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=Q][4]'9 |xrO=at j@=]t xm OwW|t xO=iDU= xOW KqY= 10 SRSS R= |}xQ=wyo
%OwW|t x@U=Lt

fMMS = jf1j
R1

+ jf2j
R2

+
q
f 23 + :::+ f 2

m (9)

|=yOwt Vy=m ?} Q[ R2 w R1 w s)=m =D pw= Owt |=ywQ}v fm =D f1 'u; QO xm
%OwW|t x@U=Lt 10 |xrO=at j} Q] R= =[a= |}=yv |wQ}v "OvDUy swO w pw=

f = (fD + fPT )fix + (fMMS)rock (10)

|x}=B pOt QO |oO}vDTB w |rkF Q=@ R= |W=v |wQ}v ?}DQD x@ fPT w fD 'u; QO xm
?} Q[ "OvDUy |}xQ=wyo � x}=B pOt QO xOW ?}mQD p=Owt |wQ}v fMMS w C@=F

%OwW|t x@U=Lt [10]'11 |xrO=at j@=]t R1

R1 = Melastic;1
MMCE

(11)

R= 'Melastic;1 w xv}W}@ Ci} QO |=]N w |aU OvwQ R= MMCE 'u; QO xm
%O};|t CUOx@ [10]'12 |xrO=at

Melastic;1 = MRSA;1 +MPT (12)

QovrMPT w|}xQ=wyo |x}=B pOt QO pw= OwtMU=B|i}]p}rLDMRSA1 'u; QO xm
'|}xQ=wyowO sDU}U QO xm =Hv;R= "OvDUy MPT = FPTiXPT x}rw= |oO}vDTB
Owt Vy=m ?} Q[ |x@U=Lt CyH &OwQ|t |]NQ}e |xOwOLt x@ R}v swO Owt
QO `k=w pYit xm CU= u; Q@ ZQi "CU= xOW xO=iDU= [4]'13 |xrO=at R= swO

"CU= Q=PoQF= swO Owt QO xR=U `=iDQ=
R2 = M2

MMCE

����
z=z2

(13)

|@=}uwQOMMCE w |WQ@ |xQ] Q}D T=}k R= pY=L swO Owt QovrM2 'u; QO xm
|xrO=at j@=]tM2 "CU= z2 |x} wv=F|}xQ=wyo pYit pLt QOMMCE R=|]N
CU= T ?w=vD |xQwO QO |i}] ?=DW Sa(T ) 'u; QO xm &OwW|t x@U=Lt [5]'14
syU Wtrib=g "OwW|t ZQi T1=3 |rYit |x}=B Q}D swO Owt ?w=vD |xQwO w

"OvDUy x}=B |q=@ `=iDQ= z w pm `=iDQ= H w pm sQH
M2;max(z) = 0 0282 [Sa(T1=3)]

�
Wtrib

g

�
H
���� sin 4 49( z

H
)

+0 976( z
H

)
���� (14)

%OwW|t x@U=Lt 15 |xrO=at j@=]t pYit pLt QO MMCE 'u}vJty
MMCE(z2) = MMCE(1� z2

H
) (15)

xOW |UQQ@ |OOa |=ypOt "4"2
9=14 |=yxv=yO =@ w 4=57 =@ Q@=Q@ xk@] Qy `=iDQ= |=Q=O [4]'xar=]t OQwt u=tDN=U
7588 w 9857 =@ Q@=Q@ ?}DQD x@ s=@ w C=k@] |}xRQr QFwt uRw "CU= xOw@ |QDt
j@=]t xm &OwW|t xOy=Wt 5 pmW QO Q_vOQwt u=tDN=U uqB "CU= xOw@ uDw}vwr}m
=@ =y?=k R= |m} 'Q[=L VywSB QO "OQ=O OwHw =DU=Q Qy QO |}xQ=wyo ?=k Q=yJ 'u;
|UQQ@ |=y?=k R= |m} |=tv "CU= xOW |UQQ@ P-Delta Q=F; R= |W=v Q=@ syU

