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Seismological analysis of the recent earthquake
disasters in New Zealand and Japan:
10 lessons for Switzerland

SED, March 17, 2011

= Common language

" The February 22, M6.3 Christchurch earthquake
®= The March 11, M9 Tohoku earthquake

= Comparison between the two earthquakes

= Consequences for nuclear power plants

= 10 Lessons for Switzerland

WWwWw.seismo.ethz.ch




SED
Schweizerischer Erdbebendienst
Swiss Seismological Service

Seismic Hazard Assessment

Main steps in the probabilistic assessment of seismic hazard (PSHA)

Earthquake catalogue Seismotectonics and active faults Earthquake activity rates
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Attenuation of wave Shaking scenario with Hazard: ground shaking expected
height with distance site amplifications with 10% probability in 50 years
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Seismic hazard assessment

Different hazard products can be computed for the long term and short
term probability of shaking, and in the aftermath of the earthquake
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From seismic hazard to seismic risk assessment

Seismic hazard Local effects Exposed value

Vulnerability
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Seismic risk is dominated by economic
value and is concentrated in urban areas
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The Christchurch earthquake, February 22, 2011

= Magnitude 6.3
= Depth 5km
" Located East of the M7.1 Darfield earthquake, September 4, 2010

= Both events located on a previously unknown fault, outside of the main
recognized seismic areas of New Zealand

= Shaking intensity MMI IX in central Christchurch (d=8km)
= Strong site effects due to local soil conditions (soil class D)
= Shaking largely exceeded local building code

" |t was not forecasted/predicted
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Darfield, M7.1, 4.9.2010
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Consequences

= Casualties 200+

= ~5000 homes uninhabitable

= 13BS direct damage

= Widespread liguefaction

®= Widespread landslides over Port Hills

= Electricity: initially lost to 60% city; after 10 days, 20% without power
= Water Supply: lost to 50% city; after 10 days, 15% without water

= Waste Water: widespread, non-recoverable damage to sewer network and
treatment plant
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= Peakval
= lLarge spatial variability

= Strong site amplifications
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Recorded peak ground motion (PGA)

Magnitude Mw=6.1, Reverse, Top of Rupture=2 km

10
= Excellent data coverage
! * =5 =22 —===x==z=c:; =y N ~50Good site characterization
= Peak values and spatial
0.1 . . . . . .
variability agree with existing
n models
0.01
g
—_— Median Vs30=510, FW
' —— Median Vs30=310, FW
4 Data GMX(A) W |
o Data GMX(B) EEEE | ' "" I
YT o paaewx©) Ssssss=—=ccms
DetaaMX(0) = - 3
% Data Unknown L L1 11 lJal
0.00001 I -
1 10 100 1000

Rupture Distance (km)

N. Abrahamson

. —



SED
Schweizerischer Erdbebendienst
Swiss Seismological Service

Recorded peak ground motion (PGA)

Christchurch Earthquake, Mw 6.3. 22.02.2011

Elastic spectral acceleration, damping 5% M Oti O n S exce e d N Z b u i I d i n g CO d e

Christchurch city center; distance 8-10 km N/E from epicenter
Largest horizontal components, soil class D

& — 511705, 2500 = 475yr by 2-5 times

1.60 = = NZ51170.5, 475 years

i ﬂ [ | e SIA 261, Zone 3b, 475 years ] 2500yr by 1-3 times

\‘ e SIA 261, Zone 1, 475 years

120 L] V ——— CBGS N8SW
= 100 j } | ——— CCCC N64E
L;, e \ CHHC S83W

TER) W w
o \ /05/\ A \ ——— REHS S88E
940, "Tu ] L N Christchurch Earthquake, Mw 6.3. 22.02.2011
/ Ny Elastic spectral acceleration, damping 5%
030 : = R 1 Stations closest to the epicenter, Heathcote Valley school, Lyttelton port
=< — \ Largest horizontal components
020 ~ e —-/ = 450
/ \_.\Q' kit [, —— NZ5 1170.5, 2'500 years
0.00 4.00
00 05 10 15 20 25 30 35 40 = = NZ51170.5, 475 years
Period [s] 350 q e SIA 261, Zone 3b, 475 years
e e SIA 261, Zone 1, 475 years
. . . = 250 | | ——1PccssOW
Motions exceed CH building code e
2.00 A

