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/] ABSTRACT /

In order to perform a soil-isolation-structure interaction analysis of seismically isolated nuclear power plant (NPP) structures, the nonlinear
behavior of a seismic isolation system may be converted to an equivalent linear model used in frequency domain analysis. Seismic
responses for seismically isolated NPP containment structures subjected to a simple artificial acceleration history and different site class
earthquakes are evaluated for the equivalent-linear and nonlinear models that have been applied to lead-rubber bearing (LRB) modeling.
It can be observed that the maximum displacements of the equivalent linear model are larger than that of the nonlinear model. From the
floor response spectrum analysis for the top of NPP containment structures, it can be observed that the spectral acceleration of an
equivalent linear model at about 0.5 Hz frequency is about 2~3 times larger than that of a nonlinear model.
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Fig. 1. Analysis model of NPP containment structure
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Fig. 2. Flow chart of iterative seismic analysis using equivalent
linear model
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Table 1. Design property of LRB (per each unit)
Model Parameter Value Force
I F, Foons
K, (elastic stiffness) 4.504 < 10" kN/m ¥ -
Qs T -
Nonlinear LRB Model | A (second-slope stiffness) | 7.508 > 10° kN/m. . /
@, (characteristic strength) 6.008 X 10> kN

Displacement

K, (effective stiffness) | 1.5016 < 10* kN/m
Equivalent linear LRB ’
Model B, s (effective damping) 10% EDC
frequency - 0.5Hz frequency - 0.5Hz frequency - 0.5Hz
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Fig. 3. Several artificial acceleration history used in this study
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Fig. 4. Comparison of force-displacement relationships of LRB subjected simple artificial accelerations
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Table 2. Geomatrix 3" Letter Site Classification: Geotechnical Subsurface Characteristics

