible volume change, resulting from grains overriding other grains, is inert
during elastic deformation. To begin with, we present the classic relationship that
highlights this dependence (Hardin and Richart 1963):

_ 2
G, = 2630-(2117—6)-( p)°* (p'and G, in Ib/in?) (2.5a)
+€e

for rounded sands (0.3 <e <0.8), or:
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_ 2
G,, = 1230~(2'917—e)-( p')’° (p'and G, inlb/in®) (2.5b)
+e

for angular sands (0.6 < e < 1.3). The term Gnax is the elastic shear modulus (i.e. the
slope dz / dy at very low y, where 7 and y are the shear stress and shear strain in simple
shear or torsional shear mode), e is the void ratio and p’ is the mean effective stress. If
S.I. units are used (i.e. kN/m? are used instead of Ib/ m?) then the angularity
parameters 2630 and 1230 are substituted by 700 and 330, respectively (Richart et al.
1970). Affifi and Richart (1973) studied the time dependence of Gmax and reported
that the length of time the confining pressure is applied on certain soil materials may
introduce important changes in Gmax depending on the value of mean grain dimension
Dso. Nevertheless, the stiffness of sands is not significantly affected.

According to Eq. 2.5, the elastic modulus of sand decreases with void ratio and
increases with mean effective stress. Higher void ratio means looser packing and less
grain contact points in a given volume of stressed sand. When a small increment of
stress causes elastic deformation we can imagine that the induced increment of strain
is higher if the grain contact points are fewer, because the load increment is applied
on fewer points. This means that the excess intergranular stress is higher.
Consequently, the elastic modulus is lower when void ratio is higher, and vice versa.

On the other hand, if the same small increment of stress is applied on sand having the
same void ratio but subjected to higher effective confining stress then the elastic
modulus is higher. In order to understand why this happens, we recall that a single
point stressed contact between two solids cannot physically exist (Hertz 1882).
Johnson (2003) suggests that “under the action of the slightest load the solids deform
in the vicinity of their point of first contact so that they touch over an area which is
finite, though small compared with the dimensions of the two solids”. Figures 2.20a
and b display the interference fringes at the contact of two equal cylindrical lenses,
with their axes inclined at 45°, before and after the loading of contact, respectively. It
is now reasonable to suggest that the grain contact surfaces are broader when the sand
is confined under a higher effective stress. Consequently, the increment of load that
causes elastic deformation induces less increment of strain because this load is applied
on a broader surface at grain contacts and the excess intergranular stress is lower. This
means that the elastic modulus of sand is higher under higher effective confining
stress.

2.4 EFFECTS OF THE NON-DIRECTIONAL CHARACTERISTICS OF
FABRIC ON THE DILATANCY OF SANDS

Sands subjected to shear deformation undergo irreversible volume changes. Loose
sands contract and decrease in volume, while dense sands dilate and increase in
volume. If the total volume changes of water saturated sands are restricted via
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imposing undrained conditions of shear deformation (i.e. blocking the drainage of
pore water) then an increase in pore-water pressure is observed under contractive
response, while a decrease in pore-water pressure is observed under dilative response.
The change in pore-water pressure corresponds to the occurrence of plastic volumetric
strain albeit the zero condition on total volumetric strain; in this case, the plastic
volumetric strain is equal in magnitude with the elastic one but of different sign hence
the total volumetric strain is zero.

The dilatancy of granular materials, which is the coupling between the plastic
incremental shear and volumetric strains, was first described scientifically by
Reynolds in 1885. It can be stated that the dilatancy of sands is due to their particulate
nature: particle movements during deformation and failure of sands are not
necessarily in the direction of the applied shear stress (Rowe 1962). On the contrary,
solid steel can deform in shear isochorically (before the growth of plastic holes)
because the “sea of negative electrons”, as described by Feynman et al. (1964), holds
the dislocated positive ions together “like some kind of glue”. However, solidifying
metals exhibit dilative behaviour, as reported by Gourlay and Dahle (2007), in a
pattern similar to the one exhibited by granular materials. The plastic incremental
volumetric strain of a granular material is related to the plastic incremental shear
strain via the dilatancy ratio, which is a function of the mobilised stress ratio; the
latter function is called the stress - dilatancy relationship.

Taylor (1948) proposed a stress - dilatancy theory based on energy considerations and
experimental results from direct shear tests on sand. Figure 2.21 presents the
idealisation of the kinematics and statics of the shear zone of sand (shear band) that
dilates under shear distortion in plane strain mode. The reference to the positive axes
in Fig. 2.21 provides the convention of positive stress and displacement. Following
Taylor’s energy considerations, the incremental work done by the external shear and
normal force per unit area of the shear plane is:

oW =t-ou, —o'-du, (2.6)

where 7 and ¢’ are the shear and normal effective stress acting on the shear planes,
and un and uy are the relative 2D-displacements of the shear zone boundaries in the
horizontal and vertical direction, respectively (see Fig. 2.21). Equation 2.6 can be
rewritten in terms of rate of work done by the stresses:

aw

o =o' (tang, —tany,) (2.7)

where ¢s is the mobilised Coulomb friction angle, and s is the mobilised dilatancy
angle, while the two mobilised stress ratios, tan ¢s and tan s, are functions of the
loading history parameter un (Vardoulakis and Georgopoulos 2005), that is:

tang, =—, tang, = f,(u,) (2.83)
o
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and:

tany, = gu" , tany, =d (u, ) (2.8b)

uy,

Granular materials are frequently assumed to be purely dissipative media. This means
that the grains are rigid enough and the elastic deformations are minimal hence the
elastic energy stored is practically negligible and the work done by internal forces is
almost completely dissipated, that is:

OW = oD (2.9)

where oD is the dissipated energy in heat production, acoustic emission, grain
crushing and grain attrition. It is noted that on the basis of the 2nd Law of
Thermodynamics (Fermi 1936) this assumption yields that the first-order incremental
work is positive, W > 0, which in turn results in the condition that the mobilised
dilatancy angle is always lower than the mobilised friction angle (i.e. oW >0 => ys<
@s) (Vardoulakis and Sulem 1995, Vardoulakis and Georgopoulos 2005). Moreover,
Vardoulakis (1980) stated that the breakdown of the normality rule in sands and the
consequent non-associative flow rule (Schofield and Wroth 1968) also result in the
inequality ws < ¢@s. However, Vardoulakis and Graf (1985) reported novel
experimental results indicating that inside the shear band it can exist a short-lived
transient phase of post-failure deformation during which the normality rule
approximately holds (i.e. ys = ¢s).

The stress - dilatancy theory proposed by Taylor assumes that the energy dissipation
rate is constant and independent of the hardening parameter tan gs:

oD =o'"-tang,,, ., = const. (2.10)
ou,,

According to Eq. 2.10, the sand dissipates energy in the same way as a purely-
frictional Coulomb material that deforms at constant volume with a constant friction
angle, as can be seen in Fig. 2.22. Many authors assumed that the mobilised friction
angle, @eq, Of the equivalent (in energy dissipation aspects) purely-frictional solid
should be taken as the friction angle at the ultimate state of sand, gur, or at the phase
transformation point, ¢cv, because at these states the sand deforms at constant volume
with a constant friction angle. Some authors (Rowe 1962, de Josselin de Jong 1976)
have proposed that the parameter geqisa true angle of friction and considered it to be
the interparticle friction angle, ¢.. However, Skinner’s (1969) and Koerner’s (1970)
physical experiments and Calvetti’s et al. (2003) numerical experiments (Discrete
Element Method simulations) do not verify this hypothesis.

Vardoulakis and Georgopoulos (2005) derived the following equation from Eqgs 2.6,
2.9 and 2.10:
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tang, —tany, =tang,, (2.11a)
or
tang, =tang,, +tany; (2.11b)

Equation 2.11b indicates that the shear strength of sands is attributed both to frictional
resistance and to resistance due to the geometrical interference of grains. Notice that
Eqg. 2.11b, which is obtained based on energy considerations, is similar to Eq. 2.3,
both indicating that non-frictional mechanisms, such as dilatancy, contribute to the
shearing resistance of sands. Vardoulakis and Georgopoulos (2005) also used Eqs
2.8a and b to re-write Eq. 2.11b in the form:

ds = fs - feq (212a)
in which they have considered the equivalent stress ratio function:

f, =tang,, (2.12b)

Equation 2.12a states that the dilatancy ratio is a function of the mobilised stress ratio
and becomes zero when the latter becomes equal to the intrinsic equivalent stress ratio.
Consequently, Eq. 2.12a is a stress - dilatancy relationship.

Gutierrez and Ishihara (2000) modified the stress — dilatancy relationship of sand in
order to take into account the effects of non-coaxiality on the stress — dilatancy and
energy dissipation mechanisms. Non-coaxiality is the non-coincidence of the principal
directions of stress and plastic incremental strain. This behaviour is in contrast to the
notion of coaxiality in plasticity (St. Vénant 1870) or in isotropic linear elasticity
(Ishihara and Towhata 1983) and is reminiscent of the non-coaxiality observed in
anisotropic linear elasticity (Vaniello 1996, Raftoyiannis 2007). Particularly, sands
exhibit strong non-coaxiality when subjected to loading with rotating stress principal
axes and weak non-coaxiality when subjected to loading with fixed stress principal
axes, non-coincident with the principal axes of fabric (see Section 2.5), yet the degree
of non-coaxiality diminishes as the sand is sheared to failure (Symes et al. 1984,
Wong and Arthur 1985, Miura et al. 1986, Gutierrez and Ishihara 1991).

The modified Taylor — Gutierrez — Ishihara stress - dilatancy rule is:

dey q
‘djp‘ =n-e (2.13)

where the dilatancy ratio under triaxial loading is:

_ de
D= o (2.14)
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The term de. is the plastic (irreversible) incremental volumetric strain and deq® is the
plastic incremental deviatoric strain. The dilatancy ratio, D, defines the direction of
plastic flow in the q (de®?) - p’ (deP) space (Schofield and Wroth 1968). The
parameter 5. = (¢ / p’)c represents the stress ratio g / p’ at which dilatancy is zero
either at the ultimate or at the phase-transformation state (Gutierrez and Ishihara
2000). The non-coaxiality parameter ¢ which multiplies the mobilised stress ratio ¢ /p’
varies with the stress ratio level and direction of incremental stress, and is introduced
to account for the non-coaxiality effects on the stress - dilatancy relationship of sands.
It is noted that the right parts of Eqs 2.12a and 2.14 differ in sign due to the different
conventions for positive quantities used. Figures 23a and b present the stress -
dilatancy plots from loading tests with both fixed and rotating stress principal axes; in
the latter case, principal stress rotation was performed at fixed effective stress
principal values. The results in the first figure are not corrected for non-coaxiality
while the results in the second are. It can be seen that a practically unique stress —
dilatancy relationship may describe the behaviour of sand under loading with both
fixed and rotating stress principal axes after the correction for non-coaxiality is
applied.

Vardoulakis and Georgopoulos (2005) pointed out that Taylor’s stress - dilatancy
formulation holds only for coaxial deformation. In the case that non-coaxial
deformation is developed smoothly, Vardoulakis and Georgopoulos (2005) suggested
that the modified relationship proposed by Gutierrez and Ishihara (2000) should be
applied to account for non-coaxiality effects. However, if during a deformation
process an abrupt rotation of the principal stress directions is induced, as in the case of
an incipient shear band, then the modified dilatancy rule collapses. Gutierrez and
Vardoulakis (2007) reported that significant differences are observed in the stress -
dilatancy response of dilative sand subjected to triaxial loading before and after the
occurrence of shear band bifurcation. These differences were attributed to the strong
non-coaxiality occurring due to the sudden rotation of the stress principal axes in the
incipient shear band (Vardoulakis et al. 1978). Figure 2.24a and b show the stress -
dilatancy plots, before and after bifurcation, of the sheared sand at p’ = 40 kPa and
120 kPa, respectively. It is apparent that the stress - dilatancy path follows different
routes pre- and post-peak.

Many authors proposed various models to describe the stress - dilatancy relationship
of sands after Taylor’s theory was published. Newland and Allely (1957) proposed a
model for the deformation mechanism of sand which is based on geometrical
consideration of the spatial arrangement of grain particles, instead of applying energy
considerations. The fundamental assumptions of their theory are shown in Fig. 2.25.
The spherical particles under the arbitrary geometrical packing displayed in Fig. 2.25a
represent the sand grains. The sliding of particles is the only deformation mechanism
considered and occurs along the direction of the tangent at the contact point between
adjacent particles. Even though different directions of particle sliding are physically
manifested, a unique inclination of the sliding planes is considered, in order to aid the
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algebraic calculations. The direction of the sliding planes is different than the
direction of the planes along which the shear stress 7 is applied, as can be seen in Fig.
2.25c. The angle 6 between the two families of planes justifies the dilatancy
mechanism, while the evolution of this angle justifies the peak and the residual
strength of sand in terms of peak (¢ = max) and zero (@ = 0) dilatancy rates. Under
these assumptions the theory suggests:

me —tan(p, +6_) (2.15a)
o, g

(ﬁj =tand,,, (2.15b)
§A max

X _tan 9, (2.15.c)

n

where the term ¢, is the interparticle friction angle, fmax iS the maximum angle
between the planes of sliding and planes of shearing, = and ¢’y are the shear and
normal stress acting on the plane of shearing, and (v / d4)max is the maximum ratio of
volume expansion to shear displacement. The residual strength z; is mobilised when
“particles rise up on top of each other and individual values of 8 become equal to
zero”, while the maximum strength is mobilised when the value of 8 is maximum (i.e.
the dilatancy rate is maximum).

Rowe (1962) studied the stress - dilatancy relationship for regular and irregular
packings of uniform rigid rods and spheres. Two different regular packings of rods are
shown in Fig. 2.26, while an assembly of spheres before and after being compressed
to failure is shown in Fig. 2.27. Rowe (1962) considered only the mechanism of
sliding between the rods or spheres in his study. For the two different packings,
shown in Fig. 2.26, subjected to two-dimensional compression loading, he found that
there exists a unique energy ratio:

- ' tan(g, +
ok e g th) (2.16a)
o8 g, dv tan
20 Vg
D=1+ (2.16h)
.61

where the term on the left is the ratio of the work done per unit volume by the active
stress ¢’1, to the work done by the passive stress o2’, the intermediate term is the
energy ratio manipulated algebraically, the term ¢, is the interparticle friction angle
and the term p is the deviation of the tangent at the contact points from the direction
of o1 (Fig. 2.26). Notice that compressive stress and strain are taken as positive,
while when the stress is in the same direction with strain rate (incremental strain) the
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work done is positive and the stress is termed “active”. The dot above the symbols
indicates the rate of the symbolised quantity. Obviously, the ratio D is a dilatancy
quantity. Rowe (1962) hypothesised that Nature is efficient so the rate of internal
work done E (i.e. the term on the left side of Eq. 2.16a) should be minimum. The
algebraic relationships for a minimum to occur are d £ / dg = 0 and d*£ / dg? > 0 and
yield g = 45° - ¢,/ 2, consequently the following stress - dilatancy relationship is
produced:

0,

E=—F—2——=tan’(45°+¢,/2) (2.17)
( dvj

o, 1+—
V-¢

The stress - dilatancy relationship given by Eqg. 2.17 was produced adopting the
minimum energy rate principle. De Josselin de Jong (1976) obtained the same result
by considering the same model as Rowe (1962) but applying the friction laws only. It
is important to note that the energy rate minimisation makes the stress ratio R = ¢,/
o> uniquely related to dilatancy ratio D, and independent of the particle packing,
described by the angle g, and void ratio, e (Li and Dafalias 2000). However, Li and
Dafalias (2000) showed that the stress ratio R and dilatancy ratio D are indeed
uniquely related for a given packing of rods, as indicated by the equilibrium at rod
contacts in packing A or B in Fig. 2.26, yet the value of R (or D) is volume dependent.
The dependence D = D(e) or D() (since e = e(f)) “is due to the equilibrium and
kinematic microscopic constraints imposed by the given packing”. Figure 2.28 shows
that for a given stress ratio n = (61— 0 2) / (6’1 + ¢2) the dilatancy D depends not only
on # but also on e and p.

The recognition of the factors that affect dilatancy is the key to understanding the
behaviour of sands and modelling it within a unified framework. The stress - dilatancy
relationships proposed by Taylor (1948) and Rowe (1962) suggest that dilatancy is a
unique function of the stress ratio. This consideration contradicts the experimental
evidence and makes the unified modelling of sand behaviour difficult (Li and Dafalias
2000). For example, Fig. 2.29 shows that Toyoura sand (tested by Verdugo and
Ishihara 1996) may be contractive or dilative at the same stress ratio #. The observed
difference in the dilatancy behaviour is due to the difference in the material state,
expressed by means of the state parameter, v, proposed by Been and Jefferies (1985).

Li and Dafalias (2000) pointed out that one more paradox arises if the dilatancy is
considered as a unique function of stress ratio. Let us consider a medium-to-dense
sand subjected to undrained triaxial compression. As loading proceeds and the stress
ratio increases the sand response changes from contractive to dilative at the phase
transformation state (Ishihara et al. 1975), corresponding to stress ratio # = M.
Afterwards, the material reaches the failure envelope, which is the peak stress ratio
line in the g - p’ space, and continues to exhibit dilative response; for many sands the
failure stress ratio #s is equal to the critical stress ratio M though the failure state is not
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identical to the critical state (the latter being the ultimate material state) because the
void ratio is not critical (i.e. #r= M but e # ec; Penman 1953, Roscoe et al. 1958, Li
1997). Consequently, the effective stress path in the q - p’ space travels to the right
along the failure envelope with slope n:= M still the dilation tendency ceases only
when the ultimate material state is reached. In fact, the dilatancy is gradually
exhausted during the constant-; phase that is termed dilative shear failure (Li 1997).
It is obvious that if the dilatancy is considered a unique function of stress ratio (and of
some intrinsic material properties) then an inexhaustible dilatancy would be related to
the constant-n phase. However, this behaviour is not supported by experimental
evidence.

Moreover, the dilatancy of sand is zero at both the phase transformation and critical
state. If D = D(y , ¢.), as proposed by Taylor (1948) and Rowe (1962), then M¢
should be equal to M and because M is an intrinsic material property so should also be
M. According to Li and Dafalias (2000), this means that the phase transformation is
intrinsic and the stress ratio M?is independent of e and p’, while the response of sand
should change from contractive to dilative whenever the stress ratio reaches the value
M (or M). However, it has been observed that when e is very high or p’ is very high
(or both) the sand does not exhibit phase transformation. More importantly,
experimental results indicate that as the sand becomes denser (due to the combined
effects of e and p’) phase transformation is realised at a lower stress ratio. This
behaviour is evidenced in Fig. 2.30 which shows the results from the loading tests on
Toyoura sand performed by Verdugo and Ishihara (1996).

On the other hand, an opposite argument is stated in the literature. According to Vaid
and his colleagues, the constant-volume friction angle, ¢, is indeed an intrinsic
material property and so the stress ratio #cy iS unique; 7y is related to sin ¢y in triaxial
compression conditions via the relationship (see also Eg. 2.4) (Negussey et al. 1988,
Uthayakumar and Vaid 1998):

__6-sing, (2.18)

 (3-sing,, )

cv

The uniqueness of stress ratio 7¢ indicates that all constant-volume states, either
transient or steady, should have stress points in the q - p’ space that lie on the same
constant-; line (see also Wood 1990). This concept is visualised in Fig. 2.31 which
shows the phase-transformation state, the steady state reached after fully contractive
deformation and the steady state reached after dilative deformation all lying on the
same line. However, experimental data reported by various researchers indicate that
the phase-transformation line has not a unique slope (Verdugo and Ishihara 1996,
Nakata et al. 1998, Zdravkovic and Jardine 2001, Georgiannou et al. 2018).

The state-dependent dilatancy of sands was modelled by Manzari and Dafalias (1997),
Li et al. (1999), Li and Dafalias (2000) and other researchers. Cubrinovski and
Ishihara (1998) also proposed a stress - dilatancy relationship that depends on the
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material state via the implicit dependence of the introduced dilatancy parameter u
(the evolving u is used instead of the fixed M or 7 in Eq. 2.13) on the plastic shear
strain, while this strain is linked to the evolution of state (e , p°) through the stress -
strain model. However, even though the strain-dependent behaviour of sand is well
acknowledged (see Section 2.3), the strain is not a direct state parameter so this
formulation may become problematic (see also Li 1997). On the other hand, Wan and
Guo (1998) modified Rowe’s stress - dilatancy relationship to incorporate the density
dependence using the critical void ratio as a reference.

