US Army Corps
of Engineers.

Performance Evaluation
Plan and Interim Status,
Report 1 of a Series

Performance Evaluation of the
New Orleans-and Qou’rheasf -—_=__
ouisiana Hurricane ro sction

29 Aug 2005
= § 11:45 UTC
il (S
1;! e

5 =
f -
- . L -
-

FINAL DRAFT

(Subject to Revision)



S Army Corps
of Engineers.

Performance Evaluation
Plan and Interim Status,
Report 1 of a Series

Performance Evaluation of the
New Orleans and Southeast
Louisiana Hurricane Protection
System

by Interagency Performance Evaluation Task Force

10 January 2006

MMTF 00038-06

FINAL DRAFT

(Subject to Revision)



Contents

EXECULIVE SUMIMATY ....eoviiiiiiiiiiie ettt et et esresreeereesseesseeseessaestaesenessneans viii

Part I: Introduction

BacK@rOUNA .....ocviiiieiieiieeie ettt et eenaes 1
Interagency Performance Evaluation Task Force.........cccooeeveniniinininencncenee, 3
PUIPOSE ..ottt st ettt st e et e e s 4

Part II: Strategic Overview

AT OF INLETEST.....eetieiieeiie ettt ettt st et eeeas 5
ODJECEIVES ..ttt ettt ettt et stt e st e et e e te e s bt e eseesneeenbeeaseente e beenseesatesaneenneens 6
OTZANIZATION ...evteetieiieeiie ettt ettt e st e sete et e e te e teesseesatesnbesateenseenbeenseesaeesanesnsenns 8
Technical APProach ........c.oocuieiiiriiiiieee e 11
REVIEW ...ttt ettt ettt e sttt seens 13
COMIMUINICATIONS .....eeutieiiesiieeiie et et esteesite et e eteebeebeesbeesstesaeesateenteeteesseesneesnseennes 15

Part I1I: Scopes of Work

Data Collection and Management .............coceereerierienieeieeieeeesiee et 16
INEPOAUCTION. ...ttt 16
SUMIMATY ..eeeiviiiiiieciee ettt ettt e e e e st e e e e e esebeeebaeesebeessseeessseesssens 16
ODJECLIVE ..evieeiiiieiiieciee et et e ete et eete e e s b e e e taeestbaeebaeessseessseeesseessseeanes 17

SCOPE OF WOTK ..ottt be e e eae e 17
TRAIM ..ttt ettt st e s 17
REQUITEMENLS......couiiiiiieciie ettt et eseae e eaeeenes 18
APPIOACH ....viiiiii ettt e e e ra e eaa e e aeeenes 19
Expected ProductS........cccuviieiiiiiiieiieciee ettt 20

SEALUS ..ttt ettt ettt sttt et ettt e bt s ae e sttt et e b e bee i 21
The Way AREad ........cooviiiiiiieeece et e 23
Geodetic Vertical Datim..........cocuiiiiiiieiieiienie ettt 24
Geodetic Vertical Survey Datum ASSESSIMENt .......cccveeevuveerieerreeeireenreesenennn 24
SUMIMATY ..eeiviiiiiieeiie ettt etee et e et e estre e s reeeebeesseeesseessseeesseennnes 24
ODJECLIVE .veeeiiiieiiie ettt eeteeetee et e et e e e e s teeereaeessbaeeseseesssaeesssesssseeesssaans 24

SCOPE OF WOTK ..ottt s e e e b e e eaae e 25

MMTF 00038-06



APPTOACKH ...ttt 25
Team MEMDETS........ccciiriieriieiieeie ettt ettt 25
SEALUS ...ttt ettt et e sttt e st e s bteesabeeeabee e 26
Completed MilEStONES........cccveeiieiieiieiieriiesee ettt 26
Current Milestones in Progress .........cveceereereenienienienieeie e 27
Near Future MileStOnes .........cccueeveeiieerienieniesie ettt 27
Storm Surge and Wave ANalysiS........cccceeiieiiieiiierieniieree st 28
Hurricane Katrina Storm Surge and Waves (Regional Perspective) ............. 28
SUMIMATY ..eontieiiiiiiiieee ettt ettt st sttt e b e s eae e eaneennees 28
ODJECHIVES ..ttt ettt ettt sttt ettt et et e st e st eeatesabeebe e beesneesneeeneas 29
SCOPE ..ttt st ettt et s 29
PrOQUECES ...ttt 30
TeaM LEAETS ..euvieniieiieeiieeie ettt et 30
Schedule/Milestones.........cocueririeriiririeneneeeeeteet e 30
Hydrograph and High Water Mark Analysis.........cccoceeveivrieenieenene. 31
Generation of Winds and Atmospheric Pressures........c..ccccceereeneee 31

Wave Modeling ........cocvevieiieniieieeieeeeee e 33

Storm Surge Modeling..........cocvevivirvininieniieeeteeeeeeeee 36
Vulnerability Assessment for Waves and Water Levels................... 37

STALUS. ..ttt ettt sttt et st es 38
Hydrograph and High Water Mark Analysis.........cccoceevieriieeieennenne. 38

Winds and Atmospheric Pressures...........occvecvvecieereeneenieeneesieeeenns 40

WAVES ittt ettt ettt et 47

Lake Pontchartrain Grid..........cocevereeneniniininiiieneneesceenieeene 51
Louisiana Southeast and South Grids ..........cocceceviriieninencnnenen. 52

Lake Pontchartrain Results ..........cccoecieiiieiieiiiniiiieeieeeeee e 53
Louisiana Southeast ReSults ..........cccccvevieiininiininiiineniencncen, 57

STOIM SUIZE ..eoviiiiiiiiieieeete ettt 59

The Way Ahead ......c..cooeiiiiiiiii et 67
RETEIENCES. ... eiiiieieee ettt ettt 68
Hydrodynamic Forces and Overtopping Analysis ......c..cocceeevereeveneneeneneneenn 70
INEOAUCTION. ...ttt sttt et et 70
ODJECTIVES ..eenveieenieieetete ettt ettt ettt ettt ettt s h et b e et e st bt et saeeaee b 70
SCOPE ...ttt ettt sttt et es 71
Canal Floodwall Overflow and Hydrodynamic Force Analysis ............. 71
Wave and Water Level INput........coccooevieiiniinininieniieececeee 71
Wave Transmission Under Canal Bridges ........c..cocceveveevenenciencnennenn 73
Overflow at Floodwall..........ccccooiiiiiiniininiieiieeeeeeeeeeee 74
Hydrodynamic Forces on Floodwall ............ccccoviiiiiiiiniiiieieiee, 76
Wave Runup on Levees and Revetments ..........ccceeceevevieneneniencneennne 77
Wave Overtopping 0f LeVees. ......cocvevererrererienienieiereetee e 78
Stability of StONE ATTOT ..c..cooviriiiiiiiriiiierierteeeeteeeee e 79
Product Delivery Schedule ..........cccooiiiiiiniiiiniiiiiieeeeeeeeeeeeen 81
STALUS. ...ttt ettt ettt sttt et ettt st et re e 81
RETEIENCES. ... ettt ettt 96
Geotechnical Structure Performance Analysis........c.cccoeverienineenenencencnennenn 98
INErOAUCTION. ...ttt et et 98
SUMIMATY ..eontieiiiiiiri ettt ettt ettt sttt et et sae e sae e eaeeeneeen 98

MMTF 00038-06



Background ........cooeeiiiiiieieee e e 99
ODJECHIVES ..ttt ettt e st e st esteete et e st e sseesnteenteenseeneeens 101

N Te0] oL T TR PTUPPRUTRROP 103
TRAM ...ttt ettt ettt et 103
APPTOACKH ... 104
STALUS. ..ttt ettt ettt ettt et e s s et 108
The Way Ahead .........ooouiiiieiieieiee e 109
Floodwall and Levee Performance Analysis........cccccovereevieneneenieneneencncneenne, 110
SUMMATY ..ttt ettt ettt e e nae 110
TRAM ...ttt ettt st et 111
ODJECTIVE .ttt ettt ettt sttt sae e 112
APPTOACKH ... e 113
SEQUENCE OF SIEPS...cveeutiiiriirieriieereetete ettt 115
Computer programs to be used in the assessment ..........cccceceeceerereennens 116
Work Plan — Subtasks .......cc.cveeieririininiiieieeeeeetee e 118
Expected formal “touch” (review) points.........cccceeeeereercieenieeneeenieenienns 119
STALUS ...ttt ettt ettt et ettt st ettt et e 119
The Way ARhead ......c.cocooviiiiiiiiiiiite e 120
Pumping Station Performance ASSESSMENt .......c..coceevereeienineenienenienieneneene. 121
SUMMATY ..ttt ettt et e e e sae 121
APPTOACH. ...ttt et naeas 122
Temporary Pumping Units .......coceevireerienenienininienenceie e 122
Fixed Pump Stations..........cccceverierinienienenieniceteeseeeeseseee e 122
Daily Pumped Discharge from Individual Pump Units............c.ccccce... 124
Reverse Flow Through Pumping UnitS........ccccceceeveneriienenennenencennns 124
Risk and Reliability ........cccoceeiiiriiiiiiiieieeeeeee e 125
Suggested Pump Station Improvements..........c..coceeverervenencenenennnenn 125
STALUS. ..ottt ettt ettt ettt st e 125
The Way Ahead ......c.cocoeiiiiiiiiiite e 126
Interior Drainage/Flooding ANalysis.......c.cceceevererieneneenienenienieneeeenieeeeiee 127
INErOAUCTION. ...ttt e 127
SUMIMATY ..eeviiiieiiente ettt ettt e st st st s eneesneenae 127
Background .........ooooviiiiiiiie e 127
ODJECTIVE .ttt ettt sttt st ettt 128
SCOPE ...ttt ettt e s s e 130
TRAM ...ttt ettt st st 130
APPTOACKH ..ot 130
STALUS ...ttt ettt s sttt e 134
The Way Ahead ..o 134
Consequences ANALYSIS ......coereeieririerinieteeet ettt 136
OVEIVIEW ..ttt sttt et sttt ettt sbe e 136
ODJECTIVE .ttt sttt ettt sttt et 137
Framework of AnalysiS........ccecvieriiriiiiieiieie e 137
INErOAUCTION ..ttt 137
SCENATIOS ..ottt ettt ettt ettt et st s e 138
Spatial Resolution for Consequence ASSeSSMeEnt..........cccceeevenvereeeneenn 138
Analytical Framework ...........coccovviiriiieiieiieriesie e 139

MMTF 00038-06



vi

Matrix of Subtask Analyses, Event Scenarios and Base Data............... 142
Hierarchical Data Structure of Matrix of Analysis........c.ccceevveveereenneene 142
Leadership ..cocueeeeiiiiicieee et 143
Overview and Status of Each Subtask ..........c.coovvveiiiiiiiiiiiiiccceeee 143
Economic CONSEqUENCES.........cevveeruierierierieete e eieeie et esieeseeesiee e e 143
Human Health and Safety Subtask...........ccccooiiiiiiniiniieees 146
Environmental Subtask............ccooeviiiiiiiiiiiecec e 148
Social, Cultural and Historic Consequences ..........c..ceceeereeeenienneenenn 151
Engineering and Operational Risk and Reliability Analysis..........cccccevceereennne 153
INErOAUCHION. ...ttt e et eans 153
SUMMATY ..eeviiiieiienie ettt ettt sae e st s s e e reenae 153
Background .........ocooviiiiiiiiee e 154
ODJECTIVE .ttt ettt sttt sttt sae e 155
ScOPe OF WOTK ..ot 156
Team MEMDETS.......cccouiiiiiieeiieeeieecree ettt ettt eeereeeareas 156
APPTOACKH ...t 156
N 11 1SR 165
The Way Ahead .........cocooviiiiiiiiiiiie e 165
Part I'V: Appendices
Appendix A: Historical Perspective of Hurricane Protection in New
Orleans and VICINILY ......coocvieriieiiieeiec ettt A-1
Appendix B: ASCE External Review Panel..........c..ccoooiiiiiniiiiiniiiieee, B-1
Appendix C: NRC New Orleans Regional Hurricane Protection
COMIMITEEE ...ttt sttt ettt e st ettt e b e bt e sbeesaeeeaeeeaeens C-1
Appendix D: Interagency Performance Evaluation Task Force
Communications Plan ...........coocoiiiiiiiiiiiiiieeeee e D-1
Table 0f CONLENTS......coiiiiiiiiieieiee ettt D-1
Part 1: Background and PUrpose...........ccocveeviieiiieeciieciee e D-1
Part 2: Data and Information ASSUIance..........cccceeceereeeiieeneeneeneenieneeeene. D-3
Data QA/QC ... e et D-3
Legal and Security QA/QC ......cocuviieiieeiei ettt D-4
Part 3: IPET and Task Force Guardian Plan............c.ccoociiininnninnne. D-5
Part 4: IPET and ASCE External Review Panel Terms of Reference ........ D-7
Part 5: National Research Council Independent Review Panel Terms
OFf RETEIENCE ... D-9
Part 6: IPET External Communications Plan...........cc.cccocoviiiiinniinnnnne D-9
Part 7: IPET Internal Communications Plan............ccccoooenininiiiiennens D-11
Acquiring and Installing Groove software ..........c.cccceevvrevieercieeeenneens D-11
IPET WOTKSPACES ....cccvvieceiieeiiieeiie et ecteeeieeeeveeeveeesave e veeeevaesaveeens D-12
IPET Data RePOSItOIY ...ccveieviieciiieciieeiieeeieeeiee e e ereeeieeeseveeeveeenes D-12
Weekly Virtual Conferences ..........cccvveeereeeriieecieeeiieenieeeveeeeveeeveeens D-13
Part 8: APPENdiCes ......cccuviiiuiiiiiieeiieeeiee et D-13
Appendix 1: ASCE Media Communications Protocol....................... D-13
Appendix 2: IPET and ERP Issue Resolution Process....................... D-15
Appendix E: IPET Public Website........cccceiieiiiiiiiiiiieeeeeeeeeeee e E-1

MMTF 00038-06



Vi

Appendix F: Task Force Guardian INputs ..........cccceeveevieniinieniiieieeeeeeeeee, F-1
Appendix G: Data Repository — Organization and Content...............cceecueenenne. G-1
Appendix H: Data Requirements for the IPET Study .......cccccceeveivinnnrinnnnne H-1
Appendix [: NOS Preliminary Local Mean Sea Level (LMSL) —

NAVDS88 2004.65, Difference for Southern Lake Pontchartrain........... I-1

MMTF 00038-06



viii

Executive Summary

This report is the first comprehensive formal documentation of the work of
the Interagency Performance Evaluation Task (IPET) Force, initiated by the
Chief of Engineers to provide credible and objective scientific and engineering
answers to fundamental questions about the performance of the hurricane
protection and damage reduction system in the New Orleans metropolitan area to
assist in the reconstitution of hurricane protection. The Task Force is comprised
of experts from government, academia, and industry; represents over 40 different
organizations; and constitutes a broad spectrum of experience and expertise. This
document is the first of four principal status reports on the performance
evaluation. It provides: a strategic overview of the objectives, organization, and
approach of the Task Force; a presentation of the participants, objectives,
technical approach, and schedules for each major task being accomplished; and a
task-by-task status report. The content of these discussions has been significantly
influenced by the review and input of the American Society of Civil Engineers
(ASCE) External Review Panel, also initiated by the Chief of Engineers to
provide independent oversight of the performance analysis. While there are
examples of the types of data, information, and products that are being generated
by the performance evaluation, this report is not a presentation of findings or
detailed technical analysis. Any conclusions in this report are preliminary and
subject to revision. This report will also be submitted to the National Research
Council New Orleans Regional Hurricane Protection Committee for their review
and consideration. Report 2 will provide a task-by-task update on implementing
the performance evaluation plan with emphasis on analysis to include the status
of the analytical, numerical, and physical modeling performed to evaluate the
hurricane system performance. Report 3 will provide a completed analysis of the
structural performance of the hurricane protection system. The IPET Final
Report, which will include the completed analyses for consequences and risk and
reliability, is scheduled for 1 June 2006.
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Background

Hurricane Katrina struck the coasts of Louisiana, Mississippi, and Alabama
on 29 August 2005. This hurricane caused the greatest loss of life and property
damage to the New Orleans metropolitan area, St. Bernard Parish, Plaquemines
Parish and the Mississippi Gulf Coast in recorded history. Hurricane Katrina
created breaches in the floodwalls along the 17th Street Canal, the London
Avenue Canal, and the Inner Harbor Navigation Canal. Water flowed from Lake
Pontchartrain through the breaches and inundated large urban areas in New
Orleans to depths of up to 20 feet, and the levees in St. Bernard Parish and
Plaquemines Parish were overtopped causing the inundation of substantial
additional urban areas.

The levels and magnitudes of destruction, the extensive damage to the flood
protection system and the catastrophic failure of a number of structures raised
significant issues about the integrity of the flood protection system prior to the
storm and the capacity of the system to afford future protection even after repairs.

Hurricane Protection System: Historically, some hurricane protection had
been provided to metropolitan New Orleans in a few areas but it was not until
Hurricane Betsy hit the city in 1965, causing more than 8 billion dollars of
damage (in 2002 dollars) and losing 75 lives, that a comprehensive hurricane
protection program was initiated. The New Orleans and Southeastern Louisiana
region consists of three hurricane protection projects.

a. Lake Pontchartrain and Vicinity: The “Lake Pontchartrain, La., and
Vicinity Hurricane Protection Project” was authorized in 1965 and was
modified in 1974, 1986, 1990, and 1992. The project lies between the
Mississippi River and Lake Pontchartrain, and is located in St. Bernard,
Orleans, Jefferson, and St. Charles Parishes in southeast Louisiana
(generally the greater New Orleans metropolitan area), and also includes
a mitigation dike on the west shore of the lake. The project was designed
to protect residents from surges in Lake Pontchartrain driven by storms
up to the Standard Project Hurricane (SPH). The SPH has been described
as equivalent to a fast-moving category three hurricane. The project
includes:

(1) New levee from the Bonnet Carré Spillway East Guide Levee to
the Jefferson-St. Charles Parish boundary

(2) Floodwall along the Jefferson-St. Charles Parish line

(3) Enlarged levees along the Jefferson and Orleans Parish lakefronts
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(4) Parallel protection (levees, floodwalls, and flood proofed bridges)
along the 17th Street, Orleans Avenue, and London Avenue outfall
canals

(5) Levees from the New Orleans lakefront to the Gulf Intracoastal
Waterway (GIWW)

(6) Enlarged levees along the GIWW and Mississippi River Gulf
Outlet (MRGO)

(7)  New levee around the Chalmette Area.

