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Q=Ri=sQv QO |ivt |DNU Q=DiQ |R=UpOt "4
OpenSees w SAP2000

Nonlinear Kr=Yt R= SAP2000 Q=Ri=sQv QO |ivt |DNU Q=DiQ |R=UpOt |=Q@
Multi-Linear-Kr=Yt R=OpenSees Q=Ri=sQv QO wElastic Link Element

|=ypwtQi R= u; Q=DiQ xm CU= xOW xO=iDU= Uniaxial-Material-Elastic

x]kv wO '|ivt |DNU Q=DiQ |=QH= |=Q@ "Ovm|t C}a@D [8]'2013 p=U QO |Q=DWwv
CU= sRq R}r=v; QO |oO=U |=Q@ "OvwW|t h} QaD Qo}Om} R= ?U=vt |xrY=i x@
|=Q@ "OQ}o Q=Qk |}=Hx@=H CLD Qo}O |x]kv w OW=@ CmQL Ok=i u=tr= R= x]kv l}
X}YND =@ 7|}=B QN u=tr= h} QaD VwQ R= 'OpenSees Q=RisQv QO |R=UpOt
u=tr= |DNU =D CU= sRq "�8 pmW� OwW|t xO=iDU= xOWQmP |Q=DiQ Kr=Yt
CLD =Q |ivt |DNU |}=yv Q=DiQ =D OW=@ R}J=v |Q=Okt l} QLD |=DU=Q QO |}=B QN
|R=UpOt "OwW xDiQo Q_v QO QiY Q@=Q@ |DNU |=yQDt=Q=B Q}=U w OyOv Q=Qk Q}F-=D
|=yQDt=Q=B =@ SAP2000 w OpenSees Q=Ri=sQv QO |ivt |DNU Q=R@= |Q=DiQ
xOW xU}=kt 9 pmW QO u; |}=Hx@=H � wQ}v Q=Owtv xm CU= xOW s=Hv= 1 pwOH

"CU=

"|D=@U=Lt |=yQ=Ri=sQv QO |ivt |DNU Q=R@= Q=DiQ |R=UpOt |xwLv "8 pmW

"1 pwOH |=yQDt=Q=B =@ j@=]t |ivt |DNU Q=R@= |}=Hx@=H � wQ}v Q=DiQ "9 pmW
[3]"GSA w NSD |=yQ=R@= QO xO=iDU= OQwt |=yxir-wt C=YNWt "1 pwOH

GSA NSD

Q}O=kt QDt=Q=B Q}O=kt QDt=Q=B
3 49 Ks1(kN=cm) 101 6 l1(cm)

0 41 Ks2(kN=cm) 12 7 l2(cm)

6 45 Pis2(kN) 76 2 lp(cm)

1 32 d0gap(cm) 16 91 Pin(kN)

7 89 Ksc(kN=cm)
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R}}=B
�h

}QW
u=Qt

a|
UOv

yt "|m}v=mt |=yQo =Q}t |DNU w |}=Q}t ?} Q[ "3 pwOH
Qo =Q}t |DNU |}=Q}t ?} Q[ ?} Q[ hOy |}=Q}t |Ov@ Qm}B xR=U
(ton=m) (ton:sec=m) |}=tvnQR@

4000 365 fh = 0 83 �20 |Q]k xk@] 5
fv = 0 55

OQwmQ CiH QF= CLD hrDNt |=y|Ov@ Qm}B x@ |OwQw |SQv= |=yQ=Owtv "11 pmW
"HectorMine000 w Northridge/MUL279

|OwQw |SQv= 'NSD R= xO=iDU= CQwY QO QwmPt pmW |=yh=Qo =@ j@=]t "CU=
p@=k NS |Ov@ Qm}B QO Kw[w x@ ẁ[wt u}= "O@=}|t Vy=m |}xR=U sDU}U x@
QO |}xR=U sDU}U x@ |OwQw |SQv= '�PS� Qo =Q}t R= xO=iDU= QF= QO "CU= xOy=Wt
'AS |Ov@ Qm}B QO QwmPt Q=R@= wO ?}mQD "O@=}|t V}=Ri= |DNU w |}=Q}t V}=Ri= QF=

