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"CU= �1 |x]@=Q� Qo =Q}t lvwDU |=yDv=
|Q}ojDWt R= xO=iDU= =@lvwDUpN=O QO xv}W}@ QovrpLt|x} w=RCr=Lu}= QO

%Ot; Oy=wN CUOx@ 4 |x]@=Q CQwYx@
�Mmax = tan�1(n� F

PE
) � �0 (4)

xm CU= lvwDU pN=O QO xv}W}@ Qovr O=H}= pLt |x} w=R �Mmax 'u; QO xm
|QwLt Q=@ xm |Dr=L QO "CU= Q@=Q@ (�0) Qo =Q}t lvwDU |=yDv= |x} w=R =@ QFm =OL
|WtN Qovr p=kDv= R= |W=v |WQ@ |wQ}v x@ C@Uv (PE=n) lvwDU x@ xOWp=ta=
|=yDv= wO QO |Q}tN pY=it 'OW=@ QDtm |yHwD p@=k u=R}t x@ '(F ) uwDU x@ Q}D R=
'|WQ@ |wQ}v x@ |QwLt Q=@ C@Uv V}=Ri= =@ "OW Oy=wN p}mWD Qo =Q}t lvwDU
OwHw sOa Cr=L QO w OQm Ovy=wN CmQL lvwDU |xv=}t CtU x@ |Q}tN pY=it

"OwW|t p}mWD lvwDU |xv=}t QO |Q}tN pYit l} '|WQ@ |wQ}v
xi=[= QF= '|}xrwr Qo =Q}t lvwDU |Q}tN |WtN C}iQ_ |x@U=Lt |=Q@
Q_vQO "OwW|t xDiQo Q_v QO 6 pmW j@=]t Kr=Yt |oOWCNU R= |W=v Ctw=kt
Rw}i Vkv |}xrwr Qo =Q}t xm CU= p}rO u}= x@ |}xrwr Qo =Q}t QO |oOvwWCNU uDiQo
uO}O?}U; ?Hwt u; |xOWv|v}@V}B C}iQ_ V}=Ri= w Ovm|t =i}= xR=U QO =Q
|=yQo =Q}t R= xO=iDU= |xiUri hqNQ@ ẁ[wt u}= "OW Oy=wN xR=U |rY= <=[a=
QF= uDiQo Q_vQO =@ O}=@ =Q |}xrwr Qo =Q}t C}iQ_ u}=Q@=v@ "CU= xR=U QO xOvwW|Q=H
|Q}tN |WtN C}iQ_ |xv}W}@ '6 pmW x@ xHwD =@ "OQm OQw;Q@ |oOvwWCNU

%CU= x@U=Lt p@=k 5 |x]@=Q CQwYx@ Qo =Q}t lvwDU
Mcr = b� t2 � Fy

4 + b� t2 � (Fu � Fy)
6 (5)

|oOvwWCNU QF=uDiQo Q_vQO =@|}xrwr Qo =Q}t|Q}tN|WtNC}iQ_Mcr 'u; QO xm
Kr=Yt |}=yv VvD Fu 'xrwr Kr=Yt s}rUD VvD Fy '�6 pmW j@=]t� xrwr QO

"CU= �lvwDU ZQa� xrwr pw] b w xrwr Ct=N[ t 'xrwr
|=yxrwr O=OaD =OD@= '|}xrwr Qo =Q}t QO xO=iDU= OQwt |=yxrwr |L=Q] |=Q@
C}iQ_ R= xO=iDU= =@ TBU "CU= xOW u}}aD Qo =Q}t QO xO=iDU= |=Q@ Q_vOQwt
|=ywQ}v '�Q}D |Q}tN C}iQ_ R= |OYQO ?UL Q@� Qo =Q}t |L=Q] |=Q@ Q_vOQwt
2 '1 \@=wQ uO=OQ=Qk R= "CU= xOW u}}aD 5 pmW j@=]t Qo =Q}t lvwDU Qy Q@ OQ=w
|wQ}v w lvwDU |WQ@ |wQ}v ?UL Q@ |WtN Qovr |xv}W}@ '3 |x]@=Q QO 4 w
|xv}W}@ uO=O Q=Qk Q@=Q@ =@ u=wD|t Cr=L u}= QO "CU= xOW u}}aD u; Q@ OQ=w |QwLt

"xOQ=w |=yQ=@ CLD |}xrwr Qo =Q}t lvwDU |rN=O |=ywQ}v "5 pmW

O=OaD n w =yxrwr R= l} Qy Q]k d 'QwmPt pmW QO "CU= xOW s=Hv= |R=UxO=U
"OyO|t u=Wv =Q �OwW xaH=Qt 2 pmW x@ '=yxrwr O=OaD Q@=Q@ wO� =ylvwDU