West Bank: Urbanization into the wetlands and the potential hurricane
threat led to construction of the West Bank hurricane protection project
on the right descending bank of the Mississippi River. The project is
located in Orleans, Jefferson and Plaquemines Parishes, and in
metropolitan New Orleans on the west bank of the Mississippi River.
The “West Bank and Vicinity, New Orleans, Louisiana, Hurricane
Protection Project” was authorized in 1999 by combining three projects
that were authorized in 1986 and 1996. The project is designed to protect
residents on the west bank from storm surges from Lake Cataouatche,
Lake Salvador and other waterways leading to the Gulf of Mexico driven
by storms up to the SPH. The project includes

(1) 22 miles of earthen levee and 2 miles of floodwall extending from
the Harvey Canal south to the V-levee near the Jean Lafitte
National Historical Park and back up to the town of Westwego

(2) The Lake Cataouatche area eliminated the west-side closure in
Westwego, and added about 10 miles of levee and 2 miles of
floodwall

(3) The East of Harvey Canal area has a sector floodgate in the Harvey
Canal and about 25 miles of levee and 5 miles of floodwall.

New Orleans to Venice: Just south of New Orleans, hurricane protection
is provided by the “New Orleans to Venice Project.” This project is
located along the east bank of the Mississippi River from Phoenix,
Louisiana (28 miles southeast of New Orleans), down to Bohemia,
Louisiana, and along the west bank of the river from St. Jude, Louisiana
(39 miles southeast of New Orleans), down to the vicinity of Venice,
Louisiana. The project was authorized in 1962, as the “Mississippi River
Delta at and below New Orleans, Louisiana Project” and later renamed
as the “New Orleans to Venice Project.” The project will protect
residents from hurricane tidal overflows created by storms with a return
period of 100 years. The protected area encompasses approximately 75%
of the population and 75% of the improved lands in the lower Mississippi
River delta region.
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Interagency Performance
Evaluation Task Force

In response to Hurricane Katrina and these issues the Chief of Engineers,
U.S. Army Corps of Engineers (USACE), established the Interagency
Performance Evaluation Task (IPET) Force on October 10, 2005, by
memorandum to the Director of Civil Works. IPET was sanctioned by the
Secretary of Defense in a directive to the Secretary of the Army on October 19,
2005. The IPET mission is to provide credible and objective scientific and
engineering answers to fundamental questions about the performance of the
hurricane protection and flood damage reduction system in the New Orleans
metropolitan area. These facts are being used as they are developed to assist in
the reconstitution of hurricane protection in New Orleans in the ongoing repair
phase and will form a foundation for more effective hurricane protection in the
future in New Orleans and in other parts of the nation that face similar threats.

The activities of the Task Force represent an unprecedented in-depth analysis
to be accomplished in a very short time frame. The sense of urgency is to gain as
much knowledge as possible to support the ongoing reconstruction of the
hurricane protection system in New Orleans and vicinity prior to the coming
hurricane season and to establish a foundation for alternative protection measures
for the future. This effort is feasible only because of the unique integration of the
capabilities and expertise of the entire Corps of Engineers team with those of a
broad spectrum of experts from other government agencies, academia, and
industry and the most advanced technical tools and methods. This includes the
very special expertise represented by the American Society of Civil Engineers
External Review Panel and the National Research Council New Orleans Regional
Hurricane Protection Committee who are guiding and reviewing these efforts.

The findings of this effort will be continuously provided to the Corps of
Engineers teams engaged in planning, designing, and constructing the protection
measures in New Orleans and vicinity and will be distributed, as validated, to the
public and other organizations involved in analysis and decision making
concerning hurricane protection in New Orleans and elsewhere.
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Purpose

This report, Report 1 in a series, provides a strategic overview of the IPET,
the final IPET Scopes of Work on a task-by-task basis, including changes
resulting from the review of the External Review Panel, and a status report on the
work accomplished to date. It also provides a synopsis of the information and
products generated to date and their distribution to Task Force Guardian, the
Corps of Engineers, other agencies and the public. A number of appendices are
included to provide more detailed information in specific areas where it is
deemed necessary for clarity or completeness.
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Area of Interest

The IPET area of interest is shown in Figure 1. From a detailed analysis per-
spective it comprises the New Orleans metropolitan area and vicinity to include
the areas protected by hurricane protection projects located in the Orleans,

St. Bernard, St Charles, Jefferson, and Plaquemines East Parishes. Some of the
analysis, specifically the storm surge and wave modeling and analysis, requires
consideration of the bulk of the Gulf of Mexico because of the dependency of the
processes on the time history of the character of the storm prior to landfall near
New Orleans. A synopsis of the New Orleans and Southeast Louisiana Flood
Protection systems is provided in Appendix A of this report.

Flaguemines

Figure 1. IPET principal area of analysis
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Objectives

The activities of the IPET are focused on answering the following strategic
questions:

a.

The Flood Protection System: What were the design criteria for the
pre-Katrina hurricane protection system, and did the design, as-built
construction, and maintained condition meet these criteria?

(1) What were the design assumptions and as-built characteristics of
the primary components of the flood protection system?

(2) What records of inspection and maintenance of original
construction and post-Katrina repairs are available that documents
their conditions?

(3) What subsurface exploration and geotechnical laboratory testing
information was available as the basis of design, and were these
conditions verified during construction?

(4) Were the subsurface conditions at the locations of levee failures
unique, or are these same conditions found elsewhere?

The Storm: What were the storm surges and waves used as the basis of
design, and how do these compare to the storm surges and waves
generated by Hurricane Katrina?

(1) What forces, as a function of location and time, were exerted
against the hurricane protection system by Katrina?

The Performance: How did the floodwalls, levees, pumping stations,
and drainage canals, individually and acting as an integrated system,
perform in response to Hurricane Katrina, and why?

(1) What were the primary failure mechanisms and factors leading to
failure for those structures suffering catastrophic failure during the
storm?

(2) What characteristics allowed components of the system to perform
well under exceptional loads and forces?

(3) What was the contribution of the pumping stations and drainage
system in the unwatering of flooded areas?
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(4) What areas or components of the flood protection system have
sustained damages that reduce their protection capacity and may
need some reconstitution of capacity?

d. The Consequences: What have been the societal-related consequences of
the Katrina-related damage?

(1) How are local consequences related to the performance of indi-
vidual components of the flood protection system?

(2) What would the consequences have been if the system would not
have suffered catastrophic failure?

(3) What are the consequences of Katrina that extend beyond New
Orleans and vicinity?

e. The Risk: Following the immediate repairs, what will be the quantifiable
risk to New Orleans and vicinity from future hurricanes and tropical
storms?

(1) What was the risk to New Orleans and vicinity from hurricanes
prior to Katrina?

(2) On June 1, 2006, what will be the condition and engineering
integrity of the New Orleans hurricane protection system, including
structural repairs?

In the process of answering these questions, it is the objective of the IPET to
continuously provide insights and findings to Task Force Guardian to assist them
in the most effective reconstitution of flood protection in the immediate repairs
and rebuilding of the flood protection system and for the New Orleans District in
the continued assessment and enhancement of the resilience of the system to
withstand future storm forces.
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Organization

The IPET is comprised of experts from government (federal, state and local),
industry and academia, working together as teams to accomplish a comprehen-
sive analysis before the start of the next hurricane season. The work of the IPET
is being accomplished as a number of interrelated tasks, each the focus of a team
co-led by an expert from the Corps of Engineers and an expert from an external
organization. The IPET is partnering with other organizations conducting related
studies and analyses to maximize effectiveness within the short time frame of the

study. The leaders and affiliations for the IPET and its principal teams are

provided in Table 1.

The IPET teams are comprised of individuals from a wide variety of
organizations, bringing together a unique diversity and depth of knowledge and
experience. These organizations are listed in Tables 2 and 3.

Table 1

IPET Organization and Leadership

Task Force

Leader

Project Director

Dr. Ed Link — U of Maryland

Technical Director

Dr. John Jaeger - CELRH

Project Manager

Jeremy Stevenson - CELRH

Team

Leaders

Data Collection and Management — Perishable
Data, Systems Data, and Information
Management

Dr. Reed Mosher — ERDC - GSL
Denise Martin — ERDC - ITL

Geodetic Vertical and Water Level Datum
Assessment

Jim Garster — ERDC - TEC
Dave Zilkowski — NOAA/NGS

Hurricane Surge and Wave Analysis

Bruce Ebersole — ERDC - CHL
Dr. Joannes Westerink, U Notre Dame

Hydrodynamic Forces Analysis

Dr. Don Resio — ERDC — CHL
Dr. Bob Dean, U of Florida

Geotechnical Structure Performance Analysis

Dr. Mike Sharp — ERDC — GSL
Dr. Scott Steedman — Steedman Ltd, UK

Floodwall and Levee Performance Analysis

Dr. Reed Mosher — ERDC — GSL
Dr. Mike Duncan — Virginia Tech U

Pumping Station Performance Analysis

Brian Moentenich — CENWP-HDC
Bob Howard — South Florida WMD

Interior Drainage / Flooding Analysis

Jeff Harris — IWR — HEC
Steve Fitzgerald, Harris County FCD

Consequence Analysis

Dr. Dave Moser — IWR
Dr. Pat Canning — USDA/ERS

Risk and Reliability Analysis

Jerry Foster - HQ USACE
Bruce Muller — USBR
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Table 2
IPET Government Participants

Federal Agencies
. Corps of Engineers (Lead agency)
o  MVD/MVN/MVK/MVS
Task Force Guardian
Huntington District (Task Force Co-Lead)
Louisville District
Tulsa District
Jacksonville District
Portland District, Hydropower Design Center
Engineer Research and Development Center
Institute for Water Resources / HEC
e  FEMA (Team member)
e NOAA
o NGS (Team Co-lead)
o CO-OP (Team Co-Lead)
o Nws
o HRD
USBR (Team co-lead)
USDA Economic Research Service (Team Co-lead)
USGS (Team member)
NIST

OO0OO0OO0OO0OO0OO0OO

State and Local Agencies
. Louisiana DOT
. New Orleans Levee and Drainage Districts
. South Florida Water Management District (Team Co-Lead)
e  Harris County Flood Control District, TX (Team Co-Lead)
International
e Japan
. Netherlands
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Table 3

IPET Non-government Participants

Industry

Academia

University of Maryland (Task Force Lead)
Louisiana State University

Jackson State University

Utah State University

Penn State University

University of Florida (Team Co-Lead)
University of Delaware

University of North Carolina

University of South Carolina

University of Notre Dame (Team Co-Lead)
University of Texas

Stanford University

Texas A&M University

University of Wyoming

Georgia Institute of Technology
Massachusetts Institute of Technology
Oklahoma State University

Virginia Tech University (Team Co-Lead)
Villanova University

Rensselaer Polytechnic Institute
Geo-Delft

Steedman, Ltd., UK (Team Co-Lead)
Ocean Weather, Inc.

ARA, Inc.

CH2M Hill

URS

RAC Engineering

In addition to the above organizations, international support is being received
from the Netherlands GeoDelft Institute and the Government of Japan.
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Technical Approach

The basic approach of the IPET analysis is depicted in Figure 2. It
approaches understanding of the performance of the flood protection system by
examining the primary inputs, responses and outputs of the interaction of the
hurricane and the flood control system. The inputs are the surge, waves and
rainfall from the storm and the forces they created on the components of the
flood control system. The response involves the behavior or performance of the
structural components of the system, the performance of the components (pri-
marily pumps and drainage canals) designed to un-water protected areas, and the
degree of flooding in the protected areas due to failures or reduced performance
by the components. Outputs are primarily the understanding of the performance
in the context of principal failure mechanisms (as well as understanding marginal
and exceptional performance), the consequences of the flooding due to com-
ponent failures and the risk and reliability of the flood protection system (prior to
and after repairs).

Input Response Output

Failure/Success
Mechanisms

Data and Information

Integrated Data Base Vertical Datum

Figure 2. IPET systems approach

Structural
Response

Pump
Response

Storm
Environment

Interior
Flooding

Risk and
Reliability
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The IPET is using the most appropriate tools and available data to better
understand what forces the storm placed on the New Orleans flood protection
structures and why they performed as they did. These tools and how they are
being applied are described in some detail in the individual scopes of work for
the principal IPET Tasks described in a subsequent part of this report. Katrina
and other relevant storms are being modeled to understand the magnitude and the
variability of surge and wave conditions as a function of location and the storm
character. This information, coupled with more detailed modeling for the
confined spaces of the drainage canals and navigation channels and the physical
evidence, allows determination of the magnitude and nature of the forces that
individual structures experienced. The performance of the individual structures is
being examined by first understanding their design and how they were intended
to operate. Coupling this with how they were built and maintained allows
application of physical and numerical models to examine their expected response
to the storm generated forces. The most likely causes of failure and success will
be determined, as well as gaining insights on how protection can be best
reconstituted to be more resilient. While work will be ongoing in all tasks in
parallel, there are critical junctures where the results will be integrated to meet
our overall goal of completing the structural performance analysis by May 1,
2006, and the final report by June 1, 2006.
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Review

The review process is two-fold as depicted in Figure 3. Continuous detailed
review is provided by the External Review Panel (ERP) under the auspices of the
American Society of Civil Engineers (ASCE). Strategic oversight and synthesis
of findings are provided by an independent panel, the New Orleans Regional
Hurricane Protection Committee, under the auspices of the National Research
Council (NRC). Both review entities will have broad participation by national
and international experts from across government, academia and industry.

SYNTHESIZE THE FACTS

National Research
Council
Committee

https://ipet.wes.army.mil

Public
Forums

N
p

Interagency Performance
Evaluation Task Force

ASCE External
Review Panel

S Task Force

Guardian

GET THE FACTS VERIFY THE FACTS

Figure 3. IPET review process and relationships

The ASCE ERP review is termed continuous because they are literally
reviewing every major decision, assumption or analysis, providing cumulative
credibility as the study progresses. The ERP has at least one expert assigned as
the principal contact to each IPET team. The ERP also meets periodically to
provide integrated reviews, notably at the 30 percent, 60 percent and 90 percent
stages of the IPET activities as well as a review of the final report. The full scope
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of the IPET activities will be reviewed by the ERP, while the NRC Committee
will review primarily the physical performance of the flood protection system.
The NRC Committee will review IPET activities at the 30 and 60 percent levels
as well as a final review of the Structural Performance Report scheduled to be
completed by May 1, 2006. The NRC 30 percent level review will focus on the
adequacy of the data collection and strategy for use of the data to answer the
primary questions concerning physical performance concerning the flood
protection system. The NRC 60 percent level review will examine the adequacy
of the ongoing analysis for answering the principal structural performance
questions. Members of the ASCE ERP are presented in Appendix B. The NRC
Committee members are listed in Appendix C.
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Communications

A critical component of the IPET is communications — to the Task Force
Guardian, to the Corps of Engineers and other agencies responsible for aspects of
flood protection, to the organizations responsible for oversight, and to the public.
A communication strategy, Appendix D, has been developed to guide these
activities and to ensure that an orderly and efficient process is available to meet
communications needs.

The IPET formal communications protocol with Task Force Guardian, the
team that is accomplishing the immediate reconstruction efforts in New Orleans,
is especially important in that it guides the continuous input of information and
ideas from the IPET activities to the work of Task Force Guardian. In addition,
20 members of Task Force Guardian are participating in the IPET activities
providing an embedded connection to both share information and transfer
findings. This will include insights into structural performance issues as well as
examining the risk and reliability of the flood protection and damage reduction
system prior to and after Katrina. There will be an equally dedicated effort to
publicly share the findings of the work of IPET as they are validated. A public
website (https://ipet.wes.army.mil) has been established as a mechanism to share
data, documents, analyses and findings with the public. A summary of the types
and numbers of documents on the IPET website as of the end of December 2005
is provided in Appendix E. The products (insights and findings) provided to Task
Force Guardian and Task Force Hope as of the end of December 2005 are listed
in Appendix F.
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Data Collection and
Management

Introduction
Summary

This task, Data Collection and Management, involves the assembly of a
comprehensive set of data and information on the hurricane protection and flood
damage reduction system in the New Orleans metropolitan area. To provide a
credible and objective scientific and engineering evaluation of the performance
of the hurricane protection and flood damage reduction system in the New
Orleans area, the IPET team must understand the pre-Katrina conditions of the
system, the events that occurred during Katrina, and the effects of Katrina on the
system. Thus, the data collected on the system in these three areas will form the
basis for the IPET performance evaluation. The data collection was the first and
most important task for IPET to get underway after the hurricane. The data
collection plan has three components: perishable data, background data, and new
data. Even before the IPET was fully formed, an initial team of engineers and
scientists was deployed to the New Orleans area to identify and collect the
critical data needed to accurately portray the performance of the system with a
focus on capturing data that might otherwise be perishable.

Another team was deployed to collect background information on the terrain
and geology of the area and the corresponding topographical and geological
conditions along the system, hydrological conditions of the area, the subsystem
configuration (basins), the history of the construction, design criteria and
approach, actual design documents, the as-built drawings for the system, and the
inspection and maintenance records. Data collection is a continuing activity with
surveying to support the geodetic vertical datum assessment, the high water
marks, and the elevations of specific system components, interviews to support
creation of the flooding timeline, and cone penetration tests, soil borings and soil
laboratory testing to support the structural performance evaluation. The system
for storing the collected data will also serve as the repository for information and
analytic results developed throughout the Performance Evaluation. A list of 104
data requirements was compiled based on input from each IPET Task Lead. Data
requirements include perishable data, elevations, surveys, geographic information
system (GIS) layers, historic data, pump station data, hydro data, field data,
vertical datum information, timelines, photos, imagery, videos, environmental
data, and model output data.
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A USACE enterprise approach, based on existing corporate frameworks and
standards, will be employed to manage the heterogeneous data required for this
study. Metadata standards and naming conventions for all types of data will be
developed to ensure the data are properly documented for use in this study as
well as future studies. All data (District and project files) shall be geo-located
(scanned if necessary). This will allow the data to be retrieved in three different
manners:

a. Al IPET members can access data via a web interface that allows users
to browse an organized directory of documents, search for documents
based on keywords, title, etc., and search for documents associated with
a specific map location

b. GIS application developers can have direct access to the geospatial data
to create specialized maps or analysis

c. Modelers or database administrators will have direct access to the data
through Oracle to run models or generate reports.

A QA/QC group of subject manner experts has been established to authorize
each data set that is stored in the repository. The data will reside in a common
repository in a format suitable for archival and active use.

Objective

The primary objective of the Data Collection and Management Task is to
assemble a comprehensive set of data and information about the conditions
before and after Hurricane Katrina as well as a complete history of the projects’
construction and maintenance. This collection of data will serve as the primary
information resource for the performance evaluation activities as well as the
repository for analytic results developed throughout the performance evaluation.