Site Class Geotechnical Subsurface Characteristics Used Record
A Rock. Instrument on rock (Vs > 600 mps) or < 5m of soil over rock. 50
B Shallow (stiff) soil. Instrument on/in soil profile up to 20m thick overlying rock. 50
c Deep narrow soil. Instrument on/in soil profile at least 20m thick overlying rock, 50
in a narrow canyon or valley no more than several km wide.
Deep broad soil. Instrument on/in soil profile at least 20m thick overlying rock, in a broad valley. 50
Soft deep soil. Instrument on/in deep soil profile with average Vs < 150 mps. 22
Table 3. Characteristic of earthquake records used in this study
Site A Site B Site C Site D Site E
NO. Earthquake Earthquake Earthquake Earthquake Earthquake
(Record ID), PGA (g) (Record ID), PGA (g) (Record ID), PGA (g) (Record ID), PGA (g) (Record ID), PGA (g)
1 Coalinga 1983 Duzce, Turkey 1999 Coalinga 1983 Imperial Valley 1979 Morgan Hill 1984
(A-ATC270), 0.576 (375-E), 0.514 (A-COM140), 0.195 (A-E06230), 0.366 (A01040), 0.046
2 Coalinga 1983 Duzce, Turkey 1999 Northridge 1994 Chalfant Valley 1986 Morgan Hill 1984
(A-ATC360), 0.673 (375-N), 0.97 (A-COM230), 0.201 (A-ZAK270), 0.447 (A01310), 0.068
3 Coalinga 1983 Coalinga 1983 N. Palm Springs 1986 Chalfant Valley 1986 Whittier Narrows 1987
(A-ATP270), 0.452 (A-CPL000), 0.292 (A-CWC270), 0.25 (A-ZAK360), 0.400 (A-TOR090), 0.031
4 Coalinga 1983 Whittier Narrows 1987 Whittier Narrows 1987 Duzce, Turkey 1999 Whittier Narrows 1987
(A-ATP360), 0.412 (A-GRV060), 0.384 (A-GLP177), 0.296 (BOL000), 0.728 (A-TOR180), 0.051
5 Coalinga 1983 Whittier Narrows 1987 Whittier Narrows 1987 Duzce, Turkey 1999 Kocaeli, Turkey 1999
(A-COL000), 0.313 (A-GRV330), 0.457 (A-OLD000), 0.231 (BOL090), 0.822 (ATS000), 0.249
6 Coalinga 1983 Coalinga 1983 Whittier Narrows 1987 Coalinga 1983 Duzce, Turkey 1999
(A-COL090), 0.343 (A-OLC360), 0.284 (A-OLD090), 0.258 (D-BNT360), 0.323 (ATS030), 0.038
7 Whittier Narrows 1987 Coalinga 1983 Northridge 1994 Coalinga 1983 Kocaeli, Turkey 1999
(A-GRN180), 0.304 (A-PLM360), 0.289 (BRC090), 0.206 (D-CHP000), 0.324 (ATS090), 0.184
8 Loma Prieta 1989 Whittier Narrows 1987 Parkfield 1966 Coalinga 1983 Duzce, Turkey 1999
(A-LULO0O), 0.484 (A-TAR000), 0.449 (C05085), 0.442 (D-CHP090), 0.605 (ATS300), 0.025
9 Loma Prieta 1989 Loma Prieta 1989 Parkfield 1966 Coalinga 1983 Kobe 1995
(BRN0O0O), 0.453 (A-TAR090), 0.644 (C05355), 0.367 (D-PVP360), 0.408 (KAK000), 0.251
10 Loma Prieta 1989 Friuli, ltaly 1976 Loma Prieta 1989 Coalinga 1983 Kobe 1995
(BRN090), 0.501 (A-TMZ270), 0.315 (CAP000), 0.529 (D-PVY045), 0.602 (KAK090), 0.345
1 Superstitn Hills(B) 1987 Livermore 1980 Loma Prieta 1989 Coalinga 1983 Loma Prieta 1989
(B-SUP045), 0.682 (B-KOD180), 0.301 (CAP090), 0.443 (D-PVY135), 0.327 (NAS180), 0.268
12 Superstitn Hills(B) 1987 Northridge 1994 Northridge 1994 Duzce, Turkey 1999 Loma Prieta 1989
(B-SUP135), 0.894 (C08320), 0.273 (CwC180), 0.298 (DZC180), 0.348 (NAS270), 0.209
13 Coalinga 1983 Whittier Narrows 1987 Northridge 1994 Kocaeli, Turkey 1999 Kobe 1995
(C-ATC270), 0.33 (CLS000), 0.644 (CWC270), 0.271 (DzC180-1), 0.312 (N1S000), 0.509
14 Coalinga 1983 Loma Prieta 1989 Northridge 1994 Duzce, Turkey 1999 Kobe 1995
(C-ATP270), 0.378 (CLS090), 0.479 (CYP053), 0.21 (DZC270), 0.535 (N1S090), 0.503
15 Victoria, Mexico 1980 Coalinga 1983 Kocaeli, Turkey 1999 Kocaeli, Turkey 1999 Kobe 1995
(CPE045), 0.621 (C-0LC270), 0.387 (FAT000), 0.187 (DZC270-1), 0.358 (OSA000), 0.079
16 Victoria, Mexico 1980 Coalinga 1983 Northridge 1994 Erzincan, Turkey 1992 Kobe 1995
(CPE315), 0.587 (C-0LC360), 0.37 (GLP177), 0.357 (ERZ-EW), 0.496 (OSA090), 0.064
17 Cape Mendocino 1992 Tabas, Iran 1978 Northridge 1994 Erzincan, Turkey 1992 Kobe 1995
(CPMO000), 1.497 (DAY-LN), 0.328 (GLP267), 0.206 (ERZ-NS), 0.515 (SHI000), 0.243
18 Cape Mendocino 1992 Tabas, Iran 1978 Whittier Narrows 1987 Coalinga 1983 Kobe 1995
(CPM090), 1.039 (DAY-TR), 0.406 (H08000), 0.25 (F-CHP000), 0.431 (SHI090), 0.212
19 Morgan Hill 1984 Coalinga 1983 N. Palm Springs 1986 Coalinga 1983 Kobe 1995
(CYC195), 0.711 (D-OLC270), 0.866 (H08090), 0.239 (F-CHP090), 0.733 (TAKO000), 0.611
20 Coyote Lake 1979 Coalinga 1983 Northridge 1994 Coyote Lake 1979 Kobe 1995
(CYC250), 0.279 (D-OLC360), 0.447 (H12180), 0.257 (G02140), 0.339 (TAK090), 0.616
21 Morgan Hill 1984 Coalinga 1983 Coalinga 1983 Imperial Valley 1979 Kobe 1995
(CYC285), 1.298 (D-PLM270), 0.272 (H-PV1090), 0.23 (H-AEP045), 0.327 (TAZ000), 0.693
22 Mammoth Lakes 1980 Coalinga 1983 Imperial Valley 1979 Imperial Valley 1979 Kobe 1995
(CYC285-1), 0.484 (D-PLM360), 0.29 (H-SHP000), 0.287 (H-AGRO003), 0.370 (TAZ090), 0.694
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Table 3. Characteristic of earthquake records used in this study (continued)