= HVSC S26W

-—-"‘
-
<

= 475yr-zone 3b by 2-7 times e

. 1.00 ---\K
= 475yr-zone 1 by 6-18 times o0 77 {/ai\
IO e e ———

Period [s]

GNS and B. Duvernay/BAFU

. —



SED ETH

Schweizerischer Erdbebendienst Eidgendssische Technische Hochschule Ziirich
Swiss Seismological Service Swiss Federal Institute of Technology Zurich

Building damage
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Damage from liquefaction and landslides
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Photo 6. GTH_5708 (Rock falls RSA Building in Wakefield Ave Sumner (rock fall fatality reported at building site left).
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Lessons learned
= Ground shaking intensity (much) beyond current design code levels
= Significant ground deformation related losses
Liquefaction — housing & infrastructure
Landslide — housing
= Damage to residential buildings
Hill-side locations damage > average
Shaking damage to modern buildings < average
= Damage to non-residential buildings
Damage to buildings constructed using older codes
Modern buildings (post 1980) performed well

Widespread damage to Un-Reinforced Masonry buildings
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Tohoku earthquake, March 11, 2011, Magnitude 9
' — NHK/NO AUDIO
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Ini alerts for waves of up to 10 meters have been issued from Hokkaido in {
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Tectonic setting: M9 on Pacific “ring of fire”
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The Pacific plate sinks deep into the
mantle at the Japan trench

Plate convergence of 8-10 cm/yr
Long and well known seismic history

— 25 M7+ earthquakes on the Honsu
RELATIVE PLATE MOTIONS e section of the Japan trench since 1900

[} s 03 ™ 1000
The red vectors represents the motion of the Pacific Platerelative ~ E0 F 1 T e
to the Philippine Plate, and the Philippine Plate relative to the
Eurasia Plate in the region. The motion of the Pacific Plate is

el e L LT I = The M9 filled a “gap” in the Western
Pacific margin

44 mm/yr north westward with respect to the Eurasia Plate.




SED

Schweizerischer Erdbebendienst
Swiss Seismological Service

R e e |

Active fault model of Japan e IE lf'“j"-*:"“""“ } rEmame
SR s peamin R

= Very detailed characterization, R i | Z ﬁy& |
best worldwide | . ;

| 57 Mor imoto-Togashi fault zone

N7.2 Nearly 0-5% M8.0) 0.04T% UIE7QMW5

W74 Nearly 0-5%

M58 to 7.5 Nearly 0-7%

25 Kushigata-sanmyaku fault zone l

l,
"  Maximum Magnitude and |"'f"""_‘“'""'“ t

probability of occurrence —— i
specified for each fault and each e
segment

N7.5 Mearly

19 Shonai-heiya-toen fault zome
0-6%

18 Yamagata-bonchi fault zone
M7.8 Nearly 0-7%

Teunami Earthquakes from Sanriku-Oki to Boso-Oki
along Japan Trench
N3 2 Aoout 20%

Niyagi-kea-Oki
M5 9%

¥7.3 0.00-5

Fukushima—ken-0ki
W14 Roout TS and less

= Different treatment of
subduction and crustal faults

|baraki-ken-Oki
N6 8 About S0

\ b 5
R 53 14 | Aw |
35 Kannawa/Kozu-Natsuda fault zone
% N7.5 0.2-16%

37Niura-hanto fault group
3 = N Kirugasa/Kitatako fault 20m)

= -7 W57 or above Nearly 0-0%
° N AAS 7N e (Tekeyama fault 200

A M6.6 or shove 6115
—an . s2Atera hull 2008 p—
= 7 ) B hoc thers sepuent) Other N7 scale earthauskes in the Scuthern

- ! Kanto

<2 Tz Lo vy 1 Chuo-kozosen fault zon? = BTy
! (Kongo-sanchi-toen — | zumi-sarmyaku-nan’

! . = W3 Wearly 0-55

\
—

Earthquakes of N8 along the Sagami Trough
(1923 Taisho type)N1.9 Nearly 0-0.9%

% Rokko-Awajishima fault zone
i (main part/Rokko-sanchi-nan’ en—Awajishina-togan
segment) 1.9 Nearly 0-0.9%

