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|wk |L]U Q=Hiv= CLD u=QyD |wQDt
�OWQ= |U=vWQ� |wHWv=O� h=@|r=a u}t=Q

�O=DU=� �x=vBltm |ra
u=QyD 'TQOt C}@ QD x=oWv=O 'CU} R \}Lt w u=Qta |UOvyt |xOmWv=O

w ut= |xR=U l} '|DU} QwQD CqtL u}L wQDt |=yx=oDU}= xrtH R= |v}tRQ} R |=yxR=U
7 \N |=yx=oDU}= |Q}PB Q}F-=D u=R}t CU= xOW |aU Q[=L VywSB QO "OvDUy |OQ@y=Q

LS-DYNA OwOLt <=RH= Q=Ri=sQv ltm x@ |L]U |wk Q=Hiv= CLD u=QyD |wQDt
ALE VwQ R= 'O};|t OwHw x@ pOt QO xm 'nQR@ |=ypmWQ}}eD x@ xHwD =@ "OwW xar=]t

l =N pOt l} '=OD@= QO "CU= xOW xO=iDU= (Arbitrary Lagrangian Eularian)

=@ Q=Ri=sQv R= xOt; CUO x@ Q}O=kt w xOW xar=]t |L]U Q=Hiv= CLD x=oDU}= `]kt uwO@
x@ 'xt=O= QO "CU= xOW xU}=kt |HvUCLY CyH TM5�855�1 |xt=vx}YwD
MU=B w xOW xDN=OQB uD 11 w 7 '3 |=yQ=Hiv= QF= QO xOW O=H}= |xr=J |xar=]t
lWwt u} QD|wk pO=at CQOk xm 'TNT uD 11 Q=Hiv= CLD wQDt |=yx=oDU}=

u=Wv C=ar=]t G}=Dv "CU= xOW |UQQ@ hrDNt |=yjta QO 'CU= Q[=L |}xDUyQ}e
ut= w ?}U; uwO@ 'Ov=xDiQo Q=Qk QDt 19 R= |QDW}@ jta QO xm |}=yx=oDU}= OvyO|t

"OvDUy

ramin.alibaf@modares.ac.ir
a-panah@modares.ac.ir "LS-DYNA 'wQDt x=oDU}= '|L]U Q=Hiv= 'pt=aQ}e Ovi=OB %|O}rm u=oS=w

VywSB |xJN} Q=D w xtOkt "1
1QDwm 'p=L u}= =@ "CU= xOWv s=Hv= |OH CQwY x@ |QyW \}Lt QO uOw@v
T=}ktlJwm pOt R= xO=iDU= =@ [3]'�1992� 2Rt=}r} w w T} w}O w [2]�1995�
xm OvOQm xOy=Wt w |UQQ@ Q=Hiv= R= |W=v |m}t=v}O Q=@ CLD =Q pvwD `]kt Q=DiQ
Q=Hiv= Q}F-=D CLD pvwD Q=DiQ u}}aD |=Q@ O=tDa= p@=k |WwQ '|y=oW}=tR; |=yuwtR;

"Ov};|t Q=tW x@
OvO=O x�=Q= OwN C=ar=]t R= |WQ=Ro R}v [4]'�1973� u=Q=mty w 3|mUQwOvm
1/22 R= V}@ 4 �PPV� `]kt QO C=QP CaQU |xv}W}@ Qo = OyO|t u=Wv xm

"OW Oy=wN xOy=Wt lQD 'pvwD C} QmD=W pw] QO 'OwW x}v=F Q@ QDt
|m}t=v}O Q=@CLD |v}tRQ} R |=yxR=U Q=DiQ |xar=]t '|OOa |=yVwQ xRwQt=
u=QoWywSB |xkqa OQwt |=yVwQ R=|m} 'OwOLt <=RH= VwQ xm 'CU= xOQm sy=Qi =Q

"CU= xv}tR u}= QO
R= xO=iDU= =@ 6Twm =@; Q=Ri=sQv R= xO=iDU= =@ [5]'�2014� u=Q=mty w 5|Q=w}D
|UQQ@ =Q |}xQ}=O pvwD `]kt Q=DiQ '7 �CEL� xOW CiH |Sv=Qo q |Qr} w= p}rLD
Vy=m pvwD QO Q=Hiv= R=|W=v?}U; 'VWwBCt=N[V}=Ri= =@ xm OvDi=} QO w OvOQm
|}=Hx@=H x@ C@Uv �90 'QDt|r}t 550 Ct=N[ =@ VWwB |}=Hx@=H "O@=}|t
C@Ft |x]@=Q l} 'u}= Q@ xwqa "Ow@ QDtm QDt|r}t 350 VWwB Ct=N[ =@ Q_=vDt
u=Wv xm 'OvOQm xOy=Wt pvwD VWwB |}=Hx@=H Q=Okt w xQHivt |xO=t uRw u}@
x@ C@Uv �78 'xQHivt |xO=t sQowr}m 50 Q=Hiv= CLD VWwB |}=Hx@=H O=O|t

"CU= QDW}@ xQHivt |xO=t sQowr}m 25 Q=Hiv= CLD Q_=vDt |}=Hx@=H

swRr '=yQyW x@ utWO |}=wy |xrtL p=tDL= w |DU} QwQD C=}rta uwRi=RwQ V}=Ri=
Ovi=OB ?r=k QO |QyW |=yxR=U ut= |L=Q] w Q=Hiv= l}v=mt CN=vW w xar=]t
xv=}tQw=N |xk]vt QO |Q}oQ=Qk x@ xHwD =@ sy u=Q}= =t QwWm "OyO|t u=Wv =Q pt=aQ}e

"CU}v |vFDUt xr�Ut u}= R= |HQ=N |=yO}OyD x@ xHwD =@ w
w 2005 uOvr wQDt '2004 wmUt wQDt QO xDiQo CQwY |DU} QwQD CqtL
CqtL h=Oy= R= |m} wQDt |=yx=oDU}= xm OyO|t u=Wv 2011 TwQq@ wQDt
'|DU} QwQD |=yxwQo |=Q@ xv} Ro u} QD|rY= "Ov=xOw@ Q}N= |=yp=U QO |DU} QwQD
h=Q]= x@ |OH ?}U; O=H}= w O=} R CQOk p}rO x@ ?t@ pt=L |x}rkv p}=Uw Q=Hiv=

