
�13
95

R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt
97

�91
"X

'2|
xQ=t

W'
32

�3
|xQ

wO

O
ri

gi
na

lA
rt

ic
leQw=DWo Q@ QF-wt |=yQDt=Q=B |OOa w |@ QHD |UQQ@

OQU |mDre |yOpmW Ov}=Qi QO u=wD w
uQ=kDt p=v=m `]=kt

�|QDmO |wHWv=O� pY= QoO=O ?wka}
|}=HQ O}yW Q}@O C}@ QD x=oWv=O 'l}v�t |UOvyt |xOmWv=O

�Q=}O=DU=� u=} QOiY pwUQ
u=y@y@ <=}@vq=sD=N |DavY x=oWv=O 'l}v�t |UOvyt xwQo

�O=DU=� �|v}�=v |trUt uUL
TQOt C}@ QD x=oWv=O 'l}v�t |UOvyt |xOmWv=O

�Q=}O=DU=� wrs}LQ xO=R|y=vB xr=|rw
|}=HQ O}yW Q}@O C}@ QD x=oWv=O 'l}v�t |UOvyt |xOmWv=O

'jQw Ct=N[ 'lDre |xUOvy pt=W �� |yOpmW Qw=DWo Q@ QF-wt pt=wa Q=DWwv u}= QO
Ov}=Qi QO R=}v OQwt u=wD R}v w �� |yOpmW |x} w=R w jQw ZQa 'jQw s}rUD VvD

V}=Ri= 'p}iwQB hm ZQa uOw@C@=F x@ xHwD =@ "OwW|t |UQQ@ OQU |mDre |yOpmW
OwOLt <=RH= Q=Ri=sQv =@ Ov}=Qi u}= "OwW|t `]kt p=@ ZQa V}=Ri= ?@U jQw ZQa
G}=Dv "OW |R=Ux}@W Q=Ox} w=R w CND |}q=@ lDre =@ xUOvy ẁv wO |=Q@ Abaqus
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u=Wv |UQQ@ u}= G}=Dv 10 pmW QO "CU= xOW G=QNDU= 7 pmW R= s=mLDU= Q}F-=D
Vy=m x@ QHvt s}rUD s=mLDU= V}=Ri= 'OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O
VWm w pmW Q}}eD u=R}t Vy=m u=wD|t =Q Qt= u}= p}rO "CU= xOW |rw] VvQm
|rw] VvQm Vy=m xH}DvQO w s}rUD s=mLDU= V}=Ri= QF=Q@ jQw p=@ |x}L=v QO
V}=Ri= =@ xm OyO|t u=Wv ?10 pmW =@ hr=10 pmW |xU}=kt "CUv=O x@r
Qt= u}= p}rO "CU= xOW O=} R COWx@ x@r |rw] VvQm Q=Okt '|yOpmW |x} w=R

