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Abstract

The review of seismic response analyses of buildings in nuclear reactor facilities is
generally performed using a lumped mass stick model that appropriately models the soil—structure
interaction. However, the “Regulatory Guide of the NRA Ordinance on Standards for the Location,
Structure, and Equipment of Commercial Power Reactors” (2013)* and the “Regulatory Guide for
Reviewing Earthquake-Resistant Design” (2013)2 were enacted, and a review of the validity of the
lumped mass stick models and the appropriateness of combination of two horizontal and vertical
seismic forces has been newly performed. As a new study on the seismic safety of buildings, the
results of a seismic response analysis using a 3D FEM model were discussed at the review meetings.

Therefore, in this NRA technical report, for the objective of obtaining the technical
knowledge that contributes to the precise evaluation of the seismic behavior of buildings in 3D FEM
models, influential factors that are likely to affect the response characteristics of the building were
identified throught a literature survey, based on the issues of the review meeting so sar. The

influential factors identified in this study are as follows.

a) seismic input in two horizontal and vertical directions and

b) modeling the contact-separation phenomena between soil and structure.

Then, their effects on the seismic safety and floor response of the building were examined
by the sensitivity analyses and simulation analyses of a seismic event to reproduce the records in
both the time domain and frequency domain using these influential factors as parameters.

In carrying out the above sensitivity analyses and simulation analyses, the authors
conducted seismic response analyses in the frequency domain based on the input data of the 3D FEM

model obtained from the project® conducted by Japana Atomic Energy Agency under the auspices



of the NRA, and compared the results with those in the time domain obtained in the project®. In

summary, the following results were obtained as technical knowledge on seismic motion in the

regime up to the building strain level slightly exceeding the elastic range.

1)

)

®)

For the influential factor a), the effects of the combination of two horizontal and vertical
directions seismic forces on the seismic safety and floor response of the building were evaluated.
As a result, it was confirmed that under the standard analysis conditions used in this sensitivity
analysis, the factor a) had little influence on the maximum response acceleration incremental
ratio and the floor response acceleration spectrum of the node recording the maximum
incremental ratio. In addition, the influences of horizontal vibration excitation due to vertical
seismic input on the seismic safety of the building and floor response was examined. Thus, it
was confirmed that under the standard analysis conditions used in this sensitivity study, the
factor a) had little influence on the floor response acceleration spectrum of the node recording
the maximum response acceleration.

To analyze influential factor b), the effect of modeling the contact-separation phenomenon
between soil and structure with joint elements or spring elements on the seismic safety of the
building and floor response was examined. Consequently, it was confirmed that under the
standard analysis conditions used in this sensitivity analysis, compared to without the contact-
separation phenomenon between soil and structure, modeling the factor b) with joint elements
or spring elements weakens the effects of restraining the soil, and the dominant frequency of the
soil-structure coupled system shifts to the lower frequency side.

In contrast to the analysis of the influential factors of a) and b), the results of the seismic response
analysis under realistic analysis conditions (the target of the simulation analysis), were almost
the same as the seismic observation data in the horizontal directions. Therefore, it is presumed
that the horizontal modeling of the influential factors with joint or spring elements has sufficient
accuracy under the conditions of this analysis and that the setting methods of the parameters in

the model have a certain degree of applicability.
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BEM Boundary Element Method (5% 5 2 #%)

BWR Boiling Water Reactor (i K ! J5L1-J7)

FEM Finite Element Method (A FR % 31%)

FRS Floor Response Spectrum (JRJEZE A7 kL)

IAEA International Atomic Energy Agency ([EIBSJE ) HEES)

JEA The Japan Electric Association (H AEXHE)

PGA Peak Ground Acceleration (:h3% ifi fx KN )

PWR Pressurized Water Reactor (Il /K B JEL 7-4F)

RB Reactor Building (Jf{ 7P & )=)

RC Reinforced Concrete (£kfili=z> 27 U — k)

RCCV Reinforced Concrete Containment Vessel (8kfi =27 U — b SR 1 IA KA
#)

RPV Reactor Pressure Vessel (5147 /1 &%)

S Steel (#k&)

SRC Steel Reinforced Concrete (EkE &= 27 U — )

SRSS Square Root Sum of Squares (3N 1 J74i%)

TLEM Thin Layer Element Method (7 J&& 2 32 7%)

TMS.L. Tokyo Mean Sea Level (B R(IE Y5 i)
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Table 2. 1 Relationship between seismic analysis models and analysis cases
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#* 3.1 HEEME

