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Executive Summary

Volume VIII (Engineering and Operational Risk and Reliability Analysis) of the Interagency
Performance Evaluation Taskforce (IPET) report provides an overview of the risk assessment
performed to determine the vulnerability of New Orleans and vicinity to flooding from
hurricanes and to estimate the difference in risk, by location, for the pre-Katrina hurricane
protection system (HPS) conditions and the post-Katrina (June 2007) HPS conditions. The risk
assessment process, its application, and a presentation and discussion of results are presented in
detail in the Appendices.

It is important to note that this effort involved developing and applying a prototype method
to estimate risk for a large, complex, and geographically distributed system. In many respects,
this is a first effort of its kind and represents the beginning of what is possible in the future.
Efforts have been made to develop a logical and effective method that provides information
useful for informing stakeholders of potential risks and for supporting investment decisions for
risk reduction. The method is intended to generate reasonable and useful results; however, it
should be understood that the results of any application of a large set of sophisticated models to a
complex issue such as hurricane protection comes with associated uncertainty. An effort has
been made to quantify that uncertainty, step by step through the process, to allow users of this
information to better understand its limits.

Why Use Risk Assessment?

Risk is a concept that influences much of our lives but remains an emerging tool in many
areas of water resources management. The insurance industry uses risk to set rates, businesses
assess market risk, and the financial and stock markets are literally real-time risk assessments
from millions of individuals who participate in the market. In water resources, risk has primarily
been a tool applied to dam safety. Although similar, application of risk methods to a hurricane
protection system such as the one in New Orleans is more complex because of the large
geographical area, hundreds of miles of different types of structures, a wide range of conditions
(soils, elevations, etc.), and the complex nature of hurricanes and the forces they can generate. It
is important that the term risk and the way it is used in this study are clearly defined. One of the
most difficult issues with risk is communicating the information itself.

A significant part of the Risk Team’s effort was focused on developing a systems risk
assessment of the capability of the HPS with regard to future hurricanes. The objective is to
understand the risk to health and safety of people and property in New Orleans and vicinity. To
put the current level of risk in perspective, the IPET assessment examined risk for the HPS as it
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existed before Katrina and for the HPS after repairs and initial upgrades were accomplished by
June 2007. This is the first time an engineering-based risk assessment has been used to look at
such a large, geographically distributed, and complex water protection system. As such, this is a
prototype effort and the methods and results should be considered prototypes.

What Is Risk?

People use the term “risk” in different ways. In this analysis for New Orleans, risk is defined
as the chance of failure of a component of the HPS happening during a storm event, multiplied
by the consequences of that failure. In New Orleans, failure leads to flooding, and the
consequences of that flooding are loss of life and loss of property. High risk can exist due to
being very vulnerable to flooding or from having the potential to incur catastrophic losses of
lives or economic value when flooding occurs. An example of areas of high risk would be one
that has poor protection, a large population, and many structures prone to flooding.

According to the National Highway Transportation Safety Administration (using 2004 data),
an individual in the United States has an annual risk of losing his or her life in a traffic accident
of 0.00015, which is 15 fatalities per 100,000 residents, or 1.4 fatalities for every 100 million
miles traveled, under current patterns of driving. The chance of being in an accident is much
greater, since not every accident involves fatalities. Statistics like this represent averages and are
not necessarily representative of the risk one faces. For example, in Louisiana there are
2.03 fatalities per 100 million miles driven, making it higher risk than the national average.
Within Louisiana, New Orleans has a traffic fatality risk 50 percent higher than Baton Rouge.
These numbers are influenced by the amount of traffic, the condition and safety of the roads,
traffic management, and simply reflect the history of accidents in the region.

We as individuals accept risk every time we get into a car. We also make risk-based
decisions. We know that our risk is reduced in some vehicles compared to others. Air bags and
seat belts, while not preventing accidents, reduce injury and deaths when an accident occurs. We
can buy a safer car and buckle up when we drive. We can also choose to use public transport,
which has a lower rate of fatalities-per-mile than do cars.

The situation is the same with hurricane protection. Risk can be reduced by having stronger
physical protection and, thereby, reducing the probability of flooding; or by managing
development in areas that have a high chance of being flooded, thereby reducing the
consequences of flooding. We can also make personal choices such as living in an area with a
lower chance of flooding, elevating our homes so the consequences of flooding are less, or
having an effective evacuation plan to take ourselves out of harm’s way.

Why Use Risk Assessment for Hurricane Protection?

Much like risk statistics for cars, risk assessment for the hurricane protection system of New
Orleans and southeast Louisiana—the Hurricane and Storm Damage Risk Reduction System—
provides a broad picture of the relative chance of flooding in different areas of southeast
Louisiana, and of the losses that could occur as a result of flooding. A risk reduction system,
however, only protects people to a degree. The risk remaining is called residual risk and is a key
factor for planning. Residual risk defines how much risk must be managed by other means.
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By estimating residual risk for different locations, we know where the greatest problems are,
and why. Risk varies with location due to variations in the chance of high surge and wave
conditions, the strength and height of the protective structures, the elevations of the land subject
to flooding, the numbers of people and structures exposed to flooding, and different emergency
response capabilities.

By understanding the sources of risk, directed action can be brought to bear against specific
weaknesses. This helps save lives, minimizes property damage, and rank-orders improvement
projects. Options such as evacuation planning and improved evacuation routes can be considered
alongside more traditional options such as hardening pumping facilities, increasing first-floor
elevations, improving land-use zoning, compartmentalizing drainage basins, armoring levees,
and building safe harbors.

What Risk Assessment Is Not

Risk assessment is not forecasting, and risk assessments do not reflect the impact of any
single storm. Risk assessment is a long-term look at relative vulnerability from the spectrum of
storms that can occur, just as car insurance statistics look at long-term averages from the
spectrum of driver experiences. Risk assessments do not predict what will happen in a given
year, only what could happen based on long-term averages. Risk assessment forecasts the effects
of many individual storms and aggregates the results into patterns.

Risk assessment in the current context is intended to support planning decisions. It is not
intended to support engineering decisions. A risk assessment over a large, complex geography
like New Orleans requires many generalizations and assumptions, compared to the details of
engineering design. Nonetheless, while risk assessment does not generate design information, it
does inform design by defining hazards and suggesting alternative approaches to providing
protection.

Mission of the IPET Risk Team

The mission of the IPET risk and reliability analysis was to examine risks to life and property
posed by hurricanes in New Orleans for two conditions: The HPS in place prior to Katrina (pre-
Katrina), and the HPS reconstructed after Katrina and as existing in June 2007. The risk analysis
considered the expected performance of the many elements of the system and the consequences
associated with that performance. The purpose of the analysis was to identify areas protected by
the HPS that are vulnerable to flooding, to identify the causes of that vulnerability, and to
provide estimates of the frequency of flooding within each area. The comparison of pre-Katrina
and current risks was made to understand the effectiveness of the repairs and improvements.

The risk analysis intends to answer the following specific questions concerning the
performance of the HPS:

1. What was the reliability of the pre-Katrina HPS for preventing flooding of protected
areas given the range of hurricanes expected to impact New Orleans?
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2. What is the reliability of the current, post-Katrina HPS for preventing flooding of
protected areas given the range of hurricanes expected to impact New Orleans? Specifically,
what is the annual rate of occurrence of system failure due to the range of expected hurricane
events?

3. What are the annual rates of occurrence of economic consequences and loss of life
resulting from failures of the HPS given the range of hurricanes expected to impact New
Orleans?

4. What is the uncertainty in these estimates of annual rates of occurrence?

The risk analysis results are intended to provide decision makers with information
concerning the vulnerabilities of the 2007 HPS and how potential investments could reduce those
vulnerabilities. However, the analysis is not intended to identify final design configurations, or to
set design elevations of proposed levees or floodwalls. The hurricane surge and wave studies on
which the risk analysis is based are not of the detail required to establish design elevations.
Additional detailed hydrologic and engineering studies will be required to make final decisions
concerning the most effective HPS configuration to reduce risks and the height of the HPS
necessary for future conditions.

The pre-Katrina risk analysis does not attempt to recreate the design intent or knowledge that
the designers used to determine the configuration of the HPS. Instead, the risk analysis used
design data, engineering parameters, foundation conditions, and additional information gained by
IPET through exploration and testing after the hurricane to evaluate the performance of
individual components of the system.

The changed, post-Katrina demographics of the local areas protected by the system were not
considered when estimating consequences. In some areas, many homes and much of the
infrastructure were destroyed by the hurricane, and some homes and infrastructure may not be
rebuilt. Therefore, the pre-Katrina populations and property values were impacted and will have
to be considered in future analyses, but to provide a consistent basis for comparison they were
not considered here. Were different demographics used in the two cases studied, risk reductions
would have been found just from the fewer protected people and lesser protected property inside
the HPS.

Evacuation and emergency action planning can have a significant impact on loss of life. The
actual evacuation experienced during Katrina was effective and could have been used as a
calibration example for the use of evacuation effectiveness in the risk analysis. However, the loss
of life estimates presented herein does not consider the specific evacuation effectiveness during
Katrina. A mean value of a distribution of evacuation effectiveness was used to determine loss of
life estimates; therefore, the loss predictions should be considered to be potential losses and not
actual loss predictions. Consequence information used in the risk analysis was provided by the
Consequence Team, as reported in IPET Volume VII (USACE 2006).

Risk refers to expected losses in lives and dollars, calculated by multiplying the probability
of system failure by the consequences associated with that failure. In order to compare the
performance of the pre- and post-Katrina systems, frequency of inundation was used as the
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primary measure of effectiveness. Risk-based inundation mapping and associated stage—
frequency curves are intended for estimating relative risks for the purpose of identifying areas of
vulnerability. These estimates should not be compared to inundation mapping conducted under
the Federal Emergency Management Agency’s (FEMA) National Flood Insurance Program
(NFIP); the methods and purposes of the respective analyses are different.

System failure refers to the failure of the HPS to provide protection from flooding in one or
more protected areas, and it can be any failure of one or more components, overtopping of walls
or levees, or open gates that prevents the HPS from performing its function. The effectiveness of
the protection system also depends on how well the operational elements of the system perform.
Elements such as road closure structures, gate operations, and pumping plants, which require
human operation and proper installation during a flood event, can dramatically impact flood
levels. The lessons learned concerning the observed performance of these elements during
Katrina were considered in the analysis.

The findings presented herein have been examined to extract principal lessons learned. These
lessons learned represent the big picture guidelines that can help shape future policy and practice
with regard to understanding and reducing risk for New Orleans as well as other areas impacted
by serious natural hazards. They deal with both the risk assessment process itself as well as the
information and insights that the risk assessment provides for the New Orleans area.

Risk Assessment Process

The risk assessment process required a rigorous data collection effort. The risk assessment
was complicated by lack of data, the large geographical area and many components of the HPS
being assessed, and need to adapt existing risk methods to this new application. The availability
of up-to-date data from a single source would have greatly facilitated this effort. The data
collected in the analyses should be maintained and the risk analysis periodically updated.

The definition of the hurricane hazard for the future was the most demanding and complex
technical challenge. While it was clear that the historical record is not sufficient, most
alternatives were either simple extrapolations of the historical data or too computationally
intensive to be practical tools. The Joint Probability Method-Optimal Sampling (JPM-OS)
methods developed in this study exploited the value of historical data in conjunction with
modern high resolution, physics-based models and high-performance computing to provide a
comprehensive definition of the hurricane-generated surge and wave hazards that face New
Orleans. The range of hurricanes that were modeled and sampled were less frequent, higher
intensity storms, since the purpose of the risk analysis was to determine the vulnerability of the
New Orleans HPS. Consideration of more frequent but less intense storms would not have
improved understanding of the HPS performance.

The reliability assessment process proved to be a difficult effort due to the vast amount of
geologic, structural design, and facility condition data available on the 350 miles of HPS. This
included the task of dividing the HPS into reaches of uniform performance potential, estimating
the fragility of each reach, transition, and feature; and of handling the complex issue of
overtopping and erosion impact on HPS performance. While difficult, the process was necessary
to provide a clear picture of system performance.

VIl Engineering and Operational Risk and Reliability Analysis VIII-5
This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.



Consequences were limited to pre-Katrina population and property conditions, but required
extrapolation of loss of life through the LIFESim model (IPET 2006, Vol. VII 2006). This was
essential due to the lack of fatality information that would allow correlations of geography and
demographics leading to fatalities.

