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Eftfect of Rocking Behavior of Isolated Nuclear Structures and Sampling

Technique for Isolation-System Properties on Clearance-to-stop
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/] ABSTRACT /

ASCE 4 requires that a hard stop be built around the seismic isolation system in nuclear power plants. In order to maintain the function of
the isolation system, this hard stop is required to have clearance-to-stop, which should be no less than the 90th-percentile displacements
for 150% Design Basis Earthquake (DBE) shaking. Huang et al. calculated clearance-to-stop by using a Latin Hypercube Sampling
technique, without considering the rocking behavior of the isolated structure. This paper investigates the effects on estimation of
clearance-to-stop due to 1) rocking behavior of the isolated structure and 2) sampling technique for considering the uncertainties of
isolation system. This paper explains the simplified analysis model to consider the rocking behavior of the isolated structure, and the input
earthquakes recorded at Diablo Canyon in the western United States. In order to more accurately approximate the distribution tail of the
horizontal displacement in the isolated structure, a modified Latin Hypercube Sampling technique is proposed, and then this technique was
applied to consider the uncertainty of the isolation system. Through the use of this technique, it was found that rocking behavior has no
significant effect on horizontal displacement (and thus clearance-to-stop) of the isolated structure, and the modified Latin Hypercube
Sampling technique more accurately approximates the distribution tail of the horizontal displacement than the existing Latin Hypercube

Sampling technique.
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Fig. 1. Horizontal displacement of isolated structure

Fig. 2. System with a mass lumped at one point
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Fig. 3. Failure mode of isolated nuclear structure by rocking
behavior
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Table 1. Information of beam-stick model in SASSI example [3]

Mass No. | Mass (ton) | Area (m?) Af::fn:z) I’:Z:;r(]::n?:)
base 9071 130 65.0 241
1 20865 130 65.0 241
2 1905 130 65.0 241
3 1905 130 65.0 241
4 1905 130 65.0 241
5 1905 130 65.0 241
6 1905 130 65.0 241
7 2091 130 65.0 241
8 1369 92 46.5 16.4
9 1120 92 46.5 129
10 961 92 46.5 6.9
11 86 92 46.5 17
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(a) Arrangement of isolators

(b) Center of loading area

Fig. 7. Location and loading area of each isolator
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Fig. 8. Displacement of vertical spring for rocking behavior
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Table 2. Key parameters for the LR isolation systems with rotational