"OyO|t u=Wv =Q NS |Ov@ Qm}B x@ C@Uv |QDtm |SQv= Vy=m

x}=B VQ@ w |}xk@] ?=DW MU=B "2"7
|=Q@ xk@] 5 |xR=U C=k@] QO xOt; CUOx@ ?=DW |xv}W}@ Q}O=kt '12 pmW
|ivt |DNU Q=R@= R= xO=iDU= 'u; j@=]t xm OyO|t u=Wv =Q hrDNt |=ysDU}U

[12]"xO=iDU=OQwt |=yxR=U |=Q@ |yOR=@ |=yXN=W |iQat "4 pwOH
uw}UqwtQi OQwt QDt=Q=B XN=W s=v|@=} RQ=

maxt(u(t)=(uy) pmWQ}}eD J1
maxt(�u(t) + �ug(t)=max(j�ug(t)j)) jr]t ?=DW J2

maxt(FTF =Keuy) x}=B VQ@ J3
maxt(Fcol=Keuy) uwDU |wQ}v J4

=yxR=U |}xRQr MU=B |=yXN=W "6
|Q=DWwv QO |O=yvW}B|}xRQrXN=W 4 R=hrDNt |=ysDU}UMU=B |xU}=kt |=Q@
|=yXN=W "Ov=xOW |iQat 4 pwOH QO xm CU= xOW xO=iDU= [10]'2002 p=U QO
=@ xm OvDUy |}xR=U sDU}U |xOWp=tQv |xv}W}@ |=yMU=B Ck}kL QO QwmPt

"Ov=xOW x�=Q= `HQt XN=W x@ C@Uv |�RH |D=LqY=

=y|Ov@ Qm}B |}xRQr |=yMU=B |xU}=kt "7
|@=} RQ= x@ =y|Ov@ Qm}B |x}rm |v=tR |xJN} Q=D p}rLD =@ |vwvm VN@ QO
|xt=vu}}; QO xOWx}YwD CW=ov?=DW CiH 4 CLD =yu; |m}t=v}O Q=DiQ
l =N |wQ Q@ QwmPt |=yCW=ov?=DW [11]"CU= xOW xDN=OQB FEMA� P695
u=tR COt w |Ot=U@ |=wDLt 'x@=Wt |=yCOW w xOW C@F D C=YNWt =@

"Ov=xOW x�=Q= 5 pwOH QO xm OvDW=O |@ wr]t

|OwQw |SQv= "1"7
?=DW w |OwQw |SQv= Q=Okt |xv}W}@ QF= CLD ,qwtat xR=U QO ?}U; w |@=QN
x@ |}xR=U sDU}U MU=B |xv}W}@ =Pr "O};|t OwHwx@ |}xR=U sDU}U QO xOWx@ QHD
u}=Q@=v@ "OQ=O |oDU@ C=k@] QO u; `} RwD |xwLv w xR=U x@ xOWpkDvt |SQv= Q=Okt
u=}@ |=Q@ "OwW |UQQ@ hrDNt |=y|Ov@ Qm}B |OwQw |SQv= Q=Okt xm CU= sRq
�BS� x}=B |xR=U |SQv= x@ =y|Ov@ Qm}B s=tD |OwQw |SQv= 'xOWQmP ẁ[wt QDy@
xk@] 5 |xR=U x@ |OwQw |SQv= |v=tR |xJN} Q=D C=Q}}eD 'xvwtv |=Q@ "OwW|t p=tQv
xOW xO=O u=Wv 11 pmW QO Northridge w HectorMine OQwmQ CiH CLD

[13]"|v=tR |xJN} Q=D p}rLD |=yCW=ov?=DW C=YNWt "5 pwOH
ID

PGVmax PGAmax |ki= |=yOQwmQ � =yp}=i |xvwtv u} QDu}}=B
(cm=s) (g) pw= |xirwt swO |xirwt Ot=U@

1 63 0 52 NORTHR/MUL279 NORTHR/MUL009 0 25
2 62 0 82 DUZCE/BUL090 DUZCE/BUL000 0 06
3 42 0 34 HECTOR/HEC090 HECTOR/HEC000 0 04
4 33 0 35 IMPVALL/H-DLT352 IMPVALL/H-DLT262 0 06
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QQ@