[1]"CU=
=@ "OvQ}o Q=Qk |HQ=N =} |rN=O Q=Hiv= CLD CU= umtt wQDt |=yx=oDU}=
QwO '|wk |rN=O Q=Hiv= u=mt= 'wQDt |=yx=oDU}= QO OwHwt |D}vt= Q}@=OD x@ xHwD
|=Q@ ptDLt |xv} Ro '|L]U =} |HQ=N Q=Hiv= um}r &OUQ|t Q_v x@ TQDUO R=
u}tR K]U QO xQHivt O=wt uDW=@v= j} Q] R= =} w lWwt j} Q] R= utWO CqtL
x@ =} w x}rkv p}=Uw QO |Q=Po?t@ CQwY x@ CU= umtt |HQ=N Q=Hiv= "CU=

"OQ}o CQwY |}=wy |xrtL CQwY
TQDUO p@=k w uOw@ Q@xv} Ry x@ xHwD =@ T=}ktnQR@ |y=oW}=tR; C=ar=]t

pw�Ut xOvU} wv �
"1399 8 25 VQ}PB '1399 7 14 x}LqY= '1398 11 21 Ci=} QO %M} Q=D
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RQ=|xt=vx}YwD =@ |HvUCLY CyH Q=Ri=sQv R= xOt; CUO x@ Q}O=kt '|L]U Q=Hiv=
MU=B |UQQ@ =@ 'C}=yv QO "CU= xOW xU}=kt [23]'TM5�855�1 |xOW QmP
lWwt u} QD|wk pO=at CQOk xm 'TNT uD 11 Q=Hiv= CLD wQDt |=yx=oDU}=
xO}HvU xOW h} QaD Q=}at x@ xHwD =@ =yx=oDU}= |vt}= 'CU= Q[=L |}xDUyQ}e

"CU= xOW

Q=Hiv= l}v=mt Q@ |}xtOkt "1"1
x@ |SQv= |O=} R Q=Okt |v=yo =v |R=UO=R; QF= QO xm CU= |v; |xO}OB l} Q=Hiv=
h=Q]= QO |SQv=QB \}Lt l} w OW=@ |v=yo =v O}=@ |SQv= |R=U=yQ "O};|t OwHw
'hrDNt |=yx=Q R= CaQU x@ xOW RmQtDt |SQv= u}= "O}; OwHw x@ u; O=H}= -=O@t
"OwW|t VNB uw}U=R}vw} =} '|DQ=QL `WaWD '=yVmQD ?=DQB '|Q=Hiv= Gwt Ovv=t
u; u=wD|t u}=Q@=v@ 'OwW|t u=}@ xOW O=R; |SQv= Q=Okt T=U= Q@ Q=Hiv= l} CQOk
|Q=Hiv= CQOk |xU}=kt |=Q@ "OQm u=}@ pwS Ovv=t |SQv= |=yOL=w =@ ,=t}kDUt =Q
|m} "OQm =v@ |}=yOQ=Ov=DU= 'u; T=U= Q@ w CiQo Q_v QO |}=v@t O}=@ xQHivt O=wt
p}rO "CU= TNT |xQHivt |xO=t Q=Hiv= QO xOW O=R; |SQv= '|U=U= |=y=v@t R=
u; uOw@ TQDUO QO w |Q}oxR=Ov= QO |DL=Q 'XwrN OYQO 'TNT |xO=t ?=NDv=
Q=Hiv= R= xm CU= QmP x@ sRq "CU= ut}= OQ@ Q=m ^=Lr R= TNT u}vJty "CU=

[24]"OwW|t O=H}= |SQv= |Qr=m 1100 =} pwS 4610 'TNT sQo 1
QO "CU=xOW xO=O u=Wv |O=a Q=Hiv= G=wt= u=tR - Q=Wi Q=Owtv '1 pmW QO
|}xrY=i QO |Q=Hiv= Gwt |xy@H Q=Hiv= ẁQW R= Oa@ uO}UQ u=tR ta 'u=tR QwLt
OwN Q=Okt u} QDW}@ x@ |v=yo =v Qw] x@ Q=Wi xm |Qw] x@ 'CU= Q=Hiv= RmQt R= QDQwO
QO Q=Wi Q=Okt ?Q[pY=L =@ Q@=Q@ |} wQ}v p=ta= Ea=@ xH}Dv QO xm 'O@=}|t V}=Ri=
V}=Ri= u}= w CU}v Q=O}=B Q}N= \}=QW =t= "OwW|t Q=Hiv= Gwt |xLiY CL=Ut
xOy=Wt 1 pmW QO xm Qw] u=ty "Ovm|t Vy=m x@ ẁQW |v=yo =v Qw] x@ Q=Wi

"CU= |}=tvx@W CQwY x@ Q=Wi V}=Ri= Vy=m OvwQ 'OwW|t
G=wt= 'OOvw}B@ ẁkw x@ u}tR K]U x@ l}ORv =} u}tR |wQ QO Q=Hiv= xm |v=tR
Q}F-=D CLD =Q |v}tRQ} R |=yxR=U w Ovvm|t CmQL u}tR pN=O Q=Hiv= R= pY=L
x@ C@Uv u; |=k@ u=tR COt w |L]U Q=Hiv= R= pY=L |=yVvD "OvyO|t Q=Qk

"CU= QDW}@ =wy QO Q=Hiv=
u}tR QO xQHivt |xO=t xm |DQwY QO xOt; OwHw x@ |=y|}=Hx@=H w =yVvD
|=yx}q u=wD|t QwmPt |=y?t@ Pwiv Q=Okt Vy=m |=Q@ "Ow@ Oy=wN QDW}@ 'Ovm Pwiv
QO Q=PoQ}F-=D |=yQDt=Q=B "OQm O=H}= u}tR K]U QO uD@ =} nvU TvH R= ^i=Lt

