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Fukushima DaiichiNuclearAccident
Preliminary Report

Executive Summary

TheTohoku earthquakewith magnitude 9.0 stroke the east cdad Japan at 14.46 on Friday 11
March and the generatktsunami hit the coassoon after in a time delagf about 20 minutes
Eleven reactors at four nuclear power plants in the region were operating at the Fokeishima
Daiichi 1, 2, 3Fukushima Dai 1, 2, 3, 4, Onagawa 1, 2, 3, and Tokai Ddimi a total amount of
9377 MWe All, as requiredshut down automatically when the quake hit.

The earthquake, whose epicenter was 130 méast north east from the site of the Fukushiria
(Daiichi) was a complex double quakaf a severe duration of about 3 minutes. Japan moved a
few meters east and the local coastline subsided half a meter.

The exceptional duration of the Tohoku event has characteritsedestructive powemlthough

the recordedpeakground accelerationsappearnot so muchhigher compared to thosecaused by
other seisnic events with lowemagnitude.

All 6 units in Fukushima Daiichi NPRe dnoiling water reactor (BWRs}lesignedmore than40
years ago.After the earthquake all unitsvere powered from backupemergency Diesel
Generators (D/G)startedautomaticallyafter the loss of offsitepower due to the seismic event.
The D/G, replacing the lost offsite powegnsuted the cooling functions for theeactors for the
spent fuel pod of each reactoandfor the site central spent fuel pool.

About one hour after the quak@ 5.41) the onsite electrical emergency power wiast due to the
tsunami (14 m wavehigh) that destroyed the sea water intakeand overwhelmedthe plants'
physical suctures, causing inundatigrwetting of many componentand makingmany areas
inaccessible

The resulting accidergventg I & G B G W & G | (ferdnits 15 2, B &l Sgkzihe® Qith
the loss of the ultimate heat sink.

In fact 12out of 13 ba&-up D/Gs on site, located in the basements of the turbine buildings, were
disabled. Only onair-cooledD/G (all others wereseawatercooled wasable to supplyelectrical
power to units 5 and Bvhichremainedunder full controlafter some initial troubés.

The batteriesensured the supply cdome essential loads for a certain time, afeefew hourghe
dc-power was also lost and the control rooms remained practically unavailable and in the dark.
Followingthe station blackousome coolingf the corein the shutdown reactorsvasapparently
maintainedthrough steam driven cooling system whicperated based on available datajery
short timefor unit 1, about 1,5 day for unit 3 and about 3 days for it

When the cooling function was completely lotlte reactors overheated This resulted in
pressurization of primary circyitlischargeof steamthrough safetyrelief valveto the suppression
pools, pressurization of primary containment, need to vent and consequent several disruptive
explosions becausef accumulation ofH2, produced by oxidation of overheated fuel zirconium
claddingin steam reach environment

The same overheating happendal the spent fuel pond in unit 4w(ith significant load of used
fuel assemblies)



Major releases of radimuclides to the environmentoccurred initially in air but lateralso as
leakage tahe sea.

The operators struggled to restore control by injecting -seder (with mobile pump$ in the
reactor vessel otinit 1, 2 and 3 and trying toeplenish(discharge of wadr from helicopter or
water spray on the top of the buildingd)e water in the spent fuel pond @fll units 1 to 4

In order to limit the problems created with salt deposition and corrosidwe injection of
seawaterwassuccessfullyeplaced by fresh wat from a nearby dam on Mar@b

Connection ofthe units to externalelectrical powey made available via cable onsite, started
March 22 One by one in a few days thighting andthe power tothe control roomsof unit 3 first
and then of units 1, 2 ah4 were restored.

The situation at the time of writing is that in units 2 and 3 thduel is damagedwith suspected
relocation of part of itbut essentially contained, the cooling istsi Sy adzNBR o6& |y
using fresh water and pump ucks with heat released through evaporation of water. o
continuesonsite to establish a stable heat removal path to external heat siffke primary
containment of unit 1 is flooded at a level corresponding to the upper part of the reactor core.

The iritial rating of the accidentaccording to the International Nuclear Event Scale (INES) of the
International Atomic Energy AgenchAEA was level 40n March 18he Japan Nuclear Safety
Authority (NISA raised the severity to level 5, and on April 12séd onthe estimated releasef
radioactive substance®NISA announced a new provisional rating of Level 7 (the maximum).

