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/] ABSTRACT /

In this paper, we address some issues in existing seismic hazard closed-form equations and present a novel seismic hazard equation form
to overcome these issues. The presented equation form is based on higher-order polynomials, which can well describe the seismic hazard
information with relatively high non-linearity. The accuracy of the proposed form is illustrated not only in the seismic hazard data itself but
also in estimating the annual probability of failure (APF) of the structural systems. For this purpose, the information on seismic hazard is
used in representative areas of the United States (West : Los Angeles, Central : Memphis and Kansas, East: Charleston). Examples
regarding the APF estimation are the analyses of existing platform structure and nuclear power plant problems. As a result of the numerical
example analyses, it is confirmed that the higher-order-polynomial-based hazard form presented in this paper could predict the APF values
of the two example structure systems as well as the given seismic hazard data relatively accurately compared with the existing closed-form
hazard equations. Therefore, in the future, it is expected that we can derive a new improved APF function by combining the proposed

hazard formula with the existing fragility equation.

Key words: Seismic hazard equation, High-order polynomials, Annual probability of failure, Seismic fragility

1LME

Ao thulste] Fm-S s AL, E3t o5 ghEEA o R
H71sl7] SiRk ol v Ak EIek. oleiRt At Ak AA 2A =
Hol| A= L2E-0] AJ=7|u X141 A| (PBEE : Performance-Based Earth-
quake Engineering -2 PBSE : Performance-Based Seismic Design)
e FE& Fato] W HQlaL, AA| 7182 2alshe 21719] gk it
F-Z A AH0) 0P A L= | X EEEA] 9P A H7H(SPSA : seismic
probabilistic safety assessment) 7j2h-S 535}0] o] F0JX] 1 QL)1

PBEE®} SPSA Q| 35 Q= AR B F239f 72914 (random-
ness)T} B8H414 (uncertainty) & 7|4 A @ 72 2ok S o} 4510}
5kl 3t o] & F3ste] A7tk ERE (APF : Annual Probability
of Failure) & AP RIth= Aot} 53], PBEE= 27| 24 9A €| APF

*Corresponding author: Hahm, Daegi

E-mail: dhahm@kaeri,re kr

(Received December 15, 2017; Revised April 13, 2018; Accepted April 20,
2018)

2 RAEEASS T2l Slslol, 2Rl w2414 o] Afls 2
FORE HE AL B, 015 Elo] APF 3425 EE313{H2). ARl

Zo] Y147 71 [31ol1= whdElol,
TRt A E0] BIER 0| A S THIEE E8S 1 ) e
PBEEO] AJAJE| A5 8 Fobe AMIS-& thereh 7 A|2519] SPSA
ol 8|1 ST} [4-8].

Tejuk, H5o] o]5tolz] HHo| 17 PBEES] AMGEl= APF Al9]
AR AR A 94913, 53] 27 20 AU AT A )
APF Afolo]l 8219 415 7H A= ARAlo] olo] dhat 74 2 9
elolef A1t sl olel il ofef A2 ol 9l 4
S TAHALS Tl W (hyperbolic) B2 27 34 FE|E AISH:
AT I 9-11),ofel 4 lfé—*d%‘ Do wlstod
o] Az lo]el S EasHs] glo] At et
ROl B, o] Bk 2 Ul AL 7 A %—Eflﬂ;ﬁ}mﬂ

s el e, 59, o255 Alel o 4 %

T 7 ol 2tk melo] Hsho] 9lo] 4l lojeje} Hol7} 9)
A
“Tejm, offetHi ol ol Q1= SlolA] b 71 AfolE



SH2X|ZIZEE| =27 | 223 45 (E3 M[1233) | May 2018

ApAlO] EP S TS} A28 o] AlSlE TE Akl ol

Zo et g o] 2 AL Blo|e1 S o AL BARE 4 9lck
G AQHE ARAJo] Qb eel T W 1w () o] APF 4}
Ao Qo] 712 W v eke Anks wEehe Belallct Gl
ol &gt H8hE7} okl RS 2ARlo] 7120] Hoke Alnt AElo] 4]
E7 A APF §408 £5 4 9l ACR 7]k EF, E2E %
e ARTERYRIA BEA ST A A Alo]o] & B e A
S et AT ST 4 9 AR Hel

2. X[ZI xHsH= ZARA] M2t

o] oz 71 Ao 2AMAIS] RS WA WAl T, 71 Aol
4o eefol e ApHIs] Al R A} e, Eh oS vigke® o] A
ol 4 AI¥S T3} ThkA] 7]4 A7) A 2ARALE 7l gk