Table 3. 1 Structural materials

i AL SI AL : N/mm? [ T22EA4T : kglom?]
SR T 7 44.1 [450]
27 J—h
A 49.0 [500]
7331 SD345 [SD35]
H1) 27— M, REHEMERE F 2B ICHAR AT EEZRAH L,
H2) ik, BEt - i L CTHW S AL SD35 A BIATHIKS O SD345 LRI THDH LR L
720
# 3.2 MEAMEIOYMEE
Table 3. 2 Structural material properties
YR FAWEMELRE | AT VU | BALAEER
E G Y Y
(N/mm?) (N/mm?) (KN/m3)
KR 7
F. = 44.1N/mm? 2.90x10* 1.21x10* 0.20 23.5
L ERAE
F. = 49.0N/mm? 3.13x10* 1.31x10* 0.20 24.0
BRAH 2.05x10° — — 77.0
7 2.05x10° 7.90x10* 0.30 77.0

) X T 7 RO LS O BAL AT E R ¢ (3, RC OBALEFHEENS 1.0 2 L7 E

L7,

#*%3.3 IR ORETEH

Table 3. 3 S Structural damping values for reactor buildings

el TR E S h
RC i% 5%
BRI 2%
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# 3.4 =Rt FEM £ 7 VO EEHi
Table 3. 4 Weight distribution for 3D-FEM models

R IR R) R 2R)
il & = Tl S =

e T.M.S.L. (m) Eilili P T.M.S.L. (m) (k'i

Bk = IKIEFEM EtA — K tFEM
RF 49.70| 49.70 ~ 43.95 39,760 — |
CF

3820| 4395 ~ 34.95 80,820
oF =

31.70| 3495 ~ 27.60 86,110 3170| 3495 ~ 27.60 93,200
3F 3F

2350| 2760 ~ 20.80 86,400 2350| 2760 ~ 20.80 158,100
oF oF

18.10| 2080 ~ 15.20 56,460 18.10| 2080 ~ 15.20 104,900
1F 1F

1230| 1520 ~ 855 82,650 1230| 1520 ~ 855 203,200
=25 480| 855 ~ 155 81,700 =22 480| 855 ~ 155 126,500
2 170 155 ~ -495 82,900 2 170 155 ~ -495 139,500
BaF

820| -495 ~ -10.95 349,200 —~— |
Bk
HRET | 4370| 21095 ~ -13.70 220,300

&k 1,991,700| kN

# 3.5 M TR o MR PEE

Table 3. 5 Soil properties for sensitivity analyses

HAMBORE (Vs) 880 m/s
RT Y 0.416
HAAHER (1) 19.9 kN/m?
wx (h) 3%

) EAWEORE Vs 13, % 3.6 IR TMMAR RO ZOEAZIRE LT,
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# 3.6 JREER OIREEER & AEITEEE —5 (BWR)

Table 3. 6 Vibration tests and analysis results in nuclear facilities (BWR)

g | TN | RRE| WRE | R | W | BN | R | R | iR
1 1-1 2-1 2 6 2(1) 3 4 1
R RB RB RB RB RB RB RB RB RB
['J:ﬁi_j,‘g] [BWR- [BWR- [BWR- [BWR- [ABWR] [BWR- [BWR- [BWR- [BWR-
Mark-1] Mark-1] | Mark-11] | Mark-11] Mark-11] | Mark-1 ] | Mark-1%] | Mark-I]
Hi A Vs= E= Vs= Vs= Vs= Vs= Vs= Vs= Vs=
M 1620m/s | 45t/cm? 550m/s 470m/s 500m/s 700m/s 700m/s 700m/s 1800m/s

W1 AFRiT, AARBRELSETBS (2001) 0% EICEE L NS E K OIS 4
P UAERC L T2,

H2) WEE—RTFHIEN 1 BEEFIFRREOHAR S ONWTIL, i —ERICBIT
A AW HEE Vs OEAL N E Bl S C B2 D 2 L h . AL O S0
B LT,

1 3) KPOHAESRMIT, SR FEERE T OB ORIME (Vs) 2&T,
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3.7 FHMAT TN o AR EE

Table 3. 7 Soil properties for simulation analyses

Attitude Geological Solltype  |Shear Wave | Shear wave | Primary Primary | Unit Weight| Pokson’s | Inittal Shear
T.M.5.L Layer (Sand, chyor| Vebcity damping Wave wave T Ratio Modulus
rock) Vs (%) Velocity damping v G0
(m) (m/s) Vp (%) (kN/m3) (kN/m2)
(m¥'s)
Grade Level
(+12.0) Sand 150 310 16.1 0.347 36,000
+8.0 Sand
Sand 200 380 16.1 0.308 65,700
+4.0
Yasuda Chy 330 1240 17.3 0.462 192,000
-6.0
Rock 480 1640 17.0 0.451 416,000
-33.0
Rock 530 1700 16.6 0.446 475,000
Nshiyama
-90.0
Rock 580 1710 17.3 0.432 614,000
-136.0
Rock 650 1790 19.3 0.424 832.000
-155.0
The free -
surface ofthe | Nishiyarma Rock 720 1900 19.9 0.416 1,050,000
=

£ 1) “Rock” designation is coming from Japanese terminology and is not consistent with IAEA
safety standard.

