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We saw it coming Civil Engineering

» “. ..Ifalingering category 3 storm — or a stronger
storm, say category 4 or 5 — were to hit the city, much
of New Orleans could find itself under more than 20 ft

(6 m) of water. . .”

During the past 40 years the U.5. Army Corps of Engineers has spent

hundreds of millions of dellars constructing a barrier around the low-lying
city of New Orleans to protect it from hurricanas. But is the system of levess
high emough? And can any defense ultimately protect a city that is perpetually

g—in some areas at a rate of half an inch per year? By Greg Brouwer

0 the bite sumimer of 195 2 disrganized storm syttem formed over the warm, topical waten of the mid

Atlartic. Soon the siorm goma into a high-powersd cyclne— rwisting mais of wind and warer that

would torment the Gulf Comt in the coming days. The Matonal Hurricane Center gave it 2 hamtinghy
inncencus rame: Hurricane Betry.

Starm prediction wae sill in i infancy then and researchers could not get a tead on Berer's erratic path.
She rigrmaged north from Puerts Rica and fine seemed ta ke heading eeraght toward the Carclinis. At the
laet moment, howsever, Betsy werved towand the Baharms, then again toward Florida, finally veering west of
the pe ninsuls and straight toward Loviiana.

O Sepiember 0 Betry hit the southern tip af the siate, Almeet every building in the srall costal town cf
Crand e was quiickly destroped. With 153 mph {240 b} winck. Betey barreled up the Buraearia Bein
tomeard Maw Orleare. Like Pentchartrain—which i just narth of the city and is connecesd t the Culf of
Mevico—rwelled with raging waters. Easterly winds pounded the high waters, in some areas eaily topping
the Jevees meant b protect the citg In stroets in the emtern part of town water reached the exver of houses.

Betsy firally calined near Little Ruock. Arkareiz. She bod droppeed anly 4 in, (100 mm) of rin on New
Oirleans an had chimed 51 Tives and cased move than §1 billion in dimage. Unlibe any storm befine &, Beiry
tmade clear that the city was all too vulnerable 1o hureicanes. Cradled in 1 wide southerny meander of the Mis-
sisippi Reiver it noeth of the Culf of Mexico, New Orlears s surmounded by Lake Pontchartmin o the
narih, Lake Beorpneto the e, and hkes Cataouaeche and Sabvador o the scuth. This ring of frsteateris abo
surrounded by hundeeds of square miles of welanck and the Culf of Mexice, To make mattes sworse, most of
the city i belorr ea level.

Scon afier the dimage fom Bery was assessed. Congress made a historic decision o appeopriate federal
fiands to bauikd asyitern of kevees o prote the city fom a similar starm in the fne. [ cukural significance
ide. Mew Otleans was Eut becomivg, the most impeetant peet in the mtian—feeding commedities up the
Missiseippi 1o all of the Midwest and serving 2 an impeetant bae for the burgeanicg, cil and g indusery.
Congrais wat nce about to bt it warh awag

Tockry Pew Oileans rests within abored formed by 1 ft (1.9 m) tall levees, locks, Aoocksate, ard seavalk che
ecige of the bowl extanding for hundredk o miks, It s biected fiom west 1 et by the Mizissippi River which
iaal d within musive engineered Water forwt through and al aourd the city while it
regiderts o st their daily routines. & rystem oflevees Forming 1 ritg anund the northern bal of the city o

opiaring | UE 2003

et it from mping wters in Like Pontchartein & sst
b0 be compleced within the negt decade. Consenacticn of
a similar syeeem arcund the southern half of the city will
prbably ke sevenl year: longer than that.

Butalmost 40 year aiter beginning these projecs, the
LIS, Army Carpe oF Engineers & in the midke of ressses
ing them on the bais of in ominow querton: Are the
protective barrien high enough?

