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R= |@}mQD xar=]t OQwt l =N "CU= xOW xDN=OQB xOWv|WmyR � xDi=}s}mLD |QwLtxU
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QO \ki "OwW|t xOy=Wt |y=oW}=tR; G}=Dv w pOt Q}O=kt u}@ |@ wN Q=}U@ |m}ORv
|y=oW}=tR; Q}O=kt R= QDtm xOW|v}@V}B |i=QLv= VvD Q=Okt 'VvQm |q=@ Q}O=kt

"s} Q=Ov q=@ VvQm x@ R=}v p�=Ut |NQ@ QO xD@r= xm 'CU=
R= xO=iDU= =@ w |y=oW}=tR; G}=Dv T=U=Q@ pOt |=yQDt=Q=B |x@U=Lt \@=wQ

%CU= xOt; CUOx@ 8 |r= 3 \@=wQ CQwYx@ Q}O=kt VR=Q@
K = 540�c � 278 5 (3)

K = 83428Dr2 � 86755Dr + 34724 (4)

Kp = �(8 5�c � 215) (5)

Kp = �3269 5Dr2 + 749 84Dr� 438 06 (6)

f0 = 3 85�c � 28 5 (7)

f0 = 644 7Dr + 502 (8)
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R=}vOQwt 4|rm � sm |=yQDt=Q=B w xOW s=Hv= Weald TQ w Pueblo |xU=t |wQ Q@
Cr=L wO u}@ |@ wN |v=wNty 'xOt;CUOx@ G}=Dv T=U=Q@ "CU= xOt; 1 pwOH QO

[9]"�|Q=PoQ=@ w xUOvy� |QwLtxU V}=tR; |R=UpOt "1 pmW

�OYQO 15 w 10 '5� |UQ l =N =@ ?}mQD QO xU=t w R}tD |xU=t CQwYx@
OQwt hrDNt |Q}tN \}=QW QO |UQ |xv=OR} Q l =N xm CU= QmP x@ sRq "CU=
sQo 1 5 w 1 45 hrDNt |r=oJ wO QO =yxvwtv u}vJty "CU= xDiQo Q=Qk |UQQ@
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=ypOt u}= R= CUQO |xO=iDU= xm 'CU= xOW G=QNDU= l =N Q=DiQ |UQQ@
R= |m} "CU= pOt QO \w@ Qt |=yQDt=Q=B j}kO uw}U=Q@}r=m w G=QNDU= sRrDUt
|=yVwQ R= xO=iDU= 'Q_vOQwt |Q=DiQ pOt uOQmxQ@}r=m |=Q@ ?U=vt |=yVwQ
QO "CU= |OOa G}=Dv w |y=oW}=tR; G}=Dv u}@ hqDN= Vy=m |=Q@ Twmat
'|OOa VwQ x@ w CU= xOW ZQi x}rw= |=yQDt=Q=B |QU l} =OD@= 'VwQ u}=
|y=oW}=tR; G}=Dv =@ |R=UpOt G}=Dv 'xt=O= QO "OwW|t |R=UpOt l =N Q=DiQ
|=yQDt=Q=B =@ |R=UpOt 'u=w=Qi hqDN= OwHw CQwY QO w CU= xOW xU}=kt
Oy=wN xt=O= |OOa w |y=oW}=tR; G}=Dv |m}ORv =D OvwQ u}= "OwW|t s=Hv= O}OH

[2]"CW=O
QO ?U=vt |Q=DiQ pOt ?=NDv= '|m}vmDw�S p�=Ut OwOLt <=RH= p}rLD QO
xOW x�=Q= |irDNt |Q=DiQ |=ypOt 'Q}N= |=yp=U QO "OQ=Po|t Q}F-=D |OOa G}=Dv
|=yV}=tR; R= xm OvDUy |}=yQDt=Q=B pt=W =} w xO}J}B =yv; R= |NQ@ xD@r= xm 'CU=
l} '2005 p=U QO |WywSB G}=Dv T=U=Q@ "Ov};|tv CUOx@ |y=oW}=tR; pw=ODt
=Pr "OQ=Ov OwHw 'Ovm?}mQD sy =@ =Q KQ]t |=yQwDm =i s=tD Ov=wD@ xm OL=w |Q=DiQ pOt
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Q}N= |=yp=U QO xm CU= |aw[wt |QwLtxU V}=tR; |OOa |R=UpOt
|xOvwWCNU pOt l} '1975 p=U QO |WywSB QO "CU= xDiQo Q=Qk xHwD OQwt
K]U w u=} QH K]U pt=W pOt u}= "OW x�=Q= xOv@UJQ}e l =N |=Q@ uoty
u; x@ |}=yDv= lyqm w KqY= 1977 p=U QO QwmPt pOt TBU [5]"Ow@ |oDN}Uo
OQou=Uty |oOQWi R= |W=v |Q}tN |=yVvQm \UwD lyqm |xR=Ov= "OW xOwRi=
|QwLtxU V}=tR; QO |}xQiL ?; Q=Wi |UQQ@ |=Q@ pOt u}= R= "OwW|t pQDvm