Presented in summary, Dafalias (Manzari and Dafalias 1997, Li and Dafalias 2000)
models take into account that the phase-transformation line is moving as the state of
sand changes. The current state of sand is described by the state parameter w = e -
ec(p”), introduced by Been and Jefferies (1985). The state parameter, y, measures the
distance of the current void ratio, e, of sand subjected to mean effective stress, p’,
from the respective critical void ratio, ec, at the same stress p’, as can be seen in Fig.
2.32. The virtual phase-transformation stress ratio or dilatancy stress ratio, M¢, is
given by the relationships:

Me=M +k-yp (2.19a)
according to Manzari and Dafalias (1997), or:
M?=M.e™ (2.19b)

according to Li and Dafalias (2000). In the above relationships, the term M is the
critical stress ratio (q / p’)es In triaxial mode of loading (being different in
compression compared to extension mode), the terms k and m are positive modelling
parameters, the term y is the state parameter and e is the base of the natural logarithm.
It is noted that the critical stress ratio is Lode-angle-dependent and in the general
mode of loading is obtained from the values Mc and M. corresponding to triaxial
compression and extension, respectively, as described by Wang et al. (1990) and
Manzari and Dafalias (1997).

The dilatancy function, D = devp/‘dsqp‘ , IS given by the relationship:

_ D (Moem
D=4 (M-e™ —p) (2.20)
where y is the state parameter, D, and m are positive modelling parameters, M is the
critical stress ratio and # is the mobilised stress ratio q / p’. It is apparent from Eq.
2.20 that “the dilatancy D depends on the difference of the current stress ratio # from
a reference stress ratio Me™”, which is similar to the stress - dilatancy theory proposed
by other researchers (Rowe 1962, Schofield and Wroth 1958, Roscoe and Burland
1968) but with the reference stress ratio varying with y instead of being fixed” (Li
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and Dafalias 2000). It is noted that phase transformation occurs when the mobilised
stress ratio, 5, becomes equal to the virtual dilatancy stress ratio, M.

Up to this point of presentation, only the non-directional characteristics of the fabric
of sands, measured by the void ratio e, were taken into consideration. In the next
section, the directional characteristics of fabric are introduced and methods for
measuring these characteristics are presented. The strength, deformability, dilatancy
and ultimate state of sands are considered under a revised framework in order to take
into account the fabric anisotropy.

2.5 FABRIC ANISOTROPY

Sands are particulate materials consisting of discrete grains of various shapes put
together in the field or in the laboratory mainly under the action of gravity. The
geometrical arrangement of sand grains described with the term fabric (Oda 19723,
Brewer 1964) is characterised by the density of packing as well as the orientational
distribution of contact normal and particle directions. Fabric anisotropy results from
the shape and packing of the deposited grains and can be described quantitatively in
the microscopic scale. Anisotropy in the microscopic scale accounts for the
anisotropic mechanical behaviour of sands observed macroscopically hence it is very
important to study the former in order to understand the latter.

Kjellman (1936) was possibly the first to notice that when the gravity-deposited sand
is subjected to isotropic compression it exhibits anisotropic deformability. He
observed that the vertical normal strain (i.e. the normal strain along the direction of
deposition) is lower than the horizontal normal strains, which are practically equal.
Ladd et al. (1977) reported that specimens of natural undisturbed sand subjected to
isotropic compression demonstrated a ratio of volumetric to axial strain equal to 5.8
and, thus, a ratio of horizontal to vertical compressibility equal to around 2.4 (Gazetas
1981). For isotropic materials subjected to isotropic compression, the three normal
strains are expected to be identical. Sands formed in the field or in the laboratory by
means of gravity deposition are cross-anisotropic (or transversely isotropic) materials;
they exhibit a vertical axis of rotational symmetry and horizontal planes of isotropy.
Nowadays, the simple procedure of hydrostatic compression is used in order to
characterise macroscopically the initial cross-anisotropic characteristics of fabric by
means of deviation of the direction of incremental strain from the hydrostatic axis
(Lade and Abelev 2005).

An even more extreme example of shear deformation of an anisotropic geomaterial
subjected to isotropic compression was reported by Allirot at al. (1977). These
researchers studied a soft stratified rock with cross-anisotropic fabric. They formed
cylindrical specimens with the axis of the cylinder oriented at various angles 6 with
respect to the normal to the strata, as shown in Fig. 2.33. The specimens were
subjected to many cycles of isotropic loading and unloading at elevated pressures; the
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pressure was increased in each cycle, reaching a maximum value of 1000 bars (1 bar
= 0.987 atm) during the last cycle, and the anisotropic plastic deformation was
observed. The specimens characterised by an angle 0° < # < 90° deformed into elliptic
inclined cylinders. The specimen with ¢ = 0° remained a right cylinder with circular
cross-section, while the one with 6 = 90° remained a right prism but with elliptic
cross-section. All the deformed specimens are shown in Fig. 2.34a, while the cross-
sections before and after deformation of the specimens with 8 = 0° and 90° are shown
in Figs 2.34b and c, respectively. Similar distortional patterns of deformation of
specimens with inclined axis of rotational symmetry subjected to triaxial or plane-
strain compression along the vertical direction were reported by Boehler and Sawczuk
(1977) and Oda et al. (1978).

The aforementioned examples highlight the anisotropic deformation of geomaterials
under hydrostatic or deviatoric loading. These results indicate that the fabric of
geomaterials formed by means of mere deposition in the laboratory or sedimentation
and lithification in the field is anisotropic. From a microscopic point of view, there are
some fabric-related directional quantities that give a measure of anisotropy. These
quantities, as well as the techniques used to measure them in the case of sands, are
discussed next.

A. The orientational distribution of contact normal vectors gives a measure of
fabric anisotropy. The grains of sand deposited under the action of gravity
have more contact surfaces with normals oriented along the direction of
deposition (Oda 1972a). The contact normal orientation is the direction of the
normal vector, N;, to the tangential contact plane between two grains; in fact,
there exist two opposite normal vectors at a given contact, each “attached” to a
different grain. Figure 2.35b shows a grain (G1) with four contact surfaces
characterised by the contact normals Ni. The contact normals N; can be
determined by measuring two direction angles o and S with respect to three
fixed reference axes in the physical space, as can be seen in Fig. 2.36. The
angular frequency distribution of the contact normals or probability density of
the contact normals, E(a,f), can thus be determined as a function of « and .
This distribution provides, after tensor-calculus manipulations (Satake 1978,
Oda et al. 1985), the intensity of anisotropy, i.e. the ratio of the major to the
minor principal component of the contact-normal tensor, and the preferred
orientation of the contact normals, i.e. the direction along which the major
principal component of the contact-normal tensor is observed. In order to
detect the contact points in a sand mass and determine the contact-normal
directions, Oda (1972a and b) impregnated a low-viscosity polyester resin into
the pores of the sand specimens without disturbing the depositional fabric.
After a curing period, the resin turned into a hard vitreous matrix that kept
steadily the sand grains in their depositional configuration. The stabilised sand
was cut with a diamond saw and polished in order to prepare thin sections that
were studied by means of a petrographic microscope. Thin sections were cut
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along vertical, horizontal and inclined planes, as can be seen in Fig. 2.37. The
inclined planes were cut at 45° above the horizontal plane. The directions of
contact normals were, then, determined by means of visual inspection.

B. The orientational distribution of non-spherical grains gives a measure of
fabric anisotropy. The long axes of non-spherical grains tend to align with the
horizontal planes, called the bedding planes, when sand is deposited under the
action of gravity. The directions of the long axes of the grains (L-axes) with
respect to the reference fixed horizontal axis (X-axis) can be determined in
order to quantify fabric anisotropy. The angle 4 between the L-axis and the X-
axis is shown in Fig. 2.38 for a natural grain captured on a thin section; a
parallelogram is used to enclose the grain in order to determine the apparent
dimensions of the long and short axes. The ratio of the length of the long axis
to the length of the short axis, called aspect ratio, affects the intensity of
anisotropy (Oda 1978), as will be shown next. If regular shaped elements (e.g.
oval prismatic elements) are used in physical or numerical experiments then
the exact shape and orientation of each element can be described by means of
a second-order tensor (Oda et al. 1985). Oda (1972a) presented the
orientational distributions of the long axes of sand grains in the form of
frequency histograms.

C. The orientational distribution of elongated voids gives a measure of fabric
anisotropy. The volume occupied by grains inside a sand mass is
complementary to the volume occupied by voids, thus, anisotropy is
associated not only with the shape (and packing) of grains but also with the
shape of voids. The process B described previously can be applied with some
modifications (Oda et al. 1985) in order to determine the relative dimensions
of the principal axes of the voids and the directions of the long axes of the
voids. The orientational distribution of elongated voids can, then, be used to
describe and quantify the anisotropy of fabric by means of a second-order
fabric tensor.

Figure 2.39 shows the results reported by Oda (1972a) in the form of frequency
histograms of the orientation angles & of the apparent long axes of sand grains in a
vertical (V), an inclined (at 45° above the horizontal plane) and a horizontal (H) thin
section. The thin sections were cut from specimens formed by pouring sand into a
cylindrical mould, tapping the side walls to achieve densification and impregnating
the sand pores with the stabilising resin; the angles & were measured on the thin
sections by means of microscope inspection. It can be seen that in the case of vertical
and incline sections there exists an almost unimodal frequency distribution with a
peak value indicating a preferred orientation at around 6=0°. On the other hand, the
frequency distribution in the horizontal section does not show any preferred
orientation of the apparent long axes. Consequently, the grains tend to align their long
axes along the horizontal bedding planes perpendicular to the direction of gravity
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deposition. On the horizontal planes though, the grains are randomly oriented
meaning that the sand exhibits transverse isotropy.

The transverse isotropy of sand makes the function that gives the probability density
of the contact normals E(«,f) degenerate to E = E(f), meaning that the distribution of
the contact normals depends only on the polar angle £ and not on the azimuth angle «
shown in Fig. 2.36. This function is plotted in Fig. 2.40 for the same sand for which
the histograms are presented in Fig. 2.39 (Oda 1972a). The angles  are measured on
the thin sections by means of microscope inspection. The dashed horizontal line in the
plot corresponds to the isotropic fabric with no preferred orientation of the contact
normals. It is obvious that the sand’s fabric is anisotropic in the sense that the contact
normals are highly concentrated at around g = 0°, close to the vertical direction of
gravity deposition.

Figure 2.41 shows a cubic volume of a gravity deposited sand with elongated grains
and distinct bedding planes, called sand A; the frequency histograms and probability
density function of sand A are shown in Figs 2.39 and 2.40, respectively, indicating
the anisotropy of fabric in terms of particles and contact normals orientation. A cubic
volume of a gravity deposited sand with rounded grains, called sand D, is also
presented in Fig. 2.41 for comparison. Sand D cannot exhibit anisotropy in terms of
preferred orientation of the long axes of grains because the grain shape is nearly
spherical. Still, the fabric of sand D is anisotropic in terms of orientational distribution
of the contact normals and elongated voids. For example, Graton and Fraser (1935)
showed that when identical spheres are put into a random packing most of the
interparticle contact planes have small-angle dips. Moreover, Kallstenius and Bergau
(1961) found that the density of gravity deposited spheres is different in vertical than
in horizontal sections, and identified chain-like sphere structures (see also Oda 1972a).
Li (2006) and Li and Dafalias (2012) reported that the packing anisotropy of identical
rods with circular cross-section affects dilatancy. These observations justify why
granular materials with nearly spherical grain shape can exhibit strongly anisotropic
behaviour (Arthur and Dunstan 1969 and 1970, Arthur and Menzies 1972, Shibuya
and Hight 1987).

Casagrande and Carillo (1944) distinguished the inherent anisotropy of granular
materials, which is the result of the deposition process and grain shape characteristics,
from the induced anisotropy, which evolves due to straining in response to the applied
stresses. However, many researchers argue that the deposition is, actually, a specific
stress - strain history and propose the term depositional anisotropy instead of the term
inherent anisotropy. In general, whenever a granular material is subjected to a
deviatoric load the fabric characteristics evolve in order to sustain this load as
efficiently as possible. The deviatoric stress, g, is given by the relationship:

q:\/E{(Ul_02)2+(0'2_‘73)2"‘(‘73_0'1)2} (2.21)
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where o1, 02, o3 are the principal values of stress. Note that only stress differences are
participating in the equation thus the total or the effective stresses (Terzaghi 1925)
can be used interchangeably. The deviatoric stress, g, given by Eg. 2.21 is an
invariant quantity regardless of the orientation of the coordination system used. If
axisymmetric stress conditions are applied, thatisc>2=0c3#0"10r62=0'1# 0’3, the
invariant quantity g takes the simpler form:

q=0,—0, (2.22)

The maximum deviatoric stress that can be sustained when a cross-anisotropic sand is
subjected to drained loading depends not only on the value of mean effective stress p’
but also on the direction of the ¢’1-axis with respect to the direction of the normal to
the bedding planes. This is a typical example of strength anisotropy of sands.

Oda et al. (1978) investigated the effect of inherent anisotropy on the strength,
stiffness and dilatancy characteristics of gravity deposited sand subjected to drained
triaxial and plane strain compression (TC and PSC in abbreviation). The direction of
the o1-axis was fixed and vertical in both types of testing, while the bedding planes of
the specimens were inclined at various angles ¢ with respect to the vertical plane. This
practically means that the bedding planes were horizontal when ¢ = 90° and vertical
when 6 = 0°. The techniques used to form specimens with non-horizontal bedding
planes are presented in Fig. 2.42, for both types of testing. The sand was poured into a
tilted container, forming horizontal bedding planes. The longitudinal axis of the
container made an angle ¢ with the horizontal. Afterwards, the saturated sand was
frozen, rotated until the tilted container became vertical and trimmed to the
dimensions which fitted the apparatus used. The frozen specimens were covered with
a rubber membrane and placed inside the cell of the apparatus. A low suction was
applied during the period of thawing. Afterwards, the specimens were consolidated
isotropically and subjected to monotonic drained PSC or TC.

Figures 2.43a and b show the stress - strain and volumetric behaviour of Toyoura sand
specimens with inclined bedding planes subjected to drained PSC and TC,
respectively (Oda et al. 1978). The influence of fabric anisotropy on the mechanical
behaviour of sand is immediately recognised. The peak strength at failure, gp, and the
concurrent peak dilatancy ratio, (devoi/ de1)p, increase with the angle o, for both PSC
and TC loading tests, though at higher strain a common ultimate strength is mobilised,
possibly due to the erasure of the initial fabric and evolution of a new fabric common
to all specimens. The tangent and secant shear moduli, also, increase with ¢, though
the initial slope seems to be independent of o. Figure 2.43a shows that, in the case of
PSC tests, the specimens with 6 = 24° and 30° exhibit the minimum values of peak
strength. This is because when ¢ = 15° - 30° the direction of the ¢’1-axis makes an
angle of 60° - 75° with the normal to the bedding planes and one of the planes of
maximum stress obliquity (i.e. the planes on which the stress ratio 7/ ¢’» is maximum)
coincides or almost coincides with the bedding planes (see also Matsuoka 1974,
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Matsuoka and Ishizaki 1981, Tatsuoka et al. 1986b, Miura et al. 1986, Nakata et al.
1998, Lade et al. 2014).

Figure 2.43 shows that the peak strength is more sensitive to ¢ in PSC than in TC tests,
which means that the effect of anisotropy on strength is more profound under plane
strain conditions (Oda et al. 1978). Moreover, the peak state is reached at smaller
strain and the peak strength is higher for a given ¢ in PSC than in TC tests, at least for
the case with ¢’3= 2.0 kgf/cm? shown in Figs 2.43a and b. The peak dilatancy ratio is
higher under PSC than TC loading though this ratio is mobilised at lower strain and
decreases quickly in the post-peak regime, resulting in a lower ultimate dilation (see
also Cornforth 1964). These observations may indicate that the constraint &2 =0
provides lateral support and enhances the fabric interlocking resulting in a beneficial
effect on strength (Tatsuoka et al 1986b, Shibuya and Hight 1987, Zdravkovic and
Jardine 2000 and 2001; O’Sullivan et al. 2013). Moreover, the interlocking slows
down the evolution of fabric up to the failure state and this may be the reason why the
initial fabric anisotropy has more profound effect on the peak strength in the case of
PSC tests. Nevertheless, the fabric is unlocked after the peak state, possibly due to
shear banding (Vardoulakis et al. 1978, Vardoulakis 1980), and evolves more quickly
as the sand is sheared towards the ultimate state.

In the study by Oda et al. (1978), the effect of inherent anisotropy on the mechanical
behaviour of sand was highlighted, yet, it was also suggested that the initial properties
of fabric evolve due to the imposed stress-strain history. Oda (1972b) had already
measured one directional property of sand fabric as it evolved during deformation
under drained TC loading. This property was the ratio S,/ Sx of the summation of
projected areas of grain contact surfaces on the vertical YZ-plane (S, to the
summation of projected areas of grain contact surfaces on the horizontal XY -plane
(Sx). The methodology used to determine the fabric index S,/ Sx is presented in Fig.
2.44a. The projected areas of grain contact surfaces were measured on thin sections
cut from resin-stabilised sand using a petrographic microscope; the stabilisation and
inspection techniques used were the same as the ones described previously. Two
vertical (V) and two horizontal (H) thin sections are shown in Fig. 2.44b. The first
pair of thin sections corresponds to specimen T-2 which was loaded until the stress
ratio, o1/ o3, and the axial strain, &a, reached the values 2.65 and 0.37%, respectively.
Afterwards, the axial load was removed and the specimen, which had pores saturated
with water-resin solution, was left to cure under suction until it became hard enough
to be treated and cut. The second pair of thin sections corresponds to specimen T-6
which was loaded until the values ¢’1/ 6’3 = 4.09 and ea = 5.18% were reached and
then it was unloaded, left to cure and treated.

Oda (1972b) interpreted the experimental results and measurements of the fabric
property S;/ Sx and reported a finding with great importance for the comprehension of
sand behaviour. He stated that the mobilised stress ratio, ¢’1/ ¢’3, and dilatancy ratio,
devor / de1, depend on the current value of the evolving fabric property, S;/ Sy, in the
way described by the following equations:
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Tk By, (2.233)
0-3 Sx
de,,, S

ol =K, -—2+k 2.23b
g, g T (2.23b)

The terms ki to ks are material constants which Oda (1972b) suggested to be
independent of fabric and grain shape. Despite the dependence of the stress and
dilatancy ratio on S,/ Sy, Oda (1972b) stated that the stress - dilatancy relationship is
actually independent of S,/ Sx (see also Tatsuoka 1976) and can be given by the
following equation:

%, L (2.24)

O3 €1

The stress - dilatancy relationship expressed by Eq. 2.24 was found to fit well, with a
unique set of parameters ks and ke, the data corresponding to pre-failure and failure
states from loading tests on specimens with inclined bedding planes at various angles
with respect to the major principal axis of stress, formed using two quartz sands and
different compaction methods (Oda 1972b). The tested specimens had different initial
void ratios and were consolidated to different initial effective confining stresses (o ac
= 0.5 - 3.0 kgf/cm?). Consequently, the constants ks and ke are independent of the
current value of the fabric property S;/ Sx and are determined for each granular
material without being related to fabric. It was suggested that only the type of mineral
(or, alternatively, the intergranular friction angle, ¢,) affects these constants and not
the grain shape (see also Rowe 1962). The stress - dilatancy plots of the two quartz
sands are shown in Fig. 2.45. However, it is important to note that recent physical and
numerical experiments showed the dependence of stress — dilatancy behaviour on
both the state and anisotropy of sand (Verdugo and Ishihara 1996, Yoshimine et al.
1998, Wan et al. 2010, Huang et al. 2014) which was successfully simulated by state-
of-the-art constitutive models (Manzari and Dafalias 1997, Li and Dafalias 2000, Li
and Dafalias 2002, Dafalias and Manzari 2004, Dafalias et al. 2004, Li and Dafalias
2012).

Oda et al. (1974b, 1982, 1985) investigated the stress-induced anisotropy of granular
assemblies consisted of photoelastic rods with circular or oval cross sections. The
photoelastic rods were placed by hand in tilted containers, as shown in Fig. 2.46, in
order to form assemblies with inclined initial bedding planes. The bedding planes
inclination angle, 6, is measured from the horizontal X;-axis in these studies, meaning
that horizontal bedding planes correspond to & = 0°, while vertical ones correspond to
6 = 90°. The granular assemblies were subjected to bi-axial compression or simple-
shear loading and photoelastic pictures were taken at various states in the course of
deformation. In this way, the fabric properties of the granular assemblies were
monitored during the successive phases of monotonic loading and straining, without
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the need to follow the previously used methodology (Oda 1972b) of unloading
different specimens and stabilising them with resin, in order to inspect the fabric at
one state at a time. Figure 2.47 shows the photoelastic pictures of an assembly of
oval-shaped rods, with horizontal initial bedding planes, subjected to biaxial
compression. The pictures are taken at various states, namely the initial, the pre-
failure, the failure and the post-failure state.

