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Seismic Fragility Analysis of Lightning Arrester Considering Various

Damage States
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/] ABSTRACT /

The seismic evaluation of electric power facilities in the switchyard of nuclear power plants is currently insufficient. In order to evaluate the
seismic performance of lightning arrester subjected to four types of earthquake (near- and far-fault earthquakes, NEHRP Site Class A&B
and D earthquakes), seismic fragility analysis using maximum likelihood estimation is performed considering various damage states. The
comparison of the seismic fragility curves for three main parts of lightning arrester that are the busing, anchor and steel frame, reveals that
the failure of lightning arrester is governed by the bushing damage mode such as porcelain cracking.

Key words: Seismic fragility analysis, Electric power facilities, lightning arrester, Damage state
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(a) electric power facilities in switchyard of nuclear power plant (b) lightning arrester

Fig. 1. Electric power facilities and lightning arrester in switchyard of nuclear power plant

(a) busing (b) steel frame (c) anchor

Fig. 2. Three parts of lightning arrester
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Table 1. Property of bushing

Chefet 2UYEE et o227 8o XITF AR sy

2 5 = X

ERAZAI: E=8.2x10° kgf/cm? Z8cm

FORSH| v=0.25 = T
E 0.72 kgf/cm 20cm
=0| 70 em < 3=210cm L
2 21 em mw
A 53 cm -

5% 0.95 x 210 = 151.2kgf

=2 =z &
BRI E=2.0% 10%kgf/cm?
IZORSH| v = 0.3
== 500 MPa A
ES=byR= Py L 75X75X6
TSR] S22 L 50 x50x4
FER B 6.85 kgf/cm ¥ ]
TIHER B 3.06 kgf/cm 5 Fiber Section
5 131.576 kgf
A A - & @)
=
58
2.1m el s
: © ©
- ¥
T 44m 0.36m
0.4m
Fig. 4. Installation position of anchors
23m MI0)E AHg3fe] Hulg 2=ige). o] WA RER= 2ael=(f,
=30 MPa)2] 7|zl F-& E31Z10] 100mm, SI72] 100mm 2 A4%]
Ejo] o, P F=E ST Rt HEET2 A o] A Tk
3. HZ[7[0fl & Jksst XITEHHE Q| Hel
03 ~—0.36m
FEEO| ARIF = H7IE flsiA e E A Sl et &Y 7t
Fig. 3. Analytical model of Lightning Arrester S48 7F 2B 0] 2AFEAS HlEle] JLE G o] SAFAMEE A o)6)
ofof 3] o] & B2 2| 15150 tisto] 2t FRRAPER £4fo] dayek
Fig. 30 vpepdi s} 2ol Aol Wi 712 ARSI AOR=036m 1 ojug musjojobsick AR RAle] <ol tha R A0S &4
ofm YA BEL Wl vl 925} 2t o

WAL AAZ040m gt ryzial) golslojol st &b ele] ozt A FeRE T4 v]

iFig'4°ﬂ 0(974‘04 %X] L]'E]'LH%E}‘ %ﬂa}E:ILZ}dZ“ﬂZ‘IjN 6” ‘]}‘_:_ —53:0] 4:“;(40]7] EH\:roﬂ ]___;\qg ;(.];(.101_7“ H]-Oﬁo]-o% ;Qv/]ﬂoi
W SAvIe] BEKS B 100286 opgicy e o mj2)r]E o] R yASe] WA FK5 T MRS

off ojAste] B F3l=



N

A= o7 1|
4] 2170 7]¢1
H7F A7 BEAFE SIBIEE, 2006) 0l A=
T TR EE 9] o] A ofiAke] Aol ofgt
. oo mH}7| 0 2 oA} AB KA
o 7I5=7H0.6g 2 AIASHIL Qo of 2Rt g2 A7t of
VEIES T3] ARSI Sl ghol 22 Sl e 480l 7}

o2l T3], 2 ol Al A Aol A A7 =3t
oA HH-FH7 =L 6g7} = w2 9}a)7)2o s A4t
o &A= A S H7 I 7H0.6g 5 ZTfsH-LRe] of o] )
Jejot ohal el 2 asto] A oetct

(
-

¢
)
o n.lZZ
=
1o
o
ox
2
)
ok
e
e
o
uj
10
ox
1o
o
<
S8

o

P

il
r
12
¢
¢

)
:(oimm
]oaoﬁ
N
E&]—mrﬁ
4 =
ol &
=Rl
32

TEa )

o
>
©
R

J

O A o O (R - <
RS
oL

=2
N
S~

Qul

e

3.2 YR e He

SR ETRAAY|E 8 V.67 o] §310] AR AGE S 74
2] BE(KS B 1002-86 M10)2] Q143 Ark7hw o] ghe AksshH, 44|91
AHE(PN,) &= B BAHE(SN,, ) 7k Aufshe] 1 g 9,744 No|
AAARAE (B V,) = £AEAT I B=(V,) 7 Alsh,
e 11,026 Nojef. Q1 Aetke] Ao 2R-8-2 vkt 47 o] dA1=
A vhgat ek

