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ABSTRACT
Now Nuclear Power is in second expansion stage worldwide and overview of major SSCs seismic
verification by tests would be useful for young engineers and new commers. In particular, the paper
focuses on heavy component tests listed in Table 1 : what was done; acquired results; comparisons with
response of actual earthquakes; how the results relate to current issues; and use of these results from the

future perspective. )
Table 1 List of Heavy Component tests the paper covers

a. PWR Reactor Containment Vessel e. Prestressed Concrete Containment Vessel(PWR)

b. BWR Containment Vessel f. Reinforced Concrete Containment Vessel(BWR)

c. PWR Reactor Vessel g. Heavy component with energy absorbing support(PWR SG)
d. BWR Reactor Pressure Vessel

INTRODUCTION
Japan is located in one of the world’s highest seismicity areas and seismic safety of NPPs have been

one of the keys related to nuclear safety. Nuclear Power Engineering Corporation (NUPEC) and then
Japan Nuclear Energy Safety Organization (JNES), both established by Ministry of Economic Trade and
Industry(MET]), conducted seismic verification tests of major SSCs of 1100Mw class PWR and BWR
during 1981~2004, using the then world’s largest shaking table located at Tadotsu in Shikoku.

Results from these tests to the Design Basis Ground Motion (DBGM) S; and larger motions for margin
evaluation have been reported in every pertinent SMiRT conferences and other international nuclear
engineering conferences, and delivered worldwide through individual reports.

However, even in Japan, it seems that the young engineers may not be completely familiar with these
previous tests. So, the authors intend to introduce overall outline and major result of these tests, attaching
detail reference list for convenience. The paper uses data and figures in NUPEC Reports and SMiRT
paper for PWR Reactor Containment Vessel.
And the following nomenclatures are used in the paper:

-Seismic class As / A : for SSCs directly relating to nuclear safety / relating to nuclear safety ;

-S; : DBGM for design in elastic region defined by Nuclear Safety Commission of Japan(NSCJ) at 1981 ;
-S; : Ultimate DBGM defined by NSCJ at 1981 ; -Ss : Enhanced ultimate DBGM by NSCJ at 2006 ;

1. Outline of Seismic verification tests by NUPEC and JNES
1) General Feature
Use of large-scale vibration table made possible to conduct the tests of large model close to actual
scale, which resulted in more accurate tests and contributed to refine seismic analyses methods for
design. The vibration table at Tadotsu was eventually closed in 2005 after completing tests of major
SSCs of light water reactors. This legacy of major test results need to be shared with next generation
worldwide.
2) Description of the test facility
Major performance of the Tadotsu shaking table was as following.
Please refer companion paper(Ref. 3 ) for detail performance, test objectives and schedule.
- Table Size:15 X 15m, -Loading capacity:1000ton, - Frequency range : 0~30Hz
- Maximum acc.: 500t load : 2.72G(Horizontal) , 1.36G(Vertical)
1000t load : 1.84G(Horizontal) , 0.92G(Vertical)



2. Outline and major result of component tests
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This section describes the test models, excitation levels, and some major results of heavy component
tests in Table 2. It is impossible to capture all of the major insights and all of the details of these
results in this short paper. The References (Ref.2 for NUPEC Reports and Ref.4~10 for individual
documents and papers) provide the details and they should be reviewed for further understanding.

Table 2 Outline of heavy component tests

Containment Vessel : Using relatively close to actual size test model, structural integrity of shell and
supplements (equipment hatch, support structure) and containment function were confirmed in the
range of 1.4~1.5S; . In both PWR and BWR, oval or complicated vibration mode were observed.
These were not well predicted and contributed to improve structural evaluation analysis for design.

a. PWR Reactor Containment Vessel (See Ref.2-1 and Ref.4. Figures from Ref.4 in SMIiRT 9)
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b. BWR Containment Vessel (Ref. 2-2 and Ref. 5)
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Reactor Pressure Vessel: -Using close to actual size test model, integrity as primally pressure boundary

and function of support equipment were confirmed in the range of 1.6~1.7S; .
-Actual plant margin evaluation was conducted.