Oda et al. (1985) used second-order tensors (Satake 1978) in order to describe the
fabric anisotropy associated with contact normals, particles shape and voids shape.
Specifically, the fabric tensor Nj;j describes the orientational distribution of contact
normals. If N1 and N, are the major and minor principal components of Nj; then the
ratio N1 / N2 is an index showing the intensity of anisotropy due to the different
density of contact normals along the different directions. The preferred orientation of
contact normals is defined by the inclination angle o, which shows the direction along
which the maximum value, Ny, is observed. In the same way, the fabric tensor Sj
describes the orientational distribution of rod particles with non-circular cross sections.
If S1 and S are the major and minor principal components of Sjjthen the ratio Si/ S is
an index showing the intensity of anisotropy due to the different density of particles’
long axes along the different directions. The preferred orientation of the particles’
long axes is defined by the inclination angle g, which shows the direction along which
the maximum value, Si1, is observed. Lastly, the fabric tensor Vi describes the
orientational distribution of elongated voids. The ratio of the major and minor
principal values, Vi/ V2, is an index showing the intensity of anisotropy due to the
different density of voids’ long axes along the different directions. The preferred
orientation of the voids’ long axes is defined by the inclination angle y, which shows
the direction along which the maximum value, Vi, is observed. The inclination angles
a, ff and y are measured with respect to the horizontal reference Xi-axis.

Figure 2.48 shows the evolution of the anisotropy indices N1/ Nz, S1/ Szand Vi/ Va,
inclination angles a, £ and y, stress ratio, ¢’1 / ’2, and volumetric strain, evol, With
increasing axial strain, ea. The results shown are from bi-axial compression tests on
three different assemblies consisted of two different types of oval-shaped rods (Oda et
al. 1985). The oval I rod has an aspect ratio equal to 1.1, so the particle has an almost
circular cross section, while the oval Il rod has an aspect ratio equal to 1.4, showing
an elongated shape of cross section. Figure 2.48 shows that the anisotropy index Ni/
N follows always the same evolution trend as the stress ratio ¢’1/ ¢, increasing pre-
peak, attaining the maximum value at failure and then decreasing post-peak. High but
different values of the index N1/ N2 are mobilised at failure depending on the type of
oval rods and the value of &, for example N1/ N2 > 30 in the case of oval Il rods
assembly with 8 = 0°, N1/ N2 > 3.5 in the case of oval Il rods assembly with 6 = 60°
and N1/ N2 = 7 in the case of oval | rods assembly with 6 = 0°.

Figure 2.48 also shows that the preferred orientation of contact normals remains fixed
when 6 = 0°, irrespective of the type of oval rods, since the inclination angle a shows
a constant value of around 90° (Oda et al. 1985). This means that when the ¢’1-axis is
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normal to the bedding planes the major principal direction of the fabric tensor Nj;
remains fixed as the assembly is compressed and only the fabric intensity changes. On
the other hand, in the case of oval Il rods assembly with & = 60° the inclination angle
o has an initial value of around 130° and changes gradually in the course of
deformation towards the value of 90°. This means that the major principal direction of
the fabric tensor Nijj rotates because the density of the contact normals builds up along
the direction of the ¢’1-axis which is initially different than the principal direction of
the fabric tensor Nij.

Oda et al. (1985) drew two important conclusions regarding the evolution of the fabric
tensor Njj. The first is that the strain hardening process of a granular assembly (i.e. the
increase in stress ratio with shear strain) is closely related to the appearance of new
contacts along the direction of the ¢’1-axis and elimination of existing contacts along
the direction of the o>-axis. This mechanism results in increasing fabric anisotropy
intensity associated with the formation of column-like structures of particles bearing
the compressive load along the direction of the o’1-axis (see Fig. 2.47c). These
structures will be called force bearing chains or force chains hereinafter. After the
peak state (failure state) is reached, the force chains begin to buckle and collapse
leading to strain softening (i.e. to a decrease in stress ratio with shear strain). Oda et al.
(1985) stated that the structural collapse leads to a “diffuse distribution” of contact
normals at the ultimate state, as indicated by the rapid decrease in the index N1/ N2
post-peak (see Fig. 2.48). However, the fabric at the ultimate state is definitely
anisotropic as has been recently shown by physical and numerical micromechanical
studies (Thornton 2000, Fu and Dafalias 2011b, Li and Dafalias 2012, Zhao and Guo
2013, Wiebicke et al. 2017). The second conclusion drawn by Oda et al. (1985) is that
the major principal direction of the fabric tensor Nj; rotates in order to become
coincident with the fixed major principal direction of the stress tensor. Consequently,
the contact normal fabric tensor evolves norm-wise and direction-wise during loading
with fixed stress principal axes.

Oda and Konishi (1974a) pointed out that the major principal direction of the contact
normal fabric tensor rotates towards the major principal direction of the stress tensor
also in the case that the latter rotates as well. They performed 2D simple-shear
loading tests using photoelastic cylinders of different radii, which were packed
randomly in dense and loose assemblies with horizontal bedding planes. Figure 2.49a
shows the results from these tests in terms of the shear force and volumetric strain
plotted against shear distortion. The direction angle, £, was defined as the angle
between the normal to the contact of two adjacent cylinders and the reference Z-axis
shown in Fig. 2.49b. The evolution of S at each contact was monitored using
successive photoelastic pictures taken during loading and the evolving orientational
distribution of contact normals was then determined as shown in Figs 2.49 ¢ and d for
the cases a dense and a loose assembly of cylinders, respectively. It is apparent that
the predominant orientation of contact normals changes from 0° towards 45° in order
to align with the rotating o ’1-axis during the simple shear loading (Roscoe et al. 1967,
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Roscoe 1970). It can be also inferred that as the shear force increases new contact
normals appear near the direction of the o’/-axis and existing contact normals vanish
near the direction of the o’2-axis. Consequently, the contact normal fabric tensor
evolves norm-wise and direction-wise under the concurrent increase in shear stress
and rotation of the stress principal axes.

Oda et al. (1985) showed that the fabric tensors related to particles and voids
orientation also evolve in the course of deformation though at a different rate than that
corresponding to the contact normals fabric tensor. With reference to Figs 2.46, 2.47,
2.48 the evolution of the fabric tensor related to particles orientation is discussed next.
It is apparent that the fabric anisotropy intensity is higher in the case of particles with
elongated shape of cross section (e.g. oval Il rods). The oval | rods have almost
circular cross sections so the anisotropy index Si/ S, expressing the ratio of the
principal values of the fabric tensor S;j does not exceed 1.1 and is omitted in Fig.
2.48c. In the case of oval Il rods assembly with 8 = 0° (Fig. 2.48a) the preferred
orientation of the long axes of particles is initially at an angle of g = 0° to the
horizontal and increases slightly at post-failure states. Accordingly, the anisotropy
index S1/ Sy has an initial value of approximately 1.3 and drops to 1.2 at the ultimate
state. In the case of oval Il rods assembly with 6 = 60° (Fig. 2.48b), the direction
angle g is initially equal to 60° and decreases slightly with vertical strain, while the
anisotropy index Si:/ Szis initially equal to 1.3 and drops to 1.1 at the ultimate state. It
is important to notice that the direction angle £ and the anisotropy index S;/ S; remain
approximately constant until the failure state is reached. This means that the particles
orientation evolves very slowly and can be thought of as a fabric characteristic that
endures during shearing up to the failure state, justifying the observed effects of the
inherent anisotropy on the strength and dilatancy of granular materials.

Oda et al. (1985) observed that the initial shape of voids is almost circular in all
assemblies tested, as can be seen in Figs 2.48a, b and ¢ which show that the value of
the anisotropy index Vi/ V2 expressing the ratio of the principal values of the fabric
tensor Vijjis around 1.1. However, the shape of voids becomes elongated in the course
of deformation since the anisotropy index Vi/ V2 increases and reaches its maximum
value of around 1.5 at large strains related to post-failure states, and afterwards begins
to decrease. It is interesting to notice that the voids become slender and
simultaneously their growing long axis rotates in order to align with the direction of
the o’1-axis. Figure 2.50 illustrates in successive photoelastic pictures the evolution
mechanism that makes the smaller voids connect with each other to form elongated
voids that exist between the column-like structures of particles that support the
compressive load. Oda et al. (1985) suggested that the slender voids are prone to
collapse upon stress reversal or lateral loading and this microscopic mechanism
associated to stress-induced anisotropy may justify the macroscopically observed
contractive behaviour of sands under such loading conditions (Ishihara et al. 1975,
Goldscheider 1975, Yamada and Ishihara 1981, Vaid and Chern 1983, Papadimitriou
et al. 2001, Dafalias and Manzari 2004a).
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Up to this point, the directional fabric characteristics that are the source of anisotropy
of granular materials have been presented and the physical techniques used to
measure these evolving characteristics have been discussed. Apart from physical
techniques, there are also numerical techniques which allow the measurement of the
directional fabric characteristics, as well as a number of other properties at the micro
scale. The most popular of these techniques is the Discrete Element Method (DEM),
introduced by Cundall and Strack (1979).

The basic idea of DEM is that the mechanical behaviour of an assembly of discs,
spheres or otherwise shaped elements can be described by applying the fundamental
laws of Mechanics. A small number of mechanical parameters, such as the
intergranular friction angle, ¢,, and the normal and shear stiffnesses at the grain
contact points, ko and ks, respectively, are used in the force - displacement law
(Hooke’s law), Coulomb’s friction law and Newton’s Laws of Mechanics in order to
define the position, velocity and acceleration of the discrete elements, as well as their
interaction (Cundall and Strack 1979). As stated by Cundall and Strack (1979), “the
interaction of particles is monitored contact by contact and the motion of the particles
modelled particle by particle”.

DEM simulations offer the advantage of scholastic monitoring and direct
measurement of the fabric properties, at any state during loading. Complex stress and
strain histories can be applied under various boundary conditions, manipulated
skillfully. Specimens can be formed to have the desired initial fabric characteristics
(anisotropic or isotropic, homogeneous or intentionally inhomogeneous etc.), while
identical specimens can be tested multiple times. Moreover, local measurements of
strain or void ratio are easily acquired when performing DEM simulations, for
example inside the shear band or in an arbitrary domain inside the specimen (Fu and
Dafalias 2011a). Despite the small number of elements that is usually used due to
computational limitations it has been shown that many aspects of the macroscopic
behaviour of granular materials can be simulated efficiently using DEM, while
concurrently insight is gained into the mechanisms governing the microscopic
behaviour. Selected results from DEM studies will be presented next, without
investigating the details in the numerical techniques used.

2.6 EFFECTS OF THE DIRECTIONAL CHARACTERISTICS OF
FABRIC AND GRAIN PROPERTIES ON THE FRICTIONAL
BEHAVIOUR OF SANDS

Coulomb’s failure criterion for granular materials describes the condition for shear
failure on a plane. The maximum value of shear stress z, that a non-cohesive granular
material can mobilise on a plane, for a given normal stress o’y acting on this plane, is
given by Eq. 2.1; that is: zp = tang ¢’n, Where ¢ is the material’s angle of shearing
resistance. This relation is the well-known Coulomb’s shear failure criterion. The
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strength characteristics of granular materials are frequently determined experimentally
by means of triaxial and plane strain compression tests under drained conditions. In
both testing procedures, the minor principal effective stress ¢ 3 is held constant while
0’1 increases, due to the imposed increments of displacement or force, until it reaches
the maximum value ¢ 1p at failure; note that the material fails when stress ratio n = q /
p’'orsingp= (6'1—0'3) /(6’1 + 6’3) becomes maximum. In this case, Mohr’s failure
criterion suggests:

sing =t % (2.25)

01,103

Notice that Coulomb’s criterion, expressed by Eq. 2.1, is a shear plane based
formulation of failure condition, while Mohr’s criterion, expressed by Eq. 2.25, is a
principal stress space based formulation (Fu and Dafalias 2011a, Tong et al. 2014).
Nevertheless, it is common in soil mechanics practice to convert the one criterion into
the other and use the so-called Mohr - Coulomb failure criterion. The graphical
representation of the Mohr - Coulomb criterion is shown in Fig. 2.51c. The Mohr’s
circle expands, as o1 increases, until it touches the failure line which is a boundary to
the admissible stress states. Note that both stress ratios tan ¢ and sin ¢ can be
determined using the Mohr’s circle shown in Fig. 2.51c. The material is assumed to
fail on the plane of maximum stress obliquity, along which the maximum ratio z/ ¢’n
is mobilised. The slope of the failure line is (z / o ’n)max OF tan ¢; the shear and normal
stresses acting on the failure plane are given by the coordinates of the point at which
the circle touches the failure line (point a in Fig. 2.51c).

Let us consider the case in which the material tested exhibits fabric anisotropy. The
tilting angle, 4, is defined as the angle between the bedding plane of the granular
material and the plane on which the principal stress ¢’1 acts, as shown in Fig. 2.51a.
The tilting angle ¢ is substantially the same as the angle & defined in Fig. 2.46,
ranging between 0° and 90°. As has been already presented, if a granular material
with tilted bedding planes is subjected to drained plane strain compression the failure
stress ratio (or the failure major principal stress o'1p) is strongly dependent on ¢ (see
Fig. 2.43a). Consequently, in many studies the angle of shearing resistance is
suggested to be a function of ¢ and is expressed by reorganising Eg. 2.25 to yield:

M] (2.26)

. 1
(0 )=sin (O‘lp(é)jLo"s
However, Fu and Dafalias (2011a) pointed out that the applicability of Eq. 2.26 to
anisotropic materials needs careful consideration because some noteworthy
assumptions are implied. Specifically, it is assumed that along any potential failure
plane the maximum feasible shear stress, zp, is proportional to the normal effective
stress, o', Via the relation 7, = tang o’n, where the angle of shearing resistance, ¢,
depends on J; ¢ does not depend, though, on the inclination of the actual failure plane
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with respect to the bedding plane. Secondly, it is assumed that failure occurs when the
mobilised stress ratio T / ¢ 'n» becomes equal to tan ¢ in any plane.

Concerning these assumptions, Fu and Dafalias (2011a) stated that “for materials with
anisotropic strength characteristics, shear strength is apparently dependent on the
orientation of the potential shear plane with respect to the bedding plane, but such
shear plane does not have to coincide with the plane of maximum stress obliquity”
(see also Roscoe 1970, Vardoulakis et al. 1978, Vardoulakis 1980); note that the
terms shear plane and failure plane are used interchangeably. For example, in Fig.
2.51b the maximum stress obliquity plane (a - a) is displayed together with two other
potential failure planes (b - b and c - ¢). Failure actually occurs on the plane along
which the mobilised stress ratio 7 / o ’» first reaches the maximum feasible stress ratio
7o/ o’n which in fact depends on the orientation of the potential failure plane with
respect to the bedding plane. Consequently, a — a plane is not necessarily the failure
plane even though on this plane the mobilised stress ratio 7 / ¢’y is higher than that
corresponding to the other planes. This is because the maximum feasible stress ratio zp
/ o’n (i.e. the strength in terms of stress ratio) on a - a plane may be greater than that
on the other planes in a higher extend (Fu and Dafalias 2011a).

Fu and Dafalias (2011a) described the orientation of the bedding plane with respect to
the failure plane by means of the inclination angle, w (or wv), which is the angle that
the failure plane should rotate in the direction of shear (clockwise or counterclockwise)
in order to coincide with the bedding plane. The inclination angle y has values in the
range between 0° and 180°; Figure 2.52 shows how the inclination angle v is defined
and highlights its usage in geotechnical analysis and design. For example, in the
analysis of foundation bearing capacity (Fig. 2.52a) and slope stability (Fig. 2.52b)
problems the failure plane is known or assumed and the normal effective stresses
acting along it can be approximately calculated based on the current conditions
(though, the previous stress - strain history also influences these stresses, as indicated
by Tavenas et al. 1980), while the principal stresses in the soil body are typically
unknown. Consequently, a failure criterion based on y instead of ¢ is preferable.
Moreover, Tatsuoka et al. (1990) reported two types of shear bands in laboratory
testing, namely the A-type and B-type shear bands shown in Fig. 2.51d, which cannot
be distinguished if the failure criterion is formulated in principal stress space; this
means that it cannot be predicted whether the failure plane (shear band) in a triaxial or
plane strain compression test points upwards of downwards from left to right. Finally,
Desrues et al. (1985) stated that localisation of strain (shear banding) occurs rather
inevitably at large strains thus the deformation of sand masses bifurcates ultimately
into the plane strain mode, irrespective of the initial boundary conditions, justifying
the usage of a shear plane based failure criterion.

Fu and Dafalias (2011a) performed 2D DEM simulations of direct shear and biaxial
compression loading on assemblies of ellipse-shaped particles. The fabrication of the
master pack from which the various specimens were “trimmed out” was carried out
by pluviating the particles under gravity and achieving a strong bias in the orientation
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of the long axes of particles. The master pack was homogeneous in terms of void ratio
distribution and exhibited strong fabric anisotropy since most of the long axes of
particles were aligned parallel to the horizontal. The results of the numerical
fabrication process are shown in Fig. 2.53. Afterwards, the master pack was rotated
counterclockwise by an angle y and a specimen appropriate for direct shear testing at
this value of y was trimmed out in a horizontal direction, as can be seen in Fig. 2.54.

Numerous direct shear tests were performed by Fu and Dafalias (2011a) at various
inclination angles y under two different normal effective stresses o ’n. Selected results
are shown in Fig. 2.55 in the form of plots of the mobilised stress ratio z / ¢’» and
volumetric strain &, versus the horizontal relative displacement of the two virtual
loading walls (Fig. 2.54b). The fundamental behavioural patterns of granular
materials were reproduced in the 2D DEM simulations: the peak value of the stress
ratio, 7o/ o’n, was found to depend on y, while the ultimate value was not; higher
value of 7,/ ¢’» was associated with higher peak dilatancy rate and higher ultimate
dilation; after the peak state was reached, a softening behaviour was occasionally
evidenced towards the ultimate state. The response in terms of evolution of the stress
ratio with shear distortion for a given inclination angle y was the same for the two
different normal effective stresses. It is worthy to note that the maximum value of z,/
o’n is exhibited when y = 115°, instead of 90°, while the minimum value of 7,/ ¢'n is
exhibited when y = 60°, instead of 0°.

Figure 2.56 shows the variation of the peak stress ratio 7,/ ’n with the inclination
angle y in linear and polar coordinates system reported by Fu and Dafalias (2011a).
Strong anisotropy in the strength characteristics is evidenced, with the maximum and
minimum values of 7, / ¢’n corresponding to y = 115°and y = 60°, respectively.
Similar findings were reported earlier by Mahmood and Mitchell (1974) and Guo
(2008), who used modified direct shear apparatuses to test physical granular materials
with tilted bedding planes. Mahmood and Mitchell (1974) tested specimens with y =
0° and y = 90°, and found that the latter exhibited much higher shear strength than the
former. Guo (2008) performed direct shear tests on specimens with w varying
between 0° and 90°, and found a minimum of strength at y between 30° and 45°,
depending on the type of sand tested, void ratio and stress level. The maximum
strength was always exhibited at y = 90°. Guo (2008) did not perform tests at y > 90°,
presumably due to the false hypothesis that the strength variation with w is
symmetrical about the vertical axis of w = 90° (Tong et al. 2014). However, the
distribution tan ¢p(y), shown in Fig. 2.56, is neither symmetrical nor anti-symmetrical
about a vertical axis, though it is periodic with the prime period of z (i.e. 180°) (Tong
et al. 2014).

The distribution of peak stress ratio with y, shown in Fig. 2.56, indicates that a shear
failure criterion for granular materials with inherent fabric anisotropy can be
formulated in the following equation:
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T

r=tanfo(y)]

o

(2.27)

Equation 2.27 states that “there exists a unique association of the failure stress ratio
acting on a shear failure plane, with the inclination angle y of the original bedding
plane with respect to the shear plane” (Fu and Dafalias 2011a). In this way, the failure
criterion accounts for the kinematics of the failure mechanism instead of considering
only the stresses in the principal stress space; this is achieved by comparing the
mobilised stress ratio 7 / ¢’ and the maximum feasible stress ratio 7,/ ¢’» on each
kinematically viable failure plane.