"hrDNt |=yl} QLD QF= CLD |=y}Ov@ Qm}B |x}=B VQ@ MU=B |xv}W}@ "14 pmW

l} QLD QF= CLD hrDNt |=y|Ov@ Qm}B pmWQ}}eD w |}=Hx@=H MU=B "15 pmW
"Northridge/MUL009

|i=[= |=ypmWQ}}eD w |}=Hx@=H 'xOWQmP \}=QW CLD "OwW pQDvm (P ��)

"OQm pQDvm =yQo =Q}t R= |Q}oxQy@ =@ u=wD|t =Q NSD |Q}oQ=mx@ R= |W=v

T=U=Q@ |=y|Ov@ Qm}B |}xRQr Q=DiQ |UQQ@ "8
|}xRQr |=yXN=W

|=y|Ov@ Qm}B|x}rm|=Q@ xOW|iQatXN=W4|=Q@ xOt;CUOx@ Q}O=kt '6pwOHQO
|Ov@ Qm}B ?wr]t OQmrta QwmPt pwOH "CU= xOW x�=Q= CW=ov?=DW 7 CLD
|=Q@ J1 pmWQ}}eD XN=W "OyO|t u=Wv |=y|Ov@ Qm}B Q}=U x@ C@Uv =Q AS

u=Wv BS |Ov@ Qm}B x@ C@Uv =Q �70 =D �38 u}@ |Wy=m |xvt=O 'AS |Ov@ Qm}B

CLD hrDNt |=y|Ov@ Qm}B QO C=k@] ?=DW MU=B |xv}W}@ |xU}=kt "12 pmW
"HectorMine274 OQwmQ QF=

"hrDNt |=yl} QLD QF= CLD xR=U s=@ |xk@] ?=DW MU=B |xv}W}@ "13 pmW

NS |Ov@ Qm}B QO |}xk@] |@Uv ?=DW |xv}W}@ Vy=m ?Hwt 'xR=U hm R=QD QO
OwW|t xOy=Wt u}vJty "OwW|t pw= |xk@] RH x@ C=k@]|t=tD QO BS x@C@Uv
|yHwD p@=k Q=Okt x@NSD sDU}U uwO@ w =@ xR=U x@ =yQo =Q}t uOW xi=[= xm
|}xk@] ?=DW |xv}W}@ |=Q@ QwmPt |xU}=kt "OyO|t Vy=m =Q |}xk@] ?=DW
"OwW|t xOy=Wt 13 pmW QO hrDNt |=yxrRrR CLD xk@] 5 |xR=U |xOWp=tQv
|xv}W}@ xHwD p@=k Vy=m ?Hwt |ivt |DNU Q=R@= R= xO=iDU= 'QwmPt pmW QO
?Hwt |ivt |DNU Q=R@= '14 pmW QO x@=Wt |wLv x@ "OwW|t |}xk@] ?=DW
'OwW|t xOy=Wt xm Qw]u=ty "OwW|t |}xRQr |=yl} QLD CLD x}=B VQ@ Vy=m
VQ@ QO =Q Vy=m u} QDW}@ '|ivt |DNU Q=R@= w |m}v=mt |=yQo =Q}t u=tRsy OwHw

"OvQ=O x=Qty x@ xR=U |x}=B

|@Uv pmWQ}}eD w |}=Hx@=H MU=B |UQQ@ "3"7
QO =Q xk@] 5 |xR=U |}xk@] u}@ |@Uv pmWQ}}eD w |}=Hx@=H u=R}t '15 pmW
xi=[= xJQo = 'OwW|t xOy=Wt xm Qw]u=ty "OyO|t u=Wv |=y|Ov@ Qm}B |x}rm
'OwW|t x}=B VQ@ u;?k=aDt w |}xk@] ?=DW |xv}W}@Vy=m x@ GDvt NSD uOW
|}xR=U sDU}U swO w pw= |=yxk@] |@Uv pmWQ}}eD w |}=Hx@=HV}=Ri=?Hwt =t=
|xk@] QO NSD sDU}U OwHw p}rO x@ |@v=H |DNUVy=m Qt= u}=Cra "OwW|t
|=yR=QD x@ |r=kDv= |SQv= Vy=m =@ xm OwW|t Ea=@ ẁ[wt u}= "CU= hmty
x} wv=F pmWQ}}eD Q=F; w ODi}@ j=iD= QDq=@ C=k@] QO |QDtm |@Uv |}=Hx@=H 'QDq=@
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yt "hrDNt |=yl} QLD CLD xk@] 5 |xR=U hrDNt |=y|Ov@ Qm}B |R=Ux}@W |xYqN "6 pwOH
l} QLD s=v ẁv XN=W