[10]"|}xQ=wyo |Ov@ Q=yt ?=k pmWQ}}eD � wQ}v Q=DiQ "3 pmW

"MMS VwQ x@ |L=Q] pOt "4 pmW
'ke = Keff=He2 'SDOF QF-wt |DNU |x@U=Lt "5

TSDOF = |x]@=Q R= SDOF sDU}U |a}@] ?w=vD |xQwO uOQw; CUOx@ "6
'2�pMe=ke

MU=B h}] w |a}@] ?w=vD |xQwO T=U=Q@ xv}W}@ Ci} QO OOHt |x@U=Lt "7
'��MCE = Sd(TSDOF )=He |}=Hx@=H

"j��MCE � �MCE j < 0=01 |}=Qoty =D 7 |r= 1 pL=Qt OOHt Q=QmD "8

KqY= p=Owt |yvsyQ@ VwQ x@ ?=k `]=kt |D}iQ_ |L=Q] "3"2
xOW

R= |}xQ=wyo pYit wO =@ |Oqwi |Ov@ Q=yt ?=k QO |}xRQr |=[=kD OQw;Q@ Qw_vt x@
|=ywQ}v w |rkF |=yQ=@ p=ta= �1 %pt=W xm OwW|t xO=iDU= =RHt |}xR=U pOt wO
|x}=B x=ox}mD �?� pOt '4 pmW x@ xHwD =@ "OvDUy xrRrR Q=@ p=ta= �2 w '|oO}vDTB
xDW=OQ@|}xQ=wyoCmQLCyH uwDU x=ox}mDl} �hr=� pOt xm|r=L QO &OQ=OC@=F
pYDt =yx=ox}mD x@ pO=at |=yQvi \UwD 'pOt wO Qy QO Qo =Q}t w p@=m "CU= xOW
"OwW|t pOt |]N \@=Q l} =@ R}v `=iDQ= |xv=}t QO x} wv=F pYit "Ovv=t|t |k=@
"OwW|t x@U=Lt [4]'8 |xrO=at j@=]t Qo =Q}t Qvi|DNU w kPT Q@=Q@ p@=m Qvi|DNU
kED;eq = Keff �KPT

X2
ED

(8)

|}xQ=wyo pYit wO =@ |Oqwi |Ov@ Q=yt ?=k QO swO w pw= |=yOwt \ki
pOt QO p=Owt Q}O=kt ?}mQD CyH 'wQ u}= R= &OvwQ|t |]NQ}e |xOwOLt x@
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xQ=t

W'
39

�2
|xQ

wO'
�14

02
Q=y@

�h
}QW

u=Qt
a|

UOv
yt "Qo =Q}t w p@=m |L=Q] C=YNWt "2 pwOH

24 18 12 =yQDt=Q=B =C=k@]
163608 112382 62793 Mu(kN:m)

800 600 400 PD(kN)

11133 7597 4180 FPTi(kN)

7956 5465 3053 FEDy(kN)

15=77 16=09 16=75 kPT (kN=mm)

1559=9 1071=52 603 kED(kN=mm)

"MMS VwQ QO |L=Q] |=yQDt=Q=B "3 pwOH
24 18 12 =yQDt=Q=B =C=k@]

1=13 0=69 0=372 �y

2=07 2 2=01 �MCE

242708 189197 125776 MMCE(kN:m)

237=3 188=3 117=96 kED;eq(kN=mm)

