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TOPICS

 Tohoku Earthquake

« Canterbury EQ Sequence
* San Francisco

* Los Angeles

» Concluding Remarks
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TOHOKU EARTHQUAKE

* 9.0 Mw (~ 4% Largest EQ Measured)
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e 1000 x more power
than 1995 Kobe EQ

e 600 million x more
power than
Hiroshima bomb
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TOHOKU EARTHQUAKE

e 15,870 Deaths
e 2,814 Missing

e 129,225 Buildings
Destroyed; > 1 Million
Heavily Damaged

e $235 B Direct Losses

e ~ $620 B for Nuclearrjd Lo
Decontamination & ¢

Decommissioning Y
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TOHOKU TSUNAMI

=4 . Inundation = 561 km2
&+ Tsunami Heights = 3 to
4 73m

¢+ 50 km Run-up on

. Kitakami River

190 of 300 km Seawalls
Heavily Damaged
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ONAGAWA TSUNAMI

Height of =

Water
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FUKUSHIMA DAIICHI NUCLEAR PLANT
46-m-high splash

Reactor
building 14-15m Tsunami Design Tsunami
Tu_rbl_ne On March 11th level=5.Tm
building
Sea water pump
m Door Dour

I—L { Normal
Site land level=10m i sea
(F1/2/3/4) level
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BOILING WATER REACTOR

Containment Structure
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Japan Atomic Prower Co:
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Mihoma
ooo

Kansai Electric Power Co:

Ohi
oeoa

Kansai Electric Power Co:

Takohomao

opoo
Shimane
00
Kaminosekd

Kyushu Electric Power Co:
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Shikoku Electric Power Co:
Ikoto

Kyushu Electric Power Co:

Sendai
ea

CORNELL

s I T ¥

Hokuriku Electric Power Co:

Chugoku Electric Power Co:

Chugoku Electric Power Co:

Tokyo Electric Power Co:
Koshiwazoki Kariwo

s xlulals /00

Hokkaido Electric Power Co:

Tomart
== )

« Japan imports 84% of energy

* Nuclear reactors supplied ~ 30% electricity
« Japan planned to increase to 40% by 2017
* Nuclear was part of C02 reduction strategy

Electric Power Development Co:

Tokyo Electric Power Co:
Higashidori

Japan Nudiear Fuel Limited:
Rokkasho
* Reprocessing Faciility
*Uranium Enrichment Plant
Tohoku Electric Power Co:

a6a

Tohoku Electric Power Co:
Nomie Odoko
(s |
Tokyo Electric Power Co:
Fukushima Daischi

Tokyo Electric Power Co:
Fukushima Daint
Japan Atomic Power Co:
Tokot Daind

Chubu Electric Power Co:
Hamooka

0000

JAPAN’'S NUCLEAR POWER PLANTS

« On5May 12
all 54 nuclear
reactors down
working, or 0
%0 of total
nuclear; only 2
reactors on
line now

EARTHQUAKE
11.3.2011 - 144‘5 PT)
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Fukuphima 1 « Dalichd (3
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Tokad ¥

TOKYD
Pagific Ocern

JAPAN oW g e
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WORLDWIDE EFFECTS: NUCLEAR POWER

Ehe New Hork Times

May 27, 2011

Officials in Ge
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iclear Plants

% The New JJork Eimes
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accident that struc g
Fukushima Daiichi plant in Japan
after the earthquake and tsunami

e c:lcsed, The decision
o abinet, which wilj
o1 & ’

e Germany to Close Out Nuclear Power (22.4% Electricity, 2010)
o Switzerland to Terminate Nuclear (40% Electricity, 2008)

o Italy Referendum (2011): > 949% Voters Oppose Plans to
Resume Nuclear Power (abandoned 1980s)

CORNELL N iffciines

vV ER S I T ¥ Committee



LESSONS LEARNED FROM
TOHUKU EARTHQUAKE

 Some Infrastructure Is Too Big
to Fail

« Global Consequences of Failure

« Design for Contingencies
(Consequences) As Well As
Events

Committee
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CANTERBURY EARTHQUAKE SEQUENCE
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CANTERBURY EARTHQUAKE SEQUENCE
o ~ 182 Deaths , .é‘

e CBD Destroyed
— ~ 1800 CBD BIdgs.

