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`tW V@ wm QF= QO xm |H=wt= R= |m} [1]"OwW x�=Q= |@ wm`tW Ov}=Qi R= |W=v |@v=H
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C=YNWt '`tW C=YNWt %xrtH R= QF-wt |=yQDt=Q=B |NQ@ |UQQ@ x@ Abaqus

`tW V@ wm R= |W=v l =N C=QP |xv}W}@ CaQU QO VmJ C=YNWt w l =N
V@ wm pLt R= QDt 5 R= QDW}@ pY=wi |=Q@ xm Ov=xO}UQ xH}Dv u}= x@ w Ov=xDN=OQB
OyO|t MQ `tW R= QDt 5 5 =D 4 5 Pwiv jta QO l =N C=QP |xv}W}@CaQU '`tW
w Q]k V}=Ri= w ?wm`tW |wQ}v V}=Ri= =@ l =N C=QP |xv}W}@ CaQU u}vJty w
[8]"O@=}|t Vy=m l =N |v=UWm pwOt V}=Ri= =@ w V}=Ri= l =N w `tW l =m]Y=
G}=Dv R= xO=iDU= =@ [9]'Plaxis 2D Q=Ri=sQv |HvUQ=@Da= x@ =OD@= 'Q=DWwv u}= QO
[10]'Ow@ xOW s=Hv= Chennai C}=U QO xm '`tW V@ wm |y=oW}=tR; OQwt l}
'|v=UWm pwOt '|@Uv xD}Uv=O %xrtH R= l =N QF-wt |=yQDt=Q=B |UQQ@ x@ TBU w
uwU=wB ?} Q[ w l =N |rN=O l =m]Y= |x} w=R 'XwYNt uRw 'Kr=Yt |}=Q}t
"CU= xOW xDN=OQB `tW V@ wm R= |W=v u}tR K]U QO xOWO=H}= C=W=aDQ= QO

|@wm`tW Ov}=Qi R= |W=v u}tR QO C=W=aDQ= p=kDv= "2
O=H}= |WvD |=yGwt 'Ovm|t OQ=w x@ Q[ `tW QU Q@ ?wm`tW VmJ xm |t=ovy
|=yxR=U x@TBU w l =N '`tW lwvCtU x@|Y=N |xvt=O w Ot=U@ =@ xm OvwW|t
pt=W '|@ wm`tW C=}rta u}L QO VvD G=wt= u}= Q=WDv= "Ov@=}|t Q=WDv= Qw=Ht
uDiQoQ_vQO uwO@ "CU= xOW xO=O u=Wv 2 pmW QO xm 'CU= |U=U= |xrLQt 4
|W=v CqmWt p}qO R= |rt=m w K}LY lQO 'C=W=aDQ= p=kDv= |xQ}HvR u}= pt=m

%CU= KQW u}= x@ QwmPt |xrLQt 4 "OW Oy=wNv QU}t |@ wm`tW R=
VmJ |x@ Q[ QF= QO xOWO=H}= |SQv= xm CQwY u}= x@ '`tW QO Gwt Q=WDv= "1
"OwW|t pkDvt `tW lwv CtU x@ `tW j} Q] R= `tW lyqm w `tW QU QO

"u; lwv QO u}vJty w `tW |xQ=OH pw] QO `tW w l =N VvmQOv= "2
"|v}tRQ} R ?; w l =N |=yx}q j} Q] R= C=W=aDQ= p=kDv= 'u}tR QO Gwt Q=WDv= "3
C=W=aDQ=|xaUwD '=y|B|m}t=v}Optar=Tma 'xR=Uwl =N|m}t=v}OVvmQOv= "4

[1]"=yxR=U QO
|rY= Q=}at '(PPV) G=wt= Qw@a s=ovy x@ l =N C=QP |xv}W}@ CaQU
QO l =N C=QP CaQU "OwW|t ?wULt u}tR QO xOWO=H}= C=W=aDQ= VHvU

[1]"l =N j} Q] R=Qw=Ht |=yxR=U =D VmJ R= C=W=aDQ= p=kDv= "2 pmW

syU G=wt= Q}=U =@ xU}=kt QO xm CU= |r}=Q G=wt= 'OwW|t O=H}= u}tR K]U QO
QO 'l =N x@ |SQv= p=kDv= CaQU "OQ=O V=aDQ= R= pY=L |SQv= ptL QO |QDW}@
u=O}t QO |Q}tN |=ypmWQ}}eD O=H}= Ea=@ w CUq=@ Q=}U@ `tW x@ x@ Q[ QF=
xOWO=H}= C=W=aDQ= xm CU= xO=O u=Wv G}=Dv R}v QwO u=O}t OQwt QO "OwW|t l}ORv
p�=Ut p}rLD QO [2]"OwW|t |a=HDQ= |xOwOLt QO |}=ypmWQ}}eD O=H}= Ea=@
u=Wv 1 pmW QO xm u=vJ "OQ}o|t Q=Qk Q_v Ot u}tR QO Gwt ẁv xU |@ wm`tW
&OvwW|t `]=U `tW lwv R= xm |wQm G=wt= "1 %pt=W G=wt= u}= 'CU= xOW xO=O
G=wt= "3 &OvwW|t QWDvt `tW |xQ=OH R= |@v=H CQwYx@ xm |}xv=wDU= G=wt= "2
O=H}= `tW R= |v=QL@ |}xrY=i QO w u}tR K]U QO G=wt= Q=Umv= R= xm |L]U