The Japanese authorities soon declared the nuclear emergency on the evening of March 11,
issued a first evacuation order for peopléthin 2 km, extended later to 3 knthen at 05.44 on

March 12to 10 kmand at18.25 of the same dajo 20 km along with other countermeasures
Shelteringwas recommended withiB0 km,

The main radionuclidereleasedare the volatile iodinel31, which has halflife of 8 daysand the

other main volatile radionuclide caesiub37, which has a much longer hifé (30 years) and
may contaminate land for some timeéifter the major releases (spikedyringthe first days, since
March 16the airborne radiaton levels had stabilized anteady decreasg.

Estimationof projected externaldosesto populationliving at different distances from the NPP
over one year time periothave been performed first by French Institute IRSN and also by US
Department of Eneng and Japanese Ministry of Education, Culture, Sport, Science and
Technology The resultfor the most contaminatednorth-west fallout regionshow significant
valuessome of themabove200 mSweven outside the 20 km evacuation zone.

The Utility at the Fukishimal site is still working hardto bring the situation(cooling and
containment functionsunder stable control and the Japaneseuthorities are developing their
efforts to deal with the longer term impact on the environment, the people, and the ecgnom
On April 17the Tokyo Electric Power Compatiyepcq has published dirst roadmap for
remediation activitieslealing with the disabled Fukushima Daiichi reactargering the period of
time up to the end of the year.

The accident management on Fuhkimma Daiichisite has been carried out in conditions which
have never been considered possible befditee massive disaster which caused the accident has
transcended all previous foreseen severe accident scenarios.

Relying on external supportolfowing the accident managementnstructions getting the
necessary approval for actions not predefined in the accident managementirigegtion of
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seawater) the onsite crigs team and theemergency workers have given their béstunderstand
the status of theplant and takethe necessanand possibleactions tomitigate andterminate the
progression of the severe accideaffectingsimultaneoushyB reactors and 4 spent fuel pools
During the evolution of the accident they had to mandige destructive events deito explosions
in 4 unitswhich have injured a number of workers.

We expressll oursympathy andespect to the operators and workers onsite for thegurage,
compogre and resilience throughouthesehard difficulties

We recognize that we do not hawall informationand insights ofwhat happened in the affected
units, of the progression of the accidentthe operabilityof systems and equipmerand possible
interactions between units This informationappears to benot completely available at the
moment as the loss of all gmower, and soon after also of deower, has produced doss of
information aboutthe plant status (Control Roosdisabledand in the darksince the loss of dc
power). It is also true that thereaare questions still unanswered regiding the evolution of the
eventsandthe understanding of somphenomenalt will be necessary a certain time to recover
all availablénformationand reconstruct the exact evolution of events aitsl timing.

The Fukushima accident has brought at théemation of utilities, designers and regulators an
extremely important set of issues which need to be elaborated.

The accident has shown a clear weakness in the implementation of the defense in depth concept
for the seismic event followed by tsunami.

While the NPP structures seem to have successfully withsthedseismic event, thedopted

defense against the seisgenerated tsunamwas not adequatedue to underestimation of the
event, incurring in a commottaused loss oicpower causing after a partidinitial operation of
the steam driven reactor cooling system, a loss of cooling function on four units

These severe conditiorgve been faced by injecting seawateth temporary mobile equipment
and performingother accident management actions anextremely difficult scenario

The Fukushimaaccidentshows a peculiar feature: it has highlighted a numberisstiesand
weaknesses that cover a very wide spectrum of techrfields and responsibilitiesThis means
that a lot can be learned from this igue event.

In this sense, one might expect in the future to speak about Fukushima aserkey milestone
in the process of evolutiorof nuclear safety(although the basic safety principles remain
unchanged)

At the moment while it is still too earhotfind full lessons learneftom the plant response and

the accident managemenit is already possible to obserthe major facts, the emerging issues

and derive first indications whichappear to be very extensive and impactidgsign, operation

and acadent management.