period
No| Model name | @/ W | T;(sec)| T, (sec) | T (sec) | u, (mm)
1 LR _T2Q3R5 0.03 2 0.05 0.05 25
2 LR_T2Q6R5 0.06 2 0.05 0.05 25
3 LR_T2Q9R5 0.09 2 0.05 0.05 25
4 LR_T3Q3R5 0.03 3 0.05 0.05 25
5 LR_T3Q6R5 0.06 3 0.05 0.05 25
6 LR_T3Q9R5 0.09 3 0.05 0.05 25
7 LR_T4Q3R5 0.03 4 0.05 0.05 25
8 LR_T4Q6R5 0.06 4 0.05 0.05 25
9 LR_T4Q9R5 0.09 4 0.05 0.05 25
10| LR T2Q3R7 0.03 2 0.05 0.07 25
11 LR _T2Q6R7 0.06 2 0.05 0.07 25
12| LR _T2Q9R7 0.09 2 0.05 0.07 25
13| LR _T3Q3R7 0.03 3 0.05 0.07 25
14| LR T3Q6R7 0.06 3 0.05 0.07 25
15| LR _T3Q9R7 0.09 3 0.05 0.07 25
16| LR _T4Q3R7 0.03 4 0.05 0.07 25
17| LR _T4Q6R7 0.06 4 0.05 0.07 25
18| LR _T4Q9R7 0.09 4 0.05 0.07 25
19| LR _T2Q3R9 0.03 2 0.05 0.09 25
20| LR _T2Q6R9 0.06 2 0.05 0.09 25
21| LR _T2Q9R9 0.09 2 0.05 0.09 25
22| LR _T3Q3R9 0.03 3 0.05 0.09 25
23| LR_T3Q6R9 0.06 3 0.05 0.09 25
24| LR _T3Q9R9 0.09 3 0.05 0.09 25
25| LR _T4Q3R9 0.03 4 0.05 0.09 25
26| LR _T4Q6R9 0.06 4 0.05 0.09 25
27| LR _T4Q9R9 0.09 4 0.05 0.09 25
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Table 3. Ground motions for the Diablo Canyon site
No. Event Station Date
1 San Fernando Lake Hughes #4 1971/02/09
2 San Fernando Pacoima Dam (upper left) 1971/02/09
3 San Fernando Pasadena 1971/02/09 3.2 F[i-EA AME M3t K|FISE
4 Tabas, Iran Tabas 1978/09/16 —o/ e e feeoe
5 Irpinia, Italy Auletta 1980/11/23
6 Irpinia, Italy Bagnoli Irpinio 1980/11/23 U2 0 & g PR AR 2E T s TR A% A11717}
7 Irpinia, Italy Bisaccia 1980/11/23 Tttt 7Pt AASE U AA BE = AR EL A7)
8 Irpinia, Italy Sturno 1980/11/23 HIeko] A|7|7F A& T2k ASE7) A ARREE SAE) SHATE
9 Loma Prieta Gilroy — Gavilan Coll. 1989/10/18 (uniform hazard response spectrum, UHRS)-2- oJ}5ko] 22 A|71E 7]
10 Loma Prieta Gilroy Array #1 1989/10/18 311 GeoMean) Bl © & shLto] t3EzEo & ulito] S5t Aolct 718}
11|  Loma Prieta ucsc 1989/10/18 T OIS Fig, 1034 200] 7K A a0l Hej2e) /14 gh(s, )
12 Loma Prieta UCSC Lick Observatory 1989/10/18 T 10] S AFR sl A aze] A 2i(S ) 4] (13) 2 o] 23}
13 | Cape Mendocino Petrolia 1992/04/25 in ““
14| Northridge Burbank - Howard Rd. 1994/01/17 A AR ISR = SRt wiEbA] Ao UHRS 24 74
15 Northridge Chalon Rd 1994/01/17 2 opUF R Mg THETH 7 wake] 2|12 A7 1 & dElshe Zlo] S
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19 Northridge Lake Hughes #4 1994/01/17
20 Northridge Pacoima Dam (downstr) 1994/01/17
21| Northridge Pcoima Dam (upper left) |  1994/01/17 Sy = (13)
22 Northridge Santa Susana Ground 1994/01/17
23 Northridge Vasquez Rocks Park 1994/01/17 4 Latin Hypercube 'ﬂ
24 | Kocaeli, Turkey Gebze 1999/08/17
25 | Kocaeli, Turkey 1zmit 1999/08/17
26 | Chi-Chi, Taiwan TCU045 1999/09/20 Hunag et al. [2]:2 RIZIA| 25 ef o2 4 °ﬂ ok ek B AR
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Fig.9. Five-percent damped response spectra of the 30sets of DBE spectrum-compatible ground motions for the Diablo Canyon site

297



st=2X|21gsts =23 | 198 6= (52 HM106=) | November 2015

a = 0.05
=101

@

probability density funclion

Fig. 11. Normal distributions with a mean of 1 and standard deviations
of 0.05 and 0.01
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Table 4. Analysis sets to consider uncertainty of isolators and
ground motions

Isolators Ground motions Total
Set | Quality |[Number of| Spectrum— | Number of | number of
control | samplings| compatibility| samplings | samplings
spectrum-
o e:ieni;te 1 compatible 30 30
(Fig. 9)
mo | Best 1 maximum- 30 30
estimate minimum
mp | Excellent 5, spectra- 30 900
control .
Good compatible
M2 30 (Fig. 11) 30 900
control
ik

Fig. 14. Weighted Latin Hypercube Sampling with a mean of 1 and
standard deviations of 0.05
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Table 5. Result of Medians and logarithmic standard deviations of
peak displacement for 100% DBE and 150% DBE

100% DBE
logarithmic standard
deviations (3)

