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|Q}owrH |Q=Oxov w Q}taD j} Q] R= xFO=L w CWv 'lQD O=H}= R= w OQ@ |B xrLQt u}=

"OQm
xv=wDU= l} |w[}@s}v |rw] lQD |=Q@ =Q VvD COW ?}=Q[ [1]utw}v w wH=Q
|rN=O Q=OH QO |rw] lQD |=Q@ =Q ?}=Q[ u}= w OvOQm x@U=Lt |rN=O Q=Wi =@
=@ [2]Vv=Q=mty w AwNQm '1991 p=U QO "OvQw; CUO x@ xrwr |HQ=N Q=OH w
lQD |Oa@xU VvD COW ?} Q[ '|Oa@xU OwOLt |=RH= |=yVwQ R= xO=iDU=

"OvOQm x@U=Lt Q=Wi CLD uRNt l} |=Q@ =Q |L]U |w[}@xt}v
ltm =@ w OwOLt |=RH= |=yVwQ R= xO=iDU= =@ [3]|wr w pQB 1996 p=U QO
OQwt VvD COW ?}=Q[ |=Q@ =Q Q=Wi CLD uRNt QO lQD OwHw QF= T}Uv= Q=Ri=sQv
OQivt <=RH= R= xO=iDU= =@ =Q lQD OwN |=yp}rLD QO u}vJty =yv; "OvO=O Q=Qk |UQQ@

"Ow@ OwHwt |Q=PoQ=@ =yvD |rN=O Q=Wi =yv; pOt QO xD@r= xm OvOQm |R=UpOt
|=ylQD O=H}= |ovwoJ |UQQ@ x@ u}kkLt R= |Q=}U@ |Oq}t 1950 p=U R=
QO "OvOQm s}UkD lQD OWQ w |vRxv=wH VN@ wO x@ =Q u; pL=Qt w OvDN=OQB |oDUN
Tmax@ &OwW|t lQD |vRxv=wH hQY xO=t Qta u=tR u} QDW}@ xNQJQB |oDUN

"OwW|t lQD OWQ hQY xO=t Qta u=tR u} QDW}@ xNQJsm |oDUN QO
lQD x@ R} Q lQD p}O@D � |oDUN |xNQJ wO u}= u}@ RQt X}NWD |=Q@
[4]T} Q=B |xrO=at R= u=wD|t OWQ w lQD |vRxv=wH u}@ RQt u}}aD |=Q@ =} � CWQO
OvO=O x�=Q= |oDUN R= |W=v lQD OWQ |R=UpOt |=Q@ =Q |WwQ =yv; "OQm xO=iDU=

hrDNt |=yQ=Wi w =tO QO xrwr \w]N j} Q] R= p=kDv= 'R=o w Civ CavY QO xRwQt=
'O} QN '|UOvyt O=} R |=yxv} Ry "CU= CQwQ[ l} |vqw] |=yCi=Ut QO |Q=m
\}Lt '|r=t w |v=H C=Q]N C}ty= w wU l} R= xrwr \w]N |=QH= w CN=U
|=y|UQQ@ w j}kLD s=Hv= |=Q@ \}=QW 'Qo}O |wU R= CqwYLt hqD= R}v w CU} R
"OR=U|t Q=wWO =Q xrwr \w]N QO|UOvyt |=yx=oO}O w CqmWt|UQQ@ |=Q@ QDW}@
QO p=}U Vvm =w R= |W=v Ov=wD|t xrwr \w]N QO �|oOQwN� `}=W |xO}OB
QDU@ O=H}= R}v w xrwr Ct=N[ Vy=m x@ xm 'OW=@ xrwr |rN=O Q=OH =@ |Q=m \}=QW
CavY QO xm |k}kO j=iD= "Ot=Hv=|t CUmW w lQD OWQ x@ QwQt x@ w OwW|t lQD
w |oOQwN C=Q}F-=D u=tRty QF= 'Ovm|t |v=QL@ =Q \}=QW w OyO|t MQ R=ow Civ
O=H}= x@ xm xO}OB u}= "CU= xrwr \w]N QO |Q=m Q=Wi C=Q}}eD R= |W=v |oDUN
w ODi=|t j=iD= `} QU |r}N ,qwtat 'Ovm|t |Q=}U@ ltm u; OWQ w lQD `} QU