Fu and Dafalias (2011a) checked the peak strength prediction in accordance to Eq.
2.27, which was based on numerical simulations of direct shear loading, against the
results from numerical simulations of biaxial compression loading. The specimen
preparation method, consolidation and shearing process in the biaxial compression
tests are shown in Fig. 2.57. Note that the tilting angles ¢ of the specimens tested
varied between 0° and 90° due to the symmetry of biaxial stress conditions, as can be
seen in Fig. 2.57a. The variation of the peak stress ratio ¢ '1p/ ¢ ’3 with the tilting angle
o0 is shown in Fig. 2.58: the results from the biaxial compression tests are in good
agreement with the predictions based on the results from direct shear tests. The peak
stress ratio firstly decreases and then increases slightly with ¢, exhibiting a minimum
at o = 60°. It should be noticed that the minimum strength is exhibited at the same
value of yw = 60° and ¢ = 60° (Fig. 2.56 and 2.58) in the simulations of direct shear
and biaxial compression loading, respectively, only by coincidence. Different
mechanisms are responsible for the minimum strength in each case. For example, in
the case of biaxial compression loading the maximum stress obliquity plane coincides
with the bedding plane when 6 = 60°, resulting in low strength because sliding occurs
more easily along the bedding plane (Matsuoka 1974, Matsuoka and Ishizaki 1981,
Tatsuoka et al. 1986b, Miura et al. 1986, Nakata et al. 1998, Lade et al. 2014).

The results from the simulation of biaxial compression loading on the specimen with
a tilting angle of o = 30° are shown in Fig. 2.59 (Fu and Dafalias 2011a). Specifically,
Fig. 2.59a shows the calculated mobilised stress ratio z / o’y on all potential failure
planes for two values of o1/ o3, together with the predicted peak stress ratio 7,/ ¢'n at
the same potential failure planes, determined using Eq. 2.27 fitted to the results from
direct shear tests. The loci of equal mobilised stress ratio are plotted against y and g,
the latter of which is the angle between the horizontal and the potential failure plane,
called the shear plane angle. The graphical definition of angle g is shown in Fig. 2.60,
while Eq. 2.28 gives the relation between ¢, £ and y:

o-p if 0<p<o
w=4180°+5—p if 6<B<90° (2.28)
B—o if 90°<p<180°
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As can be seen in Fig. 2.59a, failure is predicted to occur at 6’1/ ¢’3= 3.97 along the
shear plane with g = 113°, which is close but not identical to one of the maximum
stress obliquity planes. The corresponding inclination angle of the bedding plane is y
= 83° (reported by mistake equal to 73° in the original text by Fu and Dafalias 2011a).
Moreover, the plane with £ = 58° is on the verge of failure, since the mobilised stress
ratio is z / o’n = 0.98 75/ o’n. The plane with # = 58° is thus termed the secondary
failure plane, with the primary being the one with g = 113°. It is noted that the
secondary failure plane is close but not identical to the second maximum stress
obliquity plane. The predictions are in very good agreement with the results from the
biaxial compression test, as the material actually failed at o’1/ o’3 = 3.84, which is
only 3% lower than the predicted value of 3.97; moreover, the inclination of the
primary and secondary failure plane observed in the biaxial compression test (Figs
2.59b to e) agrees remarkably well with the predicted value in each case. The
simulation also showed that the secondary failure plane dominates the localisation
pattern at large strains, a phenomenon observed in physical experiments and reported
by Desrues et al. (1996) and Desrues and Viggiani (2004).

The failure criterion proposed by Fu and Dafalias (2011a), which was based on 2D
DEM simulations of direct shear tests, predicts accurately the failure stress ratio and
orientation of the failure planes of a granular material with inclined bedding planes,
subjected to virtual biaxial compression. However, the success of the criterion and
DEM simulation techniques was far more than that. Tong et al. (2014) performed
physical direct shear tests on two sands and one blend of glass beads and validated the
DEM predictions concerning the variation of peak stress ratio in the full range of
bedding plane orientations with respect to the failure plane. Specifically, the DEM
prediction that the peak stress ratio is attained for y beyond 90°, a fact that is
somewhat counterintuitive and not reported in literature at the time of predicting, was
verified by the physical direct shear tests carried out subsequently. This event is called
an A-class prediction.

For the sake of History of Science, we note that possibly the most famous A-class
prediction was made by Albert Einstein in 1915 when he published his work on
General Relativity. General Theory of Relativity (GTR) is the geometric theory of
gravitation which generalises Newton’s law of Universal Gravitation (Isaac Newton
1687) and states that gravity is a geometric property of space and time. GTR
predicted that a beam of light is bent when it passes next to an object with big mass
due to the curvature induced in the spacetime by that mass. The prediction was
verified at the eclipse of 1919 by Eddington (Hobson et al. 2006). Regarding Soil
Mechanics, another famous A-class prediction was made by Vardoulakis et al. (1978),
a few years after Roscoe’s historical lecture (Roscoe 1970; Tenth Rankine Lecture);
Vardoulakis et al. (1978) predicted theoretically and verified experimentally the effect
of non-coaxiality on the inclination angle of shear band and showed that Coulomb’s
and Roscoe’s solutions are actually two extreme cases depending on the degree of
non-coaxiality (see also Arthur et al 1977b, Vardoulakis 1980). It is noted that one of
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the aims of the present study is to validate the prediction made by Dafalias (2016)
which states that the sand will contract plastically if the stress principal axes are
rotated at critical state while keeping the effective stress principal values constant.

The results from the physical direct shear tests performed by Tong et al. (2014) are
shown in Figs 2.62 to 2.67. Tong et al. (2014) investigated the behaviour of Fujian
sand, mica sand and a blend of glass beads. The scanning electron microscope images
of the grains as well as the gradation curves of the materials are presented in Fig. 2.61.
The influence of the bedding plane inclination angle w, on peak friction angle ¢, for
all the granular materials tested is shown in Fig. 2.62. The variation of ¢, with y for
the 2D virtual material used in the DEM simulations of direct shear tests performed
by Fu and Dafalias (2011a) is also shown, for qualitative comparison. It is apparent
that the novel findings of the latter authors are verified physically since the maximum
op 1S exhibited for y, beyond 90° in all cases expect of glass beads. The actual values
of yp corresponding to maximum and minimum ¢, depend mainly on the shape,
surface texture and angularity of the material grains. However, both the natural
materials and artificial material exhibited w, - ¢ curves that have an ascending
segment followed by a steeply-descending segment. The strongly anisotropic
characteristics of the packing of almost spherical glass beads, which demonstrated a
difference between the maximum and minimum ¢, equal to 6°, are notable (Fig.
2.62d).

Figure 2.63 shows the stress ratio 7 / ¢’y and vertical displacement oy plotted against
the horizontal displacement on for mica sand sheared at ¢’ = 150 kPa (Tong et al.
2014); it is noted that the relative vertical and horizontal displacements of the two
shear boxes are related to the volumetric and shear strain, respectively, hence the
slope dov/ don is a measure of dilatancy (see Eq. 2.8b). It is apparent that the bedding
plane inclination angle wy affects significantly the evolution of the stress and
dilatancy ratio until the peak state is reached. The maximum peak stress ratio for mica
sand is exhibited for y, = 120° and the concurrent peak rate of dilation demonstrates a
maximum value as well. Mica sand is not at the ultimate material state when shearing
is terminated at onh = 7.2 mm. However, the stress ratio curves show a trend to
converge into a unique line, irrespective of the initial bedding plane inclination angle.
This trend indicates that the behaviour of sand at ultimate state is governed by the
intrinsic characteristics of the material, while the initial fabric characteristics have
been altered dramatically (see also Sadrekarimi and Olson 2011 and 2012).

Figure 2.64 shows the 7/ ¢’n- onh and v - o curves for Fujian sand sheared at o’» = 300
kPa (Tong et al. 2014). The behaviour of Fujian sand is qualitatively similar to the
behaviour of mica sand, yet, some differences are apparent due to the different
physical and morphological characteristics of their grains. The peak stress ratio in the
case of Fujian sand is reached at lower Jn than in the case of mica sand; however, in
both cases the influence of the bedding plane inclination angle y» on the displacement
on corresponding to peak state is minimal. Tong et al. (2014) suggested that this
behavioural pattern is due to the variation of the thickness of shear band, which is a
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function of the mean grain dimension dso (Roscoe 1970, Mihlhaus and Vardoulakis
1987, Oda et al. 1998, Oda and Kazama 1998). Higher value of dso means wider shear
band and, consequently, larger shear displacement is required to reach the peak state.
It is also apparent that the mobilised peak stress ratio depends on wn, while the
ultimate stress ratio does not. However, in some tests, the severe distortion of
specimen at large displacements and, possibly, the tilting of the loading plate lead to
an increase in stress ratio and decrease in volume. Fujian sand exhibits the maximum
peak stress ratio for wn = 105°, while it exhibits two local minimums of z/ ¢’ for yn=
30° and 150°; the peak dilatancy rate and ultimate dilation are, also, maximum for yy
= 105°.

Figure 2.65 shows the 7/ ¢’ - on and oy - on curves for the glass beads blend sheared at
o’n = 150 kPa (Tong et al. 2014). Despite the high sphericity of glass beads, this
granular assembly exhibits strong anisotropy. The peak stress ratio, peak dilatancy
rate and ultimate dilation depend on wp; the difference between maximum and
minimum ¢p is 6°. The blend of glass beads exhibits the maximum peak stress ratio
for ywp=90°, while it exhibits two local minimums of z/ ¢’ for wp = 15° - 30° and yp=
165°; the peak dilatancy rate and ultimate dilation are, also, maximum for y, = 90°.
The peak state is reached at on < 1 mm because the value of dso is low, hence, the
thickness of shear band is small. Moreover, the grain interlocking is weak because the
grains have smooth surface and spherical shape, thus, the dilatancy rate reaches
quickly its peak value.

Figure 2.66 shows the value of ¢p - p,™" plotted against yy in a polar coordinates
system for the three sands tested by Tong et al. (2014), in order to highlight the
influence of particle sphericity, roughness and angularity on the direction dependent
component of ¢p. The radial coordinate is gp - ™", while the angular coordinate is s
An interesting conclusion drawn by Tong et al. (2014) is that “the particle shape but
not surface texture determines the degree of dependency of shear strength on loading
direction”. The flaky shape of the grains of mica sand corresponds to a high value of
the difference ¢p - @p™", equal to almost 10°, while the more spherical shape of the
grains of Fujian sand and glass beads corresponds to a lower value of around 5°,
irrespective of the different degree of surface roughness and angularity that
characterises the latter two materials. On the other hand, Tong et al. (2014) pointed
out that the surface texture does affect the absolute value of peak and ultimate shear
strength, as can be seen in Figs 2.63, 2.64 and 2.65.

The mobilised friction angle and dilatancy angle are quantitatively related by the
equation proposed by Bolton (1986):

¢, =@, +0.8-yd™ (2.29a)

where ¢y is the peak friction angle, ¢r is the residual friction angle at ultimate state
and wg™ is the maximum angle of dilation, calculated from the results of drained
plane strain compression tests using the following equation:
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. & +E
Wy = arcsin2—=2
& — &,

(2.29b)

where ¢, and &, are the major and minor principal strain rates, which correspond to the

increments of vertical and horizontal strain, respectively. Notice that Eq. 2.29b can be
applied, also, with a minus sign in the numerator of the fraction, in accordance with
the convention for the positive strain rates used. Tong et al. (2014) found that Eq.
2.29a is valid qualitatively when direct shear tests are performed on specimens with
different bedding plane inclination angles wy. Specifically, they found that the
maximum dilation angle yq™ and the angle difference ¢p - ¢r show similar variation
trends with yp, as can be seen in Fig. 2.67.

2.7 EFFECTS OF THE DIRECTIONAL CHARACTERISTICS OF
FABRIC ON THE STIFFNESS OF SANDS

The dependence of elastic stiffness moduli on void ratio, e, and mean effective stress,
p’, has already been discussed in Section 2.3 and microscopic mechanisms that may
explain this dependence have been presented. In the present section, the effects of
fabric anisotropy on the elastic stiffness moduli are discussed. It can be reasonably
suggested that both inherent and induced fabric anisotropy affect these moduli. For
example, gravity deposited sand demonstrates a fabric with the contact normals
oriented more densely, in the statistical sense, along the vertical direction and more
sparsely along the horizontal. This means that the vertical Young’s modulus, Ey, is
higher than the horizontal Young’s modulus, En, even under isotropic stress
conditions, because the small increment of macroscopic stress do’ is distributed as
increment of intergranular stress at more contacts when the direction of do’ is vertical.
Moreover, if sand is loaded to attain an anisotropic stress state by increasing ov’, let it
be o’v / o’h> 1, then the initial fabric is altered as new contact normals appear in the
vertical direction and existing contacts disappear in the horizontal (Oda 1972b).
Consequently, the stress-induced anisotropy, which is related to the condition ¢’v/ ¢’n >
1, causes the ratio Ey/ En to increase further. Some of the experimental techniques
used to measure the ratio Ey/ Enare discussed next.

Jiang et al. (1997) and Hoque and Tatsuoka (1998) tested various granular materials
in a specially designed triaxial apparatus, equipped with sophisticated instrumentation
for measuring local strains of very small values (< 0.001%), in order to measure the
horizontal and vertical elastic moduli. This instrumentation included linear variable
displacement transducers (LVDTs) located outside the triaxial cell, vertical and
horizontal gap sensors (GSs) located on the cap and the side surfaces of the specimen,
and vertical and horizontal local displacement transducers (LDTs) (Goto et al. 1991)
located on the four side surfaces of the prismatic specimen. The instrumentation and
prismatic specimen are shown in Fig. 2.68. Jiang et al. (1997) performed small
amplitude stress cycles (drained) on Chiba gravel material, by means of applying
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cyclic stress increments either in the vertical direction (+do’y # 0 and do’h = 0) or in
the horizontal direction (+ do’h# 0 and do v = 0). Five stress cycles were performed at
various isotropic and anisotropic stress states shown as circles with a cross in the
centre in Fig. 2.69. At each stress state, the gravel material was aged for around 30
minutes or more. One triaxial compression (TC) test was, also, performed at constant
o’n = 29 kPa by increasing o’y until the failure state was reached. During the TC
loading process small amplitude stress cycles were performed at various intermediate
stress states, without allowing ageing to occur.

The definitions of the elastic moduli and Poisson’s ratios in the studies by Jiang et al.
(1997) and Hoque and Tatsuoka (1998) are based on the assumption of cross-
anisotropic material, with a vertical axis of rotational symmetry. The Young’s
modulus Ey and Poisson’s ratio wh are acquired by small cyclic stress increments
along the vertical direction as follows:

do.

E, = s (2.30a)
d

Vir =~ —d‘z“ D0 (2.30b)

The lateral strain of an elastic cross-anisotropic material subjected to simultaneous
changes do v and do 1 is given by the following equation:

de, = (ij-da;j —(Vﬂj-da'h —(Vﬂj-da; (2.31)
Eh Eh EV

In the case of lateral stress cycles the condition do’y = 0 holds so the following
equations are obtained:

E,=F-(1-vy) (2.32a)
F = (dﬂ) (2.32b)
dgh do, =0

where vnn is the Poisson’s ratio that expresses the expansion along one horizontal
direction when a normal stress increment causes contraction along the other
horizontal direction; notice that the independent control of ¢’y and &’» along the two
horizontal directions is required to apply simultaneously the conditions of do’h # 0
and do’y = 0. However, the stresses ¢’y and ¢’ along the two horizontal directions can
be controlled independently in the true triaxial or hollow cylinder apparatus but not in
the triaxial apparatus used by Jiang et al. (1997). On the other hand, the square
prismatic triaxial specimen used by Jiang et al. (1997) (Fig. 2.68) has numerous
advantages that can be found only partly in the case of true triaxial or hollow cylinder
apparatus (Hight et al. 1983, Zdravkovic and Jardine 1997). For example, the
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compliance and bedding errors, as well as the membrane penetration errors, are fully
eliminated when local instrumentation is set up in the way shown in Fig. 2.68.
Lacking the capability of controlling independently the two horizontal stresses, the
terms vnn, vy and En are calculated unavoidably based on assumptions (see Jiang et al.
1997 and Hoque and Tatsuoka 1998). Nevertheless, the terms Fn and un are
determined by linear regression of data from the five small amplitude stress cycles, as
shown in Fig. 2.70, where uny is given by the equations:

de,
o =g e (2:33)
2v,
[y, = ——— (2.33b)
" (1-vy)

Figure 2.70 shows that the material response is approximately linear elastic when the
single-amplitude strain is esa < 0.001% (Jiang et al. 1997). The measurement of
extremely small displacements dictates the necessity to eliminate the compliance and
bedding errors, as well as membrane penetration errors. Figure 2.71 shows the ¢’y - &y
and o'h - en response curves when the material is subjected to isotropic loading -
unloading that induces strain of the order of magnitude 0.1%. The solid lines
represent the two response curves produced by the most accurate measurements
provided by the LDTs; stiffer response is evidenced along the vertical direction due to
the inherent anisotropy of fabric. The broken line representing the o’y - &y curve is
determined from the GS measurements, which suffer from bedding error that causes
overestimation of strain, while the dotted / broken line representing the o' - &y curve is
determined from the external LVDT measurements, which suffer from both bedding
and compliance errors that cause significant overestimation of strain. The dotted line
representing the o1 - en curve is determined from the GS measurements, which suffer
from the penetration of membrane that supports the taped plate of the gap sensor into
the voids of the coarse grain material. It is obvious that testing prismatic square
triaxial specimens with horizontal LDTs (Fig. 2.68) mounted on the vertical
boundaries of the prism is an advantageous technique concerning the accuracy in the
determination of small strains.

Figure 2.72 shows the Young’s moduli Ey, Fn and En and Poisson’s ratio wn at
isotropic stress states (Jiang et al. 1997). The value vin = 0.24 is assumed in order to
determine En as a function of the measured Fn (Eq. 2.32a). The normalising factor
proposed by Hardin and Richart (1963), f(e) = (2.17 - €)2/ (1 + ), is used to make the
results from tests on specimens with different void ratios comparable. Two types of
results are shown: the first corresponds to (small amplitude) stress cycles performed at
isotropic stress states before any stress cycles are performed at anisotropic stress
states, while the second type corresponds to stress cycles performed at isotropic stress
states after similar stress cycles are performed at anisotropic stress states. It is
apparent that both moduli E, and En are stress dependent, having values proportional
to o’y %%% = ¢ %2 = p’ 952 (see also Eq. 2.5), while wy is independent of mean
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effective stress; both the stiffness moduli and Poisson’s ratio are independent of the
previous stress history applied at anisotropic states. The most important result is that
the ratio Ey/ En is around 2.2 indicating the significant effect of inherent anisotropy on
the small-strain stiffness of gravel.

Figure 2.73 shows the plot of E,/ f(e) against ¢, for the values of E, acquired by
means of small amplitude stress cycles at isotropic and anisotropic stress states,
imposed after a short period of ageing (Jiang et al. 1997). The black line displays the
average trend in the variation of E, when the stress cycles are performed at isotropic
stress states, while the various hollow symbols correspond to the results when the
stress cycles are performed at anisotropic stress states. Moreover, the values of Ey
acquired when the stress cycles are performed at anisotropic states during TC loading,
without previous ageing, are indicated by black solid squares. Similarly, the plot of Ex
/ f(e) against o’n is displayed at isotropic stress states, with the average trend shown
by a broken line, and at anisotropic stress states, with the results indicated by hollow
symbols; ageing was not allowed in both cases. It is apparent that the modulus Ey
measured after ageing at each stress state is proportional to ¢’y >*°and independent of
o ’n, While the modulus En is proportional to ¢’» “*° and independent of ¢ . This means
that the ratio E,/ En increases in proportion to (¢v/ o) >, as can be seen in Fig.
2.74, indicating the effect of stress-induced anisotropy.

Another important observation in Fig. 2.73 is that the value of E, acquired at
anisotropic stress states without any previous ageing is similar to the value acquired at
the same states after ageing when o'v/ o’h < 2 (and ¢’y < 100 kPa; see also Fig. 2.69).
However, as the stress ratio oy / o’h increases while the gravel is sheared towards
failure, the value of E, acquired without ageing at a given ¢’v> 100 kPa is lower than
the value acquired at the same o’y (but different o’n) after ageing (see black solid
squares at states with high ¢’ in Fig. 2.73). Jiang et al. (1997) suggested that “this
behaviour is due to the damage induced to fabric by shear deformation and recovery
from the damage by ageing”.