43Fujikowa-keko fault zone

Warkat trouth 8 0.2-11%
(Tonerkai) 8.1 About 6%
Mlankai) ¥8. 4 About 50% 1 Inadani fault zone
HReference valus (assumed Tokai)N8 884 % "] (ooundary fault)N2.7 Nearly 0-T%
Interplate earthasake in Hyuganada ] Rofer to Note], Attached Table3-2 in Apcendind (frontal fault)¥7. 8 Nearly 065
.6 Moot 105
45Kiso-sanmyaku-seien fault zone
92Beppu-tianeyama fault zone ‘———  (main part / southern segment)
- (Oltrind in fault ¥6.3 Nearly 0-43%
|nFuum—Nuw fault zone |_ — m St -
; he: in fau
(central part)¥). 6 Nearly 0-6% 4 OI{Z W-I%
i — Active faults belonging to a hi ol ility i
[] subduct ion-zone earthquake of earthauake occurTence wobab‘h {7 ® (Earthauake oecurrem_:ehprobabnluty I;: 4
[Z7] Earthauake occur ing on — faults belonging to a slightl probabi lity value within 30 years based
active fault high group of earthquake occurrence prohabnllty on Jan. 1 2005.)
s (ther active faults




SED. | |
Active fault model of Japan: Pacific subduction

1 .1 £ e | Northern Sanriku-Oki
AR J 08.0) 0.04-7% (7.1 to 7.6) About 90%
Fa

25 Kushigata-csanmyaku fault zone
N6.8 to 7.5 Nearly 0-T%

19 Shonai-heiya-toen fault zone
N7.5 Nearly 0-6%

18 Yamagata-bonchi fault zone
M7.8 Nearly 0-T%

Tsunami Earthquakes from Sanriku-Oki to Boso-Oki
along Japan Trench
Mt8. 2 About 20%

Mivagi-ken-0ki
M7, 5 9%

Fukushima—ken—0ki
N7.4 About 7% and less

|baraki—ken-0ki
N5, 8 About 90%

36 Kannawa/Kozu-Matsuda fault zone
N7.5 0.2-16%

Mmax 6.8-8.2 on different subduction segments, M9 not considered
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Seismic hazard of Japan

| Probabilistic Seismic Hazard Hapl I Probabilistic Seismic Hazard Mapl
Probability
o g MOE e OHE e asE 0E WZE WE hor B 26% or higher| st ' 1€ e iwe e wcE e WE  MEE
High < [0 6% - 26%
L3 -6%
fairly 018 - 3
[ Under 0.1%
N BNy .
3N N
8N 28°N
Fig. 3.3.1-2(a) Distribution map of probability of ground motions Fig. 3.3.1-2(b) Distribution map of probability of ground
equal to or larger than seismic intensity 6 Lower, occurring motions equal to or larger than seismic intensity 5 Lower,
within 30 years from the present (Duplication of Fig. 3.3.1-1 for occurring within 30 years from the present.
comparison). (Start date: January 1, 2005)
(Start date: January 1, 2005)

= Pacific subduction is not expected to produce strong shaking (JSI 6-), owing
to large distance from the coast (80+ km) and to Mmax limitation
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How much did Japan move?

130 135 140 145
- Se|Sm|C Sllp on the faUIt Up tO praarh ARIA Preliminary Post and Coseismic ;“g"«;
@ : I7us Displacements from Mw9.0 Sendai-Oki Earthquake =1 /' W 45
18 meters I 4

= Northern Honshu moved East
by ~5 m during the event, and
0.5 m after the event

"  The axis of rotation of the
Earth shifted by ~10 cm

Tmi=— —~| Co-seismic displacement |

1
b ————= |Post-seismic displacement|
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Seismic shaking

2011/0370 . 2011/03771
9.0 9% / v “9.06 ¥

2011/03007
M9.@ E

= Earthquake rupture propagated to the South along the Japan trench and
lasted ~150 seconds

" First seismic waves reached the coast after ~20 seconds
= Strong ground shaking lasted up to 120 seconds
= After 100 seconds, the whole Northern Honshu was shaking