Northridge Northridge Imperiall Imperiall Hector Hector Duzce Duzce sDU}U |yOR=@
279 009 Valley 352 Vally 262 Mine 274 Mine 000 090 000 PI

1 094 1 174 0 934 0 755 1 23 1 017 0 486 0 418 BS

J1
0 864 1 062 0 627 0 492 0 953 0 492 0 434 0 375 PS

0 639 0 942 0 953 0 964 0 872 0 538 0 444 0 615 NS

0 655 0 849 0 734 0 742 0 727 0 391 0 35 0 448 AS

5 878 4 932 3 649 5 232 5 96 2 1 2 973 4 944 BS

J2
3 747 3 3732 2 796 3 721 3 606 2 677 3 115 3 3036 PS

3 173 2 999 2 331 3 757 2 88 2 1 1 512 2 973 NS

2 639 1 89 1 923 2 378 2 55 1 971 1 792 2 373 AS

0 954 1 087 0 951 0 774 1 428 1 07 0 484 0 628 BS

J3
0 874 1 104 0 79 0 501 1 071 0 778 0 467 0 472 PS

0 375 0 516 0 556 0 744 0 719 0 395 0 2493 0 457 NS

0 426 0 549 0 448 0 549 0 492 0 285 0 334 0 334 AS

2 02 2 27 1 76 1 52 2 43 1 88 0 94 0 77 BS

J4
1 61 1 91 1 27 0 94 1 73 1 44 0 82 0 63 PS

1 15 1 62 1 86 1 87 1 66 1 03 0 86 1 1 NS

1 11 1 56 1 39 1 31 1 36 0 76 0 63 0 83 AS

"|]NQ}e |=ypOt C=k@] QO |ivt |DNU Q=R@= `} RwD R= |=tv "16 pmW

|=ypOt QO �NSD� |ivt |DNU Q=R@= |Q}oQ=Qk "10
=y|Ov@ Qm}B |iQat w |]NQ}e

|y=oW}=tR; |=yxir-wt w =yu=tr= x@ \w@ Qt '=yxR=U QO xO=iDU=OQwt NSD x=oDUO
|=ypOt Q=DiQ |UQQ@ |=Q@ u; R= w xOw@ [7]'2013 p=U QO |Q=DWwv QO xDi=}xaUwD
NSD x=oDUO |O}rwD |wQ}v w |UOvy C=YNWt "CU= xOW xO=iDU= |}xR=U
Q=DiQ =@ Q=R@= Qw[L uwO@ �BS� x}=B |xR=U Q=DiQ "CU= xOW |iQat 1 pwOH QO

"CU= xOW xU}=kt w |UQQ@ 'hrDNt pOt wO QO �NS� Q=R@= Qw[L =@ |}xR=U

xm CU= x=Qty |} RH V}=Ri= =@ Duzce000 OQwmQ |=Q@ J1 XN=W "OyO|t
|=yxQwO |m}ORv p}rO x@ AS |Ov@ Qm}B QO xR=U x@ |OwQw |SQv= V}=Ri= u; Cra
'xOWQmP |Ov@ Qm}B QO "CU= |a}@] |W=aDQ= ?w=vD |xQwO w |}xRQr ?r=e ?w=vD
J3 XN=W XwYN u}= QO "OUQ|t �50 R= QDtm x@ J2 |xR=U ?=DW XN=W
\UwD xOWx@ QHD |wQ}v XN=W w �60 =D �30 u}@ x}=B VQ@ QO |Wy=m |xvt=O

