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CmQL |v}@V}B \@=wQ x@ swUwt |]@=wQ \UwD u}tR CmQL V@vH |v}@V}B u}vJty
=@ u}tR CmQL |v}@V}B |x]@=Q x@ |@=}DUO 'Q[=L Q=DWwv hOy "OwW|t s=Hv= u}tR

uwUv}mD; w Qw@ |v}@V}B pOt ?}=Q[ |R=Uxv}y@ x@ 'Qw_vt u}O@ "CUq=@ |Q=O}=B u=R}t
hOy `@=D =@ l}DvS sD} Qwor= R= xOW QmP hOy jkLD |=Q@ "CU= xOW xDN=OQB �2008�
|=yxO=O |xawtHt |wQ Q@ x]@=Q ?U=vD u=R}t V}=Ri= |=Q@ |}=tvCUQO |xv}W}@ Q=}at

xOW xO=iDU= x]@=Q |Q=O}=B V}=Ri= |=Q@ =yxO=O |Q}oxvwtvR=@ hOy `@=D w xO=iDU= OQwt
RmQt |v=yH |=yxO=O R= |WN@ 'Q[=L |xar=]t QO xO=iDU= OQwt |=yxO=O "CU=

|@=} RQ= Qw_vt x@ "CU= xOw@ OQwmQ 15348 O=OaD =@ l}iU=B |xrRrR |UOvyt C=ar=]t
R= pOt 8 =@ xOt; CUOx@ G}=Dv w s=Hv= u; |wQ Q@ |Q=t; |=yuwtR; 'xOW xQ=W= pOt

xm CU= u; R= |m =L Q[=L VywSB |xU}=kt G}=Dv "CU= xOW xU}=kt O}OH pUv \@=wQ
u}vJty w 1 9 Q=Okt x@ �LLH� |}=tvCUQO |xv}W}@ u=R}t u} QDtm 'xOt; CUOx@ pOt
u} QDl}ORv w |OwaY |Q=Owtv =@ �RSA� xO=O |Q}oxvwtvR=@ Q=}at Q_v R= x]@=Q u} QDQ=O}=B
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pw@k p@=k R= |m =L R}v 88 19 w 0 98 '0 86 ?}DQDx@ G}=Dv =@ |}=Q=m Q=}at w 'u}}aD
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'u}tR ?=DW |xv}W}@ '�2008� uwUv}mD= w Qw@ |oOvy=m pOt %|O}rm u=oS=w
|xv}W}@ 'l}iU=B |xrRrR |UOvyt C=ar=]t RmQt 'l}DvS sD} Qwor= '|R=Uxv}y@

"xO=O |Q}oxvwtvR=@ '|}=tvCUQO

xtOkt "1
|v}@V}B \@=wQ uwvm =D [2]"CU= |}xRQr Q]N p}rLD <=RH= u} QD|rY= R= |m}
x�=Q= R}NxRQr hrDNt |L=wv |=Q@ u=QoWywSB |NQ@ \UwD |OOaDt u}tR CmQL
w u=tR CWPo =@ "OvQ=O |DQOk w ha[ \=kv =yu; R= s=Om Qy xm CU= xOW
Ov=wD@ xm |oOvy=m |x]@=Q l} |x�=Q= '|Q=t; w |[=} Q O}OH |=yVwQ |x�=Q=
Q_vx@ syt w |QwQ[ |Qt= 'OW=@ xDW=O Q}N= |=yuwtR; QO |rw@kp@=k G}=Dv

"OUQ|t
CmQL |v}@V}B |x]@=Q l} pwYL x@ QHvt xm |}xar=]t '2009 p=U QO
l} wU w Qq=@=m \UwD 'CU= xOW l}DvS |U} wvxt=vQ@ VwQ T=U=Q@ O}OH u}tR
|}xawtHt R= xO=iDU= =@ u; QO xm [3]'CU= xDiQo CQwY x}mQD R}NxRQr |x}L=v |=Q@
u}tR ?=DW |xv}W}@ |v}@V}B CyH |oOvy=m pOt 'x}mQD |=yxO=O u} QDQ@Dat R=