%R= Ov=CQ=@a =yxR=U x@ |r=ta= |Q=PoQ=@ COW
'xR=U R= u; |xrY=i w xQHivt |xO=t Q=Okt �

'Q=Hiv= pLt w |v}tRQ} R |xR=U u}@ nvU =} l =N |m}v=mt X=wN �

[24]"|Q=Hiv= Gwt l} u=tR - Q=Wi C=Q}}eD V}=tv |=Q@ pwtat |vLvt "1 pmW

|O=} R u=QoWywSB \UwD |rN=O Q=Hiv= ẁkw QF= QO pvwD `]kt Q=DiQ |UQQ@
C=ar=]t ,=Q}N= '|L]U Q=Hiv= ẁkw p=tDL= x@ xHwD =@ [12�6]"CU= xDiQo CQwY
8ui "CU= xOW s=Hv= pvwD `]kt QO |HQ=N =} |L]U Q=Hiv= Q}F-=D |UQQ@ |=Q@
|UQQ@ =Q jtasm pvwD uD@ `]kt x@ xOQ=w Q=@ |=y|oS} w [13]'�2008� u=Q=mty w

"OvOQm
Q}F-=D h}YwD |=Q@ Sw}i} QDv=U V}=tR; u}OvJ s=Hv= =@ [15 w 14]'u=Q=mty w 9|O
'Ow@ uwiOt lWN |vWl =N QO xm '|}xv=wDU= |xR=U l} QO |L]U Q=Hiv=

"Ov=xOQm x�=Q= =ypvwD QO |L]U |=yQ=Hiv= Q}F-=D |=Q@ |:tm |=yxO=O
l =N QO Gwt Q=WDv= |xar=]t |=Q@ |Oa)@xU pOt [16]'�2003� 10wr w nv=w
wQDt pvwD `]kt |m}t=v}O OQmrta R}v [17]'�2014� u=Q=mty w 11nv=} "OvO=O s=Hv=
OvOQm |UQQ@ =Q TNT sQowr}m 1000 w 500 '300 pO=at |L]U Q=Hiv= CLD
=@ pvwD `]kt w CU= Q}PB?}U; Qo}O |=yCtUk x@ C@Uv pvwD G=D xm OvDi=} QO w
=@ |=yQ=Hiv= CLD QDt 7 R= V}@ uwiOt jta w QDt|r}t 350 VWwB Ct=N[

"CU= ut}= TNT sQowr}m 500 R= QDtm uRw
MU=B QO xQHivt |xO=t GQN w pvwD jta Q}F-=D [18]'�2014� 12u=Q=wWv)m
uwiOt jta =@ pvwD xm CiQo xH}Dv w OQm xar=]t =Q pvwD |}xQ}=O `]kt |m}t=v}O
"CU= ut= 'TNT sQowr}m 1125 w 625 Q=Hiv=CLD?}DQD x@ QDt 9/52 w 6/35
=@ |L]U Q=Hiv= CLD =Q pvwD jta w `]kt Q}F-=D [19]'�2015� 13|mQ=@t w |ik=w
1000 Q=Hiv= CLD =Q |}xU=t l =N Q=DiQ R}v w LS-DYNA Q=Ri=sQv R= xO=iDU=
|UQQ@ `]=kt "OvOQm |UQQ@ |QDt 14 w 10 '5 '7 '3 |=yjta QO TNT sQowr}m
`]kt O=O u=Wv xm |@U=pav w |eQtsND 'xQ}=O 'x@aH %`]=kt R= OvOw@ CQ=@a xOW
R= |W=v Q=@ Q@=Q@ QO Ctw=kt u} QDtm |}xQ}=O `]kt w Ctw=kt u} QDW}@ '|eQtsND

"OQ=O =Q Q=Hiv=
uwiOt pvwD MU=B Ow@y@ Qw_vt x@ [20]'�2015� Vv=Q=mty w u=Q=wWvm u}vJty
w OvOQm xO=iDU= 14 SPH w ALE |R=UpOt VwQ wO R= '|L]U Q=Hiv= CLD
xU}=kt V}=tR; R= pY=L OwHwt |=yxO=O =@ =Q Q}N= VwQ wO R= xOt; CUO x@ G}=Dv
VwQ x@ C@Uv |QDy@ MU=B 'ALE VwQ x@ |R=UpOt xm OvO=O u=Wv w OvOQm
`=wv= Q=DiQ 'xt=O= QO "OyO|t |L]U Q=Hiv= CLD pvwD Q=DiQ |xar=]t |=Q@ SPH

"OvOQm |UQQ@ R}v =Q pvwD QO xOW xO=iDU= |=yCvtoU
|}x@aH `]kt =@ pvwD |Q}PB?}U; u=R}t [21]'�2017� Vv=Q=mty w 15|Uwt
'uw '|Q=wU %|x}rkv |xr}Uw ẁv 4 C}iQ_ uDiQo Q_v QO =@ =Q |L]U Q=Hiv= CLD
xOy=Wt w |UQQ@ |QDt 8 w 6 '4 |=yjta QO xQHivt |xO=t |=Q@ Qr} QD w uw}t=m
|=yQ=Hiv= |=Q@ QwmPt |=yjta QO QDt|r}t 750 VWwB Ct=N[ =@ pvwD xm OvOQm

"CU= ut}= |L]U
QO xQHivt |xO=t pmW Q}F-=D |UQQ@ x@ [22]'�2017� Vv=Q=mty w 16wQ�wo
|r}]DUt w |}xv=wDU= '|wQm xt}v |=ypmW 'xQHivt |xO=t |=Q@ w OvDN=OQB G}=Dv
G}=Dv QO |}=RU x@ Q}F-=D 'xQHivt |xO=t |xUOvy xm OvOQm xOy=Wt w OvDiQo Q_v QO
R= QDW}@ |wQmxt}v pmW x@ xQHivt |xO=t |=Q@ |@Uv Tr=Bt}= u}vJty w OQ=O