The overall process used to estimate vulnerability to flooding and consequent risk to life and
property generates reasonable results when compared to losses from historical events. Significant
uncertainties, however, can be expected in the application of such methods because of the large
data sets, sophisticated models, and many steps required to create the risk products.

Risk Assessment of New Orleans and Vicinity

Having a quantitative estimate of vulnerability and risk is important for understanding both
the current situation and the relative value of alternative risk reduction measures for the future.
The public at large and public officials at all levels benefit by having a common situational
awareness of risk. This common picture provides a focus for communication, for current risk
reduction measures, and for risks that should be examined for the future.

The 2007 HPS has provided measurable reductions in loss of life and economic risk that are
directly relatable to the differences in the character of the 2007 HPS as compared to the pre-
Katrina HPS. However, even with an improvement in performance with the 2007 HPS, the
overall residual loss of life and economic risk levels for New Orleans remain high for flooding
events beyond the 50-year (2%) frequency of occurrence and is extreme for flood events at the
500-year frequency of occurrence. New Orleans remains a region of high risk, and additional risk
reduction measures are critical to its recovery and future vitality.

Pumping capabilities, if operational at or above 50% of ideal capacity, can play an important
role in reducing vulnerability to flooding and managing risk; however, it is only an effective
measure when the volume of flood waters to be managed is minimized by the performance of the
HPS.

Results

The effectiveness of repairs and improvements made to the hurricane protection system can
best be measured by contrasting predicted inundation probabilities for the pre-Katrina HPS with
those for the 2007 HPS. The risk analysis results show that moderate inundation reductions have
been achieved for more frequent events of less than 50-year or 2% frequency of occurrence level,
but predicted inundation elevations are mostly unchanged for less frequent storms such as 100-
year or 1% frequency levels, and 500-year or 0.2% frequency levels; and thus, there is still
significant risk of inundation. It follows, therefore, that the consequences are only impacted
during more frequent events and are mostly unchanged for infrequent events. Detailed analysis
of the results is presented in Appendix 13. Summary examples of the depth maps and
consequence maps are provided later in this portion of the report.

New Orleans is widely vulnerable to some flooding at the 50-year or 2% frequency of
occurrence level if significant pumping capacity is not available. There is no significant
difference in the flood elevations between the pre-Katrina and 2007 HPS at the 2% frequency of

VIl Engineering and Operational Risk and Reliability Analysis VIII-6
This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.



occurrence. This is likely due to the dominance of rainfall as the source of water at this event
frequency. If this is true, hurricanes are not the dominant threat to New Orleans at such return
period. Pumps operating at a capacity that is equivalent to or greater than the 50% of the nominal
capacity of the sub-basins, can have a dramatic impact in reducing flood elevations at 2%
frequency of occurrence in a number of the basins. It must be noted that the storm set considered
in the hazard analysis only included infrequent storms and that the more frequent tropical storms
can result in significantly more rainfall and, therefore, more flooding than 2% frequency
inundation shown.

Without pumping, the majority of the New Orleans area remains vulnerable to moderate to
deep flooding (greater than 4 ft) at the 100-year or 1% frequency of occurrence. The area with
least vulnerability is Jefferson Parish East (JE) and St. Charles Parish (SC) where flood threats
are moderate (less than 4 ft). The improvements in the HPS from pre-Katrina to the 2007 HPS
have provided significantly reduced flood levels in a few areas, notably portions of Orleans Main
(OM) and moderate reductions in the 1% flood level in St. Bernard (SB) and Plaquemines
(PL11). Improvements in Orleans Main are largely due to the presence of the new gates and
temporary pumps at the ends of the outfall canals. Continued vulnerability of the areas adjacent
to the Inner Harbor Navigation Canal (IHNC) can be attributed to the remaining pre-Katrina
elevations and significant fragility of the I-walls along the IHNC. Strengthening of the I-walls
with stability berms and relief wells has improved the performance of the structures in the IHNC,
but they remain unable to cope with surge conditions created by large storms. Pumping capacity
equal to or greater than the 50% ideal capacity can have a significant impact on the 1% flood
elevations. Primary areas that benefit the most are OM and JE. The sub-basins adjacent to the
IHNC remain vulnerable to flooding even when pumping is considered. The West Bank area
remains highly vulnerable to flooding with the 2007 HPS, and pumping will likely have little
impact until all of the planned protective structures are completed.

Virtually all of New Orleans region remains highly vulnerable to deep and catastrophic
flooding at the 500-year or 0.2% flood frequency. The vast majority of the region would
experience flooding of greater than 8 ft. There is essentially no difference in the flooding
vulnerability at this frequency of occurrence between the pre-Katrina and 2007 HPS. Pumping
has no impact at this level of flooding for either the pre-Katrina or the 2007 HPS because of the
large amount of overtopping and the fragility of portions of the HPS.
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Risk Team Members

The Risk Team comprised more than 30 members from academe, consulting, federal
agencies, ERDC and USACE districts. The following served at various times during the study,

with area of responsibility:

Co-Leads

Jerry L. Foster, PE
Bruce Muller, PE

Headquarters Liaison

Donald R. Dressler, PE
Anjana Chudgar

Members

Bilal M. Ayyub, PhD, PE
Gregory B. Baecher, PhD
Brian Blanton

David Bowles, PhD
Sheree Castain, PG
Jennifer Chowning
David Cole, PE

Robert Dean, PhD

David Descouteax

David Divoky

Bruce Ellingwood, PhD
Alex Garneau, PE

Brian Glock, PG
Richalie Griffith

H. Wayne Jones

Mark Kaminskiy

Burton Kemp

Fredrick Krimgold, PhD

Therese McAllister, PhD, PE

Marty McCann, PhD
William McGill, PE
Robert C. Patev, PE
Donald T. Resio, PhD

HQUSACE
USBR

HQUSACE
HQUSACE

UMD

UMD

UNC

USuU
USACE-NAB
USACE-LRL
USACE-NAE
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Georgia Tech
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USACE-NAE
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David Schaaf, PE
James Snyder, PG
Terry Sullivan, PE
Pat Taylor

Nancy Towne
Thomas Rossbach, PG
Gregory Walker
Mathew Watts
Allyson Windham
John Winkleman

USACE-LRL
USACE-NAB
USACE-LRL
ERDC-GSL
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USACE-NAB
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Scope of the Assessment

For New Orleans and vicinity, the IPET risk and reliability team was assigned the mission to
determine estimates of the potential annual loss of life and property value based on the chances
of flooding from future hurricanes. The risk analysis methodology developed by the team to
accomplish this mission included the following major steps which are described in subsequent
sections and summarized in Figure 1.

Step 1: Define the HPS. Characterizing the HPS for the risk analysis began with defining
the drainage areas within which flooding might occur. The large drainage basins generally follow
parish boundaries and smaller sub-basins were defined within each basin to model the interior
drainage characteristics of the basin. The boundaries are defined based on the location and
character of the hurricane protection system components, the topography of the area, and (to a
limited extent) the internal drainage system. The HPS scenarios for which the flooding
vulnerability and risk was assessed include the pre-Katrina and 2007 HPS. The repairs and
structural enhancements made following Katrina have been factored into the data used to model
the 2007 HPS as shown in Figure 1. The computation of how much water would enter each area
required that the structures and features that constitute the HPS be defined so their individual and
collective performance could be examined. The HPS was divided into reaches and features.
Reaches are lengths of levees or wall sections that have structures of uniform elevation, strength,
and foundation conditions. Reaches, typically sections of levees or floodwalls, may be short or
long depending on the character of the structures. Features are discrete structures within a reach
such as pumping stations, closure gates, and transitions. Transitions are points at which there is a
change from one type of structure to another (e.g., where an earth levee meets a concrete
floodwall).

Step 2: Determine the Hazard. The hazard is the event or condition with the potential for
causing an undesirable consequence. In the present context, the hazard is surge and wave
conditions caused by hurricanes; it is not the hurricanes themselves. To assess the hazard, it is
first necessary to identify the range, character, and frequency of hurricanes that may strike the
southern Louisiana coast. IPET used state-of-the-art methods, including supercomputer models,
to compute the surge and wave conditions that a wide variety of hurricanes would produce
around New Orleans. This analysis led to estimates of the frequency of extreme surges and
waves everywhere around the HPS. These estimates are for current climate conditions, and they
do not project climate variations into the future, although continuing work is investigating the
effect of potential climate change.
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Step 3: Evaluate the System Performance. System Performance is the response of the HPS
to the hazard, that is, to surge and wave conditions generated by the hurricanes. The system
performance is assessed by modeling the reliability of the HPS under loads generated by surge
and wave. This leads to an estimate of the likelihood that the HPS can withstand those loads, and
correspondingly to an estimate of the chance of flooding at various places across the city and
region. This chance of flooding is sometimes called the vulnerability. The reliability analysis
starts with a detailed inventory of the engineering characteristics of every section of the
hurricane protection system. Then, the potential for overtopping and breaching is estimated for
the spectrum of surge and wave conditions forecast in the hazard assessment. Combining the
potential for overtopping and breaching with the frequencies of the corresponding hazards leads
to an assessment of vulnerability to flooding from the spectrum of hurricanes that are possible
for the region. The calculation also includes the chance of water entering through open gates and
the amount of rainfall associated with hurricanes. System performance was evaluated for the pre-
Katrina and June 2007 conditions, continuing analysis is being performed of the 2011 system.

Chance of System
Hazard

= Vulnerability
Performance to Flooding

i e

X Consequences = Risk

Performance Chance of

Surge & Wave

levels of entire Flooding Potential Loss Loss of Life
'V a -
estimated at 350-mile and of Llfe* e Flood Risk by
138 locations system Flood Depth depth frequency
from 1) Pre- By location Potential Ec.onomic
152 possible Katrina and HPS Property Risk by
g 2) 2007 i Damage vs frequency

hurricanes ) *

3) 2011 Flood depth
300 to 5000 o
Year Reaches, KE;gsed on Pre-

Features and atrina
storm events Transitions population and

property values

Figure 1. Risk computation for New Orleans.

Step 4: Determine the Consequences. The consequences of flooding, measured by potential
loss of life and property damage, are estimated by defining the distribution of people and
structures within each sub-basin, the elevations of all structures and the surrounding land, and the
value of the properties; and then by applying actuarial information and models to approximate
losses. Consequences were estimated for different depths of flooding to determine expected
losses across the spectrum of hurricanes. The results are summarized for three chances of
occurrence, specifically, the 1/50-, 1/100-, and 1/500-year floods. For loss of life estimation, a
sophisticated simulation model was developed using geo-spatial census databases and evacuation
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plans. For property damage estimation, historical data from flood control and coastal protection
projects across the nation were used to develop flood-depth vs. damage relationships.

Step 5: Determine the Risk. Risk is calculated by combining the chance of flooding
consequences occurring with the magnitude of the consequences of that flooding should it occur.
This allows an estimate of risk by area, based on the character of the HPS and other measures
that may influence who and what is exposed to flooding. Risk is calculated by multiplying the
chance of flooding to a certain depth by the losses expected by the flooding. This computation is
illustrated in Figure 1. Losses can be expressed as potential loss of life or potential loss of
property. Risk was estimated for the HPS as it existed (1) prior to Katrina and (2) for after the
repair and rebuilding of the HPS through June 2007. Since a principal purpose of the risk
assessment was to determine how risk is changing with respect to the capabilities of the HPS,
both the pre-Katrina and post-Katrina risk were estimated using the pre-Katrina distribution of
population and property. Using today’s population and property conditions would show a
dramatic reduction in risk simply because the number of people in some areas is dramatically
fewer than before Katrina, not because of changes to the HPS. Maintaining the population and
property data as a constant allows changes in the chance of flooding and, therefore, risk to be
related to improvements in the HPS.

Overview

The term risk is used in many ways in everyday life to define hazards, losses, and potential
outcomes. In the engineering community, risk is generally considered to be the potential for loss
resulting from exposure to some uncertain hazard or event. Risk is usually defined for
engineering purposes as follows:

Risk = Hazard probability x Vulnerability x Consequences of failure (1)

in which hazard probability is the rate of occurrence (including uncertainty) of the causal event.
In the present case, this is the annual probability of hurricane surges and waves of given
description. Vulnerability is the reliability with which the constructed system withstands the
loads or other demands caused by the hazard. This is the performance of the system during a
specific hurricane. Consequences of failure are the costs in lives and dollars accruing in the event
of a failure. In the present study, risk was expressed as the annual probability of levels of loss of
life or economic consequence being exceeded.