It is ofthe utmost importanceto perform detailed analysis of the facisid their causeand learn

from them as theycaneffectivelyO2 Yy i NA 0 dzGi S (G2 AYLINRGS GKS OdzZNNBY

The preliminary consideratios and olservations elaborated in this report have the aim t
contribute to this processin developingthese considerations wedo not intend to criticize any
involved party as we are aware that things that seem inherently obvious cenainly weren't so

obviousbefore the accident

The indications coming from this accideran be referred tdth@w desig@dnd YoQerating NPR Q @
While for new design it is more comfortahlén terms of time constraintsto feedback the



learning fromthe Fukushima eventfor opeiating NPRt is a priorityto usethe Fukushima lessons
to undertake a comprehensive risk and safetyagsessmends soon as possible

Chapter 10 of this report describes in some detail the indications coming from a preliminary
analysis of the Fukushimfa@Sy G F2NJ WQ2LISNF dAy3a bttadaQQ | yR WQ

a) For NPPdn operation that will first and promptly benefit from lessons learned irthe
Fukushima accidenthe identified priorities refer to a safety reassessmenof the following
topics:

e Site Exteral Events

e Multi unit site

e Spent Fuel Pool

e H2 Management

e Total Blackout

e Loss of Heat Sink

e SevereAccident Management

In additionfor Operating NPR is consideref particular relevaneto reinforcethe scope
the quality and the effectiveness attivties related toPeriodic Safety Review (PSR) and
Plant Life Extension (PLEX)M the viewpoints of both Operator and Regulator.

b) For new designve know hat the currentsafety conception elaborated for the so called 3
generation NPP already provide®ans to deal with a number of shortcomingisown by the
Fukushimaaccident Nevertheless it is worthwhile to puall indicatiors to the attention of
involved partiesTheconsideratiors elaborated in this report addregke followingtopics:

e Siting of NPRNd External Events

e Multi-unit site

e Seismic Hazard and Tsunami

e Defense in Depth

e Spent Fuel Pool

e Probabilistic Safety Analysis

e Accident Analysis for External Events
e Station Blackout

e Loss of Ultimate Heat Sink

e H2 Management

e Accident Management

e Human Faar

¢ Reliability and Habitability of the Emergency Control Center
e Use of Experience

In conclusion the Fukushimaccidentcontains facts and elements of extreme relevance to be

used as learning items and to confirm or improve the current safety level obhtpgrNPPs and

of new design.

Industry, operators and regulators are embarking on assessment programs to verify the safety of
operating NPPs first and also of NPPs under construction or in the design phase to confirm the
safety level, the robustness anésilience to external events in the light of the Fukushima event.

To achievepractical? Qf Saaz2ya f St NJY SRQaninidépth Andlysif & DSevents NBE (1 2
and their evolution based on comprehensive data and information and with the suppdineof

combined effort of the international comunity.
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1. Abbreviations

AA Accident Analysis

AM Accident Management

BWR Boiling Water Reactor

CCF Common Cause Failure

CR Control Room

DiD Defense in Depth

DW Dry- well

D/G Diesel Generator

ENSREG European Nuclear Safety Regulators Group
ECCS Emergency Core Cooling Systems

ECR Emergency Control Room

EE External Event

GE General Electric

HPCI High Pressure Cooling Injection

IAEA International Atomic Energy Agency

IC Isolation Condenser

ICRP International Commissioan Radiation Protection
IE Initiating Event

INES International Nuclear Event Scale

IRSN Institute for Radiological Protection & Nuclear Safety (France)
JAIF Japan Atomic Industrial Forum (industry body)
LLSBO Long Lasting SBO

LOCA Loss of coolant accident

LPCI Low Pressure Cooling Injection

MCR Main Control Room

METI Ministry of Trade, Economy & Industry (Japan),
MOX Mixed Oxides

NF Nuclear Facility

NISA Nuclear & Industrial Safety Agency (Japan, regulator),
NPP Nuclear Power Plant

NSC Nuclear Safety Commission (Japan, policy body)
PCV Primary containment vessel

PGA Peak ground acceleration

PLEX Plant Life Extension

RPV Reactor Pressure Vessel

RV Reactor Vessel

RB Reactor Building

RCIC Reactor Cre IsolationCooling

SA Severe Accident

SAMG Severe Accident Management Guidelines

SBO Station Blackout

SFP Spent Fuel Pool

SSC Structures Systems and Components

TB Turbine Building

Tepco Tokyo Eletric Power Company

TSC Technical Support Centre

WENRA Western Europe Nuclear Regulators Association
WWwW Wet-well




Fukushima Daiichi tclear Accident
Preliminary Report

2. Introduction

This report has been prepared with the aim to provide backgrouridrimation about the
Fukushima 1 NPP and report on the maispecs of the accident: thénitiator seismic event and
consequent tsunami, the evolution of the accident, its management thedadiologicaimpact
Anumber of preliminary consideraticrare elaboratedo contribute tothe process to learfrom
the Fukushima accident.