[6]"OwW|t xO=iDU= xOWv|WmyR
Kw]U pt=W |L]UwO |xOvwWCNU pOtl} '1978 p=U QO |}xar=]t QO

[7]"CU= xOW x�=Q= =yxU=t |Q=OQ@ Q=@ w |Q=PoQ=@ uOQmpOt |=Q@ |tHL w |WQ@
pt=m |vLvt |v}@V}B |=Q@ l}rw@ QB}y |[=} Q pOt l} R}v 2006 p=U QO
[8]"CU= xOW x�=Q= xOW|WmyR |QwLtxU V}=tR; QO |}xU=t l =N VvQm � VvD
xm |Qw]x@ "CU= xOW OQ=w l =N Q=DiQ QO QF-wt |=yQDt=Q=B s=tD pOt u}= QO
sm =QD w |rN=O l =m]Y= |x} w=R 'xOvvmQwYLt Q=Wi %pt=W pOt |rY= |=yQDt=Q=B
|iQat |rY= |=yQDt=Q=B R= |a@=D CQwYx@ |Qo}O |=yQDt=Q=B u}vJty "CU= |@Uv
C=Q}}eD xm 'CU= |QwLtxU V}=tR; |=Q@ xrO=at l} pt=W QwmPt pOt "Ov=xOW
w 1 \@=wQ� OyO|t u=Wv ("v) s�=k VvQm x@ C@Uv =Q (�d) |i=QLv= s�=k VvD
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�d = f(K;Kp; f0; n) � "v (1)
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QyR l =N =@ \wrNt xwmRwQ}i |}xU=t l =N 'VywSB u}= QO xar=]t OQwt l =N
u}= QO xO=iDU= OQwt |QwLtxU |=yV}=tR; G}=Dv u}vJty "CU= |UQ |xv=OR} Q

"CU= xOW xDiQoQ@ [10]'1385 p=U QO |}xar=]t R= VywSB

xwmRwQ}i |}xU=t l =N |iQat "1"2
�161 |xQ=tW |xU=t� xwmRwQ}i |xDUmW |U}r}U |xU=t R= |awv |UQQ@ u}= QO
C=}YwYN w |iQat xOWs=Hv= |=yV}=tR; CyH OQ=Ov=DU= |xU=t u=wvax@
|=Q=O w |}q] x@ p}=tDt OQR nvQ |=Q=O xU=t ẁv u}= "CU= xOW x�=Q= u; |m} R}i
CU= xOW xO}t=v xwmRwQ}i |xU=t Q=YDN= x@ 'xt=O= QO xm CU= |DN=wvm} |Ov@xv=O

"�CU= xOW x�=Q= 2 pwOH QO u; |m} R}i C=YNWt�

xO=iDU= OQwt |xv=OR} Q l =N |iQat "2"2
=@ |UQ l =N ẁv wO R= '|}xU=t l =N =@ ?}mQD QO R=}vOQwt |UQ Kr=Yt |=Q@
|Q}tN Cr=L =@ |UQ Kr=Yt |=Q@ "CU= xOW xO=iDU= O=} R w sm |Q}tN Cr=L
w uWwQ ,=@} QkD nvQ =@ |r=tW u=U=QN QovwQO OU |xOwOLt QO TQ |awv R= sm
"CU= xOW xO=iDU= u} wRk CWO TQ R= q=@ |Q}tN Cr=L =@ |UQ Kr=Yt |=Q@
|Ov@xv=O |vLvt "CU= xOW x�=Q= 4 w 3 |=ypwOH QO TQ ẁv wO u}= C=YNWt

"CU= xOW xO=O u=Wv 2 pmW QO xOW|iQat |=yl =N
"u}}=B |Q}tN Cr=L =@ TQ |m} R}i C=YNWt "3 pwOH
PI ��� PL ��� LL ��� GS TQ ẁv

11 17 28 2 64 OyWt QovwQO

"q=@ |Q}tN Cr=L =@ TQ |m} R}i C=YNWt "4 pwOH
PI ��� PL ��� LL ��� GS TQ ẁv

30 25 55 2 64 u} wRk

"xO=iDU= OQwt Kr=Yt |Ov@xv=O |vLvt "2 pmW

QO xar=]t OQwt l =N ẁv wO |=Q@ |rm � sm |Q=DiQ pOt |=yQDt=Q=B "1 pwOH
[9]"OwHwt |R=Ux}@W

p00 e0 @ p00
G

� M �
(kPa) (kPa)

