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+BO\IDWD

" #BXO\= %O\PGJDQ %=FBYRREPHDIO \#® WD P RAER NRMINZ=K B BIQQ
H=G PRDK HMGK_RDR= NMS =PVMIB\R=G JB R= HMHHCAD SIC
NOGK =N_ xr VO _KG=4 NMRBIB\ RM H'OGM NI=\PGM @G=
NOMPMJIMGcJ=RH XA 8 MBA=BGEHHRKKENDM>I1ZNBG \RBIKD
PR=EBI®R Y P RorifRdl and steadystate) PRDK MR=MSB4 GH YT RSNRYK JBRY
=N_ BHRBR=JZKD N=0=J OTXPD& H=RY RD AP RB®@= #7 % R
PSKR\EBR=GGHEKAGM =G =K=@H=\BQ PSKE[HBQ @G= RDK BN
HO\PGJDQ H=RYPR=PDQa JB RDK NOcRD K= NOMPAGMO\CBG
PR=EBOY RMS SIGHM® H=G RDK AB'RBOD K= MO\CBG RMK AB\
RDQ GPMROMNGHHQ BWMEY:-RBG RG PB =SR[K RDK MOG=H]
ABK AG=EZRBG PDJ=KRGH[ BPXRBOGH[ AMJ[4& H=EcQ ABK =
'MI=R="R=4 P @VOMKBQ ZOBSKBQ SNMPRDO\CMSK _RG J\= |
BKSNYOVBG H=RY RDK % %4 PJ@KDRDBPXRBPESKHHRMIIBI[Q RMS
PDJ=KRGHY PRD PSINBOGTMOY RMS SIGHM 4

" AG=ROG>[ B\K=G HSO\XQ BNGHBKROXJZKD PRDK AMJ[ |
PS@HBHOGJZK=a RXK @BXSIGHcKa K H=GfabriBPXRBBBH\AM.
ZK= =N_ R= NIZMKHYY DVFFEKRHIRDOGPRGHY @G= RDK JDV=KC(
BHRBR=JZKD ZOBSK= @ OX =N_ RM EZJ= BJT=K\CBR=G J_I1G(
.M ZA=TMQ&a N=O_RG =NMRBIB\ HMHHcABQ SIGH_a PRDK ZOB
K= NOMPMJIJMGCcKBR=G H=G RP BRICBREGBERABQIPSKBVM Q JZ
PDJ=\KBG _RG D BPXRBOGH[ AMJ[ RMSa H=G BGBMNGGAOM NOI
PDIJ=KRRRDWK J=HOMPHMNGRHN S BAMO S8IBK |=J>YNBRE& [SPB
HYNMGBQ NBOGNRREKBERGE@G¥DIY _VG BN=0OHcQ

* NOMWR=RMIGPJ_Q RDQ BPXRBOGH[QRAB[QR IHK GJ DD/ =KK\GAH |
PSIJNBOGTMOY RDQ YJIJMS BJT=K\CBRBG&c RHPM™ W DIGKRGH [A
NOMR=EB\ J\= KZ= EBXO\=a D #BXO\= KGPMROMNGH[Q %O\
MNM\= ROMNMNMGB\ RDEZRWCRHBQHENA ZNMAEXKMPSABEREGB[ JB RDK
BPXRBOGH[ AMIJ[HRMSRII K HMRB ESKRDZK =ORNGPD-QRDRM >[J=¢
K= @\KBG D EBXO\= NI[ODQ& " # %% ZVBG VODPGJMNMGDEB\
NI=\PGM H=R=PR¥RMBHLGXNORXQMPEFHD MRDQ BBXEBHIZH[Q

AMI[Q PRM NI=\PGM RDQ # %% GAGBGRBZBQGCIAERF+FR RDRI
NOMPMJIMGcJ=R= NMS RD VODPGJIJMNMGMDKZK®DIXQH\RBG=ID
BT=0JMPGJ_RDIRXARDOSR[ EBXO\= ABK RGBG-EB® MKV E B\

EBXO\= JZVOG P[JBO=&4 " =GR\= B\K=G _RG NMI" BGAGHZQ N
PSKROZVMSKa cPRB K= JNMOB\ K= BLBR=PRB\ H=RY N_PMk
=N=0O=\RDRM PSJNI[OXJ= RDQ #%%4a H=EcQ PB RSNGHzZQ PSK
ROG=LMKGRGPD D #%% BJT=KW3B NENMK[PHOKEHHOMNMGB\R =C
R=SR_VOMK= JB RGQ ASM NOM=K=TBOEB\PRRQ=-QX¥PANKD@ HI=F
@G= AG=TMOBRGHZQ H=G NGM P KEBRBQa =I1lY TSPGHZQ H-



T_ORGPDQ N&RWKPHRIODMIEXK =L_KXK RXK RYPBXK a B\K=G NMI"
BYK MG PSKE[HBQ RDQ, #B RIBRKAHKKXKNEO RGP =K B\K=G =K=@F

-RD N=OM'P= ZOBSK= VODPGJMNMG[EDHB D 'ZEMAMQ G=H
P @VOMKD JZEMAMQJNBI (RDKKMNWOMPMIMGXEB\ ZK= HMHHCc,
AG=HOGR[ RM®=-TOBBAMNMG[EDH=K H=GKMR_J= =OGEJDRGF
PR=A\XK T_ORGPDQ MPBGCH THRBRIOBGQ AG=PRYPBGQ JB R=
_RG D #% % B\K=G NOY@J=RG JD NI[ODQ4

.M =OGEJBR@H8H= ATR=PB =OVGHY PRDK % ®GI\FRGY] R Do IHEDP R=P D
H=R_NGK BNG>I[EDHB D PROMT[ RXK H OGXK =L_KXK %
PR=EBOZQ RGQ H OGBQHRBYZRDREXPRBR®BKXIK RXK % NOMHY
JB\XPD RMS AB\HRD N_RXKBHG—&a4BHE-HR-YRREBGWD RDQ % %a N=:
MG A°'M PSKE[HBQ RDQ #%% GH=KMNMGM KR=K H=RY RDK ZK:-
NOMR=EB\P= # %% EBO=NB BG =SR[PRBDKIGBZKBRGGR)RDE M # %
PSKE[HBQ JB J\= RO\RD4&4 D MNMPG PN BR\RBRR SP DB RROOIX =HK P |
RDQ AMJ[Qa SR[ D RO\RD PSKE[HD N=0=>GYCBR=G =N_ RDK
JNMOB\ K= BLD@[PBG RDK NOM=K=TBO EBHG JIBNXMRZ KNS RAE
=NMJYHOSKPD%3¥N_ RDK

'G= BNGNIZMK RO\RD TYHRXKAE N-\VOGGHMBROG@BLRKGH[ =HRGKGH]
RYPBXK RDQ TYPDQ sa BT=0J_CBR=G PRM AB\@J= PB AG
-SINBO=\KBR=G _RG M AB\HRDQ N_OXK =AG=JTGP>[RDR= BN
JB RMK =NMHI\KMKR=1_@M RYPBXK& MZNNW\R & G TN~ BINRG/FPI
H=G =SR_Q PRDK HO\PGJD RGJ[ RMS&a " # %% JNMOB\ BN\PDC(
AB\@J=RMQ H=RY RD AB RBOD H=G RDK RO\RD TYPD T_OR
MNM\XK ABK JNMOM K K= =KRGJBRXNGPRM K =NJ>RIOKGHI=P
SN_WD RDK =KGPMROMN\= RDQ AMJ[Q& SRZQ MG TYPBGQ

JNMOM K K= PS@HOGEM K PB t H=G u AG=PRYPBGQ&a N=O
JDV=KGPJM Q&4 BKc D u =KYISPD N=0ZVBG BN\PDQ =NMRBIZF
NO=@J=RGBHEIQ a

-SINBO=PJ=RGHYa JBRY =N_ RM =OGEJDRGH_ NB\O=J= NMS
MG ROBGQ PSKE[HBQ RDEXX =% \B® \K@BBECRGIEBRITKKZ BN\RBSLD
AG=R[ODPD RDQ %%a NGNIZMK BNG>B>=GcKBR=G D B¢
NOMRBGK_JBKIQH-=SXBE[H %% =NMABGHK BR=G NGM =HOG>[Q
RDK NBOG@O=T[ H=G RDK NO_>IBWD RDQ @BKGH[Q PSJNBOC
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SV=0GPR\BQ

#=[EBl= K= BHTOYPX RDK BS@KXJMP KD JMS PB _IMSQ _PMS
RO NMSQ4a I= =SRY R= VO _KG=4 @G= K= MIMHIDOXEB\ D N=1

%=R=OVYQ E= [EBl= K= BSV=OGPR[PX B@H=0A\XQ RMK BNC
=T=IGY4a @G= RD PSKBV[HSEGMRRKOBLEMA[®DPD H=RY RD A
AGA=HRMOGH[Q JMS AG=ROG>[Q4 =IlY H=G @G= RDK BSH=G
BK E= JNMOM'P= K= BIN\CX PB ZK=KRHPMRB\D MRENKGNIEBE® K F
BNGPRDIJMKGH[QPMEPRB\=@DK YNMWD RMS V=0=HR[O=4 S
RMK H=EDGZDRIM SHM>YI= NMS KB\HRLUBDRMEIMQ H=G T\IMQ B
H=G NMIIY VO _KG=4 =N_ RM NOMNRSVG=H_ JMS A\NIXJ=4 *G
PRMK H=EIV@DRBEN=ADJDRO\MS N NGO RDXBSKBO@=P\= NMS
B\W=JB H=G R= BL=GOBRGHY PV_IG= H=G NOMROXEKGRMXMS &
H=ED@DR[ <+« @&% <RDK BINKBSPRGHHRN=PW IBY=- RWS H=G
RDK H=ED@[R®EXKR=C\AMS @G= RDK H=EMA[@DP[ RDQ4

NGNOMPEZRXQ BSV=OGPRc NMI' RMK 04 '=KcID =]O=HRYO
RMSa4a RGQ N=O=RDO[PBGQa R= PV _IG= H=G RGQ NOMRYPI
BL=GOBRGH[ PSKBO@=P\= NMS B\V=JB4

#Z1X K= BHTOYPX RDK BHR\JDPD JMS PRDK BOBISKRREGH[ M
@BXalGHCKDK=IGJRMS 4 $AG=GRZOXQ BSV=0OGPRc RMK I;
(\HMRMK %cPR= H=G R®B='SOPOKRGQ PRG@JZQ BO@=P\=Q H=
NBOYP=JB J=C\4 H=G RMK GYKKO RGP ROATE IRBRBIBR =\ =
VO_K&M& BSV=OGPRc RMSQ T\IMSQ JMS H=G GAG=\RBO=
+=K=@GcRDa HMAX®[@Da @G= _IBQ RGQ PRG@JZQ NMS NI
GAG=\RBOM BSV=0GPRc PRMK AYPH=|_ JMS RDQ HGEYO=Q
DJ[ROD @G= RDK SNMPR[OGL[ RMSQ4&

SR_ RM ZzO@M ABK E= B\VB SIMNMGDEB\ VXO\QPRMS GNMPI
MNM@L\CBG BN\PDQ K= =NMAGFEMSR BRADBN\RBS@J=4 .MSQ
@G= _ID RMSQ RD TOMKR\A=a RGQ NOMPNYEBGBQ&a RDK
NGNIZMKa BSVaFHO®PRCYONRD @ G=@GY JMSa RDK =ABIT[ JMS
.ZIMQ4 BSV=0GPRc RDK I\K= @G= RDK =@YND RDQ& RD]I
SNMPR[OGHBHGRPM -YIIS NRDIKYEBKEO= H=1" RBODA&
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A-iv



TGZOXPD

“-RM@® MKB\Q JMS &



A-Vi



sa GP=@X@]

sda GP=@X@]|

M ZA=TMQ B\K=G ZK= HMHHCABQ SIGH_ GAG=\RBOMS BKAG
RDQ BJTYKGP[Q RMS PRDK BNGTYKBG= RDQ DQ& ZVBG MKM
1953). .M ZA=TMQ B\K=G HSOGMIBHRGHY-GAMRBIBA\YEB EBIRIC
RDQ P @VOMKDQ =KEQBN BEDQGCOEFNMACABREE\RBOD PDJ=P\
PRD PSINBOGTMOY RMS4 -SKGPRY ZK= HO\PGJM SIGH_ @G=
H=RMIGPE[PBBKGHYG@G= PVBA_ K IBQ RGQ NRSVZQ RDQ P
MGHMKMJGH[Q =KGNREM®DRRGJIB BG XQ >YPD EBJBI\XPDC
NBOGPP RBOBQAH=RMRBBE\ZQM NBOCGBNGMMKBBGHZRGE=G >-
BLMO HBG@B\K=G RM HIGEMGAMIBMAMIZQAa HNGCQTAOY @MRE 4
M NIZMXI=KRBGK=G RG R= BA=TGHY SIGHY B\K=GHRB MOWUIZZQ
=\R@G= =PRMV\BQ JB@YIDQ HI\J=H=Q H=G =KRBBRMEQYBQ
H=RMIGPE[PBRERMWHE BNGVXJYRXXi DK=0 =QXRE&H[ RDK =KY
H=G4 PSVKY4 RRKKBHNIGEOXRBEKA D >HB+RVEKPMIRBIY =HOG>M"Q
NO > IBRMDQ JDVPISGNBDGTMOYQ RMS BAYTMSQa

*O_PDIMKPRDISPNOHERBMIMBEODIDV=KGH[Q PEMIBBEYVVYQ
SN[ODBADJGMED@¥BXO\=Q %O\P G JE& %eitidal YRR FieDry.