3. Background

There are two close nuclear sites on the west coast of Japan, distant 11 km, Rameshima
Daiichi (firstland Fukushima Diai (second)

Fukushima DaichNPPconsists ofsix BWR (Boiling Water Reactor) units with power ranging from
460 to 1100 NVe with a total net capacity of 4 GW.

FukushimaDaiichi
Unit Model | MWe | Nuclear | Operation| Status
Supply 11.03.11
Unitl | BWRS3 460 GE 1971 operating
MARKI
Unit 2 BWR4 784 GE 1974 operating
MARKI
Unit3 | BWR4 784 Toshiba 1976 operating
MARKI (licen. GE)
Unit4 | BWR4 784 Hitachi 1978 outage
MARKI (licen. GE)
Unit5 | BWR4 784 Toshiba 1978 outage
MARKI (licen. GE)
Unit6 | BWR5 1100 GE 1979 outage
MARKII

The Fukushima Daiini NPP consistsA@WR5 MARK units 1100 MWe eachNuclear supply
Toshiba, commercial operation since 1982, 1984, 1985, 1987 . All ofweeein operationon
March 11, 2011.

! Reactor vessel empty for inspection: core discharged in the spent fuel pool
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Fukushima Daiichi Design Conception

Primary coolant cicuit - The main feature of boiling water reactors (BWR), originally developed
by General Electric (USA) since the '50s, is to havephase flow conditions (water + steam) at
the top of core. In these reactors, therefore, there is only one circuit (psiinand it is not
present a secondary circuit for the

steam production, ast is the case of

pressurized water reactors type (PWR

The steam produced in the reactor Reactor Service Floor
core is delivered to théurbine located (Steel Construction)

in an adjacent building. After driving BB B
the tur_bma it is condensed and the (secondary Containment)g
water is returnedfrom the condenser —
to the pressure vessel.

Two recirculation jepumps provide
for forcing water down around the
reactor core and shroud. When the
reactor is shut down, the steam in the Reaclor Prassiii Vessal
main circuit is divertedvia a bypass
line directly to the condensers, and th Containment (Dry well)
heat is dumped there, to the sea.

Air

Spent Fuel Pool

Main Steam
Main Feedwater

Reactor Core

Containment (Wet Well) /
Condensation Chamber

Residual heat removal- In shutdown
mode, the Residual Heat Remowv Vent Pipe systems
(RHR) systenfconnectedto the two

jet-pump recirculation circuits), driver

by smaller electricoumps, circulates

water from thereactor pressure vessel

to RHR heat exchangers which dump the heat to the se

Reactor Core Isolation Cooling (RCA Reactor Core
Isolation Cooling (RCI) envisagedo cool the reactor
when it is isolated, closur®f main stream isolation
valves, from the turbinelt isactuated automaticallyand
can provide makeaip water to the reactor vessel (withou
any heat removal circuit). It is driven by a small stec
turbine using steam from decay heat, injecting wat
from a condensate storage tank or the suppression pu
and controlled by the DC battery system.

The RCIC systenme available in all units except th
oldest unit 1 where thesame functionis played by the

The Emergency Core Cooling Systems
are composed of:

Isolation Condenser. 1) Residual Heat Removal System
The RCIC ionit 2 and 3 andhe IC inunit 1 played a 2) LowPressire Core Spray (for
helpful rolein the first part of the Fukushima accident & LOCA)

far as: DQvas available, water was available in the 3) HighPressure Core Injection
and T in the suppression pool was low enough to all (for LOCA)

the operation of the RCIC. 4) Reactor Core Isolation cooling

(UNIT 2,3 [BWR4))

Emergency Core Cooling SystéECCS)The Emergency
Core Cooling System (EC@&Shnade of ahigh-pressure
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and lowpressuresubsystems The high pressure coolant injection (HPCI) system has pumps
powered by steam turbines which aredigned to work over a wide pressure range.