207 0 628 3000 0 031 0 882 0 088 Weald Clay

69 0 340 2000 0 0024 1 240 0 014 Pueblo Sand

Q}F-=D |UQQ@ x@ '=y|R=UpOt u}= |xt=O= QO "OQ=O OwHw |y=oW}=tR; w |R=UpOt
"CU= xOW xDN=OQB l =N |t}mLDV}@

|t}mLDV}@C@Uv =@ xDi=}s}mLDV}@|=yl =NQOxOWs=Hv=|=y|R=Ux}@WQO
C=YNWt x}@W xOt;CUOx@ G}=Dv "CU= xOW pOt l =N |xOvwWsQv Q=DiQ 'O=} R
|}=yC}OwOLt|=Q=OpOtu}= 'xOt;CUOx@G}=DvT=U=Q@ xmOvJQy &CU=l =N|rY=

%p=Ft |=Q@ "CU=
"CUq=@ CUO |a=UD= |=yxvwtv |=Q@ |oDN}Uo |=yVvD ��

"Ovm|t q=@ CUO =Q |}xv=O |=yl =N `=UD= 'x=Qty u=} QH uwv=k ��
"OQ}o|tv Q_v QO =Q l =N Q@ GRr C=QF= w u=UtyQ}e Q=DiQ 'pOt ��

OwHwt |rm � sm pOt QO xm |}=yQDt=Q=B uDiQoQ_vQO |=Q@ |O=} R |=yVqD
?Hwt Qt= u}= xD@r= "OwW |v}@V}B QDy@ l =N Q=DiQ =D CU= xOW s=Hv= 'CU}v
'u; uOQmQDxDiQW}B w pOt u}= |wQ QDW}@ C=LqY= "OwW|t pOt uOWQDxO}J}B
?=wH uOWOL=w R= `v=t '=yQDt=Q=B O=OaD V}=Ri= xm OvJ Qy &OQ@|t q=@ =Q CkO

"OwW|t

xar=]t OQwt Kr=Yt "2
C=@ wUQ R= |}xOtaVN@ '|}xU=t |DiQ@; Kr=Yt Ovv=t xOv@UJQ}e |}xv=O Kr=Yt
QO =yxU=t Q=DiQ |@ QHD w |:tm |UQQ@ p}rO u}ty x@ "OvyO|t p}mWD =Q |a}@]
u=QoWywSB 'Q}N= |=yp=U QO "OQ=O |v=w=Qi C}ty= |}xU=t |=yl =N Q=DiQ lQO
`}Uw sHL Cra x@ "Ov=xO=O Q=Qk xar=]t OQwt =Q `=@W= R}tD |=yxU=t Q=DiQ |irDNt
xm R}tD |}xU=t |=yl =N Ca}@] u}vJty w xv}tR u}= QO xOWs=Hv= C=ar=]t
pt=m ,=D@Uv CN=vW x@ QHvt xOWs=Hv= C=ar=]t 'OvDUy CN=wvm} Q=DN=U |=Q=O
|rm |Ov@`tH l} x@ ,=@} QkD hrDNt u=QoWywSB w CU= xOW R}tD |=yxU=t Q=DiQ

"Ov=xDi=} CUO =yl =N u}= Q=DiQ OQwt QO
xv=OR} Q |Q=Okt |=Q=O Ca}@] QO OwHwt |}xU=t |=yl =N QDW}@ xm =Hv; R=
CU= |D=aw[wt R= |m} R}tD |=yxU=t Q=DiQ QO xv=OR} Q u=R}t Q}F-=D |xr�Ut 'OvDUy
=Pr "CU= xDiQo Q=Qk |UQQ@ OQwt l}vmDw�S u=UOvyt \UwD Q}N= |=yp=U QO xm
xv=OR} Q hrDNt Q}O=kt =@ x=Qty |}xU=t l =N Q=DiQ |R=UpOt x@ VywSB u}= QO

"CU= xOW xDN=OQB |QwLtxU V}=tR; CLD
"xwmRwQ}i |U}r}U |xU=t |m} R}i C=YNWt "2 pwOH

K
Cc Cu

F D50
emin emax GS xU=t ẁv

(cm/sec) ��� (mm)

0 0125 1 19 1 8 0 0 26 0 583 0 928 2 66 xwmRwQ}i 161
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}}aDuDW=O '6|vt[ w 5K} QY pL |=yVwQ uDW=O x@ u=wD|t u; Qo}O |=}=Rt R=

|xUOvy =@ |=ypOt `} QU O=H}= u=mt= 'hrDNt O=wt |=Q@ xDiQW}B |Q=DiQ |=ypOt
"OQm xQ=W= xQ}e w xO}J}B