[1]"OvDUy 'OvwW|t
Qw] x@ OwOLt Cq[=iD w OwOLt <=RH= |OOa |=yVwQ R= xO=iDU= xRwQt=
xm |}=yQ=Ri=sQv R= |m} "OQ}o|t Q=Qk xO=iDU= OQwt |m}vmDw�S p�=Ut QO |}xOQDUo
QO 'Q=@ u}rw= |=Q@ "CU= plaxis 2D Q=Ri=sQv 'Ovm|t pta OwOLt <=RH= T=U=Q@
'CU= xDiQo Q=Qk xar=]t OQwt|@ wm`tW p}rLD QO OwOLt <=RH= pOtl} 1994 p=U
|xDi=}s}mLD |O=a |UQ l =N QO |vD@ `tW l} V@ wm R= pY=L G}=Dv u; QO xm
G}=Dv 2005 p=U QO |Qo}O VywSB QO u}vJty [3]"CU= xOW x�=Q= xOWv|WmyR
xU}=kt Plaxis 2D Q=Ri=sQv OwOLt <=RH= pOt =@ |Rri `tW l} V@ wm R= pY=L
|a=HDQ= CQwYx@ ?}DQD x@ u; h=Q]= l =N w `tW 'QwmPt pOt QO "CU= xOW
R}r=v; R= pY=L 'l =N C=QP |xv}W}@ s�=k ?=DW "Ov=xOW pOt |Q}tNu=UWm w
|ki= ?=DW =t= 'CU= xDW=O |y=oW}=tR; pOt G}=Dv =@ |@ wN |Q=oR=U |OOa
[4]"CU= xOw@ |y=oW}=tR; pOt G}=Dv R= QDW}@ �20 OwOL QO l =N C=QP |xv}W}@
|=yV}=tR; R= x@=Wt |=y|R=UpOt '2008 p=U QO |Qo}O |xar=]t QO u}vJty
u=QoWywSB [5]"CU= xOW s=Hv= Plaxis 2D Q=Ri=sQv R= xO=iDU= =@ `tW |m}t=v}O
|=yxWv=QD QF=|UQQ@ x@ Plaxis 2D Q=Ri=sQv R= xO=iDU= =@ '2008 p=U QO R}v |Qo}O
Ov=xDN=OQB `tWV@ wm R= |W=v 'l =N C=QP V=aDQ= CaQU Vy=m QO uD@ =@ xOWQ)B
|xrY=i QO 3D�4D O=a@= =@ uD@ =@ xOWQ)B |xWv=QD xm Ov=xO}UQ xH}Dv u}= x@ w
|=Q@ Cr=L u} QDQF-wt `tW V@ wm pLt R= '�CU= `tW Q]k =@ Q@=Q@ D xm � 9D

R= xO=iDU= =@ '2011 p=U QO |WywSB QO u}vJty [6]"CU= xr}=Q s�=k G=wt= Vy=m
R= C=QP |xv}W}@ CaQU QO QF-wt |=yQDt=Q=B |NQ@ |UQQ@ x@ Plaxis 2D Q=Ri=sQv
xH}Dv u}= w xOW xDN=OQB ?wm`tW C=@ Q[ O=OaD w |}=Q}t '|v=UWm pwOt %xrtH
w l =N |v=UWm pwOt V}=Ri= =@ C=QP |xv}W}@ CaQU xm CU= xOt; CUOx@
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OwHwt |=yOQ=Ov=DU= u} QDG}=Q R= |m} xm �SS 02 52 11� O�wU |xt=vu}�;
=yu=tDN=U x@ ?}U; R= |Q}owrH |=Q@ =Q V=aDQ= R=Ht Q}O=kt [14]'CU= xv}tR u}= QO
|=y?}U; 'Q}O=kt u}= R= C=W=aDQ= CaQU uOw@ QDW}@ CQwY QO xm 'CU= xOQm x�=Q=
C=W=aDQ= CaQU '4 |x]@=Q j@=]t "OW Oy=wN OQ=w =yv; |B w =yu=tDN=U x@ |OH
ẁv '`tW TvH 'OwW|t xO}@ wm u; QO `tW xm |m =N TvH x@ xt=vu}�; u}= QO

%CU= xDU@=w |B ẁv w u=tDN=U Kr=Yt 'u=tDN=U
v = v0FbFmFg (4)

xHwD =@ C=W=aDQ= CaQU v0 'V=aDQ= CaQU |Owta |xir-wt v 'QwmPt |x]@=Q QO
=D T=UL |=yxR=U |=Q@ 0 5 R= xm 'CU= u=tDN=U XN=W Fb 'l =N ẁv x@
xm 'CU= u=tDN=U Kr=Yt XN=WFm "CU= Q}eDt u}ovU |=yxR=U |=Q@ 1 7
w CU= Q}eDt ?wJ w 'KrUt uD@ 'Oqwi |=Q@ 1 2 =D |my; Kr=Yt |=Q@ 0 65 R=
|=Q@ 1 =D xOQDUo |=y|B |=Q@ 0 6 R= |B ẁv x@ xHwD =@ xm CU= |B XN=W Fg