This definition suggests that there are at least two ways to manage risk: by making the
system more reliable, or by reducing the potential consequences of failure. Reliability can be
influenced by strengthening existing structures, by adding additional components to the
protection or by increasing the height of the existing protection. Consequences can be influenced
by developing evacuation and emergency response plans or by limiting floodplain development.
Nonetheless, no matter how well designed an HPS may be, some level of residual risk always
remains: risk is never reduced to zero. Therefore, even with the reconstruction and strengthening
of the New Orleans HPS, some residual risk will always remain.

In densely populated areas, increasing system reliability may not be a feasible way to reduce
risks to acceptable levels because of limited funding, local opposition to land acquisition, or
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environmental issues. Continued floodplain development can increase consequences and thus
offset improvements in reliability. A comprehensive approach to determining risks, developing
structural and non-structural risk mitigation measures, and evaluating the residual risks that will
exist is necessary. The public must be aware of the residual risk that will exist with any
engineered system so that they can make informed decisions on how to manage their personnel
risk tolerance levels.

Hurricane models can predict winds, waves, and surges only with limited accuracy, and the
reliability models used to predict levee performance when subjected to hurricane forces are
similarly limited. Hence, the risk profiles of hurricane-induced flooding cannot be established
with certainty. Risk analysis must include not just a best estimate of risk but also an estimate of
the uncertainty in that best estimate. By identifying the sources of uncertainty in the analysis,
measures such as gathering additional data and improving analysis models can be taken to reduce
the uncertainty and improve the risk estimates.

The risk model described in this volume was developed to meet the needs of the IPET and a
prototype risk analysis that indicates the value of and need to consider risk in the planning of
hurricane protection projects. The study also shows that the reliability of all of the components of
a hurricane protection project play a role in the performance of the overall project and, therefore,
the project must be looked at as a system if the risks are to be fully evaluated. The large
uncertainty in this study, and in any analysis of a project of the magnitude of the New Orleans
HPS, shows that the system must be continually monitored, maintained, and periodically
reevaluated in order to identify potential weaknesses and gain understanding of the factors that
affect uncertainty in the performance of the HPS.
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Risk Analysis Methodology

Probabilistic risk analysis (PRA) was used to evaluate the HPS (Figure 2). The following
sections describe the principal components of this approach.

The first step in the PRA was developing an influence diagram (Figure 3). An influence
diagram charts the inter-relationships of key elements of the HPS, and it intends to lead to a basic
understanding of risk factors upon which subsequent analyses can be built. The influence
diagram is built out of four entities: (1) chance nodes (circular areas) which are uncertain factors
that affect how the system performs, (2) decision nodes (square-corner boxes) which are factors
where decisions by stakeholders or planners can affect consequences, (3) value nodes (rounded-
corner boxes) which are factors or consequences affected by system performance, and (4) arrows
which identify relationships and dependencies among the foregoing entities.

The influence diagram of Figure 3 was used to develop the process flow diagram of Figure 4.
The process flow diagram is the fundamental guide that the Risk Team used in determining the
processes and products required to implement the PRA. The team was subsequently organized to
provide disciplinary expertise along the lines of the process flow chart.

Initial Assumptions and Constraints

To implement the PRA it was necessary to identify key assumptions and constraints. The
term constraints is used to mean events or situations not modeled explicitly in the analysis. The
assumptions and constraints are discussed as they arise in the subsequent sections of this report;
however, a summary of the limitations and constraints is the following:

1. The geographic area is limited to elements of the HPS in the basins shown in Figure 2.

2. The risk model does not produce time profiles of inundation and consequences, but it
does produce spatial profiles accumulated over the durations of storms.

3. The risk model includes assumptions about the parameters used in various major aspects
of the HPS characterization (e.g., hurricane simulation, reliability analysis, inundation analysis,
and consequence analysis), but it incorporates uncertainties in the corresponding parameter
values.

4. Modeling procedures that existed prior to Katrina and that were used in the original
General Design Memoranda (GDM) for structural and geotechnical performance of the levee and
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floodwall systems were used to evaluate reliability, although calibrated by current knowledge
and understanding, and by information generated in the post-Katrina IPET research.

5. The following hazards and consequences were not considered in the risk analysis: Wind
damage to buildings; barge impact; fire; civil unrest; indirect economic consequences; effect of a
release of hazardous materials; and environmental consequences.

6. The evacuation plan for New Orleans was not explicitly modeled in the risk analysis.
Evacuation effectiveness was, however, considered in the LIFESim consequence model used in
IPET (2006) Vol. VII.

Defining the HPS

The HPS scenarios for which risk was assessed included (1) pre-Katrina conditions, and
(2) conditions as of June 2007. Repairs and structural enhancements made following Katrina and
on-the-ground as of June 2007 (e.g., gates on the drainage canals of Orleans Metro) were
factored into the model the 2007 HPS. Separate models of the HPS were required for each
scenario in order to determine the effects of repairs and improvements made since Katrina.

Systems definition models for the HPS were developed based on-site surveys by team
personnel, engineering design and construction information as documented in USACE GDM for
the many projects constituting the HPS, pre- and post-Katrina high resolution aerial photography
and LiDAR surveys, and results of post-Katrina field reconnaissance by the Risk Team and
studies performed by the IPET Performance Team and the IPET Pump Stations Team (see IPET
2006 Volume 1V). Subsequent to the field work, computer models of the components of the HPS
were developed for the PRA.
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Figure 2. Geographic limits of New Orleans HPS.
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Analysis Boundaries

An initial step in the defining of the HPS was to delineate the bounds of the study and the
physical descriptions of the various components of a HPS. These included defining the
geographic bounds of the study region and the elements of the HPS, the resolution of information
and analysis to be performed, and analysis assumptions and constraints.

Characterizing the HPS for the risk analysis began with defining the drainage areas within
which flooding might occur. The large drainage basins in the New Orleans area generally follow
parish boundaries, and smaller sub-basins exist within each basin to funnel interior drainage to
canals then to pump stations that remove water from the protected areas. This breaks the area up
into large drainage basins that generally follow parish boundaries, such as Jefferson Parish, and
smaller sub-basins that subdivide each larger basin based on the drainage and pumping
characteristics of the parish. These boundaries are also based on the location and character of the
hurricane protection system structures, the topography of the area and (to a limited extent) the
internal drainage system. The basin and sub-basin boundaries used are shown in Figure 2. The
boundary of the HPS considered in the risk assessment consists of six major parishes and 27 sub-
basins within those parishes. The parishes and the number of sub-basins within each that are
considered in the analysis are as follows:
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e Jefferson Parish East Bank (JE) 3 sub-basins
e Jefferson Parish West Bank (JW) 4 sub-basins
e New Orleans East Parish 5 sub-basins
e Orleans Parish East Bank (OM) 5 sub-basins
e Orleans Parish West Bank (OW) 2 sub-basins
e Plaquemines Parish (PL) 11 sub-basins but only upper Plaquemines (PL11)
included in the analysis
e St. Bernard Parish (SB) 5 sub-basins
e St. Charles Parish (SC) 2 sub-basins

The risk assessment process was developed to determine the amount of water that would
enter and flood these areas for the surge, wave, and rainfall conditions created by each storm.

Physical Description of the HPS

The HPS as described above is a combination of low-lying tracts of land enclosed by levees
and floodwalls that form drainage basins, which are independently maintained and operated by
the local parishes and levee boards. The computation of how much water would enter each area
required that the structures and features that are components of the HPS be identified and defined
so that their performance could be examined to determine probabilities of breaching and
overtopping.

Detailed physical descriptions for each basin based on pre-Katrina conditions were provided
by USACE (2006). Data collected during site inspections were also used to define the current
characteristics of the basins and their interdependence. This was a critical and time-consuming
step in the development of the risk model that has yielded a comprehensive description of the
entire HPS. These descriptions were developed by examining available information gathered by
IPET including the following:

USACE GDM and supporting design documents
High-resolution aerials photos from pre-Katrina and post-Katrina
Construction documents and plans
Inspection reports

e Katrina damage reports

e Reports of repairs made to the system post-Katrina

e Detailed field surveys conducted by the Risk Team to verify the location and
configurations of the HPS

e Studies conducted by other IPET teams

During the course of the study, the entire perimeter length of levee and floodwall that form
the HPS was inspected by the Risk Team as part of the reconnaissance effort and an inventory of
components documented. Geometric and engineering material properties were identified for each
reach and photos taken of levees, wall, features and transitions. Structural cross sections were
identified by a review of the corresponding GDM, as-built drawings, aerial photographs, and
geographic information system (GIS) overlays; and were subsequently confirmed in on-site
reconnaissance. Geotechnical cross sections and corresponding soil engineering properties were
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derived from the original GDMs for the respective project areas of each drainage basin,
supplemented by site characterization data collected post-Katrina at levee and floodwall failure
sites (reported in IPET Volume IV, USACE 2006). Detailed data from these inspections are
presented in Appendices 2 through 7 of this Volume. The HPS comprises a variety of
subsystems, structures, and components, which include earthen levees, floodwalls, transitions
between levees and walls, gates, ramps, and pumping stations. Additional interior components of
the HPS such as canals, wall closures, power supply systems, and operations personnel were
indirectly considered in the analysis. The general inventory of components of the system
includes the following:

Earthen levees

Earthen levees with [-walls

Sheet-pile [-walls

Sheet-pile I[-walls capped with concrete

Concrete T-walls

Concrete L-walls

Transitions between levees and the various types of walls or other structures
Pump stations

Drainage structures

Closure gates of various types of design

Road crossings (ramps), some requiring sandbagging during a hurricane
Railroad crossings

The information gathered was incorporated into detailed GIS maps of each basin that
included locations of all features (walls, levees, pumping stations, and closure gates),
geotechnical information (boring logs, geologic profiles), aerial photographs, and photos of each
feature.

Classifying the Components of the HPS
The data collected were used to divide the HPS into reaches, transitions and features:

e Reaches were identified as lengths of levee or wall sections that have structures of
uniform cross-section, elevation, strength, and foundation conditions.

e Features within the reaches were identified as such things as pumping stations, closure
gates, and transitions.

e Transitions between one kind of structure to another (for example, an earth levee to a
concrete floodwall) were identified as important because of their poor performance during
Katrina.

The information in these GIS databases was again confirmed in the field surveys of the entire
system conducted by the Risk Team. Photos, global positioning coordinates, and notes were
taken during these surveys to document each reach, feature, and transition used in the risk model,
and to confirm information gathered from design information. This undertaking resulted in a
comprehensive description of the HPS.
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Determining the tops of levee and wall elevations proved to be challenging because of datum
inconsistencies, subsidence, and the lack of current survey information. Elevations were initially
established using design documents and the New Orleans District surveys which were evaluated
based on LIDAR and field surveys provided to the Risk Team by other IPET teams. Final
elevations for each reach were confirmed at meetings with the New Orleans District.

Figure 5. Typical New Orleans levee.

The primary components that form the perimeter of the hurricane protection against surges
and waves are levees and floodwalls. A typical New Orleans levee, Figure 5, is constructed of
available soils and may or may not have slope protection to guard against erosion due to wave
action. A typical cross section is shown in Figure 6.
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Figure 6. Typical levee cross section.
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Floodwalls in the HPS were found to be of several different designs that varied due to
constraints of available right-of-way. The most common of these are I-walls. [-walls are
constructed by driving steel sheetpiling into the ground with a portion remaining above ground
as a water barrier (Figure 7). A typical I-wall cross section is shown in Figure 8.

In some cases, the portion of the piling above ground was capped with concrete as shown in
cross section in Figure 9 and the cross section in Figure 10. Several I-walls failed during Katrina,
as shown by the collapsed section of uncapped I-wall in Figure 11, and the damaged capped I-
wall in Figure 12.

T-walls are generally built upon steel H-piles driven into the ground as shown in Figure 13
and Figure 14. These walls performed well during Katrina. A closely related structure is the
L-wall shown in Figure 15.

Key components of the HPS are the many gates and road closures in and around the system.
These are intended to close gaps in the perimeter protection caused by road, railroad, and
pedestrian crossings. They are treated as features within a reach in the risk model. These gates
vary in design from a fully engineered steel gated road closure as shown in Figure 16 to a ramp
across a levee which must be sandbagged during a storm. Gates are also used to control interior
drainage. Road closures must remain open long enough to allow evacuation, yet must be closed
in time to prevent flooding. Several gates and road closures (about 10%) were left open during
Katrina and contributed to flooding.