= After 200 seconds, strong motions in Northern Honshu ceased and the
shaking was propagating to Hokkaido and southern Honshu
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= Observed values of JSI 6+ released for the coastal area,
but the effects of tsunami not yet clear
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Recorded strong-ground motions

= Exceptional data coverage
= Consistent traces across Honshu

" Peak motions in the range 0.2-1.5g
for the closet stations, at 60-100 km
distance from the fault

= Very long duration of strong motions,
up to 120 seconds
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Was the shaking too large? e

"= Minimum distances to fault of
50-60km

= Peak values in the 0.06-1.2g :
range

= Peak values agree with models
for a M9 subduction event at

. § 0.1
distances of 60-100 km from g
the fault
=  Peak values are smaller than
existing models for larger .
dIStanceS & PGA for Vs30m>=360m's X Q)
. . . © DGAfor Vs30m<360mis o’?s < ?@\
= Spatial variability of peak values _ PGATor Uninown ve3om S 5
. w5 CHydro (2011), Vs=500mis (‘Q\
high (factor 20), but not AT % <§§Or~
)
unexpected 0001 | "%
10 100 1000

Distance (km)
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Danger of aftershocks and triggered events

= Aftershocks cover the whole
faulted area, largest so far M7.9 @

= Aftershocks will continue,
possible M8+, but are not
expected to pose additional risk

= Various inland faults have been
activated, including a M6.6 in
Niigata (with tsunami alert) and
a M6.2 in Shuzuoka (with Tokyo
alert)

= The Tokai and Nankai sources
have not yet moved and pose
the largest danger, with Mmax
7.9 and 8.2, and close to the B I1 Gioi/Spat Inage

Data SIO. NOAA, U.S. Navy, NGA, GEBCO

Tokyo area Data © 2011 MIRG/JHA
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Could the Tohoku earthquake be expected?
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30-yr probabilities of JMA
intensity=VI lower (~0.4 g)
> 26%
High {l:l 6% - 26%
3% - 6%
Moderate | 0.1% - 3%
tow [ <0.1%
00k
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20 March 2005

25 March 2007 \
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Sl 25 September 2003 M=8.3
'\/ ‘0 2 ‘
«{ ("‘\/ e 25 September 2003 M=7.4
~
23 October 2004- (/ re

M=6.8
16 July 2007

M—68

rx;\,g 13 June 2008 M=6.9

. 26 May 2003 M=6.9

S 16 August 2005 M=7.2
— 9March 2011 M=7.3

L ’_7 — 11 March 2011 Off-Tohoku Chicho
M=8.9

% 31 October 2003 M=7.0

19 July 2008 M=7.0

N

7 May 2008 M=6.9

Inland earthquakes from
Toda & Awata (EPS, 2007)

" Most of the M7+ earthquakes of the past ten years, including the Tohoku
M9 event, were located outside of the most active identified zones

" |n the last ten years, two large subduction events occurred in Hokkaido
(M8.3) and Nankai (7.4), in addition to the M9 Tohoku event
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Could we have predicted the Tohoku event?

" Too early to say, it will take time
to analyse all data

" The M9 was preceded by a M7.2
event on March 9, in the vicinity
of the March 11 hypocenter

" The M7.2 was not identified as a
foreshock, but 24 similar M7+

72 ‘_ Epicentre
events have been recorded on the | D0 o 3 March 2011
Japan trench in the past century, > TA S E R : 7.2 Mw

one every four years on average

= As a precautionary measure, the Ef'ﬁz':éfzo"

M?7.2 event could have been used  p<G & ‘ 05:46 UTC
to put critical infrastructures '
under alert
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ami_

%

= Every known M9 subduction earthquake has
produced a massive tsunami, but only few -
M8 event produce significant tsunamis

= Given the magnitude 9, the tsunami height
and extension were not surprising

03 B 128 0785 05 3 3R1E
A A ORAE
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Tsunami generation

"= The tsunami is produced by the displacement of the ocean bottom
produced by the earthquake

= The tsunami is preceded by waves, but it looks more like a tide than a wave;
the water remains high for 15-20 minutes and flows deep into the land

Generaing of Tsunami

Crustal Movement of the
Sea Floor

Sea wave Tsunami
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Tsunami history and protection in Japan
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The science and engineering of tsunami protection were born in Japan and are

implemented there as nowhere else on Earth

Year Name of Earthquake Max Wave Height Dead and Missing
(m)