"CU= l =vQ]N Q=}U@
w |]}Lt \}=QW x=Qty x@ w OwW|t |oDUN Q=@ O=H}= Ea=@ Q=Wi C=Q}}eD
\w]N QO |oOQwN R= |W=v |=ylQD QO "OwW|t x}rw= lQD OWQ Ea=@ |m}v=mt
Ovm|t |wQW}B QD`} QU q=@ |Q=m Q=Wi C=Q}}eD p}rO x@ lQD VQDUo 'q=@ Q=Wi |xrwr
|UQQ@ =@ "O=Di= Oy=wN j=iD= CUmW |xO}OB OUQ@ |v=QL@ pw] x@ lQD xJv=vJ w

pw�Ut xOvU} wv �
"1399 4 10 VQ}PB '1399 3 19 x}LqY= '1398 6 3 Ci=} QO %M} Q=D

DOI:10.24200/J40.2020.54140.1526



"""Q
O|

oDU
Nl

QDO
WQ

OwOL
t|

=RH=
p}rL

Dxrwr \N Qta R= |v}tND C}=yv QO w OvO=O Q=Qk xar=]t OQwt |oDUN lQD OWQ Q@
ltm x@ |OOa pL G}=Dv |xU}=kt "OvQw; CUO x@ hrDNt |=yCr=L QO R}v =Q
O=O u=Wv |}=} QO |xrwr \w]N x@ \w@ Qt |=yOQ=Ov=DU= G}=Dv =@ Twm =@; Q=Ri=sQv
p=U QO "CU= QDu�t]t w QDpw@k p@=k xDi=}xaUwD OwOLt |=RH= VwQ R= xO=iDU= xm
=Q Q=Wi CLD uRNt K]U QO lQD OWQ |UQQ@ =@ [15]Vv=Q=mty w =v}DQ=t 2018
QO lQD OWQ Q}Ut w VvD COW ?}=Q[ 'xDi=}xaUwD OwOLt |=RH= VwQ ltm x@
|x@U=Lt x@ VvD COW ?}=Q[ ltm x@ u=v; "OvQw; CUO x@ =Q lQD Q}Ut pw]

"OvDN=OQB CUmW =D xNQJ O=OaD w lQD |}=yv pw]
OWQ QO |Q=PoQ=@ \}=QW w ?}DQD Q}F-=D [16]u}kkLt R= |ywQo 2019 p=U QO
\}=QW |UQQ@ =@ =yv; "OvOQm |UQQ@ =Q X65 TvH =@ xrwr \w]N QO |oDUN lQD
u}= x@ w OvOQm |UQQ@ =Q lQD OWQ \}=QW 'sm x@ O=} R w O=} R x@ sm R= |Q=PoQ=@
\}=QW QO |v=QL@ lQD |=Q@ sRq |xNQJ O=OaD w lQD OWQ MQv xm OvO}UQ xH}Dv
C=Q}}eD xm OvDiQo xH}Dv =yv; "CU= |Q=PoQ=@ \}=QW R= QF-=Dt w Cw=iDt '=y|Q=PoQ=@
Cr=L x@ C@Uv lQD OWQ MQv |oO=Di= ?ka w Q}N-=D Ea=@ u}}=B x@ q=@ R= |Q=PoQ=@

