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/] ABSTRACT /

The Gyeong-Ju earthquake in the magnitude of 5.8 on the Richter scaleoccurred in September 12, 2016. Because there are many nuclear
power plants (NPP) near the epicenter of the Gyeong-Ju earthquake, the seismic stability of nuclear power plants is becoming a social
problem. In order to evaluate the safety of seismically isolated NPP, the seismic response of a NPP subjected to the Gyeong-Ju
earthquake was compared with those of 30 sets of artificial earthquakes corresponding to the nuclear standard design spectrum (NSDS).
A 2-node model and a simple beam-stick model were used for the seismic analysis of seismically isolated NPP structures. Using 2-node
model, the effect of internal temperature rise, decrease of shear stiffness, increase of lateral displacement and decrease of vertical
stiffness according to nonlinear behavior of lead-rubber bearing (LRB) were evaluated. The displacement response, the acceleration
response, and the shear force response of the seismically isolated nuclear containment structure were evaluated using the simple
beam-stick model. It can be observed that the seismic responses of the isolated nuclear structure subjected to Gyeong-Ju earthquake is
significantly less than those to the artificial earthquakes corresponding to NSDS.
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Fig. 1. Lead-Rubber Bearing (LRB)
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Fig. 2. Comparison of acceleration response spectrum of 30 set
artificially generated records by RspMatch according to
nuclear standard design spectrum (horizontal X-direction)
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Fig. 3. Comparison of acceleration records at DKJ, MKL, and USN sites for Gyeong-Ju earthquake
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Fig. 4. Comparison of response spectrum of Gyeong-Ju earthquake and nuclear standard design spectrum.

Table 1. Peak ground acceleration of Gyeong-Ju earthquake

) Peak Ground Acceleration (g)
Station
Horizontal (EW) | Horizontal (NS) Vertical (Z)
DKJ 0.078 0.092 0.057
MKL 0.285 0.257 0.088
USN 0.404 0.351 0.213
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Fig. 6. 2-Node model for seismically isolated NPP by LRB

Table 2. Size and properties of LRB used in this study [6]

Size and Properties Value
Inner Diameter (Lead Core) 400 mm
Outer Diameter 1500 mm
Rubber Thickness 7 mm
No. of Rubber Layer 30
Vertical Load 10,000 kN
Yield Displacement 1.88 mm
Yield Strength 1055.028 kN
Shear Modulus of Rubber 0.5MPa
Shear Modulus of Lead 8.33 MPa
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Fig. 7. Simple Beam-Stick model of NPP by OpenSEES program
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Table 3. Mechanical property of LRB used in this study

2 node model Beam—Stick Model
Model Parameter (per each unit) (per 5.85 unit)
[(u 67, 3
(elastic stiffness) 3.191 < 10° kN/m 544.77 X 10° kN/m
K, | 3
(second-slope stiffness) 2.494 < 10* kN/m 4.26 < 10° kN/m
d 3 » 3
(characteristic strength) 5-865 10" kN 1.046 <10°kNV
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r
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Fig. 8. Comparison of lead core’s temperature time history of LRB
subjected to Gyeong-Ju earthquake
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Fig. 10. Comparison of force-displacement relationships of LRB due to heating effect.

2] Ajo] | RE] AL T 2 Ho g ZRAEARI0] 3

22 v} oAU L2 Aol JT 2] 0| AT
3157 Kol MRA) LR L Aso] YHTEAHER thS Q134
AT} 10% ]k 470 5 A Upehydeka sheigick

%XWZI Hese) ype

-lDPﬂE.J 118 = J o7 AktE A

2 oz ool

RAAA) O] U AR k6 0] T - Sl RS
Fig. 100 LFERRSIEE Fig. 10(a), (b), () = -2 AR T} ¥4 5.2
w2 7720} tfgHLRBS] G- 1] 2o, Fig. 10(d), (o), (= 2141
AR 8ot LB AR 307] FollA ATEE3e] s

PAS ek Fig. 10(a)i=DKJ B304 543
HO7} | mmE WA 2] ﬂiﬂ%ﬁol 1.88 mm K} 22 WS Holn|
SIS WX 2ot B Wglol miRes A0 Uehirk Fig.10
(b)SH(O = RIS ol ey ST SI%i SHeheAle] e
SRS YRR 02 T DA Aol AR AR 2 e
STk Fig 100, (9D -2 5T fre] He dee
As1} ool uhe 2s10] SRRl LS Salat 4= gllck
AR 37 Al wHE 7o) el Hlek T-ue] 9
st7heor ﬁfnLHTiEM—ou uﬁ— QO A OR )
Ko LpERIch LRBO] Uit £ A0l mE AR mo) dages 27
ekl g g &7&54 Hl2A] Fig. 11(a)o] ¥]sto] Lpet

AzAoR Y

r]rn:
;.:_oh‘,ﬁ

457



StEX|XIZsts| =27 | 203 75 (EH H[1235) | December 2016
1 ‘ 1.25 :
DKJ  MKL , USN
A Apan. . B0 A A
JER VAN W 1.2
09 2% i
ad 1145 -

Dratio (Dheal/ D)

Shear strength ratio
°

e
by

P

a _a o Standard Design Spectrum
mean: 0.925
E-5-81Gyeong-Ju EQ, mean: 0.994

0.6 L | | | |

=
T

DKJ

0.95 .