'VR=OQB 'VR=OQBV}B %CU= xrLQt 3 Q@|vD@t Abaqus OwOLt <=RH= Q=Ri=sQv
|=ypOt "CU= xOW xO=iDU= Abaqus 6 8 Q=Ri=sQv R=VywSBu}= QO "VR=OQBTB w

%R= Ov=CQ=@a l =N |=Q@ Q=Ri=sQv u}= QO OwHwt |Q}tN Q=DiQ
{ Extended Drucker-Prager Model

{ Modi�ed Drucker-Prager/Cap Model

{ Mohr-Coulomb Plasticity

{ Critical State Plasticity Model

Q=DiQ pOt R= VywSB u}= QO xOWs=Hv= |=y|R=UpOt QO xmv}= x@ xHwD =@
u}= |iQat x@ Q=YDN= x@ xt=O= QO 'CU= xOW xO=iDU= l =N |v=QL@ Cr=L |Q}tN

"s} R=OQB|t Q=Ri=sQv QO OwHwt pOt
|v=QL@ Cr=L |Q}tN Q=DiQ pOt "1"1"3

|@U=vt j@=]D xm 'Ovm|t x�=Q= =Q xOv@UJQ}e |=yl =N u=UWmQ}e Q=DiQ pOt u}=
`@=D |xr}Uwx@ l =N |]NQ}e Q=DiQ "OQ=O xOv@UJQ}e |=yl =N |@ QHD Q=DiQ =@
pOt u}= |=y|oS} w "OwW|t pOt 'OwW|t h}YwD VvD Q}eDt=v 3 =@ xm '|t}rUD

%CU= KQW u}= x@
x=oWv=O QO u=Q=mty w wmUwQ \UwD xm CU= |rOt |xDi=}\U@ pOt u}= "1

"CU= xOW O=H}= G} Q@tm
OQ=O |oDU@ VvD Q}eDt=v xU x@ xm |t}rUD `@=D =@ Kr=Yt u=UWmQ}e Q=DiQ "2
w |Q}tN VvQm MQv u=}@ |=Q@ x=Qty u=} QH ZQi pOt u}= QO "OwW|t u=}@
xOWx�=Q= s}rUD K]U "CU= xOW p=ta= VvQm |oOvwWCNU ZQi u}vJty

%CU= 9 |x]@=Q KQW x@ pOt u}= QO
f(p; q; r) = 1

�2 (P
a
� 1)2 + ( t

Ma
)2 � 1 = 0 (9)

u=}@ |]N u=UWm |Q=DiQ pOt =@ =ypmWQ}}eD u=UWm CtUk pOt u}= QO "3
"OwW|t

u=}@ |v=wD =} |]N CQwYx@ |oOvwWCNU uwv=k xm OQ=O OwHw u=mt= u}= "4
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10 |x]@=Q |rm CQwYx@ a `@=D "CU= xDU@=w |Q}tN |tHL VvQm x@ \ki
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|R=UpOt s=Hv= OvwQ "3
u=Qta |UOvyt QO Kr=Yt u} QDswUQt R= |m} u=wvax@ =yl =N VvQm � VvD Q=DiQ
|xyO OvJ QO |irDNt |[=} Q |=ypOt w CU= xOw@ u=OvtWv=O Q_vOt xW}ty
OvwQ u}= '=ypOt u}= |t=tD QO "CU= xOW `=O@= l =N Q=DiQ uOQmpOt |=Q@ Q}N=

%OQwN|t sWJ x@
'OyO|t p}mWD =Q T=U= xm xOWxO=U C=}[Qi R= xO=iDU= ��

'|UQQ@ OQwt |xr�Ut Qy QO l =N Q=DiQ uOQmXNWt ��
'OyO Q=Qk Q_v Ot =Q q=@ \}=QW xm |[=} Q C=Q=@a O=H}= ��

"Q_vOQwt |xr�Ut QO QF-wt |=yQDt=Q=B X}NWD ��
u=UOvyt \UwD w OwW =v@ |m}v=mt pwY= T=U=Q@ O}=@ xOWxDiQo Q_v QO pOt
u; G}=Dv R= xO=iDU= w |QwLtxU V}=tR; uOw@|OQ@ Q=m x@ xHwD =@ "OW=@ syi p@=k
|Qt= V}=tR; u}= QO l =N Q=DiQ |v}@V}B w |R=UpOt '|m}vmDw�S p�=Ut QO
|}xU=t l =N Q=DiQ |R=UpOt x@ VywSB u}= QO =Pr "OUQ|t Q_vx@ |QwQ[
|QwLtxU V}=tR; G}=Dv "CU= xOW xDN=OQB xv=OR} Q l =N hrDNt Q}O=kt =@ \wrNt
p=U QO |WywSB QO l =N ẁv u}= |wQ Q@ �CU� xOWv|WmyR � xDi=}s}mLD
Q=Wi wO =@ |QwLtxU |=yV}=tR; `HQt u}= T=U=Q@ "CU= OwHwt [10]'1385
xOW s=Hv= xOWx}yD l =N |=yxvwtv |wQ Q@ p=mU=B wr}m 400 w 100 |x@v=Hxty
|}xU=t l =N w QDt|Dv=U 5�10 =yV}=tR; u}= QO |QwLtxU |xvwtv O=a@= "CU=
�OYQO 15 w 10 '5� TQhrDNt Q}O=kt =@ \wrNt =} w R}tD CQwYx@V}=tR; OQwt