R= QDtm lvwDU O=R; pw] '|}xrwr Qo =Q}t p=YD= |=Q@ VwH R= xO=iDU= x@ xHwD =@
lvwDU x@ xOWp=ta= |=ywQ}vCr=L u}= QO xm �xrwr Q]k 0 9 OwOL�CU= xrwr Q]k
xO=iDU= =@ "CU= u=tm l} R= |DtUk 'Qo =Q}t lvwDU w xOw@ ?5 pmW j@=]t Qo =Q}t
'?5 pmW j@=]t Qo =Q}t lvwDU x@ |r=ta= |=ywQ}v x@ xHwD =@ w pO=aD \@=wQ R=
1 |x]@=Q CQwYx@ |]N Cr=L QO lvwDU |=yx=ox}mD QO xOWO=H}= |WtN Qovr

%O};|t CUOx@
M = F � l

2 (1)

|WQ@ |wQ}v F '�5 pmW� Qo =Q}t lvwDU |=yDv= QO xOWO=H}= Qovr M 'u; QO xm
pw] R}v l w uwDU x@ Q}D R= |WtN Qovr p=kDv= R= |W=v Qo =Q}t lvwDU Qy Q@ xOWOQ=w
|Q}tN Qovr R= |OYQO T=U=Q@ Qo =Q}t C}iQ_ xmv}= x@ xHwD =@ "CU= lvwDU O=R;
|=Q@ xOWxDiQo Q_v QO C}iQ_ T=U=Q@ =Q F |WQ@ |wQ}v u=wD|t 'OwW|t u}}aD Q}D

%OQm x@U=Lt 2 |x]@=Q CQwYx@ =ylvwDU O=OaD w `=iDQ= 'Qo =Q}t
F = Mp�

n� hT (2)

|Q}tN Qovr R= |OYQO Mp� 'Qo =Q}t lvwDU Q@ OQ=w |WQ@ |wQ}v F 'u; QO xm
w |}q=@ T RmQt u}@ |xrY=i hT w �=yxrwr O=OaD Q@=Q@ 2� =ylvwDU O=OaD n 'Q}D

"CU= uwDU x@ xOWpYDt |v}}=B T
Qo =Q}tlvwDU 'lvwDU |=yx=ox}mD QO xOWO=H}= |=yQovr |x@U=Lt x@ xHwD =@
|=yDv= wO QO|WtN Qovr w|WQ@ |wQ}v '|QwLt |wQ}v Q}F-=DCLD A5 pmW j@=]t
QO |rN=O |WtN Qovr 'xOWQmP |=ywQ}v V}=Ri= =@ Cr=L u}= QO "OQ=O Q=Qk OwN
Oy=wN xv}W}@ Qovr\=kv QO|Q}tNpY=it O=H}=?Hwt QwmPt|=ywQ}vCLDlvwDU
=Q lvwDU |rN=O Qovr u=wD|t xOWQmP |Q}tN pY=it pLt |x@U=Lt |=Q@ "OW
pmW j@=]t|HQ=N w|rN=O |=ywQ}vCLDlvwDU R=|WN@ pO=aD\@=wQ T=U=Q@
|x]@=Q u=wD|t 'CU= u=tml} R= |WN@lvwDU xmv}= x@ xHwD =@ "OQm x@U=Lt C5
%OQm x@U=Lt 3 |x]@=Q CQwYx@ =Q � |x} w=R ?UL Q@ lvwDU |rN=O |WtN Qovr
M� = M + PE

n
d
2 (cos � � cos �0)� F d2 (sin �0 � sin �) (3)
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|Oqwi K]U wO u}@ T=tD |L=wv QO "CU= xOW x�=Q= 1"2"3 CtUk |}xrwr Qo =Q}t
CQwYx@ |U=tD |Q=DiQ pOt R= K]U wO OQwNQ@ w |oOW=OH Q=DiQ |R=Ux}@W |=Q@
|Oqwi K]U wO u}@ l =m]Y= ?} Q[ =@ 3|U=tt Q=DiQ w 2K]U x@ K]U T=tD
|HvUCLY QO ZQi u}= CLY "CU= xOW xDiQo Q_v QO Q=Ri=sQv QO '0 2 Q@=Q@

"CU= xOW xO=O u=Wv 3"2"3 CtUk Q=Oh=mW Qo =Q}t |=Q=O |Oqwi p=YD=

OwOLt u=tr= VwQ R= xO=iDU= =@ |R=UpOt |HvUCLY "2"3
|R=Ux}@W R= xO=iDU= =@|}xrwr Qo =Q}t w|OqwiCq=YD= Q=DiQ|HvUCLYQw_vt x@
G}=Dv w |R=Ux}@W Twm =@; Q=Ri=sQv R= xO=iDU= =@|y=oW}=tR; |xvwtv 4 'OwOLt u=tr=
pt=W QwmPt|y=oW}=tR; |=yxvwtv "CU= xOW xU}=kt|y=oW}=tR; w |OOa p}rLD
|HvUCLY |=Q@ w xOw@ p=YD= |xvwtv 3 w |}xrwr Qo =Q}t |W}=tR; |xvwtv l}
|UQQ@ |=Q@ "CU= xOW xO=iDU= [11]'2011 p=U QO |W}=tR; G}=Dv R= |}xrwr Qo =Q}t
|y=oW}=tR; |xvwtv 3 R= OwOLt u=tr= VwQ QO |Oqwi Cq=YD= |R=UpOtCLY
p=YD= |xvwtv l} pt=W xm CU= xOW xO=iDU= '2009 p=U QO |WywSB QO Qo}O
|xOvwW|Q=H Qo =Q}t |=Q=O |WtN p=YD= |xvwtv 2 w �W |xvwtv� pw=ODt |WwH