& - o Standard Design Spectrum
mean: 1.035
[ E-2HGyeong-Ju EQ, mean: 1.000

\ K WAy rmr
WY AAAAAAAAA7

MKL

mean : 0.970
, mean : 0.972
mean : 0.9999256 |

- - with heating ,
= without heating

« « with heating ,
4= without heating ,
1 1 1 1 1

USN
mean : 0.9999259

Stiffness ratio,min ( Kv,min/ Kvo)

5 10 15 20 25
Ground motion

(a) shear strength ratio

30 5 10

15

Ground motion
(b) lateral displacement ratio

14
)

20 25 30 5 10 15 20

Ground motion
(c) vertical stiffness ratio

25 30

Fig. 11. Comparison of inelastic responses of LRB due to heating effect

)

?L'e AR ¢] L7 iAYslr] o[ 9] Mk
IL, 2Aksol| ol 2|54 02 IPAE M=
%*Eﬂl—%%lo}hﬂl AMEBIAL. of7| M At n]7} 12 A
Wl U oufgit). 1 Rt 2S5 A =7} v]gk
ool 40}0% o] AokE|Sha-2 QJulgith. Fig. 11(a)
AT *74]%]%14 30719) Aekzben|= Uel
lxu =S vehd Aolth.

o ggHoa 09254 il eAnr

HT 32

N
oo JH; %1’5 i L

s
7J

rxg
oY

X

= 1o ox
jabo) t
o O
zﬂcjé
1o

£ F«’

N
o
K}
o
)
I
<

PGA 0.3 g YA
H](2F7.5% Hka
1]710.9945(2F0.55% zj Thas 72 ATk

& e} 379 4 PN

sk

LRB] -2 A1) ols HE3 Aok LRB| Fwisle] G
S 0] R0 el ek 2EAS E1}e] 3R] 12 LRBY)
YT AT V(D,,,,, = D,/ DF Fig. 110)0] ¥ w31} Lk
Uik D U2 A E S 1ef5H] 9k 79-0] LRBE| Ztg)
£ Ueho] D, = 2w J5ENE 12i3 499 LRBE
912 Ui Fig. 11(b)ellA A1 QB A AM =] sk
30749] Q1341200 chet LRB] ¥ISIH|S pehn, A4e 454400
el %#FH&W4W#Kmuﬂwﬂﬂﬁ“ﬁMLﬂ°
o ShAolIA] LEARS EHE NI 25-2) WSl LA

“°ﬁ%ﬂﬂ4® %Hﬂiﬂ4d8§4ﬂdqqﬂ
ol the ol QRS AGT B9 i SRS GF

A0

=

AKL

2

o °

koo
o
rsL'

rr 11;

r

i

ox (& ©

JES
_}l_‘

=2
=
:Oé
X ol

0|

oZi

ol

—11:1

(B
B
N

o\
O
ot

).

o
P
)
ﬁ
ya
12
oN of
og OQ

ol
)

o

»

AN
ol
ox

=
o

O

N

ol

i
oo

o 1
(o]

o

ok

o
o e H4r K

o
L
I

(m rir

o

=2
1o
Ir ot

ol
5:::\9

c
N
&
Tr o
18

olo

ol
ol
;

(¢

0.970 24 3% = 7447} &
2173731] 2] H4+0]0.9999256 24

EI\I
32

Jul
il

sl oJgH A7)

274449 a7t A 9) gl A o= el
4.2 712k Beam-Stick 22 0|85t

SHE Hln

2 Aol A 27874 RE(Fig. 6 =) UG
2 fIoto] ARBSFAAL, WRIE YR ES] ANHA
7] $Jslirl= 712kl Beam-Stick - 2(Fig. 7 342

73 A Rlol| thgt Rl A AgtREo] Wel, 7, d\_@.—%:rli
=9 oo ufek 212} Fig. 12(a), (b)2H(e)oll WrERARICE. ¢
Holl th-&-3k=3071 QI+ Thgt HzlE & 75‘.‘9*?%5-4 HH 75
I, A S Fig. 12(d), (e), (Dol EhH Ak 7 A412-3071 -5H21 3
Wk Rt AEEAHER | thSoh= QAR 30719t 3714 7
TR0l Tt AgraEe] M9, 7iGE, Ak o] Hehs vlwsto] Fig.
12(g), ()2} (i)oll Blasto] LERRICE