Demolished
— ~ 55,000 Residencesw_f__,_,._l_‘;. -4
Damaged o |

e $25-30 B Direct Losses,
~25 % GDP

e Massive Liquefaction &
Infrastructure Damage

K
More severa
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— Waterways

CH RISTCHURCH LIQOUEFACTION
- "‘

52 km2 -"._
(32 =

Waterways
Sea
quuefactlon
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(62°/o)
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CHRISTCHURCH LIQUEFACTION
g_

— Waterways
=4 Sea
I:I quuefactlon

Waterways
Sea
Liquefaction

—_— Waterways
Sea
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CHRISTCHURCH
LIQUEFACTION
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WATER MAIN REPAIRS FOR 22 FEB
2011 EARTHQUAKE

Water iplie repairs : ® 1 645
Water pipelines ot
Waterways it - ’ -
Ei%?,lefaction Ve b e Ty LX repalrs

; > 51 : =11! ) HE ]
to mains
& sub-

mains

pipelines
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REPAIRS IN WASTEWATER SYSTEM
AFTER 22 FEB 2011 EARTHQUAKE

Wasterwater pipeline repairs o , | i |
Wastewater pipelines =5 - o 1 200
Waterways Jap \ .

Ei‘ta:lflefalion . Bl . : . repairs
to pipes

 Approx.
1900
km of
pipes &
conduits
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EARTHQUAKE PIPELINE DAMAGE

Asbestos
Cement (AC) }

Chloride

Over iseftion
=70 mm

8 Cast Iron (CI) Concrete (CONC)
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WATER MAINS & SUBMAINS

 Mains
 Typically 75 — 600 mm diameter
 Primary water conveyance pipelines

- Submains
» Typically = 60 mm diameter

« Water distribution from mains to a
limited number of houses
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PIPELINE REPAIRS VS TIME
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PIPELINE REPAIRS VS TIME
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AC Pipelines

Geometric Mean PGY (cmisec)
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SCREENING CRITERIA

« Assume Poisson Distribution for Repairs
(1-a)p<(RR)x<(1+a)p
Poisson distribution: p = (RR)X, and o = [(RR)x]">

Sampled repairs follow normal distr. (central limit theorem)

u+¢ (B )o=(1+a)p
x> [07(B,)] /o’ RR

 Repair Locations Checked by GIS

 Discount Landslides/Rockfall Areas




AC Fit Equation: Cl Fit Equation:
- |Og(Y) =283 * |Og(X) -5 - |Og(Y) =238"* |OQ(X) -4.52
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LIGHT DETECTION & RANGING

 High Resolution LIDAR Measurements,
Corrected for Tectonic Deformation

 Vertical Movements
e 5-m intervals
e +£ 70 — 150 mm standard error

 Lateral Movements
e 56-m intervals

e v+ 400 mm standard error




PIPELINE REPAIRS IN LIQUEFACTION &
LIDAR AREAS

@ Repairs 0 1 2
— Pipelines o m— |1 ] (=
Il water
] Liquefaction 0 3 §)
Bl Measured LiDAR Vertical Displacment | |y S— [ 1)
\ New Zealand
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 Angular Distortion = (dvl-dv2)/L = Ad/5m
6 &C Fﬂit4E9r:i|.r::;:1:ti4:=2:22 2 1 RCRR Fit Equation:
1Y=0497X+2, Y =0.16"X + 0.81
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MAXIMUM PRINCIPAL LATERAL STRAIN
Y Create
. . " . A A V3A J Lo
C B > Bilinear
A ——— .. Quadrilateral
o, I Finite Element
1. g from Lateral
ot vostors e clonreont vt (4 Displacements
at intervals of 56 m EW and NS displacements -
| ) ; at Grid
v 7 Corners to
} ;| Determine
/ - -
/m = K , Prlnlepal
/| == Strain
€1, €2 €x, Ey, Vxy

N New Zealand
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7] AC Fit Equatlon =1 CI Fit Equation: —1 PVC Fit Equat|on
_ —Y2_804 X+212 [ _Y2_839 X+0.41 _Y2 6.37 * X + 0.01
E_ SQR—O.TSQ EG_R—O.BQ §2‘4_R=1.00
Water : ] £ g ..
ré L e 1
Pipelines .«
5 3 —_
o re]
N 1
‘ T 2.5 PVC Fit Equation: 05
= i Y = 6.37"x + 0.01 %)
2 5 RZ = 1.00
4]
) - Combined PVC & UPVC
== _ Fit Equation:
£ e 107 Y = 6.41%x - 0.01
g & R? =0.99
o = C
— . @ ipelin
Wastewater : : - 2 P
- - T o 0.5 - - - PVC Pipeline Fit
PI pel I nes ] i Combined PVC & UPVC Fit
& ( 0 I | I I I I I |
0 0.1 0.2 0.3 0.4
Lateral Ground Strain: &up (%)
b) Unplasticized Polyvinyl
Chloride (UPVC)
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6._