The HPGdraws water from the large torus suppression chamber beneath the reactor as well as a
water storage tankUnderabout 700 kPathe Low-Pressure Coolant Injection (LPiSIavailable
which injects water through the RHR system butilizing suppression pol water, and a core
spray system, all electricaltiriven. All ECCS ssistems requirelectricalpower to operate

Beyond these original systemisseems thafTepco in 1990s installed provision for water injection
via the fire extinguisher system thrgh the RHR system (injectingthe Vessevia the jetpump
nozzles) as part of it Severe Accident Management (SAM) countermeasures.

Containment Systent, The containment system of thdBWR Markis made ofa freestanding
bulb-shapeddrywell (DW)(30 mmsteel thick) which is backed by a reinforced concrete shell,
and connected to a torushapedwetwell (WW) in the lower part of the reactor building
containing thesuppressiorpool. The design pressure is the same for DW and WW.

The DW, also known as th€rimary Containment Vessel (PCV), contains the reactor pressure
vessel (RPV). The water in the suppression pool acts as an @Egyping medium in thaitial
phase of a loss of coolant accident, after it needs to be cooled

TheWW is connected to théODW by a system oflowncomervent lines which discharge under

the suppression pool water in the event of high pressure inQk¢

The function of the containment system is to contain the energy released during a postulated
designbasis los®of-coolant acident (LOCA of any size) and to protect the reactor from external
events. The desighasis break is the largest reactor recirculation system pigak The primary
containment system is designed to withstand the combined seismic, pressure and temperatur
loads for this event and

maintain integrity.  The

containment system

accommodates this acciden Reactor service floor
without exceeding the design  (steel construction)
leakage rate

Concrete reactor building
(secondary containment)

The primary containment is fwi |
one of the three main \
barriers limiting release of Reactor pressure vessel
fission products from the
BWR nukear fuel into the
environment. Other barriers
include the fuel rod cladding
and the reactor pressure Pressure suppression pool
vessel together with its el
piping, which form the
reactor coolant pressure

» Reactor: BWR-3
boundarY- » Containment: Mark-|
In addition to the three
fission product barriers, the
secondary containnma
surrounds the primanand is
not designed to perform containment function.

Primary containment

During normal operation, th®W atmosphere and theNW atmosphereare filled with inert
nitrogen, andhe waterin the suppression pool of the W&/ at ambient temperature
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If aloss of coolant accident (LOCA) occurs, steam flows fronDWethrougha set of vent lines

and pipes into the suppression pool, where the steam is condensed.

Steam can also be released from the reactor vessel through the safety relief valves and edsociat
piping directly into the suppression pool.

Steam will be condensed in tM#W, but hydrogen and noble gases are not condensable and will
pressurizethe systemthe same will happen with steam tite WW water is boiling. In this case
emergency systems ivactivate to cool thaVW water.

Containment depressurizationOverpressure in the primary containment (above 300 kPa) can be
vented through the 120 m emission stack via a hardened pipe or into the secondary containment
above the reactor service floaf the building.

Secondary Containmert The secondary containmerg made of the part of the reactor building
external to the primary containmentlt housesthe emergency core cooling systemsther
auxiliary systems, routing of piping and cables aindhe upper part adjacent to the service floor,
the spent/ used fuel pool. It is not designed to contain high pressure

Conditiors for fuel meltdown ¢ Themeltdown of the fuel contained in th&uel rodswould start

to occur if the fuel itself reactstemperature up t02800°ClIf there is fuel meltdowrthe fuel rods

slump within the assembliesSthead O2 NA dzYé ol YAEGdaNB 2F Y2t (Sy
steel) drops to the bottonand can attack the reactor vessel steel material whosdting pointis

about 1500°CThis means thathere is an obvious possibilithat the corium can penetrate the

steel if it remains hot enough. (in the 1979 US Three Mile Island accident, it didn't, though about
half the core melted and it went 15 mm into the 225 mm thic&ssure vessel stéel

But the whole fuel melt scenario is much more probableew the severe sequence with loss of
coolant function starts whethe reactor is at full power than in the Fukushima situatjashere it

has startedbeyond the first few hows). Before fuel melting, cladding cracks at ab®R00°C,

its oxidation begins at about 1300°C (releasing hydrogen) and the zirconium cladding melts at
about 1850°CThese temperaturecan be reached alsohn somedays after shutdown in the
absence of coatig.