Scope of Work
Team

The Data Collection and Management Team is led by Dr. Reed Mosher,
USACE ERDC Geotechnical and Structures Laboratory, and Ms. Denise Martin,
USACE ERDC Information Technology Laboratory. Dr. Mosher leads the
perishable data collection portion of the task and Ms. Martin leads the system
data collection and data management portion of the task. Data Collection and
Management team members include:

¢ Harold Smith, ERDC-ITL

¢ Tom Rodehaver, ERDC-ITL

¢ Milton Richardson, ERDC-ITL
¢ Blaise Grden, ERDC-ITL

e David Stuart, ERDC-ITL

*  Amanda Meadows, ERDC-ITL
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Greg Walker, ERDC-ITL
David Moore, ERDC-ITL

Dan MacDonald, ERDC-CRREL
Tim Pangburn, ERDC-CRREL
Jack Smith, MVD

Rob Wallace, ERDC-CHL

Don Stauble, ERDC-CHL
Guillermo Riveros, ERDC-ITL
Barb Comes, ERDC-ITL

Paul Mlakar ERDC-GSL
Maureen Corcoran, ERDC-GSL
Eileen Glynn, ERDC-GSL

Bob Larson, ERDC-GSL

Joe Dunbar, ERDC-GSL
George Sills, ERDC-GSL

Steve Maynord, ERDC-CHL
David Biedenharn, ERDC-CHL
Gary Hawkins, MVN

Ken Klaus, MVD

Requirements

Data Collection and Management involves the assembly of a comprehensive
set of data and information about the conditions before and after the storm as
well as a complete history of the Hurricane Protection Projects’ construction and
maintenance. This collection of data will also serve as the repository for infor-
mation and analytic results developed throughout the Performance Evaluation. A
list of data requirements will be compiled based on input from each Task Lead.
Data will include information about the conditions before and after the storm:

a.

b.

Original design documents

Construction and as-built record

Profile, topographic and section surveys

Inspection reports

Field investigations and inspections

Public interviews, forums or meetings

Levee design heights and latest survey data on actual levee heights
Levee properties including soil borings and test results near breaches and
away from breaches. Photos and descriptions of exposed levee sections
during excavations required for permanent repairs. Cross-sections of an

area after levee repairs.

Aerial photography & videos
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Data and analyses by other agencies or private firms

Surge heights, wind speed and direction, and waves (height, period and
direction) time history with emphasis in the vicinity of the subject
floodwalls and levees

All photos and videos of erosion patterns at/or near breaches and other
areas. Measurement of erosion depth and breadth at a few locations.
More photos and videos once the water is evacuated and we have access
to the levee toes.

Wall deflections in areas with and without erosion behind the wall
Evidence of wall yielding in breached and other areas

Pump station layouts showing locations and elevations of all equipment
which could become inoperable due to potential inundation, discharge

pool locations, along with any optional discharge directions

Detailed list of which pumps and other equipment were operable or not,
both before and after the storm

Design, as-built, and field-measured sheet-pile tip elevations on all I-
walls

Pump curves for all pumps at all pumping stations

Pumping station operators (with skill levels) on duty during the storm
Hourly rainfall records during the event

Pool-to-pool heads during the event (i.e., suction water surface
elevations, flood stage elevations for interior flood protection and

discharge surface water elevations on a time unit basis)

Any other data and observations relevant to meeting IPET objectives.

There will be a Central Data Manager who has the lead responsibility for

organizing and supporting this effort. All data shall be easily accessible to all
members of the team.

Approach

This Task will be accomplished by three coordinated teams: 1) Data

Assembly and Coordination, 2) Data Storage and Management, and 3) Data
Synthesis.

The objective of the Data Assembly and Coordination team is to identify and

acquire the data required to support all IPET Tasks, as well as data that must be
retained for future reference. These data include, but are not limited to, scanned
Design Manuals, Inspection Reports, Plans and Specifications, computer-aided
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design and drafting (CADD) drawings, photographs, videos, geologic profiles,
soil boring, seepage analysis reports, piezometer readings, levee profiles, pump
station characteristics, wall deflections, topographic surveys, aerial photography,
high water marks, surge heights, wind speed/direction, wave characteristics, time
history of events, and briefing slides. A list of data requirements and associated
data sources will be prepared based on input from each Task Leadership Team.
Metadata standards and naming conventions for all types of data will be
developed to ensure the data are properly documented for use in this study as
well as future studies. A staging area will be set up for data collectors to upload
data.

The objective of the Data Storage and Management team is to define and
build the hardware and software framework required to store, organize, manage,
and deliver the data associated with this study. A USACE enterprise approach,
based on existing corporate frameworks and standards, will be employed to
manage the heterogeneous data required for this study. Data sets will be stored
and managed according to the component that best fits the type of data. For
example, scanned documents will be stored and managed within the corporate
framework for unstructured data, while GIS layers will be stored and managed
within the corporate framework for geospatial data, and model data will be stored
and managed within the appropriate corporate framework. An overall data
manager will manage the metadata for all datasets. A web-based interface will be
developed to support user access to the data. A QA/QC group of subject matter
experts will be established to authorize each data set that is stored in the
repository. See Appendix D for the QA/QC data process. The base data will
reside in a common repository in a format suitable for archival and active use.

The objective of the Data Synthesis team is to develop mechanisms for
adapting data to meet the needs of specific applications. The data stored and
managed in this repository will be used by many different applications, including
computational models, risk analyses, GIS analysis, etc. Each of these applications
may require the data in a different format or representation. For example,
elevation data is available from several different sources and must be processed
into a common Digital Elevation Model (DEM) that will be the basis for all
applications used in this study. The DEM and related surface and surface
characterization data will support urban hydrology, levee related structural,
geotechnical, and hydraulic analysis.

Expected Products

The following list describes the expected deliverables of the Data Collection
and Management Task:

a. The primary product of this Task is the IPET Data Repository, a data
management system for storing, delivering, and maintaining the ‘official’
data associated with this study. The interface to this repository is a
website.

b. Establishment of a Groove Virtual Office to facilitate virtual workspaces
for team collaboration.
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c. A public website that provides access to data that has been legally
cleared for public access.
Status

Task 1 accomplishments to date include:

a.

A master list of data requirements has been compiled based on input
from each Task lead. The list includes a description of the required data
item, which Task(s) requested the data item, the source of the data and/or
who is responsible for collecting it, the date the data item will be
available in the Data Repository, and the dates that each Task needs the
data item. This data requirements matrix is stored in the IPET-AIl Tasks
Groove workspace in the Data Collection & Management folder as Data
Requirements.xls. This matrix is provided in Appendix G, Data
Repository — Organization and Content.

A public website was created on Nov. 2, 2005 at
https://ipet.wes.army.mil (Figure 4). Documents are posted to the website
daily with 236 documents currently posted. A standard protocol for
posting documents was established in conjunction with ERDC, MVD,
MVN, and USACE HQ Offices of Counsel. Metrics are collected daily
on number of website hits. As of Dec. 23, 2005, the average daily
number of hits was 99, while the average weekly number of hits was
635. More information on the public website is provided in Appendix E.

The IPET Data Repository (Figure 5) is comprised of three main com-
ponents: an unstructured data component, a GIS data component, and a
large datasets component. Unstructured data is stored in a Microsoft
SQLServer database managed by Bentley ProjectWise software. GIS
data is stored in an Oracle SDO database registered through ArcSDE.
This component leverages the existing CorpsMap corporate database that
resides in the USACE Central Processing Center. Large datasets, such as
Lidar and imagery, are stored on a terabyte server, with metadata and
geospatial extents of each dataset stored in an Oracle SDO database to
provide search capability. The ProjectWise software provides the overall
data management functionality by managing the metadata for all data
sets. Currently, the IPET Data Repository is accessible by IPET members
only via the website, https://erdcpw.erdc.usace.army.mil/wel. Access is
controlled by the use of UPASS usernames and passwords for USACE
members and by the use of system-managed usernames and passwords
for non-USACE members. Currently, all IPET members (with the
exception of one foreign national member) have been provided access to
the Repository. A staging area was created within ProjectWise for
specific users to upload data for QA/QC before publishing the data to the
actual Repository. Users with upload permissions were provided the
ProjectWise Explorer client (or stand-alone) application to more
efficiently upload data sets. Standard metadata fields and file naming
conventions were established to ensure all data are adequately
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documented and available for future use. The organization and content of
the Data Repository is provided in Appendix G. As of Dec. 28, 2005,
930 documents have been published in the IPET Data Repository.
d. Five Groove Virtual Office workspaces have been set up for IPET:
(1) IPET — Management
(2) IPET — Communication
(3) IPET - All Tasks
(4) IPET - ASCE ERP
(5) IPET —NRC
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Figure 5. Screen capture of the IPET Data Repository

The Way Ahead

The expected accomplishments for the 60% milestone are as follows:

a. Most of the data sets listed in the Data Requirements matrix will be
stored in the IPET Data Repository.

b. The IPET public website will be populated with much more data.

¢. The Groove workspaces will continue to be managed.

d. Users will be able to search for data more easily with expected

improvements in the ProjectWise Explorer website.
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Geodetic Vertical and Water
Level Datum Assessment

Summary

The entire Gulf Coast region and especially southern Louisiana has been
experiencing significant subsidence creating considerable uncertainty with regard
to the precise elevations of flood protection structures and their relationship to
the local water surface. Because the subsidence is spatially variable it is not easy
to extrapolate to current elevations from the elevations determined in reference to
past benchmarks with different reference datums or adjustments to the same
datum. Establishing the capacity of the pre-Katrina and post-Katrina flood
protection systems, as well as being able to understand how the flood protection
system should have performed during Katrina, will require more observations to
both densify and update the elevations to North American Vertical Datum of
1988 (NAVD 88) at the epoch 2004.65 or new epochs as changes in elevation
occur.

Objective

The objective is to improve upon the current vertical reference system
(NAVDS88 2004.65) for consistently evaluating previously constructed and
proposed flood control and hurricane protection structures in New Orleans and
Southeast Louisiana.

To ensure that the levee heights have remained relevant to sea level rise and
local land subsidence in the greater New Orleans area, all elevations need to be
measured relative to the latest NAVD 88 as determined by ongoing studies being
conducted by CEMVN and NOAA. This should include sea levels, lake levels,
river levels, projected protection levels, and the top of the levees and floodwalls.
NOAA is progressing on an effort to update geodetic elevations in the entire Gulf
Coast region and dramatic changes are being reported. The entire region is so
dynamic that NOAA is no longer going to rely on the accuracy of local bench
marks, but instead is using a combination of GPS and conventional leveling
surveying techniques to measure elevations relative to stable areas that are
hundreds of miles away. NOAA, in conjunction with the LSU Louisiana Spatial
Reference Center, has also developed a new time-dependent vertical reference
framework from which all measured elevations will have time stamps on them so
the values could be adjusted on some regular interval.
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Scope of Work

Approach

The primary focus of this task is to establish a consistent, vertical reference
framework model to support IPET performance evaluation activities. This
geodetic framework--currently NAVD88-2004.65--will allow long-term
monitoring of absolute flood/hurricane protection elevations relative to the local
water surface reference datum, e.g., local mean sea level, river low water
reference planes, etc. Controlling elevations on floodwalls, levees, pump stations,
and bridges through the Southeast Louisiana region will be surveyed relative to
this framework. The framework will additionally provide a consistent reference
system for numerical and physical model studies performed in the region. This
Task will assess the impact of potential reduced flood/hurricane protection
resulting from elevation changes (i.e., net land subsidence and sea level rise)
throughout the region. Figure 6 shows an example of datum shift at the 17th
Street Canal and the potential subsidence. The IPET will additionally evaluate
and compare flood/hurricane structure protection elevations (and older reference
datums) at the time of original design/construction with the current elevations
(“pre-Katrina”). Quality control field checks on recent aerial and LIDAR
mapping will also be performed.

All of this work will be accomplished in the field using water level gages,
static GPS observations, and conventional topographic surveying methods.
Archival data from the New Orleans District and NOAA (National Geodetic
Survey (NGS) and Center for Operational Oceanographic Products and Services
(CO-0OPS)) will be used in these assessments.

Team Members

Jim Garster, ERDC-TEC, Lead

Dave Zilkoski, NOAA-NGS, Co-Lead
Bill Bergen, USACE-HQ, Co-Lead
Mike Szabados, NOAA CO-OPS, Co-Lead
Jerry Hovis, NOAA CO-OPS

Tom Landon, NOAA CO-OPS
Ronnie Taylor, NOAA NGS

Brian Shannon, ERDC-TEC

Jeff Navaille, USACE SAJ

Mark Huber, USACE MVN

Bob Mekso, USACE MVS
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Figure 6. Example datum shift at the 17th Street Canal

Status

Completed Milestones

a.

Data Collection Plan. Prior to field data collection, a detailed data
collection plan was developed which outlined the surveying and data
collection requirements to accomplish the above objective. The plan
called for 3 phases of surveying data collection:

(1) Phase 1: Tidal model connections to the NAVDS8S (VTDP 2004)
reference

e Phase la: Northern Zone (New Orleans to Mississippi area)
e Phase 1b: Southern Zone (lower Miss River & vicinity area)

(2) Phase 2: Supplemental GPS elevation control adjacent to FC & HP
structures, pump stations, etc.

(3) Phase 3: Vertical control surveys of designated FC & HP structures
and topographic survey support to other IPET Teams ... bridge
surveys, pump station surveys, LIDAR mapping ground truth, etc.
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This plan included development of two Statements of Work for task orders to
accomplish the field data collection. This milestone was completed on 5 Dec.

b.

Relationship between Local Mean Sea Level (LMSL) and NAVD 88
(2004.65) 30% Solution. Based on an analysis of NAVD 88 (2004.65)
benchmark elevations relative to historical tidal datums at three tidal
stations, NOAA CO-OPS computed a preliminary relationship between
the LMSL and the NAVD&S8 (2004.65) values. More information on this
relationship is contained in Appendix .

Current Milestones in Progress

a.

b.

New Field Data Collection: Phase 1 and Phase 2. New Field data
collection began on 5 Dec and is currently expected to continue until the
end of Jan 2006. As of 9 Jan:

(1) Reconnaissance surveys have been performed for 75% of the static
surveys that will tie NAVD 88 (2004.65)

(2) 100% of the 68 pump stations have been surveyed

(3) 100% of the High Water mark surveys have been completed
(4) 40% of the Bridge surveys have been completed

(5) 100% of the Phase 1a data collection has been completed

Relationship between Local Mean Sea Level (LMSL) and NAVD 88
(2004.65) 60% Solution. This milestone is expected to be completed by
20 Jan 06.

Near Future Milestones

da.

Data Processing of Phase 1 Survey Data. This will involve GPS data
processing and network adjustments by USACE and NOAA NGS
personnel and result in “Blue Booking” or publishing the result to NGS
standards.

Data Analysis of Phase 1 Survey Data and Ties to Historical Records.
This will involve review and analysis of historical datums and
relationships between the various datums used over the years in the
southern Louisiana area. Based on additional NAVD 88 (2004.65) ties to
NOA Tidal Benchmarks, further analysis of NAVDS88 (2004.65) to
historical tide stations and LMSL can be completed.

Historical Evaluation of Designed and Constructed Elevations on
Various Flood Control and Hurricane Protection Projects. This will
provide the changes over time of the benchmarks used in the design and
constriction of flood control and hurricane protection projects in the
study area.
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Storm Surge and Wave
Analysis

Hurricane Katrina Storm Surge & Waves (Regional
Perspective)

Summary

To conduct the performance evaluation, information is needed concerning
the storm surge and wave conditions to which the hurricane and flood protection
projects in New Orleans and southeastern Louisiana were subjected. This task
will primarily involve a regional hindcast of water level and wave conditions for
Hurricane Katrina, but it also will involve analysis of measured data. Coastal
wave and storm surge models will be developed and applied to predict time-
varying water levels and wave conditions (heights, periods, directions, energy
spectra) along levees fronting the various parishes, within main navigation
channels, and at the entrances to canals situated along the southern Lake
Pontchartrain shoreline. Maximum wave and water level conditions throughout
the study domain also will be computed for Katrina. Measured water level and
wave conditions (high water marks and hydrographs) are only available at a few
locations, and most measurement devices failed during the peak of the storm.
Measurements and model results are complementary. Measurements will be used
to assess the uncertainty in model results, and they will be used to assess the
adequacy of using model results in the majority of areas where measurements
were not made or where gauges failed to capture the maximum conditions.

Results generated by this Task will be compared to the wave and water level
conditions used in the original design of the projects being examined. Results
from this Task also will serve as input to a number of the other IPET tasks that
will: 1) examine and quantify interior flooding, 2) quantify hydrodynamic
loadings on levees where breaches occurred, and 3) assess levee overtopping.
This Task will also characterize the regional wave and water level conditions that
are possible for other storms (actual historical and hypothetical storms). This
information will help assess the susceptibility of the projects, as currently
designed, to overtopping and flooding in the future; and it will enable exami-
nation of Hurricane Katrina wave and water level conditions within the context
of what has occurred in the past and what might occur in the future.

A phased approach will be adopted, providing information early in the study

process then refining that information as time goes on. Solutions representing the
following levels of comprehensiveness, 75%, 90%, and 95% will be generated as
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new and better information on winds, water levels, topography, and structure/
levee crest elevations becomes available during the course of the work. An
increasingly more rigorous modeling approach will adopted during the evolution
from the 75% solution to the 95% solution. The 75% solution will focus on state-
of-the-engineering practice approach to modeling storm surge and waves
(without consideration of contributions of waves to storm surge). The 95%
solution will involve more rigorous treatment of the interaction between storm
surge and waves.

The surge and wave information generated by this effort will be coordinated
with appropriate authorities in the Corps, NOAA, FEMA, USGS, and USBR to
achieve a consensus among federal agencies on water elevations. These same
agencies will also collaborate to determine the frequency of occurrence related to
elevations and conditions.

Objectives

a. Develop best estimates of temporal variation of water level and wave
conditions (height, period, direction, energy spectra) during Hurricane
Katrina at entrances to canals along the Lake Pontchartrain south
shoreline, in the Inner Harbor Navigation Canal, Mississippi River Gulf
Outlet, in the MS River, and the exposed sides of levees that are part of
the various flood and Hurricane Protection Projects (HPP), in the allotted
time.

b. Provide preliminary information to characterize the level of vulnerability
(risk) of the projects within the study domain to hurricane water levels
and wave conditions.

Scope

The scope for each of five subtasks is provided below. The five subtasks are:
(1) hydrograph and high water mark analysis, (2) generation of wind and
atmospheric pressure fields (used to drive the storm surge and wave modeling),
(3) offshore wave modeling at the Gulf of Mexico and regional scales as well as
local wave modeling in the vicinity of the projects, (4) regional storm surge
modeling covering both the Gulf and local scales, and (5) simulation of historical
and hypothetical storms to assess susceptibility of the current projects to future
hurricane wave and water level conditions.

The local modeling domain encompasses existing hurricane and flood
protection projects in the New Orleans and Southeast Louisiana area. Projects
are: Lake Pontchartrain, LA, and Vicinity Hurricane Protection Project (HPP),
the New Orleans to Venice, LA, HPP; the West Bank and Vicinity, New Orleans,
LA, HPP; and the Grand Isle and Vicinity LA, HPP.