Site A Site B Site C Site D
NO. Earthquake Earthquake Earthquake Earthquake
(Record ID), PGA (g) (Record ID), PGA (g) (Record ID), PGA (g) (Record ID), PGA (g)
23 Coalinga 1983 Parkfield 1966 Imperial Valley 1979 Imperial Valley 1979
(D-SKH270), 0.375 (FAR000), 0.273 (H-SHP270), 0.506 (H-BCR140), 0.588
24 Coalinga 1983 Morgan Hill 1984 Morgan Hill 1984 Imperial Valley 1979
(D-TSM270), 0.84 (G06090), 0.292 (HVR240), 0.312 (H-BCR230), 0.775
25 Coalinga 1983 Coyote Lake 1979 Coalinga 1983 Imperial Valley 1979
(D-TSM360), 1.083 (G06230), 0.434 (H-Z14000), 0.282 (H-DLT352), 0.351
% Loma Prieta 1989 Coyote Lake 1979 Coalinga 1983 Imperial Valley 1979
(G01000), 0.411 (G06320), 0.316 (H-Z14090), 0.274 (H-E02140), 0.315
27 Loma Prieta 1989 Loma Prieta 1989 Whittier Narrows 1987 Imperial Valley 1979
(G01090), 0.473 (GILO67), 0.357 (H-Z216000), 0.195 (H-E04140), 0.485
28 Gazli, USSR 1976 Loma Prieta 1989 Landers 1992 Imperial Valley 1979
(GAZ000), 0.608 (GIL337), 0.325 (JOS000), 0.274 (H-E04230), 0.360
29 Gazli, USSR 1976 Loma Prieta 1989 Landers 1992 Imperial Valley 1979
(GAZ090), 0.718 (GMR090), 0.323 (JOS090), 0.284 (H-E05140), 0.519
30 Mammoth Lakes 1980 Northridge 1994 Whittier Narrows 1987 Imperial Valley 1979
(I-LUL000), 0.43 (KAT000), 0.877 (MANO000), 0.201 (H-E05230), 0.379
31 Northridge 1994 Northridge 1994 Northridge 1994 Imperial Valley 1979
(LAC180), 0.316 (KAT090), 0.64 (MU2035), 0.617 (H-E06140), 0.410
32 Landers 1992 Kobe 1995 Northridge 1994 Imperial Valley 1979
(LCNO000), 0.785 (KJM000), 0.821 (MU2125), 0.444 (H-E06230), 0.439
33 Landers 1992 Kobe 1995 Northridge 1994 Imperial Valley 1979
(LCN275), 0.721 (KJM090), 0.599 (MULO009), 0.416 (H-E07140), 0.338
34 Loma Prieta 1989 San Fernando 1971 Northridge 1994 Imperial Valley 1979
(LGP000), 0.563 (L12021), 0.366 (MUL279), 0.516 (H-E07230), 0.463
35 Loma Prieta 1989 San Fernando 1971 Landers 1992 Imperial Valley 1979
(LGP090), 0.605 (L12291), 0.283 (MVHO000), 0.188 (H-E08140), 0.602
36 Mammoth Lakes 1980 San Fernando 1971 N. Palm Springs 1986 Imperial Valley 1979
(L-LULO0O), 0.921 (ORR021), 0.921 (MVHO045), 0.218 (H-E08230), 0.454
37 Mammoth Lakes 1980 Northridge 1994 N. Palm Springs 1986 Imperial Valley 1979
(L-LULO90), 0.408 (ORR090), 0.408 (MVH135), 0.205 (H-E11140), 0.364
38 Loma Prieta 1989 San Fernando 1971 Trinidad offshore 1983 Coalinga 1983
(LOB000), 0.45 (ORR291), 0.45 (RDEO000), 0.194 (H-E11230), 0.380
39 Loma Prieta 1989 Northridge 1994 Cape Mendocino 1992 Imperial Valley 1979
(LOB090), 0.395 (ORR360), 0.395 (R10270), 0.385 (H-EDA270), 0.352
40 Northridge 1994 San Fernando 1971 Cape Mendocino 1992 Imperial Valley 1979
(PAC175), 0.415 (PCD164), 0.415 (R10360), 0.549 (H-EDA360), 0.480
a1 Northridge 1994 San Fernando 1971 Northridge 1994 Imperial Valley 1979
(PAC265), 0.434 (PCD254), 0.434 (RRS228), 0.838 (H-EMO000), 0.314
42 Northridge 1994 Northridge 1994 Northridge 1994 Imperial Valley 1979
(PUL104), 1.585 (PKC090), 1.585 (RRS318), 0.472 (H-EM0O270), 0.296
43 Northridge 1994 Northridge 1994 Northridge 1994 Imperial Valley 1979
(PUL194), 1.285 (PKC360), 1.285 (SMV180), 0.245 (H-PVP045), 0.380
44 Nahanni, Canada 1985 Kocaeli, Turkey 1999 Tabas, Iran 1978 Coalinga 1983
(S1010), 0.978 (SKR090), 0.978 (TAB-LN), 0.836 (H-PVY045), 0.592
45 Nahanni, Canada 1985 Northridge 1994 Tabas, Iran 1978 Coalinga 1983
(51280), 1.096 (SUN190), 1.096 (TAB-TR), 0.852 (H-PVY135), 0.551
46 Nahanni, Canada 1985 Northridge 1994 Northridge 1994 Imperial Valley 1979
(S2240), 0.489 (TAR090), 0.489 (TUJ352), 0.245 (H-QKP085), 0.309
47 Nahanni, Canada 1985 Northridge 1994 Northridge 1994 Imperial Valley 1940
(82330), 0.323 (TAR360), 0.323 (WP1046), 0.455 (I-ELC180), 0.313
48 Loma Prieta 1989 Friuli, ltaly 1976 Northridge 1994 Cape Mendocino 1992
(SLC360), 0.278 (TMZ000), 0.278 (WPI316), 0.325 (PET000), 0.590
49 Parkfield 1966 Loma Prieta 1989 N. Palm Springs 1986 Cape Mendocino 1992
(TMB205), 0.357 (UC2000), 0.357 (WWT180), 0.492 (PET090), 0.662
50 Northridge 1994 Loma Prieta 1989 N. Palm Springs 1986 Kocaeli, Turkey 1999
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