Melting Temperatures Liquefaction Regimes Core Damage

A

-1 3000°C Melting of ceramic materials
(UO, / ZrQ,) and formation » Complete
of ceramic (U, Zr, O) melts

o,
2850 °C

Melting of metallic Zircaloy
and a-Zry(O) results in fast » Extended
dissolution of UO,

B,C (Absorber)
2450 °C

Zircaloy 4
1760 °C Start of rapid oxidation
of Zircaloy by steam and
macroscopic liquefaction .
by eutectic interaction of » Localized
B,C with Stainless Steel or
Stainless steel with Zircaloy

Stainless Steel
1450 °C

ok

- 1000°C

Spent Fuel Pool The spent fuel from the reactor core at the end of its core ciglstoredin
spent fuel poad located near the top of each reactor so that the fuel can be unloaded under

11

O



wate.When the drywell is open, the reactor pressure wadss open and flooded. The spent fuel
from the ponds is later transferred to thgite central used/spent fuel storage. The poncdsn
contain also some fresh fuel.

Unit 2, 3 & 4 ponds are about 12 x 10 metarsl some less for unit. The temperature othese

ponds is normally low, around 30°C when the recirculation and cooling system is working. They
are designed to be safe at about 85°C in the absence of forced recirculation and with moderate
fuel load. They are about 12 meters deep, so the fuel isnadly covered by 7 meters of water.

At the time of accidenthere wasno MOX fuel presentin any of the pondsind the situation of
stored fuel in each SFP of unitglis shown below:

Spent Fuel Pool Unit 1 Unit 2 Unit 3 Unit 4
Dimension 12x7x12 | 12x10x12 | 12x10x12 12x10x12

Nominal capacity 900 1240 1220 1590

Spent fuel loaded 292 587 514 1331
assemblies (783 + discharged

core of 548),

New fuel loaded 100 28 52 204

assemblies

The central fuel storage on site near unit 4 has a pond about 12 meters, 11 m deep, with
capacity of 3828 rhand able to hold 6840 fuel assemblie&t time of the accident6375
assembliesvere storedin the undamaged central pool storage on site, with very low decay heat,
and 408 in dry cask storagdtilized since 195 for used fuel no longer needing much coaling

Siting and layout- All six units are built at a level @D meters over the seal level. Each unit is
equipped with 2 redundant D/G and thanits 6 has one more D/G aooled while all others are
seawatercooled. The Turbine Buildings, parallel to the shore line, are located on the west side of
the Reactor BuildingdRBsht a distance from the sea around 150 Tine first fourRB are on the
same line ad apparently notso distant from each othefThe units5 and6 form a second group
relatively distanfrom the others

The sea water is the main heat sink not only for thebine condensers but also for thresidual
heat removal RHR) systemsand for theemergencyD/ Gs (exceptone air cooled) The D/Gs are
located under the ground floor of the turbine buildings, and much ofréeectors switchgeaare

on the ground floor in the turbine buildings

The units 1 to 4 are connected to a 275 kV electric grid and the ugit® % 500 kV electric grids.

SeismicDesign - Japanese nuclear power plants are designed to withstand specified earthquake
intensities If a pre-set level ofground acceleratioris reached systems will be activated to
automatically shutdowrthe reactor In this case the set scram level wa$ 13alat Daiichi(150

Gal at Daini).

The design basis ground motion for both Fukushima plants had been upgraded since 2006, and
are quoted at horizonta#38-489 Gal for Daiichi and 4434 Gal for Dani. At this levebf ground

motion the unitsmust retan their safety functions.

12



The recorded dataf the earthquake ofl1 Marchshow that 550 Gal (0.56 g) was the maximum
ground acceleration for Daiichi, in the foundation of unit 2 , and 254 Gal was maximumiifor Da
Daiichi uits 2, 3 and 5 exceeded é¢lf maximum response acceleration design basis-WW E
direction by about 20%. Recording was over-130 seconds.

Various parameters have been proposed in therature for estimation of the destructive power

of an earthquake. Among these parameterse tBAV (cumulative absolute velocity) has been
recently proposed. Using the data recorded in the Tohoku event, the CAV can be evaluated in 10,
whereas in KashiwazaKiariva earthquake of 2007 the CAV was equal to 2 with a recorded Peak
Ground AccelerationRGA) much higher that in Fukushima. This is apparently due to the
exceptional duration of the Tohoku event.