"xOW |Ov@xm@W jQw R= |}=tv "6 pmW

[8]"|k}kL |Q}tN VvQm � |k}kL VvD |vLvt "7 pmW

X=wN C=yH s=tD QO xO=t xm OW ZQi 'xOWs=Hv= |=y|R=Ux}@W QO
O}=@ '=ylDre Q@ xOQ=w Qw=DWo w wQ}v Q=Okt j}kO u}}aD |=Q@ "OQ=O OQou=Uty
QO xm OwW xDiQo Q_v QO xO=t |DNUQ=m Q=DiQ R}v w |Q}tN w |a=HDQ= Cq=L
QO |v=UWm |x}L=v "CiQo Q=Qk xO=iDU= OQwt OQou=Uty |DNUQ=m uwv=k =DU=Q u}=
uwU=wwB ?} Q[ w p=mU=B=o}o 207 nv=} pwOt uOQm OQ=w =@ Abaqus Q=Ri=sQv
� |k}kL VvD |vLvt '|Q}tN |x}L=v |iQat |=Q@ "OwW|t XNWt 0 3
VvQm � |k}kL VvD |vLvt sy 7 pmW QO "OW xO=O Q=Ri=sQv x@ |k}kL VvQm
hOy "CU= xOW xO=O u=Wv 1 pwOH QO s}rUD |=yVvD =@ xO=t 7 |k}kL
C=ar=]t G}=Dv =@ Q[=L j}kLD |R=Ux}@W G}=Dv |xU}=kt 'X=wN u}= R= xO=iDU=
x}v=F Q@ QDt 0 6 pO=at O}rwD \N pw] QO jQw CmQL CaQU "CU= [8]u}W}B
|mDre |yOpmW Ov}=Qi uOw@ l}D=DU=x@W \QW T=U=Q@ CaQU u}= "OW s}_vD
lDre w xOW p=ta= |v}�=B lDre x@ |v=QwO CaQU "CU= xOW ?=NDv= OQU
u}@ l =m]Y= R= |W=v |wQ}v =@ xm xOW xDiQo Q_v QO OQoRQy CQwYx@ |}q=@
0 5 =yx=oDU}= u}@ QO jQw QO VWm O=H}= |=Q@ "ONQJ|t lDre w jQw
l =m]Y= ?} Q[ "OW p=ta= |Oa@ |=yx=oDU}= QO CaQU V}=Ri= OYQO
?=NDv= 0 1 Q@=Q@ [9]Q=mu=wQ R= uOQmv xO=iDU= x@ xHwD =@ lDre w jQw u}@

"OW

|@ QHD |=yV}=tR; "3
V}=tR; |O=OaD Abaqus Q=Ri=sQv QO OwOLt |=RH= pOt G}=Dv |HvUCLY |=Q@
R}v w �8 pmW� OQU |mDre |yOpmW x=oDUOl} R= 'Qw_vtu}O@ "OW s=Hv= |@ QHD
VWm uwtR; 'jQw u}= |m}v=mt X=wN G=QNDU= |=Q@ "OW xO=iDU= ST12 jQw R=
=y|R=Ux}@W QO X=wN u}= R= =D OW s=Hv= u; |wQ ASTM-E8 OQ=Ov=DU= j@]

"�9 pmW� OwW xO=iDU=
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jQw Ct=N[ jQw ZQa xQ=tW
�QDt|r}t� �QDt|r}t� xvwtv

1 25 40 1
2 40 2

1 25 70 3
2 70 4

"|R=Ux}@W w |@ QHD |iQYt u=wD |xU}=kt "3 pwOH
|@ QHD hqDN= OYQO |R=Ux}@W u=wD |@ QHD u=wD u=} QH COW xQ=tW

|R=Ux}@W w �C=w� �C=w� �QBt;� QF-wt xvwtv
5 3 453 47 479 1 1 3 1
6 8 584 11 626 6 1 7 2
9 5 366 76 405 4 1 1 3
3 9 495 81 516 1 4 4

"xOW xO=O pmW jQw l} R= |}=tv "11 pmW

u=wD '=ylDre |v=QwO CaQU uDW=O =@ w G=QNDU= Q=Ri=sQv R= =Q |yOpmW Qw=DWo
%OQw; CUO x@ 2 |x]@=Q R= xO=iDU= =@ =Q |yOpmW

P = T : ! (2)

u=wD '4 =D 1 |=yxvwtv |=Q@ "CU=ylDre |v=QwO CaQU ! w Qw=DWo T 'u; QO xm
R= pY=L |iQYt u=wD Q}O=kt 3 pwOH QO "OW x@U=Lt |R=Ux}@W QO |yOpmW
xOW GQO |@ QHD |=yV}=tR; |=yu=wD =@ u; |@Uv hqDN= OYQO R}v w |R=Ux}@W