*G ‘e..'tda .HEGLEBT s{wz H=G MGBI=0G'SS<sdxz NO_RBGK=K ZI
@BKBH\PEBMBT=ORM@NB =O@\IMMB PBIIMMG A°M HHOGMG R I
BA=TGHcK S @QREKKBSPRFAEIRYPR=PBSRBAGCGRS@VBRMSKN _
«BN=OH[ AGMYRIPRD RM MNI¥BEGCMNN®OQOB®VM @G= RMK RMJ.
JDV=KGH[Q RMS BA¥OMSQEHRBEGGWR JZVOG P[JBO= R_PM PRD¥
_PM H=G PRDK NO=HRGDBD[#%RBNBRPE PFRMK NSO[K= RDQ NIB
RXK H=R=PR=RGHcK NOMPMIMGXJYRBKHMMBcABD ARIMBAN KR :
Vermeer, 1978, Jeremic, Runesson & Sture, B99Dafalias, Papadimitriou & Li2004,

f<t,.f— = f fZ<fea trrz & SRY R= NOMPMIXI@G RREBEO EBXCWBK
RMS PSKBVMBXGRPNMHIEMEO=HRDOGPRBHYORBPDID BNGTYKBG-=C(C
AG=00WMNQ RBKOMPR=RGH)D ASK=R_REPRPRGHWc@HMJIBROGHCcK
N=O=JMOTcRBBKG=PRMIGR=RERM\= =NMRBCGMZIQ GAG_RDRBQ
BA=TcKa



sa GP=@X@]

5K= PDJ=KRGH_ H=G BKABVMJZKXQ >=PGH_ PRMGVB\M RDQ
BLBRYCBR=G BSOZXQ PRBEBNOMPMSHMRXABEDV=KGH[QRME HOGP
BAYTMSQRELBQ RBBESR=M ABH=BR\B @fdbrie)\ RME BAWIINISQa H_J
H=G =KARMMND MPMIMGABKBREDB RGQ EBXO\BOZRM B \KSIGB¥X KI=Q
AG=HOGR HIGPANGHDRBEO GHD AWMNM—EMQOUBBENMT=PGPRGH _
RO NWK J=HOMPHMNGRMS$&8N BB =RMIGPJ_Q RDQ BPXRBO
RMS BAYD MSNQHE = BEAMBIAB RKIB R M KA MQfbric), NOMPAGMO\CBR=
HSO\XQ =RV[RMRXK H_HAXRB8MBN=TcCAKBR=RXK PXJ=RGA\XKa
H=EcQ H=G =N_ RD VXOGH|[] H=R=ROMI @ RXKR =HPRIK-RKEH Y
NOMPMIMGAVMBK BKPXRMRcRBEBGC RVMPISINBOGPB> & =
PSKBVZQ NOM®RMI MXids; 2002, Muhunthan, Chameau & Masad, 1996,
Muhunthan & Chameaul997, Papadimitriou, Li & Dafalias, 2012).

" AMJH=G D PVZPD RDQ JB RD FRD/GKGHMSNB\KGGP® _PM PDJ
CPRBIG <« -liasf(2p12) NO _RBGBEKEKEBXG\RDBXO\EGPMROMNGHI[Q
%O\PGJDQ % =R¥Y B REnR@Qpic Critical State Theory @ G= RDK ROMNMNM\
RDHI=P®@H%% NOMPEZRMKR=Q JG= N=0YJBROWHNMD PIWBR\C
NMS D6A#EVBG BT=QBBINRBSV\= XQ NI=\PGM H=R=PR=RGHCK N
JZVOG RcO= ABK ZVBG =SRIABEBEB\=-XC0 NIGCRPEB{BBIZROMS
AMI[RRM=NPGM RBENH#OZVBG LBVXOGPRPR =A SIOMP MDWRBJ =R
NMS RDKJBOMOKA =I11Y D EBXOASREBRA SNMEPRDO\CBR=G |
AG=WB ABR=G JZPX SBG ®SIRXKBEG AG REGANHGERMPRRE[HB
cPRB= BIB@VEB\ BYK B\K=G =N=0RR® P & N M \G\PN MB B PYOQ
PRGQ RSNGHZQ ®€R=RREYPBAM\BQ H\E=D/ 3N O VEROEDMIBOH |
PSIN\BPBPR _PMa @G= AG=TMOBRGHZQ HXC BIGHESPPISEERB Q
BJT=K\CMKR=G PRIORDWD] R)4K/ H SO \RKXK=RYRBBK B\K=G P=TZC
BYK MG PRIOEJHBI=G NI[OBGQ4

5K=Q =N_ RMSQ PDJ=KRGH_RBOMSQ PR_VMSQ =SR[Q RDQ A
NB\O=J= NMS E= JBNCM G BKREEJTG>MIBMOGPRGHNME 'G=
RZRMG= AMHGJ[ E= ADJGMSO@M PB RG B=NBIMRWNCEIZKPRB-GQ RS |
D #% %M HW#GC% % SR_RM BGAGSHVBIEG\90BEB\P RR® TH\RXK D
H'OGXK =RMXIR=KPRRY PROIK %O\PGJID %=RGRREREQ % %
N=OYIIDI= RGQ HRERERY REBXX PR=EBOZQ
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sa GP=@X@]

& @X RDQ ASPHMI\=Q SIMNM\DP B SARMG MN &G PPBGKEEB K DR A4S
=I1lYH=G BNBAARMS BAYTMSQ B\K=G=NMIKO=AJBRKPBEBSRY
VODPGJIMNMGENDANESDBACcK -RMGVB\XKREBNOMPMJIM®XEM " K
NBOG@O=T_JBK= NBGOYJ=R=H[ SREMBMOOGIEBERBT=0IJMPF
BXJDV=K@&H[ RM s{y{ —tf2Z2 - —"f.2E=NR{VEDHBY
VODPGIMNBSOZIXH)BR= RBIBSR=\=H&0VYOX WBMHEZ HRIDE\K = G

~RG =NMRBIB\ ZK=K RO_NM NOMPMJM\XPDQ HMHHCAMSQ J
T'PDQ&O WX K= VOBGYOBDPGI MMN-MGDEB\ D BE=HOGM RIVI NBGKH 19°
NOMPMIMGcSRRMBNGROZNBG RD® F&MORMBAFIDGHM , SIGHM"®
NOMHBGJZKMS K= NOMH WMSK =NMRBIZPJ=R= PVERRRAMGHY JB
H=G K= BN=KBLBR=PRM'K MG SNMEZPBIQ RNNMS=RO-TRGH ¥ N
NOMPMIMGMEREMKZHRDJI=BRK=G ' -RG4 H=EcQ =PVMIB\R=G J
PXJ=R\AG= RMS AG=HOGRM  JZPMS H=G RGQ =BINDIBRWM=SAOYF
N=0O_KRMQ =A"K=RM K= BT=0JMPRB\ JB JB@E4NMSN[RKGEB H_ H|
NOM>I[JRREMOG=HcK PSKEDHcK

HRBKZPRBVIBPD PWBREBBFK=R_RDRBQ NMPMRGMMEM\DPDQ
NO=@J=RMRRDBR BB _JBKDWER_ MBR&=OMSPG=PRB\ D #BXO\= %
%=RYPR=PKOQ#BXO\KGPMROMANBRBIDQ %=E¥RRGFPRBG
H\KDROM H=G RM NI=\PGM @G= R= NBGOYJ=RRHPSKRIVBGKY
E= NO=@ J=RMRM GOEBGYRRERRIOLE JDRE\D=J= RIPX ' -

SR[ D 2K=N=OYPR=PD RMS HMHHZ AMISQABGEHEB EVBGOBRGH"
HSRQ@G= RDK BSHMI PREGDGPD BB RIKMBWK =NMRBIBPJYRXK H
RDK R=V'RDR= REQ B YI|FPD G O GNERB\IDRGHCBRPAG PRDK PROM?
RXKHSO\XK =L KXK RXK RKFBXKD =SRM' RMS BGHMKGHM 1|
=NMH=1"WB® RDKXO RDR=HRIBQRIKWEBO=NB\= NMS JNMOB\ K=
# %%4a NGNIZMKa& E= =BMKMREAREGRGEHRGBRY RDKRDYPD
PROMRNK HSO\XK BLMKNKNEAB\LB®ROK] GPV' RMS T=GKMJ?z
%% NGNIZMKIAN=0M PREEM \AGBEJDRGH_ NB\O=J= PB u AG=F
BLBR=PEKI WSKRMJ\= MG MJMG_RDRBQ H=G MG AG=TMOZQ R>
AG=PRYPBBSXBHR\JDPD RDQ RO\RDQ AGBPRBMNDRP ADIG WS
AG=AGH=P\R4 =NIMRBIZPJ=R= E M BRI BK-BONWD BBE% R D K
BT=0@] RXK BGHMKGHCKBNBO®SPRRDRIKR BOKBRZQ ASPHMI\



ta " AMJ[BRMEMSQ

ADMGO@CcKR=Q KZBQ ASRFROBRBRBEQ'4APRBR\XQ PRDK NBOGM)
%% .ZIBOBL=VEMHK OG= PSINBOYPJ=R=4

ta AMIRMS BAYTMSQ

MZA=TBI\X=G ZK= NMIST=PGH _, RN HVHHEMBB BIBGR=G =N_ PRBO
H HHMSQ H=G HBKY&a .= PXJ=R\AG= =NMRBIM'K RD PRBOBY
SN_IMGNM JZOMQ B\K=G R= HB YA RG QZNM\SKJI SIEERW KRS G =
HBKY JNMBOIMPRQ K= VXOGPRMTK PEEC @ABRBIN® RDK -BZOG=
PSK[ED BRMT®P@O _B\K=G KBO_ HNDG GRM M D-GMZ®HKQGG =1 1Y
JNMOBNXKGEMSPGHFEMYKIGYS[@=H_JD H=G =Z,08G80 X &\Ni_3 YARS=