c. PWR Reactor Vessel (Ref.2-3 and Ref.6)
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Concrete Containment Vessel
Using model with supplements such as equipment hatch, inside steel liner, and added mass on
the top for adjusting stress of lower cylindrical wall, seismic performance limit were investigated
by excitation up to 5S,for PCCV and up to 9S; for RCCV, where test models broke down.
-Small cracks were observed in cylinder wall of both model at S; level and grew and increased as
excitation level went up. Integrity of steel liner inside was kept until concrete structure failure.
- Seismic margin investigation of cylindrical wall by cumulated energy velocity method was concluded.

e. Prestressed Concrete Containment Vessel (PWR) (Ref. 2-5, 8) Scale: 1/10 METI improved 4loop
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g. Heavy component with energy absorbing
support (Ref. 2-7, Ref.10)

PWR SG is currently supported by many
mechanical snubbers and if energy absorbing
support like lead damper will be adopted,
support structure should be simplified.

The test investigated reliability and margin of
SG supporting system with lead damper

to DBGM S;.
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3. Comparison of test condition and actual seismic response of NPPs
1) Typical earthquake experience of NPP in Japan exceeding DBGM S;
In Japan, BWRs had experienced large earthquakes.
Table 3 shows typical NPP experience of earthquake exceeding its S; at original design.

Table 3 Typical NPP seismic response in Japan exceeding DBGM

Earthquake NPP Max. Response gal observed (design) at RB base/mat
7.16, 2007 Kashiwazaki Unit Type NS EW Vertical
Niigata -ken | Kariwa (KK) 1 | BWR MKI | 311(274) | 680(273) 408(235)
Chuetsu Oki | (to epicenter 2 MKIR | 304(167) | 606(167) 282(235)
(NCO) | Al6km) 3 I 308(192) | 384(193) 311(235)
earthquake 4 ) 310(193) | 492(194) 337(235)
(Mj:6.8) 5 I 277(249) | 442(254) 205(235)
6 ABWR 271(263) | 322(263) 488(235)
7 i 267(263) | 356(263) 355(235)
( ) Response by DBGM S;
Average of observed / design ratio : NS 1.3, EW 2.1, Vertical 1.5
3.11, 2011 a. Onagawa 607(594 Back check Ss) gal NS at Unit 2
Tohoku (A 130km) 439(451 1 ) gal Vertical at Unit 1
earthquake | , ¢ i shima _
(Mj: 9.0) Daiichi 550(438 7 ) gal EW at Unit 2
(A 180km) | 302(420 1 ) gal Vertical at Unit 2

Up to now, largest seismic response at Reactor Building( RB) base/mat are;
-680 gal Horizontal(EW) at KK NPP Unit 1
-488 gal Vertical at KK NPP Unit 6

2) Comparison of test input vs actual earthquake response

Table 4 shows Max. test input and Kashiwazaki Kariwa NPP Max. response at object located level.
Table 4 Max. test input to vibration table*! and KK NPP Max. response at object located level(gal)

Test object Test input Max. *! Plant response Max.by NCO earthquake _
MKIIR ABWR Location
CV (MkaR) | 1A Sy '{'/ 13%745 \"/' ggg EW 2,: 82:%3 ] RB base/mat
rocveonm |35 G| UmadG |
RPV (MKIIR) L7 Sz uyv: \|_/| 12?2 \"/' ggg g{ 82:{ } iﬁ'\*/:ﬁ - top of pedestal

*1 converted to actual plant acceleration by scaling law
*2 amplifying factor by pedestal

As shown in Table 4,
- CV : Test input covered the plant response in Horizontal and Vertical.
- RCCV : Dominant parameter of RCCV integrity is sheer strain and test input was enough
covered the plant response in Horizontal.
- RPV : Pedestal amplifying factor A is necessary for precise comparison.