GO MO M1 M2 GO MO M1 M2
LR T2Q3| 487 | 572 | 573 | 575 | 010 | 0.13 | 0.13 | 0.14
LR T2Q6| 401 | 473 | 472 | 472 | 014 | 0.21 | 0.20 | 0.21
LR T2Q9| 339 | 404 | 404 | 405 | 020 | 025 | 025 | 0.25
LR T3Q3| 643 | 775 | 775 | 776 | 0.15| 0.18 | 0.18 | 0.18
LR T3Q6| 494 | 584 | 585 | 586 | 0.19 | 0.25 | 0.25 | 0.25
LR T3Q9| 403 | 472 | 473 | 473 | 020 | 0.28 | 0.28 | 0.28
LR T4Q3| 784 | 939 | 937 | 935 | 0.14 | 0.16 | 0.16 | 0.16
LR T4Q6| 526 | 641 641 | 642 | 020 | 0.24 | 024 | 0.25
LR T4Q9| 416 | 493 | 493 | 496 | 021 | 029 | 0.29 | 0.29
150% DBE

logarithmic standard

deviations (3)

GO MO M1 M2 GO MO M1 M2
LR _T2Q3| 791 932 | 931 935 | 0.09| 0.12 | 012 | 0.13
LR T2Q6| 678 | 796 | 796 | 798 | 0.12 | 0.16 | 0.16 | 0.17
LR T2Q9| 595 | 703 | 702 | 702 | 0.14 | 0.21 | 0.21 | 0.21
LR T3Q3| 1086 | 1300 | 1300 | 1303 | 0.12 | 0.16 | 0.16 | 0.16
LR T3Q6| 861 | 1039 | 1039 | 1041 | 018 | 0.22 | 0.22 | 0.22
LR T3Q9| 728 | 862 | 863 | 865 | 020 | 0.26 | 0.26 | 0.26
LR T4Q3| 1359 | 1620 | 1616 | 1616 | 0.13 | 0.14 | 0.14 | 0.14
LR T4Q6| 1011 | 1220 | 1219 | 1217 | 0.15| 0.19 | 0.19 | 0.20
LR T4Q9| 779 | 952 | 951 951 | 019 | 0.24 | 024 | 0.25

Model median (0) (mm)

Model median (0) (mm)
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Table 6. Result of Medians Relative displacement (u, ,,;,)

6 (mm) for 100% DBE ‘ 6 (mm) for 150% DBE
GO | MO | M1 | M2 | GO | MO | M1 | M2

Model

R5|5.18 | 6.06 | 6.07 | 6.07 | 824 | 9.70 | 968 | 9.70
LR T2Q3|R7 | 518 | 6.06 | 6.07 | 6.07 | 824 | 9.70 | 9.68 | 9.70
RO | 559 | 6.56 | 6.56 | 6.57 | 8.92 |10.48|10.46 | 10.49

R5| 458 | 539 | 538 | 536 | 7.37 | 8.64 | 8.63 | 8.62
LR T2Q6| R7 | 458 | 5.39 | 5.38 | 5.36 | 7.37 | 8.64 | 8.63 | 8.62
R9| 497|584 |583|581|797|937]936| 935

Table 7. Ratio of displacement of peak displacement for GO, MO,
M1 and M2 of LHS & WLHS

median (#) for 100% DBE (mm)

R5|4.27 | 505|504 | 503 |6.81)804 | 803|801 Model MO/GO M1/MO M2/M1
LR T2Q9|R7 | 4.27 | 505 | 5.04 | 5.03 | 6.81 | 8.04 | 8.03 | 8.01 LHS WLHS LHS WLHS LHS WLHS
RO | 466|544 | 544 | 544 | 741 | 876 | 8.74 | 8.71 LR T2Q3| 1.17 117 1.00 1.01 1.01 1.00
R5|314 | 377 | 376 | 376 | 515 | 6.16 | 6.15 | 6.14 LR T2Q6| 1.18 1.18 1.00 1.00 1.00 1.00
LR T3Q3|R7| 314 | 3.77 | 3.76 | 3.76 | 515 | 6.16 | 6.15 | 6.14 LR T2Q9| 1.19 1.19 1.00 1.00 1.00 1.00
RO | 3.40 | 4.07 | 407 | 407 | 557 | 6.65 | 6.64 | 6.64 LR T3Q3| 1.20 1.20 1.00 1.00 1.00 1.00
R5|278 | 322|323 |323|441|524|525|525 LR T3Q6| 1.18 1.18 1.00 1.00 1.00 1.00
LR T3Q6|R7 | 278 | 322 | 323 | 323 | 441 | 524 | 525 | 525 LR T3Q9| 1.17 117 1.00 1.01 1.00 0.99
RO | 3.00 | 3.50 | 3.51 | 3.50 | 4.78 | 5.69 | 5.69 | 5.69 LR T4Q3| 1.20 1.20 1.00 0.99 1.00 1.00
R5|270 | 3.06 | 3.07 | 3.08 | 416 | 4.81 | 4.82 | 4.82 LR T4Q6| 1.22 1.22 1.00 1.00 1.00 1.00
LR T3Q9| R7 | 2.70 | 3.06 | 3.07 | 3.08 | 416 | 4.81 | 482 | 482 LR T4Q9| 1.18 1.18 1.00 1.01 1.00 0.99