[7]"CU= xOw@ �D2 w D1 |=yxvwtv� Q=Oh=mW

|}xrwr Qo =Q}t "1"2"3
2010 p=U QO Q=@ u}DUNv |WQ@ |=ypmW Q}}eD CLD |}xrwr Qo =Q}t R= xO=iDU=
Q@ |}=yV}=tR; 'Qw_vt u}= |=Q@ [12]"CU= xOW |UQQ@ =ypB QO xO=iDU= Qw_vt x@
'8 pmW QO [11]"CU= xOW s=Hv= 7 pmW CQwYx@ VQ@ CLD |=yxrwr Q=DiQ |wQ
|}=yv |}=H@=H =@ Q_=vDt |x_Lr QO RU}t uwiVvD `} RwD w xvwtv |Ov@u=tr= |xwLv
'9 pmW QO |OOa w |y=oW}=tR; G}=Dv |xU}=kt "CU= xOW xO=O u=Wv xvwtv QO
?PH C}r@=k u}vJty 'QwmPt pmW QO "CU= G}=Dv ?U=vt j=@]v= |xOvyOu=Wv

"CU= xOy=Wt p@=k |}xrwr Qo =Q}t ?U=vt |Q}PBpmW w |SQv=

[11]"VQ@ CLD |}xrwr Qo =Q}t |y=oW}=tR; |xvwtv C=}�RH "7 pmW

'lvwDU QO xOWO=H}= |xv}W}@ |WtN Qovr =@ �5 |x]@=Q� Qo =Q}t |WtN C}iQ_
|=Q@ xO=iDU= OQwt |xrwr |xQ=OH Ct=N[ w xrwr pw] 'Q]k %pt=W ?U=vt O=a@=
QO |WtN Qovr |xv}W}@ '6 |x]@=Q QO "OQm u}}aD =Q |O=yvW}B |}xrwr Qo =Q}t

%CU= xOW xO=O Q=Qk Q@=Q@ Qo =Q}t lvwDU |WtN C}iQ_ =@ Qo =Q}t lvwDU
b� t2

6 (Fu + 0 5Fy) = F � l
2 + PE

n
d
2 (cos�Mmax � cos �0)

� F d2 (sin �0 � sin �Mmax) (6)

uOQm xi=[= |=Q@ "CU= xOW xO=O u=Wv xrRrR |@v=H |wQ}v QF=\ki '4 pmW QO
|=Q@ \ki w OwW|tv O=H}= jwi pL=Qt QO |Q}}eD 'p=YD= |L=Q] QO |rkF Q=@ QF=
xOWO=H}= |rkF Q=@ Q=Okt '(P ) Qo =Q}t lvwDU Qy Q@ OQ=w |Q=Wi |wQ}v |x@U=Lt
OwW|t xi=[= (PE) xrRrR R= |W=v |WQ@ |wQ}v Q=Okt x@ Q}D |xv=yO R= |t}v QO
Q=@ R= |W=v |wQ}v w xrRrR R= |W=v |WQ@ |wQ}v wO |xawtHt 'Q}D |WQ@ |wQ}v w
|OYQO T=U=Q@ Qo =Q}t C}iQ_ xmv}= x@ xHwD =@ "Ow@ Oy=wN xv=yO R= |t}v |rkF
(M) |WtN Qovr w (F ) |WQ@ |wQ}v Q=Okt 'OwW|t u}}aD Q}D |Q}tN Qovr R=