"CU= Qo}O |=yCr=L
Q=Hiv= Q}F-=D |xwLv |xv}tR QO |OH C=ar=]t =t QwWm QO xmu}= x@ xHwD =@
QO 'CU= xOWv s=Hv= wQDt |=yx=oDU}= xrtH R= |v}tRQ} R |=yxR=U QO |L]U
u=QyD |wQDt 7 \N |=yx=oDU}= |Q}PB Q}F-=D u=R}t CU= xOW |aU Q[=L VywSB
w xar=]t LS-DYNA OwOLt <=RH= Q=Ri=sQv ltm x@ |L]U |wk Q=Hiv= CLD
K}[wD xYqN CQwY x@ Q=Hiv=l}v=mt R=|}xtOkt =OD@= 'Qw_vt u}O@ "OwW|UQQ@
CLD wQDt x=oDU}= `]kt uwO@ l =N |xO=U pOt l} |xar=]t R= TB w xOW xO=O
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[23]"|L]U Q=Hiv= QF= QO u}tR K]U QO xOW O=H}= |xr=J |rm pmW "2 pmW

"�QDt x@ O=a@=� pOt O=a@= w xUOvy "3 pmW

"�QDt x@ O=a@=� x=oDU}= `]kt O=a@= w xUOvy "4 pmW

|UOvy pOt |Ov@u=tr= "2"2
"CU= xOW xO=iDU= |R=UpOt |=Q@ |}xQo 8 |=yu=tr= R= OwOLt <=RH= pOt QO
'p}rLD u=tR Vy=m =@ u=tRsy =D OvwW xDiQo Q_v QO CU= sRq xm |Ov@Vt O=a@=
50 w 25 |=yu=tr= |xR=Ov= =@ pOt wO 'OW=@ ?wr]t R}v u; R= pY=L G}=Dv CkO
C}=yv QO w OvOW p}rLD w |UQQ@ 'u=Um} \}=QW =@ xm 'CU= xOw@ |QDt|Dv=U
|QDt|Dv=U 50 |=yVt R= 'G}=Dv CkO w sDU}U \UwD p}rLD u=tR x@ xHwD =@
QO xOt; OwHw x@ Q=Wi C}U=UL u=R}t '1 pwOH QO "CU= xOW xO=iDU= pOt QO

"CU= xOW x�=Q= Q}N= |xOW xDN=U pOt wO QO l =N hrDNt |=yjta
&OwW pOt |wQm pmW x@ CU= QDy@ xQHivt |xO=t 'Q=Ri=sQv |=tvy=Q x@ xHwD =@
OQww}m w |R=Ht Vt CQwY x@ xQHivt |xO=t 'Q=Ri=sQv C}r@=k x@ xHwD =@ =Pr
pOt "CU= xOW pOt Q=Ri=sQv QO 'Initial Volume Fraction Geometry

"CU= xOw@ 5 pmW CQwY x@ Q[=L |xar=]t |=Q@ OwOLt <=RH=

"u}tR K]U x@ C@Uv Q=Hiv= jta �
QF= QO xOt; OwHw x@ Q=Wi |xv}W}@ u}tND |=Q@ TM5�855�1 |xt=vx}YwD �

[23]%CU= xOQm O=yvW}B =Q 1 |x]@=Q 'Q=Hiv=

P0 = f � �c� 160�
�

R
W 1=3

��n
(1)

Tv=OBt= �c '|oOWCiH ?} Q[ f 'psi ?UL Q@ Q=Wi |xv}W}@ P0'u; QO xm
uRw W'ft ?UL Q@ Q=Hiv= pLt R= xrY=i R 'psi/fps ?UL Q@ l}DUwm ;
K]U QOQ=Hiv= ẁkw s=ovy "CU= |}=Q}t ?} Q[ n w Ib ?UL Q@ xQHivt |xO=t
|rm pmW w C=YNWt xm 'O};|t OwHwx@ u}tR K]U QO |}xr=J =} xQiL 'u}tR

"OwW|t xOy=Wt 2 pmW QO u;

|OOa |R=UpOt "2
xO=iDU= xr�Ut |R=UpOt |=Q@ OwOLt u=tr= |OOa VwQ R= 'Q[=L |xar=]t QO
|]NQ}e p�=Ut OQ@ Q=mQB |=yOm u} QDOvtDQOk R= |m} R= Qw_vt u}= |=Q@ "CU= xOW
'Q[=L VywSB QO "CU= xOW xO=iDU= |Oa)@xU \}Lt QO LS-DYNA s=v x@
x@ |QyWuwQO \N l} '7 \N "Ov=xOW |UQQ@ u=QyD |wQDt 7 \N |=yx=oDU}=

"CU= u=QyD |wQDt \N u} QDj}ta xm 'CU= x=oDU}= 23 =@ QDtwr}m 27 pw]
uD 11 w 7 '3 pO=at |Q=Hiv= CQOk uDiQo Q_v QO =@ 'Q[=L VywSB QO
w xOW pOt u}tR K]U QO xQHivt |xO=t "CU= xOW s=Hv= |R=UpOt 'TNT

=@ xOW xDN=U |=ypOt |x}rm QO 'u}vJty "CU= xOw@ 17|L]U CQwY x@ Q=Hiv=
`]kt R= QDu}}=B R=QD QO |v}tRQ} R ?; K]U '=yx=oDU}= R= OwHwt C=aq]= x@ xHwD

"CU= xOW xDiQo Q_v QO x=oDU}=

|UOvy pOt "1"2
sQ=yJl} pOt l} 'x@U=Lt u=tR Vy=m |=Q@ w |QwLt uQ=kD uDiQo Q_v QO =@
3 pmW j@] [25]'18wmv}Umr; |=yuwtR; T=U= Q@ QDt 30� 25� 25 O=a@= =@
'l =N '=wy %|xO=t 4 pt=W Q[=L VywSB QO |UQQ@ OQwt pOt "CU= xOW h} QaD