AC Pipeline

= = = = (lPipeline

— - — - PVC Pipeline
] |sesssnas EW Pipeline
—— ——— RCRR Pipeline
—— - - — CONC Pipeline

AC Pipelines

ﬂﬂﬂﬂﬂ

Repair Rate (repairs/km)

w &
““““
™ - -

_-< PVC Pipelines
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o 1 2 3 4 5 ©6 7
a) Angular Distortion: 3 (x107)
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8 _ Fipeline

Repair Rate (repairs/km)

REPAIR RATE COMPARISONS

AC Pipeline
= = = = (|Pipeline
== Combined
- . = . PVYC & UPVC

oooooooo EW PipelinE

— O'Rourke et al.
(1998)

1.~ PVC Pipelines

L L
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b) Lateral Ground Strain, €. (%)
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GROUND DEFORMATION METRICS
 From Boscardin & Cording (1989) for

Building Damage:

/ SEVERE TO VERY SEVERE

DAMAGE

o MODERATE

SEVERE DAMAGE

Horizontal Strain, g, [x 10°)

. & Opencyts
B-Mine Data From
Shallow Mines, Marino, 1985
2 Braced Cuts
Cases 1,3 418
5> & Tunnels U0 Seale

—

@-Data From Tunnéls

I*-Assum&d Range
of Horlzontal
Strain

Self-Weight

Building Set!lem?

nt
i
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4 5 7
Angular Distortion, B [x10°)
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REPAIR RATE, 3, AND EHP FOR AC PIPELINES
4

N W
|

Lateral Strain, g (x10-3)

0 1 2 3 4 S 6
Angular Distortion, B (x10-3)
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REPAIR RATE, 3, AND EHP FOR CI PIPELINES

4 -

-t N W

Lateral Strain, gu» (x10-3)
o

Angular Distortion, B (x10-3)
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COMPARISON OF AC & CI PIPELINES
4 -

w

Lateral Strain, g.» (x10-3)
N

0 1 2 3 4
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GAS DISTRIBUTION SYSTEM

Gas Pipelines
Waterways
Sea
Liquefaction
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Areas of Severe
Liquefaction

Water Distribution System

N
0 2 4
i kM| Legend
. s Bl Liuetaction Christchurch EQ
‘ —— i | water
ContactRockGasPipes

. repair
B water

— Water supply pipe
B Liquetaction Christchurch EQ
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- je— —r e i

Pipelines N —— | |
Distribution Mains

HDPE Mains

: 0 05 1
B Avon River e e— | 712t
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LESSONS FROM CHRISTCHURCH

Extraordinary dataset: multiple EQs, dense
ground motion array, massive liquefaction,
high density LIDAR, geocoded repairs for
thousands of km of different pipelines

First time comprehensive assessment of
underground lifeline response to
liquefaction- induced differential vertical
movement and lateral strain

Remarkable performance of highly ductile
HDPE and MDPE pipelines




LESSONS FROM CHRISTCHURCH

* Relative Performance of Most Widely
Used Pipelines Quantified with Respect
to Ground Deformation

« Statistically Significant Regressions for
EQ Pipeline Damage vs Transient &
Permanent Ground Deformation

« Unified Methodology for Building &
Lifeline Damage vs Differential Vertical
& Lateral Ground Movements

Committee
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0 1000 3000 5000 feet
|

500 1000 1500 meters

Approx. Boundary of
B Foot of Market Zone

Approx. Boundary of
South of Market Zone N
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EARTHQUAKE SAFETY AND
EMERGENCY RESPONSE BOND

010 EARTHQUAKE SAFETY

Projects and Cost

RGENCY RESPONSE BOND aiclels (millions)

- FNT = s T i ..r_,.’... = L : -
R EW 1 | _1"‘, i § I 2 7

AWSS Core Facilities $35.0

Critical Firefighting 134.3
Facilities and
Infrastructure

Public Safety Building 243.0
Total $412.3

X

K2 Firefighting Cisterns $36.6 M

IM%%HB - * : a e = |Neighborhood Fire Stations $65.1 M

.+, Firefighting Pipes and Tunnels  $32.6 M
s
S Total CFFI $1343 M

N New Zealand
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. ‘Mississippi River