"OQm Oy=wNv |Q}}eD Qo =Q}t lvwDU Qy QO OwHwt

|OOa p}rLD "3
C=}rm "1"3

VwQ x@ |OOa |R=UpOt R= |Oqwi |WtN Cq=YD= |@v=H Q=DiQ |UQQ@ |=Q@
OQwt |=yxvwtv |R=UpOt QO "CU= xOW xO=iDU= 1Twm =@; Q=Ri=sQv QO OwOLt u=tr=
�C3D20� pt=m |Q}op=QoDv= =@ |}xQo 20 swO |x@DQt |Oa@xU |=yu=tr= R= |UQQ@
|]NQ}e |xUOvy C=QF= 'C=@U=Lt CkO V}=Ri= Qw_vt x@ "CU= xOW xO=iDU=
30 =D 10 u}@ p=YD= pLt QO =yu=tr= O=a@= [17]"CU= xOW ^=Lr C=@U=Lt QO
"CU= xOW xDiQo Q_v QO QDt|r}t 50 =D 40 u}@ =yCtUk Q}=U QO w QDt|r}t
|R=UpOt QO w u=tr= 6000 OwOL pw=ODt |WwH '|Oqwi p=YD= |R=UpOt QO
u=tr= ẁv R= u=tr= 9000 =D 8000 u}@ 'Q=Oh=mW w |}xrwr Qo =Q}t |=Q=O Cq=YD=
|=Q=O Cq=YD= QO "CU= xOW xO=iDU= �C3D20� |}xQo 20 swO |x@DQt |Oa@xU
|}=Qosy sD} Qwor= =@ |m}D=DU= p}rLD VwQ R= Q=Ri=sQv QO =yxvwtv p}rLD |=Q@ Qo =Q}t
QO uQ=kD OwHw x@ xHwD =@ "CU= xOW xO=iDU= �Static, General� uwUi=Q- uDw}v
|RQt \}=QW R= w xOW|R=Ux}@W p=YD= |xUOvy hYv '=yxvwtv p=YD= |xLiY
2�105MPa Q@=Q@ Oqwi|v=UWm pwOt "CU= xOW xO=iDU= uQ=kD pLt QO?U=vt
RU}t uwi Q=}at T=U=Q@ u; |Q=DiQ C}YwYN w 0 3 Q@=Q@ u; uwU=wB C@Uv w
Kr=Yt VvQm-VvD |=y|vLvt 'xOWs=Hv= |R=Ux}@W QO "CU= xOW xDiQo Q_v QO
"CU= xOW xDiQo Q_v QO l}D=tv}U |}xNQJ Q=DiQ =@ w |]N wO CQwYx@ |Oqwi
Rri xm ẁ[wt u}= x@ xHwD =@ 'CU= |Pwiv CQwYx@ =yVwH xm |}=ypLt QO
Rri x@C@UvVwH sHL w OQ=O|rwtat|xtQv Oqwi x@C@Uv |QDW}@Ctw=ktVwH
u}= CLY "CU= xOW Q_vhQY |Pwiv |=yVwH |R=UpOt R= 'CU= OwOLt x}=B
|}xrwr Qo =Q}t p=YD= QO "CU= xOW xO=O u=Wv xOWs=Hv= |=y|HvUCLY QO ZQi
xO=iDU= OQwtVwH xHwDp@=ksHLw2pmWj@=]tp=YD=|xwLv x@ xHwD =@ x=ox}mD x@
p=YD= |x}L=v QO w OwW|t O=H}= xrwr |xQ=OH QO =ypmW Q}}eD 'QwmPt |x}L=v QO
' ẁ[wt u}= x@ xHwD =@ "�2 pmW� OwW|tv O=H}= |rmWQ}}eD ,=@} QkD x=ox}mD x@ xrwr
uDW=Oxov C@=F |=Q@ �Tie� O}k Q=R@= R= x=ox}mD x@ xrwr |xQ=OH p=YD= |R=UpOt QO
|HvUCLY QO ZQi u}= CLY "CU= xOW xO=iDU= sy x@ C@Uv CtUk wO
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[7]"W |xvwtv |UOvy C=YNWt "10 pmW

"pw=ODt |WwH |WtN p=YD= "11 pmW

"|}xrwr Qo =Q}t "8 pmW

|Q=PoQ=@ CLD |y=oW}=tR; w |OOa u=mtQ}}eD Q=@ |vLvt |xU}=kt "9 pmW
"|}xNQJ

pw=ODt |WwH |WtN p=YD= "2"2"3
|WtN p=YD= |xvwtv l} [7]'2009 p=U QO |WywSB QO xOWV}=tR; pw= |xvwtv
VwH R= QwmPt p=YD= QO "CU= xOw@ 10 pmW QO xOWxO=O u=Wv �W� |Oqwi
|xwLv '11 pmW QO "CU= xOW xO=iDU= uwDU x@ Q}D p=YD= |=Q@ pt=m Pwiv =@ |Pwiv
QO |}=yv |}=H@=H =@ Q_=vDt |x_Lr QO RU}t uwi VvD `} RwD w xvwtv |Ov@u=tr=
|y=oW}=tR; w |OOa G}=Dv u}@ |xU}=kt "CU= xOW xO=O u=Wv OwOLt u=tr= pOt

"CU= p=YD= Q=DiQ ?U=vt |R=Ux}@W |xOvyOu=Wv '12 pmW QO

Q=Oh=mW Qo =Q}t |=Q=O |Oqwi |WtN Cq=YD= "3"2"3
|xvwtv 2 pt=W [7]'2009 p=U QO xOWV}=tR; |Oqwi p=YD= Qo}O |=yxvwtv
|=yC}iQ_ =@ Q=Oh=mW |xOvwW|Q=H |=yQo =Q}t |=Q=O |Oqwi |WtN p=YD=
R= xO=iDU= =@ =Hv}= QO xm CU= xOw@ �D2 w D1 |xvwtv� �63 w �34 Cw=iDt
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"�D1 xvwtv� Q=Oi=mW Qo =Q}t |=Q=O |Oqwi |WtN p=YD= "14 pmW

|xvwtv w OwOLt u=tr= pOt R= pY=L u=QwO - Qovr |vLvt |xU}=kt "15 pmW
"|y=oW}=tR;

u=tr= G}=Dv R= pY=L |xk@] |@Uv u=mtQ}}eD Q@=Q@ QO Qovr |vLvt "12 pmW
"W |xvwtv |=Q@ |y=oW}=tR; w OwOLt