29
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Products

a. Time series of water level and wave conditions for Katrina at points of
interest for 75%, 90%, and 95% solutions.

b. QA’d and QC’d measured data sets used in the analysis, model
development and model skill assessment (high water marks, water
surface elevation, wave, wind, atmospheric pressure).

¢.  Report chapters for each sub-task that document methods and results.

d. Model input data sets, and other model-generated products (maximum
water level and wave fields, animations of water level and wave heights)
using the 95% solution method.

A number of data products from the IPET data collection task are required as
input for this work, such as topography, levee elevations, high water marks, and
hydrographs, as well as datum and datum conversions/corrections from the [IPET
datums task. The wave and surge task will also generate data products during the
course of its work (both measured data products such as wind or wave data, and
model-generated products such as time series of water levels and wave
conditions) for use by other Task teams. At the conclusion of the work (the 95%
solution), these data products will be made available to the public through the
IPET public website (https://IPET.wes.army.mil).

Team Leaders

Bruce Ebersole, ERDC-CHL, and Dr. Joannes Westerink, University of
Notre Dame.

Schedule/Milestones

Nov 18 — Delivery of winds and pressures using real-time H*Wind fields

Dec 9 — Complete initial assessment of high water marks, water level and wave
data

Dec 16 — 75% solution on Katrina waves and water levels

Jan 13 — 90% solution on Katrina waves and water levels (with coupling)

Jan 16 — Delivery of winds and pressures using post-processed H*Wind fields
(for 95% solution)

Feb 10 — 95% solution on Katrina waves and water levels

Mar 31 — completion of waves and water level risk assessment for all projects
using 95% solution methodology/models

Apr 10 — Delivery of all products

The 30%, 60%, and 90% ERP touch points will involve review of the 75%,
90%, and 95% solutions, respectively. A detailed report on the surge and wave
modeling work to date will be provided as a separate report to Task Force
Guardian and the ERP. Other information developed for the other tasks (data and
graphical products) also will be provided to the ERP. Delivery of this evolving

MMTF 00038-06



31

summary report, the technical appendix, and information products to the ERP
will lag the above milestone dates by approximately two to three weeks.

Hydrograph and High Water Mark Analysis

Team

Andrew Garcia, ERDC CHL, lead, Phil Turnipseed, USGS, Stephen
Maynord, ERDC, CHL, Brian Jarvinen (retired NOAA).

Approach

The group will aid in assembling available high water mark data that were
acquired by FEMA, USGS, USACE, Louisiana State University and any other
organization that acquired this type of data. Several members of this team
participated in the actual collection of high water mark data (work funded by
Task 1). High water marks will be examined and the quality of each high water
mark will be assessed for use in surge and wave model skill assessment and in
developing information products produced by this task. Each high water mark
will be rated in terms of quality/uncertainty, and wave and water level processes
reflected in each high quality mark will be identified. The group will also analyze
and evaluate available measured water surface elevation hydrographs provided
by NOAA, USACE and any other sources. These data will be critical in assessing
model accuracy, and in establishing confidence in model-derived results and
model-generated information products.

Generation of Winds and Atmospheric Pressures

Team

Jeff Hanson, ERDC-CHL, lead (with Robert Jensen, ERDC-CHL),
Oceanweather, Inc. (OWI) (Vince Cardone and Andrew Cox), NOAA Hurricane
Research Division (HRD) (Mark Powell), Joannes Westerink, University of
Notre Dame.

Approach

This task will produce the best possible wind and atmospheric pressure fields
for Katrina utilizing models such as the Planetary Boundary Layer (PBL) model
and measured wind and pressure data. Wind and pressure fields are crucial input
to wave and storm surge models. Accuracy of wave and surge estimates is only
as good as the accuracy of the winds in particular, and pressures to a lesser
degree. Note that there is a cubic dependence between surge and wind speed for
winds less than 60 knots and a quadratic relationship for winds greater than
60 knots — assuming a drag coefficient cut-off which recent research suggests
might be appropriate.

MMTF 00038-06



32

Due to the urgent nature of this work and the desire to produce information
in stages, both preliminary and finals set of wind/pressure fields will be
developed. To develop the preliminary winds, Hurricane Katrina winds/pressures
will be generated using HRD H*Wind snapshot analyses that HRD developed in
real-time during the course of executing their forecast mission for the storm. For
the final winds, a series of gridded wind field “snapshot” analyses will be
constructed for Hurricane Katrina during the period of 26-29 August, at 3-hr
intervals. Analyses will use all available data gathered during and after the storm
to produce a comprehensive depiction of the wind field at the ocean surface for
an area encompassing the entire modeled domain. Marine gridded fields will be
produced. This work includes the following subtasks:

a. Storm track refinement: All aircraft wind center fixes will be evaluated
in H*Wind. Land based WSR-88D Doppler radar velocity circulation
centers and geometric reflectivity centers will also be evaluated to
construct a storm track at 1-hr frequency.

b. SFMR Update: The Stepped Frequency Microwave Radiometer (SFMR)
measurements will be updated with the latest calibration information
based on detailed comparisons to GPS sondes.

¢. Reduction method update: SFMR data from 1998-2005 will be
reprocessed with the latest calibration to revise the SFMR-based method
for adjusting Air Force Reconnaissance flight-level wind measurements
to the ocean surface (10 m).

d. Airborne Doppler radar analyses will be conducted for NOAA research
flights on 27, 28, and 29 August. Doppler data from 500 m will be
adjusted to the surface with the HRD PBL model. Land-based Doppler
Velocity Azimuth Display (VAD) and Ground-based Velocity Track
Display (GBVTD) techniques will be evaluated and incorporated if
possible.

e. Land and marine mesonet data will be compiled and wind exposures and
metadata will be gathered using aerial images and remote sensing
sources. All observations will be processed to standard marine and open
terrain frameworks.

/. Gust factor relationships will be provided for 1-, 10-, and 30-min
averaging time periods for marine and open terrain fetches.

g.  All observations will undergo detailed quality control by hurricane
research meteorologists using H*Wind. All failed observations will be
flagged and removed from consideration for each analysis. Four- to six-
hour overlapping time windows will be used to ensure sufficient data
coverage for analysis while minimizing the effects due to intensity
changes.
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h. A series of H¥*Wind analyses will be conducted on the above mentioned
data at 3-hr intervals. Marine gridded fields will be produced.

For both the preliminary and final results, OWI will be responsible for
incorporating the H*Wind snapshots into its IOKA (Interactive Objective
Kinematic Analysis) system, which blend in far-field winds, to develop basin-
and regional-scale wind/pressure fields for application in the surge and wave
modeling. The basin scale winds will be 0.1-degree resolution (~10km) on the
domain 18N to 30.8N, 98W to 80W for the entire time Katrina is present on the
grid. Snapshot time intervals will be 30 min. The regional-scale grid will be .025
degree (~2km) on the domain 28.5N to 30.8N, 91W to 88W with 15-min time
interval. All winds will be 30-min average, 10-m neutral marine exposure; all
pressures will be at sea level in OWI’s standard WIN/PRE format. The
preliminary winds and pressures will be used for the 75% and possibly the 90%
solutions; the final winds and pressures will be used in the 95% solution.

A PBL model will be used to generate winds and pressures for approximately
five or six of the most significant historical hurricanes that have influenced the
study domain and for approximately 20 hypothetical events that will primarily
involve different tracks of historical storms, including Katrina. These PBL-
generated winds and pressures will be used to drive wave and storm surge
models (using at least the 90% solution modeling methodology that will involve
some wave-surge model coupling), and the resulting wave and water level
conditions will be used to assess vulnerability of the flood and HPPs to future
extreme wave and water level conditions. For this wave and surge modeling,
post-Katrina topography and the current grid mesh will be used in all
simulations.

Wave Modeling

Team

Jane Smith, ERDC-CHL, lead, with Robert Jensen and Jeff Hanson, ERDC-
CHL, Hendrik Tolman, NOAA, and Don Resio, ERDC-CHL.

Approach

The task will involve running a time-dependent Gulf-of-Mexico-scale wave
prediction model on basin and regional scales to provide boundary conditions to
shallow water wave models of the entire southern and southeastern Louisiana
coastal domains, including Lake Pontchartrain, and the Mississippi coast. The
focus will be on using Corps of Engineers modeling technology which has been
extensively validated and tested, and for which linkage between wave and surge
models has been done to a degree already. In light of the limited amount of time,
the large domain to be modeled in detail, the fact that this IPET task is on the
critical path and on the front end of the performance evaluation schedule, and a
desire to examine the critical linkage between short waves and storm surge,
emphasis is being placed on wave and surge model technologies most familiar to
the Corps of Engineers. As the study progresses, wave modeling technology used
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by NOAA and other agencies will also be applied to help quantify uncertainty in
model results and gain confidence in model computations.

As part of a National Ocean Partnership Program (NOPP) R&D project, a
basin-scale wave model (using the WAM model) had been developed for the
entire Gulf of Mexico. The WAM model has been used in an experimental
forecast model for the past two hurricane seasons, and calibrated to maximize
agreement between model predictions and measured wave data for Gulf
hurricanes that have occurred during that time. This basin-scale wave model will
be forced with the basin-scale winds produced by OWI (which include NOAA
HRD H*Wind products). A second nest of the WAM model will be set up. The
inner nest will correspond to the domain of the regional-scale winds being
produced by OWI. The domain and resolution specifics are defined above in the
wind subtask description. In addition to running the WAM model, NOAA
NCEP’s WaveWatch III model (as it is presently set up in forecast model for the
Gulf of Mexico) will be applied on the same two domains as the WAM model,
forced with the same wind inputs from OWI. The WAM model will be used to
provide information for the 75%, 90%, and 95% solutions. The WaveWatch III
model also will be utilized for the 95% solution. These deep-to-intermediate
water depth models will provide the boundary conditions to even higher resolu-
tion shallow water wave models of Lake Pontchartrain, the southern and south-
eastern Louisiana and the Mississippi coasts. The MS domain is needed to
maintain consistency and continuity in wave fields and avoid discontinuities in
the iterative process to couple wave and surge models as well as to generate wave
set up on the Mississippi shelf which interacts with Lakes Borgne and
Pontchartrain.

WAM and WaveWatch Il predictions will be compared to available wave
measurements from NDBC buoys, proprietary data from oil platforms (if they
can be acquired), and satellite altimetry data. NOAA staff will obtain NRL
quality-controlled altimetry data, and unpack, reformat, and apply tri-linear
interpolation (in space and time) of model data along the altimeter track. Com-
parisons will be made using model-generated hourly or half-hourly significant
wave height spatial grids. NOAA will provide CHL with NCEP’s altimetry
assessment technology including data reformatter, tri-linear interpolation tools,
and graphical data/model overlay tools. This work will require the development
of a custom WAM interface to the altimetry data tools. Tests will be done to
examine sensitivity of wave model predictions to wind drag coefficient cut-off
and choice of wind time-averaging interval. Hurricane Katrina will be simulated,
as will the set of historical and hypothetical storms.

Resolution of the regional wave model is not adequate for generating infor-
mation where it is needed for each of the flood and HPPs. Higher resolution
models of the near-coastal region (50- to 100-m resolution) will utilize the
STWAVE model to simulate local wave transformation right up to the hurricane
and flood protection projects of interest for the 75%, 90%, and 95% solutions.
STWAVE, a full-plane, time-independent wave, will be set up for the four
domains, and run either in half-plane or full-plane model, as necessary. The
model will treat the processes of refraction, sheltering and diffraction, wave
growth, wave breaking and dissipation due to bottom frictional effects. The
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STWAVE model is a Corps model, and we have considerable experience with its
theoretical underpinnings and its application.

Adequacy of a time-independent model for simulating the final stage of near-
shore wave transformation will be examined and evaluated during the develop-
ment of the 95% solution. Presently, the working hypothesis is that wave
conditions in the nearshore local domains will be very much controlled by depth
effects (wave breaking and refraction) and that the time-independence of
STWAVE will not be much of a factor on the accuracy of wave predictions (it is
expected to slightly overestimate wave conditions due to the steady-state
assumption). This hypothesis will be evaluated using comparisons of model
results to measured data where possible, analysis of wave travel time in light of
changing wind conditions, and examination of the importance of depth-
limitations on the computed wave field. The STWAVE model will use input
boundary conditions from the time-dependent WAM model, and wind input will
be varied with time at fairly fine temporal resolution (30-min intervals). To also
examine the adequacy of the time-independent assumptions of STWAVE, limited
applications of a time-dependent model, SWAN, are planned during the course of
arriving at the 95% solution, for one or two of the four local model domains
(starting with Lake Pontchartrain domain, for which only shallow water wave
data exist, and then possibly the southeastern Louisiana domain).

Since SWAN is not a model that is supported by the Corps of Engineers, we
have less familiarity with its theoretical underpinnings. The implications, in
terms of resources and impact on schedule, associated with its application for an
intense hurricane, applying it at 50- to 200-m resolution over complex
topography and a very large coastal wetland domain (the four domains cover
nearly the whole Louisiana/Mississippi coast), and no experience linking it to the
ADCIRC storm surge model with feedback, are unknown. Based on our limited
experience with SWAN, it will require significant computer resources to apply it
at this resolution and for this large of a domain. We will pursue the possibility of
collaborative work with the Naval Research Laboratory, whose staff have more
experience applying SWAN and linking SWAN with ADCIRC. We have applied
SWAN to half-plane cases, with smaller domains where propagation dominated
local wave growth, and have found STWAVE and SWAN to give very similar
answers for non-hurricane wave conditions, with STWAVE being much faster
computationally. Accuracy of both shallow water wave models will be evaluated
with measured wave data where data exist. We believe the STWAVE model to
be fully adequate for developing the 90% and 95% solutions sought in this fast-
track IPET study.

Work will be done to examine varying degrees of coupling between wave
(STWAVE) and surge (ADCIRC) models to maximize accuracy of water level
predictions. Wave set-up is an important component of the storm surge. Coupling
will involve passing water depths from ADCIRC (which includes wind, tide and
atmospheric pressure generated water level changes) to STWAVE, radiation
stress gradients from STWAVE to ADCIRC, and possibly iteration on this
feedback loop. Tests will be run to examine sensitivity of wave model results to
bottom frictional resistance, wind drag coefficient cut-off at higher wind speeds
(which recent evidence suggests) and choice of time-averaging interval for the
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winds. Hurricane Katrina will be simulated, as will a set of historical and
hypothetical storms.

Storm Surge Modeling

Team

Joannes Westerink, University of Notre Dame, lead, with Mary Cialone,
ERDC-CHL, and Raymond Chapman, ERDC-CHL.

Approach

This task will begin its work using the existing ADCIRC model set-up
developed by University of Notre Dame for the New Orleans District. For the
75% and possibly the 90% solutions, ADCIRC simulations will utilize hindcasts
of Hurricane Katrina winds and atmospheric pressures using either a PBL model
or H¥*Wind-based wind fields and pressure fields from OWI (the preliminary
fields). The PBL model will be run with observed maximum winds speeds and
pressures from NOAA — NWS. Both sets of wind fields from HRD/OWI will not
include land masking. Masking will be implemented in a directional sense within
ADCIRC using roughness estimates based on USGS land usage maps. Both sets
of wind fields will be applied at 15-min intervals to avoid aliasing of wind
energy, for this relatively fast moving storm, within ADCIRC’s Eulerian wind
field interpolator. The H*Wind fields will be interpolated to the necessary
15-min intervals using a Lagrangian-based interpolator.

In addition, STWAVE-based wave radiation stress gradient snapshots will be
applied in critical regions including Lake Pontchartrain, regions to the east of
New Orleans and east and west of the Mississippi River and along the
Mississippi and Alabama coasts. The STWAVE simulations will be done at CHL
in cooperation with the Notre Dame team. For the 75% and 90% solutions, the
STWAVE coupling will be one-way (ADCIRC to STWAVE for the 75%
solution, and then also include STWAVE to ADCIRC coupling for the 90% and
95% solutions). Initially, the STWAVE wave radiation stress gradient fields will
be calculated using ADCIRC surge fields from preliminary ADCIRC simulations
which do not include the wave radiation stress fields. Thus the coupling will be
quasi two-way. Most of the wave-surge interaction will be captured with this
coupling, but iterative coupling will be examined if time allows. Wave radiation
stress gradients in deeper waters will be obtained from the WAM model and will
provide additional forcing to ADCIRC. Momentum transfer due to whitecapping
will be examined.

Astronomical tides and river flows will also be included in the ADCIRC
simulations. A modified version of the SO8 Southern Louisiana grid will be the
starting point used in the initial work. Simulation results will be compared to
high water marks and available measured water surface elevation hydrographs.
Sensitivity tests will be performed to examine impact of input data uncertainties
and modeling assumptions. Tests will examine sensitivity of surge model results
to wind drag coefficient cut-off and choice of wind time-averaging interval,
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bottom frictional resistance of the marsh (using pre- and post-storm marsh
conditions), and condition of the barrier islands off the coast of eastern Louisiana
and Mississippi.

Breaching will only be simulated in the ADCIRC storm surge model to the
degree that the pre-storm levee elevations are overtopping by the surge. In that
case, water is allowed to flow over the levee. However, no dynamic breaching,
where the breach changes dimensions during the storm, is simulated. Interior
flooding is being modeled in other IPET Tasks, and this Task is providing
boundary conditions to that work.

For the 95% solution, a higher resolution Southern Louisiana grid mesh will
be used, which is LIDAR based and has significantly more detail in eastern
Louisiana, the S14 grid. The model will incorporate the best topographic and
levee/structure elevation data that are being made available in the IPET project
(Task 1 with datum corrections provided by Task 6). S14 also currently includes
the Mississippi and Alabama coastlines in detail with the adjacent floodplains.
Necessary additional detail will be added to the S14 grid in and around New
Orleans. ADCIRC-STWAVE coupling will be improved to be truly two—way
dynamic within a high performance shell. A subset of sensitivity tests will be
done using the 95% solution methodology

The modeling approach adopted for the 90% or 95% solution will be used to
simulate the historic and hypothetical hurricanes for input to the vulnerability
assessment subtask. A post-Katrina topography/levee/structure condition that
reflects current project conditions will be defined and incorporated into the mesh
for these simulations.

A sensitivity test will also be performed to examine the effect on storm surge
of closing off the MRGO. The scenario that will be examined will be the
following: eliminating the dredged channel from the Gulf of Mexico to the
confluence of the GIWW/MRGO and not eliminating the connection from the
GIWW to the IHNC. This issue has been one of great concern to the public, and
the effect will be examined with the storm surge model being developed and
applied here.

Vulnerability Assessment for Waves and Water Levels

Team

Don Resio, ERDC-CHL, lead, with Jeff Melby, ERDC-CHL, Leon Borgman,
University of Wyoming, and Peter Vickery, ARA, Doug Bellomo, FEMA.