|@ wJQ=J QO xrRrR R= |W=v |=ywQ}v OQw;Q@ 'xrRrR |xO}OB |iO=YD C}y=t x@ xHwD =@
pL=Qt pt=W '|}xRQr Q]N p}rLD [1]"OQ}PB|t CQwY '1|}xRQr Q]N p}rLD s=v x@
CqO=at R= xO=iDU= =@ u}tR OvtwQ}v V@vH |=yQDt=Q=B OQw;Q@ %xrtH R= 'hrDNt
V@vH |=yQDt=Q=B xmv}= x@ xHwD =@ "CU= 2�GMPEs� u}tR CmQL |v}@V}B
|=ypOt x@ =ypOt u}= 'Ov@=}|t Vy=m xRQru}tR `@vt R= uOW QwO =@ u}tR
Q]N p}rLD QO u=QoWywSB h=Oy= u} QDsyt R= u}=Q@=v@ "OvDUy hwQat |oOvy=m
u=wvax@ u}tR CmQL |v}@V}B |x]@=Q u} QD=Q=m w u} QD?U=vt uOQm =O}B '|}xRQr

pw�Ut xOvU} wv �
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|at=H |D=aq]=lv=@ '�2014� u}tRCmQL |v}@V}B\@=wQ O}OH pUv |=yxO=O
|}xDUwB |L]U |=yxrRrR R= xOW C@F |=yOQwmQ R= OQwmQ 15348 pt=W xm CU=
|=yxO=O QO OwHwt |=yQDt=Q=B xrtH R= "CU= u=yH QU=QU QO|}xRQr p=ai|L=wv QO

"CU= u=mt w =oQR@ 'xOWQmP
10=oQR@ 'Q[=L VywSB QO xOW x�=Q= ?NDvt |x]@=Q QO R=}vOQwt |=yQDt=Q=B
|xv}W}@ w 13VrUo ẁv '12�Vs30�|WQ@ Gwt CaQU '11�Rjb� xrY=i '�M �
xO=iDU= OQwt |=yxO=O xawtHt "CU= �PGA� xRQru}tR |xOW xOy=Wt ?=DW
CmQL |v}@V}B \@=wQ O}OH pUv |=yxO=O x=o}=B R= |WN@ 'Q[=L |xar=]t QO
pBtm Q=DWwv QO xOW x�=Q= |=yC}OwOLt T=U=Q@ xm CU= 2014 p=U QO u}tR
|=yC}OwOLt xm CU= QmP x@ sRq [13]"CU= xOt; CUOx@ �2014� =}vnQR@ w
xOw@ �2014� uwUv}mD; w Qw@ Q=DWwv QO xOW x�=Q= |=yC}OwOLt =@ x@=Wt Q}N=
pBtm Q=DWwv R= 'uwUv}mD; w Qw@ Q=DWwv QO uOWv u=}@ h=iW p}rO x@ xm CU=
QO |R=Uxv}y@ Qw_vt x@ ?NDvt `@=D "CU= xOW xO=iDU= �2014� =}vnQR@ w
uwUv}mD; w Qw@ |x]@=Q "CU= �2008� uwUv}mD; w Qw@ |x]@=Q 'Q[=L |xar=]t
|Q=oR=U xm CU= O}OH pUv u}tR CmQL |v}@V}B \@=wQ R= |m} '�2008�
"OQ=O xOW |v}@V}B w xOW xOy=Wt u}tR ?=DW |xv}W}@ Q}O=kt u}@ |@U=vt
|=yQDt=Q=B O=OaD uOw@ sm 'O}OH pUv \@=wQ u}@ R= xOW QmP |x]@=Q ?=NDv= Cra
p}O@D R= pY=L |=yC}a]k sOa Vy=m Ea=@ Ov=wD|t xm CU= u; |OwQw
|}xRQr |=yQDt=Q=B Q_v R= =yu; |=yxO=O x=o}=B xm |k]=vt QO xS} w x@� =yQDt=Q=B
=@ �2008� uwUv}mD; w Qw@ u}tR CmQL |v}@V}B |x]@=Q "OwW �CU= Xk=v
'u}tR CmQL |v}@V}B \@=wQ O}OH pUv |=yxO=O R= |}xawtHtQ} R R= xO=iDU=
'u}tR ?=DW |xv}W}@ u}tND hOy =@ w xrRrR OQwmQ 58 R= OQwmQ 1574 pt=W
|=yxQwO |=Q@ �5 |}=Q}t T=U=Q@ ?=DW MU=B h}] w u}tR CaQU |xv}W}@
|xOW QmP |x]@=Q |=y|OwQw "CU= xOW pY=L x}v=F 0 01�10 u}@ ?w=vD
|oDN}Uo pLt =D |ki= |xrY=i '�M � =oQR@ %R= Ov=CQ=@a u}tR CmQL |v}@V}B
|x]@=Q� VrUo ẁv w �Vs30� |QDt 30 jta QO |WQ@ Gwt CaQU '�Rjb�

[8]"�1

lnY = FM (M) + FD(RJB ;M)

+FS(VS30; RJB ;M) + "�T (1)

"OvDUy xrY=i w =oQR@ `@=wD ?}DQD x@ '3 w 2 \@=wQ w

a)M �Mh

FM (M) = e0U + e1SS + e2NS + e3RS

+e4(M �Mh) + e5(M �Mh)2 (hr=2)

b)M > Mh

FM (M) = e0U + e1SS + e2NS

+e3RS + e6(M �Mh) (?2)

%?}DQD x@ w OvDUy VrUo ẁv QF= Qov=}@ RS w NS 'SS 'U Q}O=kt '=yu; QO xm
QO =yu; Q}O=kt w OvQ=O xQ=W= Twmat w p=tQv 'Rer O=ODt= 'XNWt=v VrUo ẁv x@

"CU= xOW XNWt 1 pwOH

'Q}N= |xar=]t QO xOt; pta x@ |=y|UQQ@ R= pY=L G}=Dv "CU= xOW G=QNDU=
QO 3�PGA� u}tR ?=DW |xv}W}@ Q}O=kt u}@ ?U=vt |Q=oR=U |xOvyOu=Wv
|U} wvxt=vQ@ R= xOt; CUOx@ |x]@=Q \UwD xOW |v}@V}B w xOW xOy=Wt Cr=L

"CU= l}DvS
u}tRCmQL |v}@V}B O}OH |x]@=Ql} '�2009� u=Q=mty w |v=tQm u}vJty
CUOx@ l}DvS |U} wvxt=vQ@ R= xO=iDU= =@ u}tR ?=DW |xv}W}@ |v}@V}B CyH
|xRQru}tR 53 R= OQwmQ 809 pt=W |}xawtHtQ} R uDiQo Q_vQO =@ xm [4]'OvOQw;
G=QNDU= l}iU=B |xrRrR |UOvyt C=ar=]t RmQt |=yxO=O xawtHt QO OwHwt
'xOW s=Hv= |xar=]t QO xOt; CUOx@ |=ypOt |@=} RQ= Qw_vtx@ u}vJty "Ow@ xOW
4�MAE� =]N jr]t u}ov=}t %pt=W '=]N Q=}at wO w �R2� u}}aD ?} Q[ Q=}at
VrUo hrDNt |=ysR}v=mt |=Q@ 5�RMSE� =]N C=a@ Qt u}ov=}t |xW} Q w

"Ov=xOW |@=} RQ= w x@U=Lt
'6�RSA� =yxO=O|Q}oxvwtvR=@VwQ|x�=Q= =@ R}v [5]'�2013�u=Q=mtywCN@ QP;
u}tR CmQL |v}@V}B \@=wQ C}U=UL p}rLD |xv}tR QO Qo}O u} wv VwQ l}
|O}OH |x]@=Q x@ |@=}DUO |=Q@ xar=]t |=v@t xm Ov=xOQm x�=Q= |OwQw |=yxO=O x@
|=Q@ 'u}tR ?=DW |xv}W}@ |v}@V}B CyH l}DvS |U} wvxt=vQ@ VwQ T=U=Q@
pY=L pOt |@=} RQ= R= xOt; CUOx@ G}=Dv "CU= xDiQo Q=Qk u=Q}= R}NxRQr |x}L=v
O}OH OQm} wQ u}vJty w |[=} Q w |Q=t; VwQ OvJ j} Q] R= 'OwHwt |=ypOt =@
'=ypOt |Q=O}=B X}NWD |=Q@ =yxO=O R= |Q}oxvwtvR=@ R= xO=iDU= =@ C}U=UL p}rLD