"CU=
OwOLt <=RH= Q=Ri=sQv =@ |QwLtxU V}=tR; |R=UpOt 'OwHwt G}=Dv x@ xHwD =@
|xrLQt QO xm ?}DQD u}O@ "CU= xOW s=Hv= Twmat R}r=v; CQwYx@ ABAQUS

xOR u}tND OwHwt |=yV}=tR; G}=Dv T=U=Q@ |R=UpOt QO R=}vOQwt |=yQDt=Q=B pw=
C}=yvQO '=yQDt=Q=B Q}}eD w hrDNt |=yR}r=v; s=Hv= =@ |Oa@ pL=Qt QO "CU= xOW

"CU= xOW G=QNDU= l =N Qy ?U=vt |=yQDt=Q=B
'(q � ") VvQm � VvD |=yQ=Owtv pt=W |=y|R=UpOt u}= |HwQN G}=Dv
xOt;CUOx@ G}=Dv "CU= (q�p0) VvD Q}Ut w (u�") VvQm � |}xQiL ?; Q=Wi
|y=oW}=tR; |=yV}=tR; R= xOt;CUOx@ G}=Dv =@ |@ wN |v=wNsy =y|R=UpOt R=

"OQ=O
TQ OYQO Q}}eD =@ =yv; Q}}eD OvwQ x@ xHwD =@ w xOt;CUOx@ |=yQDt=Q=B T=U=Q@
Q}O=kt =@ ?}mQD QO x@=Wt \}=QW QO =Q l =N Q=DiQ u=wD|t 'u; |Q}tN Cr=L w
V}=tR; QO Cw=iDt |x@v=Hxty |=yQ=Wi CLD u}vJty w xv=OR} Q l =N hrDNt

"OQm |v}@V}B xOW|WmyR � xDi=}s}mLD |QwLtxU

[11] Abaqus Q=Ri=sQv |iQat "1"3
Q=}U@ Q=Ri=sQv l} |xrRvtx@ 'OwN OQi x@ QYLvt |=yC}r@=k =@ Abaqus Q=Ri=sQv
u}= |=}=Rt R= "CU= xOW xDN=vW CavY w x=oWv=O QO |OQ@ Q=m w |D=k}kLD j}kO
pOt QO C=Q}}eD O=H}= QO `} QUD?Hwt xm 'CU= s=ox@ s=o |R=UpOtC}r@=k Q=Ri=sQv
"CU= hrDNt |Q=DiQ |=ypOt uDW=O Q=Ri=sQv u}= Qo}O |=y|}=v=wD R= "OwW|t
R= "CU= xDiQW}B OwOLt u=tr= |]NQ}e p}rLD Q@ |vD@t Q=Ri=sQv u}= pt=m |Qw�D
ẁ[wt =@ \@DQt |=yxt=vQ@ Q} R s=tD Ov=wD|t Q@ Q=m xm CU= u}= Q=Ri=sQv u}= |=}=Rt

"OQw; OwHwx@ =Q OwN O}OH Q=Ri=sQv Ck}kL QO w OyO Q}}eD Q=Ri=sQv u}= QO =Q OwN Q=m
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CtUk QO "(ux = 0) CU= |ki= CyH QO 0 |}=H@=H |=Q=O 'CU= R}v uQ=kD
xOW p=ta= sm CaQU =@ QDt|Dv=U 0 5 |xR=Ov= x@ s�=k |}=H@=H 'xvwtv |v=kwi
OwOLt <=RH= R}r=v; �CU� xOWv|WmyR � xOWs}mLD |ak=w V}=tR; x@=Wt "CU=
"CU= VQ@ R}r=v; swO R=i w |t}mLD R}r=v; pw= R=i "OwW|t s=Hv= xrLQt 2 QO R}v
q=@ CtUk QO Q}oQwO VvD w CU= O=R; xvwtv |q=@ O=ODt= QO |WmyR 'pw= R=i QO
OwW|t p=ai 7l}D=DU=w�S |xv} Ro R=i u}= QO "OwW|t p=ta= pOt CU=Q CtU w
u}= l}D=DU=w�S |xv} Ro "OwW pY=L u=v}t]= 'l =N xvwtv QO pO=aD |Q=QkQ@ R= =D
|x}rw= K]U uwQO l =N |xvwtv QO VvD |x}rw= \}=QW xm OyO|t =t x@ =Q u=v}t]=
CtUk 'CU= VQ@ |xrLQt xm swO R=i QO "OQ}o|t Q=Qk |rm � sm pOt s}rUD
OwW|t C}ak=w x@=Wt CaQU =@ |}=H@=H x@ Qw@Ht l =N |xvwtv |v=kwi