The design of the original Levess, which dates i the
1940k, wem bazed on rudimentary storm medeling that it
& now realized, might undersctirmes the theeat of a
potental burricane, Even i the modeling was adequare.
henwever, the levees were designed o withstand onby
Porces assacisted with 1 fut-moving hurricane that.
according to the Mational Weather Servicet Saffir-
Simpsan eeale, would be placed in categary 3. 12 linger-
i Categary 3 StorMm—or 1 STongEr SO, S, Categary
4ar S—were 1o hit the city much of New Orleans cculd
find elf under more than 20 f {6 m) oFwater.

Some experts warry Hut even 2 les severe fiarm
could floed the city In the 40 years cince the design cri-
teria were estblished for Mew Orleane's hurricane pro-
tecticn lewes, southeartern Lonitianat coastine hae heen
rubsiding—settirg in on top of itseli—even 2 the ram-
rl height of the ea rie. A certury ago any burricine
heading toward Mew Orrlears would bave had eo travere
450 mi (30 k) buffer of marshband. Today that marsh
area i anby half @ beoad and the horricane aould be
siriking a city that itself sinks Jower every clry.

chimrmin th rts of ks projcts




Katrina caught us

Il prepared
Hesitant, unwilling, or unable to evacuate
With inadequate defenses




Hurricane Katrina — August 29, 2005

» In New Orleans and

southeast Louisiana
m >1100 people killed, >130
missing
m Flooding covered 80

percent of the city to depths
of 10+ feet (3+ m)

m 400,000 people fled
m 125,000 jobs lost

m >3$100 billion in damages to
residences, businesses,
and infrastructure

m Communities destroyed




IPET

» Established by LTG Strock, Chief of Engineers H
» > 150 individuals from more than 50 organizations

m The Corps

m Other federal agencies

m Private sector

m Academia
» Purpose

Understand the design and pre-Katrina condition of the HPS
Understand the surge and wave levels

Determine the forces experienced by the HPS

Determine the most likely causes for observed behavior
Characterize the consequences of flooding

m Perform a risk and reliability assessment of the HPS

» Also, provide information for Task Force Guardian




ASCE’s ERP

» Requested of ASCE by LTG Strock, Chief of Engineers

» Comprises 14 experts from industry, academia, and government with a
broad range of experience and expertise

» Purpose: provide continuous, real-time review of the work of the IPET




The Setting
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» Begunin 1965
» Scheduled for completion

in 2015
» 350 miles in length SUEET PiLG
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New Orleans
Hurricane Protection System

HPS Legend

= Federal Floodwall

Federal Hummicane Levee

Federal Levee

Federal Levee and Floodwall
Federal River'Hurricane Leves
Federal RiverHurricane Leves and Floodwall
Fedearal River Floodwall

Federal River Levee

Federal River Levee and Floodwall
Federal T Floodwall

Local Drainage Leves

Local Hurricane Levee

Local Hurrlcane Leves and Floodwall
Local Leves to Federalizad

Struciure Gap

Leves Breaches

Pumping Stations

Interstate




NEW I-WALL REQUIRED NEW LEVEE HEIGHT

m\ / \ EXISTING HOMES AND BUILDINGS




Hurricane
Katrina
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What Went
Wrong




The catastrophe was born out of a failure to
recognize

» How fragile the levees were
» How devastating the consequences would be
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The design hurricane

U.S. Congress: “Design for the most severe storm that is considered
reasonably characteristic of a region.”

The Corps used the “storm of record” (1900-1959) — 101 mph (U.S.
\Weather Bureau used 101-111 mph)

No probabilistic basis

Never updated despite new information from NOAA

Katrina was 127 mph —
what should be the “design hurricane”?




Katrina simply overwhelmed the HPS

The storm exceeded the design, but the
constructed project did not meet the design intent

169 miles of damaged levees

50 breaches, which increased flooding by at least
300 percent

=




Orleans East Bank

Orleans East Bank

Orleans East Bank

Orleans East Bank
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» Breaching

» No breaching




Two direct causes of breaching

» Uncontrolled overtopping and ensuing erosion led to catastrophic
failure of levees and floodwalls
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» Four I-walls collapsed before water reached design levels
— designs failed to account for:

m Variability in soil strength

m Wall deformation, which opened a water-filled gap on the flood
side

m Critical water pressures beneath the levees




17! Street Canal




F = Factor of Safety F=1.57 Design Target F > 1.3

17t Street Canal
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SHEAR STRENGTH — TONS PER SQ FT
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ELEVATION IN FEET