2,1 7|1Z THel= ZARAL| EH1H

SE2A A7 A= £4 (PSHA : Probabilistic Seismic Hazard Ana-
lysis) & 021 SAlolA] of ] 7] Sl QIR Tfele] B4 A
ZrEet o= A A719) A1 5o] A of| et £ EZEAPSH= A
220 2 g}, 2491 PSHA Z7HE-S 221 A3 glofe) 2 Liehs
Qa1 o= X]Z5 7] (IM : intensity measure)o]] tfgt &7 21w (AFE :
Annual Frequency of Exceedance) & F& %I}, o|u] W2 Uajol| ] <
%02 PSHAS 551913, 14 221220 2121 Apohe A sl
TFEE WA AMES S Qltk SS9, W= A, vl W A
A 9] 2R Al e A K5 v R A ZAl=(USGS : US Geological Survey)
YA EE Bafo] A F}1 AT, Fte] A9 BAAAABALE &
I (2R AL AR0I3-179 )5 D 7HA] AdT=71 (50, 100,
200, 5001, 100014, 2400, 4800)ol| T3t H x| uH7 4% (PGA :
Peak Ground Acceleration) 7|2 X2 A AR ZA T2 02 A

KN
=
2
T

100
O SH data (Charleston US)
linear
; == hyper
10~
]
O o™
Yo o~
102 70 Oy
N
L *Z' ’,
% NG DBE
~]
10 = if)
oo MCE
e
N
1074 ™~
(o)
10® : ‘
102 107! 10°
PGA (g)

Fig. 1. Comparison between seismic hazard data (Charleston US)
and existing fitted equations
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Fig. 2. Comparison between seismic hazard data (Charleston US)
and proposed higher-order equation

Table 1. R; and (- for the hazard equation models regarding seis-
mic hazard data

R Br
Seismic Proposed Proposed
hazard data| | jnear | Hyperbolic| (4th | Linear | Hyperbolic|  (4th

order) order)
Charleston | 0.6083 | 0.9498 0.9993 |0.8314| 0.4094 0.0478
Memphis [0.7793 | 0.9859 0.9998 |0.7466 | 0.2893 0.0309
Kansas |0.9878| 0.9665 0.9994 |0.2549 | 0.4665 0.0629
LA 0.5785| 0.9985 0.9999 |1.5801| 0.1411 0.0362
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sas, LA) and various hazard equation

olA] APF2 AVYSH= W12 21 Atk 3 2 8ol Al 7AlA 0.
2 vl 2] APF gho] 4] 141 Aol Blo]ei 2 7|ko 2 54 9t
712 W AIQHE AL ol §3fe] T3t 73 o] mhLt Afo] 2 Hol= A v
3.0, ubA|ak0 2 AR 4] APF g2l GiZF el
TARAI0) B} ofuft Gake v A 2] A waic,

248

3.1 gZtmu|ets (APF) 4

T2 A 2Hle] 2] A39] APF= A3 FHekw ol 2|7 Afalie 7|87 Ay
k9] F-S A (convolution integral) 510 APJSE <= Q1 11, o= =8FA O

2 offje} o] Aot

dv(IM)
din

+ o0
APF= f ) Pf(]M)‘ dIM (6)

o714, P (1) & A Z] Fefo|e}. ofi=F=01%l %5 Al 7)ol thgt 2715
TRe8hE R AolEIrh 484 0 R oflol g 2 A RER HHE
4= Tk [12].

In(IM] A,)+ 8,8~ (Q)

P()=9 7 (7

o7, () &2 Bt 7MAIQHE A o], Qi FokE B0} A1)
4% (confidence level) & SJ[gick A4, & B3 ald: B dfet ol
FAB| AUE U U (median)o]o, 5, Th6, &= RIAZAAEA
247} 705 Uf2lel e FAR91 (randomness) 2 1915 #2194 (un-
certainty) & LIERATh 3 310k 2412] 94 ol gro] Lkl 4=
sl

3.2 M ofd| 1: ZNE 7X2

A oA 2 A, A7 Afsf e AR O] et Tl S2E APF A
Flof| ot GRS v]2| =] ARSI o] FA| PBEEO||A AMEsh=
270270 413 A 7I5EAPF 0] JSHES 7RI H0R RojE 4
WU Zoltk. e oA 2= EE F2ES LsIGlT) o] EFHE =
E22016W0]| @ 2to] o ARG ARARY] 4] Ha 9 ARk
A 7He) AR ] Sislo] Fig, 49} o] QA2 2t ol A
t} o= YR}E FLZE (reactor structure assembly) Ak5ol| Z}-2]
Sho] Z|zlo]| gt QP do] mll - S5t HLxEo e ofof wheh4a=o]