"CU= Q}eDt lwv Ctw=kt =@ |atW |=y|B

|OOa pOt |HvUQ=@Da= "4
|WywSB QO xm `tW V@ wm R= pY=L G}=Dv =@ OwOLt <=RH= Q=Ri=sQv |R=UQ=@Da=
TvH R= Q_vOQwt `tW "CU= xOW s=Hv= [10]'CU= xOW VQ=Ro 2004 p=U QO
15 8 =@ Q@=Q@ ?}DQD x@ |Q]k w pw] w QDt|r}t 25 |xQ=OH Ct=N[ =@ Oqwi
`=iDQ= w uDw}vwr}m 41 C}iQ_ =@ |WmJ |x@ Q[ =@ xm 'CU= QDt 0 6 w
|R=Ux}@W CyH "OwQ|t wQi |}xU=t l =N QO G} QOD x@ QDt 2 5 \wkU
R}r=v; "CU= xOW p=ta= `tW QU Q@ |}x]kv Q=@ '`tW QU Q@ VmJ C=@ Q[
"CU= xOW s=Hv= x}v=F 1 COt x@ w 0 001 |v=tR |xR=@ =@ pOt |m}t=v}O
l =N "OyO|t u=Wv =Q `tW QU Q@ xOWp=ta= u=tR � wQ}v Q=Owtv '3 pmW
"CU= xOW |R=UpOt QDt 40 |@v=H Oa)@ w QDt 20 jta x@ CN=wvm} w uoty
xOW x�=Q= 1 pwOH QO |OOa R}r=v; s=Hv= CyH l =N w `tW R=}v OQwt C=YNWt

"CU=
R= |QDt 3 |xrY=i QO =Q l =N C=QP |ki= ?=DW |xv}W}@ Q}O=kt '4 pmW
OwW|t x_Lqt QwmPt pmW x@ xHwD =@ "OyO|t u=Wv u}tR K]U QO V@ wm pLt

"OQ=O |y=oW}=tR; G}=Dv =@ |rw@k p@=k |Q=oR=U |OOa R}r=v; R= pY=L G}=Dv xm

[15]"`tW QU Q@ xOWp=ta= u=tR � wQ}v Q=Owtv "3 pmW

xU |=yuwiw�S \UwD xm 'CU= sy Q@ Owta |Q=OQ@ |xir-wt xU pt=W x_Lr Qy
"OwW|t |Q}oxR=Ov= |QwLt

|=yCaQU uDiQoQ_vQO =@ |Q=OQ@ Q=Okt l} QO u=wD|t =Q CaQU |xir-wt xU
Q=Okt =yv; ?}mQD R= "OQm ?}mQD sy =@ |v=tR |x_Lr Qy QO s�=k w '|[Qa '|a=aW
xO=O u=Wv 1 |x]@=Q QO xm 'O};|t CUOx@ PPV l =N C=QP |xv}W}@ CaQU

%CU= xOW
PPV =

q
(v2
r + v2

t + v2
s) (1)

s�=k CyH QO CaQU vs w |[Qa CaQU vt '|a=aW CaQU vr 'u; QO xm
[11]"CU=

OwHwt \@=wQ Q@ |QwQt "3
sDU}U %xrtH R= |}=yQDt=Q=B x@ Qw=Ht |=yu=tDN=U |wQ |@ wm`tW |m}t=v}O C=QF=
\}=QW 'xR=U � l =N VvmsyQ@ 'V=aDQ= `@vt R= xrY=i 'l =N ẁv '|@ wm`tW
|oDU@ Qo}O |=yXN=W w l =N j} Q] R= G=wt= Q=WDv= |xwLv '=yu=tDN=U
x@ \w@ Qt 'OvOW x�=Q= u}tR C=W=aDQ= OQwt QO xm |}=y|Qw�D =OD@= QO "OQ=O
C=W=aDQ= |}=QLY |=y|Q}oxR=Ov= "OvOw@ nvU Q=Hiv= R= |W=v u}tR C=W=aDQ=
=@ ?U=vDt C=W=aDQ= u}= |oQR@ xm O=O|t u=Wv u}tR K]U QO xOWO=H}=
|Q}oxR=Ov= G}=Dv '1973 p=U QO |WywSB QO "CU= Q=Hiv= QO xOW O=R; |SQv=
'Ow@ xDiQo CQwY |@ wm`tW =yv; QO xm 'hrDNt |=yl =N QO u}tR C=W=aDQ=
V=aDQ= CaQU u; ltm x@ w OW O=yvW}B |SQv= |=v@t Q@ |}x]@=Q w p}rLD
OW xOR u}tND `tW |SQv= T=U=Q@ w V=aDQ= `@vt R= r |xrY=i QO (v)

[12]%�2 |x]@=Q�
v = k

�p
E=r

�
(2)

|=Q@ |@ QHD ?} Q[ l} k '`@vt R= xOQ=w |SQv= E 'V=aDQ= CaQU v 'u; QO xm
Rwvy QwmPt |x]@=Q xmu}= OwHw =@ "CU= Q}eDt 4 =D 0 3 R= xm &CU= C=W=aDQ=
|x]@=Q R= xO=iDU= =t= 'OwW|t xOQ@ Q=m x@ |v=Qta |=yC}r=ai QO u=UOvyt \UwD
xrtH R= "CU= x=Qty |Dq=mW= =@ u; T=U=Q@ u}tR C=W=aDQ= |v}@V}B w xOWQmP
xOWv XNWt �=yxir-wt Ov};Q@ =} '|ki= 's�=k� C=W=aDQ= CaQU CyH u; QO xmv}=
CU}v XNWt u}vJty "CU= l =N |DNU w ẁv R= pkDUt x]@=Q u}= w CU=
`tW x@ xOWpkDvt |SQv= Q=Okt =} w VmJ |tU= |SQv= 'Q_vOt VmJ |SQv= xm