New Orlean

MISSISSIppI
Delta
25000 km2

Most Recent
Delta |
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Floodwall Along
Mississippi River Hurricane Protection
Levee & Floodwall

23:ET
Ae—

18 FT Project Flowline
Avg. Annual Highwater 14 FT  SPH Design Elev 11.5 FT

Gentilly

New Orleans Elevatlon
Cross-Section

Entergy (2006)
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HURRICANE KATRINA

. ~ $ 160 Billion Losses  System

 Impacts on Gulf
Offshore Infrastructure
& Energy Delivery
System

 Greatest U.S. Disaster + Complete Failure of
. 2000 Dead & Missing Hurricane Protection

« 80% New Orleans  Hurricane Hazard
Flooded, 53 Days to * Incomplete Design &
Dewater Construction

Poor Maintenance

I Walls & Foundations
Poor Preparation
Inadequate Response

CORNELL
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EVOLUTION OF CONCEPT

September 11.:

b
e Protection of Crita’;al

Infrastructure
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2 T  BRET 28 Jun.-30 Jun. - b 0
3 H  CINDY 3 Jul-7 Jul. e :
4 H  DENNIS 4 Jul.-13 Jul. W
£ H EMILY 11 Jul-21 Jul LI - Ll .
a0 || s T FRANKUN 21 Jul.- 29 Jul. E (T A, _
7 T GERT 23 Jul-25 Jul. T\ s \ M
8 T HARVEY 2 Aug.-8 Aug. et ‘$. -
I . A o a . " . 1. .

80°
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2807 1

* I

o o 14(_}02?:_'
..

N 20°

| MUMBER TYPE MAME DATE

5 H  NATE 5 Sep.-10 Sep.
H OPHELIA 6 Sep.-17 Sep.

16 H PHILIPPE 17 Sep.-23 Sep.
H  RITA 18 Sep.-26 Sep.

L] £
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15 Hurricqnes
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CORNELL
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HURRICANE IRENE
56 Killed hreane oo

3423 sites
; ~1

4
g, s

7.4 Million Homes &
Businesses Without Power

NYC Evacuation &
Shutdown of MTA & Public
Transportation

Maximum: 15.74"
Bayboro, NC

Record Flooding

Near Miss

N New Zealand



HURRICANE SANDY

159 Killed in US

$65 Billion Property and
Business Losses (Sandy Task Force)

8.5 Million Homes & Businesses|
Without Power

NYC Evacuation & Shutdown of
MTA & Public Transport

Wall Street Shut 2 Days

Record Flooding (Surge)
Direct Hit

. Neea|and
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STORM SURGE
AT BATTERY
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NEW YORK CITY HURRICANE
FLOOD ZONES

Nest Bulls Ferry & MAP KEY

Jacob's Ferry

Zone A Flood risk from ANY hurricane
that makes landfall close to NYC

/-

one C Flood risk from a category
or higher hurricane

g ,f' ¥ A
Jo /
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I’ Map data €011 [Google - Tems of Use
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STORM WATER AT BATTERY

NEW YORK HARBOR AT THE BATTERY

Universal Time (UTC)

132 12 132 12 13Z 1Z 13Z
Oct 27 Dct 28 Oct 28 Oct 29 Oct 29 Oct 30 Oct 30
21 1 | 1 | 1 | 1 |
20 -l Latest observed value: 7.13 ft at 9:06 AM EDT |= 5 “1¥
J00ct2012. Flood Stage is 6.7 1t %
o oy | | | ¥
16 '4.23 m Peak
NRE 4.23
. Hurrlc_a‘iﬂ;- I 2 s .23 m
£ _ﬂl A7
z S
P a“g B -0.61 m
E 1':] - El
5 3.62
2 8 L G m
N S
) urge
| V0.61 m Tid
D T e T I T I T I T
S9am Epm Eam Sprm Sam Spm Sam
Sat Sat Sun Sun Mon Man Tue
Oct 27 Oct 27 Oct 28 Oct 28 Oct 29 Oct 29 Oct 30

Site Time (EDT)
-- Graph Created (9:31AM Oct 30, 2012) —#— Observed —s— Forecast (issued 8:00PM Oct 29)
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HURRICANE SANDY INNUNDATION

World
Trade
Center

New Zealand

Lifelines
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HURRICANE SANDY INNUNDATION

Tha first lunnal connecting
Marhattan and Brookiyn, it was
oomplebed in 1807 and i
compoied of two ubos about
4,000 faet kang
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HURRICANE SANDY INNUNDATION

Flooded Tunnels
7 Subway Tunnels ,{,fn,a Vs S 5

T oy AT g

Brooklyn Batt R IGE  E

roo yn a ery ] ."S,':_',l,_-:;‘f;.'