[ AGMLB\AGM BMS YKEO=H=

HR_Q =N_ RMK NMIST=PGH_ V=0=HR[O= RXK BA=TcKa JG=
PDJ=KRGH[ BN\AO=PD4 BGAGHY PRDK =KGP_ROMND JDV=KG
H=R=KRIdK PRBOBcK H=G M NOMP=K=RMIGPJ_Q RMSQ H=EcQ
M NOMP=K=RM&GPXK®VBRGHCK HABKIEKi)" ODMGIMN@GB\R=G
K= NBOG@OYWBG RD PSKMIGH[ VXOGH[ H=G @BXJBROGH)|
PRM\XKB "$™3$74 s{xva tfa s{ytf a

.0\= B\K=0C RBYAD AMIBARWESQ4 M NOMP=K=RMIGPJ_Q RXK |
RKK H_ HHXK JB >YPD RM PV[J= RMSQ4a M NOMP=K=RMIGPJ_Q
HYEBR= ABNGJZQ JBR=L' RXK PRBOBcK PXJ=RGA\XK H=G
NOMP=K=RMIGPJ_ Q RXK HBKcK& %=G R= RO\= =SRY B\AD E
@BKGH[ PIOUOIB B Q MMH IS tBRIDK aN=OAMCBOB KD ML BR=PEB\
HSO\R@MJIJB >YPD AG =K PJ=R= ABBIM®G<K& BLBRHRBBW
NOMP=K=RMIGPJ_ Q RXK HBRCRSKW¥BIRKRNZE PSKMNRGHY H-=
B\ADMJ[@G= RDK =KY4SPOHRXKBKKMGeK RMSQ MOGPJM'Q =S
@®DK NIDO_RDR= RDQ N=OMSP\=PDQ4

*G H_HRMWBGBAYTMSQ ABRTB&GGHM\RM R B, B MBEGRVMBIGAB \ Q

ASK=R_ K= H=EMOGPRB\ ZK=Q H OGM G % LA\GK/=FM @KG K RAVR 2 V[.
PV[J=R=NXQ PWRJI}1) ZK=Q H DCMRQRRMGE=ONMOB\ K= SNMIM@ G
1=J>YKMKR=Q SN_WD RMK NOMP=K=RMIGPJ_ RMS H_HHMS4
IMK=AG=\PIKR=KPRMK H OGM YIEMKMS -B[E=G V=ORMKRDOGP|

A-4



ta " AMJ[ RMS BAYTMSQ

NOMP=K=RMIGPJM" (RXK H' BI#XRD =SRY R= AG=K'PJ=R=4 D
PVBR\CBR=G JB RMK NORN= RV¥EMBEP Q_{PX GFRVG RHGS JiB
_NMBM.. PSJ>MI\RMBGR=KSPRGH_H@G K_RRBWKMVXORMnN,)

VODPGJMNMGB\R=G4 YK VROBP\GMKMWGABDEGEZEK Ki=BT=0JMPRB
PSKRBIBPR[INOMPRY RANKSRRGH , @MAIBMKR=Q =HOG>cQ R
=NMRZIBPI=¥=0O=HRDOGPRGHY =SRY AG=XK PIKERESENI'MOMB
H=ORBPG=K_ P'PRDJ= =L_KXK MN_RB H=G K= NMPMRGHMN N
R=KSPRGH_RMSQ @GK_JBKM#

-V[J4i: G=K PJ@QRRDKBO G QROGANI JRXKMHHXBEEHoK& G= RMK
NOMP=K=RMIGPJ_ RXKGH_RHHXKEBR=MMEN=FK PKI=R=

G= ZK= AB\@J= BAY T MBR)R B ORH| FIPRIMF MK NOMP=K=RMIGP.
PXJ=RGA\XK MO\CBR=G XQ RM REKGWB B HxK I@ BXRXROKKK K
H HHXK RMS BAYTMSQ tfa s{ztd f-f-fa s{zta fef—feca s{zv

No

G ne ne (1)

1

1
p Npk

n, BIAKREGAG=K P N-MBO\CREKOMP =K =R R D&M X K _HH XK
B\KROR=KSPRIGHK_,UBKMBKKMB\R=G D YEOMGPD PBRMMSQ RMS
V=0=HRDO\GBB_WWM=G, BK=G M PSKMIGH_Q =O0GEJ_Q RXK

PXJ=RGA\XK PR-BNAB\@®O GNRRPMBNMHI\KMXKRORB=KS RRQ
AMI[Q\K=FGMNIZMBKAG=TZKBWM I ZKRIB\K=RN=11=@JIJZKM RM

SAOMPR=RGH_ PRMGVB\M RH>IGKNROHVBGJIREH[ SRGEMMOMN
=NMHI\KXK R #NOIPHR [F)B BXQ

Np

: o s L (2)

1
F G —
p p Npkpl p p 2

NI

-BJ\3 H=RYPRWH»IEIXRBIBRRE®@ NOZNBG K= =KRGH.=R=PR=EB\ JB
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ta " AMJ[ RMS BAYTMSQ

-RM AGAGYPRMRRFRSEPRIXX)YBG A M >=EJM Q BIBSEBO\=Qa AE
_RBVBG JDABKGH_ \VKMBYEBL=NTIGFIRMK NI DMR=KERRV

\WKMEBEBNOBPXRBOGH|[ =KKRMD\RAMMM@POB\ K= NMPMRGHMNI
VODPGIJMNMGCcKR=Q J_KM RD AG=TMO(4, FEXKF,A IM=BSO\XK R

@XK\=4a NaVa BHNBTO=PJZKD JZPX BK_Q V=0=HRDOGPRGH!
YLMK= H=G RDQ H=RB'ESKPDQ RD Q) dZ @R RR MQRID' ONGF® NRJ €
RDQ ZKR=PDQ RDQ =KGPMROMN\=Q RDQ AMB[RDBIZAG PSKI[EI
Dafalias 2011a; Yishmiri & Soga 2011). NGNOMPEBREDKR=PDMABGHK BR=G
_RB\KNGMRGHY¥G NMPRRSRHYDEB®PM JZROK _OJRMB=KSPR]

F JuF \2[F| V2|R| A/ ®)|F F|.-B3, DK_ORMB=KSMBRKMEIZMK
H=RYIIDROQNMQ @G= RDK NRIP® RIXHRWREDRDQ (i kGPMROM
Dafalias 2012).

5K=Q YIIMQ RO_NMQ @ GAMRMK WPGPRD RRBOBYGTYPMDX RMS
BNGNZAMS NMS H=EMO\CBGABR KT HER-BK EFSIERDP= RIDKS R _

RM BN\NBEAOEJIP[ PBMO\CBR=G XQ BHB\KM NMS AGEBNTEQ=G =N
A'M H_HHXX B\K=G BT=NR_JBIGM RRIS ZOMRKR=G PEPBN=T[4
=SR_ RM BN\NBAMH{G@IB=RE[\VDABNAT[Q4& MO\CIKR=AGAM
AG=K P,JRRMNWKFY C MKRE BRG=K P ABRI=T [Q[J =1).

'B >YPD =SR_K RMK MOGRBNRWME® BINGEE K EISIABRNXKT M
R=KSPRYQIMMOB\ K= MOGPRB\ XQ tfa s{zta f—f<fa s{zta f

N,

17 ek 3)
N, 1

Gc
_NM5 B\KMB=KSPRVQ@R=AG=K P ABRA=T[FMNM@B @ O& HIZKM
ADIcKBRXGODP GJMN MRGAG K R =FGI-BR\= T (oQntact normal vectors), n
B\KREMK=AG¥BBAROW KS\P'MBBO G @ R MVMBI@ RDKth ABN=TH=G
RM: BKKMB\ RDK YEOMGPD PBl, NBIQ BEROBNSKZQBR=L RX
H HHXK

5K= YIIM MSPBRNMB@EB\MRD AMI[ RXK HMB\WHXAEcBR HEZRCKMI[ H
M NOMP=K=RMIGPJ_Q RXK HBKcKa& " NMPMRGHMNM\DPD RXK

A-6



ta " AMJ[ RMS BAYTMSQ

BK=G H=RY >YPD NMI'=NG=RBPIOBREEIHI@O0=T[ RDQ PRBOBYQ
PSJ>=\KBG |_@X RXK EBJBIGXACRXKGATW YR BRBRE* HBK_Q
MO\CBR+E&Q XQ M VcOMQ NMSGABR RRBOMY PXJ=R\AG=4 SR_
AGYTMO= CDR[J=R= @G= RDK NBOG@O=T[ RXK HBKMKa _NX
PV[J= RMIDQPHK@NM[G RSV=\= BLZIGLD RMS NBWMN=EWc@MBIZ K X
PV[J=R=4 NGRHZMRKY JBR=L" RXK H_HHXK& BGAGHY P|
=IIDIMPSKAZMKR=G4 ZRPG cPRB PRDK NOYLD K= SNYOVBG
JB@YI=4 91= =SRY R= V=0=HRDOGPRGHY H=EGPRM 'K RDK BK
_PMK =TARA¥YIJRDQA4 =N_ RMK PRBB= ¥BRREE NOMTZEKEQ H=G
=K=TBOEB\ <« = <& trr{a Sit'..Sf =« fi'f fIfoéh tfsRaY AFG[
RMRE@ HBKY H=G RSKRRBIKIREG4A NXQ =K=JZKBR=G& H=G BNC
NMPMRGHB&XRMIPR4 @G= K= NMPMRGHMNMG[PMSJB RD AM
V=0=HRD OFG\WPREGMISK PDJAX\® RM JZ@BEMQ4a RM PV[J= H=G D
RXK HBKBMC @ G= R= PREBNOBYPRKGK K=HBRRGQYRENGM V[J=

RXK PXJ=R®PREXKJ=K RBANRF[Q4

-B J\= NO _PT=RD ADJMP\BSPD trSy,'a..SN'<eBLZRf=ZPD BLBRYF
PSPRDJ=RGHY J\= BL_VXQ AG=ABAMJZKD JZENMNAMPEIHEKG= RDK
HBKcRA JZEMAMQ =KYISPDQ RXK HBKcK JB N=OYIIDIBQ @
=NMRBIZPJ=RcY BPOSR[MMBOGI=J>YKMSK RDK =N_ABGLD JB =
=OGEJDRGH_ RO_NM 'N=OLDQ NOM>IDJYRXK PRMSQ JZVO
VODPGIJMNMGDEPD K=BB[ JZEMKK N=OMSPGWRRBDWKEKBQ
BK=II=HRGHZQ | PBGI( Gt AHIMOMBBRMS R=KSPR[ AMJ[Q4&

-S@HBHO®JIZIKG=4 PVBRGHY =NI[ ROMNMNM\DPD RMS =OVGHM
A _EDHB =NOdaReMss @985 & MO\CBR=G ZK=Q AMVIB R=KPIP R[D
JZEMRMOYIIDXB=KPYOXPDQ NMS JNMOB\ K= NMPMRGHMNMG
=KGPMROMN\=3

NT
L7
90° 7 90° i T

I'n7.n7 LY 1T Tl @G=1 4d..- @

| T
9q° 7 9 N T

co
GV

]

$%n’ B\K=G RM JMK=AG=\M AGYKSPJ= H=RY J[HMQ RDQ BHYPF
SN_ @XKRM . VODPGJMN@ GRBRRKGS P RGGGK _RBKSI JB RMK



ta " AMJ[ RMS BAYTMSQ

B=SR_, RIM8=0=HRIRMPB\GO = RRI® XKEA RMB\K=G M =OGEJ_Q R

JDHCK RXKIABKEXK HYEB RN B\KE@ZPMHMOQXKR XKD HMKXK

79
HBK@®RIHYEB @ XHK3IS E: |I”" B\K=G RM YEOMGPJ= _IXK RXK JZ
7 90°

|I"@G= IBQ RERK@ XEBRGPD I=J>YKBG VcO= PB NOMH=EMOG
RMBJIZP=MWR VAWM, 9F]. * IZPMQMXKDHJIKN=0ZRBEDJIJ=KRGH]