Approach
A lower level of effort will be spent to develop frequency of occurrence
estimates for waves and water levels. This will not be a rigorous effort, simply a

preliminary look to aid in assessing vulnerability of the existing projects in the
aftermath of Hurricane Katrina to future storms. A PBL model will be used to
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define the wind and pressure input to the wave and surge models. The frequency
analysis will begin with a straight application of the Empirical Simulation
Technique using historical storms. Work will progress into a more rigorous
treatment involving other hypothetical events that allow for other possibilities
other than the historical storms as they actually occurred. Frequency estimates
will be produced for the same locations as Katrina-specific output products.
These results will provide information regarding the susceptibility of the current
projects to waves and storm surge which dictate the potential for overtopping and
flooding, and the results will place the wave and surge conditions experienced
during Katrina in the context of other conditions that are possible and their
frequency of occurrence.

Status

Hydrograph and High Water Mark Analysis

The data used to prepare this report were acquired by teams from USACE
New Orleans District, USACE Engineer Research and Development Center
(ERDC), Louisiana State University (LSU), US Geological Survey (USGS), the
Federal Emergency Management Agency (FEMA), the Orleans Levee District,
the National Weather Service, and individuals who offered documented personal
accounts. The data elevations are referenced to NAVDS8S vertical datum, and
where necessary to account for recent subsidence, are compliant with NGS
NAVDS88 2004.65. The focus to date has been on high water marks and
hydrographs in the metropolitan New Orleans area.

Based upon gauge records and the recounts of observers, the peak water level
along the south shore of Lake Pontchartrain occurred between 9:00 a.m. and
11:00 a.m. local time (CDT) on 29 August 2005 (this time frame corresponds to
between 2:00 and 4:00 p.m. GMT or UTC). The precise time of peak water level
depends upon the specific location, but for general discussion purposes a time of
10:00 a.m. is probably acceptable. Observed peak water levels (excluding wave
crest and wave run-up effects) along the south shore of Lake Pontchartrain were
up to 12.6 ft NAVDSS. At the entrance to the 17" Street Canal, high water marks
(HWM) thought to best capture the peak water level, interior marks, ranged from
10.6 to 11.8 ft NAVD®&S8. At the entrance to London Avenue Canal, HWMs
ranged from 10.2 to 12.4 ft NAVDS8, with the majority of marks being debris
lines. One interior HWM measured 12.2 ft NAVDS8S. At the entrance to Inner
Harbor Navigation Canal (IHNC) from Lake Pontchartrain, HWMs indicating the
peak water level ranged from 11.9 to 12.6 ft NAVDS8S, with interior marks
ranging from 12.2 to 12.6 ft NGVD.

HWMSs measured approximately midway between the 1-10 crossing of the
IHNC and the IHNC entrance to Lake Pontchartrain show elevations of 12.1 to
13.0 ft NAVDSS.

Just to the north of the I-10 crossing over the IHNC, interior HWMs indicate

peak water levels of 12.9 to 13.1 ft NAVDSS. Just to the south of the junction of
the IHNC and the Mississippi River Gulf Outlet (MRGO), HWMs along the
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IHNC were about 15.5 to 15.8 ft NAVDSS. Figure 7 shows the hydrograph
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record from the IHNC Lock which was the most complete hydrograph recovered.

The peak water level from the hydrograph record is about 14.2 ft NAVDS88, and
the time of maximum water level is about 9:00 a.m. CDT, or just slightly later.
HWM data from roughly the same location show elevations of 13.5 to 14.0 ft
NAVDSS.

Along the MRGO, at Paris Road, an interior HWM measured 16.3 ft
NAVDSS. The hydrograph at Paris Road (see Figure 7) shows an elevation that
consistently tracks approximately 3.5 ft above elevations recorded at the IHNC
Lock. The Paris Road gauge failed when the water level reached about 12.5 ft
NAVDSS, but using the rather consistent offset and the peak measured at [HNC
Lock, the estimated peak water level at Paris Road would be about 17.7 ft
NAVDS8, which is similar to the interior 16.3-ft HWM measured nearby. At
Bayou Bienvenue floodgate, on the MRGO with exposure to Lake Borgne,
measured HWMs ranged from 16.7 to 18.8 ft NAVDS8. Further eastward along
the MRGO, at Bayou Dupre flood gate, also exposed to Lake Borgne, HWMs
ranged from 16.9 to 21.6 ft NAVDSS.

IHNC at I-10, IHNC Lock, and IWW at Paris Road

15 4 —¢—USGS- Industrial Canal at I-10 at New

14 - Orleans, LA ] ) A\
| ——USGS-IWW @ I-510 Bridge (Paris Rd) A

at New Orleans, LA ¥ 4 Lf‘ X

12 1 -3 Orleans Levee District Gage- IHNC at |-

11 10
10 |—&—HNC Lock Staff Gage \

Elevation, ft NAVD88
o]

8/28/0512:00  8/28/05 6:00  8/28/05 12:00  8/28/05 6:00  8/29/05 12:00  8/29/05 6:00  8/29/05 12:00  8/29/05 6:00  8/30/05 12:00

AM AM PM PM AM AM PM PM
Time, CDT

AM

Figure 7. Hydrograph data at IHNC, IHNC Lock, and IWW

The HWMs and hydrograph data reflect a high gradient in maximum water
level between Lake Borgne and Lake Pontchartrain, via the MRGO/GIWW and
IHNC. The change in peak water level from the MRGO at Paris Road, which
reflects the higher surge that is present in Lake Borgne, to Lake Pontchartrain is
approximately 4 ft. The peak water level experienced along the IHNC varied
considerably, depending on location.
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Figure 8 illustrates the typical distribution of recovered HWM in the New
Orleans area. HWM designated LA1036 is at the Municipal Yacht Harbor very
near the location where Mr. Michael Howell stayed on his boat during Katrina’s
passage. Mr. Howell took time-tagged digital pictures showing various water
levels that are being used to generate a hydrograph (work in progress).

_ _ LR

- JJ‘E';*::L'; b

Figure 8. Recovered HWM locations, Lake Pontchartrain 17th Street Canal to
Bayou St. John

In addition to the hydrographs and HWMs located in the immediate
New Orleans vicinity, numerous HWMSs were recovered to the south and east of
New Orleans extending as far as the Mississippi-Alabama border by USACE,
USGS, and FEMA. The highest reported exterior HWM is 32.5 ft NAVDS&S8
located in Harrison County, Mississippi. The highest reported interior HWM is
27.8 ft NAVDSS also located in Harrison County, Mississippi. Additional images
may be viewed on the IPET website at:
https://maps.crrel.usace.army.mil/cmkat/kmapbrowser.mapbrowser.

Winds and Atmospheric Pressures
For the preliminary storm surge modeling (75% solution), wind and
atmospheric pressure fields were generated using a Planetary Boundary Layer

(PBL) model. The ADCIRC-PBL model coupling was already in place as a result
of prior work done for CEMVN. The PBL model employs a moving nested-grid
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approach (five levels or nests with increasingly higher resolution nearest the
storm center) to compute wind and pressure fields as a function of time. For
input, the PBL model requires information about the storm position (track), the
maximum sustained wind speed and central pressure. Radius-to-maximum-wind
values are computed internally within the five-level model using the method
presented in Jelesnianski, C.P., and Taylor, A.D., “A Preliminary View of Storm
Surges Before and After Storm Modifications,” NOAA Technical Memorandum
ERL WMPO-3, 1973, as programmed by Ed Thompson (ERDC-CHL). Radii-to-
maximum-winds are calculated as a function of central pressure and maximum
sustained wind speed.

Table 4 shows the corrected and interpolated storm data that were input to
the PBL model for Hurricane Katrina. Columns in the table indicate a designator
number, latitude and longitude of the storm center, time relative to GMT (UTC)
when the storm center occupied that position, maximum sustained wind speed in
knots, central pressure in millibars, and the storm’s status (tropical depression,
tropical storm or hurricane, and if a hurricane the Saffir-Simpson categorization,
1 through 5). Data highlighted in light green are from NOAA/NWS initial storm
postings. Data highlighted in dark green or gray were interpolated from nearby
values. Data at 1.5-hr intervals were interpolated in between green and gray
highlighted values. These data are the basis of the 75% PBL-forced simulations.
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Table 4
Hurricane Katrina Storm Parameters

Date: 25-31 AUG 2005
Hurricane KATRINA
ADV LAT LON TIME WIND PR STAT

50 26.00 -77.80 08/25/01.5 48 1001 TROPICAL STORM

60 26.05 -78.20 08/25/04.5 45 1001 TROPICAL STORM

60 26.15 -78.55 08/25/07.5 45 1000 TROPICAL STORM

70 26.20 -78.85 08/25/10.5 46 1000 TROPICAL STORM

7R 26.20 -79.15 08/25/13.5 48 998 TROPICAL STORM

80 26.20 -79.45 08/25/16.5 54 992 TROPICAL STORM
8M 26.20 -79.55 08/25/18Z 57 990 TROPICAL STORM
8R 26.18 -79.68 08/25/19.5 61 989 TROPICAL STORM

90 25.95 -80.05 08/25/22.5 69 985 HURRICANE-1
9M 25.85 -80.25 08/26/00Z 70 985 HURRICANE-1
9R 25.72 -80.48 08/26/01.5 69 985 HURRICANE-1

10Q 25.42 -81.00 08/26/04.5 61 989 HURRICANE-1
10M 25.35 -81.20 08/26/06Z 60 990 TROPICAL STORM
10R 25.30 -81.35 08/26/07.5 61 989 TROPICAL STORM

11Q 25.30 -81.73 08/26/10.5 65 987 HURRICANE-1
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11R 25.17 -82.05 08/26/13.5 66 986 HURRICANE-1

130 25.02 -82.36 08/26/16.5 85 970 HURRICANE-2

13R 24.85 -82.75 08/26/19.5 85 967 HURRICANE-2

14Q 24.75 -83.10 08/26/22.5 85 965 HURRICANE-2

14Q 24.65 -83.45 08/27/01.5 87 965 HURRICANE-2

15Q 24.50 -83.80 08/27/04.5 92 964 HURRICANE-2

15R 24.40 -84.20 08/27/07.5 97 954 HURRICANE-2

160 24.40 -84.50 08/27/10.5 100 943 HURRICANE-3

16R 24.45 -84.80 08/27/13.5 100 940 HURRICANE-3

170 24.50 -85.20 08/27/16.5 100 944 HURRICANE-3

17R 24.55 -85.50 08/27/19.5 100 947 HURRICANE-3

180 24.70 -85.75 08/27/22.5 100 945 HURRICANE-3

18R 24.90 -86.05 08/28/01.5 100 942 HURRICANE-3

190 25.05 -86.50 08/28/04.5 100 937 HURRICANE-3

20Q 25.25 -87.10 08/28/07.5 125 935 HURRICANE-4

21Q 25.55 -87.55 08/28/10.5 132 922 HURRICANE-4

22Q 25.85 -87.90 08/28/13.5 145 908 HURRICANE-5

23Q 26.25 -88.35 08/28/16.5 150 907 HURRICANE-5

23R 26.70 -88.80 08/28/19.5 148 904 HURRICANE-5

24Q 27.05 -89.05 08/28/22.5 143 903 HURRICANE-5

24R 27.40 -89.25 08/29/01.5 140 904 HURRICANE-5

25Q 27.83 -89.48 08/29/04.5 140 907 HURRICANE-5<

25R 28.35 -89.60 08/29/07.5 134 911 HURRICANE-4<

26Q 29.02 -89.60 08/29/10.5 126 917 HURRICANE-4>

26R 29.83 -89.60 08/29/13.5 114 924 HURRICANE-4
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27Q 30.65 -89.60 08/29/16.5 95 937 HURRICANE-2<
27M 31.10 -89.60 08/29/18Z 85 947 HURRICANE-2<
27R 31.53 -89.60 08/29/19.5 76 956 HURRICANE-1<

28Q 32.40 -89.25 08/29/22.5 60 962 HURRICANE-1

28R 33.20 -88.70 08/30/01.5 53 969 TROPICAL STORM

29Q 33.80 -88.48 08/30/04.5 49 974 TROPICAL STORM

29R 34.40 -88.43 08/30/07.5 47 978 TROPICAL STORM

300 35.10 -88.18 08/30/10.5 42 981 TROPICAL STORM

30R 35.90 -87.73 08/30/13.5 34 983 TROPICAL STORM

310 36.73 -87.15 08/30/16.5 29 986 TROPICAL DEPRESSION

31R 37.58 -86.40 08/30/19.5 26 989 TROPICAL DEPRESSION

32Q 38.35 -85.50 08/30/22.5 25 991 TROPICAL DEPRESSION

32R 39.05 -84.50 08/31/01.5 25 993 TROPICAL DEPRESSION

330 39.85 -83.40 08/31/04.5 23 994 TROPICAL DEPRESSION

For preliminary Gulf-scale and regional-scale wave modeling (the 75%
solutions), wind fields produced by Oceanweather, Inc. (OWI) were used, which
include H*Wind snapshots from NOAA/HRD. This approach was taken because
the method to link these wind inputs to the Gulf-scale wave modeling had been
previously developed as part of a National Ocean Partnership Program project,
and was readily usable. This same methodology for generating winds will be
adopted for all final storm surge and wave modeling.

The techniques used to construct these wind fields rely on point-source
measurements (buoys, land-based meteorological platforms), hurricane resonance
data consisting of Drop Windsonde (radio-transmitted gauges measuring wind
speed, pressure and other meteorological information), satellite-based scatter-
ometer wind estimates (e.g., QuikScat, SSMI). At the time of the preliminary
analyses, the majority of measurements were obtained in near real time, so they
did not encompass all available meteorological data. The Step Frequency
Microwave Radiometer (SFMR, Uhlhorn et al. 2003), a new measurement device
estimating the winds at the air-sea boundary, was used as the most reliable wind
estimate. Prior to the 2005 hurricane season the Global Positioning Dropwind
sonde estimates controlled the characteristics of the inner core of a tropical
system. The inner core of a hurricane is now constructed using a method
developed at NOAA’s Hurricane Research Division (HRD) called the HRD
Surface Wind Field Analysis System (H*Wind Attp://cat5.nhc.noaa.gov/Hwind/).
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All measurements are transformed to a standard 10-m elevation, averaging period
(1-min sustained wind speed) and set exposure (marine or land). The data are
scrutinized for quality. The product (Figure 9) of this man-machine mix is a
streamline and isotach contour plot.

Hurricane Katrina 1030 UTC 29 AUG 2005

Max 1-min sustained surface winds (kt) for marine exposure

Valid for marine exposure over water, open terrain exposure over land
Analysis based on WL150_Sfc from 0852 - 1226 z; ASOS_LD_TO from 0852 - 1230 z;
ASOS_IZm_9 from 0730 - 1230 z; CMAN from 0859 - 1229 z; SHIP from 0906 - 1212 z;
TOWER_LD_TO from 0852 — 1228 z; Metar_I2m_9 from 0730 - 1230 z;
Stennis_TTU from 0730 - 1230 z; GPSSONDE_WL130 from 0832 - 1226 2;
Vacherie_TTU from 0733 - 1213 z; Slidell_TTU from 0733 - 1223 z; SFMR43 from 0852 - 1232 7;
MOORED_BUOY from 0859 — 1229 7;

1030 z position interpolated from 1002 Vortex; mslp = 918.0 mb

—50.5 -0 2 —H3.5 —84.0
WINNRAD, 724 y .
0D 34k 50K B4k .

30.0 [N TR P& Jo.g
SE 211 148 102 ‘
w185 124 B2
MW 143 92 g4

29.5 29.5

28.0 23.0

28.5 28.5

b

=30.5 =90.0 —89.5 -89.G

Observed Max. Surface Wind: 101 kts, 41 nm SE of center based on 1159 2z SFMR43 sfc measurement
Analyzed Max. Wind: 101 kis, 36 nm NE of center

Experimental research product of: NOAA / AOML / Hurricane Research Division

Figure 9. Example of H*Wind on 29 August 2005 1030 UTC. The wind speeds
are color contoured in knots, representing 1-min sustained wind
speeds (Note this wind field includes marine and land exposures
identified by the abrupt change in color contours over the land)
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There are 36 unique H*Wind analysis snapshots for the duration of this
storm. These are fixed (storm centered) in space and time (see Figure 10). They
represent the best wind estimate for the target domain it is placed on. For the
example shown in Figure 9, it represents a 2-deg by 2-deg longitude/latitude
target as noted by the distinct orthogonal lines that cross at storm center.

ERDC Hurricane Katrina Preliminary Hindcast

30° 3-Hourly Track Applied with HRD Snapshot Locations
[ A L [ A [ Y 2

X=X Track (DDHHMM GM¥
+ HRD Snapshot

31"
a0° ;
20" |
28"
27

26 | - y
25 ¢ Ny & & S = A RQ ]
r X N O s ) ]
r XXQFXSXX%%&@& o L “X .

N R [ [ L Ty L
-92° -90° -88° -86° -84° -82° -80° -78° -76°

Figure 10. Spatial and temporal location of the 36-H*Wind snapshots relative to
the forecast official storm track of Hurricane Katrina

The development of the full domain winds requires two straightforward
procedures. Snapshot H*Wind fields are repositioned to the working track
(Figure 10, blue symbols) and a moving center interpolation algorithm is applied
to preserve the characteristics of the tropical storm wind core in space and time.
Until the official National Hurricane Center storm track for Katrina is published,
all real-time estimates of the Katrina’s position and ensuing track are dictated by
aircraft resonance fixes during the operational forecast period. The wave and
surge modeling activities require complete wind field specification for the entire
target modeling domain. Accomplishing this task requires background wind
estimates which are derived from the NOAA National Center Environmental
Predictions/National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis Project (Kalany et al. 1996). The NCEP/NCAR winds are rigorously
analyzed and rely on assimilation methods with data not originally used in the
NCEP operational forecast. A final step is to inject local marine data (adjusted to
a consistent 10-m elevation and adjusted for neutral stability). This procedure
uses an Interactive Objective Kinematic Analysis System (Cox et al. 1995)
applied by Oceanweather, Inc.

Generation of the surface pressure fields follows a slightly different
approach, involving use of the TC96 model. This model (TC96) was first
developed over thirty years ago (Thompson and Cardone 1996). The model
solves, by numerical integration, the vertically averaged equations of motion that
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govern a boundary layer subject to horizontal and vertical shear stresses.