"CU=
lqyDU= R= |W=v 'R}v u; w CU= sm Q=}U@ hqDN= OYQO xm OwW|t xOy=Wt
x@|k]vt xmCU= jQ@ u=} QH u=Uwv Ovv=t|vwQ}@ pt=wa wV}=tR; x=oDUO|m}v=mt
|=yxH}Dv '|@ QHD |=yV}=tR; G}=Dv xm OwW|t xOy=Wt ?}DQD u}= x@ "OUQ|t Q_v
3 pwOH C=aq]= u}=Q@ xwqa "Ovm|t O}}-=D |@ wNx@ =Q =y|R=Ux}@W R= xOt; CUOx@
'jQw |=vyB V}=Ri= =@ w V}=Ri= |iQYt u=wD 'Ct=N[ V}=Ri= =@ xm OQ=O|t u=}@
QO xOW O}rwD pwYLt R= xvwtv l} 11 pmW QO "O@=}|t Vy=m |iQYt u=wD

"CU= xOW x�=Q= |@ QHD |=yV}=tR;
|yOpmW x=oDU}= |v}}=B lDre Q@ OQ=w Qw=DWo C=Q}}eD |ovwoJ 12 pmW QO

[8]"u}W}B C=k}kLD QO xOWVQ=Ro |=yxO=O =@ |R=Ux}@W G}=Dv |xU}=kt "10 pmW

sN |x} w=R V}=Ri= QF=Q@ jQw p=@ |x}L=v QO |oO}Wm w |yOpmW Q=Okt V}=Ri=
C=k}kLD G}=Dv =@ j}kLD u}= |R=Ux}@W G}=Dv xm OQ=O|t u=}@ QwmPt |xU}=kt "CU=

"CU= Q=OQwNQ@ |@ wN |ovy=ty w |m}ORv R= [8]u}W}B

Q[=L j}kLD |@ QHD G}=Dv =@ |R=Ux}@W G}=Dv CLY "2"4
Q}F-=D '|@ QHD |=yV}=tR; G}=Dv =@ |R=Ux}@W G}=Dv |xU}=kt ut[ CtUk u}= QO
w ZQa QF= |UQQ@ Qw_vtx@ "OwW|t |UQQ@ |iQYt u=wD Q@ jQw Ct=N[ w ZQa
|=yCt=N[ w =yZQa T=U=Q@ |}=yV}=tR; '|yOpmW Qw=DWo Q@ jQw Ct=N[

"OW s=Hv= 2 pwOH QO xOWx�=Q=
lQLt R=ixU QwDwt R= |Qw@a u=} QH COW Q=Okt '|@ QHD |=yV}=tR; QO
x@U=Lt u; |wQ R= QF-wt u=} QH COW w '|Q}oxR=Ov= QDt|Drwt l} ltmx@ =ylDre
S=Drw �V '|iQYt u=wD P u; QO xm Ot; CUO x@ 1 |x]@=Q R= |iQYt u=wD "OW
R= cos( �') = 0 7 w 'QwDwt xOR=@ � 'QF-wt u=} QH COW Ieff '\UwDt R=ixU

%CU= �R=i hqDN= x@ \w@ Qt� lQLt QwDwt C=YNWt
P =

p3 �V : Ieff : cos( �') : � (1)

Q_v QO Crw 380 \UwDt S=Drw w �80 u; |Q=m \}=QW x@ xHwD =@ QwDwt xOR=@
|iQYt u=wD x=Qtyx@ xOW |Q}oxR=Ov= QF-wt |=yu=} QH COW 3 pwOH QO "OW xDiQo