Fig. 12(2)0] Uehl BRIz 2 80| B Hslgsho el
of OJ5h BRVAA]©] SIS EHS 10 mm vIRko 2 et 914 St Al
B¢ o} Qg AIlo] Stz oF 70 mme] S ST Lehulck
o) ujet 33} Hej7] 2o} Al )= DKLE 2.82 mm,
10.47 mm, USN-214.57 mm= H+9.29 mm ] At HeE 7 [K]&=
e O o] = YA AHEH 30709] Bt 7.42 mm e} H]
FZ o fepde o 4= 9lch

Fig. 12(b)o]l Lfehd Z5=2]%lof] thel =252 ool mhe 7155
SHOEHE 23] 757} DKJ, MKLE} USN 7901 2710.274 g,
0.767 g, 1.054 go|n] H£0.678 gd-& & <= St} YAgZIAAHEY
OFSBR=307] A1702] 2 74w BELES Fig. 12(e)°] Ui v} 7
0] 1.05 g 24 ZFA| 0] oJ5t 2AF=0] 7l 7t YA EZATE R of
SR 11719] 73 ST} A ek o 4 9l

7721 100] o Z7250] olo] e MRS Fig. 12(c )of e}
Uick 9 A2 9] 37]+=DKJ, MKL, USN Z}2}+27.202 MN, 95.909
MN, 161.017 MNO.2 LFEREO M H4 94,709 MN O 2 A FAA
HEHo| t23H=307) ¢l xx|Re] Wi Actelo] H4t 154.18 MN Ko}
S e 3/ A Al B i

o]t 5h Q1A 7100 thet 4213t gk W <A Lefpa o)

oAl ZgF=A1R1o] qfitof| ujsto] HlE tREe] mlAle el Arkal

0,
)

S~
%
)
R
T

\__

:%:
r >i E o XN
o ozt [ ™

-

i
-



Gyeong-Ju

Height (m)

>—6—€ USN-HGE

1 L L
30 60 90
Displacement (mm)

(a) displacement (GyeongJu)

120

Standard Design Spectrum
T T T

-
B
=]

Standard Design Spectrum
s [Vie@n of Standard Design Spectrum

a
N
=]

Height (m)
8 8 8

B
=]

20

60 120

Displacement (mm)
(d) displacement (Standard Design Spectrum)

140 T T T

G- Mean of Gyeong-~Ju
120 - A—A—7\ Mean of Standard Design Spectrum N

Height (m)
5 8 8 8
- T T
| Ly

N
=3
I
|

| |
60 90
Displacement (mm)

(g) displacement (mean)

o

0 30 120

re
gal
r

Gyeong-Ju Gyeong-Ju
140 T 140 T T T T
120 120 e it HoE
L 4 L G—&—< USN-HGE 4
100 100 ¢4
Ew £ w
g 1 5
‘o 60 - ‘o 60 =
I b B I 4
40 8 40 -
B F-3-E1DKJ-HGE 7
PPN
= W 1 e
0 0 A b !
0 0.4 0.8 1.6 0 40 80 120 160 200 240
Max. Acceleration (g) Shear Force (MN)
(b) acceleration (GyeongJu) (c) shear force (GyeongJu)
Standard Design Spectrum Standard Design Spectrum
140 T T T 140 T T T T T
120 || e s ot Stancior et Spectrum . 120 | | ot ofStnderd bosign Specrum 4
100 - B 100 - 8
é 80 — - é 80 — -
2. 2.
‘o 60 - ‘o 60 -
T | | T L ]
40 B 40 8
20 - - 20 - -
ol | : ‘ o y
0 0.4 0.8 1.2 1.6 0 40 80 120 160 200 240

Max. Acceleration (g)
(e) acceleration (Standard Design Spectrum)

Shear Force (MN)
(f) shear force (Standard Design Spectrum)

140 T T T 140 T T T T
[ 3-5-E1Mean of Gyeong-Ju ] [ [3-5-E] Mean of Gyeong-Ju ]
120 |~ | A—A—A Mean of Standard Design Spectrum 7 120 |~ | A—A—A Mean of Standard Design Spectrum I
100 100
g 80— - é 80 -
- -
- ) ]
0 60 — 0 60 -
I | 1 I J
40 . 40 .
20— - 20 -
0 I I 0 I
0 04 0.8 1.2 1.6 0 40 80 120 160 200 240
Max. Acceleration (g) Shear Force (MN)

(h) acceleration (mean)

(i) shear force (mean)

Fig. 12. Comparison of seismic responses of NPP containment structure subjected to Gyeong-Ju earthquake and 30 set artificial earthquakes
corresponding to standard design spectrum
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