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National seismic hazard map for Japan and regions 
for long-term forecast along subduction zoneg g

Earthquake Research Committee (2009; 2010)



Source Area of  the  2011 Off Tohoku Earthquake

JNES modified a part of the Google map

Report of the Japanese Government to the IAEA, 2011 



Report of Japanese GovernmentReport of Japanese Government 
to IAEA (2011)



Seismic Intensity Distribution 
during the Great Off Tohoku earthquake 



Seismic Intensities (JMA scale) near the Nuclear Power Stations

R t f th JReport of the Japanese 
Government to the IAEA, 
2011 



Acceleration Seismograms recorded around NPSs

Report of the JapaneseReport of the Japanese 
Government to the 
IAEA, 2011 



Shortest Distance to Fault Plane
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Shortest Distance to Fault Plane
Onagawa NPS：46.3km           :607gal
Fukushima Daiichi：46 1km ：550galFukushima Daiichi：46.1km ：550gal
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Slip and Moment-Rate Distribution inverted from
Long Period Ground Motions

Final slip distribution Moment rate function

Long Period Ground Motions

Yoshida, Miyakoshi, Irikura and Petukhin (2011)



Strong Motion Generation Areas 
by Forward Modeling of Strong Motion Waveformsby Forward Modeling of Strong Motion Waveforms



What happened at Nuclear Power Plants during the 2011What happened at Nuclear Power Plants during the 2011 
Tohoku earthquake ?            - 1 -

There are four nuclear power plants near the source area of the 
earthquake, the Onagawa, the Fukushima-Daiichi, the Fukushima-Daini, q , g , , ,
and the Tokai-Daini.

When strong ground motions from the earthquake struck those plants,  e st o g g ou d ot o s o t e ea t qua e st uc t ose p a ts,
all of reactor-units at those four plants were automatically shut down and 
began to be cooled by cooling systems until they were attacked by big 
tsunami wavestsunami waves. 

 All units at the Onagawa and the Tokai-No. 2 NPPs got out of troubles 
because the heights of tsunami waves were lower than the altitudes of thebecause the heights of tsunami waves were lower than the altitudes of the 
plant sites. 



What happened at Nuclear Power Plants during the 2011What happened at Nuclear Power Plants during the 2011 
Tohoku earthquake ?            - 2 -

However, the Fukushima-No.1 and the Fukushima-No.2 plants were 
damaged by big tsunami waves, because the tsunami heights were much g y g , g
higher the altitudes of the plant sites. 

 At the Fukushima No.2 Plant, some of the independents power  t t e u us a o a t, so e o t e depe de ts po e
generation systems were not broken because they were put at a little high 
ground, then the cooling systems at the Fukushima No. 2 Plant were soon 
recoveredrecovered. 

 At the Fukushima No.1 plant, external electric powers were stopped, 
water tanks were broken and further all of the independents powerwater-tanks were broken, and further all of the independents power 
generation systems were broken. 



Revision of Regulatory Guide for Reviewing Seismic DesignRevision of Regulatory Guide for Reviewing Seismic Design 
of Nuclear Power Reactor Facilities was made on September, 
2006. 

Re-evaluation of Seismic Safety Design of Nuclear Facilities, 
so-called “Back-checks” for 54 Units in 17 Nuclear Power 
Stations has been done and still going on.
• The electric companies started geological survey and reevaluation of design    
ground motions for getting back-checks of the existing NPP’s.

• The Niigataken Chuetsu-oki earthquake on 16 July, 2007, occurred very close    
t th K hi ki K i N l P Pl t t th t tito  the Kashiwazaki-Kariwa Nuclear Power Plants at that time.

• Design ground motions for four NPSs (Onagawa, Fukushima-Daiichi, 
Fukushima-Daini and Tokai-Daini) were reevaluated and their facilities wereFukushima Daini and Tokai Daini) were reevaluated and their facilities were 
reevaluated at the time of the Great Off Tohoku earthquake.

• Tsunami assessments for those NPSs was planning at the nextTsunami assessments for those NPSs was planning at the next 
stages, therefor not reevaluated yet based on the new regulatory 
guide.



Points of New Regulatory Guide 

1. Deterministic approaches are emphasized in evaluating design 
basis ground motions (DBGM) Ss’s with engineering decision.basis ground motions (DBGM) Ss s with engineering decision.