"OQ=O Twmat
|oOQwN R=|W=v|oDUN lQD OWQ|UQQ@ x@u}kkLt R=|ywQo 2019 p=U QO
[17]"OvDN=OQB API 5L X70 TvH =@ xrwr \w]N |WwH Cq=YD= QO |WvD
Q_v QO =@ CU= xOvQwN \}Lt R= |W=v xm =Q |WvD |oOQwN R= |W=v lQD =yv;
\w]N QO 3'|Q=mWwH CQ=QL Q}F-=D CLD w xOW |Q=mWwH |=yx}L=v Q}F-=D uDiQo
|oOQwN xm O=O u=Wv =yv; |@ QHD |=yV}=tR; w C=k}kLD G}=Dv "OvOQm |UQQ@ xrwr
ODi=|t j=iD= |Q=mWwH R= QF-=Dt |x}L=v w xOW |Q=mWwH \}Lt wO Qy QO |WvD
'|Q=PoQ=@ \}=QW QO '\}Lt R= |W=v |WvD |oOQwN Q=vm QO |oDUN lQD OWQ w
w |m}v=mt |=y?} Q[ Q}F-=D R= |W=v w xDU@=w xm CU= u=tR x@ xDU@=w |}xO}OB

"CU= |]}Lt

|oOQwN |x}L=v OwOLt |=RH= |R=UpOt "2
'|UOvyt hrDNt p�=Ut p}rLD QO xO=iDU= OQwt |OOa |=yVwQ u} QDsyt R= |m}
Q=}U@ |=}=Rt sy xmCU= OwOLt |=RH= VwQ 'CUmWl}v=mt =@\@DQt OQ=wt Q}_v
=@ "Ovm|t xO}J}B Q=}U@ =Q pOt CN=U \}=QW OQ=wt |NQ@ QO xm |@}=at sy w OQ=O
xaUwD OwOLt |=RH= VwQ Ovv=t |}=yVwQ x@ OwOLt |=RH= VwQ '=yp=U CWPo
|=RH= VwQ CqmWt 'QDpt=m VwQ O}rwD w G}=Dv Ow@y@ Q@ xwqa =D OW p}O@D xDi=}

"OyO Vy=m =Q OwOLt
pOt T=U= Q@ CUmW Q=Wi Q@ u; Q}F-=D w |a[wt |oOQwN =OD@= j}kLD u}= QO
xOQwN |xrwr \w]N s=mLDU= u}tND OQ=Ov=DU= 'R=ow Civ CavY swUQt |oOQwN
|@ QHD |=yV}=tR; G}=Dv w OwOLt |=RH= pOt =@ pY=L G}=Dv xm 'xOW|UQQ@ 4xOW
Q=Wi uOQw; CUO x@ =@ w |oOQwN C=QF= uDiQo Q_v QO =@ xt=O= QO "OW Oy=wN xU}=kt
w T} Q=B |xrO=at R= xO=iDU= =@ w OW Oy=wN |UQQ@ |oDUN lQD OWQ 'CUmW
Q=m u}= |=Q@ "OW Oy=wN |UQQ@ xOt; CUO x@ G}=Dv 'OwOLt |=RH= pOt ltm x@
xDN=U �6 14�2 xNUv� Twm =@; Q=Ri=sQv QO u=Um} TvH w Ct=N[ =@ pOt xU
\N Ct=N[ x@ |oOQwN Cw=iDt C@Uv xU |oOQwN CtUk |=Q@ w CU= xOW
|R=Ux}@W G}=Dv QO =Q hrDNt |=yQDt=Q=B Q}F-=D u=wD@ =D CU= xOW xDiQo Q_v QO xrwr
C@Uv "OQw; CUO x@ |@ QHD |=yV}=tR; Qw] u}ty w |oOQwN pOt =@ xU}=kt w
"CU= xOW xDiQo Q_v QO �61 w �45 '�22 ?}DQD x@ Ct=N[ x@ |oOQwN jta
jta |xOW O=yvW}B C@Uv pk=OL QwmPt OQ=Ov=DU= j@=]t xm CU= QmP x@ sRq

|x}L=v u; T=U= Q@ w 'VvD COW ?} Q[ w lQD OWQ MQv u}@ CU= |}x]@=Q xm
"OvOQm XNWt =Q lQD OWQ w |vRxv=wH

