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Abstract

Real-time monitoring technology is critical for ensuring the safety and reliability of nuclear power plant structures. However, the current
seismic monitoring system has limited system identification capabilities such as modal parameter estimation. To obtain global behavior data
and dynamic characteristics, multiple sensors must be optimally placed. Although several studies on optimal sensor placement have been
conducted, they have primarily focused on civil and mechanical structures. Nuclear power plant structures require robust signals, even at low
signal-to-noise ratios, and the robustness of each mode must be assessed separately. This is because the mode contributions of nuclear power
plant containment buildings are concentrated in low-order modes. Therefore, this study proposes an optimal sensor placement methodology

that can evaluate robustness against noise and the effects of each mode. Indicators, such as auto modal assurance criterion (MAC), cross MAC,

and mode shape distribution by node were analyzed, and the suitability of the methodology was verified through numerical analysis.
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Fig. 1 Response spectrum of input seismic motions
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Fig.2 Lumped mass model of the OPR-1000 containment building
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Table 1 Dynamic parameters of the containment building model

Mode | Natural freq.(Hz) M(Z::(I:}r: ?:;Ziep?tciﬁg$$isvgﬁo
1 4.57 71.9% /71.9%
2 13.53 19.3%/91.2%
3 25.06 4.6%/95.8%
4 37.39 2.0%/97.8%
5 43.13 0.6% /98.4%

Frequency Response Function

102 T ! : : : : : :

Magnitude

5
freq.[Hz]

Fig. 3 FRF of the model under the ground excitation
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Table 2 Results of optimal sensor placement for the different
sensor numbers

Sensor Sensor nodes Maximum MAC
Numbers oft-diagonal value
2 4,10 0.3947
3 6,9,12 0.0119
4 3,7,10, 12 0.0196
5 6,7,9,11, 12 0.0002
6 1,3,7,8,11,12 0.0279
7 5,6,7,9,10,11, 13 0.0009
8 2,3,6,7,9,10, 11, 13 0.0003
9 1,2,3,4,7,8,9,11, 13 0.0016
10 1,2,3,5,6,8,9,10,12,13 0.0110
11 3,4,5,6,7,8,9,10,11, 12,13 0.0050
12 2,3,4,5,6,7,8,9,10,11, 12, 13 0.0069
13 1,2,3,4,5,6,7,8,9,10, 11, 12, 13 0.0106

o] B7hstaick A 4375

Shoeem - @e 3z 2 3 3

Fig. 4 Results of optimal sensor placement on the OPR-1000
model(3,5,7,9sensors)
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Fig. 5 Results of optimal sensor placement on the OPR-1000
model(3,5,7,9sensors)
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FAE 23] T webA i LE 37 E ALE5]
Sfal AAVE Mol 3717k Bahe o 4 Uik

S aefsl7] f1el =it &9 glo]E of Gaussian
white noise & ¢ 214 0. & 1003] Fojsto] 54-5HS g4
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Table 3 Mean value of auto MAC for the different sensor numbers

and SNR

SNR Sensor numbers

(dB) 3 6 9 13
40 0.0192 0.0012 0.0018 0.0107
20 0.0409 0.0196 0.0122 0.0224
18 0.0697 0.0395 0.0222 0.0313
16 0.1070 0.0813 0.0415 0.0459
14 0.2007 0.1427 0.0889 0.0877
12 0.2944 0.1923 0.1501 0.1496
10 0.4042 0.3008 0.2349 0.1906

Table 4 Standard deviation of auto MAC for the different sensor
numbers and SNR

SNR Sensor numbers

(dB) 3 6 9 13
40 0.0014 0.0001 0.0002 0.0005
20 0.0221 0.0171 0.0083 0.0104
18 0.0473 0.0275 0.0155 0.0150
16 0.0626 0.0599 0.0288 0.0295
14 0.1145 0.0999 0.0569 0.0446
12 0.1588 0.1061 0.0833 0.0835
10 0.2072 0.1356 0.1121 0.0976