w D1 |=yxvwtv� Q=Oh=mW Qo =Q}t |=Q=O |Oqwi Cq=YD= |xUOvy "13 pmW
[7]"�D2

?}DQD x@ Q=Oh=mW |=yQo =Q}t |L=Q] "CU= xOW |UQQ@ OwOLt u=tr= |R=UpOt
V}=Ri= =@ "CU= xOW s=Hv= uwDU x@ Q}D |Q}tN Qovr �63 w �34 p=kDv= |=Q@
|WtN Qovr V}=Ri= R= Q=Oh=mW Qo =Q}t QO xOWO=H}= |Q}tN pY=it 'Q}D QO Qovr
|O=yvW}B |}xrwr Qo =Q}t QO xr�Ut u}= x@=Wt xm Ovm|t |Q}owrH uwDU x@ xOWpkDvt
xOW xO=O u=Wv 13 pmW QO Q=Oh=mW Qo =Q}t w p=YD= C=}�RH "OQ=O OwHw R}v
|R=UpOt QO RU}t uwi VvD `} RwD w |Ov@u=tr= |xwLv '14 pmW QO "CU=
w D1 |xvwtv 2 |W}=tR; w |OOa G}=Dv |xU}=kt "OwW|t xOy=Wt D1 |xvwtv
OwOLt u=tr= VwQ x@ |R=Ux}@W ?U=vt CkO |xOvyOu=Wv '15 pmW QO D2

"CU= QwmPt |=yxvwtv QO
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G}=Dv =@ |Q=PoQ=@ pm}Ul}CLD |OOa u=QwO - Qovr|vLvt |xU}=kt "16 pmW
"W |xvwtv |=Q@ |y=oW}=tR;

G}=Dv =@ |Q=PoQ=@ pm}Ul}CLD |OOa u=QwO - Qovr|vLvt |xU}=kt "17 pmW
"|y=oW}=tR;

"|}xrwr Qo =Q}t |=Q=O |=yxvwtv |Ov@u=tr= |xwLv "18 pmW

|}xrwr Qo =Q}t |=Q=O |WtN p=YD= "4
|}xrwr Qo =Q}t |=Q=O |WtN Cq=YD= |xU}=kt Q=}at "1"4

|y=oW}=tR; G}=Dv w |}xrwr Qo =Q}t |=Q=O |WtN Cq=YD= G}=Dv |xU}=kt Qw_vt x@
|y=oW}=tR;|=yxvwtv R= 'Qo =Q}t|=Q=OCq=YD= Q}=Uwpw=ODt|WwH|OqwiCq=YD=
Qo =Q}t Cr=L u}= QO [7]"CU= xOW xO=iDU= '�13 w 10 |=ypmW� 2009 p=U QO
p=YD= |v}}=B p=@ QO �63 w �34 |=yC}iQ_ =@ �1"2 CtUk� |O=yvW}B |}xrwr
xv}W}@ Ctw=kt '|DNU |xU}=kt 'Q[=L VywSB R= hOy "CU= xOW xO=O Q=Qk
Qo =Q}t |=Q=O |WtN 'pw=ODt |WwH |WtN |Oqwi Cq=YD= QO |SQv= ?PH w
uOw@ u=Um} x@ xHwD =@ "CU= xOvwW|Q=H |}xrwr Qo =Q}t |=Q=O |WtN w Q=Oh=mW
QO CrwyU |=Q@ '|UQQ@ OQwt Cq=YD= s=tD |=Q@ |Q=PoQ=@ |xwLv w uwDU w Q}D O=a@=
|Q=PoQ=@ |xkrL u} QD|vwQ}@ R= \ki |UQQ@ OQwt Cq=YD= s=tD QO 'G}=Dv |xU}=kt
p=ta= CLD Q}D |=yDv= Cr=L u}= QO "CU= xOW xO=iDU= |y=oW}=tR; |xvwtv
Q=Qk |}xNQJ CQwYx@ |y=oW}=tR; |}=H@=H |xkrL u} QD|vwQ}@ u=R}t x@ |}=H@=H

"CU= xDiQo
17w16 |=ypmWCQwYx@|y=oW}=tR;|=yxvwtv|=Q@Cr=Lu}= QOp}rLDG}=Dv
|Q=PoQ=@ |xkrL u} QD|vwQ}@ Q=DiQ uDiQo Q_vQO =@ =yu; j@=]t xmCU= xOy=Wt p@=k
|y=oW}=tR; w |OOa u=QwO - Qovr|vLvt Q=DiQ 'OwOLt <=RH=p}rLD QO|y=oW}=tR;
G}=Dv |xU}=kt |=Q@ QwmPt |OOa |vLvt R= w OQ=O |@ wN j@=]D QwmPt |xkrL |=Q@