riLl K

N,

ua

PN, @V o

A7NA, N, = 870l AH8-ok= Q=o)L
ot

<& ol Al A 2] S dER= A1)l Hehd AL A4S ol
31of 2]71 sgeofl tisted 47H2] Y7 ol 274 ool A4 o) 24
Z3}x] gpoml PRI} A 0w salEE Ao 7sigrt o
50% o|4ke] ej77} s gickel w2 7] ago] Mol ofs) sl
£ 8ho] A HHafRt Aot 1749] 717} wied o] Fof 14
A 78120 98] L x| o)A Ko S-elo] AZE| dAko 2 27129)
#)2) 53]} AL SRg o] ol ALk o|eh ZHe 71A9] oA 2] 5} o
L 2)RI510] B3 A} 5108 o] B1rlA] S tloFel 28 Hkeds)
ofol 7H53H Ao|c). oY 2] 5} 240} 1] 2)7]2] Mo okt mhjete] 2
291 A2 oot x|Rlstkgol ofeh delel ofsf atdE 4= AT &
AU A= 2] o7 mizo]] 2 =oll A= 9872] 50% o] v
] Ateof ofe whaly ARl 7Bkl PAR-e] &4
AR S 0] ) oloh mbrix R Tl SAraElR A Qb
Rk ER e

Ve 8710 268k

4> o o
e 3 oo

o%

R ﬂﬁlm

22

Ao o Barbar 514 ol AR SRR oS
S B SEAS] £ BENE ABISICE 5 ARl A 4
o] ZJo)of whE AW F|oFE A 0] AfE ], _‘?J\-l—a]-oi];]_

Barbat 5{4]0] A3HeH= w9l tiigt STA|0] Al £4) L
(Dsy). 1240 Ds,), SR Dsy), A243E 4H(Ds,), 9 2
(Ds5)9) Aol Table 30 iehfgiek. o= vlebd 4 2jsh4 (pushover
analysis)o] 2|3 13t 1220 3-#9] A o418 ZAS|(bilinear
approximation) Z74-& 55101 G D)2t FFHII(D,) 5 Fak7
o] 53] Table 30| Lhehdl 5709] &abAreloll thak WslatAlS Tat
o 927 9f At Aol thsto] Al /e S) M 913HA| = Table 3

B oo

Steel Frame

200 T T | T T
160 — i -
s r 7 7
I
= 120 — | —
%ce |
) L ! 4
= |
w2 |
o 80— | —
o |
< |
M B : actual curve T
40 — | = = = - bilinear approximation —
|
|
- | 4
0 1 ‘ I 1 | 1 I 1
0 Dy 4 8 12 16

Displacement (cm)

Fig. 5. Force-displacement relationship of steel frame part of
lighting arrester by pushover analysis

Table 3. Definition of displacement limit for steel frame

Damage State displacement limit diSpT:::ZL::]aet:td(mn)
No Damage (Ds;) <0.7D, <212
Minor Damage (Ds,) <D, <3.03
Moderate Damage (Ds,) | < D,+0.25(D,-D,) <5.65
Severe Damage (Ds,) <D, <135
Complete Collapse (Ds;) > D, >13.5

Table 4. Definition of displacement ratio limit for steel frame

Damage State displaf:ement ratio . calculated
limit (%) displacement (cm)
No Damage (Ds;) <0.2 <0.46
Minor Damage (Ds,) <0.5 <1.15
Moderate Damage (Ds,) <15 <4.45
Severe Damage (Ds,) <25 <5.75
Complete Collapse (Ds;) >25 >5.75
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Table 5. Characteristics of far-fault earthquakes used in this study
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27191 2745101 -60718] A0S a1l AR SIS itk
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NO SAC Name Earthquake Name Earthquake Magnitude | Epicentral Distance (km) | PGA (cm/sec?)
1 LAO7 Landers, 1992, Barstow 7.3 36 412.98
2 LAO9 Landers, 1992, Yermo 7.3 25 509.70
3 LA45 Kern, 1952 7.7 107 141.49
4 LA47 Landers, 1992 7.3 64 331.22
5 SEO07 West. Washington, Seattle Army B., 1949 6.5 80 289.19
6 SE11 Puget Sound, Wa., Olympia, 1949 71 80 737.82
7 SE13 Puget Sound, Wa. Federal OFC B., 1949 71 61 362.31
8 SE15 Eastern Wa.,Tacoma County, 1949 71 60 284.72
9 SE17 Llolleo, Chile 1985 8 42 684.27
10 SE19 Vinadel Mar, Chile, 1985 8 42 531.05
11 SE25 1949 Olympia 6.5 56 878.23
12 SE27 1965 Seattle 7.1 80 1722.40
13 SE29 1985 Valpariso 8 42 1605.50
14 SE35 1979 Miyagi-oki 7.4 66 595.07
15 BO17 Saguenay, 1988 5.9 118 179.47