"(0 5 mm/min)

s=o QO "Ovm|t O=H}= CU |ak=w V}=tR; x@=Wt \}=QW |Q=PoQ=@ CaQU u}=
xvwtv QO ?; Q=Wi w Ovm|t pta xOWv|WmyR CQwYx@ xvwtv |v=kwi CtUk VQ@

"O@=}|t V}=Ri=
V}B R= 8|=ywtv |] =Q Q=@ xm OQ=O OwHw u=mt= u}= Abaqus Q=Ri=sQv QO
p=ta= XNWt |x}rw= Q=Okt =@ l}D=twD= CQwYx@ =} |w=Ut Q}O=kt =@ xOWu}}aD
ẁQW |w=Ut |x}rw= Q=Okt =@ =Q =ywtv Q=Ri=sQv �l}D=twD=� swO Cr=L QO "s}vm
V}=Ri= =Q u; 'OW=@ xDW=O OwHw =ywtv V}=Ri= u=mt= xm |DQwY QO w Ovm|t
|=ywtv |] ?; Q=Wi |v=yo =v Q}}eD x@ QHvt CU= umtt Q=m u}= "OyO|t
'=]N u}= O=H}= R= |Q}owrH |=Q@ "OW=@ =]N |=Q=O V}=tR; G}=Dv w OwW nQR@
OwOLt =Q |Pivt ?; Q=Wi Q}}eD |xv}W}@ xm OQ=O OwHw Q=Ri=sQv QO |}xv} Ro
p=mU=B wr}m 0 7 x@ |Pivt ?; Q=Wi Q}}eD |xv}W}@ |R=UpOt u}= QO "Ovm|t
?U=vt Q=}U@ |vqw] u=tR =@ |}=y|Q=PoQ=@ QO Ov};Qi u}= "OwW|t OwOLt

"CU=
|v=tR wtv R= u}=Q@=v@ 'CUq=@ Q=}U@ |Pivt Q=Wi Q}}eD MQv 'V}=tR; ẁQW QO
Vy=m |Pivt ?; Q=Wi Q}}eD MQv xm |v=tR 'xt=O= QO "s}vm|t xO=iDU= lJwm
QDnQR@ |v=tR |=ywtv R= s}v=wD|t 'l}D=twD= Cr=L R= xO=iDU= CQwY QO 'O@=}|t
CUOx@ |@ QHD G}=Dv R= |R=UpOt u}= QO xOWxO=iDU= |=yQDt=Q=B "s}vm xO=iDU=

"�5 pwOH� Ov=xOt;
xOt; CUOx@ |R=UpOt R= xm VvQm � VvD Q=DiQ G}=Dv '9 |r= 6 |=ypmW QO

"CU= xOW xU}=kt |@ QHD V}=tR; G}=Dv =@ 'CU=
|R=UpOtCr=L wO QO |QwLtVvQm p@=kt QO |Pivt ?; Q=Wi G}=Dv u}vJty
xOWs=Hv= |R=UpOt u}@ |k}kO j@=]D "CU= xOW xU}=kt |@ QHD |=yV}=tR; w

"(p� q) |xLiY QO |rm � sm s}rUD K]U "3 pmW

"|i=QLv= VvD |xLiY QO |rm � sm Kw]U "4 pmW

Q@=Q@ |v=QL@ Cr=L \N lWN CtU QO xm CU= |D@=F � &e-Lnp |=[i
Cw=iDt |v=QL@ Cr=L \N QD CtUk QO Ov=wD|t C@=F u}= "CU= 1 =@
O=H}= QDxDU@ |[}@ pmW =@ s}rUD K]U 1 > �� OW=@ 1 Q=Okt R=
|t}mLDV}@ VvD hYv =@ Q@=Q@ w x}rw= s}rUD K]U |xR=Ov= a0 &�Ovm|t
u=} QH VvD x@ |QwLtxU VWm QO u=} QH VvD C@Uv K &CU= x}rw=
�Plane |xLiY QO =Q s}rUD K]U pmW w CU= |QwLtxU Q=Wi QO
QDt=Q=B 'Ov=t@ |k=@ ?OLt CQwYx@ s}rUD K]U xmv}= |=Q@ "Ovm|t u}}aD
4 w 3 |=ypmW QO "OQ}o|t Q=Qk 0 778 < K < 1 |xR=@ QO K
xOW x�=Q= |Q=DiQ pOt u}= hrDNt |=yQDt=Q=B |x@U=Lt |xwLv w swyit