3) Evaluation of KK NPP SSCs integrity
After the earthquake, detail integrity inspection of KK Unit 1~7 on all seismic class As and A SSCs
and major seismic class B and C SSCs were conducted. Even though the earthquake response
exceeded DBGM S,, no damage of seismic class Asand A SSCs were found.
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Especially, stress evaluation by design analysis were conducted on Unit 7 seismic class As and A
SSCs . No SSCs indicated stress exceedance to allowable limit.
(NISA* final report dated 10.3, 2008 and NSCJ review statement dated 10.31,2008 ).
* Nuclear and Industrial Safety Agency in METI

Table 5 shows its typical result of heavy components.
Table 5 Example of KK Unit 7 component integrity evaluation after NCO earthquake

a. Max. | b.Allowable alb
Component Evaluated part stress limit
(MPa) ( MPa, in IILAs)
Cylindrical wall ( horizontal deformation angle ) 1R§ i'i%e 3%613';8-3 40 %

RCCV (Cylinder shell of equipment hatch,
drywell top flange plate] *

Venting pipe(primary) 56 127 44 %
Stabiliser rod (tension) 227 513 44 %
RPV Stabilizer bracket ( membrane plus bending ) 45 454 10 %

(Shell, lower dished head, support skirt; Nozzles of
MS,FW,RHR,HPCS, Instrumentation] *

* Stress evaluation same as at design was not conducted, in case a/b at design was below 20 %.
4) Rough comparison with test result
-RCCV : Test model kept its containing function up to maximum input larger than Unit 7 response
by NCO earthquake. The result is coincident with RCCV response of Unit 7 in Table 5.
-RPV : The test pointed out that seismic margin of stabilizer is relatively low as shown Table 2.25
in page 3. RPV Stabilizer of KK Unit 7 indicated enough margin at NCO earthquake.

5) New DBGM Ss and seismic counter measures

Since the event, new DBGM Ss for re-evaluations were set larger*! than those recorded during NCO
earthquake considering the causes*? of the large motions.

*1 1.2~1.4 times larger at RB base/mat

*2 effect of 3D structure of underground soil and under estimate for some active faults, as the result.
All necessary seismic counter measures, such as enhancing seismic supports, were taken and
subsequently, seismic integrity of all seismic class As and A SSCs of all units subjected to new
DBGM Ss were confirmed by design analysis.

4. Current situation of NPP SSCs seismic verification
1) Robustness of seismic class As and A SSCs

Regarding seismic safety of NPPs, one of the most significant events worldwide is NCO earthquake
and ground motion levels it imparted to Kashiwazaki Kariwa NPP, that were 1.3 ~ 2.1 times in average
larger than ground motion for design at RB base/mat . This event did confirm robustness of seismic
class As and A SSCs based on design method in use.
Main factors NSCJ pointed out for the robustness were (NSCJ statement 20 NSCJ 25, 10.31, 2008) ;
Efforts to keep margin in seismic design of SSCs as following ;

+ Set DBGM S; for elastic design

« Set standard static seismic force 3 times larger than civil structure for As class structure

+ Floor response spectrum peak broadening

= Verification and improvement of seismic design and evaluation method (Ref.1-1) by

the tests conducted at Tadotsu laboratory.

These tests have been conducted under collaboration of Nupec-JNES-NRAJ and the US NRC,
cooperating together in data analysis and simulation (Ref.8-1, 9-1, 10-1).
Shared experience and information ware summarized in NUREG/CR -7230
“Seismic Design Standards and Calculational Methods in the United States and Japan” (Ref 1-3).
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5. Issue and perspective of NPP SSCs seismic verification
Validity and robustness of Seismic design for NPP in Japan had been verified by KK NPP-NCO
earthquake event. However, the event had pointed out importance of being concerned to low seismic

class SSCs. IAEA is now preparing a project to collect and evaluate seismic experience including low
seismic class SSCs.

6. Post-Fukushima

It is not the intent of this paper to discuss post-Fukushima seismic activities in terms of changing
requirements and additional measures that are being undertaken. However, there are several new
seismic requirements established by the new regulators NRAJ*, including enhancement of DBGM
evaluation, requirement for a seismic PRA etc. *Nuclear Regulatory Authority Japan

The readers are referred to references (Ref.1-2) for more information. What is important here is to
indicate that results of tests described here are equally applicable as these activities are carried out. In

particular, the functional demonstration of SSCs by tests provide insights on fragility and system
modelling.

7. Summary

The event of NCO earthquake attack to Kashiwazaki Kariwa NPP confirmed the robustness of seismic
design in use.

The Tadotsu tests have well contributed to verify and improve seismic design and evaluation methods.
The authors hope that the paper would be a guide for information of NPP heavy component seismic
verification tests and will contribute to knowledge and experience transfer to next generation.

Disclaimer

The views expressed in this paper are authors views and do not represent positions or views of any
other organizations.
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