[6]"CU= QwmPt |x]@=Q |q=@ CkO R= |m =L
|x}=B Q@ C}U=UL p}rLD |xv}tR QO xOW s=Hv= C=ar=]t Qo}O R= u}vJty
|xar=]t 'u}tR CmQL |v}@V}B |x]@=Q O}rwD |xv}tR QO |rt=mD |=ysD} Qwor=
|=Q@ w xDiQo CQwY u=Q}= Cqi |=Q@ xm CU= �2015� CN@ QP; w |OvwrqH
'QwmPt pOt |@=} RQ= Qw_vt x@ "CU= xOW x�=Q= x}v=F 2 =D QiY |v=tR |=yxQwO
xO=O u=Wv xOt; CUOx@ G}=Dv w xOW s=Hv= u; |wQ Q@ |irDNt |Q=t; |=yuwtR;
|=ypOt Q}=U x@ C@Uv '=yxO=O |Q}oxvwtvR=@ VwQ QO xOt; CUOx@ pOt xm CU=

[7]"OQ=O |@U=vt |Q=O}=B w OQmrta u} QDy@ '|@=} RQ= OQwt
RmQt \UwD |v=yH |=yxO=O R= |}xawtHt |x�=Q= =@ R}v '2008 p=U QO
u}tR CmQL |v}@V}B CqO=at O}OH pUv 7'l}iU=B xrRrR |UOvyt C=ar=]t
|DN=Uu}tR Q_v R= xk]vt C}r=ai \ki '=yu; R= xO=iDU= O}k xm OW x�=Q= 8�NGA�
p=U QO ,=@k=aDt u}vJty [11�8]"CU= u}tR jtasm QWk QO =yxrRrR ẁkw w
OvDi=} xaUwD O}OH pUv \@=wQ 'OwHwt |=yxO=O xawtHt |v=UQRwQ@ =@ '2014
G}=Dv x@ xHwD =@ [15�12]"OvOW x�=Q= �2014� u}tR CmQL |v}@V}B \@=wQ w
xO=iDU= =@ xOt; CUOx@ \@=wQ [17�16]'u}W}B |=yVywSB |NQ@ QO xOt; CUOx@
|=yuwtR; |NQ@ QO 'u}tR CmQL |v}@V}B \@=wQ O}OH pUv |=yxO=O R=
"Ov=xDW=O =Q |rw@kp@=k G}=Dv 9�LLH� |}=tvCUQO sD} Q=or xrtH R= |Q=t;
|xOvyOu=Wv 'Q}N= \@=wQ |wQ Q@ =yxO=O |Q}oxvwtvR=@ uwtR; R= pY=L G}=Dv
|v}@V}B \@=wQ O}rwD QO ẁ[wt u}= uOQm ^=Lr sOa w =yu; |Q=O}=B sOa
CmQL |v}@V}B \@=wQ uOw@ `t=H x@ xHwD =@ u}=Q@=v@ "OvDUy u}tR CmQL
pUv Ow@y@ 'Q[=L |xar=]t s=Hv= R= |U=U= hOy '|v=yH K]U QO u}tR
CyH QO l}DvS sD} Qwor= R= xO=iDU= =@ u}tR CmQL |v}@V}B \@=wQ O}OH
jkLD |=Q@ "CU= |OwQw |}xRQr |=yQDt=Q=B `=wv= p@=kt QO =yu; |Q=O}=B V}=Ri=
uDiQq=@ =@ OwQ|t Q=_Dv= '=yxO=O |Q}oxvwtvR=@ VwQ R= xO=iDU= =@ Q_vOQwt hOy
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V2 < VS30 < Vref !
bnl = b2 ln(VS30=Vref )= ln(V2=Vref )