|oDUN R= |W=v CUmW QO VvD C@Uv Q}F-=D x@ [5]=v}OQ=mU= w uwUO=y
|oDUN R= |W=v lQD OWQ |=Q@ =Q T} Q=B |rm uwv=k [6]Vv=Q=mty w wvo =B 'OvDN=OQB
|OOa pL G}=Dv |xU}=kt |rm Qw] x@ "OvO=O x�=Q=hrDNt |=yxR=Ov= =@ lQD `=wv= QO
OWQ |=Q@ w CU= OQwt wO Qy QO |oDUN lQD x@=WD |xOvyOu=Wv '|@ QHD G}=Dv =@
G}=Dv w |OOa |xvwtv u}@ x@=Wt G}=Dv hrDNt C=_Lr QO K]U w jta QO lQD

"OQ=O OwHw |@ QHD
|O}OH VwQ 'OvO=O s=Hv= 2002 p=U QO [7]l}B w u}vwQm xm |@r=H j}kLD QO
`=O@= xrwr \w]N QO xOW O=H}= |oOQwN ?w}a QO CUmW Q=Wi |} woW}B |=Q@
w q=@ OL l} ?}a uwO@ |=yxrwr QO CUmW Q=Wi |=Q@ xm ?}DQD u}= x@ "OvOQm
u}}=B OL l} CN=wvm} j}ta w p} w] h=mW |=Q=O |=yxrwr QO CUmW Q=Wi |=Q@
?}a CtUk u} QDj}ta jta |w=Ut QwmPt h=mW jta &OvOQm x�=Q= CUmW Q=Wi
xrwr \w]N QO |oOQwN ?w}a OQwtQO C=k}kLD u} QDhwQat R= |m} "CU= |oOQwN
OQ=Ov=DU= |=v@t =yv; C=k}kLD G}=Dv &CU= xOW s=Hv= [8]VQ=mty w Qvi}m \UwD
?w}a |x@U=Lt Q=}at xmCiQo Q=Qk [9]1xOW xOQwN |xrwr \w]N s=mLDU= u}tND
|Q=R@= OQ=Ov=DU= u}= "CU= R=ow Civ CavY QO xrwr \N Qta u}tND w |L]U
Q=tW x@ xOLDt Cq=}= w =O=v=m QO |oOQwN w Qta pw] x@ \w@ Qt C=@U=Lt |=Q@

"OwQ|t
xOQwN |xrwr \w]N CUmW Q=Wi [10]VQ=mty w p=Ovwt 2019 p=U QO
xU}=kt hrDNt |=ypOt =@ =Q G}=Dv w |UQQ@ CUmW l}v=mt ltm x@ =Q xOW
|@ wN ?} QkD =@ u=wD|t J p=QoDv= VwQ R= xm OvO}UQ xH}Dv u}= x@ =yv; "OvOQm
xm O=O u=Wv =yv; C=ar=]t Qw] u}ty w OQm xO=iDU= CUmW Q=Wi |x@U=Lt |=Q@
"OvyO|tVy=m |UwULt Qw] x@ =QCUmW Q=Wi OvQ=O |QDW}@ jta xm |}=ylQD
|oDUN QOlJwm |=ylQD OWQ Q=DiQ '2018 p=U QO [11]Vv=Q=mty w|Drwi
X=N Qw] x@ u=v; &OvOQm xar=]t =Q |QwLt |xQw_vtOvJ |Q=PoQ=@ CLD xNQJsm
uOQm XNWt |=Q@ \}Lt |=tO QO x=Dwm |oDUN |xNQJ QO V}=tR; |QU l}