A large part of the New Orleans area is below sea level and requires constant pumping to
remove water from rainfall and groundwater seepage. An interior drainage system has evolved
over the years into a sophisticated—although aging—system of conduits, culverts, pipes, and
ditches (Figure 17) that moves water into drainage canals and then to pump stations (Figure 18).
These pumping stations are designed to handle water from tropical storms with about a 10-year
return period, and they are not designed to pump the large volumes of water caused by levee
breaches or overtopping. Many of the pump stations are 50 or more years old. Many or most did
not operate during Katrina because they lost power or were abandoned. Pump stations were
treated as features in the risk analysis when they intersect levees or floodwall reaches.

VIl Engineering and Operational Risk and Reliability Analysis VIII-22
This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.



Figure 7. Typical sheet-pile I-wall.
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Figure 8. Concrete capped I-wall cross section.
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Figure 9. Concrete capped I-wall.
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Figure 10. Typical sheet-pile I-wall cross section.
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Figure 11. Katrina damaged I-wall.
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Figure 12. Katrina damage to concrete capped I-wall.
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Figure 14. Typical T-wall cross section.
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Figure 15. Typical L-wall.

Figure 16. Road crossing.
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Figure 17. Local drainage structure.
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Figure 18. Local pump station.

Figure 19. l-wall transition to concrete structure and levee.
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Figure 20. Katrina erosion at transition.
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Figure 21. Katrina erosion at transition from levee to closure structure.

Transitions between types of structures (Figure 19) turned out to be critical features during
Katrina, serving as focal points of erosion when the HPS was overtopped (Figure 20). Some of
these failures at transitions can be attributed to differences in elevation across the transition,
which created eddies during overtopping that eroded the foundation or levee on the protected

side.
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Figure 22. NOE reaches (levees in green, walls in purple)

HPS Model for Risk Analysis

The systems characterization information gathered by the Risk Team served as the basis for a
model of the HPS in risk analysis. The perimeter of each parish and sub-basin was divided into
reaches that define sections of similar physical and engineering characteristics (Figure 22).
Initially, the reaches were defined using the beginning and ending stations shown in the original
design memoranda. The stations were adjusted based on examinations of geological and
geotechnical information to form reaches that were expected to have similar performance.

For each reach, the following geometric and geographic characterization was developed:

Reach Number—A unique reach number is assigned

Length—The length in feet of the selected reach

Top Elevation—The elevation in feet referenced to NAVDE8 (2004.65)

Design Water Elevation—The water elevation used in the design of the reach.
Reach Type—The structural configuration of the reach (levee, wall, or transition)
Reach Weir Coefficient—The applicable weir coefficient if water overtops the reach
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Basin Reference—The basin where the reach is located.
Sub-basin Reference—The sub-basin where water flows from a breach or overtopping
Reach Name—The name of the reach.

This information was translated into a flat-file database as suggested by Table 1. All the
basins and sub-basins in the HPS were characterized in this manner.

Similar information developed for all features (Table 2). For each feature, the following
characterization was developed:

Feature Number—Unique identification feature number
Reach Name—The name of the reach

Basin Reference—The basin where the reach is located
Sub-basin Reference—The sub-basin where water will flow
Type—Structural type of the feature

Correlated Feature—A reference value for correlated features
Length—Length in feet of the opening

Bottom Elevation —The invert elevation of the gate
Probability Open—Probability that the gate will not be closed

For each transition, the following characterization was developed (Table 3):

Transition Number—A unique transition number

Reach Name—The name of the reach

Basin Reference—The basin where the reach is located

Sub-basin Reference—The sub-basin where water will flow

Transition Type—The structural configuration of the structure that the transition
Length—The length in feet selected for the transition

Elevation(s)—The physical elevation(s) in feet referenced to the NAVDS88 (2004.65)
Design Water Elevation—The water elevation used in the design of the transition

A description of reaches, features, and transitions is presented in Appendix 14. For the pre-
Katrina condition, 135 reaches were identified; for the current condition three gates were added,
one each at the Lake Pontchartrain ends of the 17th Street, London Avenue, and Orleans
drainage canals. In both cases, 197 point features and 178 transitions were identified. Reach
elevations and lengths used in risk assessment for New Orleans East in the pre-Katrina and 2007
HPS, referenced to NAVDS88 (2004.65) are shown in Table 4.
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Table 1. New Orleans East Reach Definitions

Length Ele-:-l?t)ion Design Water Reach Reach Weir Basin Sub-basin Reach
Reach (ft) (ft) Elevation (ft) Type Coefficient Reference Reference Name
1 2,405 15.5 125 w 3.0 NOE NOE5 NOE1
2 250 15.5 1.5 L 2.6 NOE NOE5 NOE2
3 2,325 15.5 125 w 3.0 NOE NOE5 NOE3
4 2,330 15.5 1.5 L 2.6 NOE NOE5 NOE4
5 2,270 15.5 125 w 3.0 NOE NOE5 NOE5
6 19,110 15.5 1.5 L 2.6 NOE NOE5 NOE6
7 1,475 15.5 125 w 3.0 NOE NOE5 NOE7
8 2,725 15.5 1.5 L 2.6 NOE NOE5 NOES8
9 32,900 18.5 14.5 L 2.6 NOE NOE1 NOE9
10 5,830 17.0 13.0 L 2.6 NOE NOE1 NOE10
1 13,325 17.0 13.0 L 2.6 NOE NOE1 NOE11
12 8,910 18.0 14.0 L 2.6 NOE NOE1 NOE12
13 9,185 22.0 18.0 L 2.6 NOE NOE1 NOE13
14 2,615 22.0 18.0 L 2.6 NOE NOE1 NOE14
15 4,470 25.0 21.0 L 2.6 NOE NOE1 NOE15
16 13,045 28.0 24.0 L 2.6 NOE NOE1 NOE16
17 10,570 32.0 28.0 L 2.6 NOE NOE2 NOE17
18 10,760 17.9 14.9 w 3.0 NOE NOE2 NOE18
19 9,320 17.9 14.9 w 3.0 NOE NOE3 NOE19
20 7,905 16.0 12.0 L 2.6 NOE NOE3 NOE20
21 5,520 16.0 13.0 w 3.0 NOE NOE3 NOE21
22 385 16.0 12.0 L 2.6 NOE NOE3 NOE22
23 15,320 15.0 9.9 L 2.6 NOE NOE4 NOE23
24 2,910 15.0 10.8 w 3.0 NOE NOE4 NOE24
25 3,230 15.0 9.8 L 2.6 NOE NOE4 NOE25
26 1,640 15.0 10.8 w 3.0 NOE NOE4 NOE26
27 2,750 15.0 9.8 L 2.6 NOE NOE4 NOE27
28 4,100 13.0 9.0 L 2.6 NOE NOE4 NOE28
29 11,185 13.5 10.5 w 3.0 NOE NOE5 NOE29
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Table 2. New Orleans East Feature Definitions

Feature Correlated Length Bottom Elevation Prob Reach
Number Type | Category | Reach Features (ft) (ft) Open Name
1 G G 1 1 35.0 1.0 0.010 NOE1
2 G G 1 2 22.0 1.8 0.010 NOE1
3 G G 1 3 63.0 -0.5 0.010 NOE1
4 G G 7 4 32.0 -1.5 0.010 NOE7
5 G G 1 5 30.0 6.0 0.010 NOE11
6 G G 12 6 80.0 10.0 0.010 NOE12
7 G G 15 7 20.0 5.7 0.010 NOE15
8 G G 18 8 20.0 9.8 0.000 NOE18
9 G G 18 9 20.0 9.8 0.000 NOE18
10 G G 18 10 20.0 9.8 0.010 NOE18
1 G G 18 1 20.0 9.8 0.010 NOE18
12 G G 18 12 20.0 9.8 0.000 NOE18
13 G G 18 13 20.0 9.8 0.010 NOE18
14 G G 18 14 20.0 9.8 0.010 NOE18
15 G G 18 15 20.0 9.8 0.000 NOE18
16 G G 18 16 20.0 9.8 0.010 NOE18
17 G G 18 17 20.0 9.8 0.010 NOE18
18 G G 18 18 20.0 9.8 0.010 NOE18
19 G G 18 19 20.0 9.8 0.010 NOE18
20 G G 18 20 20.0 9.8 0.010 NOE18
21 G G 18 21 20.0 9.8 0.010 NOE18
22 G G 18 22 20.0 9.8 0.010 NOE18
23 G G 18 23 20.0 9.8 0.010 NOE18
24 G G 18 24 20.0 9.8 0.010 NOE18
25 G G 18 25 20.0 9.8 0.000 NOE18
26 G G 19 26 20.0 12.8 0.010 NOE19
27 G G 21 27 20.0 12.8 0.010 NOE21
28 G G 21 28 20.5 6.5 0.010 NOE21
29 G G 27 29 20.0 7.8 0.010 NOE27
30 G G 28 30 20.0 6.5 0.000 NOE28
31 G G 28 31 20.0 6.5 0.010 NOE28
32 G G 28 32 17.0 6.5 0.000 NOE28
33 G G 28 33 20.0 7.2 0.000 NOE28
34 G G 28 34 37.0 6.5 0.010 NOE28
35 G G 29 35 35.0 6.5 0.000 NOE29
36 G G 29 36 15.0 7.2 0.010 NOE29
37 G G 29 37 17.0 4.7 0.010 NOE29
38 G G 29 38 20.0 5.2 0.010 NOE29
39 G G 29 39 17.0 22 0.010 NOE29
40 G G 29 40 30.0 -0.8 0.010 NOE29
41 G G 29 41 33.0 9.2 0.010 NOE29
42 G G 29 42 32.0 5.7 0.010 NOE29
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Table 3. New Orleans East Transitions Definition

Length gz:,gal::sg Design Water | Transition Tra\;]vsélit;on Reach Sub-basin Reach
Transition (ft) (ft) Elevation (ft) Type Coefficient Reference Reference Reference
1 25 15.5 15.5 R 3.0 NOE1 NOE5 1
2 125 15.5 15.5 T 3.0 NOE3 NOES5 3
3 80 15.5 15.5 T 3.0 NOE3 NOE5 3
4 155 15.5 15.5 T 3.0 NOES5 NOES5 5
5 95 15.5 15.5 T 3.0 NOE5 NOE5 5
6 140 15.5 15.5 T 3.0 NOE?7 NOES5 7
7 130 15.5 15.5 T 3.0 NOE?7 NOE5 7
8 450 18.5 18.5 D 3.0 NOES9 NOE1 9
9 830 18.5 18.5 D 3.0 NOE9 NOE1 9
10 65 17.0 17.0 D 3.0 NOE10 NOE1 10
1 215 17.0 17.0 R 3.0 NOE10 NOE1 10
12 145 17.0 17.0 R 3.0 NOE11 NOE1 11
13 255 17.0 17.0 G 3.0 NOE11 NOE1 1
14 75 17.0 17.0 D 3.0 NOE11 NOE1 1
15 55 18.0 18.0 D 3.0 NOE12 NOE1 12
16 330 19.0 19.0 G 3.0 NOE12 NOE1 12
17 120 18.0 18.0 D 3.0 NOE14 NOE1 14
18 95 30.0 30.0 G 3.0 NOE15 NOE1 15
19 870 34.0 34.0 P 3.0 NOE17 NOE2 17
20 135 16.0 16.0 T 3.0 NOE18 NOE2 18
21 60 16.0 16.0 T 3.0 NOE19 NOE3 19
22 75 16.0 16.0 R 3.0 NOE20 NOE3 20
23 140 16.0 16.0 T 3.0 NOE21 NOE3 21
24 25 16.0 16.0 T 3.0 NOE21 NOE3 21
25 50 14.0 14.0 P 3.0 NOE23 NOE4 23
26 40 14.0 14.0 R 3.0 NOE23 NOE4 23
27 40 14.0 14.0 R 3.0 NOE23 NOE4 23
28 75 14.0 14.0 T 3.0 NOE24 NOE4 24
29 80 14.0 14.0 T 3.0 NOE24 NOE4 24
30 75 14.0 14.0 T 3.0 NOE26 NOE4 26
31 60 13.0 13.0 T 3.0 NOE26 NOE4 26
32 150 14.0 14.0 P 3.0 NOE26 NOE4 26
33 70 14.0 14.0 R 3.0 NOE27 NOE4 27
34 70 14.0 14.0 R 3.0 NOE27 NOE4 27
35 90 14.0 14.0 G 3.0 NOE27 NOE4 27
36 100 14.0 14.0 G 3.0 NOE28 NOE4 28
37 100 14.0 14.0 G 3.0 NOE28 NOE4 28
38 195 14.0 14.0 G 3.0 NOE28 NOE4 28
39 135 14.0 14.0 G 3.0 NOE28 NOE4 28
40 35 14.0 14.0 R 3.0 NOE28 NOE4 28
41 80 14.0 14.0 G 3.0 NOE28 NOE4 28
42 90 14.0 14.0 G 3.0 NOE28 NOE4 28
43 95 14.0 14.0 T 3.0 NOE29 NOES5 29
44 50 14.0 14.0 R 3.0 NOE29 NOES5 29
45 30 14.0 14.0 G 3.0 NOE29 NOE5 29
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A portion of the systems definition for New Orleans East (NOE 5) in the vicinity of the
Lakefront Airport is shown in Figure 23.