"OW Oy=wN xO=iDU= |}xrwr Qo =Q}t |=Q=O p=YD= Q=DiQ |UQQ@ QO

|UQQ@ OQwt Cq=YD= C=}�RH "2"4
|L=Q] '�2"2 CtUk� |O=yvW}B |}xrwr Qo =Q}t |=Q@ xOWQmP |L=Q] VwQ T=U=Q@
x@ xHwD =@ "CU= xOW s=Hv= 3 pmW j@=]t C=}�RH =@ |}xrwr Qo =Q}t |=Q=O Cq=YD=
|y=oW}=tR; G}=Dv =@ xU}=kt Qw_vt x@ CtUk u}= QO xOW|L=Q] Cq=YD= R= xmv}=
x@=Wt|}xrwr Qo =Q}t |=Q=O|UQQ@ OQwt Cq=YD= |xUOvy w O=a@= 'CU= xOW xO=iDU=
xDiQo Q_v QO 1 pwOH j@=]t xO=iDU= OQwt Kr=Yt C=YNWt w 13 pmW p=YD=
|=yC}iQ_ T=U=Q@ |UQQ@ OQwt Cq=YD= QO |}xrwr Qo =Q}t C=YNWt "Ov=xOW
'p=YD= |xUOvy xmv}= x@ xHwD =@ "CU= xOW x@U=Lt 2 pwOH CQwYx@ hrDNt
p=ta= CQwY x@ =yxvwtv |Q=PoQ=@ R}v Cr=L u}= QO &CU= 13 pmW p=YD= x@=Wt
CQwYx@ w ��6 OwOL Ci} QO� QDt|r}t 170 u=R}t x@ Q}D |=yDv= x@ |}=H@=H
Qo =Q}t |=Q=O |=yxvwtv |Ov@u=tr= |xwLv '18 pmW "CU= xOW s=Hv= |}xNQJ

"OyO|t u=Wv |rm Cr=L QO =Q |}xrwr

=@ �63 w �34 C}iQ_ =@ |=yxvwtv G}=Dv |xU}=kt w p}rLD "3"4
|y=oW}=tR; G}=Dv

C}iQ_ =@ |}xrwr Qo =Q}t |=yxvwtv u=QwO - Qovr |vLvt |OOa G}=Dv '19 pmW QO
|WwH |xvwtv u=QwO - Qovr |vLvt |OOa G}=Dv =@ xU}=kt QO �63 w �34
V}=Ri= =@ xm OwW|t xOy=Wt QwmPt pmW QO "CU= xOW xO=O u=Wv |y=oW}=tR;
x@ w xDi=} V}=Ri= p=YD= QO xOWptLD |}=yv |WtN Qovr '|}xrwr Qo =Q}t C}iQ_

"CU= xOW l}ORv Q}D |Q}tN Qovr OL
|=Q=O p=YD= OwOLt u=tr= p}rLD R= pY=L u=QwO - Qovr |vLvt '20 pmW QO
�34 |=yC}iQ_ =@ [7]'|y=oW}=tR; Q=Oh=mW Qo =Q}t |=Q=O p=YD= w |}xrwr Qo =Q}t
p=YD= Q=DiQ xm OwW|t xOy=Wt QwmPt pmW j@=]t "CU= xOW xU}=kt �63 w
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|}=yv VvQm |}=yv VvD uOW |Q=H VvD Oqwi ẁv Ct=N[ |W}=tR; |xvwtv��� �MPa� �MPa� �mm�
27 488 339 SS400 u=H=12 Q}D30 480 318 SS400 p=@=17

27 554 395 SS490 u=H=20 uwDU24 551 378 SS490 p=@=20

30 370 240 St37 u=H=22 pmW T `]kt30 370 240 St37 p=@=35

30 370 240 St37 2 pwOH |}xrwr Qo =Q}t

Qo =Q}t w |}xrwr Qo =Q}t |=Q=O Cq=YD= u=QwO- Qovr |vLvt |xU}=kt "20 pmW
"Q=Oh=mW

pw] Vy=m ?Hwt w CU= QDW}@ pw=ODt |WwH p=YD= QO Q}D R= |}x_Lqt p@=k
Cq=YD= QO p=YD= |x}rw= |DNU V}=Ri= Ea=@ ẁ[wt u}= "OW Oy=wN Q}D O=R;
x}rw= |DNU �63 x@ �34 R= Qo =Q}t C}iQ_ V}=Ri= =@ "OW Oy=wN Qo =Q}t |=Q=O
QO =yCt=N[ V}=Ri= x@ xHwD =@ ẁ[wt u}= xm Ovm|t =O}B V}=Ri= �20 OwOL

"CU= Q=_Dv= p@=k QDq=@ C}iQ_ =@ Qo =Q}t <=RH=

"|}xrwr Qo =Q}t C=YNWt "2 pwOH
xrwr O=OaD xrwr Q]k xrwr Ct=N[ xrwr pw] Qo =Q}t C}iQ_

�mm� �mm� �mm� ��� |}xrwr
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5 100 11 0 300 50
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5 100 14 7 300 100