Vref � VS30 ! bnl = 0
V1 = 180m=s; V2 = 300m=s (G6)

'h 'c3 'c2 'c1 'e6 'e5 'e4 'e3 ' e2 ' e1 'e0 Q}N= CqO=at QO u}vJty
CUOx@ pOt |@=} RQ= Qw_vtx@ [8]"Ov=xOt; CUOx@ p}rLD R= xO=iDU= =@ blin 'b2 'b1
|=yuwtR; R= xO=iDU= =@ u; |@=} RQ= x@ '?=DW |xv}W}@ QDt=Q=B u}tND QO xOt;
xOW xDN=OQB u}tR CmQL |v}@V}B \@=wQ |NQ@ =@ u; |xU}=kt TBU w |Q=t;
w |@=} RQ= CyH Q[=L |xar=]t QO xO=iDU= OQwt |oOvy=m |=ypOt "CU=
2014 w 2008 |=yp=U QO O}OH pUv u}tR CmQL |v}@V}B \@=wQ 'xU}=kt

"CU=
|v}@V}B \@=wQ R= |}xawtHt '|oOvy=m |=ypOt O}OH pUv O}rwD |xSwQB
xO}WN@ xaUwD uwo =vwo |}=}i=QeH \}=QW QO xO=iDU= |=Q@ =Q ?NDvt u}tR CmQL
ẁkw w |DN=Uu}tR Q_v R= xk]vt C}r=ai 'xOW QmP \@=wQ R= xO=iDU= O}k xv=o} w
\@=wQ O}OH pUv |xSwQB OQ@W}B u}L QO "CU= u}tR jtasm QWk QO =yxrRrR
|xawtHt R= |at=H C=aq]= x@ xOvyOxaUwD s}D Qy 'u}tR CmQL |v}@V}B
uwt=Q}B C=aq]= x@ u=wD|t xrtH R= xm CU= OvtR=}v xO=iDU= OQwt |=yxO=O
C@F x=oDU}= |rLt \}=QW 'pLt =D O=ONQ -=Wvt |xrY=i '|}xRQr `@vt |=yQDt=Q=B
j} Q] R= xOW pY=L\@=wQ |=y|oS} w Qo}O R= "OQm xQ=W= Qo}O OQ=wt wCW=ov?=DW
'Q[=L |xar=]t QO "CU=yxO=O |xawtHt |q=@ |Q=t; |xat=H 'Q[=L |xSwQB
w uwUt=y=Q@; [9]'�2008� =}vnQR@ w pBtm [8]'�2008� uwUv}mD; w Qw@ |=ypOt
w pBtm [12]'�2014� uwUv}mD; w Qw@ [11]'�2008� Rov=} w w}J [10]'�2008� =wr}U
[15]'�2014� Rov=} w w}J w [14]'�2014� =wr}U w uwUt=y=Q@; [13]'�2014� =}vnQR@
xOW x�=Q= ?NDvt |=ypOt x@ \w@ Qt C=}�RH '2 pwOH QO "Ov=xOW |@=} RQ=

"CU=

VywSB VwQ "3
QO Q_vOQwt u}tR CmQL |v}@V}B |x]@=Q |R=Uxv}y@ Qw_vtx@ 'Q[=L |xar=]t QO
|Qw]x@ &CU= xOW xO=iDU= xiOyOvJ l}DvS sD} Qwor= R= 'u; |Q=O}=B Ow@y@ CyH
'xO=iDU= OQwt |=yxO=O |R=UxO=t; |=Q@ "Ov=xOW xv}y@ xv=o =OH Qw]x@ hOy `@=wD xm
�=yxO=O |xawtHt �80 pt=W� 14|WRwt; xwQo wO x@ =yxO=O |xawtHt =OD@= QO
|=yOYQO ?=NDv= "Ov=xOW s}UkD �=yxO=O |xawtHt �20 pt=W� 15|W}=tR; w
|xv}W}@ pt=W |WRwt; |=yxO=O |xawtHt xm CU= xOw@ |}xvwo x@ Q_vOQwt
R= "CN=U xv}y@ =Q x]@=Q |QDW}@ |=yxO=O R= xO=iDU= =@ u=wD@ =D OW=@ =yxO=O
V}=tR; R= pY=L G}=Dv xm OW=@ |v=R}t x@ |W}=tR; |=yxO=O |xawtHt '|iQ]
"OQm |Q}os}tYD pY=L G}=Dv |wQ u=wD@ w OW=@ O=tDa= p@=k =yu; R= xO=iDU= =@
"Ov=xOW ?=NDv=CN=wvm} `} RwD =@ w|iO=YD CQwYx@ xOW QmP |=yxO=O |xawtHt
xOt; CUOx@ |=ypOt CkO w CLY |UQQ@ 'xOW s=Hv= |Ov@s}UkD R= hOy
"CU= |W}=tR; |=yxO=O |xawtHt \UwD '|WRwt; |=yxO=O |xawtHt T=U=Q@
xO=O V}=tv l}DvS sD} Qwor= QO xO=iDU= OQwt |=yQDt=Q=B C=t}_vD '3 pwOH QO