- F e o .,I'?.,"-':; '_i

- Midtown Tunnel e

PATH Tunnels
Holland Tunnel
Amtrak East River
Amtrak North Rlve

Fd i
o P TLR i Ff
it 1_- ,'-lr-a g MN‘JEJH 4"1
Ha.!ﬁu:n ak_r:npr.‘l'q.mgq z..}':

Marihaitan and Brookiyn, it was
oomplebed in 1807 and i
COmpased of two fubes about
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HURRICANE SANDY INNUNDATION
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A STRONGER *&
MORE RESILIENT

NEW YORK
Mayor’s Report,
June, 2013 MORE RESILIENT

NEW YORK

http://www.nyc.gov/html/sirr/html/report/report.shtml
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1200 km2

Trunk Lines

% Interstate Hwys
PAVA
[

Distribution Lines
Santa Monica Bay
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SOUTHERN CALIFORNIA WATER SUPPLY

 Southern California highly 70% Imported
dependent on imported water

. - Water:
* Population: 22 Million
« California
California Aqueduct Aqueduct

East Branch Most Vulnerable

 Los Angeles

: ol Los Angeles
—— Ve AN -'.,‘Pz'f:_ '_ AN Aqueducts AquedUCtS
' . Colorado
River

Colorado River

Aqueduct Aq ueduct

Coachella Canal 30 % Ground
All American Canal Water

San Andreas | P
Fault '
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SHAKEOUT SCENARIO
7.8 Mw San Andreas Fault Earthquake

Bakersfield | _ SCEC ShakeOut Simulation
L by R. Graves

;
HC n
) JLC

Barstow an NP+ LISGS conper
_ Lancaster

e - Uictc;ruille :
Santa Barbara™-

Oxnard S iR S e UL
: -

T

98 AHQEIE% San Bernardino.

..
AN L T
J-" =+

Anaheim =) Palm Sprlngs

Dcealnsid e

Ground velocity magnitude

0.05 1 2m/s Mex_icali
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SOUTHERN CALIFORNIA WATER SUPPLY
(after Davis, 2010)

 CA Aqueduct (CA DWR)
* 49 billion m3/yr AT
« Faulting Rupture in >15 places ‘

. LA Aqueducts (LADWP)
* 390 million m3/yr
 Elizabeth Tunnel

« Colorado River Aqueduct (MWD)

* 900 million m3/yr
e Multiple fault ruptures & ~ 4 m uplift

. T
mememememe
2

A New Zealand
NN - .
\ Lifelines
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LOS ANGELES AQUEDUCTS

3.3m Horizontal Fault
Displacement

2.9m Wide Elizabeth Tunnel
e Cuts off tunnel

ﬁ New Zealand
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LA WATER SUPPLY CROSSES SAN
ANDREAS FAULT

= i I‘fl‘h "Il"‘. A ¥ \

nJo

ELIZABETH TUNNEL
EEVI\SED SECTION
Secalet= Ay, 110
MNota

The, ori i
) _,in l.“ im‘ as revised

SHAKING: STRONG a3
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OBSERVATIONS

e Anything But Normal

« Target nuclear failure
probability ® 1x 10-6/yr

5 major nuclear releases in
14,000 reactor years = 3x
10-4/yr

* Probability tails control

* Problems Compounded by
Institutional Constraints,
Politics, Lack of
Perspective, & Dysfunction

CORNELL
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NEW NORMAL

* Too Big To Fail

e Reassess Risk Related to Critical
Infrastructure

 Reassess & Identify Critical
Infrastructure

 Local Coalitions

 Coalitions to Protect Critical
Infrastructure Too Big to Fail

 Punctuated Resilience




WELLINGTON SEISMIC RISK

 Urgent Need to Apply
Christchurch Lessons

« Harbor Facilities

 Water Supply
* Fire Hazards

) ) - e &
» Major Highways Ll e
- Electric Power System -

/ @Wellmgton

, Electr|c Power &
_—— Telecommunications
Cables

Ocean l

e Telecommunications

 National Government

-42° t
176
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NEW NORMAL FOR NATURAL DISASTERS

., si

="' Protect Against What is
| Possible Beyond What is
' _Probable

| e -~
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