"CU=
QO 'CU= xOW xQ=W= O=} R u; x@ |m}vmDw�S `@=vt QO xm |]@=wQ R= Qo}O |m}
QO w CU= 2 |x]@=Q x@=Wt x]@=Q u}= [13]"CU= xOW x�=Q= 1981 p=U QO |WywSB
xOW u=}@ |@ wm`tW pLt R= xrY=i R= |a@=D CQwYx@ C=QP |xv}W}@ CaQU u;

%�3 |x]@=Q� CU=
v = K

�
D=
p
E
��n

(3)

xOQ=w |SQv= E '?wm`tW pLt R= xrY=i D 'C=QP |xv}W}@ CaQU v 'u; QO xm
u}@ n Q=Okt '3 |x]@=Q QO "CU= C=W=aDQ= |=Q@ |@ QHD ?} Q[ l} K w `@vt R=
[13]"OwW|t xDiQo Q_v QO u; |=Q@ 1 5 u}ov=}t Q=Okt ,qwtat w CU= 2 =D 1 Q}O=kt
w k Q=Okt 'OwW xDiQo Q_v QO 1 Q@=Q@ n ?} Q[ Q=Okt 3 |x]@=Q QO xm |DQwY QO

"OW Ovy=wN u=Um} 3 w 2 \@=wQ QO K
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"""xv
}W}

@C
aQU

QOl
=NC

=YN
Wt

QF=|
UQQ

@

"`tW V@wm |OOa pOt "5 pmW

R}r=v; s=Hv= CyH `tW w l =N R=}v OQwt C=YNWt "2 pwOH
`tW xU=t QDt=Q=B

|]N |a=HDQ= xOvwWCNU l =N pOt
pNrND uwO@ xOWv|WmyR C}a[w

24 17 (KN/m3) XwYNt uRw
3� 104 40 (KPa) |v=UWm pwOt

�� 1 (KPa) |oOv@UJ
�� 32 �xHQO� |rN=O l =m]Y= |x} w=R

0 2 0 3 uwU=wB ?} Q[
1 0 7 lQDWt K]U Vy=m ?} Q[

`tW |=Q@ "Ov=xOW |R=UpOt |}xQo 15 |=yu=tr= \UwD l =N w `tW "CU=
|Q=DiQ pOt R}v |}xU=t l =N |=Q@ w pNrNDtQ}e w |]N |a=HDQ= |Q=DiQ pOt
2 pwOH QO `tW w l =N C=YNWt "CU= xOW xDiQo Q_v QO xOvwWCNU l =N
OL |=yu=tr= R= `tW � l =N u}@ VvmQOv= uOQmpOt Qw_vt x@ "CU= xOW x�=Q=
QDt 0 5 OwOL QO \U=w OL |=yu=tr= "CU= xOW xO=iDU= `tW h=Q]= \U=w
CyH =Q `tW w l =N VvmQOv= u=wD@ =D 'CU= xDi=} VQDUo `tW lwv Q} R QO
|W=v pN=OD COt QO `tW h=Q]= l =N VRer R= xm 'Kr=Yt |}=Q}t uDiQoQ_vQO
O=H}= R= |Q}owrH Qw_vt x@ pOt |=yRQt [9]"OQm |R=Ux}@W |DUQO x@ 'OwW|t
xDiQo Q_v QO OQ=Ov=DU= |SQv= ?P=H |=yRQt ẁv R= 'C=W=aDQ= ?wr]t=v |=y?=DR=@
uOQmpOt Qw_vt x@ "CU= xDi=} O=ODt= pOt CU=Q CtU w u}}=B QO xm 'CU= xOW
p=ta= =@ =yDv= QO "CU= xOW p=ta= `tW |q=@ QO xOQDUo Q=@ '?wm`tW |wQ}v
R=i xU pt=W xr�Ut R}r=v; "CU= xOW ẁQW xr�Ut |m}t=v}O R}r=v; 'x}rw= \}=QW
u; x@ uD@ C=YNWt w xOW xDN=U `tW CUNv R=i QO "CU= xOw@ |D=@U=Lt
4 VN@ |Q=PoQ=@ x@=Wt |}x]kv |Q=PoQ=@ 'swO R=i QO "CU= xOW xO=O X=YDN=
R=i QO "CU= xOW p=ta= `tW QU x@ 3 pmW QO xOWxO=O u=Wv u=tR wQ}v `@=D =@ w
COt QO x@ Q[ QF= QO `tW w l =N |m}t=v}O MU=B w xOW xDW=O xov QiY Q=@ swU
xOw@ |m}t=v}O C=@U=Lt pt=W swU w swO |=yR=i "CU= xOW QwD}vwt x}v=F 1 u=tR