Table 5 Passing rate of the criteria(auto MAC < 0.25) for the
different sensor numbers and SNR

SNR Sensor numbers

(dB) 3 6 9 13
40 100% 100% 100% 100%
20 100% 100% 100% 100%
18 99% 100% 100% 100%
16 96% 98% 100% 100%
14 72% 84% 98% 100%
12 43% 72% 85% 86%
10 23% 38% 55% 77%
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I FEHAS A 2skeith SNROJ ¥ste] whE auto MAC
O] Htgh HH, SNRO| 7rasso] fgo] SApE 1 3t
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7} S7Fd5 auto MACS] Fatgh2 ek HAith o]
S AN 7 Eol U F RO o] FRTFE RES KPS
o] SHE 4= 9152 ou|git]. Auto MACS] 7]5E%]910.255
BAR & uf, AA 4= 37]0) A= 14dB7HA], AllA] 4= 67l A
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Fig. 6 Histograms of auto MAC by different number of
sensors(3,6,13sensors)
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Table 6 Mean value of cross MAC(Mode 3) for the different sensor
numbers and SNR

SNR Sensor numbers

(dB) 3 6 9 13
40 0.9997 0.9995 0.9997 0.9997
20 0.9815 0.9569 0.9690 0.9679
18 0.9560 0.8979 0.9380 0.9410
16 0.9219 0.8073 0.8779 0.8826
14 0.8035 0.6692 0.7471 0.7530
12 0.6791 0.5158 0.5632 0.5439
10 0.5315 0.3413 0.3628 0.3483

Table 7 Standard deviation of cross MAC(Mode 3) for the different
sensor numbers and SNR

SNR Sensor numbers

(dB) 3 6 9 13
40 0.0002 0.0002 0.0001 0.0001
20 0.0139 0.0219 0.0117 0.0122
18 0.0361 0.0523 0.0271 0.0215
16 0.0511 0.0928 0.0489 0.0500
14 0.1268 0.1597 0.1023 0.0899
12 0.1995 0.1688 0.1558 0.1475
10 0.2552 0.1823 0.1628 0.1593

Table 8 Passing rate of the criteria(cross MAC > 0.8) for the
different sensor numbers and SNR

S8 AT 22 AAUH AT

SNR Sensor numbers
(dB) 3 6 9 13

40 100% 100% 100% 100%

20 100% 100% 100% 100%

18 99% 93% 100% 100%

16 98% 60% 93% 92%

14 64% 21% 33% 34%

12 31% 3% 6% 1%

10 14% 1% 0% 0%
oz gristzof Agtetar med g e /iE 2 E45
7)ol AFHET) weby LA SHoR AET BEYA
WiE 20k gJelat Zelo] -2 Rolste] 25H HEFY
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£ BYrh &, n o] REFo] =212 = 71.9%, 24} &
= :19.3%) B0 A= SNRo| 10dB 4220 & Eakslolx o
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MACOA] 7127) B 342 512] 32t Blo| el = i = o] o]
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2} R E cross MAC Q] H #3131} EZFH 2= Table 6, 70|, 7]=
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Mode shape - estimate by 3 sensors(SNR 20dB) Mode shape - estimate by 13 sensors(SNR 20dB)
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normalized mode shape normalized mode shape
Fig. 7 Estimated mode shapes for the 3 sensors and SNR 20dB Fig.9 Estimated mode shapes for the 13 sensors and SNR 20dB
Mode shape - estimate by 3 sensors(SNR 10dB) Mode shape - estimate by 13 sensors(SNR 10dB)
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Fig. 8 Estimated mode shapes for the 3 sensors and SNR 10dB Fig. 10 Estimated mode shapes for the 13 sensors and SNR 10dB
3t A% W) 7Rsa Ao 2 A7k Table 9 Standard deviation of mode shape amplitude(node 9) for

the different sensor numbers and SNR
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