RO | 294|337 |337 | 336|450 |523|523|524

R5| 222|267 | 267 | 266 | 3.72 | 443 | 442 | 441
LR T4Q3|R7 | 222 | 267 | 267 | 266 | 3.72 | 443 | 442 | 441
RO | 242|290 | 290 | 289 | 404 | 483 | 481 | 480

R5|191]1223 224|225 |311 371371370
LR T4Q6 | R7 | 1.91 | 223 | 224 | 225 | 311 | 3.71 | 3.71 | 3.70
R9| 207|243 | 244 | 244 | 3.38 | 4.03 | 403 | 403

R5|197 | 222|223 | 224|288 |3.38 | 3.38 | 3.38
LR T4Q9|R7 | 1.97 | 222 | 223 | 224 | 2.88 | 3.38 | 3.38 | 3.38
RO | 216 | 243 | 244 | 245 | 3.11 | 3.67 | 3.68 | 3.69

75 whegt () HI9919) FUE R RAE e o)
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uheol e T8 HEAYm,) ATARANw, )9 FHEES
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median (0) for 150% DBE (mm)

Model MO0/GO M1/MO M2/M1

LHS WLHS LHS WLHS LHS WLHS
LR T2Q3| 1.18 1.18 1.00 1.01 1.00 1.00
LR T2Q6| 1.17 117 1.00 1.00 1.00 1.00
LR T2Q9| 1.18 1.18 1.00 1.00 1.00 1.00
LR T3Q3| 1.20 1.20 1.00 1.00 1.00 1.00
LR T3Q6| 1.21 1.21 1.00 1.00 1.00 1.00
LR T3Q9| 1.18 1.18 1.00 1.00 1.00 1.00
LR T4Q3| 1.19 1.19 1.00 1.00 1.00 1.00
LR T4Q6| 1.21 1.21 1.00 1.00 1.00 1.00
LR T4Q9| 1.22 1.22 1.00 1.00 1.00 1.00

Table 8. Result of 99%(90%)-ile displacement for M1 and M2 of

LHS & WLHS
99%—ile displ, for 100% DBE (mm)
Model M M2
@®LHS |@WLHS (®E§D)/ @®LHS | @WLHS (®25D)/
LR T2Q3| 781 808 | 3.46% | 800 808 | 1.00%
LR T2Q6 759 772 1.71% 768 772 0.52%
LR T2Q9 724 729 0.69% 728 729 0.14%
LR T3Q3| 1174 1185 0.94% 1184 1185 0.08%
LR_T3Q6| 1045 1057 1.15% 1054 1057 0.28%
LR_T3Q9 907 916 0.99% 913 916 0.33%
LR_T4Q3 1354 1379 1.85% 1370 1379 0.66%
LR._T4Q6| 1125 1155 2.67% 1141 1155 1.23%
LR_T4Q9 966 983 1.76% 974 983 0.92%
90%—ile displ. for 150% DBE (mm)
Model M M2
@®LHS |@WLHS (®_G<)D)/ @®LHS | @WLHS (®_®(D)/
LR_T2Q3 1080 1109 2.69% 1099 1109 0.91%
LR_T2Q6 980 995 1.53% 991 995 0.40%
LR_T2Q9 917 925 0.87% 923 925 0.22%
LR_T3Q3 1589 1609 1.26% 1600 1609 0.56%
LR T3Q6| 1376 1378 0.15% 1378 1378 0.00%
LR T3Q9| 1200 1208 0.67% 1205 1208 0.25%
LR _T4Q3 1923 1935 0.62% 1934 1935 0.05%
LR T4Q6| 1558 1570 0.77% 1566 1570 0.26%
LR T4Q9| 1291 1315 1.86% 1303 1315 0.92%
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