Un-conservative estimate of soil strength

SHEAR STRENGTH — TONS PER SQ FT




CPT RESULTS — STRENGTH VS. DEPTH
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» Borings made at levee centerline
» Designer assumed A and B to have equal strength

» But, strength = fn (depth of overburden) for a
normally consolidated clay

» So, the strength at A << strength at B



ELEVATION IN FEET

Un-conservative estimate of soil strength
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The Corps ignored its own research on I-walls

Depth of Water (feet)

7 7/*

0 1 2 3 4 5 6 7 8
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TECHNICAL REPORT NO. 1
E-99 SHEET PILE WALL
FIELD LOAD TEST REPORT

Lateral Deflection at Top of Wall (inches)

» From the E-99 report: “Although the test wall was
not loaded to ‘failure,’...failure may have been
Imminent.”




THE WATER-FILLED GAP




THE WATER-FILLED GAP




F=0.99

Lacustrine Clay[

Sand]

17t Street Canal

» Strengths over-estimated
» Loads under-estimated

» F<1




London Avenue —
North

London Avenue —
South




THE WATER-FILLED GAP

» With a proper flow net
m FS=0.8-1.05 (no
water-filled gap)
m FS =0.74-0.89 (with
water-filled gap)
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Contributing causes

>
>

The HPS was a system in name only

The management of the HPS was
chaotic and dysfunctional

m  Multiplicity of jurisdictions

m No one person or entity was in charge
Questionable land use decisions
allowed building homes up to 10 feet
(3 m) below sea level
Broader protection strategies were
blocked by court orders and local
opposition
Pressure at all levels to cut costs
ended up compromising safety
Numerous penetrations were left
“open” during the storm
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Contributing causes

» Most levees were >2 feet too low

m The vertical datum was inaccurate and
never updated

m Regional subsidence was ignored

» The margin of safety was too low at each
step of the way

» There was no independent review

» The pumping system, designed for rainfall
events, was useless

» Construction was piecemeal over 40 years
leaving some sections too low, or
incomplete

» Risk was never quantified, communicated,
or taken into account in a rigorous way

» By omission or commission, the HPS was
not considered a critical life-safety system




The risk to people was misunderstood

Frequency (per Year)

1.E+00
1.E-01
Not
1.E-02
Tolerable

1.E-03

1.E-04 -

1.E-05 - \1\

Tolerable
1.E-06
1.E-07
1 10 100 1,000 10,000
Number of Fatalities




USBR guidance for large dams

1.E+00

"Historical performance of
1.E-01 P

Hurricane Protection System"
1.E-02 \

USBR Threshold: "Justification to take
1.E-03 A expedited action to reduce risk."

1.E-04 \

"Justification to take
1.E-05 action to reduce risk." — —

1.E-06 | usBR Threshold: "Diminishing justification - —
to take action to reduce risk"

1.E-07 ‘ ‘

1 10 100 1,000 10,000
Number of Fatalities (N)

Annual Frequency of Events with N or More Fatalities




Guidance for offshore structures in the Gulf

Frequency (per Year)

1.E+00 \
Hurricane Protection System
1.E-01
1.E-02 \
1.E-03 .l \\
) Offshore Structures
1LE04 - . S \
1.E-05 e e
1.E-06 - S n
1.E-07 ‘ -
1 10 100 1,000

Number of Fatalities

10,000




Offshore structures NOLA HPS

» $30 billion in damages » $100+ billion in damages
» 100 percent evacuation » 80 percent evacuation
» O fatalities » >1100 fatalities




1.E+00 - MITIGATE CONSEQUENCES
"Historical performance of — .
1.E-O1 Hurricane Protection System"

HURRICANE
EVACUATION
1.E-02 \ e ROUTE

USBR Threshold: "Justification to take
1.E-03
IMPROVE RELIABILITY

expedited action to reduce risk."

1.E-04

"Justification to take
1. E-05 action to reduce risk."