This figure suggests the resolution of information developed by the risk team from the
GDMs. The red targets and light blue station labels show the location of point features and
transitions. This figure also includes point features such as gates (red in color) as well as
pumping stations (blue lines) and transitions (grey circles). These data were transformed into
reaches as shown in Figure 24, in which wall reaches are indicated in purple and levee reaches in
green.

Figure 23. Detail of HPS definition at Lakefront Airport.
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Figure 24. Detail of HPS definition at Lakefront Airport.

Table 4. Reach Elevation for HPS Scenarios

Reach Length (ft) Reach Name Pre-Katrina HPS, ft 2007 HPS, ft
1 2,405 NOE 1 12.0 10.8
2 250 NOE 2 10.0 10.8
3 2,325 NOE 3 12.0 10.8
4 2,330 NOE 4 13.0 10.8
5 2,270 NOE 5 14.0 10.8
6 19,110 NOE 6 13.0 13.0
7 1,475 NOE 7 13.0 13.0
8 2,725 NOE 8 13.0 13.0
9 32,900 NOE 9 18.5 18.2
10 5,830 NOE 10 15.0 13.8
1 13,325 NOE 11 11.0 14.0
12 8,910 NOE 12 15.0 15.0
13 9,185 NOE 13 16.0 15.8
14 2,615 NOE 14 17.0 16.0
15 4,470 NOE 15 18.0 18.0
16 13,045 NOE 16 15.5 18.0
17 10,570 NOE 17 16.8 18.0
18 10,760 NOE 18 18.0 17.9
19 9,320 NOE 19 17.9 17.9
20 7,905 NOE 20 17.0 16.0
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Reach Length (ft) Reach Name Pre-Katrina HPS, ft 2007 HPS, ft
21 5,520 NOE 21 17.0 16.0
22 385 NOE 22 14.0 16.0
23 15,320 NOE 23 14.0 13.9
24 2,910 NOE 24 125 13.8
25 3,230 NOE 25 13.5 13.8
26 1,640 NOE 26 14.0 13.8
27 2,750 NOE 27 14.0 13.8
28 4,100 NOE 28 125 13.0
29 11,185 NOE 29 13.0 13.5
30 6,745 JE1 125 12.8
31 5,915 JE2 13.0 13.9
32 4,945 JE3 12.5 13.9
33 36,430 JE4 15.0 16.5
34 19,925 JE5 16.0 16.5
35 12,300 JE6 13.0 15.5
36 4,205 JE7 24.5 25.3
37 53,090 JE8 25.5 254
38 2,595 JE9 6.0 9.6
39 17,500 SC1 11.0 11.0
40 11,710 SC2 10.0 13.0
41 23,190 SC3 10.0 10.0
42 70,465 SC4 27.0 27.9
43 9,280 SC5 21.0 20.5
44 3,795 SC6 17.0 20.3
45 12,740 om1 13.0 15.5
46 9,280 omM2 14.0 14.0
47 3,155 OoM3 14.0 14.0
48 9,110 om4 14.0 14.0
49 3,610 OM5 14.0 14.7
50 12,130 OM6 13.5 13.5
51 3,880 om7 13.5 13.5
52 12,765 OoM8 13.5 13.5
53 3,030 OoM9 13.5 13.5
54 2,925 OoM10 13.0 12.0
55 6,310 OoM11 18.5 18.0
56 9,940 OoM12 17.0 17.0
57 2,380 OM13 175 16.5
58 3,220 OoM14 19.5 16.5
59 7,605 OM15 17.0 16.5
60 1,155 OoM16 14.0 14.4
61 9,095 om17 125 13.5
62 9,170 OoM18 125 13.8
63 1,490 OoM19 11.0 15.0
64 8,390 OM20 13.0 13.8
65 875 OoMm21 21.0 20.1
66 1,980 Oom22 21.0 21.5
67 8,915 OoM23 21.8 225
68 25,450 OM24 222 23.6
69 10,780 OM25 22.5 243
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Reach Length (ft) Reach Name Pre-Katrina HPS, ft 2007 HPS, ft
70 14,180 OM26 24.0 24.8
71 3,350 om27 25.0 25.8
72 6,570 SB1 13.0 15.0
73 1,115 SB2 13.0 13.3
74 26,995 SB3 13.5 13.6
75 84,195 SB4 17.5 20.0
76 44,650 SB5 15.0 15.7
77 25,545 SB6 201 22.0
78 26,950 SB7 20.1 21.2
79 15,885 SB8 201 20.5
80 870 SB9 20.9 22.0
81 22,000 PL1 6.0 9.5
82 41,525 PL2 9.0 8.5
83 57,470 PL3 18.0 18.1
84 50,610 PL4 8.0 8.5
85 36,605 PL5 17.0 16.4
86 60,615 PL6 6.0 6.4
87 25,865 PL7 17.0 15.7
88 17,170 PL8 9.5 1.2
89 39,195 PL9 15.5 16.2
90 27,100 PL10 125 13.5
91 19,120 PL11 12.2 13.6
92 13,774 PL12 11.8 12.7
93 6,635 PL13 12.2 13.8
94 49,470 PL14 15.5 16.3
95 6,160 PL15 14.0 14.9
96 26,710 PL16 14.0 15.0
97 78,500 PL17 14.0 14.7
98 79,100 PL18 14.5 15.0
99 22,740 PL19 14.5 13.9
100 51,200 PL20 16.5 16.6
101 32,235 PL21 16.5 15.6
102 50,475 PL22 15.0 17.3
103 29,050 PL23 15.0 17.5
104 62,810 PL24 10.5 12.0
105 30,940 PL25 10.5 124
106 61,710 PL26 18.5 18.6
107 25,225 PL27 18.5 17.0
108 21,496 CwW1 3.0 6.5
109 13,947 cw2 8.0 7.8
110 24,047 Cwa3 8.0 7.0
1M1 8,180 Cw4 6.0 9.0
112 1,730 Cws 4.0 4.0
113 320 CW6 8.0 8.0
114 1,495 Ccwz 9.0 9.0
115 85,639 cws 24.0 26.3
116 3,060 WH1 9.0 9.0
117 11,240 WH2 8.5 8.0
118 16,370 WH3 10.0 9.8
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Reach Length (ft) Reach Name Pre-Katrina HPS, ft 2007 HPS, ft
119 22,135 WH4 13.0 125
120 6,690 WH5 13.0 12.0
121 16,120 WH6 9.0 9.0
122 26,700 WH7 8.0 8.0
123 9,510 WHS8 5.0 5.0
124 1,165 WH9 13.0 24.8
125 20,710 WH10 23.0 24.2
126 40,198 HA1 22.0 22.0
127 14,550 HA2 22.0 23.2
128 28,337 HA3 5.0 5.0
129 44,000 HA4 9.0 8.3
130 920 HA5 20.0 16.0
131 26,040 HA6 22.0 201
132 920 HA7 20.0 16.0
133 5,050 HA8 6.0 9.5
134 10,745 HA9 9.0 8.0
135 1,165 HA10 13.0 24.8
136 190 17th St NA 16.50
137 215 Orleans NA 18.00
138 160 London Ave NA 18.00
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Hazard Definition

Hazard is the likelihood of water levels created by storm surge and waves at each component
of the HPS. The relationship between water levels and how frequently they are expected to occur
must be established for many locations around the HPS. It is important to note that the IPET,
Corps, FEMA and the National Oceanic and Atmospheric Administration (NOAA) have worked
together with top hurricane experts to make sure that the process used is appropriate for this pur-
pose. Collectively, these experts have greatly advanced the understanding of hurricane forces.
The method used to define the hazard, Joint Probability Method - Optimal Sampling, is depicted
in Figure 25 and in Appendix 8.

What storms might occur? The first step in defining the hazard requires looking at potential
hurricanes. In the past, this was typically established by analyzing historical hurricanes and at
times extrapolating from these records. In the initial design of the New Orleans HPS, historical
data were used to define a “standard project hurricane.” The standard project hurricane (HPS) is
defined as a hypothetical hurricane intended to represent the most severe combination of hurri-
cane parameters that is reasonably characteristic of a specified region, excluding extremely rare
combinations. The surge created by the SPH traveling along a few select tracks was used as the
basis of design. More recently, the historical record was used to artificially generate a larger
sample of storms, much like those that have occurred, to provide multiple storms for modeling
surge conditions that could occur. Experts believe these approaches are no longer adequate, espe-
cially with the recognition of trends towards more frequent and more intense storms. Yet the
historical storms are important because they allow any process to be checked against what has
already happened.

One of the major findings of the Katrina investigations was the importance of considering
both the intensity of the storm (central pressure deficit related to the Saffir-Simpson scale) and
the physical size (measured as the radius to the maximum wind speed of the storm) to adequately
understand the surge generation capability of the storm. It was Katrina’s combination of rela-
tively high intensity and relatively large size that allowed it to create the highest surge ever
experienced in North America. Figure 26 shows the pressure deficit—size relationship for his-
torical storms. Note that Camille (Category 5 on Saffir-Simpson Scale at landfall) was a more
intense storm than Katrina (Category 3 at landfall), but Katrina was considerably larger and had
significantly greater surge generation potential.

Estimation of Probabilities of Maximum Surges

The key input driving the risk model is the spectrum of possible surge and wave conditions
around the perimeter of the HPS. There are two primary steps in deriving this information:
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(1) specification of surge and wave maxima and their corresponding probabilities, and (2) time
sequences of surge and wave conditions near the time of peak surge. These are summarized in
hydrographs for each reach, respectively, in the HPS model. Details of the methodology used to
construct storm tracks and associated wind fields for this effort are included in Appendix 8 of
this volume; however, a brief synopsis will be given here.
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Figure 25. Concept and components of the hazard analysis.
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Figure 26. Relationship of storm intensity to size of historic storms.

The Joint Probability Method (JPM) for characterizing the probability of storms was
developed in the 1970s (Myers 1975; Ho and Meyers 1975) and extended by a number of
investigators (Schwerdt et al. 1979; Ho et al. 1987 ) to circumvent problems related to limited
historical records. In early applications, the JPM assumed that storm characteristics were
constant along the entire section of coast from which a sample of storms was drawn.

The JPM used four parameters to characterize storms:

1. Central pressure,
2. Radius of maximum wind speed,
3. Storm forward speed, and
4. The angle of the storm track relative to the coast.
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Initial applications of the JPM assumed that the values of these parameters varied only
slowly in storms approaching the coast; therefore, the values of the parameters at landfall could
be used to estimate the surge at the coast. As shown in Appendix 8, recent data show that this is
not a good assumption. Since storms are stronger off the coast, the use of landfall pressures to
generate surge and wave fields tends to significantly underestimate storm intensities during the
approach to land.