Qo =Q}t '�34 |}xrwr Qo =Q}t |=Q=O |WtN Cq=YD= u=QwO - Qovr |vLvt "19 pmW
"pw=ODt |WwH p=YD= w �63 |}xrwr

x@=Wt u=Um} |=yC}iQ_ =@ Q=Oh=mW Qo =Q}t |=Q=O p=YD= w |}xrwr Qo =Q}t |=Q=O
|x}rw= |DNU '20 w 19 |=ypmW QO xOt; CUOx@ |=yQ=Owtv x@ xHwD =@ "CU=
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w Q}D pt=W =yCtUk Q}=U w Qo =Q}t QO xOWhrD |SQv= l}miD '8 pwOH QO
xOW xO=O u=Wv hrDNt |=yC}iQ_ =@ |}xrwr Qo =Q}t |=Q=O Cq=YD= |=Q@ uwDU
'�70 R= QDW}@ x@ C}iQ_ V}=Ri= =@ xm OwW|t xOy=Wt QwmPt pwOH j@=]t "CU=

62

www.SID.ir

www.SID.ir


Arc
hive

 of
 S

ID

3/
2 |

xQ=t
W'

33
�2

|xQ
wO'

�13
96

R}}=B
�h

}QW
u=Qt

a|
UOv

yt "hrDNt |=yC}iQ_ =@ |}xrwr Qo =Q}t |=Q=O Cq=YD= QO xOW hrD |SQv= l}miD "8 pwOH
34 50 63 70 80 90 100 ��� xOW lryDUt |SQv=

79 66 109 01 129 05 138 96 140 66 114 53 92 57 �kJ� Qo =Q}t
98 98 3 98 3 97 6 90 6 68 3 52 7 �

1 61 1 86 2 19 3 42 14 53 53 09 83 12 �kJ� =yCtUk Q}=U
2 1 7 1 7 2 4 9 4 31 7 47 3 �

81 27 110 87 131 24 142 38 155 19 167 61 175 69 �kJ� pm lqyDU=

0 56 0 76 0 90 0 98 1 07 1 15 1 21 pw=ODt |WwH p=YD= x@ C@Uv

OwN R= |@U=vt |SQv= ?PH w |DNU 'Ctw=kt w CU= Q=Oh=mW Qo =Q}t |=Q=O
|wQ}v x@ |R=}v|@ w CN=U CrwyU x@ xHwD =@ Cr=L u}= QO "OyO|t u=Wv
O=yvW}B |}xrwr Qo =Q}t |=Q=O p=YD= 'xOWO=yvW}B p=YD= |=QH= |=Q@ XYNDt
Qo =Q}t |=Q=O p=YD= x@ C@Uv |QDW}@ CN=U CaQU w QDtm |xv} Ry =@ xOW
10 =D 5 u}@ Q=Oh=mW Qo =Q}t |=Q=O p=YD= |x}rw= |DNU "CU= Q=Oh=mW
u=R}t w Ctw=kt |xv}W}@ |rw 'CU= |}xrwr Qo =Q}t |=Q=O p=YD= R= QDW}@ OYQO

"CU= Q@=Q@ ,=@} QkD p=YD= ẁv wO Qy QO xOW lryDUt |SQv=
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'21 |=ypmW u}@ |xU}=kt R= ẁ[wt u}= "OQ}o|t Q=Qk s}rUD ZQat QO R}v
|=Q=O p=YD= QO xm OwW|t x_Lqt 24 pmW QO "CU= xOy=Wt p@=k 24 w ?23
|x}L=v OQ=w uwDU p=YD= |xtWJ w Q}D R= |}=yCtUk '�70 C}iQ_ =@ Qo =Q}t
uwDU 'Q}D QO pt=m |Q}tN pYit '�100 C}iQ_ Cr=L QO w OwW|t |Q}tN
Cio u=wD|t 8 w 7 |=ypwOH G}=Dv T=U=Q@ "CU= xOW O=H}= |}xrwr Qo =Q}t w
'=yuwDU w =yQ}D QO ?wr]t=v |Q}tN |=ypmW Q}}eD O=H}= R= |Q}owrH |=Q@ xm
CU= ?U=vt Q}D |Q}tN C}iQ_ �50 OwOL QO |}xrwr Qo =Q}t |L=Q] C}iQ_
uwDU w Q}D |rY= <=[a= x@ |O=} R ?}U; '�70 R= QDW}@ |=yC}iQ_ QO w
Oy=wN Zkv =Q xOvwW|Q=H |=yQo =Q}t R= xO=iDU= |xiUri w OW Oy=wN OQ=w

"OQm

|Q}oxH}Dv "6
|}xrwr |xOvwW|Q=H |=yQo =Q}t |=Q=O O}OH |WtN p=YD= l} 'Q[=L Q=DWwv QO
lOv= |xv} Ry w |O=yvW}B |}xrwr Qo =Q}t CN=U QO CrwyU "CU= xOW O=yvW}B
QwmPt |O=yvW}B |}xrwr Qo =Q}t |=y|oS} w R= q=@ XYND =@ |wQ}v x@ |R=}v|@ w u;
'xrRrR R= TB xR=U C=Q}taD |xv} Ry Vy=m w Qo =Q}t Z} waD QO CrwyU |=Q@ "CU=
Ctw=ktQB |=yI}B =@ |J}B p=YD= R= uwDU w Q}D x@ |O=yvW}B Qo =Q}t p=YD= |=Q@
CQwY u}= x@ u=wD|t =Q |UQQ@ u}= QO xOt; CUOx@ G}=Dv "CU= xOW xO=iDU=