=KGPMRB®MM\=KSPRcKY H=G D PR=RGPRGH[ H=R=KMJ[ RMS |
NOMP=K=RMIBEPIAMRDKBO\NRXREB M B\K3IBMD GYEB E=
=N=IBGTEB\ =N_ RMK =OGEJDR][ H=G (BAMKs 6l £\d# KIMIHNRE RR=IQ
@GEYEEBNOMH WBEBBIJRK=AG=\MQ ®/2KS\PNR$QPVBR\CBR=G JB NI]
GPMROMMGH|

5K=®@IIMQ4a KZMQ MOGPJ_Q BK _JZEREASPRPIRRKQA M MNM\M
=NMABGHK=ZBR=6R_Q =NMRBIBPJ=RGH_Q PRD JZROWP® =KGP
NOMRB\KBR=G =N_ RMBQ tS&¥",... B fK=GHi-

1 r90°I NT f? .
G, ———— 17 n 7 n (5)
v2 r900I NTI 7?? ; 9o°| . b
7900I ilI b E

.= P'J>MI= N=0=JZKMSK \AGB \SXRDK=KBBOOMBKEPD4 RM PR=FR
>YOMQ RMS R=KSPR[ AMJ[Qa N-MS PMRG MR D=DFIXBE HB B KK &
B\K=G RM RBROY@XKM RMIScK [HRMEBKQcKRXPB =KR\EBPD JB
NOMD@M JBKMSQ NMSVE®MIMVG DM NRIG B\AR3M® J[&§MQT_RIEBO MG
N=O=NYKX KBMADJGREKS@BBAKREHBKcK4 PRGWY BEGPCWBGQ
JNMOM KNMPMRGHMNMG[PMBBK BNKGPNEROWM NAB KEG E=
BT=OJMPRM K PRD PSKZVBG= @G= RDKXKMPBKBGHERX\DPD F
=OGEJDRBHX=JYRXMM@O=JJ\CBR=G _RG MG N=OYIIDIBQ @
BT=0J _CMKR=G PB _IM RM AB\@J= H=G _VG J_KM PB J\= =K|
PB YIIBQ JBE_AMSQ4



ua " #BXO\= %O\PGJDQ %=RYPR=PDQ H=G D HIDOMKMJGY RDQ
3." #BXO0O\= % O\PGJDQ %=RYPR=PDQ H=G

31" H=PGH[ #BXO0O\= % O\PGJDQ %=RYPR=PDQ

" ZKKMG= RDQ %O\PGJDQ %=RYPR=PDQ %% ZVBG BGP=VE
""-S s{wz H=G =N_ RMSQ-S.Ss{xzZPRMOZ P@WMSQ NOGK =N_
JGP_ NBO\NMS =GcK-=4D'K BROSGRaGEDYT VB @ KRBMEZRIG RM ZA=TMQ
H=G YHMHHCAD SIGHY&4 =K N=PSERQOIQKMKRG K= OZMSK X
ROG>[Q4 E= BGPZIEMSK PB JG= H=lY H=EMOGPJZKD HO\PG.
=N_ A°"M BLGPcPBGQY ..S‘ " ¢tXKt RDR=S&azsfxzBQi MG 4aA ®RZ

BLGPcPBGQ =K=TZOMKR=G PRGQ J=HOMPHMNGHZQ GAG_RD
>YPD RGQ RYPBGQ H=G RMK _@HMa4

%=R=0OVYQ B\K=G PDJ=KRGH_ K= LBVXO\PMSJB RDK #BXO\=
=KR\PRMGVM T=GK_JBKMAa " %O\PGJD % =R MRRIP R%PD RKXK
HMHHXAcK SIGHcK _NMS RM SIGH_ PSKBV\CBG K= N=0=JMO
BKc MG RYPBGQ H=G M _@HMQ RMS N=0=JZKMSK PR=EBOY34
H=RYPR=PDQ PSKBNcQ NOMH NRBG XQa

p O! q O’ \ 0’/_/q Z (6)

_NMSB\KBENMHI\KREPEB\KB&EGAOMPRRREB8HBB\KBB@HMIBROGH]
ROMNE® B\K=G D =NMHI\KMSB=KBROPMNINM\= BLBI\PPBR=G P

SNBORGEZJBKBXRERIBEFXrO=JZROENMBAD I RIDKBOGHOY@ X@M JB
RM VO_KMa

*G ‘e..'t4&a .S <tZt - =S s{wz H=G .S «ftZt - "'=-S s
T=GK_JBKM =11Y NO_ RBEGKIK EBPO\@ >=PGRJBRD P RHEBK Q%
SNMABEBG RG D HO\PGJD H=RYPR=PD IJNMOBS KK{&\MMDG P R B\
MNM\BQGBHAKKGQ H=GC @IG=oK=\BND)GRBSVEB\ H=36%K SR M3 D
A°M BLGPcPBGQ HHEROONRNHK=ROG=LMKGH_VcOM H=G PRD
JMOBHTOYPRDH=K XQa

qMp, v IZp 7)



uad " #BX0O\= % O\PGJDQ %=RYPR=PDQ H=G D HIDOMKMJGY RDQ

NMBYIEGGB\K=G D =NMHI\KMBB\K=®R DPBAOMP R=R\EGH G RW BIBGA GH _

_@HMQ RM®M,SHGIHEBAKEAG ROVWERATGHM SMGNOICRM JZOMOQ
RDQ BL\PXPREKOTZOBR¥BBEES NOMH RRBKGDABISMHI\KMSP= H=G
SAOMPR=RGH[ RYPD PVBR\CMKR=G @O0=JI166R YRPX JENM P\R
RM SI&HM AB'RBOM JZOBR=RMODBLEGY RG M BGAGH_Q _@HM
PSKMIGE®HMQ NMS H=R=I1=J>YKBR=G =N_ BIMKHEXGB G\ K BaRHG P
@O0=JJGHY H=EcQ =SLYKBR=G M IM@YOGEJMQ RBQ@3AOMP
>O\PHBIRK®R= PRBK=%A"M JZOD RDQNOREMIBOR G NMGMRGHY
“MJ=2.

Deviator .
srrgsg Specific

1 volume

# Critical
#~— stales

Critical

states
‘Dry’

( % == Pressure % P~ Dressure

V[I2: %O\PBIRYPR=-BDXKERGQS6): (3 D=NMHI\KMBFPIP®D
RDKAOMPR=RGHMRGROGH Q @HMQ PB PVZPD JB RDK SAOI
(Schofield& Wroth, 1968 K _RDOR= B L2

" % O\P®EIRYPRBDIK=81cQGRR =EBGR Y P RP=FPIDK MTNEW\KBKG=
HMHHCABQSEHENMG= GAG=\RBOD ARD-Q\GHHRN\=NM® B K3 HJ[G =
6>YPD =K=TMOYQ6 @G= =SR_ RM B\AMQ SIGH®@K& BB YINNEEM /
RM BOcCBDK=G BYK B\K=G 6V=I=0 _RBOM6 [ 6NSHK_RBOM®6 =I
B\K=G D H=RYPR=PD H=RY RDK MNM\=4 SN_ N=0=J _OTXPDa
BGAGH MQ RAMS E= JBGE<EBDAIBADNEB\ JB\XPD RXK HBKcK JI
IMK=AS =@M MS RXK H_HHXK H=G =KWatze BR¥WE&DaQ 1/ @RIK
YIID NIBOO&NSBKOD® B\K=G D =KR\EPRDKHA»WPR=RB AB\@J:
AG=PR=IB\4& ADI=A[ D N=0=J OTXPD RMS3 BGAGIHMB@G = LDPL
B\K=6) DOOry)" NBOGRRM -Wa tK=G NIZMK P=T2@K BGKB G\ IcQ
JG= PR=EBO[ H=RYPR=MDME =PIYJ=KR G H\ | HPEN PSN6-0@ MO B B G
RDRSIJNBOGRMOYBAYTMSQRBRS BNHOB EMMRSBIB\ RD >YPD @G-=
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uad " #BX0O\= % O\PGJDQ %=RYPR=PDQ H=G D HIDOMKMJGY RDQ

=KYNRSLEBRDO=Q %O\PGJIJDQ %=RYPR=—FFEQ@HKBHN\RBS@J= R
A=TMJIDV=KGHI[Q

‘\= =H_JD PSK[EDQ JMOT[ RXK PSKEDHcK RDQ #%% B\K=G D E

%KC M, e & &0 (8)

_NMMK B\KR@ " J>ME@VER-MKN MH I\ KM KAy P B(deiiatoric stressratio)

H=6 @G= RMWMKHI\KMKaRM RYPBBKYBIMOGPJMJIBW.M AB\HRDQ

N OXK|_ @ MG®Kekoid ratio) (e 1 v) =KRGH=-RMBBVG@HMA H=EcQ
ZVMSK PVZPD ZKH=GPWM @REGPFRDK W& s VODPGIMNMBB\R=G
SNM@O=JRABGHRDQ®XIRDKBL=ORYRKNM =N_ RDK SAOMPR=RGH
"PVZBBR=RD®AOMPR=-RGEGHOBMASB\HRDO XN MRBIB\ RDK NOM>M
RDQ BNGTYKBG=Q RD& phlHe=E RBWcVeBMT ZOBRFIG KOQGIDQ
%=RYPR=PDQ %%

32 OXR[J=R= PVBRBXOUBBRMD\PGIDQ %=RYPR=

3Q HSO\=OVM BN\RBS@J= RMSSBN#&RRDIWKEG HNVIZRB/AK DIP B G
HOGRGH[a \K=G PDJ=KRGH_ K= ZVMSJB H=RY KMS _RG& RD
ABK SNN>VOB JRBGRMG= EBXRG=MHBGIGPR[JD RDQ @BXJDV=KGF
PR= NOcR= RB® RRRANGK RDQRBQP@X@YMSK B@BOEB\ =
PVBRGHY CDR[J=R=a BGAGHY ABAMIJZKMS RG NO_HBGR=G
NBGORGHY =NMRBIZPJ=R=&BXO®ODQ GGHP OMH >=EA M PDJI=KRGH
CDR[J=R= NMS ZVMSK NOMPBIH'PBG RDK NOMPMV[ RDQ ZOB:
JMK=AGH_RDR= RDQ %% H=G MG GH=BEXR BSIHPHos@ H=\BQ
1981, Chu, 1995, Riemer & Seed, 199vlooney, Finno & Viggiani, 1998L.i & Dafdias,

2012, Zhao & Guo, 2013).

32as \K=G D %ORREGREBMVAD-AGH[a

" JMK=AGH_RDR#%% WS RADAZBR=G HSO\XQ JB RDK O=JJ[ %O\
%% \K=G NIZMK NBKRBHHC R G D RGN HRIMMKERMS RXK RYPBXK

g/p PRDK ®B%AG JMK=AGH[ Navalaa ‘s{fz &8-M NQRDQDJ=
JMK=AGH_RDR:=IVROG QAGB®BSKDEB\4 VXO\Q K= ZVBG BNGRB
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uad " #BX0O\= % O\PGJDQ %=RYPR=PDQ H=G D HIDOMKMJGY RDQ

H=RYI®LHMIIY NO=HRGHY NOM>I[J=R= NBQ R,OBOMISH  RRVGG |
=NMRBIZPJNRKGA =KYNRSLD AGERKRREGBzE_OTXW¥YEDQGK V
PRZKXRBQRMHzsk YIIXK JD MJIWMNGQOQMWMOXT agP BKK=ENMRZIBPJ= D
%= JDK JNMOB\ K= BNGRBSVEB\ PB _IM RM AB\WI= H=G
TRYKNMSMG_JNMRDK % %

" 'ZEMAMQ RXKGRRMGVB\XK —etfZ7Z - -"f..+a s{y{ B\K=G
BINGAMT_OMa =OGEJDRGH_ BO@=IBWB NS NROISNRBE\MN=KR
=OGEJDREN[AMKROB\ K= BIA®OUTWWBEMOG=HZQ PBKEEH BB =G
T _ORBMH=G K= AcPBG PBREUNMBGLA[NMRB NBOGMV[ RXK AB
VODPGIJMNMG[EDH=Ka ZRPG cPRB R= TNSPHREEY =N® RX K[ X=R -
JNMOM K K= LBNBO=PRB KA ZWVE®B KB AcPBG NBGPERGHM 4a)G =N
RD JMK=AGH_RDHR=G RID®Q ¥N& O =) DRIONISHA RDB=JNBIRB\ K=
PSKBER@&G ‘—Ste,—"% - "—>—& trrva <«—=Sf"fe = <o'té trrza -
Yang & Luo, 2015Yang & Wu, 2016).