2.8 EFFECTS OF THE DIRECTIONAL CHARACTERISTICS OF
FABRIC ON THE DILATANCY OF SANDS

Although the direction of loading with respect to the normal to the bedding plane has
been acknowledged as a factor affecting the dilatancy ratio, D := de/®/ deq®, of cross
anisotropic sands (Oda 1972b, Tatsuoka 1976) it has been the consensus for many
years that the stress — dilatancy relationship does not depend strongly on fabric
anisotropy (Taylor 1948, Rowe 1962, Schofield and Wroth 1968, Roscoe and Burland
1968: for clays, Oda 1972b, Tatsuoka 1976, Nova and Wood 1979, Wood 1990,
Gutierrez et al. 1993, Wood et al. 1994, Gutierrez and Ishihara 2000, Gutierrez and
Vardoulakis 2007). Few past studies have indicated that the stress — dilatancy
relationship indeed depends on fabric anisotropy (Tatsuoka et al. 1986b, Lam and
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Tatsuoka 1988), a fact that has been well documented by recent studies (Li and
Dafalias 2002, Dafalias and Manzari 2004, Dafalias et al. 2004, Wan et al. 2010, Li
and Dafalias 2012). A detailed discussion on this subject is presented in Chapter 3.

2.9 STRAIN LOCALISATION EFFECTS ON THE EVOLUTION OF
FABRIC INHOMOGENEITY AND ANISOTROPY

The ideal loading test on a soil specimen involves a uniform deformation field
attained by means of uniform stressing of a homogeneous material. However, the
fabric of soils is not perfectly homogeneous while inevitable stress and strain non-
uniformities develop during testing due to boundary conditions effects. Refinements
in the boundary conditions and achievement of practically homogeneous fabric cannot,
in fact, prevent the development of non-uniform strain fields which means that the
loss of homogeneity may occur spontaneously in granular materials (Vardoulakis
1979, Vardoulakis 1983, Hettler and Vardoulakis 1984, Papamichos and Vardoulakis
1995); in this case, strains begin to concentrate at subliminal imperfections causing
failure that spreads to other soil elements progressively while the existence of stronger
imperfections can only intensify this tendency. A characteristic example is that of a
triaxial compression test on a cylindrical soil specimen using enlarged and lubricated
end platens (Bishop and Green 1965, Drescher and Vardoulakis 1982): although the
deformation is practically uniform at low strains the specimen barrels or bulges at
higher strains and zones of localised shear strain (shear bands) may appear ultimately,
at very high strains.

As far as the deformation of the specimen remains diffuse (non-localised) and
homogeneous the global behaviour of the specimen under stable conditions can be
considered representative of the elemental (constitutive) behaviour of the soil material
since the different elements inside the soil mass deform in the same way; the global
behaviour is observed by means of the measurement of displacements, volume
changes, pressures and forces at the boundaries of the specimen. On the other hand,
after the occurrence of strain localisation the global behaviour becomes nominal
because the local behaviour inside the shear band is different than that outside the
shear band and the measured mechanical quantities at the specimen’s boundaries do
not represent either (Casagrande and Watson 1938, Roscoe 1970, Vardoulakis et al.
1978, Vardoulakis and Sulem 1995, Desrues et al. 1996, Georgiannou and Burland
2006, Fu and Dafalias 2011a and b). The shear bands, which are also called failure
surfaces or rupture surfaces of shear surfaces of slip surfaces, are formed in physical
and numerical experiments as well as in the field (see Figs 2.27, 2.52 and 2.59)
though there have been reported cases in which soils fail in a seemingly diffuse mode
(Castro 1969, Lade et al. 1988, Chu et al. 1992, Desrues and Georgopoulos 2006,
Nicot and Darve 2011, Jiang et al. 2017, Wang et al. 2017).
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Figure 2.27 shows the sole shear plane which was formed in an assembly of uniform
rigid spheres subjected to triaxial compression (under vacuum confinement) by Rowe
(1962). On the other hand, Fig. 2.59 shows the progressive formation of many parallel
and conjugate (i.e. approximately symmetrical about the vertical o’1-axis) shear
planes in the DEM simulation of biaxial compression of a granular material
performed by Fu and Dafalias (2011a). The zones of concentrated strain that
correspond to the shear planes are identified in this study as areas of increased particle
rotation because at the shear band boundaries the gradient of particle rotation is
particularly high (Oda et al. 1982, Muhlhaus and Vardoulakis 1987, Oda and Kazama
1998, Oda et al. 1998, Hall et al. 2010a). A similar phenomenon is observed at the
interface of soil layers with different stiffnesses penetrated by a pile when a seismic
event occurs, i.e. strain and stress is induced kinematically, due to the increased
curvature, at the layers’ interface (Kavvadas and Gazetas 1993). In other studies, the
zones of shear strain localisation are recognised also as zones of intense dilation
(Desrues et al. 1996, Fu and Dafalias 2011b). Apparently, the shear bands in granular
materials can be viewed as zones of intense evolution of the directional and non-
directional characteristics of fabric.

Figure 2.75 illustrates the concept of failure and shear banding in soil materials.
According to Coulomb’s failure criterion (Eq. 2.1), the soil fails when the stress ratio
7/ o’n along the maximum stress obliquity plane reaches the peak value tan ¢, where ¢
is the angle of shearing resistance. The maximum stress obliquity plane makes an
angle of Oc = 45° + ¢/ 2 with the direction of the minor principal stress 3. Coulomb’s
theory states that the shear band is formed along the direction c when the peak
failure state is reached. However, it is frequently suggested that the narrow shear band
is distinct in dense sands only, while in loose sands a diffuse distribution of parallel
and conjugate shear planes develops. The inclination of shear band has been
extensively investigated in the literature, for example, Fu and Dafalias (2011a)
showed that the shear band does not necessarily coincide with the plane of maximum
stress obliquity due to the effects of the inherent anisotropy on the shear strength of
granular materials, as discussed previously in Section 2.6.

Roscoe (1970) was among the first to state that the inclination of the shear band
should be related to the plastic flow rule of the granular material (Vardoulakis et al.
1978); Roscoe (1970) assumed that St. Venant’s (1870) rule of coaxiality between the
principal directions of stress and plastic strain rate is valid at failure under simple
shear loading and proposed a solution for the shear band inclination angle, 6r, with
respect to the direction of the g3-axis given by the following equation:

0, =45°+v/2 (2.34)

where the term v is the angle of dilatancy (at failure), which defines the direction of
plastic flow (see Section 2.4). The dilatancy angle is given by the following equation
(Hansen 1958) that corresponds to biaxial conditions (see also Eq. 2.29b):
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where & and &' are the rates of the principal plastic strains. In the case of simple

shear loading the ratio of the rate of the plastic normal strain along the vertical
direction over the rate of the plastic shear strain corresponding to the distortion of the
specimen’s boundaries is equal to sin v. Roscoe’s equation (Eq. 2.34) indicates that
the rupture surfaces in sand masses coincide with zero-extension lines. This statement
was based on experimental evidence from simple shear tests performed at Cambridge
(Roscoe et al. 1967, Cole 1967); the application of radiograph techniques in simple
shear tests (Coumoulos 1968) revealed horizontal dark bands of concentrated shear
strain and validated Roscoe’s suggestion. Two superimposed radiographs of dense
sand with embedded lead shots subjected to simple shear loading are shown in Fig.
2.76. It is noted, though, that the horizontal direction corresponds perforce to a zero-
extension line in simple shear testing.

Vardoulakis et al. (1978) carried out a bifurcation analysis of the results from drained
biaxial compression tests on both dense and loose sand. A specially designed biaxial
apparatus was used in order to impose boundary conditions that allow the occurrence
of the bifurcation modes shown in Fig. 2.77. The specimen is seated on a bottom plate
which, in turn, is placed on a roller bearing, while the cap plate is either clamped or
hinged at the loading piston, as shown in Fig. 2.78. The roller bearing allows the free
relative movement of the two parts of the specimen after the formation of the shear
band while the measurement of the dilatancy angle inside the shear band can be
achieved using a hodograph. Vardoulakis et al. (1978) reported that shear banding
occurred spontaneously (out of subliminal imperfections, under uniform strains) at
peak failure, for both dense and loose sand, and an almost plane failure surface was
formed. Vardoulakis et al. (1978) showed that Coulomb’s solution for the inclination
angle of shear band with respect to the g3-axis (i.e. 8c = 45° + ¢ / 2) constitutes an
upper bound corresponding to non-rotating principal stress axes. On the other hand,
Roscoe’s solution (i.e. 6r = 45°+ v / 2, see Eq. 2.34) constitutes a lower bound
corresponding to co-rotating principal axes of stress and strain rate during failure.
Vardoulakis et al. (1978) stated that both solutions can be correct theoretically and
experimentally, while intermediate inclination angles are also possible.

Vardoulakis (1980) studied the spontaneous occurrence of shear banding in the
biaxial (plane-strain) compression test on dry sand and reported that due to fail of the
normality rule the localisation of strain always occurs in the hardening regime (i.e.
pre-peak). Desrues et al. (1985) used the stereophotogrammetric method and verified
this observation, while Oda et al. (1978) reported that no shear band was observed at
peak failure of dense Toyoura sand (Dr= 90%) in plane-strain compression, though,
parallel shear bands were formed in the post-peak regime. Tatsuoka et al. (1990) used
the laser-speckle technique (Yamaguchi 1981) and observed that shear bands can be
formed in the pre-peak regime when sand is subjected to plane-strain compression,
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while the development of these bands become intense in the post-peak regime. Finno
et al. (1997) used the stereophotogrammetric method and observed that the stress state
at the onset of strain localisation under plane-strain compression is very close, yet,
precedes the peak state.Vardoulakis (1980) stated that “the theoretical solution of the
shear band inclination is a geometrical mean of the classical Coulomb and Roscoe
solutions”, which was also verified experimentally by Arthur et al. (1977b). The
equation for the shear band inclination angle with respect to the o3-axis proposed by
Arthur et al. (1977b) and Vardoulakis (1980) is:

0, =45°+%(¢p /2+4v,/2) (2.36)

where ¢p and vp is the angle of shearing resistance and dilatancy angle at peak,
respectively.

Finno et al. (1997) performed drained and undrained plane-strain compression tests on
loose sand and monitored the evolution of strains both globally and locally using the
stereophotogrammetric method. They found that shear banding occurs in loose sand at
an inclination angle between the Arthur - Vardoulakis’ and Coulomb’s solutions.
They also noticed that the local normal strain parallel to the shear band is essentially
zero, verifying Roscoe’s observation. Tatsuoka et al. (1990) suggested that for
inherently anisotropic sands the Arthur - Vardoulakis’ solution cannot be exclusively
used in any mode of loading (simple shear, torsional shear, plane-strain compression);
in these cases Coulomb’s, Roscoe’s and Arthur - Vardoulakis’ solutions are feasible,
while the bedding plane orientation with respect to the zero extension direction is an
important factor that influences the shear band inclination. On the other hand, Fu and
Dafalias (2011a) suggested that the bedding plane orientation with respect to the
kinematically viable shear planes is an important factor that determines the shear band
inclination.

Muhlhaus and Vardoulakis (1987) incorporated the principles of Cosserat’s Theory
into the framework of Bifurcation Theory and made predictions about the shear band
inclination and evolution of its thickness. In short, Cosserat’s (or micro-polar)
continuum theory is an extension of the classical continuum theories that includes the
couple stresses, defined as torque per unit area, together with the classical stresses,
defined as force per unit area. Cosserat’s theory describes the non-classical behaviour
of materials, which have at least one important length scale derived from the
microstructure, when localised deformation occurs, for example, in the case of shear
banding. Both the theoretical predictions of Mihlhaus and Vardoulakis (1987) and the
hypothesis of Roscoe (1970) concerning the shear band thickness in granular
materials were verified experimentally. Muhlhaus and Vardoulakis (1987) reported
that the shear band thickness is a small multiple of the mean grain dimension dso (=
16ds0). Roscoe (1970) had already suggested a value of around 10dso, while Oda and
Kazama (1998) reported a value of 7dso to 8dso, and Finno et al. (1997) measured a
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value ranging from 10dso to 25ds0. It is important to notice that the couple stresses
affect the development of the micro-fabric of shear bands (Oda 1993), and that the
importance of particle rotations inside the shear bands (Oda and Kazama 1998, Fu and
Dafalias 2011b) justifies the use of micro-polar models (Bardet and Prubet 1992,
Vardoulakis and Sulem 1995).

The study by Mihlhaus and Vardoulakis (1987) pointed out that the microstructure of
granular materials should be taken into consideration when shear banding is modelled.
The constitutive equations, in this case, should include a physical property with the
dimension of length (e.g. the length dso); otherwise, for continuum materials without
microstructure only the first gradient of deformation is used to describe straining and,
hence, the thickness of shear band cannot be predicted because the formulation of the
problem does not include a physical property with the dimension of length. Han and
Vardoulakis (1991) introduced a second distinct length scale which is derived from
the intrinsic permeability k of sand that governs fluid flow inside the saturated pores;
this formulation eases the mathematical modelling of water-saturated porous materials
with strain-rate sensitivity. According to the aforementioned studies, it is questioned
whether in the small-scale physical models a material with scaled-down grain
dimension with respect to the prototype material (e.g. powder used instead of sand)
should be used or not. Mihlhaus and Vardoulakis (1987) suggested that the effect of
microstructure can be described in numerical studies by a finite element method
incorporating Cosserat’s principles (see also Vardoulakis 1989, Vardoulakis and
Aifantis 1989, Vardoulakis and Aifantis 1991).

The relation between the mean grain size dso and the inclination angle of shear band
has been reported in past experimental studies. Arthur and Dunstan (1982) performed
plane strain tests on sand with isotropic initial fabric, attained by deposition along the
direction of o2, and reported that the shear band inclination angle increased from
Roscoe’s value 6r to Coulomb’s value Oc as the particle size decreased, or
equivalently as the specimen size in relation to the constituent particles increased.
Tatsuoka et al. (1990) and Mokni (1992) reported a similar behaviour. On the other
hand, Viggiani et al. (2001) performed drained plane-strain compression tests on
blends of a single-origin sand having different gradations and sizes of mean grain, and
reported that these factors cannot be related to the orientation of the shear band in a
simple and direct way.

What happens inside the shear bands is a fundamental question in Soil Mechanics and
Geotechnics, and the answers we seek are both qualitative and quantitative. As a
matter of fact, failure of geomaterials is frequently manifested in a localised mode of
straining. Desrues and Viggiani (2004) stated that “the phenomenon of shear banding
has quite a practical relevance, as stability and deformation characteristics of earth
structures are often controlled by the soil behaviour within the shear bands”.
Moreover, many elastoplastic constitutive models use a unique reference state, the so-
called Critical State, in order to simulate the behaviour of geomaterials under various
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stress and strain conditions. The critical state of sands is reached after intense
monotonic straining; consequently, it is possible that it can be reached only inside the
shear band, especially in the case of dense sands (Vardoulakis 1977). For these
reasons, it is essential to investigate the sand response inside the shear band.

Some qualitative hypotheses regarding the sand behaviour inside the shear band have
been reported throughout the years. Casagrande and Watson (1938) suggested that
after the localisation of strain in a sand specimen, the expansive volume change
measured globally takes place in the shear band only, thus, the evolution of the void
ratio in that domain is expected to be very substantial. Roscoe (1970) presented the
superimposed radiograph images shown in Fig. 2.76 and suggested that “the dark
band represents the rupture surface, in which the sand has dilated to the critical state”.
Vardoulakis (1977) stated that “for an overcritically dense sand the critical state
cannot be reached following an overall homogeneous deformation. The critical state
can only be reached inside the shear bands”.

Desrues et al. (1985) performed loading tests on dry dense sand using the true triaxial
apparatus and the biaxial apparatus; the main goal of their study was to investigate
qualitatively and quantitatively the strain localisation patterns of dense sand. The
biaxial apparatus was specially designed so photographs could be taken during the
deformation of the specimen and the stereophotogrammetric method could be applied.
The stereophotogrammetric method, firstly used in Grenoble by Beynet and
Trampczynkski (1977) who studied qualitatively the displacement fields in continuum
media, was developed further by Desrues and Duthilleul (1984) to obtain quantitative
results concerning the strain fields in sand specimens. Moreover, the cubic and
parallelepipedic specimens tested in the true triaxial apparatus were stabilised and
investigated post-mortem using the gamma-ray absorption method, apart from being
observed with the naked eye.

Desrues et al. (1985) performed plane strain tests (2 = 0) in the true triaxial apparatus
with constant ¢’3 and de1 > 0 (compression) or dei1 < 0 (extension), as shown in Fig.
2.79. It is noted that the plane of biaxial shearing is defined by the vertical o1-axis and
the horizontal o3-axis and that the vertical strain, 1, is not necessarily the major
principal strain (the principal stresses and strains are unordered). Moreover, it is
important to note that six rigid boundary platens were used to impose strain-controlled
loading and localisation of strain actually occurred, in contrast to the established
belief up to that day that shear banding is prevented under these conditions (e.g. Lade
1982). The localised deformation patterns in the stabilised, dyed specimens are visible
to the naked eye in Fig. 2.80. It can be inferred that shear bands begin at the corner
points, which are strong singularities of non-smooth topology, then propagate until
they reach a rigid boundary on which they are reflected (Figs 2.79 and 2.80).
Moreover, Desrues et al. (1985) observed that the specimens which were loaded first
in compression and then in extension showed two shear bands which “developed
successively in a quite independent way”, as can be seen in Fig. 2.79.
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The local sand density, p, inside the shear bands of the parallelepipedic specimen
shown in Fig. 2.80 (Photo 1) was measured by Desrues et al. (1985) using the gamma-
ray absorption technique. The results shown in Fig. 2.81 indicate the density
distribution along the ap-line that crosses the shear band before and after testing. It
can be seen that the density inside the shear bands decreased dramatically while the
density outside the shear bands remained practically constant. Desrues et al. (1985)
reported that the volumetric strain inside the shear bands was as high as AV /V =5 -
7%, verifying previous conjectures that the shear bands are areas of strong dilation.
Mooney et al. (1998) tested sand in plane strain compression and used the technique
of stereophotogrammetry to verify that high incremental volumetric strains occur
inside the shear band, yet, the dilatancy ratio drops slightly just after its formation at
peak failure, because the local incremental shear strains are accordingly high.

On the other hand, Vardoulakis and Goldscheider (1981), Vardoulakis and Graf
(1985), Han and Drescher (1993) and Vardoulakis and Georgopoulos (2005) reported
that the dilatancy in the incipient shear band is at first negative (contractancy) and
then turns to positive, even in the case of dense sand. The results indicating the initial
contractancy inside the incipient shear band are shown in Fig. 2.82. The contractancy
of sand was attributed to the non-coaxiality resulting from the rotation of the principal
direction of stress and incremental strain as the simple-shear mechanism takes over
(Vardoulakis and Graf 1985, Vardoulakis and Georgopoulos 2005 and Gutierrez and
Vardoulakis 2007). An attenuating dynamic oscillation in the regime of positive
dilatancy (see Fig. 2.82) was also reported by Vardoulakis and Goldscheider (1981),
Vardoulakis and Graf (1985) and Vardoulakis and Georgopoulos (2005), indicating “a
sequence of collapsing and restructuring of the granular microstructure” and “material
growth of the shear band”.

Desrues et al. (1985) performed axisymmetric compression tests, with o2=03< o1 ina
stress-controlled mode or with & = & < &1 in a strain-controlled mode, and
axisymmetric extension tests, with o2 = 63> o1 in a stress-controlled mode or with &=
€3> g1 in a strain-controlled mode, in the true triaxial apparatus, as shown in Fig. 2.83;
it is recalled that the principal stresses and strains are unordered. The schematic
patterns of the localised deformation are also displayed in Fig. 2.83. Desrues et al.
(1985) reported the occurrence of two different plain deformation mechanisms: the
simple mechanism occurring in stress-controlled tests and the double mechanism
occurring in both stress- and strain-controlled tests. In spite of the imposed
axisymmetric stress conditions the deformation kinematics switch suddenly to the
plane-strain mode when the simple mechanism of shear banding is triggered. This
situation is illustrated in Fig. 2.84 where can be seen that the specimen stops
deforming along the &2-axis while it keeps deforming along the directions of the other
two axes; concurrently, the globally measured strength and dilatancy rate decrease.

Desrues et al. (1985) observed that the plane deformation mechanism can occur
simultaneously along the two directions of equal stress or strain. Figure 2.83 shows
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schematically the double mechanism observed in axisymmetric compression and
extension tests, while Photo 2 in Fig. 2.80 shows this specific strain localisation
pattern developed in a specimen subjected to axisymmetric compression. In Photo 2, a
cross is evidenced on the upper face of the specimen and reflected shear bands can be
seen on each lateral side. Desrues et al. (1985) stated that when the double mechanism
occurs, “the overall kinematics can remain axisymmetric as though no localization
takes place inside the sample”. Desrues et al. (1996) and Desrues and Viggiani (2004)
showed that a similar axisymmetric mechanism of localised deformation can be
formed in cylindrical sand specimens subjected to axisymmetric loading and, as a
consequence, the localisation of strain may remain concealed to the naked eye. The
detection of strain localisation becomes even more difficult in the case of loose sand
due to the small change in the void ratio inside the zones of strain localisation and the
relatively increased width of these zones (Tatsuoka et al. 1986b, Desrues and Viggiani
2004).