"CU=

[6]"Q=Ri=sQv |R=UQ=@Da= CyH `tW w l =N R=}v OQwt C=YNWt "1 pwOH
`tW xU=t QDt=Q=B

|]N |a=HDQ= xOvwWCNU l =N pOt
pNrND uwO@ xOWv|WmyR C}a[w

78 9 17 9 (KN/m3) XwYNt uRw
2 1� 108 29000 (KPa) |v=UWm pwOt

�� 1 (KPa) |oOv@UJ
�� 31 �xHQO� |rN=O l =m]Y= |x} w=R

0 3 0 4 uwU=wB ?} Q[

V@wm pLt R= |QDt 3 |xrY=i QO l =N C=QP ?=DW |xv}W}@ Q}O=kt "4 pmW
"u}tR K]UQO

|OOa |R=UpOt Ov}=Qi "5
15 pw] =@ xDN=UV}B |vD@ `tW l} V@ wm |OOa |R=UpOt Ov}=Qi '5 pmW
C=QF= uOQmR}J=v Qw_vt x@ "OyO|t u=Wv |}xU=t l =N QO =Q QDt 0 4 Q]k w QDt
|xR=Ov= x@ w `tW h=Q]= R= 75D |xR=Ov= x@ xOWxDN=U pOt '`tW Q=DiQ QO |RQt
Cra x@ |R=UpOt "�CU= `tW Q]k D� CU= xDi=} xt=O= `tW lwv Q} R R= 60D

xm Qw]u=ty w CU= xOW s=Hv= |QwLt uQ=kD CQwYx@ '|Q=PoQ=@ w xUOvy uQ=kD
xOW pOt u; h=Q]= l =N w `tW R= |t}v \ki 'OwW|t x_Lqt 5 pmW QO
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O}aU

O=Ry
@

pY=wi QO l =N |v=UWm pwOt Q@=Q@ QO C=QP |xv}W}@ CaQU Q}O=kt "6 pmW
"`tW R= hrDNt

hrDNt pY=wi QO l =N uwU=wB ?} Q[ Q@=Q@ QO |xv}W}@ CaQU Q}O=kt "7 pmW
"`tW R=

"`tW R= hrDNt pY=wi QO |xv}W}@ CaQU Q}O=kt "8 pmW

CaQU QO l =N hrDNt |=yQDt=Q=B QF= |UQQ@ "6
C=QP |xv}W}@

'`tW TvH 'l =N TvH %Ovv=t |tyt |=yQDt=Q=B x@ l =N C=QP |xv}W}@ CaQU
u}= QO "OQ=O |oDU@ `tW w l =N VvmQOv= w Kr=Yt |}=Q}t '?wm`tW C=YNWt
xDN=OQB C=QP |xv}W}@ CaQU QO |}xU=t l =N |=yQDt=Q=B QF= |UQQ@ x@ VN@

"CU= xOW

l =N |v=UWm pwOt "1"6
pwOt hrDNt Q}O=kt QF= |UQQ@ x@ OwOLt <=RH= R}r=v; R= xO=iDU= =@ VN@ u}= QO
l =N C=QP |xv}W}@ CaQU QO �=yQDt=Q=B Q}=U uOw@C@=F ZQi =@� l =N |v=UWm
"CU= xOW xDN=OQB |@ wm`tW R= |W=v xOWO=H}= C=W=aDQ= Cra x@ u}tR K]U QO
|v=UWm pwOt hrDNt Q}O=kt |=Q@ 5 VN@ QO xOWxDN=U |OOa pOt Qw_vt u}O@
`tW C=YNWt Q}=U "CU= xOW p}rLD p=mU=B=ot 80 =D 10 |xOwOLt QO l =N
u=Wv =Q |OOa p}rLD R= pY=L G}=Dv '6 pmW "CU= 2 pwOH j@=]t l =N w
|v=UWm pwOt V}=Ri= =@ 'OwW|t x_Lqt QwmPt pmW QO xm Qw]u=ty "OyO|t
OwHwt \@=wQ x@ xHwD =@ "CU= xDi=} Vy=m l =N C=QP |xv}W}@ CaQU 'l =N
CaQU '|a=HDQ= |=y\}Lt QO G=wt= w VvD VQDUo |xv}tR QO Q@Dat `@=vt QO
|a=HDQ= |Oa@ l} |=y\}Lt QO |WvD G=wt= Qw@a QF= QO \}Lt C=QP |xv}W}@

[16]%OwW|t x@U=Lt 5 |x]@=Q R=

V = �
�vc

�p
�E

(5)

Gwt Q=WDv= CaQU vc w \}Lt XwYNt sQH � '|Q=Wi VvD � 'u; QO xm
CU= XNWt QwmPt |x]@=Q j@=]t "CU= |a=HDQ= pwOt E w \}Lt QO |Q=Wi
Twmat |x]@=Q l =N |a=HDQ= pwOt swO |xW} Q =@ C=QP |xv}W}@ CaQU xm

"OwW|t xv}W}@ CaQU Vy=m ?Hwt |a=HDQ= pwOt V}=Ri= w OQ=O

l =N uwU=wB ?} Q[ QF= "2"6
?} Q[ C=Q}}eD QF= QO 'l =N C=QP |xv}W}@ CaQU C=Q}}eD |UQQ@ x@ VN@ u}= QO
QO l =N C=QP |xv}W}@ CaQU C=Q}}eD '7 pmW "CU= xOW xDN=OQB l =N uwU=wB
'OwW|t x_Lqt xm Qw]u=ty "OyO|t u=Wv =Q uwU=wB ?} Q[ hrDNt Q}O=kt Q@=Q@
|DmQL |xvt=O '|Q}tN Q=DiQ CtU x@ l =N p}=tD w uwU=wB ?} Q[ V}=Ri= =@