3.2at \KMG PSKE[HBQ RDQ #% % GH=KZQ H=G =K=@H=

'BRY RDK N=OMSP\=PD RD @ H) O#>@fzhdfitiK & B/ro (1968)
NBOG ® OM JB@BIOD =HO\>BG= RD PSJNMB-REOEKMEK RBRK R&%a
104-srwa DMO%C XRE.G D H=RYPR=PD RWMNSSSO@BE XQ S@O_ROG
PR=EBGAGBHM&KB H=G ] KMDIR=RBRBI|BFFRAORMPRIREFAD

H=G =NMHI\KMSP= RHWRBMNMGMBKc RG® &4 LSR[ D SN_EBPD
SNMADICKBG P=N6Q PSKEIHBBOG@OYTHMSKKRB H=G =K=@H-=
PEE[HBEG=MOGPRB\PGID H=RYPR=FPEORD =SR[ PSKAZBR=G NO
H=GRM C[RDJ= RDQ JMK=AGH_RDR=Q NMS NBOG@OYTBR=G
RXK H=R=PR=RGHcK NBR=B+DRICK C=K JBD &M & :ARERHE =

HHE _GGEN\PDQ RGQ GH=KZQ H=Gi=ISRIHR*BA WM SKERHBR=4 -
PVBR\CMKR=G P=TcQ4a ABK B\K=G RM \AGM NO_>IDJ=4

33 #BXOWGPMROMREHEQDQ %=RYPR=PDQ

'\= =N_ RGQ N=PGHRDAD #% %D JRBHODI=P\= RDQ BRNMIBOQGH[Q
RMS BAYAMSIQA%IN XQ A[IXP=K ODRY4 UB=JBPRIBDEWMROMN
JDV=KGHZQ GAG_RDRBQ RM SKSIBHM BSEEHIHE B @ ON-MBMPSR B O B\
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uad " #BX0O\= % O\PGJDQ %=RYPR=PDQ H=G D HIDOMKMJGY RDQ

A M 3 (Bchofield & Wroth (1968)- .J[J= s&4{4& PBla sKBGHRRMNRO\CBR=G
La =N_ RMWMK2R@ RG VODPGJMNNMGBWREE M \ABNHFRD@DR =
PVBRGH[ JBARBRYMI[PS@HBHOGJZKD SN_EBPOYGMU@&HRG \P
[ =H_JD K=@ H&@ &= K= MGHWANOD REBNMBRHBOKID RDMV[a ZVBG

NOMPBIH PBG P Mi+&ODadliaszRIz2 H]afalias, 2016).

.= RBIBSRtr VO _KG=4 =OHBRY JGHOMAMJGHY PRROM®VB\= =N|I
AMIN=OMSPGYCBG ZKRMK B \VasKoa R M&thés,Ne0O1, Li & Li, 200G5u

& Dafalias, 2011h Theocharis et al., 2017a & -RD P @V OMKDN BZO BISIR=P R B\
NOMT=KZM) RGO BENMG= BLYNORRPIA[ JG= BNGNIZMK JBR=>IDF
=K=ABGHK BR=G XQ =K=@HROGARDRRDK BKGPRRDOROD@H[ T P
WOPGIDQ %=RNMNPE=PDUK=ROMIBMBRY=EGZQ PSKZNBGBQ @G=
=N M A B#HR{peed et al., 2008

S5RPEG <« = [ "fZ<fs trst ADJBNMKG®DR=KP MR O MNGB\RGEUDQ
%=RYPR=PDQova NAWBIBDK=G JG= NO=PEHBRIBREPIDR$R[ D
EBXO\= AG=RSNcEDHB @G= HMHHCcCAD SIGZKD\RQKZK=N@BK B\
PS@QHBHONGOMRMI#M\ )XHVY®DPGIMNVAFPBAREEBM BSO RBRODNM NBA\
BI=PRMNI=PRGH_RDR=Q&a =HOG>c #RM M K G\V5 OI[KB-%aFR4D OB #R
B\K=GMI[&MEM\BHTOYCBR=G JERX>RDR®P MR O NNYEQ

(Fabric Anisotropy Variable) NMS MO\CBR=G XQa

A F:n F.:n FN (9

_NMSB\KBP@R=>IDR[Q KGP MWRQBKMSNMH IKRXKSPRYQ[Q
MMNM\MMOBA=K=ISEPBK_OJE) H=GKKIJMK=AGKE\O0QREGKSPR]
H=RB ESKPD B\KMEMK=AGRAM{PRDP®=RB ESRPRQORGPRR

>=EJXRZ@BEMQAN NMPMRG HRNPNMBREBWHR B E RKXARDH =53 JBR DK

YKHYRRBIBAADIcKBGO/REN® GKMIRKAMSM NOMPHB\IBKXK R=KSF
GRDKN=OM BE=0JM@[YH=8Q@BKEGBVYPH=RB ESKRIRGPDQ
BNGI|Z@BRE® O NNKHRB RMMMHI\KMKR= R=KSPR[ RMS NI=PRG
N=0=J OTXPOPBNGIMEBGXKKY @WR=KSPR$Q KBPVBRGPRB\ JB
HYNMGM PS@HBHOGJZKM NOD FBMREWIDRID - KIGEPNBRI] @ N\=Q
NMPMR G HRMANWIS B\OMBIOR =P-DIH=BB OMBQBR GIHRB ESKPDQ
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uad " #BX0O\= % O\PGJDQ %=RYPR=PDQ H=G D HIDOMKMJGY RDQ

RDT_ORGPREBKR=RDAMJI[R MO\CBRFCRM JRREMKSPRNJ[Q
H=KMKGHM N EROREZRNER DK% a

"BLZIGDEQINMXBEBIBRODEBBD -, IJBYPRMMOGRDQ AMBK®\ =
PSKBBLQP XPLLZ I GNOMMR Y EN RBI S  Dafalias(2012) NMS >=P\PRDH=K PE
N=O=RDO[PBGQ+tABNMQ @M ZBGEK8KB @i and Li, 2009, Fu and Dafalias

2011b) ZVM AB\LBBEH =EcBLBI\PPBIR=GSPRMJI[DBRDK | = FGH |
N=0=J_OTRRBRB EKW® RB\KBBSES@O=JUBRWRB-@\KBR=G
PS@@OPROK[BYK ABK ZVB)GBKADD@KKBREEB\KBG N E®RQ KR % %
-SKBNP@DAKZVMSNBN, n.:n nn 1(ABAMJIZRXBMK=AGH\KKG

n),F 1 H=B E n.3Q BH RM'RMS4 >=PGC_JBKMBRDEMIK MOGPJ_

ZNBRO-RG\RD PSKE[HBEoADA #a +1ZMKZM@® K E [ FEBB@&D K¢ % %

B\K=G

K. @p, Mee &p A A 1 (10)
'B >YPD H=G RDK N=0O=NYKX =KYISPBR2PMMBREG KPR ORI® \
MJ[Q=J>YKBG H=G RGCHEDR&SNPM RNIS =1lYCBG NO_PDJM Nav

NBO\NRXPD ROG=LMKGHMGNIZBIKISAIM 4 IJNMOB\ K= IY>BG
JB@=1"RBOBQ RMS sa& R=K RM JZRAMJIRD @@ K NBR@ MIN RBD R

34" NIDO_HMHRDRXx#H%s% D B @ HBIDOQ RBR =

Kc DBR=>IDR[Q KGPMWIKBNK=@ NMI" VO[PGJD PRDK H=R
NOMPMJIM\®®E K= =NMABH®GRBRXQREEEGN IR 0 KRB=@ H=\=
PSKHIH6% SNMBGP ZO0VBRE)GNFORZMEEG K\ B\K=G PB EZPD K= AB\I
=K GH=KMNMGDEM'K MG NOcRBQ A"M HI=P®HRB® RBKEJ[MB QB3
K= BNGRBS¥EBRWVOG% PRG@J[Q4a JB RDK BHRZIBRIBMGOMPM
N=O=RDOMREE R=KKREBOMG A'M NOCRBQ NOMaNMEZPBGQaA&
GH=KMNMGEBRMREB R=SR_VOMK= — HSIKBNARKVB-G HsBR=RRB\
ASK=R_ K= ADJGMSO@DEB\ JG= NBO\NRXPIBNESRS @MY MK R
VXO\Q D RO\RD K= BNGRB PUEBER ISR O/NWB=H=3FRB\Q K= PSJIN
RO\RD NOMaN_EBPD B\K=G =NIcQ ZK= >MIGH_ PSJNI[OX]J
R=SR_VOMK= JB RGQ A M PNRDRBENIPIS AB KH B §RAVFO-EEBKM
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uad " #BX0O\= % O\PGJDQ %=RYPR=PDQ H=G D HIDOMKMJGY RDQ

BN\NBAM JG=Q =N=0=\RDRDQ H=G =EBPDQR® REIRKBRD R NQ

% % a

K=TZOBRS&SBRM =H IKMBPREGB\O=J=DA¥BRGH[ BOCRDPD& ZK= A
BAYTMSQ\OBRRB ROG=LMKGH[ PSIJN\BPD PR@K RMBPGHEDP
%=RYPR=P®DI=A[ PRDK H=RYPR=PD PRDK MNM\= =K=NF
N=0=J OTXWD PBOEQ RYPBGQBRXOMI[ @HMS4 Kc >O\PHBR-=
BNG>YIIBRGET[ RXK H'OGXK =RDRXXYBDRGQ H RDBYPBRGIZQ
K= AG=RDOM KR=G PR=EBROGIZQR\EM RB-W:c BDK=GIEMEABR®HBV\PB
>O\PHBR=G [PRDX % %

.M NO®RBBKM NB\O=J=4 _NMSHBORRRK MIR IRXHR PBDO=\KBG

PRDK A@RDOcKR=0Q N=0YJ REEFAEQRYPDQ4 B\K=G =HOG>cQ |
NMS =N=GRB\R+lGR@G¥KRBKBRCNGPD RXK CDRDJYRXK NMS
NOMD@M JBKD N=OY@BD=TBVDEBRM=¥BORM AB\@J= E= BL=HMIMSE
B\KEBDK[%%¥GR=K BNG>YIIBR=G [RZRMBMKPR®PMKE[HD RMS HC
|_@MS RYPRXKK ABK E= =I|1YLBEB @& PR Q H OGXK RYPB

AB\HRDQ NOPPHBR=G [AD PRDK RGJ[ HO\B G @D®=HW YABRMIZE
p NMS N=0=JZKBG BN\PDQ \AGMa RO Q/ GNMB-AAGKIZEG P-S\K E [R1®B(

BLGPcBBB\®E =G BN=ORHBR @@ RB RM ABB@ J= N\O-AP-RIBKKB &
H=RRD AGYOHBG= RDQHERONK [QLIRRRRMEHG G4 H=RY PSKZNBG=:
NOZMBGN=0O0=RDODEB\ H=J\= =N=@XKRMS AB\HRD