1.E-06 | uUSBR Threshold: "Diminishing justification
to take action to reduce risk" \
1.E-07

1 10 100 1,000 10,000

Number of Fatalities (N)

Annual Frequency of Events with N or More Fatalities




Eric Holdeman on the four stages of denial

» It won’t happen
» If it happens, it won’t happen to me
» If it happens, and it happens to me, it won't be so bad

» If it happens, and it happens to me, and it’s bad, there is
nothing | can do to stop it anyway

» Y, it

E

i o B
[
[ |




The HPS was severely compromised by

» Questionable engineering decisions
» Inadequate and dysfunctional interfaces between organizations
» A political culture that:

m Did not understand the potential for catastrophe
m Was unwilling to pay the price
m Put life-threatening risk on the back burner




Ten Lessons
L earned




CURRENT
ELEV

12.5

12.0

12.5

12.8

12.5

12.7

DESIGN
ELEV

14.0

14.25

14.5

14.75

15.0

15.0

varies

15.0

DESIGN CURRENT
ELEV ELEV
14.0 11.9

14.25 12.0
145 12.1

14.75 12.7

12.8
13.0

15.0 12.

145 12.3

11.1to 13.1

typically varies

o

1.5t0 2.5 feet

» Subsidence and vertical
datum adjustments were not
considered

» The Standard Project
Hurricane was never
updated

INNER HARBOR NAVIGATION CANAL



We must

» Ensure that we account for issues
that are beyond the bounds of a
specific project — for example

m Regional subsidence

m Sea-level rise and climate change
m Regional geologic hazards

m Sustainability




2. Failure to absorb new knowledge

» Geodetic elevations were not referenced to local MSL before new
construction projects began

» Design criteria were based on assumptions and conditions made at
the beginning of the HPS — no systematic updates were made

» The Corps ignored its own research on |-walls




We must

» Plan for the long term
» Establish mechanisms to incorporate changing information

» Update projects regularly based on review of recent research,
case histories, and new standards




3. Fallure to understand, manage, and
communicate risk

» Risks were seriously underestimated
» Designs pushed the envelope at each stage

» |-wall designs were not sufficiently
conservative to deal with unknowns



We must

» Use a rigorous, risk-based approach to:

m Select an appropriate level of protection for public safety, health, and
welfare

m Compare alternatives for managing conseguences

m Inform the public in clear and concise terms of potential consequences
of decisions being made




4. Fallure to build quality In

» Rigorous internal review
processes (QA-QC) would
have assured that designs
met project goals

have been effective

m At embedding an appropriate
margin of safety into the
culture of the design process

m Ensuring that designs meet
the appropriate standards of
practice

11/7/05




» Understand expectations of all project stakeholders

» Ensure project performance meets those
expectations



5. Failure to build resilience In

» |-walls and earth levees failed suddenly and completely

leading to catastrophic breaching and greatly increased
flooding
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We must

» Recognize that resilience is key to avoiding catastrophic failure
» Use design criteria that provides resilience to reduce vulnerability
» Plan for failure and take steps to avoid it




6. Failure to provide redundancy

» Flooding was worsened because water flowed from one
polder to others

» Compartmentalization would have reduced the extent of




We must

» Routinely provide redundancy in design criteria so that if one
part fails, all is not lost

» Think about what could go wrong, and use a second line of
defense wherever it is needed




/. Fallure to see that the sum of
many parts # a system

» There was no system-wide approach to design or
operation

» Land use and environmental issues were not
considered

» The HPS was constructed piecemeal over four
decades

» The pumping system was designed for rain events,
not hurricane protection




We must

» Consider land use and environmental issues

» Use system-wide approaches to planning, design, and operations
and maintenance to

m Enable optimizing performance of project components
m Guard against unanticipated impacts and consequences

» Focus on the system, not just its parts
» Remember: A chain is only as strong as its weakest link




8. The buck couldn’t find a place to stop

» Who was in charge?

m Congress?

m The Corps?