TofR EES] A7 ZIkw sf4jo] 42 vl Qe[ 14]. a4 A,
e 71 sele) 7k ol Hef oJgt g @ s ol
P AKof] Fokgt A o= H7t = Glan, A1 Q1 skenE
= 1.65g, 6, =0.30 & 3, =0.39 2} Zro] AP =] Qlrk

ofefgh FxE0| Fofe A AME HIRCZ, 4] (6)5 o]-85to] Agt

oy
)
o X2

of,
ook
i
)
ol

P

SO i
o)

|

N o
N

)

ol



KT THeH=2] Eel AR Mtof et A7

Table 3. Seismic fragilities for SSCs of example NPP

Systems, structures and systems (SSCs) An@) | 65 yen

C1 Offsite power (154 kV Switchyard) 0.30 | 022 | 0.15

C2 Diesel generator 113 | 0.36 | 0.38

C3 | Essential chilled water compressiontank | 1.00 | 0.35 | 0.40

C4 | Battery charger and relay chatter (480V) | 1.03 | 0.28 | 0.41

C5 Battery charger (125 V related) 154 | 0.33 | 0.52
C6 Condensate storage tank 1.04 | 0.25 | 046
c7 Essential chilled water chiller 1.08 | 0.28 | 0.44
Fig. 4. Pool platform structure in Jordan research reactor c8 Regulating transformer 130 | 033 ) 046
Cc9 Essential service water pump 120 | 0.29 | 047
Table 2. Comparison of APFs of platform structure using various ha- C10 Component cooling water surge tank 200 | 041 | 047
zard equations c11 4.16 kV switchgear 1.33 | 033 | 047
L Annual probability of failures (/Yr) C12 Inverter 1.37 | 0.33 | 049
Seismic b ” —
hazard data i - ropose xa c13 Battery rack 146 | 0.33 | 0.51
Linear Hyperbolic (4th order) | (data interpolation) v
Charleston 200E-04 | 137E.04 | 157E-04 .08 C14 480 V load center 1.50 | 0.32 | 0.55
(23.6%) (15.4%) (3.3%) ’ C15 HVAC ducting and supports 206 | 032 | 0.62
. 1.14E-04 | 6.66E-05 | 7.37E-05 3 C16 Essential chilled water pump 1.85 | 0.36 | 0.66
Memphis (57.4%) (8.1%) (1.6%) 7.25E-05 : :
C17| Instrumentation tube (primary system) 1.50 | 0.30 | 0.56
5.22E-07 | 3.72E-07 | 6.04E-07
Kansas (13.2%) (38.1%) (0.5%) 6.01E-07 C18 125V DC control center 158 | 0.33 | 0.57
x x = C19 Switch 233 | 041 | 057
LA 1264750/04 1.227E°/04 1.:;0;/04 1 34E-04 witches
(24.9%) | 67%) | (25%) C20 Motor Center functional failure 133 | 033 | 047
Cc21 Motor Center structural failure 1.99 | 0.33 | 0.67
= A= TAFA 0] sk 7} 72 AR} B sl APF ZRS ufulak
] _H f/\ ] }Tt; h_; ] - }F?] ]JHLHM o ?E = F}L; c22 Auxiliary building 2.00 | 0.32 | 0.64
of| =3 Q=] A Q) 722101 XA A= g|o]E=2.4F 9]
e = * B = Cr Operator error (mean failure rate) 0.01 (/Yr)
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Table 4. Comparison of CDFs of nuclear power plant using various
hazard equations

core damage frequencies (Yr-1)

Seismic
hazard data Linear | Hyperbolic Proposed Exact

(4th order) | (data interpolation)

8.65E-04 | 4.76E-04 | 6.95E-04
Charleston (26.4%) (30.5%) (1.6%) 6.84E-04

| 9.57E-04 | 3.49E-04 | 4.52E-04
Memphis | 1158%) | @1.3%) | (20%) 4.43E-04

209E-05 | 128E-05 | 180E-05
Kansas | 10706 | (321%) | (4.6%) 1.89E-05

6.23E-02 | 1.34E-03 | 1.35E-03
A (4433.3%) (2.7%) (1.3%) 1.37E-03

1
— | P
09 asus [HR
- OCCW

08 - SLOCA

. i ==as LOOP
= =y GTRN
Sos 1
E :
E ]
505 :
o »
=04 i
© ’
£ !

03 :

02 :

011 & )

R o AR
0 05 1 15 2 25 3

PGA (g)

Fig. 6. Seismic fragility curves for initiating events
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