In the JPM, the surge at a point of interest located at x at time ¢ can be thought of as being
generated by an equation of the form

n(x.1) = ®(GW |c,,R,,.v,,0,5(),1)

where

1{x,?) is the storm surge at location x and time t,

@ is a numerical model used to generate surges over a grid,

G 1s a time invariant grid of bathymetry/topography,

W is a wind field over the grid at time 1, (2)
c, is the central pressure,

R__ is the radius to maximum wind speed from the center of the storm,
v, is the forward velocity of the storm,

@ is the geographic angle of the track, and

S(¢) is the position of the storm along the track at time t,

For a non-constant grid (levee breaching, variations in coastal landforms, etc.) and non-
constant wind field parameters, this becomes,

n(x,1) = D(G(©), W (®) | ¢, (), R, (1), v, (2),0(2), S (2), 2) 3)

where the dependence on time is explicitly shown. In either case, for a given storm define a
maximum surge value for that storm, #7max(x, 7). With constant parameters, the probability for each
event simulated can be associated with the probability of the parameters used to drive the wind
model,

APy ) = P(Cp5 Ry s V750, % — %, )AC AR L AV AGD (x - xy)

where

A here denotes the incremental size of the parameter element 4)
8, is the angle of the track relative to the coast at landfall and

x - x, is the distance between the point of interest and the landfall location

In this form of the equation, the size of the discretization can be seen to play a potentially
important role in defining surge probabilities. Also in this form, the fifth parameter associated
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with the earlier JPM approach, a location parameter relative to the landfall point, xo, is
introduced in order to extend the concept to multiple tracks.

Most JPM studies on even relatively small reaches of coast used 300 to 600 storm
simulations to adequately resolve the probability structure, which imposed a computational
burden compared to the historical storm approach. A particular deficiency of the JPM as it was
initially applied was that little or no attention was paid to the impact of various sources of
uncertainty on the results. As discussed in Appendix 8, it is possible to incorporate uncertainty
directly into the JPM integral. This is an important step forward, since it allows us to recognize
that predictive tools and statistical estimates all contain potential errors.

Recently, it has become clear that it is essential to resolve coastal bathymetry and landforms
more precisely than they were resolved in earlier studies. This includes not only the need to
resolve various small-scale features (such as roads, ridges, levee crests, etc.) in order to reliably
assess impacts to these small-scale features, but also the need to resolve regions where physical
processes (such as wave-current interactions) occur on a relatively small scale. As an example,
the ADCIRC model domain for the New Orleans area used in recent simulations now contains
over 2,000,000 computational nodes." This level of resolution greatly increases the
computational burden required to conduct a JPM-based study.

Since the JPM was introduced in the 1970s several issues have arisen which could directly
affect the number of parameters which must be considered with an application. In 1980, Holland
provided evidence that hurricanes (tropical cyclones/typhoons) exhibit considerably more
variability in the peakedness of their velocities along a radial than could be explained by the
simple wind models available at that time. Holland introduced a new parameter, now known as
the Holland B term, which enhanced the ability of wind models to match observations. This
introduces another parameter that should be considered within JPM. Since the assumption of
constant parameters during approach to the coast is often violated by major storms, the
variability of storm characteristics during this period represents another potential source of
variability that might require parameterization and inclusion within the JPM.

Modern surge models have adopted a coupled model approach that combines the
contributions of direct wind-driven surge with radiation stresses from wave fields. Since wave
fields evolve over time intervals that are longer than those of coastal surges (tens of hours
compared to hours), storm tracks cannot be treated as straight line segments over short distances
near landfall for wave generation. Instead, physically consistent tracks must be defined over the
typical distances which are involved in the development of the wave fields expected to
accompany a hurricane, which potentially introduces a third source of variability that should be
considered within the JPM.

It is apparent that the computational burden to simulate an individual storm accurately is
large. One option would be to simplify the grid and some of the modeling complexity; however,
it is hard to estimate the types and magnitudes of errors that result from such simplifications. In

' The Advanced Circulation Model (ADCIRC) is a finite element hydrodynamic model for coastal oceans, inlets,
rivers and floodplains, and a product of the ADCIRC Development Group, http://www.nd.edu/~adcirc/index.htm.
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the New Orleans area, such simplifications lead to serious misestimates for recent major storms.
An alternative method is to develop an approach that reduces the number of sample storms that
have to been simulated to provide a reasonable statistical characterization of the storm
population. The overall approach to accomplish this optimization within the context of the JPM
has now been termed JPM-Optimal Sampling, or the JPM-OS.

JPM-Optimal Sampling (JPM-OS)

One method to optimize a storm sample is to select a set of discrete storms via a process that
replicates certain properties of the overall probability distribution. If one knows the characteristic
scales of variation due to each parameter of the JPM along with their co-variation, it is possible
to select the storm set quite efficiently. However, in situations where the probability distribution
could change (climatic variability and/or due to additional years of data within the sample), it is
advantageous to use a method which does not depend on prior knowledge of the joint
distributions of the parameters. Such a method defines the storm set to be simulated to cover the
expected range of conditions affecting the return periods of interest and generates a response
function that is used to interpolate (and possibly extrapolate) over short parameter distances. This
method, termed a response-surface method here, is presented here.

The definition of continuous (rather than discrete) surge probabilities via numerical storm
surge models for an arbitrary number of parameters is,

p(n)= I...Ip(xl,xz,...,xn)é[‘l’(xl,xz,...,xn) —nldxdx,...dx, (5)

where 77 (= 17, for each individual storm at a fixed spatial location) is the storm surge level, is

Y(x,,x,,...,X,)

9L the Dirac delta function and is a numerical model or system of models that

operate on the set of parameters (xl,xz,...,xn) to provide an estimate of the surge level at a fixed
location. This can be integrated to yield the CDF for surge levels

F(n)= j...jp(xl,xz,...,xn)H[n -W(x,,x,,....,x,)Jdx,dx,...dx, (6)

where HJ.] is the Heaviside function. If a sufficient number of degrees of freedom are retained to
resolve the wind fields exactly, if the numerical codes are also “exact,” and if the specification of
the joint probability function p(x;,x2,...,x,) is known exactly, this equation is an exact integral for
the CDF with no uncertainty in its expected value. The sampling variability can be estimated by
re-sampling methods along the lines of the empirical simulation technique (EST).'

" EST (Empirical Simulation Technique) is a statistical procedure for simulating life-cycle risk analysis of events
such as storms and their corresponding environmental impacts. The EST is based on a “bootstrap” re-sampling-with-
replacement, interpolation, and subsequent smoothing of observed and/or computed site-specific historical events.
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The CDF integral shows that the number of dimensions required for an exact representation
of the surge CDF must equal the number of degrees of freedom contained within the system (for
practical purposes determined by the number of degrees of freedom contained in the wind
fields). Since all wind fields, wave models, and surge models remain inexact, and since the
estimates of joint probabilities are hampered by the small sample size, the actual representation
of this integral should be written as

F@p =J'...fp(xl,x2,...,x,, e)H[1 — W(x,, X500 X, ) + € Wixyx, .. dx dE (7)

where ¢ is an “error” term due to wind field deficiencies, ocean response model deficiencies,
unresolved scales, etc. In this form, there is a trade-off between modeling accuracy and the
magnitude of the error term, €. There is also a trade-off between errors and uncertainties in the
probability estimates and the overall accuracy in estimates of the surge CDF. These errors
increase if the small sample is split (for example the historical hurricane record in the Gulf of
Mexico) into information for too many dimensions.

It is advisable to limit the number of parameters considered in the JPM probability integral to
those which most impact surge response and to include an approximation for all of the neglected
terms within the error term, €. As noted previously, planetary boundary layer (PBL) models
provide a relatively accurate representation of the broad-scale structure within hurricanes.
Furthermore, wind fields from PBL models have a long history of providing accurate ocean
response estimates in Gulf of Mexico hurricanes (Cardone et al. 1976). Consequently, the logical
choice appears to be to limit the number of dimensions in the JPM integral to the number of
parameters contained within such PBL models,

F(ﬂ) =f---fP(c,sR,sz9uI,B)P(E)H[ﬂ _W(X) + E]fb:ldxz...dc_ds (8)

where the error term has been separated from the rest of the probability distribution and with the
vector set of parameters reduced to

W(j) = W(CP,RP,BI,V}-,B) 9)

In this form, the “error” term allows the inclusion of additional effects on water levels, such
as tides (albeit in an uncoupled, linear fashion). The term Rpax is replaced with R, (a pressure
field scaling term rather than a wind speed scaling term), since the latter term is used in the PBL
model that is used in the actual wind field construction here (Thompson and Cardone 1996).

Effort has gone into re-analyzing hurricane characteristics and hurricane wind fields for their
impacts on coastal surges. One significant finding is that the Holland B parameter in mature
storms within the Gulf of Mexico tends to fall into a fairly small range 0.9—1.6. Furthermore,
numerical sensitivity tests of both wind fields and coastal surges driven with the PBL winds
generated with the Thompson and Cardone (1996) model suggest that the adoption of a constant
value of 1.27 for storms centered more than 90 nautical miles from the coast provided a
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reasonable first approximation to both the wind fields and the surges. Thus, if the effects of
B-variations are added into the “error” term, the CDF equation becomes

F(@) = [ f 2,5 Ry v, 0, X)p( |mMMHIn - W(X) + £ Yrydlr,...dx,dE (10

with

W(X.) = qr(CP,RP,BI,VI,E)
where (11)
B is the mean value of B

Construction of Extended Storm Tracks for Wave Predictions

To obtain realistic wave fields for the wave component of the surge, it is essential to have
representative tracks that extend across the entire wave-generation region. Figure 27 gives an
example of one class of tracks defined by the working group for storms within the Gulf of
Mexico.
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Figure 27. Example of one class of extended storm tracks for Gulf of Mexico.

The Effect of Time Variations in the Parameter Set

Considerable evidence has emerged in recent years that the wind fields in hurricanes vary
considerably during the approach to shore. One approach to characterize this in a statistical
context is to discretize the rate of change of each of the four wind field parameters and consider
this within the scope of the simulations. Unfortunately, this would increase the computational
burden at least by a factor of 3. Sensitivity studies have shown that the typical range of variations
in storm angle and storm speed during approach to land is small and does not appear to affect
estimated surge values significantly. Thus, it is primarily variations in storm intensity and storm
size (and to a lesser extent the variation in the mean value of the Holland B term) that are
important to capture during approach to land. This would change the form of Equation 5 to
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AN, ) = PCos Roues V5015 %0, Ac,, AR JAC AR, AV, ABAX,
where

Ac, is the change in the central pressure during its approach to land and
AR__ is the change in storm size during its approach to land.

(12)

and would reduce the number of additional degrees of freedom in the simulation to two.
However, even if only three categories were used to represent variations in both of these
parameters, it would still increase the computational burden by a factor of nine. An alternative to
this is to use a deterministic function to capture the mean values of Ac, and ARy« much in the
manner that was used for the Holland B term.

Based on an analysis of all data for hurricanes within the Gulf of Mexico that attained central
pressure less than or equal to 955 mb at some time during their passage through the gulf, the
following equation provided a reasonable fit to the rate of change over the last 90 nautical miles
of approach to the coast

<Ac,>=R__ -6
where

c, is in millibars and
R is in nautical miles.

(13)

where the <> brackets denote the averaging over the entire sample.

The mean rate of change appears to be size dependent. The finding of an average storm de-
intensification during approach to shore is consistent with the findings of Rappaport (2007).
Kimball (2006) has shown that such decay is consistent with the intrusion of dry air into a
hurricane during its approach to land. Other mechanisms for decay might include lack of energy
production from parts of the hurricane already over land and increased drag in these areas. In any
event, the evidence appears rather convincing that major hurricanes begin to decay before they
make landfall, rather than only after landfall as previously assumed. Since the empirical basis for
this decay is drawn only from data in the northern Gulf of Mexico, these results should be treated
as site specific to that area.

During this study it was also found that the mean variation in storm size could be represented
by a simple multiplicative factor, independent of storm intensity, with storms increasing their
size by about 30% over the last 90 nautical miles of approach to the coast. It was also determined
that the Holland B term decreased from its average value of 1.27 off the coast to a value of about
1 at the coast. Thus, the final form for the continuous probability is

F) = [ [ 2(e,.R,v,,8,)P(e IMHIn - WO + e Midl,.dv,de (14)

with
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W(X)=-¥(c,,R,.0,,v,,B,<Ac, >, < AR, >) (15)

The error term now must add potential sources of variability due to the parameters
represented by “mean” approximations. Numerical sensitivity studies indicate that the overall
variations in peak surges due to the “filling” characteristics and longer track variations are
actually relatively small compared to the assumption of holding the Holland B term constant. A
conservative estimate of this 15% of the total surge for the constant Holland B assumption
encompasses the expected variability due to all three of these sources of variation that were
suppressed here.
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Figure 28. Characteristic variation in coastal surges as a function of central pressure from SLOSH
simulations along the Mississippi coast.
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Figure 29. Characteristic variation in coastal surges as a function of angle of storm approach from
SLOSH simulations along the Mississippi coast.
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Figure 30. Characteristic variation in coastal surges as a function of forward storm speed from SLOSH
simulations along the Mississippi coast.