m Levee boards - if so, which one?
» No one was in charge —

organizational discontinuities put
public safety at risk

» No amount of engineering can
offset organizational dysfunction




We must

» Make sure someone is in responsible charge
» Set and communicate expectations

Low Bramnds eohurne: anbiiwme T Hwilson72@es.com




0. Beware of interfaces

» Numerous failures occurred at interfaces between floodwall
materials, and between jurisdictions




We must

» Recognize that problems concentrate at interfaces — for example
Between materials

Between jurisdictional entities

Between members of the design team

Between project participants (owner, sponsor, designer, and
constructor)




10. Follow the money

» People responsible for design and construction decisions did not
control purse strings

» Pressure for tradeoffs and low-cost solutions compromised quality,
reliability, and safety




We must

» Ensure adequate safeguards so that money is spent as intended

» Tie responsibilities for funding and for technical decision-making
together




What Must We
Do Next?




- | ERP Final Report

» www.asce.org
m Free download
m Hard copy purchase

1 The New Orleans Hurricane Protection System:
ji'[pn

What Went Wrong and Why

K
A Report by the
ik © Hurricane Kat




Understand risk and embrace safety

» Keep safety at the
forefront of public
priorities

» Quantify the risks

» Communicate the risks

and decide how much is
acceptable




Reevaluate and fix the HPS

» Rethink the whole system, including land use
» Correct the deficiencies




Revamp the management of the HPS

Armit

» Voruse 77 » Nusatn 4

» Put someone in charge Civil Engineering

» Improve inter-agency
coordination : g

Levee Leader

ThomasL. Jackson, a past president of ASCE, has taken
on a new presidential role—leading one of the two
new “super levee boards” in New Orleans that have
been designed to replace a fragmented system based
on political patronage with a consolidated approach
focused on technical expertise In flood control.
By Robert L. Reld Portralt by Richard Sexton

he flonding of more than B0 percent of New Odeans in August
and September 2005 that resulted when levees and floodwalls failed
during the hurricanes Katrina and Rita also washed away the iry's
fragmented rystem of multiple lever boards that had Jong been run
masdy by pelitical appointeer with litle knowledge of modern
Hlood protection practices. In place of the levee boards, the Stace of
Leuitiana proposed an amendment to in conitution thar weuld
create toro new fnod protection mchorities for the New Orleans
area—the Soucheast Lonisiana Flood Protection Autharity—Fast
(stFea—g), which has jurisdiction over the former levee districts and certain other
regions on the east side of the Misissippi, and the Southeast Louisiana Flood Protec-
tion Authority-West (sUFM—w), which has jurisdiction aver a focmer levee district
and part of anather district on the west side of the Mississippi. The amendment was
averwhelmingly approved by Leuisiana voters on September 30, 2006,

The amendment also mandated that the new regional autherities be staffed by
cngineen snd scientists, indluding at loast ene civil engineer and one person who i
a hydrologist or geolegist. In January of this year the SUAE held its first meeting:
and elected as its president a past president of AscE, Thomas L. Jackson, RE., DWRE,
F.45CE, who recired from omys Harris in eady 3006 o che firm's chief engineer and
asenior vice president. Jackion, 1 resident of Metairie, Louisiana—a New Orlean
uburb—had to evacute hit own home temporarily because of Hurricane Katrina,
He alio delayed his retiremen: from September 2005 until February 2006 to help
Doy Harris relacate its New Orleans emplayees o an office in Batsn Rouge and
to lend a hand in rescuing equipment and files from the firm's New Oreans office,
located across from the Louisiana Superdome.

“Laarning tha ways of gawarrmant Is key to succass In hlsnew rcl 25 tha prasidsrt of th Southaast
h , 5248 Thomas L. ack: Fas Jacksan, a formar
an frms chiaf
engnaar, alsa strsssss th nead for i crganization 1o establish 3 “full partnership” with the LS.
Army Cerps of Enginesrs for furs work on the Waw Orlaars flood santrel system. Jackson lsshown
hara near the Corps's projact to carsiruct @ dowre gate for the 17th Strest Zanl, tha site of ane of
tha braaches that floaded the city In August 2005.
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Demand engineering quality

» Upgrade engineering design procedures
» Bring in independent experts
» Engineers must place safety first