Table 6. Characteristics of near-fault earthquakes used in this study

NO SAC Name Earthquake Name Magnitude (Ms) Epicentral Distance (km) | PGA (cm/sec?)
1 LAO1 Imperial Valley, 1940, El Centro 6.9 10 452.03
2 LAO3 Imperial Valley, 1979, Array #05 6.5 4.1 386.04
3 LA13 Northridge, 1994, Newhall 6.7 6.7 664.93
4 LA15 Northridge, 1994, Rinaldi RS 6.7 7.5 523.30
5 LA17 Northridge, 1994, Sylmar 6.7 6.4 558.43
6 LA21 1995 Kobe 6.9 34 1258.00
7 LA23 1989 Loma Prieta 7 35 409.95
8 LA27 1994 Northridge 6.7 6.4 908.70
9 LA51 Parkfield, 1966, Cholame 5W 6.1 37 765.65
10 LA55 North Palm Springs, 1986 6 9.6 507.58
11 LA58 San Fernando, 1971 6.5 1 226.54
12 SE01 Long Beach, Vernon CMD Bldg. 6.5 1.2 170.55
13 SE23 Erzincan 1992 6.7 2.0 593.60
14 BO05 New Hampshire, 1982 4.3 8.4 564.78
15 BO27 Nahanni, 1985 6.9 9.6 246.99
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Table 7. Earthquake ground motions recorded in the NEHRP Site Class A&B

NO PEER Name Earthquake Name Magnitude (Ms) Epicentral Distance (km) PGA (g)
1 ABY000 1992 Landers 7.5 69.2 0.115
2 ATB000 1994 Northridge 6.8 47.3 0.046
3 cuc180 1994 Northridge 6.8 80.0 0.051
4 DMHO000 1989 Loma Prieta 71 77.0 0.098
5 H-SUP045 1979 Imperial Valley 6.8 26.0 0.109
6 109021 1971 San Fernado 6.5 235 0.157
7 LH4000 1994 Northridge 6.8 32.3 0.057
8 LIT180 1994 Northridge 6.8 46.9 0.060
9 LV3000 1994 Northridge 6.8 37.8 0.084
10 MCHO000 1989 Loma Prieta 71 44.8 0.073
11 PHT360 1989 Loma Prieta 71 81.6 0.047
12 PJH045 1989 Loma Prieta 71 78.3 0.084
13 RINOOO 1989 Loma Prieta 71 79.7 0.078
14 SAP000 1994 Northridge 6.8 59.9 0.101
15 SG3351 1989 Loma Prieta 71 34.7 0.067

Table 8. Earthquake ground motions recorded in the NEHRP Site Class D

NO PEER Name Earthquake Name Earthquake Magnitude | Epicentral Distance (km) PGA (g)
1 A-CLJ360 1987 Whittier 6.1 443 0.05
2 A-CTS000 1987 Whittier 6.1 31.3 0.051
3 A-ELC180 1968 Borrego Mtn 6.7 46.0 0.130
4 A-HAR000 1987 Whittier 6.1 34.2 0.058
5 A-PMN012 1987 Whittier 6.1 28.8 0.067
6 A-ROS000 1987 Whittier 6.1 86.0 0.07
7 A2E000 1989 Loma Prieta 71 57.4 0.171
8 AGWO000 1989 Loma Prieta 71 28.2 0.172
9 BAKO050 1992 Landers 7.5 88.5 0.108
10 FTI000 1992 Landers 75 64.2 0.114
11 H-CC4045 1979 Imperial Valley 6.8 493 0.115
12 H-E13140 1979 Imperial Valley 6.8 21.9 0.117
13 H-PLS045 1979 Imperial Valley 6.8 31.7 0.042
14 H05000 1992 Landers 75 69.5 0.081
15 HOL180 1952 Kern Country 7.7 120.5 0.057

PP 0 2 A RF R TS g TR E(log-normal distribution N ) B

function) 2 ¥ &3}, =232 8=0] 220k (median value) T} 5 L= l;[[F(ai)]" [1=Fan™ )

Zl(standard deviation)E Z]--T=32%H(maximum likelihood estimation)
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Fig. 6. Concept of seismic fragility analysis for bushing or anchor
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Table 9. Median PGA value and standard deviation corresponding
to each damage states

minor | moderate | severe | complete

Damage state damage| damage | damage | collapse

(Ds2) (Ds3) (Dsa) (Dss)
median PGA values, ¢ (g)| 0.1 0.2 0.5 1
log-standard deviation (¢j)| 0.5 1 1 1

Steel Frame

e Minor Damage {Ds.)
Moderate Damage (Ds, ™
Severe Damage (Ds,)
Camplete Gollapse (Ds,) |

o
0
|

o
o

Probability of Failure

e
o

PGA (g)

Fig. 7. Crossing of seismic fragility curves with different log-standard
deviation
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Fig. 8. Seismic fragility analysis for steel frame using common Fig. 9. Comparison of seismic fragility curves of bushing

log-standard deviation

Table 11. Median PGA value and standard deviation of anchor
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