"O@=}|t Vy=m �60 =D �15 u}@ �J4� =yuwDU

|}xR=U |]NQ}e |=ypOt |@=} RQ= "9
x@� 5 C=k@] O=OaD =@ |WtN ?=k |}xR=U sDU}U T=U=Q@ xO=iDU=OQwt |=ypOt
xm =Hv; R= 'Q[=L VywSB QO "OvDUy �QDt 24 `=iDQ= x@� 8 w �QDt 15 `=iDQ=
|Oa)@ wO |=y?=k R= 'CU= s_vt |=yxR=U QO |}xRQr |=[=kD `} RwD u}}aD hOy
[12]'2002 p=U QO |Q=DWwv QO xmQw]u=ty w xO=iDU= xR=U |kQW |xv=yO 3
pmW� xOWxDiQo Q_v QO s_vt |Oa)@ wO |=y?=k OwQ|t Q=_Dv= 'CU= xOW xQ=W=
|rLt MU=B |=yQDt=Q=B w s=@ |@Uv u=mtQ}}eD Ovv=t |rm MU=B |=yQDt=Q=B '�16
Q=DiQ "OvyO u=Wv |ak=w |Oa)@ xU |xR=U QO =Q =[a= K]U QO VNQJ Ovv=t
Qrmv} w=Qm �=Q=@}= |xOWKqY= pOt T=U=Q@ sDU}U |}xR=U |=yu=tr= |]NQ}e
|]NQ}e |=ypOt QO xO=iDU=OQwt `]=kt '7 pwOH QO [13]"CU= xOW |L=Q]

"OwW|t xOy=Wt
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QQ@QwO |xRwL OQwmQ x@ \w@ Qt QDt=Q=B 3 |xv}W}@ w \UwDt 'xv}tm Q}O=kt "8 pwOH

[14]"FEMA-P695
xv}W}@ \UwDt xv}tm QDt=Q=B
7 6 7 6 5 =oQR@
0 82 0 43 0 21 PGAmax(g)

26 4 16 4 11 1 RmQt R= |vwv=m |xrY=i
�km� xRQru}tR

CUmW |=y|vLvt "13
l} QO =Q =[=kD `} RwD xm |}=yQ=Owtv |wQ R= u=wD|t =Q 12CUmW |=y|vLvt
IDA |=y|vLvt Ovv=t 'OvyO|t u=Wv u}tR CmQL COW R= XNWt K]U
x@ \w@ Qt |=y|vLvt 'CUmW |=y|vLvt u} QDOQ@ Q=mQB w u} QDsyt "OQw; CUOx@
|}=yv |OL Cr=L |vat x@ =Hv}= QO VR} QwQi "OvDUy xR=U |rm VR} QwQi K]U
xO=O MQ xR=U R= xk@] OvJ =} l} QO |@v=H |m}t=v}O |Q=O}=B=v u; QO xm CU=
|@Uv u=mtQ}}eD |=[=kD QDt=Q=B R= CUmW |=y|vLvt uOQw; CUOx@ |=Q@ "CU=
XN=W =@ Q_=vDt C}iQ_ |x}=B Q@ xR=U VR} QwQi "CU= xOW xO=iDU= |}xk@] u}@
p=wR Cra x@ |m}t=v}O |rm |Q=O}=B=v u=tR QO OQwmQ Qy R= xOt;CUOx@ COW
QO xm |]=kv R= OQwmQ Qy |=Q@ Q}O=kt u}= "CU= P �� Q=F; =} w Ctw=kt =@ |DNU
=@ TBU w OwW|t CW=OQ@ 'Ov=xOt;QO CU=Q \N CQwYx@ IDA |=y|vLvt u;