2. On the other hand, the idea of probabilistic approaches is  
taken in the guide.

For example they request consideration of “uncertainties” ofFor example, they request consideration of “uncertainties” of 
source parameters and propagation‐path and site effect 
parameters and calculation of exceeding probability of the Ss’s,parameters and calculation of exceeding probability of the Ss s, 
to provide comprehensive information about the conservatism 
in evaluating the Ss’s.

3.  The basic policy is to adhere the concept of “defense‐in‐depth” 
and to ensure the necessary safety marginand to ensure the necessary safety margin.



Seismic Reevaluation (Back‐checks) of the existing NPSs
h R l G idthe Regulatory Guide

‐Deterministic Method and Residual Risk ‐
 Design basis ground motions are evaluated from specified  

sources for given earthquake scenarios with source models and g q
propagation‐path and local site effects and from unspecified 
sources with past earthquake data.

 Largest possible ground motions are estimated considering 
physical limits with uncertainties They are not always worstphysical limits with uncertainties. They are not always worst‐
case ground motions. 

 Therefore, some residual risk remains.

 b d d d l d h Design basis ground motions are determined to lead to the 
residual risk that is acceptably small.



Seismic Safety Assessments 
based on the new Regulatory Guide (2006)

■Determination of design basis ground motion Ss for NPP
defined based on the new Regulatory Guide (2006).

■Policy on determining design basis ground motion Ss
(1) Geological survey and active fault evaluation

(2) Determination of Design Basis Ground Motion Ss

Ground motion by specific source

Ground motion
evaluation by response

Ground motion
evaluation using source

Ground motion by 
unspecified 

source
(blind faults)

Selection of sources for examination according 
to the types of earthquakes

Design basis ground 
motion Ss

evaluation by response 
spectrum (empirical)

evaluation using source 
model (numerical)

(blind faults)

Probability of
exceedance

refer

■Design basis ground motion Ss for the existing NPPs in Japan
were determined and the facilities’ seismic safety were reevaluated

motion Ss exceedance

were determined and the facilities  seismic safety were reevaluated.  
The facilities’ seismic safety was upgrading to improve their margin. 



Ground Motion by Specific Source

■For each types of earthquake, a comparison of the impact on the site is made to 
select earthquakes for analysis.

a) Interplate earthquake

b. Inland crustal earthquake

a) Interplate earthquake

b) Inland crustal earthquake
Continental plate

Trench

c) Oceanic intra-plate earthquake Oceanic plate

Source models pertaining to earthquakes for analysis

c. Oceanic intra-plate earthquake
a. Interplate earthquake

Basic source model
Models accounting for uncertainty

Seismic ground motion assessment
Ground motion evaluation by response spectrum (empirical)
Ground motion evaluation using source model (numerical)



Active Faults near Onagawa NPS 
for evaluating  Design Basis Ground Motions



Subduction Earthquakes near Onagawa NPS 
for evaluating Design Basis Ground Motions 

Miyagi-oki
earthquake

Southern Sanriki-oki
earthquakeq

Horizontal

Acceleration 
motions

Vertical



Response Spectra of Design Basis Ground Motions (DBGM) 
at Onagawa NPS 

Horizontal Vertical



Analysis of Seismic Safety for Nuclear Power Plants
- Calculation of Acceleration Response Spectrum-p p

Period

Input Ground Motions given from the Design 
Basis Ground Motion (DBGM)



Reactor Model for Seismic DesignReactor Model for Seismic Design



What happened at Onagawa NPSWhat happened at Onagawa NPS 
during the Off Tohoku Earthquake  

Comparison between recorded acceleration and 
design acceleration to the DBGM Ss on Base Mats

Loc Of Seismometer Record Max response acceleration

design acceleration to the DBGM Ss on Base Mats 
at Units 1 – 3.

NS EW UD NS EW UD
Unit 1 540 587 439 532 529 451

Loc. Of Seismometer
(bottom floor of

reactpr bld.)

Record Max. response acceleration
to the DBGM Ss (Gal)Max. acc. (Gal)

Unit 1 540 587 439 532 529 451
Unit 2 607 461 389 594 572 490
Unit 3 573 458 321 512 497 476

Onagawa

Observed records were larger than 
design levels marked be            .