£ 2) “Yasuda” (ZHE) 1%, BN OZLHE OHEFERFEA N I TH 5 Z & 23R
SNz EnG, BIE, TOLHFEN [HEHE] WEBEINTWS,

Hi#) TAEA, “Review of Seismic Evaluation Methodologies for Nuclear Power Plants Based on a
Benchmark Exercise”, IAEA TECDOC No. 1722, (2013).%
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#3.8 R FFERNSYHTLIHMO~ T =F 22— F M & FEMEPREE Xeq O TR R

Table 3. 8 Results of technical report review of magnitude and equivalent hypocentral distance at

the site of reactor buildings

VI =Fa— R | SmEIR R .
YA b " Xeq(km) %
A 8.2 107.0
OB 6.8 17.5 R T
25K 8.0 81.6 Ss-D1  #HHNEN QRO K DEEA v =V a VESI L TRIE
75 72.0 Ss-D2 PR L — M NHIER(JEA S — R ) O Wi £ 7 AT IES & BROE
75 65.0 Ss-D3  IffFET L — N NHEE(ARTEN & 7 — A 2)DWiEE T M IS & %E
A 78l 280 FEUEHET'S s — D 110k L TR SE S ©
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Fig. 5. 1 Transfer functions at crane floor: reference model for sensitivity analyses
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Fig. 5. 2 Maximum accelerations: reference model for sensitivity analyses
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Fig. 5. 3 FRS: reference model for sensitivity analyses
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Fig. 5. 5 Maximum accelerations: contact-separation model for sensitivity analyses
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Fig. 5. 6 FRS: contact-separation model for sensitivity analyses
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Fig. 5. 11 FRS: reference models for simulation analyses
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Fig. 5. 13 Comparison of FRS on observation points: contact-separation models for simulation
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Fig. 5. 14 Transfer functions on the third floor observation point: contact-separation models for

simulation analyses
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Fig. 5. 16 FRS: contact-separation models for simulation analyses
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Appendix Table 1. 1 Results of eigenvalue analysis for the shell model
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Appendix Table 1. 2 Results of eigenvalue analysis for the solid model

RENK J& 14 HI AR L HahE &t "

TR () (s) X Y Z X Y Z fi %

1 33164 0030]  0412]  0513] -0029] 0007 0010  0.000

2 33803 0.030| 3073 -0284] -0010] 0229] 0002  0.000] NS5 LK

3 34.461]  0029] 0147  2619] 0046]  0.001] 0234  0.000

4 36.898|  0.027] 0033  0486| -0254  0.000] 0007  0.002

5 37256 0027] -0231  0462] -0079  0.000] 0001  0.000

6 37.480]  0.027] 0347 -0477] 1958  0.000] 0000  0.002

7 30.850] 0025 -0012]  0218] -0005|  0.000] 0003 _ 0.000

8 40681 0025 -0.695 -0.034] 0006  0.023] 0000  0.000] NSJ; 2k

9 41209 0.024| -0412]  0.166] -0068  0.005] 0001 _ 0.000

10 4517 0022] 1081 -0029] 0092  0030] 0000  0.000] NSJ; I3k

11 45220 0022| 1485 -1.267] -0473]  0.018] 0013 _ 0.000

12 45389 0022] -0.789] -3902] 1359  0.001] 0028  0.003

13 46674 0021] 0728  1992] 0532  0.004] 0031  0.002
HEL) AR IR e B REAE . LRk 31 - FE R sk SR Bh R xR LRt e (ERkH k%

L LR - B - IEY OMRL2MRHEFEO & EAL) FEME &, 2020

122




T.M.S.L.-1.70m

T.M.S.L..-8.20m

T.M.S.L.-13.7m

H) RKRIE, ¥ = VESROREE 2 Fos LTIREETIER L 72,

H) AR /WP JERA SRS . Ak 31 AR o M Ak P S IR RE R (MR L&
LR LUTCERE - BEA - S OB 2Rl FiE oS L) FEBREF. 2020

X 1.1 v =rET 0 (BER Y 2 /VEZETET VL)

Appendix Fig. 1.1 Shell model: modeling walls as shell element with a view of wall thickness
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Appendix Fig. 1. 2 Solid model: modeling walls as solid elements

123



D v /LEFTIL @ YUy FETIV
(1) NS S 1 tkE— I

@ YUy RETL
(2) NS J71 2 k& — K

1081

ORVEVI% % @ YUy FETNV
(3) NS S5 3 kE— I

) BRI DT FEBH SE RS . PRk 31 AR R S PG SO IR R R (MR L
FIE LR - B - EY OME L MR FE O & EL) FEREE. 2020

8k 1.3 [EAE— RO
Appendix Fig. 1. 3 Comparison of natural mode shape in the NS direction
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Appendix Fig. 1. 5 Fine-mesh model in time domain: FEM modeling soil for sensitivity analyses
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Appendix Fig. 1. 11 Comparison of maximum accelerations between the reference model and the
RPV-installed model for sensitivity analyses in time domain
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