"CU= xOw@ wQDt x=oDU}= `]kt w xQHivt |xO=t
"CU= 4 pmW CQwY x@ Q[=L VywSB QO xOW xO=iDU= `]=kt |UOvy pmW
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"""|
wQDt

|=y
x=oD

U}=
|Q}

PBQ}
F- =Du

=R}t
|O

Oa
|@=}

RQ="hrDNt Vt O=a@= =} pOt |HvUC}U=UL "1 pwOH
|xO=t uRw jta �MPa� Vt hrDNt O=a@= =@ hrDNt |=yjta QO Q=Wi hqDN= OYQO
�uD� xQHivt �QDt� �QDt|Dv=U� 25 �QDt|Dv=U� 50 ���

11
3 74/8 85/2 13/9

3/5 36/5 39/9 9/3
4 16/5 17/8 7/8

4/5 7/7 8/1 5/2

"ALE w |Qr}w= '|Sv=Qo q |=y VwQ |xU}=kt "7 pmW
sy u=wD|t xm@W CmQL sD} Qwor= ?U=vt C} Q}Ot =@ "OwW|t pQDvm 'xm@W CmQL
u}= "CiQo Q=}DN= QO =Q |Qr} w= ?} QkD |=y|}=v=wD sy w |Sv=Qo q ?} QkD |=yC}r@=k
nQR@ |=ypmWQ}}eD w O=R; Kw]U 'lQLDt |=yRQt xm OR=U|t QO=k =Q Q@ Q=m ẁ[wt
|=yVwQ u}@ xOW s=Hv= |xU}=kt '7 pmW QO "Ovm |R=UpOt |QDy@ wLv x@ =Q
|xO=t w =wy 'l =N uOQm pOt |=Q@ "OwW|t xOy=Wt ALE w |Qr} w= '|Sv=Qo q
"CU= xOW xO=iDU= |Sv=Qo q Vt R= pvwD `]kt |=Q@ w ALE |=yVt R= xQHivt

ALE VwQ uw}UqwtQi "1"4"2
|r=L QO u}= w CU= |}xQo \=kv R= pkDUt |O=t \=kv CmQL 'ALE VwQ QO

"Ov=t|t |k=@ Q}}eD uwO@ pL u}L QO Vt |xm@W xm CU=
|=yx}L=v Q@ xwqa 'OW=@ |}xQo \=kv R= pkDUt |O=t \=kv CmQL xmu}= |=Q@
xDiQo Q_v QO 'OwW|t xO}t=v `HQt |x}L=v xm '|twU |x}L=v l} '|}=[i w |O=t
|Sv=Qo q h}YwD QO w CU= X |O=t C=YDNt pt=W '|O=t |x}L=v "OwW|t
h}YwD QO xm 'CU= x |}=[i C=YDNt =@ |}=[i |x}L=v "OwW|t xO=iDU=
R= pmWDt xm 'CU= ALE VwQ XDNt swU |x}L=v w &OwW|t xO=iDU= |Qr} w=

[26]"CU= �Vt =@ u=tr= |xm@W C=YDNt
"CU= uwo =vwo |=yC}tm |O=t - |v=tR jDWt pt=W ALE Q@ sm =L CqO=at
|O=t C=QP uDW=O xov C@=F =@ `@=D C=Q}}eD MQv Qou=}@ ' f x=wNrO `@=D |O=t jDWt

%2 |x]@=Q CU= X

_f = @f
@t

����
X

(2)

=yC}tm s=tD |xJN} Q=D xm CU= |D=@U=Lt |xQm}B =} x}L=v 'Vt |xm@W |x}L=v
uDW=Oxov C@=F =@ f `@=D |v=tR jDWt 'Vt |xm@W |v=tR jDWt "Ovm|t p=@vO =Q

%OwW|t x@U=Lt 3 |x]@=Q j@=]t f' CQwY x@ w CU= �
f 0 = @f

@t

����
�

(3)

"OwOLt <=RH= pOt |xUOvy "5 pmW

"pOt |RQt \}=QW "6 pmW

|RQt \}=QW "3"2
|}=Hx@=H 'pOt |UOvy uQ=kD x@ xHwD =@ 'OwW|t xOy=Wt 6 pmW QO xm Qw] u=ty
R= xO=iDU= =@ R}v Qo}O |Q=vm xHw wO QO w xOW O}kt YZ w XZ C=LiY Q@ Owta
C=LiY x@ OQwNQ@ R= TB Gwt CWoR=@ R= Cav=tt |=Q@ C}=yv|@ xt}v |RQt \}=QW

"CU= xOW O}kt C=yH s=tD QO u} Q} R |xLiY 'xOW xQ=W=

pL VwQ "4"2
OwHw x@ =yu=tr= G=Hwa= u}vJty w p}rLD pw] QO xm |}=ypmWQ}}eD x@ xHwD =@
|@=NDv=� 19 ALE VwQ CU= xOW xO=iDU= u; R= |R=UpOt |=Q@ xm |WwQ 'O};|t
sD} Qwor=l}\UwD |Ov@xm@W u=QwO w p=kDv= u; QO xm 'CU= xOw@ �|Sv=Qo q - |Qr} w=
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2/
2|

xQ=t
W'

37
�2

|xQ
wO'

�14
00

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt [17]"=wy |xO=t C=YNWt "2 pwOH

�(kg=m3) C0 C1 C3 C4 C5 C6 E0(MPa) V0
1/29 0 0 0 0/4 0/4 0 0/25 1

[17]"TNT |xQHivt |xO=t C=YNWt "3 pwOH
�(kg=m3) D(m=s) Pcj(MPa) A(MPa) B(MPa)

1630 6930 21� 103 3=73� 104 3=7� 103

R1 R2 ! V0 E0(MPa)

4/15 0/9 03/5 1 6� 103

=wy "1"5"2
QO xm '|]N |}xrtHOvJ Cr=L |xrO=at w Null xO=t pOt =@ ,qwtat =wy |xO=t

[27]%OwW|t XNWt 'OwW|t h} QaD 10 |x]@=Q R= xO=iDU= =@ Q=Wi u;
p = C0 + C1�+ C2�2 + C3�3 + (C4 + C5�+ C6�2)E (10)

'OwW|t XNWt 11 |x]@=Q j} Q] R= � w OvDUy xO=t |=yC@=F =yCi'u; QO xm
"CU= XwYNt uRw C@Uv |xOvyOu=Wv 'u; QO �

�00 CQ=@a xm
� = �

�0
� 1 (11)

"CU= xOW x�=Q= =wy |xO=t |=Q@ xOW xO=iDU= |=yQDt=Q=B '2 pwOH QO
xQHivt |xO=t "2"5"2

20 JWL Cr=L |xrO=at w High Explosives Burn pOt =@ xQHivt |xO=t
xOW h} QaD 12 |x]@=Q CQwY x@ JWL Cr=L |xrO=at QO Q=Wi "OwW|t |iQat

[27]%CU=
p = A

�
1� !