1=6 1=8 1=77 R1
2=59 1=87 1=24 R2

Qovr xm CU=vat u}O@ 1=5 =@ Q@=Q@ |L=Q] QO |}=QoRmQt C@Uv "CU= xOW |L=Q]
|xQwO "CU=yQo =Q}t |xOvv=OQoR=@ Qovr Q@=Q@ 1=5 '|rkF Q=@ w =yp@=m |xOvv=OQoR=@
?=k w KrUt uD@ |WQ@ Q=w}O pY=i OL =@ Q@=Q@ 'QwmPt |=yxR=U |@ QHD ?w=vD
R= |vRw syU '|}xQ=wyo ?=k xm CU= xOW ZQi u}vJty "CU= xOW ^=Lr =Qo =w
pmW|}xv=wQB Rw}i ẁv R= |@=NDv= Qo =Q}t "�|rkF Q=@ uwO@� OwW|tv ptLDt u=tDN=U
|}=Hx@=H 'p=oU=B=ot 345 s}rUDVvD 'p=oU=B=o}o 200|v=UWm pwOt =@ |Oqwi
xO=iDU= OQwt p@=m "CU= xOw@ 0=04 s}rUD R= TB C@Uv w QDt|r}t 5=1 s}rUD
VvD 'p=mU=B=ot 1657 s}rUD VvD '`@ QtQDt|r}t 15=2 Q]k =@ s}U 7 |=Q=O
u}vJty "CU= xOw@ p=oU=B=o}o 193 |v=UWm pwOt w p=mU=B=ot 1860 |}=yv
p@=m |L=Q] C=YNWt '2 pwOH QO "CU= xOw@ ?=k `=iDQ= |xR=Ov= x@ p@=m pw]
"CU= Qo =Q}t u=UWm |DNU kED u; QO w xOW QmP MMS VwQ QO Qo =Q}t w
uwDU w Ov@ Q=yt `]=kt '|SQv= ?P=H |=yRw}i w =yp@=m C=YNWt u}}aD R= TB
VwQ |=yQDt=Q=B 'Q[=L VywSB QO u}vJty "OvwW|t |L=Q] |QwLt |wQ}v |=Q@

"Ov=xOW xDiQo Q_v QO 3 pwOH j@=]t MMS |L=Q]

OpenSees Q=Ri=sQv QO |OOa |R=UpOt Ov}=Qi "5"2
?=k Q=vm QO xOvyOx}mD uwDU l} '|rkF Q=@ P-Delta Q=F; uOQm pOt Qw_vt x@
p=YD= QO w OQ=O u=Um} |}=Hx@=H X |=DU=Q QO ?=k =@ u; xQo xm &OwW|t pOt
R= uwDU u=tr= "OwW|t xO=iDU= R}J=v |DNU =@ Qvi R= sy x@ P-Delta |=yuwDU
?=k uwDU Q@=Q@ xO |UQv}= u=tt w `]kt K]U |=Q=O w u=UWm uwDU � Q}D TvH
w =yQ}D |=Q@ 'Ovv=t|t |k=@ u=UWm |xOwOLt QO xm CyH u; R= ?=k <=[a= "CU=
corotTruss u=tr= R= Ov@ Q=yt |=Q@ w u=UWm uwDU � Q}D u=tr= R= ?=k |=yuwDU
corotTruss u=tr= =@ xO}vDTB p@=m h} QaD "CU= xOW xO=iDU= u=UWm Kr=Yt w
|}xQo x@ s=@ xQo R= p@=m "CU= xOW s=Hv= |wQ}=O Q@}=i `]kt =@ w steel02 Kr=Yt w
TBU "CU= O}kt |ki= w |v=QwO |}=Hx@=H |=DU=Q QO xm OwW|t pYDt x}=B QO
|DNU =@ |WWm \ki gap pw] uwO@ u=tr= xO=iDU= =@ Q=OQ}o |}xQo x@ x}=B xQo
u=tr= R= Qo =Q}t |R=UpOt QO "Ovm pta VWm QO \ki p@=m =D OwW|t pYDt O=} R

"xOW |UQQ@ u=tDN=U uqB "5 pmW

"u; Q@ OQ=w |=ywQ}v x=Qty x@ |}xQ=wyo |Ov@ Q=yt ?=k |Ov@ Qm}B "6 pmW

"MMS VwQ QO |i}] p}rLD |=Q@ MCE K]U |L=Q] h}] "7 pmW

'|UQQ@ OQwt ?=k |Ov@ Qm}B QO 'u; j@=]t xm &OwW|t xOy=Wt 6 pmW QO xOW
Q=F; uOQm pOt Qw_vt x@ "OvQ=O Q=Qk ?=k u}iQ] QO xO}vDTB |=yp@=m w =yQo =Q}t

"CU= xOW pOt ?=k Q=vm QO xOvyOx}mD uwDU l} '|rkF Q=@ P-Delta

"CU= D Tqm l =N =@ 11wmU}Uv=Qiv=U ?wvH QO Q_v OQwt |xR=U pLt
?}DQD x@ x}v=F l} w x=Dwm ?w=vD |xQwO |=Q@ '[18] ASCE7 KQ] |i}] ?=DW
|L=Q]h}] '7 pmW QO "CU= xOW xDiQo Q_v QO Sd1 = 0=6g w Sds = 0=9g
w u=tDN=U |v=mt C}akwt |=Q@ [18] ASCE7 |xt=vu}}; j@=]t MMS VwQ