684 Nankai Many
1896 Meiji Sanriku 38.2 22,000
1933 Sanriku 28.7 3.064
1944 Tonankai 9 1,223
1946 Nankai 6.5 1432
1960 Chile 8.1 142
1964 Niigata 4.9 26
1983 Nihonkai Chubu 13 104
1993 Hokkaido Nansei-oki 31.7 230
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Early warning and alert

141" 142° 143 144°

= Warning and alert worked well

= Early warning was released to
infrastructures (AKWs, Shinkansen,
harbour tsunami protections, ...) 8
seconds after the arrival of the first
seismic waves on the shore; 20-60
seconds warning times were possible

= Tsunami waves arrived only 30-50
minutes after the start of the
earthquake and after the general alert

= Earthquake damage was not high and
did not impede tsunami evacuations

" Too many tsunami warnings in past T .

4 5- 5+ 6- 6+ 7 before S-wave.
years may have created a sense of false Estimated intensity
safety
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Lessons from the Tohoku earthquake

"= The maximum magnitude of the earthquakes on the Japan trench had been
underestimated by the Japanese scientists; a M9 on the Japanese trench
cannot be considered as an exception; with a plate convergence of 8mm/yr,
a M9 event, with 18m slip, can be expected every few centuries.

= The shaking produced by the earthquake agrees with expectations for a M9
event, and is not much higher than it would have been produced by a M8
event.

"= The amplitude and extend of the tsunami were not surprising considering
the magnitude 9.

"= The seismic shaking did not produce large damage, owing to the good
construction practice, to the level of preparation and to the distance to the
fault. The damage was due to the tsunami, which exceeded the expected
heights and the protection measures over a long coastline.
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Comparing the two events: seismic sources
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A M9 event releases much more energy - 20 ‘000 more - than a M6.3
event. This depends on the size of the fault and the amount of slip.

Christchurch: M6.3, slip 1m, source area 30*10km

432

165 F 10
E 20 o
Ao ko £
T 220 £
(T Fa B
,,,,,,, Tl : =

o - 50

Tohoku: M9, slip up to 18m, source area 300*40km
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Comparing the two events: affected surface

- USGS ShakeMap : NEAR THE EAST COAST OF HONSHU, JAPAN
Th e area Of stro ng groun d FriMar 11,2011 05:46:23 GMT M 8.9 N38.32 E142.37 Depth: 24.4km ID:c0001xgp

shaking was ~5*5 km2 for the
M®6.3 Christchurch event and
~400*100 km?2 for the M9
Tohoku event, 1600 times larger

138’ 140° 142° 144"
Map Version 4 Processed Fri Mar 11, 2011 01:23:57 AM MST — NOT REVIEWED BY HUMAN

PEACEINED  [Not felt| Weak | Light |Moderate| Strong | Verystrong| Severe | Violent | Extreme

POTENTIAL | nono | none | none | Verylight| Light | Moderate |ModerateHeavy Heavy [Vory Hoawy
PEAK ACC(%g) | <17 |.17-1.4| 1.4-3.9 3992 | 9.2-18 18-34 3465 65124 >124
PEAK VEL(cmis)| <0.1 | 0.1-1.1| 1.1-34 | 3481 | 871-16 16-31 31-60 60-116 >116
WETRONENTAL| | | | IV | V| Vi | WV
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Comparing the two events: seismic signals recorded in Zurich

0.10

0.05

o
o
o

velocity (cm/s)

-0.05
M6.3 Christchurch Earthquake '21.02.2011

| M9.0 Tohoku Earthquake 11.03.2011 @ 13000 km

Christchurch record scaled by factor 100
and offset by 0.075 cm/s

@ 180001 km

30 min
<« '

>

| | I | 1 | | 1 |

Both events were well recorded in Switzerland; for the Tohoku event, the
whole Switzerland moved up and down by 2 cm for more than an hour

The seismic waves of the Tohoku M9 event will continue to travel around

the Earth for weeks
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Comparing the two events: close-distance seismic signals

Fukushima station, N FKS001-acceleration-north
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time, s