R1V

�
exp(�R1V ) +B

�
1� !

R2V

�
exp(�R2V ) + ! e

V
(12)

|xO=t |x}rw= sHL OL=w Q@ |rN=O |SQv= |r=oJ e w sHL V 'Q=Wi P 'u; QO xm
|xO=t |=yC@=F ! w R2 'R1 'B 'A |=yQDt=Q=B u}vJty "OyO|t u=Wv =Q xQHivt
QO xOW h} QaD C=YNWt '3 pwOH QO "OvDUy Q}N= Cr=L |xrO=at |=Q@ xQHivt

"CU= xOW x�=Q= TNT |xQHivt |xO=t |=Q@ Q=Ri=sQv
utB=J Q=Wi 21 Pcj w Q=Hiv= CaQU D 'TNT XwYNt uRw � 'u; QO xm

"CU= CowH -

l =N |xO=t "3"5"2
xm 'OwW|t h} QaD Soil and Foam |xO=t pOt =@ Q=Ri=sQv QO l =N |xO=t
"OQ=O OQ@ Q=m 'OQ=O p=}U Ovv=t |Q=DiQ l =N xm |ak=wt QO w CU= xO=U |rOt
|rY= |=yQDt=Q=B "CU= xOW x�=Q= [28]'22n} Qm \UwD 1972 p=U QO QwmPt pOt
lr=@ pwOt K '|WQ@ pwOt G 'XwYNt uRw � %R= OvDUy CQ=@a Q}N= pOt
R= u=QyD wQDt |=yx=oDU}= l =N x@ \w@ Qt |x}rw= |=yQDt=Q=B "s}rUD C@=wF ai w
u=tR=U \UwD VQ=Ro u}= xm 'OvOW G=QNDU= u=QyD QyW |m}vmDw�S |Ov@xvyB VQ=Ro
xwQo 'Kr=Yt Ctw=kt w l}vmDw�S C=ar=]t RmQt 'u=QyD QyW |UOvyt w |vi Qw=Wt

"CU= xOW xO=t; |L]UQ} R w |L]U C=ar=]t
SPT C=@ Q[ `} RwD '|m}vmDw�S |Ov@xvyB VQ=Ro QO OwHwt C=OvDUt j@]
uDiQo Q_v QO =@ "CU= xOy=Wt p@=k u=QyD |L=wv |=Q@ lWN |r=oJ |xWkv w

%OwW|t pta 5 w 4 \@=wQ j@=]t |v=tR jDWt wO u}@ \=@DQ= uOQm =O}B Qw_vt x@
@fi(xj ; t)

@t

����
�

=

f 0i(xj ; t)
@fi
@t

����
X

+ @fi
@xj

@xj
@t

����
�

= @fi
@t

����
X

+ v̂j
@fj
@xj

(4)

Dfi(xj ; t)
Dt

����
X

=

_fi(xj ; t)
@fi
@t

����
X

+ @fi
@xj

@xj
@t

����
�

= @fi
@t

����
X

+ Vj
@fj
@xj

(5)

%OQw; CUO x@ 6 |x]@=Q j@=]t =Q |O=t jDWt u=wD|t Q}N= |xrO=at wO ?}mQD =@
_fi = f 0i + (vj + v̂j)

@fi
@xj

(6)

|@Uv CmQL R= |W=v |r=kDv= Q=F; Qou=}@ 'Q}N= |xrO=at QO QN; CQ=@a xm |Qw] x@
Vt CmQL CaQU w �j xO=t CaQU Qo = '6 |xrO=at QO "CU= xO=t w Vt u}@
u=ty Vt CmQL w Ov=pYDt Qo}Om} x@ Vt |xm@W w xO=t x=ov; 'OvW=@ Q@=Q@ �̂j
"CU= |r=kDv= Q=F; R= |Q=a xm 'OQ}o|t pmW |Sv=Qo q x=oO}O w CU= xO=t CmQL
Vt |xm@W |DQ=@a x@ =} 'OwW xDiQo Q_v QO QiY Vt CmQL CaQU Qo = =t=
xO=t x@ C@Uv Cw=iDt CaQU =@ Vt xm |v=tR w |Qr} w= h}YwD x=ou; 'OW=@ C@=F

"Ov};|t O}OB ALE h}YwD 'Ovm CmQL
CQwY x@ ALE VwQ QO |SQv= w CmQL |xR=Ov= 'sQH <=k@ CqO=at |iQ] R=

[26]%CU= 9 |r= 7 CqO=at
@�
@t

= +~c:r�+ �~r:~� = 0 (7)

r:�� +
*
b = �( @

*v
@t

�����
�

+ (*c :
*r)*v ) (8)

�� : �D = �( @e
@t

����
�

+ *c
*re) (9)

|xS} w |SQv= e w |tHL |wQ}v Q=OQ@ �b '|Wwm VvD QwUv=D � '|r=oJ � '=yv; QO xm
uQ=kDt |x}L=v u=ty xm 'CU= VvQm MQv QwUv=D |xOvyOu=Wv D "CU= |rN=O