"OwW|t xOy=Wt MCE Q]N K]U
R = 8 Q=DiQ ?} Q[ w SC = 1=5 |}=QoRmQt C@Uv |=Q@ Q_v OQwt ?=k
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Oqw
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Ov@Q
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|=y

?=k
|xv

}y@
|L

=Q]

"Tr=B =@ pUo l}ORv CW=ov?=DW 7 |xawtHt "4 pwOH
PGAmax RJb

Mw x=oDU}= p=U xrRrR xQ=tW
(g) (km)
0=45 0 6=53 El Centro Array#6 1979 Imperial Valley�06 1
0=47 0=56 6=53 El Centro Array#7 1979 Imperial Valley�06 2
0=43 0=95 6=54 Parachute Test Site 1987 Superstition Hills�02 3
0=5 0 6=69 Erzincan 1992 Erzican�Turkey 4
0=87 0 6=69 Rinaldi Receiving Sta 1994 Northridge�01 5
0=79 0=57 7=62 TCU065 1999 Chi-Chi�Taiwan 6
0=51 0 7=14 Duzce 1999 Duzce�Turkey 7

"Tr=B uwO@ pUo l}ORv CW=ov?=DW 7 |xawtHt "5 pwOH
PGAmax RJb

Mw x=oDU}= p=U xrRrR xQ=tW
(g) (km)
0=73 3=92 6=8 Karakyr 1976 Gazli�USSR 1
0=77 0=44 6=53 Bonds Corner 1979 Imperial Valley�06 2
0=27 7=29 6=53 Chihuahua 1979 Imperial Valley�06 3
1=19 2=48 6=67 Site1 1985 Nahanni�Canada 4
0=93 0 6=69 LA�Sepulveda VA Hospital 1994 Northridge�01 5
0=46 0 6=69 Northridge17645Saticoy St 1994 Northridge�01 6
0=32 1=38 7=51 Yarimca 1999 Kocaeli�Turkey 7

"pUo R= QwO CW=ov?=DW 7 |xawtHt "6 pwOH
PGAmax RJb

Mw x=oDU}= p=U xrRrR xQ=tW
(g) (km)
0=52 9=4 6=7 Beverly Hills�Mulhol 1994 Northridge 1
0=48 11=4 6=7 Canyon Country�WLC 1994 Northridge 2
0=82 12 7=1 Bolu 1999 Duzce, Turkey 3
0=35 22 6=5 Delta 1979 Imperial Valley 4
0=38 12=5 6=5 El Centro Array #11 1979 Imperial Valley 5
0=24 19=1 6=9 Shin-Osaka 1995 Kobe,Japan 6
0=36 13=6 7=5 Duzce 1999 Kocaeli, Turkey 7

|}xQ=wyowO ?=k |]NQ}e Qw;VwB |}xNQJ p}rLD |}=tR;|DU=Q Q=Owtv "8 pmW
[4]"`HQt Q=DWwv w Q[=L VywSB |xk@] 12

\ki gap Kr=Yt ?}mQD R= Qo =Q}t u=tr= "OwW|t xO=iDU= Y |=DU=Q QO pw] uwO@
VvQm u=tr= =D 'OwW|t xDN=U |QU CQwY x@ steel02 w O=} R |DNU =@ |Q=Wi
p=YD= R= '?=k |x}=B |ki= |}=Hx@=H w u=QwO |=Q@ u}vJty "OW=@ xDW=Ov |Q=Wi