[15]"O};|t CUOx@ p=tQv nr |atHD `} RwD `@=D l} X=YDN=

|}xR=U |=ypOt |]NQ}e Q=DiQ "14
|v=tR |xJN} Q=D |=yQ=Owtv |UQQ@ "1"14

VQ@ '|}=Hx@=H C@Uv |v=tR |xJN} Q=D Q=Owtv ?}DQD x@ '19 |r= 17 |=ypmW
=Q |rY= |xR=U x@ Cw=iDt |=y|Ov@ Qm}B =@ =yxR=U |xv}W}@ ?=DW MU=B w x}=B
OQmrta u} QDy@ '|ivt |DNU x=oDUO 'OwW|t xOy=Wt xm xvwou=ty "OvyO|t u=Wv
VQ@ |yHwD p@=k u=R}t x@ Ov=wD|t w OyO|t u=Wv OwN R= x}=B VQ@ Vy=m QO =Q
|DNU x=oDUO OwHw =@ R}v ?=DW MU=BVy=m OQwt QO "OyOVy=m =Q sDU}U |x}=B
Qo =Q}t OwHw =@ xR=U u}vJty w |rY= |xR=U x@ C@Uv |QDtm |=yMU=B '|ivt
|NU=B '|ivt |DNU x=oDUO x=Qty x@ xR=U |}=Hx@=H pQDvm QO "OwW|t xOy=Wt

hrDNt |=y|Ov@ Qm}B =@ =yxR=U|}=Hx@=H|v=tR |xJN} Q=D|@Uv MU=B "17 pmW
"G} QFQwv OQwmQ QO x}=B |xR=U x@

"|]NQ}e |=ypOt QO xO=iDU= OQwt `]=kt C=YNWt "7 pwOH
xk@] 5 |xS}w |WtN ?=k

Q}D `]kt uwDU `]kt xk@]
IPE240 C20� 20� 1 5 5
IPE240 C20� 20� 1 5 4
IPE270 C25� 25� 1 5 3
IPE270 C25� 25� 1 5 2
IPE270 C25� 25� 1 5 1

xk@] 8 |xS}w |WtN ?=k
IPE240 C25� 25� 1 5 8
IPE240 C25� 25� 1 5 7
IPE270 C30� 30� 1 5 6
IPE270 C30� 30� 1 5 5
IPE270 C30� 30� 1 5 4
IPE300 C32� 32� 2 3
IPE300 C32� 32� 2 2
IPE300 C32� 32� 2 1

IDA |W}=Ri= |]NQ}e |m}t=v}O p}rLD "11
hrDNt sQi OvJ QO xm CU= l} QDt=Q=B |R}r=v; '8�IDA� |W}=Ri= |m}t=v}O p}rLD
"OwW|t xO=iDU=|}xRQr |=yQ=@CLD|}xR=U |=ysDU}U|rm|yOR=@|@=} RQ= |=Q@
QO xOWx�=Q= ?wJQ=yJ R= |r}rLD sD} Qwor= w u}O=}v@ s}y=it R= 'Q[=L Q=DWwv QO
?=DW '9�IM� COW Q=}at QDt=Q=B [12]"CU= xOW xO=iDU= '2002 p=U QO |WywSB
Q=}at QDt=Q=B w (Sa(T1; 5�)) pw= Ot ?w=vD |xQwO QO �5 |}=Q}t Q_=vDt |i}]
h} QaD 11�MIDR� |}xk@] u}@ |@Uv |}=Hx@=H |xv}W}@ R}v 10�DM� |@=QN
�20 x@ |W}=Ri= |m}t=v}O R}r=v; |vLvt ?}W Vy=m |@=QN OL \}=QW "OwW|t
|}xk@] u}@ |@Uv |}=Hx@=H |xv}W}@ Q=Okt uO}UQ =} w |a=HDQ= |xOwOLt ?}W

[12]"CU= �10 Q=Okt x@

xO=iDU=OQwt |=yCW=ov?=DW "12
'=yOQwmQ R= |}xawtHt x@ xR=U QO |}xRQr |=[=kD |@=} RQ= |=Q@ p;xO}= Cr=L QO
=D CU= R=}v 'OvW=@ hrDNt |=yCWoR=@ |=yxQwO =@ |}xRQr Q]N |xOvQ}o Q@ QO xm
=Q x=oCN=U pLt QO ptDLt |xRQru}tR u=tR COt pw] w |Ot=U@ |=wDLt COW
QO QwO |xRwL |xrRrR OQwmQ CiH 22 R= VR} QwQi |@=} RQ= CyH "Ovvm |oOv}=tv
xO=iDU= Q[=L VN@ QO FEMA-P695 ptar=QwDUO x@ \w@ Qt A�4C pwOH
|@=NDv= |=yOQwmQ |=yxrRrR QO QF-wt |=yQDt=Q=B w \UwDt 'xv}tm Q}O=kt "CU= xOW
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