[26]"CU= r� CaQU u=}O=Qo QwUv=D

Kr=Yt C=YNWt "5"2
'=wy 'l =N %R= Ov=CQ=@a xm 'CU= xOW xO=iDU= Q[=L VywSB QO xO=t ẁv Q=yJ

"x=oDU}= `]kt w xQHivt |xO=t
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"""|
wQDt

|=y
x=oD

U}=
|Q}

PBQ}
F- =Du

=R}t
|O

Oa
|@=}

RQ="|D=@U=Lt |=yCr=L "7 pwOH
x=oDU}= uwiOt jta Q=Hiv= CQOk |UQQ@ OQwt�QDt� �TNT uD�

30/5 3 1
30/5 7 2
30/5 11 3
8/5 11 4
12 11 5

13/5 11 6
17 11 7
19 11 8
23 11 9

"pOt QO x}rw= Q=Wi "8 pmW

G}=Dv |UQQ@ "3
|Q=Hiv= |=yCQOk u}vJty w wQDt |=yx=oDU}= hrDNt |=yjta uOQm ^=Lr =@

"CU= xOw@ 7 pwOH CQwY x@ |D=@U=Lt |=yCr=L 'hrDNt
'3 pO=at |Q=Hiv= CQOk CLD x=oDU}= `]kt 'Q[=L VywSB pw= CtUk QO
hrDNt |=yjta QO x=oDU}= MU=B 'xt=O= QO w xOW |UQQ@ TNT uD 11 w 7
\UwD 2002 p=U QO QwmPt ?t@ "CU= xOW p}rLD TNT uD 11 Q=Hiv= CLD
H�6 |xQHivt |xO=t uD 8/5 pt=W xm 'CU= xOW |L=Q] =m} Qt; |}=wy |wQ}v
p@k l =N w xR=U xmu}= x@ xHwD =@ "CU= xOw@ TNT uD 11 RQ=sy Q=Hiv= u=wD =@
|=yVvD CLD pOt 'pw= R=i QO =Pr 'OvDUy x}rw= |=yVvD QF= CLD Q=Hiv= ẁkw R=
"CU= xO=Di= j=iD= Q=Hiv= |Oa@ R=i QO w xOW x}rw= |yOQ=Okt 'uRw R= |W=v |x}rw=

"OwW|t xOy=Wt Q=Hiv= ẁkw R= p@k pOt |x}rw= \}=QW '8 pmW QO

pOt |HvUCLY "1"3
|mQ=@t Q=DWwv QO OwHwt |=yxO=O R= xO=iDU= =@ |L]U Q=Hiv= pOt |HvUCLY
|L]U Q=Hiv= '|HvUCLY |=Q@ "CU= xOW s=Hv= [19]'�2015� VQ=mty w
QO xOW x�=Q= Q}O=kt =@ pOt G}=Dv w xOt; OwHw x@ l =N K]U QO pvwD Qw[L uwO@

"Ov=xOW xU}=kt TM5�855�1 |xt=vx}YwD

"l =N |x}rw= |=yQDt=Q=B "4 pwOH
SPT OOa �(kg=m3)

40 1650

"l =N |xO=t C=YNWt "5 pwOH
�(kg=m3) G(MPa) K(MPa) a0 a1 a2

1650 8 13/5 0 0 0/8702

[27]"x=oDU}= |xO=t C=YNWt "6 pwOH
�(kg=m3)

E
�

�y Etan
�

(MPa) (MPa) (MPa)

2650 39=1� 103 0/25 100 4� 102 0/5

l =N |=yQDt=Q=B 'VQ=Ro QO OwHwt |=yxWkv =@ j=@]v= w u=QyD |wQDt 7 \N Q}Ut
"OvOW ?=NDv= 4 pwOH CQwY x@

[29]%O};|t CUO x@ 13 |xrO=at R= u=QyD l =N ẁv |=Q@ |v=UWm pwOt Q=Okt
E(MPa) = 0 4N1 � 0 7N1

E = 16� 28(MPa)! E = 20(MPa) (13)

\@=wQ j@=]t l =N |=yQDt=Q=B |x}k@ '� = 0=25 ZQi w E uDW=O CUO QO =@
%OvDUy x@U=Lt p@=k 15 w 14

G = E
2(1 + �)

= 20
2(1 + 0 25)

= 8MPa (14)

K = 2G(1 + �)
3(1� 2�)

= 2� 8� (1 25)
3(1� 0 5)

= 13 5MPa (15)

"CU= xDi=} X=YDN= l =N |xO=t |=Q@ Q=Ri=sQv QO |OwQw u=wva x@ '5 pwOH
xO=t C@=wF ai w lr=@ pwOt K '|WQ@ pwOt G 'XwYNt uRw � 'u; QO xm

[27]%OvwW|t h} QaD 16 |x]@=Q CQwY x@ xm 'OvDUy

�y =
h
3
�
a0 + a1p+ a2p2�i1=2

(16)

x=oDU}= `]kt "4"5"2
Plastic Kinematic |xO=t pOt R= LS-DYNA Q=Ri=sQv QO x=oDU}= `]kt |=Q@
=@ |Q}tN Cr=L w l}B wQDwR}= O=wt uOQm pOt |=Q@ xm 'CU= xOW xO=iDU=

[27]"CU= ?U=vt l}D=tv}m |oOvwWCNU
'|r=oJ � %|=yQDt=Q=B Q@ ptDWt Plastic Kinematic pOt |=yQDt=Q=B
� 'Cv=Sv=D pwOt Etan 's}rUD VvD �y 'uwU=wB C@Uv � 'nv=} pwOt E

Kr=Yt MU=B xmu}= p}rO x@ "OvDUy s}rUD VvQm �f w |oOvwWCNU QDt=Q=B
|=Q@ |mOv= |=ypOt 'OQ=O |]NQ}e |xO}J}B OvwQ '|m}t=v}O Q=@ x@ xtQ;uD@
xOW x�=Q= =yv; C=YNWt 6 pwOH QO xm 'Ov=xOW |iQat u; |m}t=v}O Q=DiQ
?=NDv= xt=vQ@ QO OwHwt |Q=DiQ pOt C=YNWt '6 pwOH R= um}r &CU=