3PR_PM& BYK HYNMGMQ R BIROABNIBERR EK@I B HRIOM D] %
=SR_ PDJ=\KBIG8 MBGCKMG @H=\BQVG GHEBZ®RD AG=RPpODPD RD
H=G BNMJZKXQ#D BYKPGHYIIGN[Q4 -RDK KHBORBRWIPMD NORNBG
PSJ>=\KBG H=RY RD AGYOHBG= =SR[Q RDQ AG=AGH=P\=Q NM
RDK %%a - JTXK=%J% SRDKRM 6HYRG YIIM6 PVBR\CBR=G JB R
RO\RDQA& PVBMBGRDJAMINE [ HPRGIEO0)4 -ROMT[HBROKXK =L_KXK
RDQ RYPDQ H=G PSK=TEWMBKOARDOIPBIG® G=PRBYA4 JB RRDG" -
— 4 trsra ‘*% f— fZAMr¥+=@=HRDBGPRGH_ @Kc@ BPI&=RPDEQN =
B\K=G _RGRORITD LBM G RD,KB%@=J= NMNBBENEDZ NDIGK 4
N=O=NY¥K¥ ISPD PVBRGHY JB RM C[RDJ= RBQ®WNEEOCQRDRGQ |
RXKNO_ _R=PD @G= Z'K=JBBBE=JE @H RXX\XK =IRXKXKYPBREK
%% G= BNG>B>=\XRDNIPOKRBROQ#HEB @G= BNGH OXPD RDQ
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vi OGEJDRGHY NBGOYJ=RNtItABBRD RDQ JD NIDO_RDR=Q RDQ #%% H=G I

BGP=QR@QUWINOXRM=KZTBOBLIBO®@ YP FSINHEZB R GNDafaidsP D
trsx 4 5K=Q =N_ RMSQ H'OGMSQ PR_VM SI) NRM-52 N=RM K RIMIP |
=SR[Q RDQ SNMEBRGH[Q NO_R=PDQ4&

4. OGEJDRGHY NBGBWYHE>R= =N_ABGLD RL
JD NIDO_RDR=Q RDQ #%% H=G D EBO=I

GRIGAGY MNOMDMJI MK RDQ BIN RDRM KM N O RBPBGQ
H=®ROMNKQ 1,2) H=G{i 1,2)4 *&G=LMKGHTOY FRGROG=LMKGHCcQ
MOGPJZIOMGNH0 =JZRO KKAOMP R =R QHG( NNBRD\KMS B,=HRYPD

(M@HMJIBROGH{=B/OMMHI\KMSP}F MR\ BKRE 1/2 , V

2
q .V, H H, H=G/ 1/2 H,.*G NOMPMIMGCcPBGQ RXK NBG
NO=@J=RMNMG [ EIVMHa & FEEG2HR M4.0° (Itasca, 2013; Cundall and Strack,

s{y{ H=G MG N=OYJBROMG NMS VODPGIJMNMG[EDHEK NBOCG
RBVKGHZQ IBNRMJZOBGEQ JHRMS RZNOBNB K=cPBEBMKK
NO=@J=RMNMGDEB\ D N=OM P= =Kiv4 G PEK B\KR G HFYD N BIORGGHY'Y
NZO= =N_ RDK N=OM P= Boeghdiset d{(BDIRRAM=11Y RO GM
BKAG=TZOMK BPRGYCBR=z® P RN MNMBPBHEPG NMKRIYR X a

INM@0O=JJ\CBR=G _RG D AGAGYPR=RD =KN#+&ERPOKN-MEPBHMIMS
AG=PRYPBXK H=G _VG =KYISPD BN\NBADQ ZKR=PDQ [ BN\
=SRM'a MG RGJZQ RXK AG=T_OXK NBO=JZROXK Nava RMS A
JB RGQ =KR\PRMGVBQ RGJZQ RMSQ PBB =B&RIKIMW MU.EMREKH P
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vi OGEJDRGHY NBGOYJ=R=Nt ABESGRD RBDQ JD NIDO_RDR=Q RDQ #%% H=G |

OGEJ_Q H_HHXK 20,000
"ZPEHR\K=HHMNS 0.001
-SKRBIBPR[Q M JOGMIGM®)Fhix@); rmax(m) | 1.8; 0.0005 ; 0.0015
+IYRMQ RMS AB\@J=RME@ (BHR_Q 1
HR\K=S H | GAIWH G@)M S 0.165
$P MR O MNRGAFD\ B (xPa) 200
+SHK_RDR = (ky/mPH X K 1000
K, (N/m) 5x108
k. / K, (N/m) 1
- SKRB1BR R BdiER-disk; disk-boundary disk) 0.5; 0.0
& @MQ =N_P>BPDQ 0.7

+\K=H=@A@ RDRBQ RXK H_ HHXK H=G RBISOANHREI\'MS @G =
41'=HOMPHMNGHY NMRBIZPJ=R=

OYPD G=LMRGERGPDRDB% %

" AG=LMKGH{ ®BABOJ PRBHBKMRR=EI GNR®Y PP H=RRMK
H=R=H_ O ™MK=GBGCcKMER=QNRDK|YVGARDRY PP H=RRMK
MOGC YKREMBHRR RWMGMH NRBGV,! 0. %=EdG H=FREPBEXXK
HSO\RKPBNKO=JZKP\RS EBOZRRAGY O RB®=TY P D QZKSIB[A\M
R=VSR[BBKR=EBOZRBSE BFBEOMRDARBRMBOKMOGHHMHMS Q4 "
J=HOMPHRMSENHE O GRMEXW GIREROM@ @Bl@INRMMSPGPRBIR=G
-MJ=3(=H=8JB J="OBQ @0=JJZQ H=G BJT=K\CBGI|J@MBSNGH
RYPBNKM@HMJBREGGOGHJQOTXAP®OI=0Y BAYEDSEVDREBWJ=
TRY KFBRADA%I! B O\ \PNRBI% R D€L MK GNH[@=J OTKERBRIMHK=R=H_OSTM
(y) YLMIBKMSNMIM@BPKENGRP¥PB=0=)J OTXPK=9R[YPBG PRM
ur'a H=EMQ_@MQ RI¥EEBXNKAB\HRDQ N_OXK AG=R[OPWSRKA4R G Q
ADI=A[K, M|057 H=6G e &200kPa) | 0.23.
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vi OGEJDRGHY NBGOYJ=R=Nt ABESGRD RBDQ JD NIDO_RDR=Q RDQ #%% H=G |

0.25
0.24 (B)
0.23
0.22
0.21

0.19
0.18
0.17
0.16
0/150

8a)(ial

-V[J3 G=LMRGEBRBGRD/EI=OMWMNMHHCcASMGKEBM =NMH I\KX&M Q
RYPBXK=G AB\HRDQXKPB PVZPD JB RDK H=R=H_O&JID =LMKG

OYPD -ROMBRIKHS O\ XK_KXKXRYPB XK

" PROMRKKISO\XK =LRXBIRK PBXAG=RDO cRKG® Q@ CB®JZ®E,
PR=EB®NG>I[EPRBAB\@JR=KSRZTR=PBW0% RDGLMKGH[Q
N=O=J OTKRBRROYPDBKCOGPH=RESKBFRDRRDKYS PROMT]
HSO\XK =INMMKMRGHMNEKERP@XE\E Q MBSV D J = RICIEVGKR-ID

JB RMK H=R=H_OI$T® Y LWNKM\= =S LIB6BREGE H¥RY NI[OD PROM
‘M-\[J= AB\VRBDBJ=FRROKE =AORKR Y P BXKSHMIMS EBN RO,
JBRDK, V, )/2 & " HYEB >DJ=RGH[ =BAERB BYPORMJIBKGH[ F

NBOGTZAOMBS H HIMS JB PR{¥EBAQ)2=HR\K=

% =ECROM\B\@J@\PHBR=G®RMEp M, BN=HMIMSRDBEHR\RMS
H'HIMBKABD B2 Mp. " @XKNMPVDI=RDGBHR\KBRMKLMK=
(, V2 GPM R=4, ¥BPBO>MJDV=KBBODPGIMNMWE[EGHB
MO\GBZ=RY || NIBARMVSR[RXRSKMOGH HtKXRRB=BNGRBBOVEB\
PROMA$O\XK =IRXRKKPBRKZ@VMKR=Q RDK NBOGMAGH[ JBR=>1

V. ¥,y _NXQ T=\KBR=G RREMBWGEQ MOEZQ RYPBGQ K= JBR=
AGNIYPG= PSVK_RDR= =N_ RGQ AG=RJDRGHZQ
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vai OGGEGHIDRNBGOYJ=R=1t"FBNRABGLD RDQ JD NIDO_RDR=Q RDQ #%% H=G |

b augnon Taong

onueio TAcEwv

(0,,-0,,)/2

1
|
Q

-V[J=& NBGH_KGPD RDQ AG =AD®H KR R XHIRR RB XHR XKKX K
RYPBXK H=RY RD TYPD t H=G PVDJ=RGHY N=OMSP\=PL
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ApIBu6G KUKAWV GTPOPNG ApIBu6G KUKAWY OTPOPAG

-MJ=5:(3 'BR=>MRKRYPBXXG R MMSB\HR DO XKRBDM@HMIBROGH[Q
ROMNPBYY PRM SIQH | MBSRIO MRXH SO\ XK = IR XKRKP BK DY P D
T _ORQ@PDQ

.M-JI=5(3 =NMRHEIBRPV[JHIBGB\VKBGXFRIMAB\HRDO XK=BD Q
=KR\P R NGV B ROMHH@RRAGY O RE®KR OM RDQKo. * AB\HRDQ
N OXXBGCcCKPBKBMEHIMR MK HIMN RDKOV RHF&] 0.23 RMBRDK

% 9% BI\=R G NBO\NMS88 DMN M KR G P RAVBG WB@ H M J BARGONGNMo

=N _RDKOVRD@B RBON®DOA\KMKR=QBGA® JBKM OSEJ_ NOMC
PR=EBOMNM\DPD JBRY =N_ R NVRMEBIEX SRR ZKBG |
PDJ=KRPGHNZO=PICV B X RMSB\ HWR DO XK\ RDR G RD® % N _
RDEOVRDBOROMTARKISO\XK =LBWXBP DI=KRNGHI=R[OPDMB
=NMABGHK 'BG RD JD NIDO_RDR= RXK .HIKP® FSENMIKEEDHcK R
NBOG@GI¥ &S5 D@ [RBK=0=NYKXINBOGTMOY4& JBOWRIP RRDK
PSKEDHcK (RID&® NXQ E= ABGVEB\ N=O=HYRX
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vi OGEJDRGHY NBGOYJ=R=Nt ABESGRD RBDQ JD NIDO_RDR=Q RDQ #%% H=G |

OYPDa GKGH[ORGBBRDRROMARKKISO\XK =LRXKK
RYPBXK H=G BNGPH_NDPD _IXK RXK TYPBXK

T _ORGRD@®O\RDYPDB\K=N6=0_JMIB=SR{RDNOCRD=11Y
NBOGPROHERMI® XK\E RMBLMK= IRDE) >YPD RMK H=R=H_OSTM
_NMS H=G PR=JYRDPB D NOWB® N:SIB RDGHRROEG H]RGP D Q
B\KDAGBOB RDBN_HOGRYPBHEEB8MSB\HRDOXMMN M\BAYB
JBGXHBRRDKOMD @ MTYBWD=-BBLZRBPMX D %% E= L=K=BNGRBS\
NcQa PR_WMB\KASK=REBNGPH_NDRDMSINBOGEMADRO V|
R==NMRBIZPRIRRO\RD®PDEG= N=OMSPG=RREYKIDIB R =
=NMRBIZFRIXR=WOMD@MSJZKXK PB HMGKY BG=@O®&GI=R=M PF
BNGIM@ZQ 7@ XKRMBKG=N=OMSPEPDODPGJMNMEDNESBK=JD

=EOMGPRRGIH]I\KROREY[ 3(1/2) g ¢ d, J& RDKNMHI\KRORING P

AG=PR¥EP-BGOSRR-AG=@OYDIYFPDN=OMSPGYCBR=IGMGEIRO HO G
TYPDJIB =" OWFIT Y PDJB@ HOKM " O M &

.= -V[J=RE3 H=TF9 AB\VKRBKG=AORXNIRYPBRRMcON, H=G

(Y

K)/2, NXB=BRMW[J4 @G= RIEQ PBDBRO\RIE= 210 H=0C
JBR¥YN10 H HIMSIOR G P R M \AHKR) KB@ H OIGM G WIR=" O MIQH | @ B

@ HOMR\EH RR QIS H | MBE H=BM J Y AD IB\KRDK%BKRGH=RMNRO\CM ¢
CXD®RDKBPRMRODRYPPGH=EBXANYRGI¥PBGQGHRGKENERK S

H HIMRY REKBN=\PPBR\6(3 =11 YBIJT=KP@MW7(3) NBOG@BDKBG
="LDPOMB_@ MY PBRRDKOVRDRO\RDYPDONXP=\KBRI=@R =
BN=H_IMS&3 H¥GE.