Desrues et al. (1985) performed plane-strain compression tests in a specially designed
biaxial apparatus and investigated the initiation and propagation of the shear band, as
well as the evolution of the void ratio and shear distortion (dy = (de1 - de3) / 2) inside
the shear band. The technique of stereophotogrammetry was used to analyse the
photographs taken along the direction of the &»-axis (e2 = 0), as can be seen in Fig.
2.85a. The tests were performed in a strain-controlled mode. Figure 2.85b shows the
typical axial load — axial displacement curve and volumetric strain — axial
displacement curve. The numbers on the former curve indicate the serial numbers of
the photographs. It can be seen that the successive photographs 3, 4 provide
information about the response just before the peak state. The deformation
characteristics during the 3-4 stage are shown in Fig. 2.86; the contours of equal axial
displacement are displayed in Fig. 2.86a, the contours of equal lateral displacement
are displayed in Fig. 2.86b, the contours of equal shear distortion are displayed in Fig.
2.86¢ and the contours of equal volume change are displayed in Fig. 2.86d. It is noted
that these contours offer quantitative information about the deformation field.

The results in Fig. 2.86 indicate that during the 3-4 stage the deformation field is non-
homogeneous, since the contours in Fig. 2.86a (Fig. 2.86b) are not parallel horizontal
(vertical) lines. The contours are distorted showing a dense configuration in the
middle of the specimen, along an inclined direction, which indicates a high
displacement gradient. The concentrated shear distortion in two parallel diagonal
zones in the middle of the specimen, shown in Fig. 2.86c, indicates that shear banding
occurred during the 3-4 stage just before the peak state (Vardoulakis 1980). The fact
that the two parallel shear bands were initiated in the central part of the specimen and
not at the corners was explained by Desrues et al. (1985) as a result of progressive
accumulation of strains in this part in previous stages possibly due to a random
perturbation. Artificial perturbations were, also, induced in other experiments and
validated the conclusion drawn by Vardoulakis and Graf (1982) that “the location of
the first localisation is very sensitive to the imperfections of the test”. However,
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Desrues et al. (1985) suggested that intense deformation heterogeneities are observed
at the corners of the cubic and parallelepipedic specimens tested in the true triaxial
apparatus even before the triggering of localisation.

The mechanism of shear band propagation during a biaxial compression test can be
monitored during the post-peak deformation increments 4-5 and 5-6 by analysing the
equal shear distortion contours, shown in Figs 2.87a and b, respectively. The two
parallel shear bands propagate independently in the same direction, without
converging, and the upper one bisects the specimen when it reaches the upper
boundary. Desrues et al. (1985) also captured the shear band reflection on the rigid
boundary (upper or lower platen) in other tests. For example, Fig. 2.88 shows the
equal shear distortion contours in a different test just before and after the propagating
shear band reaches the rigid boundary. It is noted that these results prove the
potentiality of shear band reflection since the propagation of the shear band is
monitored step by step. On the other hand, if the strain localisation patterns are
observed and analysed only at the final state (see Fig 2.80) then it cannot be stated
with certainty whether a single shear band was reflected at the rigid boundary or two
different shear bands were initiated at the same point of the rigid boundary and
propagated along different directions.

The results from the gamma-ray investigation of the specimen post-mortem (i.e. after
the termination of the test), shown in Fig. 2.81, revealed that significant dilation
occurred inside the shear band, while the volume outside the shear band changed only
slightly. The loosening of the soil inside the shear band is an “essential damaging
factor” that may justify the post-failure strain softening, since the coordination
number decreases and the mutual support of the grains is weakened (Oda 1977).
Desrues et al. (1985) also observed the local dilation in situ using the technique of
stereophotogrammetry. The square symbols shown in Fig. 2.86d display the
quantitative information concerning the change of volume obtained by
stereophotogrammetric analysis; these symbols have size proportional to the local
volumetric strain increment during the 3-4 stage, just before the peak state. The
volumetric strain increment is higher than 0.03 inside the incipient shear band, while
outside is almost zero. However, Desrues et al. (1985) observed that the local
dilatancy ratio devor / dy attenuated inside the shear band soon after its formation.
These findings support the notion that the critical void ratio is attained inside the shear
band while the void ratio of sand outside the shear band remains almost unaltered
(Casagrande and Watson 1938, Roscoe 1970, Vardoulakis 1977).

On the other hand, Mooney et al. (1998) reported that the local dilatancy rate
attenuates slowly inside the shear band yet the ultimate void ratio is not uniquely
related to mean effective stress. Drescher and Vardoulakis (1982) pointed out that the
true material softening inside the shear band is very slow, while Goldscheider and
Vardoulakis (1980) measured the post-failure softening characteristics inside the
shear band in the biaxial test. Moreover, Fu and Dafalias (2011b) performed DEM
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simulations of direct shear and biaxial compression tests to investigate the fabric
evolution inside the shear band and found that the material attains a unique ultimate
void ratio that depends only on the mean effective stress, irrespective of the initial
fabric characteristics and boundary conditions. However, Fu and Dafalias (2011b)
reported that the ultimate state of the tested virtual material is reached only at shear
strains as high as 300 - 350%.

Desrues and his colleagues used Computed Tomography (CT) (Desrues 1984, Colliat-
Dangus et al. 1988, Desrues et al. 1991, Desrues et al. 1996) in order to monitor the
evolution of void ratio of sand specimens during triaxial testing. In computed
tomography an X-ray scanner is used to acquire “cross-sectional images of the
attenuation of an X-ray beam through a body”. In soil testing this is achieved by
rotating and translating the X-ray source and detector around and along the soil
specimen’s axis. The details of the procedure, which produces a radiographic density
map of slices of a body, are shown in Fig. 2.89. The radiographic density, expressed
in modified Hounsfield units (MHU), is linearly correlated to the mass density of a
material with homogeneous chemical composition. Desrues at al. (1996) calibrated
the radiographic density against the mass density of carefully prepared homogeneous
sand specimens having various densities. The calibration of the CT measurements on
Hostun sand is shown in Fig. 2.90.

A typical density profile along a line that crosses the shear band and the density map
of a cross section of a dense specimen are shown in Fig. 2.91. Desrues et al. (1996)
observed that “this profile appears more as a round trench with a smooth transition to
the neighbouring soil mass (rather) than a sharp cut with homogeneous density inside”.
Desrues at al. (1996) suggested that the observed density profile can be interpreted in
different ways: first, it is probable that the spatial resolution of the computed
tomography apparatus is responsible for obtaining such a profile, second, the true
density profile in shear bands may actually be a smooth curve and, third, it is also
probable that, so close to the grain scale, only an average measure over the shear band
has a physical meaning at the continuum level. Moreover, Oda et al. (1998) examined
the X-ray photographs of thin plates cut from resin-stabilised specimens and observed
that large voids appear periodically along the shear band. These observations indicate
that the shear bands are heterogeneous, a fact that was verified in the DEM
simulations performed by Fu and Dafalias (2011b). The inception of the idea that
shear bands are heterogeneous is rather attributed to Dr. G. Mandl who reported some
microscopic observations in a seminar back in 1974. In 1974, Vardoulakis
commented on Mandl’s experiments and reported that “the shear band consists of
three parallel layers with different deformation patterns” (Vardoulakis and Sulem
1995). On the other hand, Roscoe (1970) reported that the results from the simple
shear tests performed by Stroud (1970), who used a regular pattern of embedded lead
shots in order to determine the local strains by means of displacement gradient
calculations, indicate that the strains inside the shear band are uniform.

60



Chapter 2: Fabric of sands

Desrues et al. (1996) performed drained triaxial compression tests on dense and loose
cylindrical sand specimens and analysed the deformation using computed tomography.
The specimens were loaded, unloaded and placed in the X-ray apparatus in order to be
scanned; afterwards, the specimens were reloaded and the procedure was repeated at
different strain levels. A fixed initial mean effective stress was imposed in all tests.
The boundary conditions involved lubricated and non-lubricated end platens, as well
as long and short specimens with initial height to diameter ratio h,/ do equal to 1.9 and
1.0, respectively. Desrues et al. (1996) tested both homogeneous specimens and
specimens with slight perturbations and found that strain localisation can develop in
different complex patterns depending on the test conditions.

Figure 2.92 shows the trace of the shear band in Specimen rfdt4 (dense specimen with
ho/ do=196 / 101 mm / mm and non-lubricated ends), at global axial strain ea= 13%,
in a section perpendicular to the specimen’s axis, located 72 mm above the bottom
platen initially, and in a second section containing the specimen’s axis. Figure 2.93
shows the evolution of stress ratio and global void ratio with global axial strain during
test rfdt4. A single shear band appeared in the post-peak regime at global axial strain
ea= 7% and remained the sole localisation zone throughout shearing at higher strains;
the shear band was not perfectly planar. It is noted that these results verify that strain
softening precedes the localisation of strain in triaxial compression loading (Drescher
and Vardoulakis 1982, Lade and Prabucki 1995). The dilation of dense sand stopped
suddenly at ea= 7% and the global void ratio curve reached a plateau, which as will be
shown next lacks physical relevance. It can be seen that the stress ratio curve exhibits
a narrow peak and a steeply descending branch.

A different localisation pattern was observed in Specimen hfdtl (dense specimen with
ho/ do =100/ 100 mm / mm and non-lubricated ends) which was tested under extreme
end restraint due to the lack of lubrication and squat shape (see Bishop and Green
1965). Figure 2.94 shows two computed tomography images at different cross-
sections of Specimen hfdtl, the first (Fig. 2.94a) located near the upper platen (80 mm
from the bottom platen) and the second (Fig. 2.94b) located at middle height (50 mm
from the bottom platen) between the two platens; both images correspond to global
axial strain ea= 13%. A complex localisation pattern is revealed, consisting of a rigid
cone attached to the upper platen with its tip pointing downwards (see also Deman
1975, Drescher and Vardoulakis 1982). The cone is delimited by a surface of large
dilation, shown as a dark circle of decreasing diameter when the cross-section is
located nearer to the bottom platen. The sand outside the rigid cone also exhibits
severe localisation patterns in the form of dilation surfaces with approximately
straight traces on the cross-section planes.

On the other hand, the use of squat specimens and lubricated end platens (Vardoulakis
1979, Drescher and Vardoulakis 1982, Hettler, and Vardoulakis 1984) postpones the
onset of localisation. For example, in test rfdt8 (on a dense specimen with hy/ do =
100 / 100 mm / mm, lubricated ends and an embedded soft perturbation) the density
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field was still non-localised at ¢a= 19%. However, the computed tomography images
at ea = 27%, shown in Fig. 2.95, indicate the existence of complex localisation
patterns. Figure 2.96 shows the illustration of the void ratio field in a tomogram
across the axis of specimen rfdt8. In the tomogram can be seen that the shear bands do
not pass through the artificial imperfection that is embedded in the specimen’s axis
(see the dark disc in the middle of the image). Figure 2.97 shows the evolution of the
stress ratio and global void ratio with global axial strain during test rfdt8. It can be
seen that a significant decline in strength (strain softening) occurs before the onset of
localisation in the triaxial compression test, for example up to ea= 19%. However, the
studies by Deman (1975) and Drescher and Vardoulakis (1982) show that even in the
case of testing with lubricated end platens an amount of strain softening is attributed
to bulging at large strains, while the true material softening develops very slowly (see
also Mooney et al. 1998). Consequently, the apparent strain softening just after the
peak state in triaxial compression loading is not necessarily associated with strain
localisation yet it may be affected to some degree by other types of deformation
heterogeneities.

The comparison of the response of a dense squat specimen under loading with
lubricated end platens (Specimen rfdt8) with the response of a dense slender specimen
under loading with non-lubricated end platens (Specimen rfdt4) highlights the effects
of slenderness and end restraint on the global behaviour and strain localisation of sand
specimens. The peak in the stress ratio — axial strain curve from the test on Specimen
rfdt8 (Fig. 2.97) is flat and corresponds to a large global axial strain, while the dilation
rate attenuates slowly after localisation. On the other hand, the peak in the stress ratio
— axial strain curve from the test on Specimen rfdt4 (Fig. 2.93) is narrow and
corresponds to a small global axial strain, while the dilation rate diminishes rapidly
after localisation. The residual stress ratio is practically the same for the two
specimens however the final global void ratio is not, even though the initial mean
effective stress is common. Moreover, there is no obvious correlation between the
stabilisation of void ratio and mobilisation of the peak stress ratio in both tests.

From the results presented by Desrues et al. (1996) and discussed previously it can be
inferred that the global measurements at large strains may provide erroneous
information about the critical void ratio of sand, especially in the case of dense
specimens subjected to loading with non-lubricated end platens. In the case of loose
specimens, the ultimate global void ratio is more representative of the void ratio at
critical state, as will be shown next, since the localised zones are wider, less distinct
and the difference between the void ratio inside and outside them is not so important.
For example, the computed tomography image of Specimen rflt2 (loose specimen
with ho/ do =100/ 100 mm / mm and lubricated ends) at a= 42%, shown in Fig. 2.98,
reveals only faint localisation patterns. An investigation of shear banding in loose
sand subjected to undrained plane strain compression was, also, carried out by Finno
et al. (1997) and Mooney et al. (1997) using the technique of stereophotogrammetry.
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Desrues et al. (1996) compared the computed tomography images of Specimens rfdt4,
hfdtl, rfdt8 and rfdt8 shown in Figs 2.92, 2.94, 2.95 and 2.96, correspondingly, and
drawn some interesting conclusions. Specimen hfdtl (dense specimen with ho/ do =
100 / 100 mm / mm and non-lubricated ends) exhibited a complex and axisymmetric
pattern of severe localisation (Fig. 2.94). This is because multiple localisation
mechanisms are favoured in lieu of a single localisation mechanism that breaks the
initial symmetry due to the extreme end restraint. On the other hand, Specimen rfdt4
(dense specimen with ho/ do= 196 / 101 mm / mm and non-lubricated ends) exhibited
a single localisation mechanism because the “globally biased initial density
distribution” acted as a symmetry-breaking imperfection. Other symmetry-breaking
factors are the bad centring of the specimen, non-symmetrically placed artificial
perturbations and non-parallel end platens. However, the symmetrically placed soft
perturbation inside Specimen rfdt8 did not break the symmetry and the shear bands
did not pass through it.

A spectacular localisation pattern, which was proved to be somewhat generic, was
exhibited in Specimen rfdt8 (dense specimen with hy / do = 100 / 100 mm / mm,
lubricated ends and an embedded soft perturbation). Figure 2.99 shows a density
profile of this specimen reconstructed from a set of six computed tomography slice
images (see Fig. 2.95) placed next to each other. Two structures are apparent as traces
on the plane parallel to the specimen’s axis, the first with the shape of an inverted V
and the second with the shape of a parabola oriented towards the lower platen. The
geometrical interpretation given by Desrues et al. (1996) is shown in Fig. 2.100. A
cone structure with its side surface being the region of intense dilation is centred on
the specimen’s axis, having “its tip outside the specimen and its contour matching
exactly the specimen’s bottom section”. A set of inclined “plane strain mechanisms
associated in pairs” also exists; each pair creates a structure which resembles a
triangular roof enclosing a gable of relatively intact sand material, at least up to the
point where the cone surface is reached. The top line of this roof-like structure is a
diameter of the specimen’s top section. The angle of the cone is approximately the
same with the angles between the two planes forming each roof-like structure. This
means that the conjugate shear surfaces have the same dip angle with respect to the
horizontal top plane.

It is noted that the complex localisation pattern in the cylindrical specimen, presented
in Figs 2.95, 2.99 and 2.100, can be seen as the generalisation of the double plane-
strain mechanism arrested by Desrues et al. (1985) when they tested cubic specimens
in the true triaxial apparatus (Fig. 2.80). In the latter case, the two plane strain
mechanisms took place simultaneously in such a way that the overall axisymmetry
was preserved; these two mechanisms were found to be particularly sensitive to the
geometry of the specimen and apparatus (e.g. they were initiated at the corner
singularities). On the other hand, in cylindrical specimens with “perfect” boundary
conditions and initial density homogeneity there is no constraint that would favour a
particular mechanism. In this case, Desrues et al. (1996) suggested that the complete
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development of a given mechanism is a matter of global organisation of the
deformation over the specimen. However, imperfections such as bad centring of the
specimen, non-parallel end platens and asymmetrically embedded perturbations can
induce one single and predominant localisation mechanism.

Desrues at al. (1996) measured both the global and local void ratio inside the strain-
localisation zones. Figure 2.101 presents the evolution of these two void ratios with
global axial strain for the various tests performed at o’3 = 60 kPa. The “global”
measurement is averaged over the cross-section of the specimen, while the “local” is
averaged over the strain-localisation zone. The results discussed next were obtained
from tests on dense and loose specimens of Hostun RF sand.

Figure 2.101 indicates that the dense specimens with lubricated ends (Specimens rfdt3,
rfdt6, rfdt7 and rfdt8) exhibit a similar pattern of evolution of the global void ratio:
the sand is dilative up to an axial strain of around 20% whereupon dilation is arrested
and a common void ratio plateau is reached. On the other hand, the dense and slender
specimen with non-lubricated ends (Specimen rfdt4) behaves differently showing an
initial rapid dilation that is exhausted quickly at around ¢a = 7%; when dilation is
arrested in test rfdt4 a plateau that differs from the one observed in the
aforementioned tests is reached. In all cases, the local void ratio curves diverge from
the global ones when localisation occurs; the slope of the former curves is steeper
compared with the slope of the latter still one should consider that both sets of curves
are plotted against global axial strain. The most remarkable finding is that all dense
specimens attain a common ultimate void ratio that is considerably higher than the
various ultimate global void ratios, proving than the latter lack physical relevance.
Furthermore, it can be seen that the local and global void ratio curves of loose
specimens (rfltl and rflt2) do not differ much, when being discernible; both curves
converge towards the same ultimate plateau, which is identical to the plateau of the
local void ratio curves of dense specimens. This intriguing finding indicates that a
critical void ratio exists inside the shear band in the drained tests with a common
effective confining stress ¢’s = 60 kPa; similar results were reported earlier by
Coumoulos (1968) and Stroud (1970) (see also Roscoe 1970 and Fu and Dafalias
2011b).

Oda and his colleagues (Oda 1993, Oda and Kazama 1998, Oda et al. 1998) studied
the evolution of the microstructure of shear bands and the way that strain localisation
is related to the induced anisotropy and dilatancy of dense sands. Oda et al. (1998)
suggested that the anisotropy induced in the strain-hardening regime is an absolutely
necessary condition to generate the shear band structure. If a well-developed
anisotropy does not exist then a distinct shear band cannot be formed, as in the case of
very loose sand (see for example Fig. 2.98). It is well documented that the failure of
dense sand under drained plane strain compression is associated with localisation near
the peak state, followed by intense softening and strong, yet attenuating, dilation. Oda
and Kazama (1998) suggested that this behaviour is attributed to the buckling of
column-like grain structures inside the shear band. These structures are gradually
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formed along the direction of the major principal stress during hardening (see also
Section 2.5) as the fabric is reorganised to carry the compressive load more efficiently.
When these columns buckle, large voids are formed between them inside the growing
shear band, as shown in Fig. 2.103, resulting in ultimate local void ratio higher than
the maximum void ratio emax determined by standard procedures. Consequently, this
microstructure evolution model justifies the extensive dilation inside the shear band
and growth of the shear band thickness. Moreover, it justifies the strain softening
behaviour since the buckled columns lose the ability to carry load.

Experimental evidence of the existence of large voids between buckled grain columns
inside the shear band is shown in Fig. 2.102. Figures 2.102a and b show an assembly
of photoelastic rods at the peak and residual state, respectively, in plane strain
compression (Oda et al. 1982). Moreover, Fig. 2.102c displays the microscope image
of a thin section of stabilised Toyoura sand showing a periodic appearance of large
voids (marked with the letters a-e) along the shear band (delimited by the lines 0-1).
The geometrical interpretation of the microstructure evolution model proposed by
Oda and Kazama (1998) is shown in Fig. 2.103 (see also Fig. 2.50). It can be inferred
that the particles comprising the buckled column undergo an important amount of
rotation. In a previous study, Oda et al. (1982) found that particle rolling rather than
particle sliding is the major mechanism of micro-deformation in an assembly of rods,
while this mechanism is also important in the case of natural sands (Mihlhaus and
Vardoulakis 1987, Vardoulakis and Sulem 1995). Moreover, Oda and Kazama (1998)
observed that the particle orientation changes abruptly at the shear band boundaries
and that particle rotation inside the shear band occurs, on average, in parallel to the
corresponding macroscopic rotation in the continuum sense (Fig. 2.103b).
Consequently, the particle rolling that is related to grain-column buckling seems to be
associated with the extensive dilation inside the shear band.