"OwW|t xO=iDU= |Q=Wi \ki gap pw] uwO@ u=tr=
12 |}xQ=wyowO ?=k l} 'xOW xDN=U pOt |}=tR;|DU=Q w u=v}t]= Qw_vt x@
xDN=U OpenSees Q=Ri=sQv QO [4]�2021� VQ=mty w u}DQ=tVywSB j@=]t xk@]
Ci} QO � wQ}v Q=Owtv TBU w xDiQo Q=Qk 12Qw;VwB |}xNQJ p}rLD CLD w xOW
pY=L pmW|tJQB Q=DiQ Q=Owtv R}v '8 pmW QO "CU= xOW s}UQD QwmPt ?=k s=@
G}=Dv "OwW|t xOy=Wt [4]'�VQ=mty w u}DQ=t� `HQt Q=DWwv w Q[=L VywSB R=
"CU= OpenSees Q=Ri=sQv QO Q[=LVywSB |R=UpOt?U=vtCkO|xOvyOu=Wv

xOW |UQQ@ |}xRQr |=yCW=ov?=DW "6"2
'pUo R= QwO |=yCW=ov?=DW R= OQwmQ 21 ,=awtHt '6 |r= 4 |=ypwOH j@=]t
[20] FEMAP695 ptar=QwDUO T=U=Q@ Tr=B =@ pUo l}ORv w pUo l}ORv
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Q=y@
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}QW

u=Qt
a|

UOv
yt xOy=Wt Qo}O |=yCW=ov?=DW QO QwmPt |oS} w w xOw@ ?U=vDt |rmQw]x@ Tr=B

|t=tD QO |vwoS=w Qovr w VQ@ G}=Dv QO |oDU@ty u}= u}vJty "CU= xOWv
l}ORv w pUo R= QwO |=yCW=ov?=DW QO "OwW|t xOy=Wt |wLv x@ =yCr=L
QHvt xk@] |@Uv |}=Hx@=H V}=Ri= x@ Ov=wD|t |vwoS=w Qovr w VQ@ Vy=m 'pUo
|QwQ[ |Qt= |}xQ=wyo wO |xR=U QO xk@] |@Uv |}=Hx@=H pQDvm wQ u}= R= "OwW

"CU=

x}wv=F pYit |Q}oQ=Qk pLt C}U=UL |UQQ@ "2"3
|@Uv |}=Hx@=H w xk@] ?=DW |xv}W }@ '|vwoS=w Qovr 'VQ@ Q}O=kt ẁtHt
ẁtHt Q=Okt u} QDtm "O};|t CUOx@ pYit |Q}oQ=Qk pLt <=R= x@ C=k@] s=tD
Q}=U TBU &CU= x} wv=F pYit |Q}oQ=Qk Cr=L u} QDxv}y@ Qov=}@ 'xOW x@U=Lt
OYQO w |@=} RQ= xv}y@ |xk@] u; x@ C@Uv x} wv=F pYit |Q}oQ=Qk |=ypLt
Q=}at h=QLv= '11 |r= 8 |=ypwOH x@ xHwD =@ "O};|t CUO x@ =yu; hqDN=

|vwoS=w Qovr ẁtHt hqDN= OYQO OQ=Ov=DU= Q=}at h=QLv= u}ov=}t "8 pwOH
"Cr=L u} QDxv}y@ =@ C=k@]

24 18 12 =yCW=ov?=DW=C=k@]
11=89 16=71 22=23 FF

6=26 10=61 20=10 NF�No Pulse

10=96 11=91 9=97 NF�Pulse

=@ C=k@] VQ@ ẁtHt hqDN= OYQO OQ=Ov=DU= Q=}at h=QLv= u}ov=}t "9 pwOH
"Cr=L u} QDxv}y@

24 18 12 =yCW=ov?=DW=C=k@]
6=95 11=64 16=42 FF

4=46 6=74 12=86 NF�No Pulse

7=15 9=6 8=77 NF�Pulse

?=DW |xv}W}@ ẁtHt hqDN= OYQO OQ=Ov=DU= Q=}at h=QLv= u}ov=}t "10 pwOH
"Cr=L u} QDxv}y@ =@ C=k@]

24 18 12 =yCW=ov?=DW=C=k@]
1=98 4=16 7=52 FF

1=65 2=51 5=47 NF�No Pulse

2=94 4=18 6=96 NF�Pulse

|}=Hx@=H|xv}W}@ ẁtHthqDN=OYQOOQ=Ov=DU= Q=}ath=QLv=u}ov=}t "11pwOH
"Cr=L u} QDxv}y@ =@ xk@] |@Uv