"CU= xDi=} V}=Ri= R}v l =N C=QP |xv}W}@ CaQU 'xH}Dv QO w C=QP

l =N l =m]Y= |x}w=R w XwYNt uRw "3"6
21 w 19 '17 '15 '13 =@ Q@=Q@ XwYNt |=yuRw =@ |}=yl =N =OD@= VN@ u}= QO
x@ \w@ Qt G}=Dv 'hr=8 pmW "CU= xDiQo Q=Qk |UQQ@ OQwt ?amtQDt Q@ uDw}vwr}m
V}=Ri= 'OwW|t x_Lqt QwmPt pmW QO xm Qw]u=ty "OyO|t u=Wv =Q Q}eDt u}=
xOW C=QP |xv}W}@ CaQU Vy=m ?Hwt TwULt=v Q=}U@ Qw]x@ XwYNt uRw
R}v 5 |x]@=Q j@=]t "OQm Q_vhQY QDt=Q=B u}= QF= R= u=wD|t xm |}xvwo x@ 'CU=
Q}F-=D Ov=wD|tv l =N XwYNt uRw Q}O=kt QO |�RH C=Q}}eD xm CU= lQO p@=k

"OW=@ xDW=O xv}W}@ CaQU Q=Okt QO |Q}osWJ
'28 Q}O=kt |=Q@ l =N |rN=O l =m]Y= |x} w=R C=Q}}eD QF= R}v '?8 pmW
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"""xv
}W}

@C
aQU

QOl
=NC

=YN
Wt

QF=|
UQQ

@

pwOt R= pkDUt w OwW|t u=}@ x}rw= |}=Q}t C@Uv =@ |}=Q}t RwmU} w |xir-wt "CU=
ZQi C@=F QDt=Q=B l} CQwYx@ |}=Q}t C@Uv |xrO=at QO w CU= l =N |WQ@
xDU@=w l}rm}U |WQ@ |=yVvQm K]U x@ |}=Q}t T} RQDU}y |xir-wt "OwW|t
%CU= xOW xO=iDU= |}=Q}t C@Uv u}}aD CyH 6 |x]@=Q R= Q=DWwv u}= QO "CU=
� = �i + �max( 



 + 
r
) (6)


r 'T} RQDU}y |}=Q}t |xv}W}@ C@Uv �max 'x}rw= |}=Q}t C@Uv �i 'u; QO xm
[17]"CU= l =N l}rm}U |WQ@ VvQm 
 w l =N `HQt |WQ@ VvQm

T} RQDU}y|}=Q}t|xv}W}@ w x}rw=|}=Q}tC@Uv R}v '2006 p=U QO|WywSB QO
[17]%CU= xOW |iQat 8 w 7 \@=wQ CQwYx@

�i(�) = 1 5 + 0 03PI(�) � 5 8 (7)

�max(�) = 16� 0 01PI(�) � 0 0 (8)

w �1 5 Q@=Q@ �i Q=Okt 'CU= QiY Q@=Q@ PI Q=Okt xmv}= p}rO x@ |}xU=t l =N QO
=@ Q@=Q@ ?}DQD x@ �i |xv}W}@ w xv}tm Q}O=kt "OW Oy=wN �16 =@ Q@=Q@ �max Q=Okt
|r}=Q |x]@=Q CQwYx@ Kr=Yt |}=Q}t C@Uv Plaxis QO "CU= �17 5 w �1 5

%CU= xOW u=}@ 9 |x]@=Q CQwYx@ w XNWt
[C] = �[M ] + �[K] (9)

"CU= |DNU T} QD=t [K] w sQH T} QD=t [M ] '|}=Q}t T} QD=t [C] 'u; QO xm
"Ovvm|t u=}@ =Q |}=Q}t QO |DNU w sQH Q}F-=D ?}DQDx@ xm OvDUy |@}=Q[ � w �
QO u}vJty "OvDUy R=}v OQwt |}=Q}t uOQm^=Lr CyH QDt=Q=B wO u}= Plaxis QO
� w � ?}=Q[ |x@U=Lt CyH 10 |x]@=Q '2010 p=U QO |Qo}O |xar=]t

[18]%CU= xOW O=yvW}B"
�

�

#
= �
�(fm + fn)

" 4�2fmfn
1

#
(10)

|W=aDQ= Ot QO |a}@] Ot=U@ fn w fm w |W=aDQ= Ot O=OaD n w m 'u; QO xm
CU= sRq QmPD u}= "Ot; Ovy=wN CUOx@ 11 |x]@=Q j} Q] R= xm 'OvDUy Q_=vDt

%CU= pw= Ot QO |a}@] Ot=U@ fm xm
fn = �s

4h(2i� 1)
(11)

l =N |x}q Ct=N[ h w l =N QO |WQ@ Gwt CaQU =@ Q@=Q@ �s 'Q}N= |x]@=Q QO
|=yOwt QO =Q |Oa@ |=yOt=U@ w pw= |W=aDQ= Owt QO =Q pw= Ot=U@ ,qwtat "CU=
QO 1 =@ Q@=Q@ |W=aDQ= |=yOwt O=OaD R}r=v; u}= QO "Ovvm|t ?=NDv= |Oa@ |W=aDQ=
|x@U=Lt R= TB "Ov=xOW Q@=Q@ sy =@ fn w fm Q}O=kt u}=Q@=v@ 'CU= xOW xDiQo Q_v
C=QP V=aDQ= QO u; QF= Q}F-=D |UQQ@ x@ 'xOWQmP \@=wQ R= xO=iDU= =@ |}=Q}t C@Uv
xOW xDiQo Q_v QO |}=Q}t C@Uv hrDNt Q=Okt 5 Qw_vt u}O@ "CU= xOW xDN=OQB
"CU= xDiQo Q=Qk |UQQ@ OQwt `tW V@ wm R= xrY=L G=wt= lqyDU= QO u; QF= w
4 pwOH QO 'xr}=Q |}=Q}t |=Q@ hrDNt |=y|}=Q}t C@Uv =@ Q_=vDt � w � ?}=Q[