.=-V6(3 H=163) N=OMSP GRITHBRK >R MIS @ MY P @/ p J BR De,
JBRGE=JBK_JBXKBHEJYIKRBGCIY- H=G PRGODYRBBIGBL=0R[RXQ
RDRGJROD PRRIZIRQ@YPD Mt @ RQP BXK\ KOG S R RD% %,
=11Y=JZP X8 RRDEKK=ORDRO \RIDYP BJ T=K\CBRHMDRG JRM B
NYKXNRM (= OV XI@H@ G =J RK=V6(> H=/G)), JBRDK LDRBRK =
B\KBGBYV _KRXGKRBWRE'N  RDK NGM ZKRMKD PSJN'HKXPD PR
7. 0YJBRY fINH HIMBEG H=R_NGK M |_@MQ RYPBXK NZTRBG

RG X M.
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vi OGEJDRGHY NBGOYJ=R=Nt ABESGRD RBDQ JD NIDO_RDR=Q RDQ #%% H=G |

LZIMR=VJ=R6t @H=TC@N=0MS P GR/ITKB KK > R MASB\HRR DO ¥#=E _ID
RAGYORB®=ORGPDIQ ROGCcK TYPBXK4 JB @BGK ROORBNTY MM Z Q
T=210° H=08 JBR¥YN10 H'HIMSQ =KRGPRMOMEQ=R[OND=RD=JZKBG

H=KY IBA O =J=RGBNX RIMAB\HR DO X K-RRYIAG YO RBP&B RBODRD Q a
S5K:NMIBKAG=TEDRKMGXBABRNR DRO\RYPD_ORGRBB\HRDQ
N_OXBNGPRCP®PRIDBRG RMBRDKM=8=0=JZBHBEAD I=AJB\XFRM S
AB\HRDOXOHWM NMN=O=RDOHIRRBAB RBIOOPBDVB&RGPRO=TB\ NI[OXC
H=6SRPSJI>=\KBEBELYORRR=HIXK T_ORGPDQ NMSRNXEMDGI[CKD H =
RD@ H=G RMS -BSKAS=PBRM R& M SNMADIcKBR=G _RG D %%

=NMH=R=PR=EB\a

42 LZIGLDARIDBRD=-RY RD AGYOHBG= RMIQ@ NE

'ZVOGQ BAc=NMRBIZPJ=R= RMS =OGEJDRGHM ' KNBI®OYJ=R]
NIDO RDR= RDQ HIKBP\GKMKR%OM RG=MEBHEQ PSKE[HBBKRDQ |
B\K=G GH=KZQ cPRB K= AG=RDODEB\ D %%&4 \K=G _JXQ P
BK=II1=HRGH[EBMMY= E= JNMOB\ JB NIDO_RDR= K= NBOG@O"
=SRYa IJMXGEK=TZOEDHBA& =SR P BRK&GaBlia#(2012) H=G RM KZM
PRMGVB\M B\K=G MJBEMIMOIBBR  PRDK Bz S HKBNRHPG

MG MMDRBQ NMS PVBR#CWMKRE=G NIBORIBRG=PRM K[BBPBSR_ R
BKG=\= AG=@VDIWIP=REXQ PRDK NOMD@M JBKD BK_RDR=4& =HN\
\AG= VOXJ=RGH[ P J>=PDa

* R=KSPRYQFQH=R=ONMPMRGHMNMG[EDHB @TRA GIKQP L3R =
ABN=TdK HHXK H=R_NGK|I'BRZBA M=EJXRIB@BERIK _ OJ=

RMENMS A\ABR=GrRQ®F| 2F| (1/¥)|[F F| H=BDAG=TMXX
@XXcRYPDAMI[Q, 7.) NMSBRORBXG =T MRDQ@ XK\EQMBO\CBR=G
JZPX REZ@GRRDQAMIFQ =N_ RD @)RMS YLMKs(RBEQ JB
=K=TMOY H=G @G= RGQ A'M @XKYBQ RMK H=R=H_OSTM YLMK
-R=VJ=R83 H=063 N=OMSPGYCNBEGRA@®YBI&RRE H=G, 7, H=G

@G= RGQ ROBGROTRFPEGE®P-H=0B JBRY H HIMSIQR\P R MV =
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vi OGEJDRGHY NBGOYJ=R=Nt ABESGRD RBDQ JD NIDO_RDR=Q RDQ #%% H=G |

=SLYKBRERMDAZARDKGIHMBRDK%F, 1) H=RRDTYPD _NXQ
=K=NR PPBRCGPMRBEMAMI[R=0=J2RBIE. H=RRDAGY O RED®:=

AB 'RBODPDN=0 NMBMIGHB@H=R=IBD¥BENXQ T=\KBR=G =N_ R
JB\XPD RMS AB\HRD N_OXK H=G JBRYDRN NY\KXAONJ=FRNGH[ P
=OV[ RIDQRDQ TYPDQ4& BNGPROZTBG # RIDMGERIG IPARD-Q M4

, 7. N=0=JZKBG4& H=RY JZPRIY_RD AGXDKBG= RDQIBNOCRDQ
HYNMGBQ AG=HSIWK®PBG@X=RDQ =PR=EM'Q H=RYPR=PDQ RMSE
MNM\M >O\PHBR=G PB BL=GOBRGHY V=1=0[ H=RYPR=PD4& BKc
, 7. B\K=G NO=HRGHY JDAZK VX@R MEHKSRBRPRGH)=RYPR=P|
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vi OGEJDRGHY NBGOYJ=R=Nt ABESGRD RBDQ JD NIDO_RDR=Q RDQ #%% H=G |

%=RRYOAGYORP&B RBODRIDAG=TMQY. HSJ=\KBR=G UBR&GLZ u
H=G @G= RGQ A'M NB@GNRTRBGQ @¥R¥~QZPM _OM PRD TYP
I=J>YKBG VcO= JB J\= =OHBRY @O[@MOD JBR=>MI[RMP= PRN
H'HIMS RDQ AB RBODZRHAGPMIV&SBKBG H=G PRDK =KRGPROI
TYPD t PRDKBK&l @WSPD H=R=ABGHK'BG _RG D RYPD H=(
PS@@0=JGHZQ H=RY RGQ TYPBGQ s H=G ua BKc PRD AB'RB
RMSQ H OGBIGQRIQMAMJI[Q K= =HMIMSEM' 'K =SRM'Q RDQ RY
NBO\NMB. 5 H=RY JZPM _OMa

+=0_JMG= =NMRBIZPJ=R= @G= RGQ RYPBGQ H=6 S@GXKRD Al
=L_KXKMSK N=OMSPG=PRB\ PRD >G>IGM@ BHGKM @G=Nt_ &R DIK
%%a SR[ D AG=TMOMNM\DPD _JXQ B\K=G NMS =NMRBIB\ R
PRDK N=OM'P= BO@ PRMIS @ GA@GH@)QH =K & Dafalias (2015) D
ZKR=RPDQM J [IM N MM\ C BKRA GV2F, N=0=J HERYO M P Z @ ® SPHO |
H=RRPROMBKC D AG=TROHSJI=\KBRAGZXM H=G 5N X @ G =

RGM NOM=K=TBO_JBKBQ BO@=P\BQ4& NMI" HMKRY PR= N=O _
.=-V8() H=9G) N=OMSPCGREEBS®OYRXMRH=6H=RY RGQ ROBGQ TY
T ORGPDRO\RO=RPB® H=0 JBR¥N 10 H HIMSRRGP R MA¥RRG Q
TYPBGIG3N 1, BK&i=RY RD AB'RBMIDHBYRIKBR=G NB®O\BMS PRM
>YPRDKL(3.5) NOMH MRBGY cos2A JBM T . RD@ XKIBR=RXK

H=RBSE KPBKHK =G(JZPRMS), BHNBTO=RBIPRWDAG =T MROXK
@XKGEK=6. -SKBNGQA (1/Z)cos ‘N RMWINMAMR=|[@®BG7. O

@®=1 H=RRGTYPBGQ SSNMADIcKMBR=@0=JRXRBRE H=G

T, 187 @ Gl=0.8, NBO\NMRY RD2TYNWMADIcKMKRHD GRIG MGMK B Q

RMS =HMIMSEM K JB J\= AQ&TMRMTQREMRY RDK PROMT[ RX
=L_KXK RD Q- RKAPDML ROROYM D @ MN EBKR [ O DFF®= RROTY PD

L, Te 5° H=R¥ZPMOMHMIMSRE) 7, 187 5° 13°, ADI=A[HMGGMG
YLMIKRED®DQ RYPDQ =HMIMSEM K JB 1B?=RMGODNGONS @ RMIBLK B Q
H=RY RDK PROMT[ RXK =L.KXK RMS ABSRZOMS

“SKMW\CMKRTQY PRAGIGGMBSO\MG RDRNPA@WSH=G RBSK=G
PS@Q@O~IBENZRMBR=>MNJNIGEN RIAB RBIYPE=RRDMNM\= MG
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wa OGEJDRGHY NBGOYJ=R=u JB RD "'

H'OGMG RMBKBG®IMSEM K =SRM'Q RDQ RYPDQ5IBKE=MAG=TM
H'OGMG RDRIKBYPDQ =HMIMSEM I ASRMMORIMBRDQ |= R=
CBS@YOG= PROZTMKRAGV RCE-RININOEBRGGBEI® BS RDK NMPMRGH N
RDAMJR®B SIGHM ™ VODPGAMMMGDHEBKCX JZPX RXK BLGPcPBXEk
w =KRWRIDEXK AG=KSRBXRXKQ4 NMGMRGHY R= =NMRBIZPJ=R
\AG=4 " J_KD MSPG=PRGH|[ AGBEBMORE@MHBGRSBRZRODKP D PRO
HSO\XK =IRIXKWKJ[FXK HBKcK PB PVZPHK JBG=8SBRBNRIKQ 4
-SKBNcQa BYK ISN>YWRRDK PROMHABBXK =IHKXK=SRM'Q RDQ
AMJI[ROXK HBKcKa =SRM\ E= ZOVMKR=K RBIBSR=NVGRMS Q@QG=T
H'OGMSQRDMKIIREK AG=KSRBXRXKQ 4

'B >YPBDK=0=NYXKXY|ISPD PRMXK YPBAKH=% D'BR=>IDR[Q
KGPMROMNY®QA 1, H=RMPMOMB JGHOZQ AG =MLY BNBBMQ

H=G RGJZQ RMS |I_@MS RYPBXK H=G RMS AB\HRD N._OXK ZV
6(b H=d5 7(b H=0p % =RRYAB " RBIYPNOMH NRBGS 1 @ GR= V8(h)

H=®b), BKC(H=RRDKOCRDWBO\MAM RDQ ATY.POIQ -V &bh)), H=G

A 12511 -V9b)), H=RY XZP®NWoiEEQ FN =N RDK.(9), DBLZ | ® MES
B\KNGIIHMKRRN _R=K|1 H=RPMOMRRZINMR@DQYPDQH=RY RD
AGYOHBG= RDQ TYPDQ t H=G RZIMQ HMKRY PRM RZIMQ RDQ