Comparison between Observed Response Spectra and the DBGM



Comparison between PGAs observed from the earthquake 
and those given from the DBGM at the Onagawa NPP  

DBGMObserved

Unit No.1 Unit No. 2 Unit No. 3

Report of NISA (2011)



Limit of shear stress acting on earthquake-resistant wall 
at each floor of the reactor building of the Onagawa NPP

Unit 1 Unit 2 Unit 3

R t f NISA (2011)Report of NISA (2011)



Comparison between analyzed values from observed records and 
reference levels for seismic safety with respect to the maximumreference levels for seismic safety with respect to the maximum 
shear strain responses at the Onagawa NPP  

Report of NISA (2011)



Tsunami at Onagawa NPS
Time history of water level changes observed at Onagawa NPS



A t f R t U it t F k hi D ii hi NPS

What

Arrangement of Reactor Units at Fukushima Daiichi NPS
θ=6°35′

True North≒
Plant North (P N)

 
Magnet North

Plant North (P.N)

#6 #5 #1 #2 #3 #4

Free field borehole array/
Seismic Observation house
（North point） Free field borehole array /

Seismic Observation house
（South point）

：Seismic observation point
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Comparison between recorded acceleration and design acceleration to 
the Design Basis Ground Motion Ss 

B M t U it 1 5 t F k hi D i i hi NPS

Loc. Of Seismometer
(

Record
M (G l)

Max. response acceleration
( )

on Base Mats on Units 1 – 5 at Fukushima Dai-ichi NPS 

Design Max.

NS EW UD NS EW UD
Unit 1 460 447 258 487 489 412

(bottom floor of
reactpr bld.)

Max. acc. (Gal) to the DBGM Ss (Gal)

Unit 2 348 550 302 441 438 420
Unit 3 322 507 231 449 441 429
Unit 4 281 319 200 447 445 422

Fukushima
Dai-ichi

Unit 5 311 548 256 452 452 427
Unit 6 298 444 244 445 448 415

Observed records were larger thanObserved records were larger than 
design levels marked be            .



Records of Observations at Base Mat of Reactor Building at Fukushima Daiichi NPS

■Comparison of response spectra calculated by observation records and design-basis seismic ground motion Ss

The response spectra of observation records were mostly the same as those due to design-basis seismic  
ground motion Ss, though they exceeded in some periodic bands.
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Model for Seismic Design of Reactor BuildingModel for Seismic Design of Reactor Building



Seismic Safety Assessments for Reactor Building No. 1 
at Fukushima Daiichi NPS 

against Design Basis Ground Motions Ss 

Stress-Strain Relations for Earthquake-Resistant wall of Reactor Building

Horizontal NS

Stress Strain Relations for Earthquake Resistant wall of Reactor Building

Horizontal EW



Seismic Safety Evaluation for Reactor Building No. 1 
at Fukushima Daiichi NPSat Fukushima Daiichi NPS

during the Great Off Tohoku Earthquake

Analyzed Model for Seismic Response
of Reactor Building Unit No.1 

Stress-Strain Relations for 
Earthquake-Resistant Wallg



Seismic Safety Evaluation for Reactor Building No. 4 
at Fukushima Daiichi NPS

during the Great Off Tohoku Earthquake

Analyzed Model for Seismic Response
of Reactor Building Unit No.4 

Stress-Strain Relations for 
Earthquake-Resistant Wall



Damage of Fukushima Dai-ichi due to the TsunamiDamage of Fukushima Dai ichi due to the Tsunami
During the Great Off Tohoku earthquake



Inundation Height, Inundation Area, and Run-up Height
At Fukushima Dai-ichi NPS 

during the Great Off Tohoku earthqujake



Damage of External Power Supply Systems of the 
Fukushima Dai-ichi and Dai-ni NPSs 



Main Chronology (Provisional) of Serious Accidents 
at Fukushima Daiichi NPS – Case of Unit 1 as an example –

a. From the earthquake to the invasion of the tsunami
The earthquake which occurred at 14:46 on March 11, 2011 brought all of the 

Fukushima Daiichi NPS Units 1 through 3, which were in operation, to an 
automatic shutdown due to the high earthquake acceleration.