"Ov=xOW CUQyi
=@ xm T=U= u}= Q@ "OyO|t u=Wv =Q p}rLD R= pY=L G}=Dv '10 pmW
xDi=} Vy=m C=QP |xv}W}@ CaQU 'G=wt= |SQv= lqyDU= Cra x@ '|}=Q}t V}=Ri=
|xv}W}@ CaQU QO |}=Q}t C@Uv QF= V=aDQ= `@vt R= xrY=i V}=Ri= =@ "CU=

V}=Ri= xm CU= XNWt QwmPt pmW j@=]t "OyO|t u=Wv =Q xHQO 45 w 40 '34
"CU= xOW l =N |xv}W}@ CaQU V}=Ri= ?Hwt l =N l =m]Y= |x} w=R

l =N |@Uv xD}Uv=O "4"6
C=W=aDQ= |xv}W}@ CaQU Q}O=kt QO l =N |@Uv xD}Uv=O QF= |UQQ@ Qw_vt x@
�80 w �65 '�35 '�15 |@Uv xD}Uv=O =@ |}=yl =N |wQ Q@ |OOa p}rLD 'l =N
xOW s=Hv= 'CU= sm =QDt |r}N w 'sm =QDt '\UwDt 'p )W l =N Qov=}@ ?}DQD x@ xm
"CU= xOW x�=Q= 3 pwOH QO hrDNt |@Uv |=yxD}Uv=O =@ Q_=vDt |=yQDt=Q=B "CU=
l =N sm =QD hrDNt Q}O=kt QO =Q l =N C=QP |xv}W}@ CaQU Q}O=kt '9 pmW
,=@} QkD C=QP |xv}W}@ CaQU xm Cio u=wD@ O}=W pmW x@ xHwD =@ "OyO|t u=Wv
p@=kDt QF= Ov=wD|t ẁ[wt u}= Cra "CU= l =N |@Uv xD}Uv=O Q}O=kt R= pkDUt
C=QP |xv}W}@ CaQU QO l =N |v=UWm pwOt w l =N |rN=O l =m]Y= |x} w=R

"OW=@ l =N

l =N |}=Q}t C@Uv QF= "5"6
|}=Q}tC@Uv u}}aD "Ovm|t |R=@ G=wt= |SQv= lqyDU= QO |tytVkv l =N |}=Q}t
l =N C=YNWt w |WQ@ VvQm K]U %uwJty |}=yQDt=Q=B Q}F-=D CLD xmv}= p}rO x@
xO=O K}[wD l =N |}=Q}t C@Uv u}}aD |xwLv =OD@= QO wQu}= R= 'CU= pmWt 'CU=
|OOa p}rLD R= xO=iDU= =@ u}tR C=W=aDQ= QO u; Q}F-=D |UQQ@ x@ TBU 'OwW|t
T} RQDU}y w|oOv@UJ |=yxir-wt R=|@}mQD l =N|}=Q}tC@Uv "CU= xOW xDN=OQB

"hrDNt |@Uv xD}Uv=O =@ l =N C=YNWt "3 pwOH
85 65 35 15 QDt=Q=B
21 192 16 13 (KN/m3) XwYNt uRw

80 40 20 10 (MPa) |v=UWm pwOt
1 1 1 1 (KPa) |oOv@UJ

38 35 29 26 �xHQO� |rN=O l =m]Y= |x} w=R
0 46 0 56 0 69 0 78 pNrND C@Uv

pY=wi QO l =N |@Uv xD}Uv=O Q@=Q@ QO C=QP |xv}W}@ CaQU Q}O=kt "9 pmW
"`tW R= hrDNt
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O}aU

O=Ry
@

hrDNt Q}O=kt Q@=Q@ QO C=QP |xv}W}@ CaQU =@ Q_=vDt u=tR C=Q}}eD "11 pmW
"V=aDQ= `@vt R= hrDNt pY=wi QO |@Uv xD}Uv=O

hrDNt Q}O=kt Q@=Q@ QO C=QP |xv}W}@ CaQU =@ Q_=vDt u=tR C=Q}}eD "12 pmW
"V=aDQ= `@vt R= hrDNt pY=wi QO l =N |v=UWm pwOt

|xv}W}@ CaQU ẁkw |v=tR hqDN= 'V=aDQ= `@vt R= |QDt 25 w |QDt 3 17
w 0 092 Q@=Q@ ?}DQD x@ p=mU=B=ot 80 w 10 |v=UWm pwOt =@ l =N |=Q@ C=QP