The X-ray computed tomography (CT) was developed further throughout the years to
improve the spatial resolution. Oda et al. (2004) reported that the conventional X-ray
CT does not provide spatial resolution high enough to generate an image in which the
individual grains and voids can be distinguished. On the other hand, the development
of microfocus X-ray CT (or X-ray uCT) allows the generation of images in which
each grain can be clearly distinguished from the others, even if its size is of the order
of magnitude of tens of micrometres. The basic principle of X-ray uCT is that a
decelerating charged particle produces electromagnetic radiation (James Clerk
Maxwell 1865). X-ray radiation is artificially generated when electrons that are firstly
accelerated under high voltage (of the order of hundreds of kV) collide against a
heavy metal (tungsten) target and reduce speed. Oda et al. (2004) reported that this
heavy metal target should be small enough to minimise the scattering areas on the X-
ray detector (image intensifier); in a microfocus X-ray apparatus the target is about 5
um in size. Figure 2.104 shows schematically the difference between conventional
and microfocus X-ray CT. Oda et al. (2004) verified the findings reported by Oda and
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Kazama (1998) and Oda et al. (1998) using the X-ray uCT, as can be seen in the
images shown in Fig. 2.105.

Microfocus X-ray CT is used by many researchers around the world (Viggiani et al.
2004, Lenoir et al. 2007, Hall et al. 2010a, Hasan and Alshibli 2010 and 2012, Ando
et al. 2012a) and is considered a powerful and promising tool for the investigation of
the microstructure of granular materials. When combined with mathematical
processes such as Digital Image Correlation (DIC) (Hall et al. 2010b), Volumetric
Digital Image Correlation (V-DIC) (Lenoir et al. 2007, Hall et al. 2010a), Particle
Image Velocimetry (P1V) (White et al. 2003) and ID-Track (Ando et al. 2012a and b),
the so-called full-field measurements (Viggiani and Hall 2008) are obtained and the
kinematics of individual grains are observed. This means that displacements and
rotations in three dimensions are monitored continuously for each individual grain in
a specimen, either being inside or outside the shear band. Consequently, the evolution
of fabric of natural granular materials is observed in situ and valuable microscopic
information is obtained (Ando et al. 2013, Wiebicke et al. 2017).

2.10 SOPHISTICATED TESTING APPARATUSES FOR
INVESTIGATING THE INFLUENCE OF FABRIC ANISOTROPY ON
THE MECHANICAL BEHAVIOUR OF SANDS

As has been discussed in the previous sections, fabric anisotropy has a strong effect
on the mechanical behaviour of sands. However, conventional testing apparatuses do
not possess the qualities needed for investigating the fabric anisotropy effects. For
example, in the triaxial apparatus (Fig. 2.6), two of the three controlled normal
stresses are obligingly equal to each other (i.e. ox = oy, where the xy-plane is the
horizontal plane and the z-axis is the vertical axis of the specimen). In the triaxial
compression (TC) test, the vertical stress (o) is increased under constant horizontal
stresses, thus, o; = o1 and ox = 62 = oy = o3; note that o1 = 02 = 03 are the ordered
principal stresses. In the triaxial extension (TE) test, the vertical stress (o;) is
decreased (unloading) under constant horizontal stresses, thus, o; = o3 and ox= o1 = gy
= 2. The specimens tested in the triaxial apparatus have typically a cross-anisotropic
fabric with horizontal bedding planes. This means that the a1-axis is either normal (in
TC) or parallel (TE) to the bedding planes, while the o2-axis is always parallel to the
bedding planes. Moreover, the change in the direction of the o1-axis from normal to
parallel to the bedding planes is necessarily associated with a change in the value of
the intermediate principal stress parameter, b = (62 — 03) / (01 — 03) (Bishop 1966; see
also Habib 1953), from 0 to 1. These constraints, which are also imposed in the
plane strain (biaxial) apparatus, pose limitations to the investigation of sand
anisotropy.

There is always the choice of preparing specimens with inclined bedding planes in
order to be tested in the triaxial or plane strain apparatus (see Section 2.5 and Fig.
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2.42). Nevertheless, if the principal axes of stress do not coincide with the principal
axes of fabric, parasitic strains and / or stresses may develop in the specimens (see Fig.
2.34). Moreover, even if this problem is overcome, for example by using the
stereophotogrammetry or laser-speckle technique to measure the non-uniform
deformation field, there is a serious limitation of the conventional apparatuses that
cannot be overcome: the principal directions of stress remain fixed or change with a
90° jump during homogeneous testing. Consequently, a continuous rotation of the
principal axes of stress, which occurs frequently in situ, cannot be applied during
homogeneous testing. The soil behaviour under principal stress rotation has been
investigated using other apparatuses, as will be presented in the next chapters of this
study (Broms and Casbarian 1965, Roscoe et al. 1967, Ishihara and Li 1972, Arthur et
al. 1977a, Tatsuoka et al. 1982, Ishihara and Towhata 1983, Hight et al. 1983, Symes
et al. 1984, Miura et al. 1986, Tatsuoka et al. 1986a, Nakata et al. 1998, Georgiannou
et al. 2018).

The true triaxial apparatus, shown in Fig. 2.106, is appropriate for testing cubical or
parallelepipedic soil specimens under the independent control of the three principal
stresses. The value of the intermediate principal stress parameter, b, can be changed
continuously from 0, corresponding to triaxial compression with o1 > 62 = a3, t0 1,
corresponding to triaxial extension with o1 = 62 > o3; accordingly, the Lode angle 6
(Lode 1926) can be fully controlled in the true triaxial apparatus, as shown in Fig.
2.107. Figure 2.107 shows the octahedral plane which is perpendicular to the diagonal
of the principal stress space; every stress state P (o1, 02, o3) in the principal stress
space can be depicted on a octahedral plane. The distance of the octahedral plane
from the origin of the principal stress space is related to the mean effective stress, the
distance of the stress point from the origin of the octahedral plane is related to the
deviatoric stress and the angular coordinate of the stress point is related to the Lode
angle. In the case that a soil specimen with cross-anisotropic fabric is tested and the
material axes coincide with the principal axes of stress (i.e. the bedding planes are
either horizontal or vertical) each of the three principal stresses can act either normal
or parallel to the bedding planes, allowing the investigation of aspects related to fabric
anisotropy together with the effects of the stress system on soil’s behaviour.

Yamada and Ishihara (1979) performed monotonic true triaxial tests on saturated
cross-anisotropic sand. Drained loading was imposed using flexible membrane
boundaries under constant mean effective stress. Most of the specimens had
horizontal bedding planes, while some specimens were rotated by 90° about the
horizontal x-axis after the sand had been deposited along the vertical z-axis. The
principal axes of stress and the bedding planes of a regular (non-rotated) specimen are
shown in Fig. 2.108; the stress condition at point P and the performed radial stress
paths on the octahedral plane (corresponding to constant Lode angle, 6, and
intermediate principal stress parameter, b) are also shown in Fig. 2.108.

Figures 2.109a and b show the plot of the principal strains against the stress ratio in
the compression ZC-test (with ;= o1 and ox= 03 = oy=02and b = 0 and 4 = 0°) and in
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the compression YC-test (with oy = o1 and ox= 03=0;= o2and b = 0 and 6 = 120°),
respectively; both tests were performed on regular specimens (with horizontal
bedding planes). The results from the ZC-test indicate that the horizontal strains ex
and &y are essentially equal due to the isotropy of fabric on the horizontal planes and
symmetric stress conditions about the z-axis (i.e. ox = agy). On the other hand, the
strains &x and &; are not equal in the YC-test, despite the fact that ox = o, due to fabric
anisotropy. It can be also seen that the expansive strain ¢; in the YC-test is larger than
the respective expansive strain ¢y in the ZC-test. This means that the specimen
expands more easily along the direction of deposition than along the direction
perpendicular to the direction of deposition. Conversely, the compressive strain &; in
the ZC-test is lower than the respective compressive strain gy in the YC-test,
indicating that the specimen contracts less easily along the direction of deposition
than along the direction perpendicular to the direction of deposition.

The hollow cylinder torsional shear apparatus (HCA) is the most sophisticated device
for investigating the effects of anisotropy and principal stress rotation on the
mechanical behaviour of soils. A hollow specimen is subjected to different pressures
inside and outside, while a vertical normal load and a torque load are applied on the
specimen’s horizontal boundaries. In the HCA, the magnitude of the three principal
stresses and the direction of the major principal stress with respect to the vertical,
measured by angle a or a,;, can be controlled independently. It is noticed that the
angle a can be changed continuously from 0° to 90°, a capability that is not provided
by the conventional triaxial, true triaxial or simple shear apparatus. The continuous
rotation of the stress principal axes can be imposed under changing or constant
principal stresses and under the control of the b-parameter. Moreover, in contrast to
the simple shear apparatus, the application of the shear stress 7y results in the
automatic development of the complementary shear stress, zs;, while there is no
restriction on the zero-extension directions (Hight et al. 1983). Figure 2.110 shows the
HCA, the boundary pressures and loads, and the internal stresses in a soil element.

Yoshimine et al. (1998) performed an extensive series of monotonic undrained
torsional shear tests on saturated sand under different combinations of « and b. Figure
2.111 shows some indicative results from tests at different « and common b = 0.5 and
from tests at different b and common «a = 45°. It can be seen that the behaviour of
sand becomes more contractive and less stiff when « increases under fixed b or when
b increases under fixed a. These results indicate the influence of fabric anisotropy and
stress system on the mechanical behaviour of sand, which should be taken into
consideration in the geotechnical design and analysis. The tests in the present study
are performed in a hollow cylinder apparatus in order to investigate the behaviour of
sand under loading with both fixed and rotating stress principal axes.
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2.11 SUMMARY

Sands are granular materials that are deposited in the field mainly under the action of
gravity and as such they exhibit frictional mechanical characteristics, as well as the
property of dilatancy. This is because the sand masses equilibrate by means of the
normal and shear stresses acting at the intergranular contacts, thus, the mechanical
behaviour of sands is particularly sensitive to density and effective confinement,
while the direction of deformation does not necessarily coincide with the direction of
shearing due to micromechanical constraints. Moreover, sands exhibit anisotropic
mechanical characteristics because the grain arrangements formed under gravity
deposition exhibit different geometrical properties along the different directions. For
example, the contact normals are densely oriented along the vertical direction of
deposition, while the long axes of non-spherical grains are preferentially aligned with
the horizontal bedding planes. The statistical distribution of the orientations of the
contact normals and long axes of grains (or voids) can be described mathematically
by means of a second-order tensor, called the fabric tensor, which provides a measure
of fabric anisotropy. The fabric anisotropy attributed to gravity deposition is called
the inherent anisotropy and affects the strength, stiffness and dilatancy of sands.

Under the application of external loads the internal fabric is reorganised in order to
sustain these loads more efficiently. The mechanism of fabric reorganisation is called
the (stress-) induced anisotropy. For example, as the granular material is subjected to
deviatoric loading the increase in the stress ratio ¢’1 / ¢’3 causes new grain contacts to
form along the direction of the ¢ '1-axis and existing grain contacts to vanish along the
direction of the ¢ ’3-axis, which means that the fabric anisotropy intensity increases in
response to the increase in stress ratio. In the case that the principal directions of
stress rotate during shearing the principal directions of fabric follow suit, which
means that the fabric anisotropy evolves not only in terms of intensity but also in
terms of orientation; the principal directions of fabric also rotate in order to align with
the fixed principal directions of stress when the initial fabric axes are inclined with
respect to the stress axes. However, the grains orientations evolve more slowly than
the contact normals or voids orientation during shearing, yet, inside the zones of strain
localisation considerable re-alignment of grains accrues from the intense remoulding.

The plastic incremental shear strain of sands is generally coupled to the plastic
incremental volumetric strain and this fundamental property shared by all granular
materials is called dilatancy. Many researchers proposed, in the past, theories and
models that rely upon micromechanics in order to explain the dilatancy of sands.
According to these theories, the dilatancy ratio, defined as the plastic incremental
volumetric strain over the plastic incremental shear strain, is correlated with the
current value of the deviatoric stress ratio and the intergranular friction characteristics
of the material; the mathematical description of this dependence is called the stress —
dilatancy relationship. However, recent micromechanical studies have shown that
both the dilatancy ratio and the stress — dilatancy relationship depend, additionally, on
the material state, determined as the current combination of void ratio and mean
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effective stress with reference to an ultimate material state (critical state), as well as
on the state of fabric anisotropy.

The critical state of granular materials is frequently attained inside the zones of strain
localisation and the intense remoulding of fabric inside these zones is associated with
considerable changes in the non-directional and directional characteristics of fabric.
The next chapter presents the classical Critical State Theory by Roscoe et al. (1958)
and Schofield and Wroth (1968) and the the Anisotropic Critical State Theory,
proposed recently by Li and Dafalias (2012) as a revision that takes into account the
fabric effects at critical state.
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Fig. 2.1 Interaction between two grains via normal and shear force at the interparticle contact (after Towhata
2008)
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Fig. 2.2 The direct-shear apparatus (after Towhata 2008)
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Fig. 2.3 Shear stress - displacement curves of sand subjected to direct-shear loading. a Influence of
confining stress on drained stress - strain behaviour of sand. b Influence of relative density of sand on

drained stress - strain behaviour of sand (after Towhata 2008)
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Fig. 2.4 The concept of critical void ratio of dense and loose sand loaded under drained conditions at the
same confining stress (Casagrande 1936). a Stress - strain curves. b Stress - void ratio curves
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Fig. 2.5 Critical void ratio (CVR) line in the e — o3¢ plane (Casagrande 1936). a CVR line in linear scale. b
CVR line in semi-logarithmic scale (after Kramer 1996)
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Fig. 2.6 The triaxial apparatus for axisymmetric loading of cylinders (after Bishop and Bjerrum 1960)
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effective stresses. a Stress - strain curves. b Effective stress paths (after Verdugo and Ishihara 1996)
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Fig. 2.11 The steady state strength envelope in the q / 2 - p’ plane obtained from undrained triaxial
compression tests on sand specimens under different initial states (after Verdugo and Ishihara 1996)
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Verdugo and Ishihara 1996)
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Fig. 16 Definition of stiffness moduli of a soil material subjected to monotonic triaxial compression (after
Shibuya et al. 1992)
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Fig. 2.17 Elastic and inelastic deformation characteristics of two granular geomaterials subjected to

compression. a Sand subjected to drained plane strain compression. b Gravel subjected to drained triaxial
compression (after Shibuya et al. 1992)

Fig. 2.18 Local displacement transducers (LDTs) placed directly on a sand specimen with the shape of a
rectangular prism prepared for triaxial testing (after Towhata 2008)
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Fig. 2.19 Left: Degradation curves of elastoplastic shear modulus with strain amplitude for sands subjected
to cyclic loading at various stress amplitudes (after Towhata 2008 and Kokusho 1987). Right: Definition of

elastoplastic shear modulus G after stabilisation of the hysteresis loop (after lwasaki et al. 1978)
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Fig. 2.20 The contact surface of two equal cylindrical lenses with their axes inclined at 45° visualised by the
interference fringes. a Unloaded contact. b Loaded contact (after Johnson 2003)
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Fig. 2.21 Idealisation of the kinematics and statics of the shear zone (shear band) of sand that dilates under
shear distortion in plane-strain mode (after Vardoulakis and Georgopoulos 2005)
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Fig. 2.22 Stress, deformation and energy dissipation in direct shear mode of loading of: a a granular material
with frictional - dilatant characteristics and b an equivalent purely-frictional solid that dissipates energy in
constant rate according to Taylor’s theory (after Vardoulakis and Georgopoulos 2005)
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Fig. 2.23 Comparison of stress - dilatancy plots from loading tests with both fixed and rotating stress
principal axes; principal stress rotation is performed while keeping the effective stress principal values
constant. a Stress - dilatancy relationship without correction for non-coaxiality. b Stress - dilatancy
relationship with correction for non-coaxiality (after Gutierrez and Ishihara 2000)
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Fig. 2.24 Stress - dilatancy plots prior to and after the shear-band bifurcation for dilatant sand subjected to
triaxial compression at: a p’ = 40 kPa and b p’ = 120 kPa (after Gutierrez and Vardoulakis 2007)

-

Fig. 2.25 The basic assumptions of the deformation model for sands proposed by Newland and Allely
(1957). a Geometrical packing of spherical particles representing grains. b Sliding of adjacent particles
along the direction of the tangent at contact points. ¢ Non-coincidence of the directions of the plane of

sliding and the plane of shearing. d Equivalent mechanism of sliding between two blocks along the serrated
contact surface (after Newland and Allely 1957)
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Fig. 2.26 Two different regular packings of uniform cylindrical rods, in dense and loose state, subjected to
loading in order to study the stress - dilatancy relationship. a Dense (left) and loose (right) packing A. b
Loose (left) and dense (right) packing B (after Li and Dafalias 2000)
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Fig. 2.27 Assembly of uniform rigid spheres subjected to compression: a before the formation of shear zone,
b after the formation of shear zone (after Rowe 1962)
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Fig. 2.28 Influence of the kinematic constraints at rod contacts on the stress - dilatancy relationship. Note
that Equation 7 that produces the dotted curve shown in this figure corresponds to Equation 2.17 of the
present study (after Li and Dafalias 2000)
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Fig. 2.29 Undrained response of sand under triaxial compression at initial states corresponding to: a the
same effective confining stress but different void ratios, b the same void ratio but different effective
confining stresses (after Li and Dafalias 2000; data from Verdugo and Ishihara 1996)
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Fig. 2.30 The dependence of the stress ratio at phase transformation on the state of sand (after Li and
Dafalias 2000; data from Verdugo and Ishihara 1996)

99



Chapter 2: Fabric of sands

Sieady State

V2

Phase Troms¥ormatian

i 1
0~ Oy

{

~ilative

Contractivé

i r:.r|'+ -:r; 1/ 2
'
Dilotiva
o L+ Steady State
=Y
L+
<
b Steady State
|_. Contraoctive
|
-
—= Stegdy S1ote
Contractiva
|
- Phase Tronsformation
= +
L]
h
@ 0 -
(=8 i .
- Axziol Strain
o
(=1
& |—- Stendy State
Gilativa
¥

Fig. 2.31 States of zero dilatancy of sand subjected to undrained loading (after Negussey et al. 1988)
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Fig. 2.32 The state parameter = e — e¢(p ") of sand being denser than critical (1) and looser than critical (2)
(after Li and Dafalias 2000)

Fig. 2.33 Cylindrical test specimen of stratified soft rock formed with the cylinder axis at an angle & with

respect to the normal to the strata (after Allirot et al. 1977)
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(@)

SN

©

Fig. 2.34a Deformed cylindrical specimens of stratified soft rock, with a variety of angles 0 between the
cylinder axis and the normal to the strata, subjected to many high-pressure isotropic loading - unloading
cycles. b The specimen with 8 = 0° before and after deformation. ¢ The specimen with 8 = 90° before and

after deformation (after Allirot et al. 1977)
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Z S-axis |,
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Fig. 2.35 Definition of particle and contact normal orientation. 1 The orientation of the long axis of grains. 2
The orientation of the normal vector to the tangent plane at the contact point between two grains (after Oda

1972a)
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Fig. 2.36 Determination of the contact normal direction by means of the direction angles « and £ (after Oda
1972a)

Fig. 2.37 Preparation of thin sections along vertical, horizontal and inclined planes by cutting a resin-
stabilised cylindrical specimen of sand (after Oda 1972a)

ABCD: Thin Section
EFGH: Completed Tan-
_-gent Rectangle
FG : Apparent Long
fds of Farticls
FI: Farallel to
Referance Axis X

Fig. 2.38 Determination of the direction of the apparent long axis of a grain on a thin section (after Oda
1972a)
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Fig. 2.39 Frequency histograms of the orientation angle & of the apparent long axis of grains in various thin
sections cut from a stabilised sand specimen. 1 Vertical section. 2 Section inclined at 45° above the
horizontal plane. 3 Horizontal section (after Oda 1972a)
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Fig. 2.40 Probability density of contact normals as a function of the direction angle . The dashed line
represents the uniform distribution of contact normals corresponding to isotropic fabric (after Oda 1972a)