"OvO=O s=Hv= |WJ}B � |QwLt w |WJ}B '|QwLt |Q=PoQ=@ CLD lQD OWQ
R=o xrwr \N QO |oDUN Qta |} woW}B |UQQ@ x@ [12]nvwy '2015 p=U QO
|oDUN Q=@ =@ R=o xrwr \w]N "CN=OQB 42L Gr. X5API TvH =@ |a}@]
xOW xOQBU l =N x@ |QDt 1 5 jta QO uOw@ Q]=N x@ =y p}@twD= w u}tR x@ \w@ Qt
s=Hv= R=o xrwr \w]N |m}v=mt X=wN |UQQ@ 'p}qO u}= =@ "CiQo Q=Qk |UQQ@ OQwt
|y=oW}=tR; VwQ \UwD R=o xrwr \N u}= R= |oDUN Q=DiQ 'xar=]t u}= QO w OW
VwQ =@ =y u; G}=Dv w OW xOQw; CUO x@ R=o w Civ CavY |=y OQ=Ov=DU= Q@ j@=]t
xm OvO}UQ xH}Dv u}= x@ C}=yv QO 'OW xOQw; CUO x@ R}v |Qw�D |=y x} Q_v w =y

"Ow@ |y=oW}=tR; w |ak=w uwtR; G}=Dv =@ |@ wN ji=wD QO xOW |v}@ V}B pOt
\N l} |=Q@ |w[}@xt}v |oDUN lQD OWQ Q=DiQ [13]|Q=W 2018 p=U QO
lQD OWQ Q=DiQ |v}@V}B xm O=O u=Wv w= "OQm |UQQ@ =Q VWm CLD R=o |xrwr
Oy=wN s=Hv= C}kiwt =@ R=o |xrwr \N |=Q@ |w[}@xt}v K]U |=ylQD R= |oDUN
\w@ Qt j}kLD Qo = xS} w x@ 'CU= syt Q=}U@ VvD COW ?}=Q[ xm CU= |a}@] "OW
j}kLD |=Q@ |O=} R VRQ= OW=@ hrDNt O=wt QO u; |xU}=kt w |L]U |=ylQD x@

"OW=@ R}v CavY QO |OQ@ Q=m |=Woy=Q Ov=wD|t w O};|t ?=UL x@ xOW s=Hv=
\w]N QO |oDUN lQD OWQ |UQQ@ [14]u}kkLt R= |ywQo 2016 p=U QO
OQwt =Q 2xDi=}xaUwD OwOLt |=RH= VwQ ltm x@ x}rw= lQD =@ |rL=U=Qi |xrwr
=Q VvD COW w lQD pw] Q}F-=D hrDNt |=ylQD |UQQ@ QO =yv; "OvO=O Q=Qk |UQQ@

4



2|
xQ=t

W'
36

�3
|xQ

wO'
�13

99
R}}=B

�h
}QW

l}
v=mt

|U
Ovyt

"hrDNt |=yVwQ QO CUmW Q=Wi |=yQ=Owtv "1 Q=Owtv

"�OYQO� |@ QHD w OwOLt |=RH= G}=Dv CUmW Q=Wi Cw=iD "2 Q=Owtv

CUmW Q=Wi xv}W}@ G}=Dv "3
0 01 s=o pw] w 100 xR=@ u} QDW}@ =@ |twta l}D=DU= CQwYx@ QopL ẁv
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xm lQD pw= Owt swyit x@ xHwD =@ `k=w QO "O@=}|t Vy=m pw= Owt VvD COW
xm u}= x@ xHwD =@ "OQ@ |B Qt= u}= Cra x@ u=wD|t CU= lQD |xv=yO |oOWR=@

8



2|
xQ=t

W'
36

�3
|xQ

wO'
�13

99
R}}=B

�h
}QW

l}
v=mt

|U
Ovyt

"QDt|r}t 0 5 jta w 6 pw] x@ lQD VvD u=O}t "4 pmW

"QDt|r}t 2 22 jta w 6 pw] x@ lQD VvD u=O}t "5 pmW

"xrwr \N |oDUN C=YNWt pwOH "5 pwOH
C m KIC

2�6� 10 0 84 89

|y=oW}=tR; |=yuwtR; R= c wm 'xO=t |=yC@=F |=Q@ T} Q=B uwv=k QO "OQ@ |B xrwr
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%s} Q=O 'T} Q=B |x]@=Q R= xO=iDU= =@ Nf |}=yv pm}U O=OaD
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8. J integral
9. energy release rate
10. step
11. direct cyclic
12. hex
13. interaction
14. statusxfem
15. ASME B31G
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