Upgrades and modifications of the TC96 have been made over the development

cycle (Cox and Cardone 2000). The pressure fields generated for the Katrina
study are built from parameters that are derived from data in meteorological
records and the ambient pressure field. The symmetric part of the pressure field is
described in terms of an exponential pressure profile from Holland (1980). The
pressure field snapshots aligned to the storm track are spatially and temporally
interpolated in a similar fashion as described in the wind field preparation and
placed on the identical fixed latitude/longitude grid. No synoptic-scale inputs
were considered in this application. All wind and pressure fields used in the
Hurricane Katrina study were produced by Oceanweather, Inc.
(http://www.oceanweather.com) on two domains summarized in Table 5 and
depicted in Figures 11 and 12.
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Table 5
Wind and Pressure Field Domain Characterization
Longitude (deg) Latitude (deg) Res. Duration Interval

Domain | west East South North (deg) (yr/mnt/day/hr) | (sec)

Basin 98 W 80 W 18N 30.8N 0.1 2005082500 — | 900
2005083100 30 min ave

Region 91 W 88 W 28.5N 30.8N 0.025 2005082906 - [900
2005082918 30 min ave

Latitude

Longitude

84°wW

80°W

Figure 11. Target domain of the basin-scale OWI wind and pressure fields for
Hurricane Katrina simulations (Locations of NOAA/NDBC buoys are

shown in red)
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Latitude

91°W w 90°W w 89°W 30 88°W
Longitude

Figure 12. Target domain of the region-scale OWI wind and pressure fields for
Hurricane Katrina simulations (Point source measurement sites are
identified in red)

More details about wind and pressure field generation are provided in the
technical appendix, including comparisons between the wind fields produced by
OWI and measured data at a number of locations.

Waves

Two offshore wave-modeling domains were generated, one for the basin-
scale (Gulf of Mexico) and a more refined domain for the regional-scale
modeling effort. The final water depth for both grids are displayed in Figures 13
and 14. Both target domains are fixed in geographical space identical to the wind
fields described in the previous section. For convenience, the color contours are
limited to 500 ft to focus on the areas just offshore (the shallow shelf regions).

In general, there is a substantial shelf area west of Florida and along northern
Texas. This gentle slope also exists along the Mississippi-Alabama Gulf coast.
Offshore of the southeastern portion of Louisiana (at the entrance of the
Mississippi River) there is a strong water depth gradient (Figure 14) that will
have a significant impact on the wave results. It would be an area of geographical
focusing of the wave energy (from principles of refraction).
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Figure 13. Color contour of the basin-scale wave model domain

GEODAS 0.5-sec Grid Depths: [ft] NX=361 NY=301
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Figure 14. Color contour of regional-scale wave modeling domain
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Two wind fields are used as input to the two WAM offshore wave simu-
lations. One component of these winds, constructed from H*Wind snapshots
defining the core of Hurricane Katrina, was generated using techniques described
in Powell et al. (1998). The full-domain scale wind fields were then developed
using the techniques defined in the previous “Wind and Atmospheric Pressures”
section. These files were then re-formatted to WAM standard input constraints.

Figure 15 illustrates the complexities of the wave field generated by
Hurricane Katrina. The entire simulation period is 12 hr, starting on 29 August
0600 UTC and completing at 29 August 1800 UTC. The overall maximum
significant wave height occurs at 89.1417W 28.966N with a value of 52.4 ft.
Shallow water effects of shoaling and more importantly refraction focus the
offshore energy toward very distinct capes. The entire tip of southeastern
Louisiana is in the high-energy environment. There is another wave convergence
zone at Southwest Pass (Burrwood, LA). The wave height maxima follow the
bathymetry (Figure 14) remarkably well, an indication of depth limited breaking
effects. To the west of Southwest Pass, the H,,, values tend to decay rapidly with
distance compared to that in the front right quadrant of Katrina. The northern
motion of Katrina also forces waves through the gaps between Chandeleur, Cat,
Ship and Horn Islands. One must note the WAM simulation assumes constant
water depths (i.e., no changes due to storm surge) and the results will be lower
compared to expected results in the areas landward of these offshore islands
when storm surge effects on water depth are considered. The nearshore wave
modeling will consider this effect.

WAM OWI7S5 SHBR-CAP Region (Res 0.0083333° ) MAXIMUM Wave Height Hmo [ft] RESULTS: Katrina

JMAX =52.38[ft]
LONG / LAT [deg] : -89.1417 / 28,9667

Latitude

91°W b 90°W 20: 89°W 30 88°W

Longitude
Wave Height H__ [ft]
0 10 20 30 40 50

Figure 15. Color contour of the maximum wave height conditions in the Region
domain for the simulation period 2005082906 through 2005082918

MMTF 00038-06



50

The maximum mean wave period results for the regional WAM Cycle 4.5
simulation are provided in Figure 16. This again illustrates the diverging wave
climate east and west of Hurricane Katrina’s path. To the west, the mean wave
period is dominated by swells, reflected in higher values (ranging from 12 to
more than 15 sec), whereas, in the front right hand quadrant of Katrina, local
wind seas abound with limited, yet distinct long period swell lobes. Shadow
zones appear (lower Ty..., values) in the lee of geographical capes, or offshore
islands. Also evident are zones of large mean period values that are landward of
island gaps (around Horn and Dauphin Islands) in the eastern portion of the
Mississippi Sound.

WAM OWI7S5 SHBR-CAP Region (Res 0.0083333° ) MAXIMUM Mean Period Tmean [sec] RESULTS: Katrina

MAX = 17.14 [sec]
LONG / LAT [deg] : -90.7833 / 29.1167

Latitude

i !
91°W i 90%W hd 89°W i 88%W
Longitude
Mean Period T_ - [sec]

0 5 10 15

Figure 16. Color contour of the maximum mean wave period conditions in the
region domain for the simulation period 2005082906 through
2005082918

These graphics provide an overview of the maximum energy level contained
in the wave climate resulting from Katrina. One must realize that all results
presented thus far are a culmination of the 75% solution and there is room for
improvement. To assess model predictive skill and the need for improvements, a
number of comparisons between model results and measurements were made.
Those comparisons are presented in the technical appendix.

The culmination of this task is to provide boundary condition information to
the nearshore wave modeling effort. Accomplishing this task requires decision on
where to save boundary information relative to selection of STWAVE model
domains. The selection process was bound by the nearshore model domain size,
the number of WAM points available, and, most importantly, assurances these
results would be seaward of any possible depth limited breaking. A boundary
was constructed along the 30-m (or 98.4-ft) water depth contour. A total of
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357 individual stations from the regional scale WAM simulation were defined
and directional wave spectra (28 frequency bands and 24 directional bands) every
900 sec from 29 August 0615 UTC to 29 August 1800 UTC were saved at these
points. This provides adequate coverage of the offshore conditions, and captures
the spatial variation evident from offshore wave model simulations. An example
of the directional wave spectrum is shown in Figure 17 and the station locations
are provided in Figure 18.

WAMCY4S ST: 200 E(f8)
Long B3.EVY / Lat 29,3925 m2-srad!

28-A0g-2005 10:30:00 I2D
AN

i i i i i i i i i i
0&:00 0712 08:24 03:35 10:48 12:00 13112 14:24 15:36 16:48 18:00
HR:MIN : 08/29 2005

Figure 17. Example of the directional wave spectra color contoured in the upper
panel and the wave height trace in the lower panel (Note units are in
CGS)

STWAVE was applied on three grids for the southern Louisiana area. The
input for each grid includes the bathymetry (interpolated from the ADCIRC
bathymetry), surge fields (interpolated from ADCIRC output), and wind (from
75% wind fields). At each time interval, the wind applied in STWAVE is held
constant over the entire domain and is taken from approximately the center of
each grid. Spatial variability of the winds will be considered in future simu-
lations. STWAVE was run at 30-min intervals from 0630 to 1800 UTC on
29 August 2005.

Lake Pontchartrain Grid

The first grid covers Lake Pontchartrain at a resolution of 164 ft (50 m)
(north-south) by 328 ft (100 m) (east-west). The domain is approximately 15.5 by
24.9 miles (25 by 40 km). Lake Pontchartrain is run with the full-plane
STWAVE to include generation and transformation along the entire lake
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shoreline. The grid parameters are given in Table 6. Figure 19 shows the
bathymetry for the Lake Pontchartrain Grid relative to Mean Tide Level (MTL).
Brown areas in the bathymetry plots indicate land areas at 0 ft MTL.

Special Output Locations Hurricane KATRINA on 30-sec WAM CY4.5 Grid

Latitude

El
91%W 3T 90°W w 89°W 30 88°W
Longitude

Figure 18. Location of the 357 spectral files consisting of two-dimensional wave
spectra output every 900-sec from the regional WAM Cycle 4.5
nested simulation

Table 6
STWAVE Grid Specifications

X origin Y origin AX Ay Orient
Grid State Plane | ft ft ft ft Deg X cells Y cells
Lake LA South 3563779.5 |690485.6 164 328 270 832 674
Pontchartrain
Louisiana LA Offshore | 4294586.6 |1639491.5 |656 656 141 683 744
Southeast
Louisiana South | LA Offshore | 3997126.0 |1264895.0 |656 656 108 664 839

Louisiana Southeast and South Grids

The second and third grids cover the coastal area southeast and south of New
Orleans at a resolution of 656 ft (200 m). The domain for the southeast grid is
approximately 84.9 by 92.4 miles (136.6 by 148.8 km) and extends from
Mississippi Sound in the northeast to the Mississippi River in the southwest. The
domain for the south grid is approximately 82.5 by 104.2 miles (132.8 by
167.8 km) and extends from the Mississippi River in the east to the Atchafalaya
River in the west. The southeast and south grids are run with the half-plane
STWAVE for computational efficiency. The grid parameters are given in
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Table 6. Figures 20 and 21 show the bathymetry for the southeast and south
grids, respectively. These simulations are forced with both the local winds and
waves interpolated on the offshore boundary from the regional WAM model
described in the previous section.
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CGrid Module Depth

e

Figure 19. Lake Pontchartrain bathymetry grid (depths in feet, MTL)

Lake Pontchartrain Results

The peak wave conditions on the south shore of Lake Pontchartrain occur at
approximately 1400 UTC on 29 August 2005. Figure 22 shows a snapshot of
wave height and wave direction at this time. The wind is 59.5 knots (30.6 m/sec)
approximately from the north. The maximum wave height is 9 ft with a peak
wave period of 7 sec. Figure 23 shows the maximum wave height for the entire
simulation period for each grid cell within the domain. Figure 24 shows the peak
wave period corresponding to the maximum wave height for each cell. The
maximum wave heights range from 8 to 9 ft on the New Orleans lakefront and
the associated periods are 7 to 8 sec.
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Figure 20. Southeast Louisiana bathymetry grid (depths in feet, MTL)
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Figure 21. South Louisiana bathymetry grid (depths in feet, MTL)

Three small wave buoys were deployed in Lake Pontchartrain on 27 August
2005 to capture wave conditions in Hurricane Katrina. Two of those gauges were
recovered and provide valuable comparison data. The deployment locations were
30 deg 2.053” North, 90 deg 7.358” West for Gauge 22 and 30 deg 1.989° North,
90 deg 7.932° West for Gauge 23. Gauge 22 was directly north of the 17th Street
Canal entrance and Gauge 23 was west of Gauge 22. Both gauges were in
approximately 13 ft (4 m) water depth. The sampling records were a relatively
short 8.5 min, so there is a lot scatter in the data. Also, at the peak of the storm,
the wave heights drop from approximately 8 ft to 5 ft, indicating that the buoy
may have been submerged or overturned at that time. Figures 25 and 26 show

comparisons of wave height and wave period for the buoy locations, respectively.

The symbols without lines are the 8.5-min measured wave parameters; the blue
lines are the measurements with the spectra averaged over 3 records (25.5 min),
and the red lines are the modeled parameters (30-min average). The STWAVE
results are essentially the same for the two gauge sites. The modeled wave
heights are approximately 1.6 ft (0.5 m) lower than the measurements in the
building part of the storm (0630-1200 UTC) and comparable to the
measurements in the waning part of the storm (1500-1800 UTC). The mea-
surements at the peak do not appear to be reliable. The modeled peak periods are
consistent with the measurements, but 0.5 to 1.0 sec shorter.
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Figure 22. Lake Pontchartrain modeled wave height and direction for 1400 UTC on 29
August 2005 (wave heights in feet)
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Figure 23. Lake Pontchartrain maximum modeled wave height for 0630 to 1800 UTC on
29 August 2005 (wave heights in feet)
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Figure 24. Lake Pontchartrain modeled peak wave period corresponding to the maxi-

mum wave height for 0630 to 1800 UTC on 29 August 2005 (periods in sec)

Louisiana Southeast Results

The peak wave conditions on the southeast grid occur between approximately
1100 and 1200 UTC on 29 August 2005. The highest waves along the
Mississippi River levee occur around 1100 UTC and along the Lake Borgne
shoreline around 1200 UTC. Figure 27 shows a snapshot of wave heights and
direction at 1200 UTC. Figures 28 and 29 show the maximum wave height and
corresponding wave period for the entire simulation period for each grid cell
within the domain. The maximum wave heights range from 7 to 10 ft along the
levees and the associated periods are 7 to 16 sec. The longer wave periods
originate from wave energy traveling between the islands from the Gulf of
Mexico. Figure 29 shows only the periods corresponding to the maximum wave
height, so peak period at the shoreline can change appreciably as the offshore
wave direction varies, allowing swell to propagate through the island gaps.

Results for the Louisiana South domain are shown in the technical appendix.
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Figure 25. Lake Pontchartrain measured and modeled wave height
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Figure 26. Lake Pontchartrain measured and modeled peak wave period
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Figure 27. Southeast Louisiana modeled wave height and direction for
1200 UTC on 29 August 2005 (wave heights in feet)

Storm Surge

The storm surge modeling done with the ADCIRC model, for the 75%
solution, incorporates only riverine and PBL model wind and atmospheric
pressure forcing. Tide, which is much less of a factor (tide range is a foot or less),
will be added at the next stage, as will wave radiation stresses and their
contribution to the storm surge. Figures 30 and 31 show the model topography/
bathymetry and very high grid resolution that was utilized in the modeling, for
the southeastern Louisiana area including the metropolitan New Orleans vicinity.
High grid resolution is needed to most accurately capture the buildup of storm
surge against the complex and highly irregular levee system, propagation of the
storm surge wave through the many circuitous channels and other conduits for
water movement, and accurately simulate storm surge propagation over the
wetlands as they first become inundated and then overwhelmed by the very large
storm surge created by Katrina.

Prior to landfall, the counterclockwise rotating winds of Hurricane Katrina
began to push water from east to west. This water began to pile up against the
east- and northeast-facing levee systems throughout the Southeast Louisiana
region. As the storm made landfall in southern Louisiana and continued in a
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Figure 28. Southeast Louisiana maximum modeled wave height for 0630 to 1800
UTC on 29 August 2005 (wave heights in feet)

north-northeast direction, the buildup in surge along the levee systems increased
until the storm center passed, and then the surge began to decrease. The greatest
buildup of water occurred about halfway down that portion of the MS River and
“back” levee system in Plaquemines Parish, which is located southeast of New
Orleans. A slightly smaller buildup in storm surge occurred in Lake Borgne as
water piled up against the eastern-facing levees protecting St. Bernard
Parish/Chalmette.

In addition to the local buildup of water against the levees, these local surges
propagate away from their region of initial generation. The surge generated
against the river and back levees of Plaquemines Parish propagated up the
Mississippi River as well as across Breton and Chandeleur Sounds. The latter
surge interacts with the wind fields and propagates to the north-northeast
paralleling the path of the storm center as it advanced. As the storm pushed this
surge to the north-northeast, piling the water up against the Mississippi Gulf
coast and combining with more locally generated surge, water levels reached
their highest values along the Mississippi coast. This local maximum storm surge
region to the right of the storm track is typical of hurricanes.
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Figure 29. Southeast Louisiana modeled peak wave period corresponding to the
maximum wave height for 0630 to 1800 UTC on 29 August 2005 (periods
in sec)

Figure 32 shows color-shaded contours of the maximum storm surge, in feet
NGVD29, for the entire Louisiana and Mississippi coastal region computed with
the ADCIRC model. Peak surges in southeastern Louisiana were computed to be
about 20 to 21 ft (dark orange contours), NGVD29, along the east-facing
Mississippi River and back levees that protect communities along the river. At
the levees facing Lake Borgne along the MRGO, maximum computed surges
where 18 to 19 ft (light orange contours). Along the south shore of Lake
Pontchartrain, maximum surges were computed to be between 9 and 13 ft (green
contours). Along the coast of Mississippi, maximum surges were computed to be
27 to 29 ft (pink contours).
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Figure 30. Bathymetry/topography used in the ADCIRC storm surge model

Figure 31. Grid resolution used in the ADCIRC storm surge model
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Figure 32. Maximum computed storm surge using the ADCIRC model, Mississippi to
Louisiana region (water levels in feet, NGVD29)

Figure 33 shows the maximum calculated storm surge (red numbers) in feet,

NGVD29, and measured HWMs (black numbers in parentheses, in feet,

NAVD8S) for the metropolitan New Orleans area. Note the difference in vertical

datums. At present we believe that approximately 0.6 to 1.0 ft should be sub-
tracted from elevations relative to NGVD29 (the computed surges in red) to
convert them to NAVDS8S for direct comparison with the HWMs which are in
NAVDSS. Ongoing work in the IPET datums task will lead to more accurate
information regarding datums and datum conversions. The observed trends and
magnitudes of peak water levels are reasonably well represented by the present
state of the storm surge modeling.
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Figure 33. Comparison of maximum computed storm surge and measured high water marks
in metropolitan New Orleans area (water elevations in feet); red numbers are
model results relative to NGVD29; black numbers are HWMs relative to NAVD88

Figures 34 through 36 show computed time series of water surface elevation,
in feet NGVD?29, at twelve locations throughout the metropolitan New Orleans
area. Figure 34 shows locations along the south shore of Lake Pontchartrain. The
computed time of arrival of the peak surge is about 13:45 GMT on August 29,
2005 (or about 8:45 a.m. local time, CDT). The simulated time of arrival for the
peak surge is a bit ahead of the observed time of arrival, which is estimated to
have occurred between 9:00 a.m. and 11:00 a.m. CDT. Figure 35 shows the same
information for locations in the IHNC and MRGO. The computed time of arrival
of the peak surge at the IHNC Lock is about 13:15 GMT (8:15 a.m. CDT). The
observed hydrograph at the Lock shows arrival of the peak surge at about 9:00
a.m. CDT, or slightly later.

The present state of the modeling appears to compute the predicted time of
peak surge about 45 min to an hour earlier than the observed times of arrival.
This difference, applied to model-predicted times of arrival along Lake
Pontchartrain, suggests that the arrival of peak surge along Lake Pontchartrain
was about 9:30 to 9:45 a.m. CDT, which is more consistent with observations.
Inclusion of astronomical tide, improved wind fields, and inclusion of wave
radiations stresses in the next phase of modeling might change and possibly
improve the predictions of peak surge arrival time. Model results indicate that the
peak of the storm surge wave took approximately 45 min to propagate from the
southeastern corner of the levee along the MRGO in St. Bernard Parish to the
junction of the IHNC and MRGO, as the storm tracked to the north-northeast.
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Figure 34.