[27]"Ov=xOW
C@Uv v 'Cv=Sv=D pwOt Etan 'nv=} pwOt E 'XwYNt uRw � 'u; QO xm

"OvDUy |oOvwWCNU QDt=Q=B �w s}rUD VvD �y 'uwU=wB
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2|

xQ=t
W'

37
�2

|xQ
wO'

�14
00

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt

"hrDNt |=yQ=Hiv= CLD l =N QO xOW O=H}= |xr=J jta "11 pmW
TM5�855�1 |xt=vx}YwD \UwD xOW x�=Q= Q=Wi |xv}W}@ |xU}=kt "9 pwOH

"Q=Ri=sQv w

R=W
13

�MPa� xv}W}@ Q=Wi OYQO
xt=v x}YwD u}tND |OOa G}=Dv hqDN=

0/21 20/1 23/27 15
0/29 7/95 8 0/6
0/38 3/89 3/4 14
0/47 2/11 1/76 17
0/55 1/45 1/26 13
0/64 0/98 0/93 5
0/72 0/69 0/61 11
0/8 0/45 0/41 9
0/89 0/39 0/26 10
0/97 0/3 0/26 13

"hrDNt |=yQ=Hiv= QF= QO xOW O=H}= |xr=J jta "10 pwOH
�QDt� Q=Hiv= R= xrY=L |xr=J �uD� TNT |xQHivt xO=t GQN uRw

12 11
9 7

6/5 3

"l =N QO Q=Wi Gwt |wQW}B "9 pmW

"Q=Ri=sQv w TN5�855�1 |xt=vx}YwD G}=Dv |xU}=kt "10 pmW
[19]"TM5�855�1 |xt=vx}YwD j@] l =N |=yQDt=Q=B "8 pwOH

f �c n

0/14 4/972 �2/75

'OwW|t xOy=WthrDNt |=yu=tR QO 'l =N QO Q=Wi Gwt |wQW}B '9 pmW QO
j@=]t xm 'OvwW|t QWDvt l =N QO |wQms}v CQwY x@ |Q=Wi G=wt= u; j@=]t xm

[25]"OwW|t wmv}Umr; |=yuwtR; =@
[25]'wmv}Umr; |=yuwtR;G}=Dv =@ xm 'OvQ=O |Q=Wil}Bl} 'xOW QmP|=yQ=Owtv

"Ov=xOW ?=NDv= 8 pwOH j@=]t ?}=Q[ 'l =N ẁv x@ xHwD =@ "OvQ=O Ck@=]t
CUO x@ G}=Dv u}@ Q=Wi |xv}W}@ |xU}=kt w xDiQo CQwY |=y|UQQ@ G}=Dv

"OvwW|t xOy=Wt 10 pmW QO TM5�855�1 |xt=vx}YwD w Q=Ri=sQv R= xOt;
Q=Ri=sQv w xt=vx}YwD pwtQi R= pY=L Q=Wi |xv}W}@|:tm |xU}=kt '9 pwOH QO

"CU= xOW x�=Q=

VywSB G}=Dv "2"3
11 w 7 '3 pO=at |Q=Hiv= |=yCQOk CLD xOW O=H}= |xr=J jta '11 pmW QO
xOW O=H}= |xr=J jta Q}O=kt 10 pwOH QO u}vJty w OwW|t xOy=Wt TNT uD
|xQ=@ QU l =N xmu}= w 9 pwOH x@ xHwD =@ "CU= xOW x�=Q= Q}N= |=yQ=Hiv= QF= QO
QO x=oDU}= `]kt xm CiQo xH}Dv u=wD|t 'OwQ|t Q=vm Q=Hiv= QF= QO x=oDU}= `]kt
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"""|
wQDt

|=y
x=oD

U}=
|Q}

PBQ}
F- =Du

=R}t
|O

Oa
|@=}

RQ=

"Q=Hiv= R= pY=L |Q=Wi Gwt |wQW}B Q=Okt |xv}W}@ "14 pmW

"l =N QO xOW O=H}= Q=Wi Q=Owtv "15 pmW

"s�=k w |ki= |}=Hx@=H QwDv=m "16 pmW

|mQ=@t w |ik=w C=ar=]t R= xOt; CUO x@ G}=Dv =@ xm 'CU= xOt; OwHw x@ pvwD G=D
Q=WDv= QF= QO pvwD G=D uOw@ Q}PB?}U; |xOvyOu=Wv xm 'OQ=O Ck@=]t [19]'�2015�

"CU= |L]U Q=Hiv= R= |W=v G=wt=
11 Q=Hiv= CLD hrDNt |=yjta |=Q@ Q=Wi |xv}W}@ Q=Okt '12 pwOH QO

"CU= xOW x�=Q= TNT uD
jta 'u=QyD |wQDt 7 \N |=yx=oDU}= R= OwHwt C=aq]= x@ xHwD =@

"Cw=iDt |=yGQN =@ |QDt 3 jta QO Q=Hiv= R= |W=v Q=Wi "12 pmW
"hrDNt |Q=Hiv= |=yCQOk |=Q@ Q=Wi |xv}W}@ "11 pwOH

u}tR K]U R= |QDt 3 jta QO Q=Wi |xv}W}@ |xQHivt |xO=t CQOk
p=mU=B=ot �uD� TNT

8/56 3
40/5 7
85/2 11

"l =N QO xOW O=H}= Q=Wi Q=Owtv "13 pmW
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1. Kutter
2. Davis and Williams
3. Kendorski
4. peak particle velocity

5. Tiwari
6. Abaqus
7. coupled eulerian-lagrangian
8. Fan
9. De
10. Wang and Lu
11. Yang, Xie and Wang
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12. Koneshwaran
13. Vaghe� and Mobaraki
14. smooth particle hydrodynamics
15. Mussa
16. Guerrero
17. surface explosion
18. Alkseenko
19. arbitrary lagrangian eulerian
20. Jones-Wilkens-Lee
21. Chapman-Jouget pressure
22. Kreig
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