24 18 12 =yCW=ov?=DW=C=k@]
3=17 3=56 10=23 FF

2=87 3=4 7=43 NF�No Pulse

2=81 2=9 2=15 NF�Pulse

?=NDv= PGA |}xv}W}@ =@ |DW=ov?=DW 'OQwmQ CiH Qy <=R= x@ "Ov=xOW ?=NDv=
|xQwO |x]kv xU QO OQwmQ Qy h}] x@ xt=vu}}; MU=B h}] C@Uv "CU= xOW
?} Q[ u=wva x@ ?} Q[ xU u}ov=}t TBU w [4]x@U=Lt 3T w T '0=2T ?w=vD
QO =Q OQwmQ h}] '|@=NDv= |x]kv xU "CU= xOW p=ta= w |iQat OQwmQ T=}kt
?} Q[ |xv}W}@ "Ovm|t T=}kt xt=vu}}; h}] =@ xR=U Ovr@ w x=Dwm ?w=vD |=yxQwO
u}tR CmQL R= |@U=vt |xOv}=tv =D 'CU= xOW s}_vD 3 Q@=Q@ OQwmQ Qy |=Q@ T=}kt

[4]"OW=@

EL@ w G}=Dv "3
x}wv=F pYit |Q}oQ=Qk CyH xv}y@ |xk@] uDi=} "1"3

?=k x@ MCE K]U QO |r@k CtUk QO xOW u=}@ |=yCW=ov?=DW |t=tD
|q=@ =D �swO |xk@]� pw= |xk@] |q=@ R= swO pYit pLt w xOW p=ta= |}xQ=wyo
'VQ@ Q}O=kt jr]tQOk |xv}W}@ "CU= xOQm Q}}eD �s=@ |xk@]� QN; p@k=t |xk@]
xDiQo|HwQN |xk@] Qy |=Q@|@Uv|}=Hx@=H w xk@] ?=DW |xv}W}@ '|vwoS=w Qovr
ẁtHt "CU= xOW x@U=Lt CW=ov?=DW ẁv Qy <=R= x@ Q}O=kt |xv=}t "CU= xOW

C=k@] s=tD |@Uv |}=Hx@=H w xk@] ?=DW |xv}W}@ '|vwoS=w Qovr 'VQ@ Q}O=kt
x@U=Lt ẁtHt Q=Okt u} QDtm "CU= xOt; CUOx@ pYit |Q}oQ=Qk pLt <=R= x@
|=ypLt Q}=U TBU &CU= x} wv=F pYit |Q}oQ=Qk Cr=L u} QDxv}y@ Qov=}@ 'xOW
=yu; hqDN= OYQO w |@=} RQ= 'xv}y@ |xk@] u; x@ C@Uv x} wv=F pYit |Q}oQ=Qk
OvDUy |D=k@] 'pYit |xv}y@ |Q}oQ=Qk pLt Cio u=wD|t "CU= xOt; CUO x@
|}=Hx@=H w 'xk@] ?=DW |xv}W}@ '|vwoS=w Qovr w VQ@ hqDN= OYQO u}ov=}t xm

"OW=@ �5 R= QDtm Cr=L u} QDxv}y@ =@ =yu; |@Uv
V}=Ri= xv}y@ C=k@] |=yxOv}=tv 'C=k@] O=OaD V}=Ri= =@ '7 pwOH j@=]t
|xv=}t QO x} wv=F pYit uO=O Q=Qk 'OwW|t x_Lqt xm Qw]u=ty "CU= xDi=}
xv}tm u=R}t x@ =Q |}xRQr |=[=kD Q=yJ Qy OQ=wt ?re= QO ?=k Qy `=iDQ=
|L=Q] QO =yQ=DWwv swUQt ZQi =@ j@=]t xOt; CUOx@ |xH}Dv xm CU= xOv=UQ
QO xk@] 12 ?=k QO xJQo = [21w16'15'4]"CU= |}xQ=wyo pYit wO =@ |=ysDU}U
x} wv=F pYit w CU}v jO=Y ẁ[wt u}= Tr=B =@ pUo l}ORv |=yCW=ov?=DW
|vwoS=w Qovr |=[=kD Cr=L u}= QO "OQ=O ?=k u}}=B |xt}v QO |Q}oQ=Qk x@ p}=tD
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