"CU= xOW
w LLH `@=wD R= 'xar=]t OQwt u}tR CmQL |v}@V}B |x]@=Q |R=Uxv}y@ |=Q@
Q=Okt xR=Ov= Qy xm CU= |}=tvCUQO sD} Q=or LLH "CU= xOW xO=iDU= RSA

[8]"VrUo hrDNt `=wv= |oDN=U |=yQ}eDt x@ \w@ Qt ?}=Q[ "1 pwOH
RS NS SS U VrUo ẁv
0 0 0 1 XNWt=v
0 0 1 0 Rer O=ODt=
0 1 0 0 p=tQv
1 0 0 0 Twmat

FD(RJB ;M) = [c1 + c2(M �Mref )]

:ln(R=Rref) + c3(R� Rref) (3)

"CU= 1 |w=Ut w `HQt |xrY=i Rref w R =
p
R2
JB + h2 'u; QO xm

FS = FLIN + FNL (4)

Q=F; CQ=@a x@ \w@ Qt |]NQ}e w |]N \@=wQ ?}DQD x@ FNL w FLIN 'u; QO xm
%OvwW|t x@U=Lt 6 w 5 \@=wQ j@=]t xm OvDUy pLt

FLIN = blin ln(VS30=Vref ) (5)

w XNWt `HQt CaQU Vref w ?w=vD |xQwO x@ xDU@=w ?} Q[ blin 'u; QO xm
[8]"CU= x}v=F Q@ QDt 760 Q@=Q@

a)pga 4nl � a1

FNL = bnl ln(pga low=0 1) (hr=6)

b)a1 < pga4nl � a2

FNL = bnl ln(pga low=0 1)

+c[ln(pga4nl=a1)]2

+d[ln(pga4nl=a1)]3 (?6)

c)a2 < pga4nl
FNL = bnl ln(pga4nl=0 1)

a1 = 0 03g
a2 = 0 09g
pga low = 0 06g
pga4nl = predictedPGA; in g for

Vref = 760m=s (by FS = 0 and " = 0:)
c = (3�y � bnl�x)=�x2

d = �(2�y � bnl�x)=�x3

Where����! �x = ln(a2=a1);

�y = bnl ln(a2=pga low)

VS30 � V1 ! bnl = b1

V1 < VS30 � V2 !
bnl = (b1 � b2) ln(VS30=V2)= ln(V1=V2) + b2
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+(1�MedPv M100) (7)

Fitness function 2 = 0 7 � (1�MedPv R90)
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Fitness function 3 = 0 7 � (1�MedPv V s90)

+(1�MedPv V s100) (9)

Fitness function 4 = LLH (10)
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1. seismic hazard analysis
2. ground motion prediction equations (GMPEs)
3. peak ground acceleration (PGA)
4. mean absolute error
5. root mean square error
6. Re-sampling analysis (RSA)
7. Paci�c earthquake engineering research center
8. next generation attenuation of ground motion (NGA)
9. Log-likelihood (LLH)
10. magnitude

11. joyner-boore distance (Rjb)
12. shear-wave velocity over a subsurface depth of 30 meters

(Vs30)
13. fault type
14. training
15. testing
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