Change in water surface elevation, with time, for locations along the south shore
of Lake Pontchartrain
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Figure 35. Change in water surface elevation, with time, for locations in the IHNC and MRGO
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Figure 36. Change in water surface elevation, with time, for locations along the MRGO with
exposure to Lake Borgne

The Way Ahead

The next phase of work will involve continued examination and analysis of
all high water marks and the hydrographs, comparison of model predictions to
high water marks and the hydrographs, and comparison of the high water marks
to water levels considered in the original design of the flood protection projects.
High water marks collected in areas outside the metropolitan New Orleans area
will be added to the analysis.
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In the area of winds and pressures, work will include improvements to the
wind fields by maximizing use of measurements in the method to create the wind
fields, measurements that were not available at the time the preliminary wind
fields were created. The work will evolve from using PBL-generated winds in the
storm surge modeling toward use of H*Wind snapshots and the OWI process of
blending various wind information products into wind fields to be used in the
modeling.

For nearshore wave modeling, the next step will be to add a grid for the
Mississippi coastline. Wave setup in that region will increase the surge elevations
in Lake Pontchartrain, and setup must be treated consistently in all the wave
model domains. Grid resolution will also be increased in the south and southeast
grids from 200 m to 100 m to determine if the gradients are being sufficiently
resolved. Iteration between the wave and surge will also be investigated.
Spatially variable wind fields will be evaluated, as will the importance of
temporal variability of the winds. This may not prove to be important because
wave growth is generally depth-limited in the shallow, nearshore areas. Although
no wave data are available in the marsh area to establish fictional losses due to
vegetation, sensitivity analysis will be performed to estimate a range of impacts.
Finally, the contribution of white capping to the wave momentum fluxes will be
investigated. Offshore wave modeling work will include an update with the
improved wind fields and further examination of some of the technical issues and
differences between model results and measurements that were identified in the
preliminary analysis. Time series of wave conditions will be produced at key
locations.

The next phase of storm surge modeling work will involve use of improved
wind fields, inclusion of tide and riverine inflows for the specific time period of
Katrina, and comparisons with high water mark and hydrograph data. Differences
in predicted arrival time of the peak surge, between observations and model
predictions, will be examined. Work will include linking the storm surge and
wave models, focusing first on inclusion of wave radiation stresses into the
computation of storm surge to capture the momentum contributions from break-
ing waves, and white-capping effects will be examined. Sensitivity tests will also
be performed to examine the influence of a drag coefficient cut-off which has
been suggested by recent research on hurricane winds and hurricane wave and
surge modeling, as well as the influence of temporal wind-averaging interval
(conversions from 1-min, to 10-min, to 30-min average winds). Time series
results for other flood protection projects in the study domain will be produced.
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Hydrodynamic Forces and
Overtopping Analysis

Introduction

To understand the performance of levees and floodwalls during Hurricane
Katrina, it is necessary to obtain detailed estimates of hydrodynamic forces and
overtopping rates throughout the storm. Essentially no measured information
exists in the vicinity of the levees and floodwalls; consequently, it is necessary to
obtain such estimates from a combination of theoretical/empirical analyses,
numerical models, and physical models. Information from the IPET task on
Hurricane Katrina Storm Surge and Waves (Regional Perspective) will be used
as boundary conditions to much more detailed analyses and simulations in
localized areas surrounding the levees and floodwalls. This Task will model all
areas within the primary New Orleans drainage/navigation canals (17th Street
Canal, Orleans Canal, London Avenue Canal, and Inner Harbor Navigation
Canal), as well as along the hurricane protection levees surrounding parishes in
the vicinity of New Orleans.

Similar to the approach followed in the regional perspective on storm surges
and waves during Hurricane Katrina, we will adopt a phased approach with
solutions representing nominal 75%, 90%, and 95% levels of comprehensiveness.
Due to the nature of the dependence of the detailed work on the regional
perspective, work under this task will lag the regional specification by two to
four weeks. Information from this task will be communicated to all other IPET
task groups.

The task co-leaders for this effort will be Donald T. Resio, Senior Scientist,
ERDC-CHL, and Robert G. Dean, Professor Emeritus, University of Florida.

Objectives

The objective of this Task is to develop time histories of local wave and
water-level forces acting on flood protection structures within the areas
referenced above, including mean flow over the levee/floodwall, wave over-
topping, and static and dynamic pressure forces acting on levees and floodwalls.
These estimates will consider uncertainties in boundary forcing, local conditions,
and model-to-model differences. All available information will be used to ensure
that results are consistent with high water marks and other physical evidence in
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the study area. The possibility of levee/floodwall damage due to possible barge
impacts will also be investigated under this task.

Scope
The overall scope of this effort includes three primary elements:
a. general analyses of forces and overtopping;

b. numerical and physical modeling of hydrodynamic phenomena; and

c. estimates of possible impact forces due to a barge striking a floodwall.

1. General Analyses of Forces and Overtopping

The intent here is to use simple analytical solutions to determine the
following for Hurricane Katrina:

a. Waves and water levels within the canals including wave transmission
past bridges

b. Wave and flood overtopping of floodwalls

¢.  Hydrodynamic loading on floodwalls

d. Wave and flood runup and overtopping on earthen levees

e. Lakefront revetment armor damage

It is expected that these results will provide bracketing solutions for the more
detailed numerical and physical model studies that are underway.
Canal Floodwall Overflow and Hydrodynamic Force Analysis

For the 17th Street Canal, the Municipal Marina at the east side of the
entrance and the Coast Guard harbor on the west side both acted to limit waves
from entering the canal. A foot bridge and the Hammond Highway Bridge also
acted to limit wave energy entering the canal when water levels were near the
bridges. The other canals also had obstructions from bridges during conditions of
high water.
Wave and Water Level Input

Wind wave generation in Lake Pontchartrain is fetch-limited. So the wave
field during Hurricane Katrina was likely to have been very three-dimensional

(short-crested). The penetration of directional random waves into either the 17th
Street or London Avenue Canals is analyzed using the angular spreading method
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given in Goda (1985). The method is modified to account for wave reflection
from the floodwall. The principal wave direction is assumed to be in the same
direction as the canal alignment. This wave direction is from the north and
corresponds to a time when the hurricane was just east and slightly north of Lake
Pontchartrain and the wind was blowing from the north. The wave penetration is
expected to be the largest for the straight penetration. However, this may not be
the condition of maximum load on the floodwalls. The maximum load may have
occurred when the water level was lower and larger waves were able to penetrate
further into the canals. The timing of maximum loading will be further
investigated in later deliverables.

The incident directional random wave spectrum is denoted by Si(f,0) where f
= frequency and 0 = direction clockwise from the principal wave direction.
Definition sketches are shown in Figures 37 and 38.

0
Sl(f’e)
Principal Wave
Direction
JTTTTT Yo 777777 o
v o
/
Floodwall Floodwall cross section
B
A Canal
plan view

Figure 37. Definition sketch of plan view of irregular directional wave spectrum entering
canal and canal cross section

Relations for the wave spectra, angular spreading, reflection, diffraction, are used
to derive a relation for the wave height attenuation as a function of distance down
the canal. The initial equation is

F*(x) _2 {61 +lsin291}
T 2

. 5 . (M

+2—R2(”’” {GW -0, +E(sin 20, —sin 26,1_1)}

n=2 /i

(2n-1)B

with tan @, =
2x

for n=1,2,3..
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Figure 38. Definition sketch of directional waves entering canal and reflecting from
floodwalls

where the value of /2 can be computed as a function of x/B for the given
reflection R.

Wave Transmission Under Canal Bridges

The interaction of a bridge deck with wind waves is very complicated due to
wave overtopping and air entrapment between beams as shown in Figure 39.
However, the wave transmission coefficient K¢ = Ht/Hi may not be very sensitive
to the detailed wave mechanics in the vicinity of the bridge deck. As a first
approximation, the bridge deck may be approximated as a rectangular box and
linear wave theory may be applied by neglecting energy dissipation and wave
energy transmission over the bridge.
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Figure 39. Conceptual sketch of wave interaction with bridge deck
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The simple analytical solution is derived here as

) 4 4 4

j— ~

2

t 2 = 7~ 2 2
4+(kbhj 4+ (kb))  4+Q2x)(b/L)

where k = 27t/L = wave number; b = bridge deck width; d = water depth below
the bridge deck; and h = water depth in canal. Since it is difficult to estimate an
equivalent depth below the actual bridge deck, it is assumed that d = A.
Equation 2 can be used to determine the expected range of wave transmission
through the bridges.

Overflow at Floodwall

Water overflowing the floodwalls along the Inner Harbor Navigation Canal
caused extensive scour and erosion in some locations. The proposed simple
model is based on elementary fluid mechanics as depicted in Figure 40 where 1
= free surface elevation above the top of the floodwall; Hw = floodwall height
above the horizontal ground. The overflow is assumed to be critical and its
horizontal velocity vo is assumed to be given by vo = (gn)1/2. The overflow is
assumed to drop as a body in free fall over the vertical distance of (Hw + 1n/2).
Then, the free fall duration ¢ is given by ¢ = [(2Hw+m)/g]1/2. The horizontal
distance W of the free fall is given by W = vot which can be expressed as

W= JnQH. +7) —forn<<H, - H1z1/277/HW 3)

w

A

Figure 40. Definition sketch for overflow of floodwall
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On the other hand, the vertical velocity at the time of overflow impact is given by
gt; whereas, the horizontal velocity vo remains constant during the free fall. The
impact vs for scour is hence estimated as

v, =+2g(H, +n) ~\|2gH,, forn<<H, (4)

Seijffert and Philipse (1990) showed experimentally that water velocities of
13 ft/s essentially parallel to the grass mats on the Dutch dikes would cause
erosion after about 10 hours. The approximate Equation 3 for A~<<Hw yields & =
W2/(2Hw) may be used to estimate the variation of h along the canal for the
measured values of Hw and W. Since no free surface elevation data are available,
an inverse method based on this simple relationship should be useful. The
estimated variation of /(y) as a function of distance y from the end wall, which is
assumed to satisfy the no flux boundary condition may be used to estimate the
discharge Q in the canal induced by overflow (Figure 41). Assuming steady state
at the time of peak water level, the overflow is approximately given by

0(y)=2[ Je[n(»)] @’ (5)

s TTT

l q =V,

s
|
l

no flux

Figure 41. Canal flow

where the overflow rate ¢ per unit length of the floodwall is estimated as g =~ von
with vo = (gn)1/2. It is noted that a large-area storm tide model will predict a
very small value of Qc in the canal in the absence of overflow, where Qc is the
discharge at the entrance to the canal. Assuming that the free surface elevation nc
in the canal does not vary much along the canal, the conservation of the water
volume in the canal yields

dn
=B 6
0, 7 (6)

where / = canal length; and B = canal width.
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Hydrodynamic Forces on Floodwall

The hydrodynamic input required for the analysis of seepage flow and
geotechnical stability is the pressure distribution on the floodwall (only on the
segment exposed to water directly) and the canal bottom (Figure 42). In the
absence of wind waves, the pressure may be assumed to be hydrostatic below the
still water level (SWL) due to storm tide varying hourly. The hydrostatic bottom
pressure Ps is hence given by Ps = pgh with & = local water depth below SWL.
The major question is which wave-induced pressure varying every second is
appropriate for the analysis of slow seepage flow and geotechnical stability
analysis. Moreover, it is not clear whether the repeated wave-induced pressure
reduces the geotechnical strength of the foundation.
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Figure 42. Definition sketch for forces on floodwall

Formulas for the wave-induced pressure, such as that of Goda (1985), were
developed for vertical breakwaters that respond to individual waves. The
formulas also assume that the maximum wave force acts simultaneously along
vertical wall. This assumption results in the overestimation of the instantaneous
wave force on the floodwall caused by the multi-directional mostly oblique
waves in the canal. The formula of Goda (1985) predicts the wave-induced
pressure Pw of the order of

P ~15pgH @)
which was proposed by Hiroi (1919) according to Goda (1985). The design wave
height H for a vertical breakwater on a rubble mound is normally taken as the

maximum wave height Hmax =1.8Hmo. It appears reasonable to use H ~ Hmo
for the geotechnical stability analysis.
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Wave Runup on Levees and Revetments

In order to evaluate the performance of the Mississippi River-Gulf Outlet
Levees and Mississippi River Levees, an analysis of wave runup and wave and
steady flow overtopping is required. As discussed in the Coastal Engineering
Manual (CEM 2002), the modern form for empirical prediction of irregular wave
runup on coastal structures was given by Battjes in 1974. De Wall and Van der
Meer (1992) and van der Meer and Janssen (1995) extended these results for
various types of structures and incident wave conditions. The equations given for
the 2-percent exceedance value of irregular wave runup on a slope are

R,,
# =1.58,7,7747 05<¢,<2.0 (®)
h=30 20<¢ <3-4 ©)
H VY VeVnY g . op
tan o H, gT,
é:op = Sop = I - Lop = 2 L (10)
\ Sop op T
where
R2% = wave runup height on the structure with 2 percent probability of
exceedance
Hs = significant wave height, Hmo in this case, where Hmo = 4(mo)1/2
and mo is the zero moment of the incident wave spectrum
vy = slope roughness correction, 1.0 for smooth slope
vb = berm influence factor, 1.0 for non-bermed slope
vh = depth-limited wave correction, 1.0 for Rayleigh distributed waves
vf = wave direction and directional spreading correction, 1.0 for head-on
waves
lop = Iribarren parameter based on the peak period

Lop = airy wave length based on the peak period

sop = wave steepness based on the local wave height, deep water wave
length, and peak period
o = structure seaward slope
Tp = wave period corresponding to spectral peak
g = acceleration of gravity

The runup reduction formula for depth-limited waves is the Raleigh relationship
between the 2 percent exceedance value of wave height and the spectral
significant wave height or
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H 2%
° 1 1
j/h 1'4HS ( )

This relation requires measurement of H2%. The physical model may be used to
determine this value. The correction for slope roughness is given as

vr=0.9 — 1.0 for grass slope
v = 0.50 — 0.60 for stone armor

The correction for wave direction is given by:

= 1.0 for 0°<p<10°
Long-crested waves: y, =  cos(f3 —-10%)  for 10° < p<63°
= 0.6 for £ >63°

(12)
Short-crested waves: y, =1-0.0022/5

For rock-armored slopes, appropriate for lakefront revetments, the CEM gives
similar equations for runup. Also, De Waal and van der Meer (1992) provided
similar equations for determining irregular wave runup on a compound slope.
These relations can be used to determine the extent of the wave runup on the
slopes of structures.

Wave Overtopping of Levees
For impermeable rough slopes, the volume rate of irregular wave over-

topping per unit length of structure ¢ is given by van der Meer and Janssen
(1995) as

S S,
9 | Fo _go6exp| —52 B N 1 (13)
\gH} Vtana H, tana v,7,7,Y;
S
for E,<2 and 0.3< R, =2 ! <2 (14)
HVtana v,7,7,Yg

and

78

MMTF 00038-06



9 _02exp|-268 1
gH’ H v 7,747 5

S

(15)
Jor &, >2

These equations and similar equations for impermeable smooth and permeable
rough slopes will be used to evaluate the degree of wave overtopping on
structures where there was no steady flow overtopping.

Stability of Stone Armor

Incipient stability and accumulated damage to armored levees along the Lake
Pontchartrain lakefront will be analyzed using basic armor stability relations in
order to provide some degree of insight into the amount of damage that was
observed along these structures.

2. Numerical and Physical Modeling of Local Hydrodynamic Forces
and Overtopping

In the vicinity of the large protective levees (i.e. those not associated with the
inner-city canals), the local water levels will be estimated from the Task 4
results. A combination of this water level information with Boussinesq model
runs and statistical wave/wave run-up properties will be used to estimate near
bottom velocities for potential scour. Estimates of the time histories of both
wave-related and mean-flow overtopping velocities will also be given for these
levees. The model selected for application (pCOULWAVE) has been developed
by Professor Patrick Lynett of Texas A&M University. It is based on a highly
nonlinear extension of the original mildly nonlinear form of the Boussinesq
equation and has been shown to be capable of handling run-up and overtopping
of steep-sided features. A team consisting of Jeff Melby (ERDC-CHL), Nobu
Kobayashi (University of Delaware), and Patrick Lynett (Texas A&M
University) will perform this work.

Inside the canals (i.e. 17th Street, Orleans, London Ave, IHNC, MRGO), the
situation is quite complex. No existing model includes all of the phenomena that
potentially are significant in this region. For this reason, a suite of different
models will be utilized that should collectively represent all of these phenomena
very well. Since little or no information exists on waves within the canal areas,
this approach should provide valuable information pertaining to model-related
differences in wave estimates within the canals. The models and teams utilized
here are described below:

ADCIRC model. The ADCIRC model will be exercised on a very small grid
(1-5 meters) along all of the canals. This model will provide estimates of mean
water levels along the canal related to direct wind forcing over the duration of the
storm. This model will use boundary conditions from the combined wind and
wave set-up along the canal entrances (which will be calibrated to high-water
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marks as part of Task 4). The limited high-water marks from the interior of the
canals and information from the forensics team (described below) will be used to
calibrate the results inside the canals. A team consisting of Ray Chapman
(ERDC-CHL), Mary Cialone (ERDC-CHL) and Rick Luettich (UNC) will
perform this work.

Physical model. A physical model (1:40-1:50 scale) will be constructed for
the 17th Street Canal. This model is needed to estimate wave transmission under
submerged (or near submerged) bridges. None of the numerical models can
provide this information; hence, the physical model will provide calibration/
validation information for the numerical models in this effort. The physical
model will also be used to help quantify the potential for wave groups to create
surging currents within the canals (resonant and non resonant), as well as
overtopping rates due to both wave and mean water levels exceeding the sides of
the levees. Bill Seabergh, Jeff Melby, Robert Dean, and Nobu Kobayashi will
lead this effort.

STWAVE model. This model is the only model among the model suite
being utilized that can estimate wave generation along the canal. STWAVE can
be run in either a coupled mode or an uncoupled mode with the ADCIRC model,
depending on the degree of wave set-up due to wave energy losses along the
canal. Besides wave generation by the wind, this model contains all phase-
averaged source terms required for modeling at this scale (for example: wave
breaking, bottom dissipation, nonlinear four-wave interactions, refraction,
shoaling, and side reflection). Information from the physical model will be
required to calibrate wave energy losses as waves pass under submerged or near-
submerged bridges. Don Resio (ERDC-CHL), Jane Smith (ERDC-CHL), and
Mary Cialone (ERDC-CHL) will perform this work.