Numerical studies using ADCIRC and SLOSH have shown that coastal surge levels are
dependent on storm intensity, typically categorized by pressure differential defined as the
peripheral pressure minus central pressure (i.e., Ap = po —c,, Where py is the peripheral pressure),
storm size (Rmax O R,), and storm location relative to a site. Storm surge is less sensitive to
forward storm speed and angle of the storm relative to the coast. Figure 28 shows the
characteristic variation of surge elevations at coastal stations as a function of variations in
pressure differential (po — ¢,), based on SLOSH tests along the coast of Mississippi. Figure 29
and Figure 30 show the characteristic variations of coastal surges as a function of storm angle
relative to the coast (6;) and forward storm speed (vy), respectively. As can be seen here, surge
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variations as a function of these three parameters tend to be smooth with either linear or slightly
curved slopes in these figures.

For a given location, a major portion of the surge response to hurricanes has been shown to

¢ Ap and R

be captured by the variation o » (Irish et al. 2007). Because of this, the surge response

integration method uses Ap - R, planes as the primary variables within the five dimensional
parameter space used in the JPM. Thus, for a fixed value of storm landfall location (x), storm

track angle at the coast (‘91), and storm speed ) , the response function at location (x,y) is
defined as
nmax(x9y):¢kmn(Ap’Rp’x’y) (16)

where ¢, is the surge response function and the subscripts &, m, and n denote a specific track

angle, storm speed, and landfall location, respectively. This notation reflects the fact that this
response function must be defined for each spatial (x, ) point in the computations. Figure 31
shows the set of storm size and intensity values that were used to cover the range of storms used
in the simulations for New Orleans. Since the variations of surge with storm size and intensity
have been relatively well established, extrapolation of these parameter values is accomplished
inside the probability integral.
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Figure 31. Relationship of central pressures and storm sizes simulated in JPM study to historical storms
within the Gulf of Mexico.

The effect of variations in storm speed has been found to be fairly small and tends to have
fairly linear slopes that are roughly independent of R ___and Ap; consequently, only a small

number of storms is required to represent the variation in surge levels as a function of forward
storm speed. This retains the overall structure of the response function for the initial forward
speed values used in Equation 12. In general within this approach, the value of

[#,...(AP, R, x, y)] for different forward speeds is obtained from the relationship

¢kmn(AP’Rp’x’y):¢k0m0n(AP5Rpaxay)+\Pkmn (17)

where
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The subscript “0” refers to the central speed and angle categories for a specific landfall
location; and

0 AP,R 0 AP,R
\P — ¢kmn( > paxay)é»v'_i_ ¢kmn( s paan/)56)1

kmn an f a 9[

For the cases in which a single storm is used to infer the variation with forward speed ¥

kmn

reduces to a constant.

One concern is the sensitivity of probability estimates to storm track spacing. In the study of
the New Orleans area, two sets of tracks were investigated: primary tracks with a spacing of
about 40 km, and secondary tracks midway between the primary tracks. The sufficiency of the
spacing of the primary tracks to represent the surge response in this area can be investigated by
comparing results from the secondary tracks to results of interpolations between primary tracks.
Figure 32 shows the results of these comparisons. In general little or no bias is introduced into
the probability integration by using only results from the primary tracks over the entire range of
surges in the 50- to 100-year return interval range.

In recent numerical studies, the use of the surge-response approach that was applied in the
New Orleans area continues to be validated. Recently, storm surges along the Texas coastline
were computed using the finite-element long-wave numerical model ADCIRC (Westerink et al.
1992, 2007). The ADCIRC model domain included the entire Gulf of Mexico water body and
North Atlantic basin, and the domain highly resolved the entire northern Gulf of Mexico
nearshore and inland bay system particularly along the Texas coast. These numerical domain and
associated calibration inputs were verified for surge simulation demonstrating accuracy within
30 cm for most locations within inland bays and along the open coast throughout the northern
Gulf of Mexico (USACE 2006a, 2006b).

Storm surge within ADCIRC for this investigation was forced with meteorological inputs for
wind and barometric pressure. Figure 33 shows a typical comparison of estimates based on larger
track spacing (using defined surge response characteristics from a similar storm set as used in the
New Orleans study) to estimates from intermediate tracks. This figure shows comparisons of the
surges estimated from 60-km spacing (red) to those from intermediate tracks (30-km spacing).
The resulting estimates are all similar. Similar comparisons have shown that this agreement
continues to the 15-km track spacing. This further supports the argument that the scale of track
spacing used in the New Orleans area should provide a very good representation for estimating
storm surges from intermediate tracks along the coast and suggests that the 152-storm set used is
functionally equivalent to a storm set that is at least two to four times larger in terms of numbers
of tracks. Since storm intensity, storm size, and storm track are the primary variables affecting
storm surge and since these appear to have functions which can be well specified in terms of
their surge response characteristics, there is little reason to believe that the 152-storm set used
does not produce very similar results to those that would be obtained from a much large set of
simulations.
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Figure 32. Plots of interpolations from tracks with spacing to results from intermediate tracks for points in
the New Orleans area for various track combinations.

Considerable progress has been made and continues to be made in the area of estimation of
probabilities of maximum surges in hurricanes. Based on the material shown here, it seems that
the overall methodology used here is as good as the state of the art permits. Table 5 and Figure
34 to Figure 36 show the resulting 50-, 100-, and 500-year storm surge levels for Louisiana
coastal areas developed via the methodology described here. In Resio et al. (2007) it is shown
that the Vickery wind model and the Oceanweather wind model used here give very similar
results. Furthermore, it is also shown that the storm intensity (central pressure) distributions are
essentially identical for the entire Gulf of Mexico and for selected subsections. Additionally the
characteristic Holland B values used are very characteristic of the gulf and size and storm sizes
are well documented. Given all these facts, the distribution of wind speeds from the methodology
used in this study are expected to be also very similar to those used in other accepted methods for
wind specification for hazards within this region.
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Figure 33. Comparison of interpolated surges from 60-km spaced tracks (red points) to actual computed
surges on intermediate tracks (black points) for several track combinations along the Texas

coast.

Table 5. Surge height in feet by reach and return period.

Reach ID 50-year 100-year 500-year 1000-year
1 8.3 9.4 12.3 12.9
2 8.4 9.5 12.3 12.9
3 8.4 9.5 11.9 12.9
4 1.2 9.4 11.8 12.9
5 8.3 9.3 1.2 121
6 8.3 9.4 11.0 11.9
7 8.3 9.3 11.0 1.7
8 8.3 9.3 11.0 1.7
9 8.4 9.6 11.3 11.8
10 8.6 9.7 11.9 12.7
1 8.8 10.3 131 13.9
12 9.8 1.5 13.6 14.2
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Reach ID 50-year 100-year 500-year 1000-year
13 10.7 12.0 141 15.2
14 12.9 151 17.3 18.4
15 14.3 16.7 191 20.2
16 15.2 17.5 201 21.2
17 15.8 18.2 211 22.0
18 16.5 18.9 211 21.9
19 16.7 19.2 211 21.9
20 16.6 19.1 211 21.9
21 16.6 18.6 211 21.9
22 16.3 17.6 19.7 20.0
23 15.5 16.5 17.7 18.0
24 15.0 15.8 16.8 17.0
25 14.9 15.7 16.8 17.0
26 14.8 15.6 16.8 17.0
27 14.8 15.6 16.7 17.0
28 14.0 14.7 15.8 16.0
29 1.5 12.3 13.7 14.0
30 10.0 11.9 15.8 16.6
31 9.5 1.4 15.0 15.7
32 9.2 10.8 14.0 14.7
33 8.9 10.3 13.0 13.7
34 8.7 10.1 125 12.8
35 8.9 10.5 13.4 13.8
36 124 14.3 16.0 16.7
37 125 14.3 16.0 16.7
38 101 1.7 15.8 16.6
39 10.1 12.6 15.7 16.6
40 10.5 12,5 15.8 16.9
41 10.1 124 15.3 15.9
42 125 14.3 16.0 16.9
43 9.8 12.5 15.6 16.1
44 10.1 12.3 15.5 15.9
45 8.9 10.5 134 13.7
46 8.8 10.3 13.4 13.8
47 8.5 9.6 124 12.8
48 8.8 10.3 13.4 13.8
49 8.5 9.6 12.3 12.7
50 8.7 9.9 13.3 13.9
51 8.4 9.4 12.3 12.9
52 8.6 9.9 13.3 13.9
53 8.4 9.4 12.3 12.9
54 8.6 9.8 124 12.7
55 8.4 9.6 121 12.6
56 8.4 9.5 12.2 12.8
57 8.3 9.4 12.2 12.8
58 8.3 9.3 12.2 12.8
59 8.2 9.2 11.9 12.9
60 8.2 9.2 12.3 12.9
61 11.1 11.9 13.6 13.9
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Reach ID 50-year 100-year 500-year 1000-year
62 14.3 15.0 16.0 16.9
63 14.8 15.6 16.8 17.0
64 14.7 15.6 16.8 17.0
65 14.7 15.6 17.0 17.9
66 14.8 15.7 17.5 18.0
67 131 14.5 16.3 17.3
68 13.1 14.6 16.3 17.3
69 12.7 14.5 16.5 17.3
70 12.6 14.3 16.0 16.8
71 124 14.2 16.0 16.7
72 14.7 15.6 16.8 17.0
73 14.6 15.5 16.8 17.0
74 15.0 15.8 16.9 17.5
75 14.9 171 20.2 20.9
76 16.0 18.4 20.9 21.6
77 131 14.5 16.2 17.4
78 131 14.5 16.2 17.3
79 13.1 14.5 16.4 17.4
80 14.7 15.7 17.0 17.9
81 5.7 7.2 7.9 8.0
82 5.6 7.6 9.0 9.7
83 14.1 15.5 17.7 18.6
84 5.9 8.6 12.2 13.4
85 14.6 16.0 19.3 20.2
86 7.3 9.3 141 14.7
87 14.8 16.6 19.4 20.3
88 8.7 12,5 16.0 16.9
89 14.8 18.0 21.2 21.7
90 10.2 13.3 17.3 18.2
91 11.8 13.7 18.0 18.9
92 11.4 13.8 18.8 19.7
93 151 18.6 21.8 23.4
94 10.2 12.7 18.0 18.7
95 10.5 13.0 17.9 18.8
96 10.5 12.9 18.4 19.9
97 10.4 12.6 20.2 21.0
98 14.2 16.1 20.5 21.3
99 15.5 18.2 22.7 23.9
100 14.7 16.9 19.6 20.4
101 14.7 17.3 20.0 211
102 14.9 171 20.3 20.8
103 16.6 19.2 21.9 22.9
104 15.4 18.8 21.8 22.5
105 15.8 17.6 20.2 20.9
106 141 15.5 17.8 18.6
107 14.6 16.3 19.2 19.9
108 5.4 6.4 8.2 8.8
109 5.4 7.2 8.2 8.8
110 54 7.2 8.3 8.8
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Reach ID 50-year 100-year 500-year 1000-year
111 5.3 7.2 8.2 8.7
112 53 7.2 8.2 8.7
113 5.3 7.2 8.2 8.7
114 53 7.2 8.2 8.7
115 12.5 14.3 16.0 16.7
116 5.3 7.2 8.2 8.7
117 5.3 7.2 8.2 8.7
118 4.8 6.7 8.0 8.5
119 4.7 71 8.3 8.8
120 1.1 71 9.0 9.7
121 1.1 6.6 9.9 10.7
122 5.6 7.6 9.0 9.6
123 5.7 7.6 9.1 9.7
124 2.8 29 3.0 3.0
125 12.6 14.5 16.5 17.3
126 13.1 14.5 16.3 174
127 13.1 14.5 16.0 16.8
128 5.6 7.6 9.1 9.7
129 5.6 7.2 7.9 8.0
130 5.7 7.2 7.9 8.0
131 13.1 14.5 16.2 17.3
132 5.7 7.2 7.9 8.0
133 5.7 7.2 7.9 8.0
134 5.7 7.2 7.9 8.0
135 2.8 29 3.0 3.0
136 8.6 9.8 12.2 12.7
137 8.4 9.5 11.9 12,5
138 8.4 9.4 12.2 12.6
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Figure 34. 50-year surge levels estimated from JPM.
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Figure 35. 100-year surge levels estimated from JPM.
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Figure 36. 500-year surge levels estimated from JPM.