Horizontal
Section

.
Vertica
Section

() sandsABandc (2)Sand D

Fig. 2.41 1 A cubic volume of sand A consisted of elongated grains. 2 A cubic volume of sand D consisted
of round grains (after Oda 1972a)
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Fig. 2.42 Experimental techniques used to form specimens with inclined bedding planes. a The bedding
plane direction with respect to the vertical plane. b The tilted container used to form specimens with inclined
bedding planes for plane strain compression tests. ¢ The titled container used to form specimens with
inclined bedding planes for triaxial compression tests (after Oda et al. 1978)
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Fig. 2.43 Influence of fabric anisotropy on the strength, stiffness and dilatancy characteristics of Toyoura
sand. a Stress - strain and volumetric behaviour of sand specimens with inclined bedding planes subjected to
plane strain compression b Stress - strain and volumetric behaviour of sand specimens with inclined bedding
planes subjected to triaxial compression. Note that v stands for volumetric strain -evor (after Oda et al. 1978)
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Fig. 2.44 Determination of the fabric index S;/ Sx of sand. a Projected grain contact areas. b Two pairs of

thin sections cut from two specimens that were compressed until different values of stress ratio and strain
were reached (after Oda 1972b)
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Fig. 2.45 Stress - dilatancy plots for two quartz sands subjected to drained triaxial compression. a Pre-failure
states of sand B. b Pre-failure states of sand D. c Failure states of sands B and D (after Oda 1972b)
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T—.xl f_»"”’

la) during packing (b)during testing

Fig. 2.46 Definition of the bedding plane angle & with respect to the reference X; and X axes (after Oda et
al. 1985)

(a) I (initial)

'(c) 4 (peak)

Fig. 2.47 Photoelastic pictures of an assembly of oval-shaped rods subjected to biaxial compression. a Initial
state. b Pre-failure state. ¢ Failure state. d Post-failure state. Note that the major principal stress o1 is
oriented along the vertical X,-direction (after Oda et al. 1985)
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Fig. 2.48 Evolution of fabric of three different granular assemblies consisted of oval-shaped rods during
biaxial compression. a Oval Il (4 = 0°). b Oval Il (¢ = 60°). ¢ Oval I (¢ = 0°). Note that oval | rods have
aspect ratio equal to 1.1 while oval Il rods have aspect ratio equal to 1.4 (after Oda et al. 1985)
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Fig. 2.49 Simple shear loading of assemblies of photoelastic rods. a Stress and volumetric strain plotted
against shear distortion. b The direction angle g of the contact normal with respect to the reference axes. ¢
Evolution of the orientational distribution of contact normals of a dense assembly. d Evolution of the
orientational distribution of contact normals of a loose assembly (after Oda and Konishi 1974)

111



Chapter 2: Fabric of sands

(bl

i |
4 4 [
4 _P. .1_1 fh.._.!\} !Y'H v **
Bt T w4 H.*qnuﬂ._. ..I..r h“
1Li ..-.r_“_l .. H.L. .P..T r.m.T r...#.“.._-

ill.rﬂ..l#u __.,.Hu _.:fr.”.iil.lr#;q..ﬂ
K A AL T N S
o U rh_tﬂ ..,._r.f ...1 "y o
» o —

4 A ﬂh%ﬂ;:.ﬁfh Frdye ..._:..-..ﬂ_ i

L n k c
o 1{”{”.“111 B2 a06 BS Ve SaBea
o o r.‘..‘. .-.* d E.T S .I.l_'.t 4 8
TR PRI IR ] - T e TR AR |
P 4 ey ¥ w
e T.*_._.'...a. .‘..F ?{. i A i L — ey f*_‘l. t‘.;.v-h.._. b‘ L —
raysd A P T i,.* b oy L o= P 1 1{ k4
ok e f&“.i;f._.rh .-_I.f _r....r**r 2 ) 1,1..-.#-.,.,1&.1!._1.._71 f.._AT bF...:ﬁ...ﬁ__. ~
PV AN A, - b " At a2 ] oy
ol A Myt PRI T 22 W0 aYDEAYASS SRl

ot

112

0°). a Initial state. b Pre-failure state. ¢ Failure state. d Post-failure

state. Note that the major principal stress o1 is oriented along the vertical X-direction; Xz is wrongly

Fig. 2.50 Mechanism of evolution of the voids shape during biaxial compression of an assembly of oval-
displayed in this figure (after Oda et al. 1985)

shaped photoelastic rods (type 1l with 6
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Fig. 2.51 Biaxial compression of a specimen with inclined to the horizontal bedding planes. a Boundary
stress conditions and definition of the tilting angle, J, of bedding plane. b Orientations of three potential
failure planes. ¢ The state of stress on each of the three potential failure planes illustrated by means of a
Mohr’s circle. d Two types of failure planes (after Fu and Dafalias 2011a)

7 — s Direction of relative displacement

o w = along the failure plane
- f;""_;_
" - . g
P —= Direction of positive stress
(a) 7,| Element A Element B (k) Element C

Fig. 2.52 Failure planes in inherently anisotropic soil masses; the definition of the bedding plane inclination
angle y. a Failure plane assumed in a shallow foundation problem. b Failure plane assumed in a slope

stability problem (after Fu and Dafalias 2011a)
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Fig. 2.53 Fabrication process of the master pack from which homogeneous and anisotropic virtual
specimens are “trimmed out”. Up: Particle pluviation under gravity. a Homogeneous distribution of void
ratio inside the master pack. b Orientational distribution of particles’ long axes (after Fu and Dafalias 2011a)
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Fig. 2.54 a Fabrication of a specimen for direct shear testing by trimming it out of the rotated master pack. b
Boundary conditions applied in the direct shear test (after Fu and Dafalias 2011a)
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Fig. 2.55 Simulations of direct shear loading performed with the 2D discrete element method. a Mobilised
stress ratio versus horizontal displacement at ¢’» = 100 kPa. b Volumetric strain versus horizontal
kPa. ¢ Comparison of the evolution of stress ratio for the two different levels of

displacement at ¢’ = 100
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o’n (after Fu and Dafalias 2011a)
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Fig. 2.56 Variation of the peak stress ratio with the inclination angle in 2D DEM simulations of direct shear
loading: a in linear coordinates system, b in polar coordinates system (after Fu and Dafalias 2011a)
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Fig. 2.57 Preparation, consolidation and biaxial compression loading of a specimen with tilted initial
bedding planes using 2D DEM simulations. a Trimming the specimen out of the master pack. b
Consolidating the specimen. ¢ Loading the specimen (after Fu and Dafalias 2011a)
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Fig. 2.58 Variation of the peak stress ratio with the tilting
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Fig. 2.59 The evolution of stress and deformation during a DEM simulation of biaxial compression loading
on a specimen with ¢ = 30°. a Mobilised stress ratio z / ¢’» on all potential failure planes, corresponding to
two values of o1/ ¢’3. b through e Contours of equal angle of rotation of individual particles and overall
deformation at different axial strain levels (after Fu and Dafalias 2011a)
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Fig. 2.60 Types of potential shear planes and the corresponding relationship between the bedding plane
tilting angle, o, the shear plane angle, g, and the bedding plane inclination angle, y (after Fu and Dafalias
2011a)
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Fig. 2.61 Scanning electron microscope images of: a Fujian sand grains, b mica sand grains, ¢ glass beads. It
is noted that only one of the sizes of the glass beads used to form the blend is shown. d Gradation curves of

the materials tested (after Tong et al. 2014)
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Fig. 2.62 Influence of the bedding plane inclination angle, wy, on peak friction angle, ¢p, for all the granular
materials tested by Tong et al. (2014) and Fu and Dafalias (2011a). Results from: a DEM simulations of
direct shear tests on ellipse shaped 2D elements, b direct shear tests on Fujian sand, ¢ direct shear tests on
Mica sand, d direct shear tests on glass beads (after Tong et al. 2014)
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Fig. 2.63 Stress ratio 7 / o’ and vertical displacement oy plotted against horizontal displacement oy in direct
shear tests of mica sand at o’y = 150 kPa. a Curves corresponding to the ascending segment of the wy - ¢p
curve. b Curves corresponding to the descending segment of the wy - @p curve (after Tong et al. 2014)
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Fig. 2.64 Stress ratio 7 / o’ and vertical displacement o, plotted against horizontal displacement oy in direct
shear tests of Fujian sand at o’» = 300 kPa. a Curves corresponding to the ascending segment of the yb - ¢p
curve. b Curves corresponding to the descending segment of the yy - ¢p curve. ¢ Curves corresponding to the
transitional segment of the yy - @p curve between the two local minimums of ¢, (after Tong et al. 2014)
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Fig. 2.65 Stress ratio 7 / o’ and vertical displacement oy plotted against horizontal displacement oy in direct
shear tests of glass beads at ¢’ = 150 kPa. a Curves corresponding to the ascending segment of the wy - ¢p
curve. b Curves corresponding to the descending segment of the yy - ¢p curve. ¢ Curves corresponding to the
transitional segment of the yy - ¢p curve between the two local minimums of ¢, (after Tong et al. 2014)
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Fig. 2.66 The value of the angle difference ¢p - p,™" plotted against yy in a polar coordinates system for
three sands with different grain characteristics (after Tong et al. 2014)
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Fig. 2.67 Peak dilation angle 4™ and angle difference ¢, - ¢r plotted against the bedding plane inclination
angle wy (after Tong et al. 2014)
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Fig. 2.68 Square prismatic triaxial specimen and instrumentation for measuring small strains (after Jiang et
al. 1997)
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Fig. 2.69 Stress states at which small amplitude stress cycles were performed (after Jiang et al. 1997)
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Fig. 2.70 Small amplitude stress cycles performed at isotropic stress state in order to determine the elastic
moduli and Poisson’s ratios of Chiba gravel. a Small amplitude stress cycles along the vertical direction. b

Small amplitude stress cycles along the horizontal direction (after Jiang et al. 1997)
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Fig. 2.71 Measurement of the strains of gravel material under isotropic loading — unloading using different

instrumentation (after Jiang et al. 1997)
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Fig. 2.72 Young’s moduli Ey, Fn and En and Poisson’s ratio wh at isotropic stress states. Note that the value
vhh = 0.24 was assumed in order to determine Enas a function of the measured Fn (after Jiang et al. 1997)
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Fig. 2.73 Plot of Young’s moduli Ey and En versus ¢’y and ¢'h, respectively, at isotropic and anisotropic
stress states after ageing. The value of E, determined at anisotropic stress states during TC loading
corresponds to small amplitude stress cycles imposed without previous ageing. Note that the value vin = 0.24
was assumed in order to determine Enas a function of the measured Fy (after Jiang et al. 1997)
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Fig. 2.74 Ratio E,/ Ey of the two moduli plotted against the stress ratio o'y / ¢’ (after Jiang et al. 1997)
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Fig. 2.75 Diffuse and localised failure of soils (after Barnes 1995)

Fig. 2.76 Two superimposed radiographs of dense sand with embedded lead shots subjected to simple shear
loading. The radiographs correspond to a shear strain increment at post-peak conditions. Notice that the

black rupture zone between the bottom and middle row of shots is the shear band along a line of zero-
extension (after Roscoe 1970)
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Fig. 2.78 Boundary conditions and loading systems in biaxial tests: a system for mode C!, b system for
mode C*2. The modes C*! and C2 are shown in Fig.2.77 (after Vardoulakis et al. 1978)
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Fig. 2.79 Schematic illustration of the strain localisation patterns of cubic and parallelepipedic specimens
subjected to plane strain loading in the true triaxial apparatus (after Desrues et al. 1985)

Fig. 2.80 Localised deformation of stabilised, dyed specimens subjected to plane strain loading in the true
triaxial apparatus. Photo 1 Multiple reflections of a propagating shear band on the rigid boundaries of a
parallelepipedic specimen. Photo 2 Reflection of shear bands on the rigid boundaries of a cubic specimen

(after Desrues et al. 1985)
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Fig. 2.81 Density distribution of a sand specimen along the af-line that crosses the shear bands, determined
using the gamma-ray absorption technique. The line connecting the x-symbols in the figure represents the
initial density distribution, while the line connecting the circle symbols represents the final density

distribution after shear banding (after Desrues et al. 1985)
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Fig. 2.82 Post-failure evolution of the friction angle, ¢s, and dilatancy angle, ws, with the shear displacement
inside the shear band. The solid lines correspond to averaging; the circles and triangles correspond to the
experimentally determined values of ¢s and s, respectively (after Vardoulakis and Georgopoulos 2005;

results from the BSE-5 test, after VVardoulakis and Graf 1985)
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Fig. 2.83 Schematic illustration of the strain localisation patterns of cubic and parallelepipedic specimens
subjected to axisymmetric loading in the true triaxial apparatus (after Desrues et al. 1985)
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Fig. 2.84 Global stresses and strains (normal and volumetric) plotted against the vertical strain in an
axisymmetric stress-controlled extension test. It is noted that o2 = 63> o1 (after Desrues et al. 1985)
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Fig. 2.85 Plane strain compression test in the biaxial apparatus. a Specimen dimensions and boundary
conditions. b Load - displacement and volumetric strain - displacement curves. The numbers on the former
curve indicate the serial numbers of photographs (after Desrues et al. 1985)
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Fig. 2.86 Formation of the shear band in the pre-peak regime (increment 3-4). a Contours of equal axial
displacement. b Contours of equal lateral displacement (c and d on next page) (after Desrues et al. 1985)
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Fig. 2.86 Formation of the shear band in the pre-peak regime (increment 3-4). ¢ Contours of equal
incremental shear distortion dy = (dez1 - de2) / 2. d Local incremental volumetric strain indicated using square
symbols with size proportional to the incremental strain magnitude (a and b on previous page) (after
Desrues et al. 1985)
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Fig. 2.87 Contours of equal incremental shear distortion indicating the propagation of the shear band: a
during the post-peak increment 4-5, b during the post-peak increment 5-6 (after Desrues et al. 1985)
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Fig. 2.88 Experimental evidence proving the reflection of a propagating shear band on a rigid boundary: a
contours of equal incremental shear distortion during the increment 4-5, b contours of equal incremental
shear distortion during increment 5-6 (after Desrues et al. 1985)
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Fig. 2.89 “Computed tomography is based on the recording of a set of attenuation profiles of a collimated X-
ray beam through a body: each profile is obtained by translation of the beam, and the set of profiles, by
rotation of the beam direction in a plane perpendicular to the axis of the measurement field, and the
procedure results in a radiographic density map of a slice of the body, whose thickness depends on the width
of the beam” (figure and caption after Desrues et al. 1996)
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Fig. 2.90 Calibration of Hostun sand’s mass density against radiographic density. The mass density is the
total mass over the specimen volume, while the radiographic density is acquired by the average over the

specimen (after Desrues et al. 1996)
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Fig. 2.91 Density profile along a line that crosses the shear band and density map of a cross section of a
(after Desrues et al. 1996)

dense sand specimen. The line along which the density profile is displayed is indicated on the density map

(b)

Fig. 2.92 The trace of the shear band in Specimen rfdt4 (dense specimen with ho/ do= 196 / 101 mm / mm
and non-lubricated ends), at global axial strain ea = 13%, in a section: a perpendicular to the specimen’s axis,

located 72 mm above the bottom platen initially, b containing the specimen’s axis (after Desrues et al. 1996)
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Fig. 2.93 Evolution of the stress ratio and global void ratio with global axial strain in test rfdt4 (on a dense
specimen with ho/ do =196 / 101 mm / mm and non-lubricated ends) (after Desrues et al. 1996)

Fig. 2.94 Two computed tomography images at different cross-sections of Specimen hfdtl (dense specimen
with ho/ do =100 / 100 mm / mm and non-lubricated ends) showing complex localisation patterns. Cross-
section: a near the upper platen (80 mm from the bottom platen) and b at middle height (50 mm from the
bottom platen) between the two platens at axial strain ea = 13% (after Desrues et al. 1996)
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Fig. 2.95 Six computed tomography images at different cross-sections of Specimen rfdt8 (dense specimen
with ho/ do= 100 / 100 mm / mm, lubricated ends and an embedded soft perturbation) revealing complex
localisation patterns. Cross-sections located at: 1 4 mm, 2 8 mm, 3 12 mm, 4 16 mm, 5 20 mm, 6 24 mm

from the top platen (after Desrues et al. 1996)
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Fig. 2.96 Illustration of the void ratio field in a tomogram across the axis of Specimen rfdt8 (dense specimen
with ho/ do =100 / 100 mm / mm, lubricated ends and an embedded soft perturbation). It is noticed that the
shear bands do not pass through the artificial perturbation that is embedded in the specimen’s axis, shown as
a dark disc in the middle of the image (after Desrues et al. 1996)
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Fig. 2.97 Evolution of the stress ratio and void ratio with global axial strain in test rfdt8 (on a dense
specimen with ho/ do = 100 / 100 mm / mm, lubricated ends and an embedded soft perturbation) (after

Desrues et al. 1996)
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Fig. 2.98 Patterns of weak localisation in Specimen rflt2 at ¢a = 42% (loose specimen with ho/ do = 100/ 100
mm / mm and lubricated ends) (after Desrues et al. 1996)

Fig. 2.99 “Localisation patterns in Specimen rfdt8: reconstruction of the density of the specimen on a plane
parallel to the axis, and perpendicular to a pair of localization planes (bottom picture shows the inverted V
produced by the two associated planes intersecting on the top platen; the trace of the cone appears as a
parabola oriented towards the lower platen)” (caption and figure after Desrues et al. 1996)
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Fig. 2.100 Geometrical interpretation of the generic localisation patterns observed in Specimen rfdt8 (after
Desrues et al. 1996)
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Fig. 2.101 Evolution of the global and local void ratio with global axial strain of loose and dense Hostun RF
sand specimens subjected to triaxial compression under ¢’3 = 60 kPa (after Desrues et al. 1996)
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Fig. 2.102 Shear band microstructure exhibiting large voids between buckled grain columns: a photoelastic
picture of a compressed rod assembly at peak stress state, b photoelastic picture of a compressed rod
assembly at residual state, ¢ microscope image of a thin section of stabilised Toyoura sand showing a
periodic appearance of large voids (marked with the letters a-e) along the shear band (delimited by the lines
0-0 and 1-1) (after Oda and Kazama 1998; pictures a and b after Oda et al. 1982)

144



Chapter 2: Fabric of sands

Translation
| of column
| |

Column

e Clockwise
Imtl_al . rotation
honzontal e ]
plane

" rl;’"! Increment Xy
| b
X Initial
: | thickness Ay
( a) of shear band

Fig. 2.103 Schematic illustration of the kinematics of grains and grain columns inside the shear band: a

development of large voids between the buckled grain columns, b particle rotation in parallel with the
corresponding rotation in the continuum sense (after Oda and Kazama 1998)
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Fig. 2.104 Illustration of the difference between conventional and microfocus X-ray computed tomography.
a Conventional X-ray apparatus. b Microfocus X-ray apparatus. Note that the size of the X-ray source
affects drastically the spatial resolution (after Oda et al. 2004)
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Fig. 2.105 Microstructure of sand in a shear band. a Image produced by X-ray uCT. b A sketch that shows
schematically the column-like grain structures inside the shear band and the large voids developed between
them (after Oda et al. 2004)
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Fig. 2.106 The true triaxial apparatus for testing cubic / parallelepipedic specimens under the independent
control of the three principal stresses (after Reades and Green 1976)
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Fig. 2.107 True triaxial loading of cross-anisotropic sand: a stress - state point P located in each of the six
sectors of the octahedral plane. The Lode angle é indicates the direction of shear stress on the octahedral
plane. b Schematic illustration of the direction of the stress principal axes with respect to the horizontal
bedding planes. Note that the stress principal axes coincide with the material axes (after Lade 2007 and 2016)
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Fig. 2.108 a Stress - state point P of a specimen with horizontal bedding planes in the principal stress space.
b Stress representations on the octahedral plane. ¢ Radial stress paths on the octahedral plane (after Yamada
and Ishihara 1979)
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Fig. 2.109 Principal normal strains versus stress ratio: a in compression ZC-test with ;= o1, ox= 63 = oy = 02,
b =0and 8 =0° b in compression YC-test with oy= 01, 0x=02= 0:= 52, b = 0 and 6 = 120° (after Yamada
and Ishihara 1979)
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Fig. 2.110 The hollow cylinder torsional shear apparatus for testing specimens under the independent
control of the magnitude of the three principal stresses and direction of the major principal stress with
respect to the vertical (photo after Towhata 2008; figure after Yoshimine et al. 1998a)
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Fig. 2.111 Influence of the principal stress direction, indicated by the angle o, on the undrained behaviour of
gravity deposited sand: a stress - strain curves, b effective stress paths. Influence of the intermediate
principal stress parameter, b, on the undrained behaviour of gravity deposited sand: c stress - strain curves, d

effective stress paths (after Yoshimine et al. 1998a)
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CHAPTER 3: CRITICAL STATE OF SANDS

3.1 INTRODUCTION

Critical state (CS) of a granular material is the observed physical phenomenon of
shear deformation at constant stress and volume under continuing shearing. The CS
can be used as a reference state for understanding and modelling the elastoplastic
behaviour of granular materia