"CU= x}v=F 0 195

|Q}oxH}Dv "8
xm |}=}=Rt Q=vm QO "CU= j}ta |=y|B |=QH= QO G}=Q |=yVwQ R= |m} |@ wm`tW
C=W=aDQ= =yu; u} QDsyt xm OQ=O OwHw R}v |@ wr]t=v C=QF= 'OQ=O VwQ u}= R= xO=iDU=
C=U}U-=D w Qw=Ht |=yxR=U x@ ?}U; Ca=@ Ov=wD|t xm 'CU= u}tR QO xOWO=H}=
'|@ wm`tW R= |W=v C=W=aDQ= u=R}t VHvU |=Q@ XN=W u} QDG}=Q "OwW T=UL
R= xO=iDU= =@ Q=DWwv u}= QO wQu}= R= "CU= �PPV� l =N C=QP |xv}W}@ CaQU
xDN=OQB C=QP |xv}W}@ CaQU QO l =N |=yQDt=Q=B QF= |UQQ@ x@ OwOLt <=RH= R}r=v;
%OQm |Ov@`tH CQwY u}= x@ u=wD|t =Q |OOa R}r=v; R= pY=L G}=Dv "CU= xOW
Cra x@ w `tW V@ wmpLt R= xrY=i V}=Ri= =@ l =N C=QP |xv}W}@ CaQU ��

"O@=}|t Vy=m \}Lt QO |UOvy |}=Q}t OwHw
C=QP |xv}W}@ CaQU 'l =N |v=UWm pwOt V}=Ri= =@ CU= xO=O u=Wv G}=Dv ��

"hrDNt |=y|}=Q}t C@Uv |=Q@ � w � ?}=Q[ "4 pwOH
� � ��� |}=Q}t C@Uv

0 0015 0 1535 1 5
0 0053 0 5628 5 5
0 0092 0 9720 9 5
0 0131 1 3800 13 5
0 0171 1 7900 17 5

R= hrDNt pY=wi QO l =N |}=Q}t C@Uv Q@=Q@ QO xv}W}@ CaQU Q}O=kt "10 pmW
"`tW

u}vJty "CU= xDi=} Vy=m |UOvy |}=Q}t QF= uOW?r=e Cra x@ l =N C=QP
Q}}eD =@ C=QP |xv}W}@ CaQU '�5 R= QDW}@ |=y|}=Q}t C@Uv QO OwW|t x_Lqt
xOW QDtm R}v QDQwO pY=wi QO u; Q}F-=D w xOv=t |k=@ C@=F ,=@} QkD |}=Q}t C@Uv

"CU=

l =N C=QP |xv}W}@ CaQU =@ Q_=vDt u=tR "7
l =N C=YNWt Q}}eD =@ xm CU= xOW xOy=Wt xDiQoCQwY |=yp}rLD |UQQ@ =@
XwYNt uRw '|rN=O l =m]Y= |x} w=R 'uwU=wB ?} Q[ '|@Uv xD}Uv=O %Ovv=t
=ypOt |t=tD |=Q@ l =N C=QP |xv}W}@ CaQU =@ Q_=vDt u=tR '|}=Q}t C@Uv w
'xDi=} Q}}eD l =N |v=UWm pwOt xm |Dr=L QO \ki "CU= xDi=}v Q}}eD w C@=F ,=@} QkD
Qt= u}= Cra "CU= xDi=} Q}}eD R}v l =N C=QP |xv}W}@ CaQU =@ Q_=vDt u=tR
"CU= |Q=Wi Gwt w |WQ@ Gwt CaQU QO l =N |v=UWm pwOt Q}F-=D p}rO x@
Q@=Q@ QO =Q C=QP |xv}W}@ CaQU =@ Q_=vDt u=tR C=Q}}eD 11 pmW 'xvwtv u=wvax@
'OwW|t x_Lqt xm Qw]u=ty "OyO|t u=Wv l =N |@Uv xD}Uv=O hrDNt Q}O=kt
u=tR l} QO ,=@} QkD '|@Uv xD}Uv=O Q}O=kt |t=tD |=Q@ l =N C=QP |xv}W}@ CaQU
'l =N |v=UWm pwOt V}=Ri= =@ 'OwW|t x_Lqt pmW x@ xHwD =@ "CU= xO=O MQ

"CU= xDi=} Vy=m xv}W}@ CaQU uO=OMQ =@ Q_=vDt u=tR
Q}O=kt Q@=Q@ QO =Q C=QP |xv}W}@ CaQU =@ Q_=vDt u=tR C=Q}}eD '12 pmW
"OyO|t u=Wv V=aDQ= `@vt R= hrDNt pY=wi |=Q@ l =N |v=UWm pwOt hrDNt
|xrY=i QO xm |Qw]x@ 'CU= xDi=} V}=Ri= V=aDQ= `@vt R= xrY=i V}=Ri= =@ QF= u}=
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l =N |=yQDt=Q=B Q}=U Q}}eD w Ovm|t Q}}eD l =N |v=UWm pwOt C=Q}}eD =@ \ki

"OQ=Ov xv}W}@ CaQU uO=OMQ u=tR Q}}eD QO |UwULt Q}F-=D

Qw] x@ l =N C=QP XwYNt uRw V}=Ri= u}vJty "O@=}|t Vy=m l =N
"OwW|t xv}W}@ CaQU Vy=m ?Hwt TwULt=v

|xv}W}@ CaQU 'l =N |rN=O l =m]Y= |x} w=R w uwU=wB ?} Q[ V}=Ri= =@ ��
"O@=}|t V}=Ri= l =N C=QP

|@Uv xD}Uv=O C=Q}}eD xm OW x_Lqt xOt;CUOx@ G}=Dv |UQQ@ x@ xHwD =@ ��
"OQ=Ov l =N C=QP |xv}W}@ CaQU QO |UwULt Q}F-=D 'l =N

CWwv=B
1. peak particle velocity
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