The NPS was unable to receive electricity from offsite power transmission lines 
mainly because some of the steel towers for power transmission outside the NPS 
site collapsed due to the earthquake. For this reason, the emergency DGs for 
each Unit were automatically started up to maintain the function for cooling the 
reactors and the spent fuel pools.

b. Effects from the tsunami
At 15:37, the effects of the tsunami were felt, and the water, meaning that two 

emergency diesel generators stopped operation, and the emergency bus g y g pp p , g y
distribution panel was submerged, leading to all AC power being lost, affected both 
the seawater pump and the metal-clad switchgear of Unit 1.

c. Emergency measures
TEPCO started pumping alternative water injection (fresh water) through fire 

pumps at 5:46 on March 12. Therefore, since cooling using the IC had stopped 
d t th f il f ll AC t 15 37 M h 11 th t t th t thdue to the failure of all AC power at 15:37 on March 11, that meant that there was 
a 14-hour-and-9-minute period when cooling using pumped water had stopped.



c. Emergency measures (continued)
TEPCO worked to vent the PCV in order to lower its pressure. However, sinceTEPCO worked to vent the PCV in order to lower its pressure. However, since 

radiation inside the reactor building was already at the high radiation 
environment level, the work proceeded with difficulty. 

A temporary air pressurization machine was set up to drive the AO valve and p y p p
the PCV vent was operated. TEPCO judged that the PCV vent had succeeded 
since the PCV pressure had been reduced by 14:30. 

d. The building explosion and measures taken subsequently
At 15:36 on March 12, an explosion, thought to be a hydrogen explosion, p g y g p

occurred in the upper part of the reactor building. The roof, and the outer wall 
of the operation floor as well as the waste processing building roof, were 
destroyed. Radioactive materials were released into the environment during 
these processes, thereby increasing the radiation dose in the area surrounding 
the site.



Summary  – What are problems to solve ? - I

1. The observed ground motions on the reactor base mats were almost the same 
level as the design input motions estimated the design basis ground motionslevel as the design input motions estimated the design basis ground motions. 
But some observed ones at the Fukushima Dai-ichi and Onagawa were at most 
30 % larger than the design input motions. 

2. The evaluation of tsunami waves at Fukushima Dai-ichi and Dai-ni was 
absolutely underestimated because such great large earthquakes have not been 
predicted. The revised Regulatory Guide for Reviewing Seismic Design of p g y g g
Nuclear Power Reactor Facilities in 2006 specifies that "During the service 
period of the facilities, safety features in the facilities might not be significantly 
affected even by such a tsunami that could likely to occur on very rare 
occasions," and the guideline asks for proper design for such a possible tsunami. 
But, unfortunately, reevaluation of seismic safety for NPSs against tsunami 
waves has not been done yet after the revision of the Regulatory Guide.

3. More careful investigations for evaluating design basis ground motions and 
tsunami heights including source, path, and site effects as the lessons from the 

t l id t f th F k hi Fi t N l P Pl textremely severe accident of the Fukushima First Nuclear Power Plants. 



Summary  – What are problems to solve ? - 2

4. The structural soundness of important nuclear facilities at the NPP was examined
for the design basis ground motions. The seismic safety capacities of those g g y
facilities to the input motions were evaluated. For example, the responses of the 
reactor buildings are confined about half to the elastic limits in the stress-strain 
relationships. Other facilities also have sufficient seismic safety capacity. Therefore,
the seismic safety of the important facilities probably has been kept during the 
earthquake. The tsunami safety capacities of the nuclear facilities should be 
evaluated as  one of the most important lessons learned from this earthquake
di tdisasters.

5. The Regulatory Guide for Evaluating Safety Assessment of Light Water Reactor
F iliti t k l f t l l b l t i t d iFacilities takes loss of external power supply as an abnormal transient during
operation and requires check of appropriateness of relevant safety equipment. On 
the contrary, the Regulatory Guide for Reviewing Safety Design does not take total 
AC power loss as a design basis event This is because it requires emergencyAC power loss as a design basis event. This is because it requires emergency 
power supply systems to be designed with a high degree of reliability as AC power
supplies. However, this guide clearly violates the concept of “defence in depth” in 
designing the safety systems of nuclear power plantsdesigning the safety systems of nuclear power plants.



Summary – What are problems to solve ? - 3

5.  Guidelines for accident management
Since the guidelines for accident management were established by theg g y
Nuclear Safety Commission in 1992, accident management was prepared at
each nuclear power plant over ten years.
Such accident management based on PSA and an analysis of scenarios 
involving internal events caused by equipment failure and human error 
conducted in 80's. This guideline was highlighted to emphasize the 
effectiveness of introducing accident management, and failed to focus on the

i t l diti t k id t t ff ti Thenvironmental conditions so as to make accident management effective. The 
accident management guidelines by introducing new findings for effective
operation should have constantly reviewed, taking into account the importance

f th l th t id t t h f hi i th f t lof the role that accident management has for achieving the safety goal, 