Tsunami Design - The design basis tsunami height was 5.7 m for Daiichi and 5.2 m for
Daini,though the Daiichi plant was built about I0eters abowe sea level and Diai 13 meters
above. Tsunami height coming ashevasmore than 14metersat FukushimaDaiichi(apparently
much less at Daini site distant 11 kmahd the turbine halls were under some Beters of
seawater untithe levelslowered.

The flooding entered also the trenches and through them the basemenbahectedbuildings.

The maximumslip on the source faulbf the tsunami was 23 metersat about 160 km from
Fukushima. In the last century there have been eight tsunamis in the regiénmaxkimum
amplitudes atthe sourceover 10 meters (some much morepriginated by earthquakes of
magnitude 7.7 to 8.4, on average one every 12 years.

Those in 1983 and in 1993 were the most recent affecting Japan, with maximum heights at origin
of 14.5meters and 31metersrespectively, both induced by magnitude 7.7 earthquakes.

A Japanese government's Earthquake Research Committse eleborated areport on
earthquakes and tsunamis off the Pacific coastline of northeastern Japa was going tde
releasel in April2011 The document includethe analysis of a magnitude 8.3 earthquake that
struck the region more than 1140 years ago. This was apparently caused when 3 sections of the
seabed shifted simultaneously, triggering enormous tsunamis that fldodest areas of Miyagi

and Fukushima prefectures. The report concludes that the region should be alerted of the risk of a
similar disaster striking again.

13
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4. Tohokuearthquake and generated tsunami

On March 11 (05:46 UTC), 2011 a big earthquak&,£9.0, depth 24 km) stroke the Pacific coast

of Japan and produced a giant tsunami which killed almost 30 thousand people. The earthquake,
one of the five ever recorded greatest

earthquakes in the world, was caused by tr

subduction of the Pacific slab beath the

North American plate; the rupture plane wa ] u\/B i
about 500 km long and 200 km wide and tr
largest slip was around 23m, for a releas l ﬁ wiHo1,
moment magnitude of about 3.0x¥oNm.

The earthquake focus was located 150 km o

shore the Miyagi prefecture inhe Honshu

Island at a depth of 24 km. The figure desi .
shows the fault plane moddtef. /11/) along
with the slip distribution on the fault, the
epicentre (red arrow) and some of the
recording stations along the Honshu Paci
coast (triangles).

In lessthan half an hour the earthquake wa: rksiooa A
followed by a massive tsunami which local FKSD134
reached a rurup height as high as 20 meter
(ref. /16/) that travelled in the order 010 km
inland. Inundation depths at Fukushime
Daiichi and Daini were 14 and 7 meter

IWTH14/S

respectively. The figure below (ref. /12/)
shows the wave heights of tsunami along tt |\§? |
coast.

The difference in the sea wave heights ..

mainly due to the largest slip along the fault

plane just in front of the Hoshika Peninsula (east of Sendai) whicheabderved in the figure
above, besides differences in the local bathymetry, of course

helghittm)
r 23 4 5 6 7 8 [
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Beyond the destruction of houses, bridges, harbours and infrastructures, the earthquake and
tsunami severely threatened three nuclear installations, one of whigtieed very severe
damages and the release of radioactive material. Hereinafter the ground motion recorded during
the earthquake is synthetically reviewed with a special emphasis to its role in the response of the
nuclear power plants threatened by the laguake.

Strong ground motions showed a

significant duration (between 12C

and 170 seconds), a very hig

destructiveness  potential (CAV

@It dzSa 2 Fsec,d@h¥S a

threshold damaging value is set ¢

only 0.16 gsec) and Arias intensity

values of someneters per second.

Nevertheless the recorded peal

ground accelerations (PGA) wer

not extremely high as one coulc

expect from such a huge

earthquake. Only few records

reported PGAs as high asO1g,

while the spatial distribution of

PGAvalues show that te coast was

affected by PGAalues around 0.§

on average (figurasidewhere the

contour lines are PGialues).

The restrained PGxalues were

mainly due to the very low

frequency content of the source

radiation and travel path which are

reflected in the Fourier spectra of

the records. Moreover, they did attenuate rapidly with distance from the causative fault as shown
in the figure below, where the red lines display the median and variance of PGA as a function of
fault distance for themain shock
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