5. OGEJDRBGAIYJ=FB=RD ' -

%=R_NGK RDQ SIMNM\DPDQ RMS BNGESJDRM' BGAGHM  =(
NO=@J=RMNMG[EDHB D BNZHFR>-PDBRHQJVBE[ RIS IB=IGM BBV u
BOcRDJ= E=NMRGK D =BRN@HRE=PDQ RXK =NMRBIBPJYRXK NM
BNGRBSVBB\GN+LM Kka= @G ORAS P GBKC RIERIB@R BIZPJ=R=KMRRB t
H=RBSEB\=K D =KYISPD K= NO:A@ RN MBBRBREFE&S IPBOMGC @G=
R= t=NMRBIZPJ=R= PVBR\CMKR=G HSO\XQ JBODAPN J=KMRGHN "Q
AG=TMOY PBNMMWIRGCPRGCKINNSSEKRN |_@MM@GPIGH_ t
VODPGIJMNMGMJIBREBOGRBO-R=UN_ H=BKRBSHMI_RBOD BOJDKB\:
=NMRBIBPJPBXK 5RPG& PB NBOGNRcPBGQ _NMS RM BN(
NO=@J=RGH_RGRFiBNWGEG[PBGQ JNMOM K K= N=0ZVMSK RMS
NBOG@OAGMBMO= TSPGHY T=GK_JBK= JB NMI" JGHO_RBOM
=NMRBIZAN=@RMSP G Y-O\WMcEBB-@KB N\NBAM AFKNIRGEEBQ HINA& &
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wa OGEJDRGHY NBGOYJ=R=u JB RD "'

D YIJBPD =NBGH_KGPD RXK NINOMAWPRBEKD AH KB BEIBMKRR B O L
@G= RMSQ JDNMIW@RIZM JH\BEZG =AK=RM K= =NBGHMKGPRB\
"t ' - ZVBG =NMABG\WEBB BNHBHRY NOMS [VORPGIJMNMGB\R=G
BHRBKcQad %=RY R= RBIBSRRBIZMPKRSE PR=EBOY NBIOGPP_RI
=SRY RXK u 4 +=0D =K ESMDOMT£KABK AG=EZRBG RDK uD AG"
=SR_J=R= SNMRABRBBMNMGMA[NMRB =NMRZIBPJ= B\K=G H=|
PINBOYPJ=R= NMS BLY@ MKMROM=N KREBERGJIDEM K J_KM NN
YNMWD JDV=KGPJcK H=G BKKMGcK& MG MNN\BE>IBREBM ZKQ HI=
PB ROBGQ AG=PRYPBGQ4 *& K==KNMRBIZ® BEKO®WB BGM[ >YPD
RDQ MNWPME® SKZBBRBIBPEM BOUDKKSEM K BSHRM MRBIO @

JB RD >M[EBGNRG®IY KGPDQ4a N=GRB\R=G JB@YID NOMPMV][
=NMRBIZPJ2R=0YQ BNZAHR4PPMPMRG HY M ®BABDRDRBIEQ4a MG
RGJZQ RMS AB\HRD HBKcK H=G RMS JZPMS =@MBZRBR=EBNKZEC
BK=G NMI' AG=EMOGRES HWM JZK XRYISPNDOMRB\KBR=G K= =HM]IN\
NYKRMRB MNMG=A[NMRB PDJ=KRGHY ZBIGBBPEIPIIHKRRGH [ X Q
EBXO\=Q4 NMS BLY®@ BKRBOGNIZMK HEORDNK NPEOBNHRXE D

P @HORBPQ PSVKY BT=OQJMGAUBKRG =NMRBPER J&ERB ZK=
PDJ=KRGH_ NB\O=J=4

K H=G MG ZKKMGBQ H=G MG =0VZQ @G=HRBBQ +D\& PRBQ
=K=JBK_JBK= =NMRBINRMBMRGHHREKR= \AG& DNEIQZRRRID RDQ u
AGYPR=PDQ ADJGM O@DPB NMIIZ Q@ NR=GIIRRGWBG N K\GRID PR &
=NMRBIBPJYRXK B\K=G NGM A'PHMID H=G PB NMIIZQ NBOG!
P @VIP0OY P=T[KBG=4&

NGNOMPERRA@BNGNIZMK YLMK=Q P DRBRWMWGEBRR \=TBNG/NRINSIQ
- PSJIBROGRMRGPRE®BOIM® RRYRFADMNEGMJIE 5RPNEY OVMSK
ROBGQ HR®XZEQ H=G CRABEGCERMGEEHKPBEOEBJ\= BH RXK MNM
VOBEREG RMSIYVGPRMK A @ Gi= MOGRBBASQ M XAX K\BMQ RGQ
PT=GOGHZQ PSKRBR@@GZNRMGB\ K= VODPGJMNMGDERBY J K
@G= RDK NMPD ROMMAKWRBPDQ R MS&PRafllisPtRst 21aNGNIZMK D
BT=0JM@[ BK_QR=NBRMXK BN\ RXK PSKMOG=HcK H_HHXE
NBO\NRXPRXQ BT=OPRPR@®HBA NORPIEBPBH[ NMISNIMH_RDR
RBVKGHZQ RDQ BT=0JM@[Q RXK B/DAOFPHCKV NMBE [FEADHK= KN M
NOMD@M JBKM HRDK HBVAN@EEOBG&EYPRDHB K= NSINBXRB=EM K

A-26



wa OGEJDRGHY NBGOYJ=R=u JB RD "'

u.

*G ROBGQ NBGO=J=RGHZQ TYPBE®RN K S\ B0 SRR PARKH= K
TYPDROG=LMKGH[ T_ORBPDMA&[TRRR H OG¥%KRLQKKKPDQ PRDK
HO\PGJD H=RYPR=PD %% &6+ ORGBOMS HEBIMRM =OVGH _
ROG=LMHKGHRREMQ TYPDQ=NMRBIZPIKRIZKMKEB\KNBMGMRGHY
N=0_JIMG= RGQ ¥ PABGXIRSM B\O Z)I=>BcQ MB O BG Q GB® BIG G
ROMMARAG 1,23 H=@ 1,2,3). *“GN=0YJBR QSO MP R RR'G @

(=NMHI\KRSREH(M@HMJIBROGHEGONMMIFI\KMS P)=-MROMMKR=G XQ

2

p 1/3 Y ys‘/’q\/l{ yz 2V3'2/ Vs V2 H, Hy H=G

/(?'2/3\/ H,H , H® H, ,H2.

51'=HOMPHMNGHY NMRBIZPJ=R=

T= PDJ=KRGH_RB®J=RSINBOYRBGHMWBIEO YIAREA[ D JD
NIDO RERRE #%WH%UG D SNMMRUO®GLM RXK& Dafalias (2012),
SNMPRBBYGM=H _JD NBOGPP_RBOM =N_ Ri=*S&NWMRSBIG PIBR=KEH
=NMH NRMKR=G PRDK B@HHRRIB AT P ORHBEIMIH QKFS O\ X K
=L_KXXXK RYPBME H=EGPRY R Do % REAG HY G N O MPFERZIRKK
J=HOMPHMNGH[ H=G JGIISO M PGIWN B8 K N\NE®MREEY PSINBOYPJ
PREAB=BREQMG=PRYPBGQ4 +O_HBGR=G HSO\XQ @G= RGQ MJI
H=G RDQ 4-NMS BNKGBKOR= NOMD@M JBK= H=EXNRBOYPJ=R
PSINBOYPJ=RR=KSRS0O\XQ BKKMGMIM@GH[Q JMOT[Q4

M u NB\O=J="'- H=G D BN=H IMSED =KYISPD =NMHYISW=K P
J=HOMPHMNGHY =NMRBIZPJ=R= =N_ TSPGHY NBGOYJ=R= H=
t ABK JNMOM'PB K= PSIIY>BG JB =HO\>BGBE®Q T RO sMK\GBG
JG= J=HOMPHMNGH[ =N_HOGPD NMS B\K=G NMI' OB=IGPRG
JBRY =N_ =OVGH[4 JGHO[ PSPRMI[4 H=G MG RGJZQ NMS [=]
HO\PGJDQ H=RYPR=PDQ B\K=G NMI" HMKRY PB BHB\KBQ @ZC
=NRIBIZPJ=R= B\K=G NMPMRGHY PS@HO\PGJ= H=G JB =SRY
N=0 JMG= SIGHY -V[J= sr &
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wa OGEJDRGHY NBGOYJ=R=u JB RD "'

OYPD s&8 .OG=LMKGH[ T_ORGPD JZVOG RDK %%
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(% EﬁKiE' % Eaxial
~V[J40: '=HOMP HMNG NB O GRIDEDYG = L MK ®HR[@F B RID(3 | @ MQ
RYPBXKA{§ AB\HRDQ NJBXRXOK H=R=H_OSTD #,MKGH[ ROM

OYPD ta -ROMT[ RXK HSO\XK =L_KXK RXK RYPBXK

' BLZIGLD RMWS @BMFRDRD AGYOHBG= RDQ TYPDGRRAWIE& P=T
=11Y JB PATBGHO RBOBOMMSEORN-Y[J= )is NXQ PB TSPGHY
NBGOYJ=R=4 @B@MK_Q NIMBSGAB KN BNT-MPERBN®MI[ RDQ TYPD
2 NO=@J=RMNFPB[ED@BIMH=EY RDHBGY RXK A°'M =OVGHcK H
PROMT[Q4 MREcCPSKRVBE®HMJIBROIGR{K PDJ=KRGHY PBSHO_ RB
PVZPD JBSRBIGH[4 " PSKMIGH] M@HMJIBROGH[ =I1=@[ RDQ T\
JB@=I"RBOMRGE PBPGMEGOYJ=R= JBYOMMSEK AGYAMGMMS E-=
JNMOM P=K K= SNMPRD®QLMSK TMIRZIA RIIY E= VOBG=C_R:
ZOBSK= ®@IGOMMBSHO\KGPD =SRM" RMS CDR[J=RMQ4

OYPD uad .OG=LMKGH[ T_ORGPD HBRYXRD=IREKEKMT[ R
RYPBXK H=G BNGPH_NDPD _IXK RXK TYPBXK

NGNIZMK D TYPD u =NMH=I"NRBG RDK BWGRRBRK MAG P RISK [V
AB\HRD N_OXK H=G RMS |_@MS RYPBXKa _KERYBRIPED=Q=NOM
RMK NOMP=K=RMIGPJ_ RDQ ROG=LMKGH[Q T_ORGPDQ4&a @G-
SIGH_ E= BNGPROZWBG PRDK \AG= %%4a NXQ =K=0B&KBR®=K4
RDK =KBL=ORDP\= RDQ %% PRD AG=AOMJ[ T_ORGPDQ H=Ec
TYPD t =K=@HYCBG RM AB\@J= K= B@H=R=IB\WBG RDK %
=K=@KXO\CBG RDK \AG= -V[J= st &
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wa OREBIDY NBGOYJ=R=u JB RD ' -

(a) (b)
-V[J41:(@Q)'BR=>MRKRYPBKK® JBR=>RMASB\HNR DO XD Q
M@HMJIJBROBN[Q4 JB RMK =OGEJ_ RXK H HIXK T_ORGPL

-V[J42: G=@OYJIH=R¥DROGT=PGOIR @FI- 90" IBR-IN1 H HiIM

(3M I_@MQ BMPBXE M AB\HRD @ BB BRI

52 LZIGLDARDBR>RY RD AGYOHBG= RMS y NE

" =KYISPDOMIRDQ ROGT=PGH[QPBG=MMBH=PNRBG N=O_JMGBQ
JB RGOW[J= sh=EcQ>REJXRY JBI@BZEDODPGIJMNM®B MWKBKG PRD
BL=ORCKR=GR@GEPRYPBSEJXR[ K_0J= B\K=G H=RPRBGKMNMG
TRFBG PRM s ,PRDKVBRGH_Q NOMP=K=RMIGPJ_Q RDQ AMIJ][
NI=PRGH[Q N=O=BSOFXFEREG = ABEYXDNVMSK AG=TMOZQ PRG
=SREAGE=SRZQ
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