%OQm xYqN
wO w pw=ODt |WwH p=YD= l} |y=oW}=tR; G}=Dv =@ |O=yvW}B p=YD= Q=DiQ "1
u}@ |xU}=kt "CU= xOW xU}=kt Q=Oh=mW |xOvwW|Q=H Qo =Q}t |=Q=O p=YD=
u=Wv |y=oW}=tR; Cq=YD= w hrDNt |=yC}iQ_ =@ |O=yvW}B Cq=YD= G}=Dv
Cq=YD= x@ l}ORv |Q=DiQ C=}YwYN =@ xOW O=yvW}B p=YD= xm CU= xO=O

63

www.SID.ir

www.SID.ir


Arc
hive

 of
 S

ID

""" |
Oqw

i|
WtN

Cq
=YD

=Q=D
iQ|

UQQ
@

=yCWwv=B
1. Abaqus
2. surface to surface
3. tangentional behavior

�References� `@=vt
1. Symans, M., Charney, F., Whittaker, A., Constanti-

nou, M., Kircher, C., Johnson, M. and McNamara, R.
\Energy dissipation systems for seismic applications:
Current practice and recent developments", Journal of
Structural Engineering, 134(1), pp. 3-21 (2008).

2. De Silva, C.W., Vibration Damping, Control and Design
Press book, 634 p. (2007).

3. Kelly, J.M., Skinner, R. and Heine, A. \Mechanisms of
energy absorption in special devices for use in earthquake
resistant structures", Bulletin of NZ Society for Earth-
quake Engineering, 5, pp. 63-88 (1972).

4. Skinner, R., Kelly, J. and Heine, A. \Hysteretic dampers
for earthquake-resistant structures", Earthquake Engi-
neering & Structural Dynamics, 3(3), pp. 287-296 (1974).

5. Tsai, K.C., Chen, H.W., Hong, C.P. and Su, Y.F.
\Design of steel triangular plate energy absorbers
for seismic-resistant construction", Earthquake Spectra,
9(3), pp. 505-528 (1993).

6. Kishiki, S., Yamada, S., Suzuki, K., Seaki, E. and Wada,
A. \New ductile moment-resisting connections limiting
damage to speci�c elements at the bottom ange", Pro-
ceedings of the 8th U.S. National Conference on Earth-
quake Engineering, San Francisco, California, Usa (April
18-22 2006).

7. Oh, S.H., Kim, Y.J. and Ryu, H.S. \Seismic performance
of steel structures with slit dampers", Engineering Struc-
tures, 31(9), pp. 1997-2008 (2009).

8. Koetaka, Y., Chusilp, P., Zhang, Z., Ando, M., Suita, K.,
Inoue, K. and Uno, N. \Mechanical property of beam-to-
column moment connection with hysteretic dampers for
column weak axis", Engineering Structures, 27(1), pp.
109-117 (2005).

9. Speicher, M.S., DesRoches, R. and Leon, R.T. \Exper-
imental results of a NiTi shape memory alloy (SMA)-
based recentering beam-column connection", Engineer-
ing Structures, 33(9), pp. 2448-2457 (2011).

10. Nateghi-Elahi, F., Motamedi, M. and Izadi-Zamanabadi,
E. \Experimental behavior of the seismic �lled accor-
dion metallic dampers, FAMD", Proceedings of the 14th
World Conference on Earthquake Engineering, Beijing,
China (October 12-17 2008).

11. Maleki, S. and Bagheri, S. \Pipe damper, part I: Experi-
mental and analytical study", Journal of Constructional
Steel Research, 66(8-9), pp. 1088-1095 (2010).

12. Maleki, S. and Bagheri, S. \Pipe damper, part II: Appli-
cation to bridges", Journal of Constructional Steel Re-
search, 66(8-9), pp. 1096-1106 (2010).

13. Maleki, S. and Mahjoubi, S. \In�lled-pipe damper",
Journal of Constructional Steel Research, 98, pp. 45-58
(2014).

14. Chaofeng, Z., Zhisheng, Z. and Qiuju, Z. \Static and
dynamic cyclic performance of a low-yield-strength steel
shear panel damper", Journal of Constructional Steel
Research, 79, pp. 195-203 (2012).

15. Bagheri, S., Barghian, M., Saieri, F. and Farzinfar, A.
\U-shaped metallic-yielding damper in building struc-
tures: Seismic behavior and comparison with a friction
damper", Structures, 3, pp. 163-171 (2015).

16. Deng, K., Pan, P., Su, Y. and Xue, Y. \Shape optimiza-
tion of U-shaped damper for improving its bi-directional
performance under cyclic loading", Engineering Struc-
tures, 93, pp. 27-35 (2015).

17. ABAQUS Inc., ABAQUS/Theory User Manual, Version
6.8 (2007).

64
www.SID.ir

www.SID.ir