" Tohoku M9: distance 70 km, peak motion
} 0.4g, duration 120 seconds

®  Christchurch M6.3: distance 2km, peak
motion 1.5g, duration 8 seconds

= Even if the magnitude was much lower,
the peak motions of the Christchurch

J event were higher than those of the

Tohoku event, given the close distances
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Safety of NPPs in Japan: the 2007 Niigata M6.6 earthquake

" |n 2007, the M6.6 Niigata earthquake
damaged the Kashiwasaki-Kariwa TEPCO
NPP, the largest plant of the world

" The event produced peak ground motions of
0.67 g and extensive deformation, cutting
off roads and water pipelines

= Of the seven reactors, five are still offline
and will most likely have to be replaced

®= The NPP cores were not damaged by the
shaking, but the damage around the plant
and in peripheral systems was so extensive
that fires could not be put off and the plant
could not be further operated

"= Following that event, the Japan government
increased the reference design value for
nuclear installations from 0.25g to 2g

= |n 2008, two smaller plants were damaged

by earthquakes in central Japan | USGS Open Fle Report 2007.1365
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Safety of NPPs in Japan the 2011 Tohoku M9 earthquake

" The catastrophic consequences of the Tohoku
earthquake are still ongoing, and information are
fragmentary

®= The event produced peak ground motions of 0.3-0.5 g
inside the plants; these values are well within the design
parameters; no or minimal damage was expected and is
believed to have taken place

= All plants in the area successfully performed the safety
shut-down (11 reactors)

" The plant was protected against tsunami; however, the
emergency diesel generator was flooded and the main
diesel tank of the emergency generator (located outside
the protected area) was washed away

®= The Daiichi plant is still without electricity and
appropriate cooling system after 6 days, due to the
extensive damage produced by the tsunami
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Expected future large earthquakes

Earthquake prediction is not yet possible, but the attention is concentrated on key
hotspots, identified as seismic gaps (Costarica, Nankai, Peru, California, Aleutians,

Cascadia) or triggered by recent large earthquakes (SE Sumatra, Burma and Assam
after the 2004 Andaman Sea event; Tokai after the 2011 Tohoku event)
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10 lessons for Switzerland

M9 events or the type of strong-motions produced by the Tohoku event are not
possible in Switzerland.

M6.3 events like the Christchurch earthquake are possible and expected in
Switzerland every 80-100 years. M6 events are the main contributor to Swiss
hazard for normal houses; M6.5-7 events are the main contributor for the hazard
of critical infrastructures.

The motions recorded in the Christchurch earthquake largely exceed the
parameters of the Swiss building code. We should consider increasing the level of
protection in the building code from 475 years to 1000 years, at least for urban
areas.

The seismic building codes in Japan and New Zealand worked very well, with
minimum damage to new houses; it is urgent that the Swisscode (SIA261) becomes
obligatory for all cantons of Switzerland, with appropriate verification mechanisms.

The open availability of high-quality, dense data is the key to understand the
complexity of events such as the Christchurch and Tohoku earthquakes;
Switzerland should actively pursue the installation of monitoring stations and
warning systems in cities as well as in critical infrastructures (AKW, dams,
geothermal projects, buildings).
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10 lessons for Switzerland

6. We need to take a more conservative approach in the identification of rare,
extreme events, taking into consideration the failures in New Zealand (unidentified
fault) and Japan (unidentified potential for M9 events).

7. Swiss lakes have a history of damaging tsunamis (i.e. Luzern 1601) which have
never been taken into proper consideration; a comprehensive hazard and risk
analysis for urban areas on Swiss lakeshores is needed.

8. Therisk associated to near-surface or surface break of identified faults as well as of
possible deep shearing zones still needs to be evaluated

9. The vast damage to key Japanese infrastructures (AKWs, dams, harbours,
communication, ...) confirms the intrinsic vulnerability of modern society to large
earthquakes; comprehensive, end-to-end risk assessments are required to verify
the level of seismic risk for critical infrastructures in Switzerland.

10. The economic damage produced by events such as the M6.3 Christchurch event
(13BS) poses the urgent need to evaluate the economic risk and install appropriate
financial mechanisms (i.e. obligatory insurance coverage) to cover rare, potentially
disastrous events in Switzerland.