"CU= xOW x�=Q= =yv; =@ Q_=vDt
u=wD|t Abaqus OwOLt |=RH= Q=Ri=sQv QO |yOpmW u=wD |x@U=Lt |=Q@
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lDre Qw=DWo Q@ jQw Ct=N[ QF= "4"4
=ylDre Q@ OQ=w Qw=DWo |wQ |O}rwD pwYLt Ct=N[ V}=Ri= Q}F-=D 14 pmW QO
jQw Ct=N[ V}=Ri= xm Cio u=wD|t pmW u}= x@ xHwD =@ "CU= xOW xO=O u=Wv
u=R}t Q=Ox} w=R |xUOvy QO =t= OwW|t =ylDre Q@ OQ=w Qw=DWo uOW O=} R Ea=@
x@ jQw Ct=N[ uOW O=} R =@ V}=Ri= u}= Q=Okt xm "CU= QDW}@ Qw=DWo V}=Ri=

"OwW|t p=@vO |QDs}qt ?}W =@ 'QDt|r}t 1 25 R= V}@

|Q}oxH}Dv "5
u}tND 'OQU |mDre |yOpmW Ov}=Qi |R=Uxv}y@ w |L=Q] QO syt Q=}U@ p�=Ut R=
|U=U= |=yQDt=Q=B R= "CU= |yOpmW |=Q@ R=}v OQwt u=wD w |yOpmW Qw=DWo
's}rUD VvD 'lDre |xUOvy x@ u=wD|t '|yOpmW u=wD w Qw=DWo Q@ Q=PoQ}F-=D
|QU l} Qw_vtu}O@ "OQm xQ=W= |yOpmW |x} w=R w jQw ZQa w Ct=N[
G}=Dv "OW s=Hv= |Oa@xU CQwY x@ Abaqus OwOLt |=RH= Q=Ri=sQv QO |R=Ux}@W

%R= CU= CQ=@a Q[=L j}kLD R= xOt; CUO x@
x=oDU}= |iQYt u=wD |v}@V}B XwYNQO =y|R=Ux}@W R= pY=L G}=Dv "1
Ck@=]t |@ wNx@ |@ QHD G}=Dv =@ 'OQU |mDre |yOpmW Ov}=Qi QO |yOpmW
xH}DvQO w |iQYt u=wD u}}aD |=Q@ Q=Ri=sQv =@ |R=Ux}@W R= u=wD|t u}=Q@=v@ "OQ=O
OQU |mDre |yOpmW Ov}=Qi O}rwD \w]N |=Q@ R=}v OQwt |=yQwDwt ?=NDv=

"OQm xO=iDU=
's}rUD s=mLDU= V}=Ri= =@ xm O=O u=Wv =y|R=Ux}@W R= xOt; CUOx@ G}=Dv "2
|=Q@ R=}v OQwt Qw=DWo 'jQw ZQa Vy=m w jQw Ct=N[ '|yOpmW |x} w=R
"O@=}|t V}=Ri= CND w Q=Ox} w=R |}q=@ lDre |xUOvy ẁv wO |=Q@ |yOpmW
R= s=Om Qy Q}F-=D uDiQo Q_v QO =@ Ovv=wD|t O}rwD w |L=Q] u}UOvyt u}=Q@=v@
|=yQwDwt u=wD w ẁv '|yOpmW u=wD w lDre Qw=DWo |wQ QwmPt |=yC}tm
C@Uv w OvR=UXNWt |yOpmW |=Q@ R=}v OQwt Qw=DWo x@ xHwD =@ =Q lQLt

"Ovvm s=Ok= |SQv= hQYt |R=Uxv}y@ x@
OQ=w Qw=DWo 'xOW QmP |=yQDt=Q=B V}=Ri= =@ Q=Ox} w=R |}q=@ |=ylDre QO "3
"Ci=} Oy=wN V}=Ri= CND lDre x@ C@Uv |QDW}@ MQv =@ =ylDre Q@
w |}q=@ lDre wO u}@ p=@ |x}L=v QO jQw uwJ 'Q=Ox} w=R lDre QO

pY=L Q=Ox} w=R w CND Cw=iDt lDre |xUOvy wO |=Q@ jQw ZQa Q}}eD T=U=Q@
"CU= xOW x�=Q= =y|R=Ux}@W R=