Boussinesq model. This model provides an excellent representation of phase
resolving phenomena within a wave field (for example complex diffraction-
refraction-reflection patterns). It also allows for nonlinear (three-wave)
interactions among wave components of a spectrum. Such interactions are
potentially significant contributors to long-period (10’s of seconds to minutes)
oscillations within the canals. Boussinesq models are depth averaged, so these
model runs will also require calibration information from the physical model for
the situation of submerged or near-submerged bridges. The Boussinesq model
does not contain a validated wave generation source term; consequently,
information on any significant wave generation along the canal will have to be
gained from the STWAVE model. Jeff Melby (ERDC-CHL), Patrick Lynett
(Texas A&M University), Nobu Kobayashi (University of Delaware) will
perform this work.

Analysis of forensics evidence for hydrodynamic forcing. A study of the
evidence for various phenomena — water levels and slopes of water levels in
canals, evidence of some/massive overtopping, wave action (debris size/
distribution), erosion of earthen levees (back side/front side), distribution of
water levels within canals (trapped/resonant standing waves), failure pattern will
be used to be as sure as possible that no physical process acting on the waves and
water levels is overlooked and that all results are consistent with the physical
evidence. Site visits, analyses of collected data, analytical models, and other such
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methods will be used in this investigation. Don Resio, Robert Dean, Jeff Melby,
and Nobu Kobayashi will perform this work.

3. Analysis of Possible Barge Impacts on Floodwall

We will address the issue of whether the barge that traversed from the
Industrial Navigation Harbor Canal (INHC) through the flood wall to the Lower
Ninth Ward could have been a potential cause of the levee failure in this area or
whether the barge was simply transported through the levee subsequent to its
failure. Emphasis will be on establishing the associated forces relative to this
issue.

This effort will examine wind forces exerted on the barge and the associated
velocity, momentum and energy of the barge as it traverses a path across or
diagonally along the canal to the location of levee failure. This analysis considers
the situation prior to levee failure and no water current forces are considered.
Following development of the velocity and trajectory equations, examples are
presented to illustrate application of the methodology.

Product Delivery Schedule

Estimates of time varying forces on levees during Hurricane Katrina (water
levels, wave heights [statistics of forces], overtopping rates, vertical distribution
of essential hydrodynamics and forces, total force, total moment) will be
delivered on the following schedule:

30% level — January 15
60% level — March 15
90% level — April 15.
These results will include estimate of uncertainty (model-type-related, boundary

forcing, local forcing [wind, reflections, etc.], local reflection coefficients, and
wave generation/decay over the length of the canal.

Status

1. General analyses of forces and overtopping

Preliminary estimates of near bottom velocities relative to their ability to
erode material have been completed but will be reported at a later date.

2. Numerical and Physical Modeling

Numerical grids for the ADCIRC and STWAVE modeling have been
developed along the following lines:
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Industrial Canal. It has been determined that simulations of the Industrial
Canal would be best handled within the existing 374,000-node New Orleans grid
(TF_01) to appropriately account for interactions between Lake Pontchartrain
and Lake Borgne. Resolution in the existing model is most likely sufficient to
determine detailed hydrodynamics within this canal; however, bathymetry needs
to be updated (Figure 43).
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17th Street and London Avenue Canals. The 17th Street and London
Avenue Canals are connected only to Lake Pontchartrain. Therefore, separate,
smaller grid(s) will be used to determine detailed hydrodynamics in these canals.
Preliminary versions of grids for these areas have been developed and are in the
progress of undergoing sensitivity tests. Figure 44 provides an example of results
from one test.

Modification of the STWAVE model to allow side reflections has been
completed and preliminary testing within the 17th Street Canal is underway.

Boussinesq testing. Testing of wave propagation, run-up, and overtopping of
a section of St. Bernard Parish has been completed.

The physical hydraulic model for the 17th Street Canal has progressed to the
model design stage as of the report date. A facility has been selected for the
model site. This basin (see Figure 45) is located in Building 6006 at the
Vicksburg ERDC site and is the most modern facility for performance of
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physical hydraulic model work. As of this date, an existing model is being
removed and site preparation is underway.

éﬂéf i

}

Figure 44. Example velocity vector and contour
plots from the northern portion of the
17th Street Canal simulation. The left
panel shows the initial velocity field
development and the right panel
shows snapshot at a later time

Model scale is selected as 1:50. This scale will permit the full length of the
canal to be included within the basin with two turns, as seen in Figure 37.
Numerical simulations are being used to design the bends to have limited impact
on correct short and long wave transmission and reflection in the canal.

The lake area is being designed to accommodate both uni-directional and

directional spectra wave generators. A unidirectional wave generator will be used
in the first phase of testing and the directional spectral wave generator will be
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placed in the facility for more detailed study of the wave field. Water level will
be varied as well as wave direction, height and period. Bridge structures will be
constructed to scale. Surge water variation time history will also be able to be
reproduced in order to examine flow fields through the canal.

Model construction will be under way next week. The only problem we are
having is obtaining the latest bathymetry and topography at the Lake
Pontchartrain portion, north of the Hammond Street Bridge, as shown in
Figure 46.

84
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Figure 45. Physical model layout (1:50 scale)
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N30501:57

Need bathymetric data in this region for
hydrauli¢ physical model

W 80°07:57"

Figure 46. Bathymetric needs

3. Potential Forces Due to Barge Impact

The main focus of this report is to provide a method for quantifying the barge
characteristics relative to its possible role in failure of the IHNC east flood wall.
The detailed calculations employing this methodology will require improved
estimates of the barge and other characteristics required by the methodology.

Figure 47 shows a plan view of the barge in the INHC and the winds that
were directed on the barge.
Barge Characteristics:

During the site visit on December 22, 2005, the dimensions of the barge
identified as “ING 4727 were estimated as:
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Figure 47. Definition sketch of Inner Harbor
Navigation Canal and wind blowing
on the barge

Hull Depth = 12 feet
Superstructure Height Including Covers for Contents = 11 feet
Barge Length = 200 feet
Barge Width = 35 feet

Figure 48 presents these barge dimensions.
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Figure 48. Estimated dimensions of barge observed on site visit to Lower Ninth Ward
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Wind Loading and Comparison with Hydraulic Forces on East Flood Wall:

The relevant wind speed is that which is exerted on the barge. For a drag
force relationship, this is the root-mean square of the wind speed over the vertical
dimension of the above water portion of the barge. For purposes here, the
following simple relationship for the vertical distribution of wind speed is
considered

W (z) =W (30) (%j (16)

in which z is the elevation above the water surface in feet and W (30)is the

reference wind speed at 30 feet above the water surface. The draft of the barge
will be denoted as d . Thus the vertical dimension of the barge exposed to the

wind is (23 — d) feet. The effective wind speed, W, for drag force computations

1s therefore

23—d
[ w22z
Wy = | =5 (17)
[ tz)az

0

in which /(z)is the length of a barge element at elevation z and 23 —d is the

height of the barge above the water level. Although the length of a barge element
does vary slightly with elevation as shown in the previous section, this variation
is reasonably small and for purposes here we will consider that /(z)is uniform

over the height, 23 - d. This results in the effective velocity, Weﬁ.

1/7
W, = 0.882(%) W (30) (18)

The drag force, F), ,exerted by the wind on the barge are given by

Cp AW,
F,. :pD—sz (19)

in which p, is the mass density of air, C), , is the so-called “drag coefficient” of

the barge to winds and A, is the “projected area” of the barge perpendicular to
the wind velocity vector.

For purposes of examples presented in this report, we will consider the wind
to be directed broadside to the barge, a wind mass density, p, = 0.002 slugs/ft3
and a barge length =200 feet. Thus, the relevant area in Equation 19 is
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4, =200(23—d) (20)

Static Hydraulic Forces and Moments on Flood Wall Immediately Before
Overtopping

Figure 49 depicts a typical section of the flood wall at an imminent
overtopping condition.

< / Water Surface

\
/ Floodwall
Hydrostatic Pressure /

= —P

—

Levee

¥~

Steel Sheet Piling

Figure 49. Definition sketch for east floodwall at imminent overtopping condition

The hydrostatic force, Fys, on the floodwall per unit floodwall length for the
imminent overtopping condition shown in Figure 39 is

2

Fys = P8 1)

in which p, is the mass density of water taken here as 1.94 slugs/cu ft and g is
the acceleration of gravity.

The hydrostatic moment, My, about the base of the floodwall per unit length
of flood wall is given by

3

h
M, = pwgz (22)
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Comparison of Hydrostatic Forces and Moments with Static Wind forces
and Moments

To calculate wind forces, we need to select a reference wind speed, W(30) as
shown in Equation 16. For most of the examples presented in this report, a
reference wind speed of 100 miles per hour (146.7 ft/sec) and a wind drag

coefficient, C}, , = 0.5 have been selected for illustration purposes. To illustrate

the maximum wind force, a lightly loaded barge condition is selected with a
barge draft, d = 4 feet. Applying Equation 18, the reference wind speed,
W,;=121.2 ft/sec. The wind drag force per unit barge length Sus» 1s then

P.Cp (23-d)W,;
2

Sou= = 139.5 pounds/foot (23)

This value is compared to the hydrostatic force per unit length of 1,999
pounds/foot based on a floodwall height = 8 feet. Thus, the static wind force is
equal to approximately 7% of the hydrostatic force. However this result is based
on a uniform transfer of the wind load on the barge to the floodwall. If this
transfer is concentrated, the local wind related loads acting on the floodwall per
unit length could be much greater than those calculated above.

The wind related moments about the bottom of the floodwall are considered
to result from application of the wind related forces at the mid-elevation of the
barge draft, i.e., 2 feet below the crest of the floodwall. In this case, the moment
due to the wind is 837 foot-pounds per foot compared to the hydrostatic moment
of 5,331 foot-pounds per foot or the wind moment is approximately 16% of the
hydrostatic moment. However, the same comment applies to moments as was
presented for forces regarding the consideration that the wind forces were applied
uniformly along the wall.

The following section examines the dynamics of the floating barge.
The equation of motion of the barge is:

dv

mTE:KIWQ; -KV? (24)

in which m,. is the total effective mass of the floating barge and is the sum of the

physical mass and the added mass, V is the barge velocity, t is time after the

barge starts to float free, IV, is the effective wind speed acting on the barge as

described earlier. The factor, K, has been defined earlier as

Cc, A
:pa D,a*"a (25)

K, 5

The factor K, is defined as
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Cc, A
K2 — pw g,w w (26)

in which p, has been defined as the mass density of water, C,,  is the so-called

“drag coefficient” of the barge to the water and A is the “projected area” of the
barge perpendicular to the water velocity vector. In subsequent calculations, the
following values of drag coefficients will be applied: C), , = Cj, , =0.5. The
dimensions of both K, and K, are “force/velocity squared”. The complete barge
dimensions were presented in Section 2.

From Equation 22, it is seen that the steady state (or terminal) velocity of the
barge, V() is given by

/K
V(o) = ?l VVgﬁ" (27)
2

The values of K and K, will be estimated for the case of the barge fully loaded

and loaded very lightly. The barge is considered broadside to the wind. The
results of these estimates are presented in Table 7. The values of the dimension-

less terminal barge velocity, V' (o)/ W, are also presented in Table 7. Note that
the length of the barge acted upon by winds has been taken as 188 feet.

Table 7
Estimation of K and K, for Two Cases
Case Description Kv1 (Pounds- K2 (Pounds- V(OO)/VVeff
sec2/ft2) sec2/ft2)
1 Fully Loaded, Draft 1.32 873 0.039
d = 9 feet
2 Lightly Loaded, Draft 1.79 388 0.068
d = 4 feet

It is useful to cast the equation of motion in non-dimensional form as:

m_dV _, K, V*

2 R
KWy dt K W

(28)

from which the solution can be shown to be:
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V(t)=V () tanh[ KK, Wefftj (29)
m %

T
The nondimensionalizing time, ¢, is defined as

myr

\' KIKZ VVeﬂ'

and is the time at which the barge velocity is 76.2% of its terminal velocity.
Choosing the nondimensionalizing velocity as the terminal velocity, V' («), and

o= (30)

denoting nondimensional quantities by primes (e.g., ¢'=¢/t.), the solution for the
nondimensional velocity, V''(¢') is

V'(¢") = tanh(¢') (31)
The nondimensional barge displacement, x'(z') = x(¢)/ x., can be shown to be

x'(¢") = In[cosh(z")] (32)

where x. = M (33)
K2

The advantages of the nondimensional solutions presented is that they
depend on only one variable, ¢'.

Figure 50 presents the nondimensional solutions for the range 0 <¢'<5
which will be shown to provide adequate information to analyze the case of the
barge motions and forces in the INHC canal.

The nondimensional relationships are plotted in a different manner in
Figure 41 which has advantages for our particular applications. Figure 51
presents the nondimensional barge velocity, V' '(¢') as a function of the non-
dimensional barge displacement, x'(z') . In applications, the quantity x is the path
of the barge from its starting point to its ending point where it would impact the
cast flood wall of the INHC canal. This quantity is based on barge and other
conditions and is the nondimensional distance, x'. Entering Figure 41 with this
x' quantity on the abscissa, the nondimensional velocity, V' is determined. The
dimensional velocity, V' is then quantified. Finally the momentum and energy of
the barge upon impact are determined as:
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Figure 50. Nondimensional barge velocity and displacement
Momentum = m,V’ (34)
m,V?
Energy = T2 (35)

The barge displacement, x, should increase linearly with time after the barge
has reached its terminal velocity, V' (o0) and this appears to be the case from

Figure 40 but is not so apparent from Equation 32. However, from Equation 30,
for large ¢',

x'(t")=t'-(n(2) (36)

which is plotted as the asymptote in Figure 40. Expressing Equation 36 in
dimensional form, this equation becomes

x(1) =V (o)t —%En@) (37)

2
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Non-Dimensional Barge Velocity, V'(t')

2:08:06 PM

26,2005 1

©  Motion2 Dec.

Non-Dimensional Displacement, x'

Figure 51. Relationship between nondimensional barge velocity, V'(f) and nondimensional

displacement, x'(t')

which demonstrates the expected linearity of the relationship for large time. The
second term on the right hand side of the above equation accounts for the
acceleration phase of the barge response, as can be appreciated by the role of the
total mass, my, such that a larger mass tends to prolong the acceleration phase
and thus reduce the displacement at any particular time.

The procedure for calculating barge motion characteristics will be illustrated
in the following section of this report.

Consistent with the results in Table 7, two cases are considered: Case 1 in
which the barge is fully loaded with a draft of 9 feet and Case 2 for which the
barge draft is 4 feet. It is noted that the examples presented here are for illu-
strative purposes of the methodology. After the detailed characteristics of the
barge are more fully established, the motion and force characteristics can be
more fully quantified.

For Case 1, the total mass, my is the sum of the physical mass, mp and the
added mass, m,. The physical mass is equal to the mass of the displaced water or
122,220 slugs. Assuming an added mass coefficient of 0.2, the total mass,
myr= 144,664 slugs.
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For a barge exposure above water of 14 feet (d = 9 feet), based on Eq. 18, the
reference wind velocity, We;is 0.791 x W(30). Considering, as an example,
W(30) = 100 mph = 146.7 ft/sec, W= 116.0 ft/sec. The K and K, values are
1.32 pound-sec’/ft* and 873 pound-sec’/ft’, respectively as given in Table 7. The
non-dimensionalizing quantities are # = 36.7 sec, V' (), the barge terminal

velocity = 4.52 ft/sec, and x« = 165.7 ft.

The distance across the IHNC from the western floodwall to the eastern
floodwall is approximately 1,100 feet. Considering that this is the trajectory of
the barge, the translation distance is 1,082.5 feet (the width of IHNC minus one-
half the barge width). Thus the value of x' is 6.53. Referring to Figure 41, it is
clear that the barge would have achieved its terminal velocity, V() of

4.52 ft/sec. Thus the momentum and energy upon impacting the wall are:

Impact Momentum = 653,900 pound-sec.
Impact Energy = 1.48 million foot-pounds.

This example is provided as an illustration of the application/interpretation of
the impact momentum. Consider this momentum to be transferred in, say 10 sec-
onds allowing for barge deformation. If the form of the transfer is triangular, that
is the force starts at zero, rises to twice the average value, then decreases to zero
force in 10 seconds, then the maximum force acting on the flood wall would be
130,780 pounds. This is compared to the hydrostatic force of 399,000 pounds
over the barge length of 200 feet. Thus, for this impact time of 10 seconds, the
maximum impact force is 33% of the hydrostatic force. It is cautioned that:

(1) The actual impact time would require a careful analysis of the barge and
floodwall deformation characteristics and consideration of various barge orien-
tations upon impact. Shorter impact times will result in greater maximum impact
forces, and (2) The impact forces may be localized thus resulting in greater
impact forces per unit length of the floodwall.

The draft for this case is 4 feet as shown in Table 7. As for Case 1, the total
mass, mr is the sum of the physical mass, mp and the added mass, m,. The
physical mass is equal to the mass of the displaced water or 54,320 slugs. Again
assuming an added mass coefficient of 0.2, the total mass, mr= 65,184 slugs.

For a barge exposure above water of 19 feet (d = 4 feet), based on
Equation 18, the reference wind velocity, W,;is 0.826 x #(30). Considering
W(30) = 100 mph = 146.7 ft/sec, W= 121.2 ft/sec. Considering Cp, = Cp,,, =
0.5, the K, and K, values are 1.79 pound-secz/ft2 and 388 pound-secz/ftz,
respectively as given in Table 7. The non-dimensionalizing quantities are # =
20.4 sec, V(x), the barge terminal velocity = 8.24 ft/sec, and x« = 168.0 ft.

Considering the same barge trajectory as for Case 1, the value of x' is 6.44.
As for Case 1, referring to Figure 41 it is clear that the barge would have
achieved its terminal velocity, V(o) of 8.24 ft/sec. Thus the momentum and

energy upon impacting the wall are:

Impact Momentum = 537,120 pound-sec.
Impact Energy = 2.21 million foot-pounds.
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It has been demonstrated that for a reference wind speed of 100 miles per
hour, the barge will reach its terminal velocity regardless of the draft and with a
minimum distance of the IHNC width translation distance (minus one-half the
barge width). Thus, it is possible to develop the following simple equations for
impact momentum and energy for the barge of interest.

For the barge of interest and considering that the barge had reached its
terminal velocity at impact, the equation for the terminal momentum can be
written as

Terminal Momentum = 275.2:/d (23-d )9/14 W (30) (in pound-sec)

Note that consistent units must be used in these equations. Thus W(30) is in
ft/sec.

For the same considerations as above for terminal momentum, the terminal
energy can be shown to be

Terminal Energy = 2.32(23-d )9/7 (W(S’O))2 (in foot-pounds)

Plots of the impact momentum and impact energy are presented in Figure 43.

Figure 52 presents non-dimensional plots of terminal momentum and energy
versus barge draft. For purposes here, the non-dimensional terminal momentum
and velocity have been defined as the ratio of these quantities to the values for a
9 foot barge draft and for a wind speed, W(30) = 144.67 ft/sec (100 miles per
hour).

Thus the terminal mom