"CU=

Q=Ri=sQv =@ K}LY OQmrta |@=} RQ= "2"3
QO xOWx�=Q= pOt '=y|R=UpOt G}=Dv |DUQO R= u=v}t]= w |HvUCLY Qw_vt x@
xOWx�=Q= OvwQ T=U=Q@ [12]'Abaqus R= xO=iDU= =@ |OQ@ Q=m l =N l}v=mt ?=Dm
xO=iDU= |Oa@ wO |QwLt uQ=kD pOt l} R= |R=UpOt |=Q@ "CU= xOW p}rLD
OQ=Ov G}=Dv QO |Q}F-=D |Ov@Vt '`HQt u}= QO OwHwt ?r=]t T=U=Q@ "CU= xOW
u}= QO xO=iDU= OQwt u=tr= "OQm |R=UpOt R}v u=tr= l} =@ =Q xvwtv pm u=wD|t w
|R=UpOt C}YwYN |=Q=O w xQo 8 =@ QwLt uQ=kD |yHw 4 u=tr= '|R=UpOt
?} QkD R= 'VvQm |x@U=Lt QO CkO V}=Ri= |=Q@ u}vJty "CU= |Pivt ?; Q=Wi

"CU= xOW xO=iDU= =y|}=H@=H swO |xHQO
pOt xvwtv sQ=yJ l} 'C=@U=Lt sHL Vy=m |=Q@ w OwHwt uQ=kD x@ xHwD =@
'xvwtv u}}=BCtUk QO xm?}DQD u}O@ "CU= 5 pmW j@=]t |RQt\}=QW "CU= xOW
\N xm '|Ov@Vt u}= AJ CtUk "(uz = 0) CU= xOW C@=F s�=k |}=H@=H
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"`HQt QO |R=UpOt R= pY=L VvQm � |}xQiL ?; Q=Wi |vLvt "9 pmW

|xOvyOu=Wv xm 'OwW|t xO}O |@ QHD G}=Dv =@ `HQt |R=UpOt w VywSB u}= QO
"CU= Q=Ri=sQv =@ CU V}=tR; |R=UpOt CLY

pOt KQW "3"3
QO V}=tR; s=Hv= pL=Qt x@=Wt 'OwHwt VywSB QO |QwLtxU V}=tR; |R=UpOt

%CU= KQW u}= x@ x=oW}=tR;
R= pOt wQ u}= R= "CU= uQ=kDt |QwLtxU V}=tR; QO |m} R}i \}=QW w xUOvy ��
|xUOvy R= sQ=yJ l} \ki u}=Q@=v@ "CU= xOW xDiQo Q_v QO |QwLt uQ=kD ẁv
QO xm CU= |}xv=wDU= CQwYx@ l =N |xvwtv "CU= xOW |R=UpOt xr�Ut
'|R=UpOt pw= |xrLQt QO "OwW|t pOt p}]DUt CQwYx@ |Oa@ wO |R=UpOt
|a=aW CQwYx@ x@v=Hxty Q=Wi 'OyO|t MQ |QwLtxUV}=tR; QO xJv; j@=]t
Q@ OQ=w |x@v=Hxty Q=Wi pO=at |awv x@ Q=Wi u}= "OwW|t p=ta= |Owta w
|}=H =D 'OwW|t p=ta= |Owta Q=Wi |Oa@ |xrLQt QO "CU= pLt QO l =N
V}=Ri= =@ xm 'CU= VvQm pQDvm ẁv R= OwHwt |R=UpOt "OwW xDN}Uo xvwtv xm
j@=]t VvQm p=ta= CaQU "OwW|t xDN}Uo xvwtv C}=yv QO 'VvQm |=ys=o

"CU= 0 5 mm/min xOWs=Hv= |=yV}=tR;
R= 'OwHwt |QwLtxU |=yV}=tR; G}=Dv xmv}= x@ xHwD =@ "pOt O=a@= ?=NDv= ��
QDt|r}t 50 Q]k w QDt|r}t 100 `=iDQ= x@ |}xv=wDU= |=yxvwtv |wQ Q@ V}=tR;
'10 pmW "CU= xOW s=Hv= O=a@= u}ty =@ R}v |R=UpOt 'CU= xOt; CUOx@