lDre |xUOvy ẁv wOQy |=Q@ jQw ZQa V}=Ri= OwW|t xOy=Wt xm u=vJ
Qt= u}= x}HwD QO "�12 pmW� CU= xOW u}}=B lDre Q@ OQ=w Qw=DWo Vy=m ?@U
QDO=} R jQw w lDre u}@ T=tD pw] 'jQw ZQa uOW O=} R =@ xm Cio u=wD|t
l =m]Y= |wQ}v u=ty O}rwD\N pw] QO jQwVv=Q pt=a |wQ}v xm =Hv; R= "OwW|t
jQw w xOW O=} R wQ}v u}= Q=Okt T=tD pw] V}=Ri= =@ 'CU= lDre w jQw u}@=t
xm CU=O}B u}=Q@ xwqa "OwW|t xO}Wm =ylDre u}@ |xrY=i uwQO x@ QDCL=Q
x@ C@Uv Qw=DWo u=R}t OW=@ CND CQwYx@ |yOpmW x=oDU}= |}q=@ lDre |Dkw

"O@=}|t Vy=m 'CU= Q=Ox} w=R lDre u}= xm |v=tR

lDre Qw=DWo Q@ s}rUD s=mLDU= QF= "3"4
|UQQ@ OQwt =ylDre Q@ OQ=w Qw=DWo w u=wD |wQ s}rUD s=mLDU= QF= 'VN@ u}= QO
Qw=DWo V}=Ri= ?Hwt s}rUD s=mLDU= V}=Ri= '13 pmW x@ xHwD =@ "CU= xDiQo Q=Qk
QDTwULt Q=Ox} w=R lDre |xUOvy QO V}=Ri= u}= &CU= xOW |v}}=B lDre Q@ OQ=w
OvwQ u}= 'p=mU=B=ot 600 R= QDW}@ s}rUD |=ys=mLDU= QO '=yQ=Owtv x@ xHwD =@ "CU=
QO xOW xO=O |=yQw=DWo Q=Okt uOw@|ivt "CU= xOW p=@vO |QDs}qt?}W =@V}=Ri=
"CU= wrH CtU x@ jQw uO}Wm |=Q@ |v}}=B lDre VNQJ |=DU=Q R= |W=v Q=Owtv

"lDre Qw=DWo |wQ Q@ jQw ZQa QF= "12 pmW

"lDre Qw=DWo Q@ s}rUD s=mLDU= QF= "13 pmW

96



2|
xQ=t

W'
32

�3
|xQ

wO-
�13

95
R}}=B

�'h
}QW

l}
v=mt

|U
Ovyt s�qa CUQyi

&x@r `=aW %R1
&|yOpmW u=wD %P

&|yOpmW Qw=DWo %T
&\UwDt R=ixU S=Drw % �V

&QF-wt u=} QH COW %Ieff
&QwDwt xOR=@ %�

&R=i hqDN= % �'
"|v=QwO CaQU %!

w jQw u}@ l =m]Y= |wQ}v Qw[L x@ xHwD =@ R}v w 'CU= QwYLt |v}�=B
CND lDre R= QDW}@ |yOpmW Qw=DWo '�=ylDre Q=Wi Q@ xwqa� =ylDre

"CU=

|=Q@ |yOpmW R=}v OQwt u=wD xH}DvQO w =ylDre x@ |r=ta= Qw=DWo Q=Okt "4
OQwt |=yCr=L s=tD QO CND |}q=@ |=ylDre =@ |yOpmW |=yx=oDU}=
CN=U Ov}=Qi x@ xHwD =@ CiQo xH}Dv u=wD|t u}=Q@=v@ "CU= QDsm |UQQ@
|}q=@ |=ylDre =@ |yOpmW |=yx=oDU}= QDxiQY x@ uwQkt w QDxO=U
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