"CU= |RQt \}=QW w xOW|Ov@Vt pOt |x}rw= |xUOvy QoV}=tv
"CU= |v=QL@ Cr=L |Q}tN pOt '|R=UpOt u}= QO xOWxO=iDU= |Q=DiQ pOt ��
|v=QL@ Cr=L |Q=DiQ pOt |=yQDt=Q=B swO s=o QO 'pOt |xUOvy |x}yD R= TB
OQwt l =N Q=DiQ x@ xHwD =@ u}vJty w hrDNt `H=Qt QO OwHwt Q}O=kt x@ xHwD =@
"OwW|t p=ta= R=}vOQwt Ow}k w |Ov@Vt xvwtv TBU "OwW|t xOR u}tND xar=]t
xvwtv AJ `r[ w (uy = 0) OwW|t C@=F s�=k |}=H@=H 'xvwtv u} Q} R `r[ QO
"(ux = 0) CU= |ki= CyH QO 0 |}=H@=H |=Q=O 'CU= R}v uQ=kD \N xm
CaQU =@ QDt|Dv=U 1 |xR=Ov= x@ s�=k |}=H@=H 'xvwtv |v=kwi CtUk QO
xOWv|WmyR � xOWs}mLD |ak=w V}=tR; x@=Wt "OwW|t p=ta= 0 5 mm/min

w |t}mLD R}r=v; pw= R=i %OwW|t s=Hv= xrLQt 2 QO R}v OwOLt <=RH= R}r=v; �CU�
w CU= O=R; xvwtv |q=@ O=ODt= QO |WmyR 'pw= R=i QO "CU= VQ@ R}r=v; swO R=i

"OwW|t p=ta= pOt CU=Q CtU w q=@ CtUk QO Q}oQwO VvD

"`HQt pOt QO |rm � sm pOt |=yQDt=Q=B "5 pwOH
|twta |Q}tN

� (kg/m3) 1923 � 0 174
k (m/sec) 0 025 SVvD C@Uv , M 1

w (kN/m3) 9 81 x}rw= s}rUD K]U xR=Ov= (kPa) 105

e 0 889 ?w]Qt s}rUD K]U xR=Ov= 1
|v=UWm
� 0 026 u=} QH VvD MQv 1
� 0 28

"|HvUCLY pQDvm pOt QO |R=UpOt R= pY=L VvQm � VvD |vLvt "6 pmW

"`HQt QO |R=UpOt R= pY=L VvQm � VvD |vLvt "7 pmW

pQDvm pOt QO |R=UpOt R= pY=L VvQm � |}xQiL ?; Q=Wi |vLvt "8 pmW
"|HvUCLY
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sm |Q=DiQ pOt QO l =N |Dtw=kt w QF-wt |=yQDt=Q=B R= |m}� M QDt=Q=B C=Q}}eD
G}=Dv T=U= Q@ "CU= xOW xO=O u=Wv l =N QO OwHwt TQ u=R}t Q}}eD =@ �|rm �
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u}= u=R}t w OQ=Ov M QDt=Q=B QO |Q}F-=D 'l =N sm =QD xm CU= u; R= |m =L G}=Dv Qo}O
u}vJty "CU= u=Um} �gr/cm3 1 45 w 1 5� |r=oJ Cr=L wO Qy |=Q@ QDt=Q=B
��5� OwOL \UwDt Qw]x@ M QDt=Q=B 'OwHwt TQ l =N |Q}tN Cr=L Vy=m =@

"pOt |Ov@Vt w |RQt \}=QW '|OQ@ Q=m pOt R= |}=tv "10 pmW

|}=H@=H x@ Qw@Ht l =N |xvwtv |v=kwi CtUk '�VQ@ |xrLQt� swO R=i QO
\}=QW |Q=PoQ=@ CaQU u}= "�0 5 mm/min� OwW|t C}ak=w x@=Wt CaQU =@
CQwYx@ xvwtv |v=kwiCtUk 'VQ@ s=o QO "Ovm|t O=H}= CU |ak=wV}=tR; x@=Wt

"O@=}|t V}=Ri= xvwtv QO ?; Q=Wi w Ovm|t pta xOWv|WmyR
xDN}Uo xOW|R=UpOt |xvwtv '|}=H@=H p=ta= =@ w s=Hv= |rm R}r=v; C}=yv QO
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OYQO =@ � C=Q}}eD |rm OvwQ =@ ẁ[wt u}= "CU= R}J=v Cw=iD u}= xD@r= "CU=
Cr=L C}Y=N 'TQ OYQO V}=Ri= =@ xm =QJ "OQ=O Ck@=]t l =N |xOwD TQ
QDt=Q=B '|Q}tN Cr=L V}=Ri= =@ TB "O@=}|t V}=Ri= l =N |xOwD |rm |Q}tN

"l =N X=wN Q}}eD =@ � QDt=Q=B C=Q}}eD OvwQ "16 pmW

=@ C}=yvQO |rw 'O@=}|t Vy=m TQ OYQO V}=Ri= =@ � QDt=Q=B xJQo = xm OyO|t
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