Estimation of Maximum Wave Conditions

An important question that remains is what are the wave conditions that affect levees and
floodwalls during high surge conditions? The precise co-variation in waves and surges has not
been totally resolved at this time; consequently, some level of conservatism is warranted. On flat
slopes, current wave models and data sets support a limiting value for the significant wave height
as being 0.43 times the depth. For simplicity in subsequent analyses in this report, wave heights
along levees exposed to open-coast wave attack are assumed to be represented by this
relationship to the surge.

Construction of Surge Hydrographs

Two different approaches to the generation of storm hydrographs centered on the peak surges
from the previous section have been investigated, a method based on parametric hydrograph
shapes and a method based on non-dimensional empirically based functions. A duration
parameter for storm hydrographs should effectively convey the length of time one can expect the
surge from a storm with given characteristics to stay above a threshold, taken here as 70% of the
peak surge #,,qx. Due to considerable spatial variability caused by bathymetric and topographic
features, the duration parameters and trends (versus storm parameters) are very location-specific.
Figure 11 shows three storm hydrographs for a location at the northern end of the Mississippi
River Gulf Outlet (MRGO), with the time above 0.7#,,,. shown by the red lines.
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Figure 37. Storm hydrographs from three different storms at a selected location at the northern end of the
MRGO.

The storm-to-storm variation in both peak surge and surge variation through time is
considerable, as is the total duration above the 0.7#,,, threshold. An analysis of the variations in
durations with storm characteristics (as well as a shape parameter ¢ discussed below) is
conducted to identify any meaningful trends.

Filtering of Hydrographs

Only hydrographs with #,,., values of >5.0 ft were considered for further analysis.
Additionally, hydrographs where #,,,, was within 10 time-steps of the beginning or end of the
curve were dropped from further analysis. One final check was used to filter out hydrographs
with significant “dry” periods. Such periods make it difficult to extract duration parameter
information from the hydrograph and would likely lead to spurious data points in subsequent
trend analysis. Figure 38 to Figure 40 show three examples of hydrographs that are screened
from further duration analysis.
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Figure 38. Hydrograph of npyax < 5 ft.
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Figure 39. Hydrograph with n.x occurring within 10 time-steps of end of curve.
VIl Engineering and Operational Risk and Reliability Analysis VIII-71

This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.




Location B; Storm 36

12

10

aurge (ft)

| | |
10 20 30 40 a0 B0 70 alll a0 100
Time Steps (5 hrs)

Figure 40. Hydrograph of significant dry period.

Calculating Duration Parameters

For storm hydrographs that satisfied all filtering criteria, a duration parameter o was
calculated for (a) the pre-peak and (b) post-peak portions of the curve. For the purposes of this
analysis, the duration parameters are equivalent to the first moments about the peak time #,,...
Prior to #may, 04 1s taken to be

J
Z nmaxfi (trymax - t’imaxﬁ' )At
i=1

o,= (18)
‘ Area,
where j is the number of time-steps between ¢,,..and the first time-step for which #,,4.;>=
0.79max, At 1s the time-step size, and Area, is the area under the curve between ¢,,,.. and #,,.....
The duration parameter g, is taken to be
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J
z 77max+i (tnmax“- - t’lmax )At
i=1

o, =

(19)

Area,

where j is the number of time-steps between ¢,,..and the last time-step for which #,ac+>= 0.7,
and Area is the area under the curve between #,,.. and #,,.... The moment calculation was used, as
opposed to simply the duration (¢, ~ —¢, ), in order to provide additional insight into the

shape of the hydrograph, and eventually anticipated overtopping rates. Figure 41 shows a
graphical representation of the manner in which the duration parameter o, was calculated.
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Figure 41. Calculation of duration parameter o,.

An adjustment of 0.5A¢ was subtracted from the distance (7, -, ) so as not to bias the

resulting moment calculation. For the hydrograph shown in Figure 41, the duration parameter o},
was found to be 5.21 time-steps (equivalent to 2.6 hr), while the actual duration above 0.7#,4, 18
11 time-steps (6.5 hr).

In work undertaken for the investigation of levee overtopping, van Ledden (2007) has shown
that a relatively good fit to the overall hydrographic shape can be obtained by representing the
time series as
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n(t) = nme“")}

where
n(t) is the water level at time t
t, 1s the time of the peak surge (20)
o, 1s the rms parameter of the Gaussian distribution with
1= 1 designating the interval up to the storm peak and

1 =2 designating the interval following the storm peak.

Figure 42 shows a typical result for a point in the New Orleans area. At first glance this
figure seems to imply that storm duration decreases with increasing values of maximum surge;
but this is not actually true. As an example, if Af for the best-fit lines over the range of maximum
surge values from 15 to 25 ft for this point is computed, duration curves can be estimated as a
function of maximum surge value.
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Figure 42. The rms parameter for hydrographs of individual storms plotted against the maximum surge
level for those storms (from the work of van Ledden (2007)). Crosses indicate estimates of the
rms duration parameter for different storms, with the color denoted whether the parameter is
for the interval up to the storm peak (blue) or for the interval following the storm peak (red).
The dashed lines represent the best overall fit to the data for all of the storms, again color-
coded to indicate the relevant portion of the storm being fit.

Figure 43 shows the behavior of At as a function of surge level and a set of maximum surge
levels from 15 ft to 25 ft for the interval preceding the storm peak. Figure 44 provides similar
information for the interval following the storm peak. As can be seen here, even though
o, and o, both decrease as the maximum surge increases, the duration increases. This behavior

can be understood by rearranging Equation 20,

At=t—t,=o0, 2111(—77‘“3"]
n

where (21)

At 1s the duration of water levels above 7.

The change in the expected duration as a function of maximum surge is given by
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(22)

From Equation 22, two terms contribute to the rate of change of A¢, not just the variation in
o, as a function of 77, . In this case and in a number of other cases analyzed independently, the

overall duration of surge levels is seen to be an increasing function of maximum surge.
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Figure 43. The best-fit line for the storm interval up to the storm peak from Figure 46 converted to

absolute duration of water levels.
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Figure 44. The best-fit line for the storm interval following the storm peak from Figure 46 converted to
absolute duration of water levels.

From these figures and equations, one can construct synthetic storm hydrographs associated
with each of the storm peaks estimated in the previous sections; however, upon close scrutiny of
the comparisons between these synthetic storm hydrographs and actual hydrographs, it was
observed that certain storm approach angles (primarily storms out of the southeast) produce
hydrographs with shapes that were not well fit by this approach. Thus, although the information
generated from this method is valuable for understanding the time scale of hurricane surges, a
second method of hydrograph generation was undertaken for estimating hydrographs for input to
the risk model.

This second approach defined the characteristic variation around the peak as a simple ratio of
the value at time t to the value at the peak, i.e.,
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which returns to the form of Equation 3, with the function W defined as the ratio of the surge at
time t to the peak surge. This function is defined for all of the combinations of parameters and in
conjunction with definition of the peak surge probabilities can be used to generate a very large
number of storm sequences and their probabilities.

Initially, the risk model was driven with information from 76 actual storms for all points
along the basin reaches. To examine the adequacy of this number of storms, this number was
tripled to 231 storms for all points along the basin reaches; and this information was provided to
the rest of the team. The initial set of storms covered the entire range of storm intensities, sizes,
and angles of approach for each storm track, but it held the storm forward speed constant
(11 knots). Storm speed does not strongly influence peak surges in this area, with sites along the
basins typically seeing differences of less than +10% in peak surge for the 6-knot and 17-knot
cases. However, as might be expected, the speed of the storm does change the duration of the
storm.

Although final comparisons of the agreement between overtopping produced by the
76 storms versus the 231 storms should be based on results from the risk model, we can examine
the agreement between water levels estimated by the 76 and 231 storms directly. Figure 45
shows a plot of the estimated 100-year surge levels based on the 76 storms and the 231 storms.
As can be seen here, the differences are quite small.
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Figure 45. Comparison of 76-storm and 231-storm estimates of 100-year surge values along all
138 points used in the risk simulations.

Estimating Wave Hydrographs

There was insufficient wave information available to specify an independent set of wave
hydrographs. Thus, wave heights should be taken as the limiting value for shallow-sloping
bottoms, about 0.43 times the depth. This factor can be applied to the surge hydrographs to
generate associated wave hydrographs.

Investigating the Effects of Climate Variability on Surge Levels

Two aspects of the sensitivity of estimated surge levels to climate variability will be
addressed here: The situation with an increase in storm frequency while holding the conditional
distribution of storm intensities constant, and a situation in which both the storm frequencies and
conditional distribution are allowed to vary.

The probability method used here treats storm probabilities and the development of the
response surface separately. Approximating to the smoothed curve for Atlantic tropical cyclones
from Holland and Webster (2007) as one estimate of what might happen if hurricane frequencies
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were allowed to increase in proportion to the increase according to a shift from a Tropical
Cyclone Regime 2 to a Tropical Cyclone Regime 3, approximately a 60% increase in the overall
hurricane frequencies.
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Figure 46. Comparison of JPM results from the base sample (solid line) to a situation with a 60% increase
in hurricane frequency.

Figure 46 shows the CDF (solid line) obtained from the method used here for a point along
the St. Bernard Parish levee. The dashed line is based on the assumption that future hurricane
frequencies increase by 60%. The entire line shifts toward the left and the old 160-year surge
becomes the new 100-year surge. Since the surge response in this region tends to be of the
Fisher-Tippet III (Weibull) form, the effect of this shift is diminished at longer return periods.
For a return period of 100 years, the existing 100-year value would only be increased by about
7%.
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For the second scenario, a shift was made in which all future years have both the frequency
characteristics and the condition distributions of storm intensities to double the number of “high-
activity/high-intensity” storms in the New Orleans area. This is simply a sensitivity study and no
studies have suggested that this is a likely future climate pattern. Using the different frequency
and intensity distribution bases within the JPM, it was found that the expected impact on the
surges is approximately 12% at the 100-year return period. Similar to the previous scenario, the
reason for the relatively small increase is the characteristic Weibull shape of the surge
distribution.
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Risk Modeling

The performance of the HPS is evaluated based its ability to prevent flooding within the
protected areas. This requires the determination of probabilities of failure of the components of
the system and an estimate of the amount of water expected to reach protected areas for a
particular hurricane if a component fails or the HPS is overtopped by surges and waves. The
water volume entering the protected areas was determined to be the result of one or more of the
following cases:

e Non-breach events including overtopping, closures (i.e., gates) that are left open, and
backflow from pumping stations

e Breach events due to failure of walls, transitions or levees (with and without overtopping)

e Rainfall during hurricane events

The pumping system can move water out of the HPS; it can reduce flooding by reducing the
net water volume in a basin. The risk quantification framework was, therefore, based on
obtaining estimates of net water volumes entering the HPS due to these events and calculating
associated flooding elevations.

Event Tree Development

The event tree of Figure 47 was developed from the influence and flow diagrams shown in
Figures 3 and 4 and was based on the team’s understanding of the factors that lead to interior
flooding. It shows the progression of the calculations required to determine net water volumes
and the resulting flood elevations. Figure 47 shows a total of twelve branches that are
constructed per hurricane for every reach and transition and Table 6 provides a summary of the
branches. A spreadsheet program was developed to perform the many required computations,
and the sections that follow provide a discussion of the events that make up the tree and the
associated water volume computations.

The determination of the frequency of flooding elevations from these net water volumes
required that all storms be evaluated for all possible combinations of events (all event tree
branches) for all the sub-basins. The number of combinations per storm for eight basins and 12
branches of the event tree was 1,073,741,824. Dependency among the basins was not examined
in order to reduce the number of possible combinations. The risk results obtained by examining
the individual basins were considered adequate for evaluating the relative risks and
vulnerabilities of the HPS.
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The arrival of surges and waves at a reach from a hurricane is the initiating event in the tree
that triggers the subsequent events in the tree. Each event in the branch is conditional on the
previous event. For example, a calculated volume of water will enter the HPS if a breach occurs
in a reach, when that reach is overtopped and the gates are open, and when a specific surge and
wave condition exists at that reach.

Hazard analysis Polder system probabilities & water Polder consequences HPS Risks
(hurricane rates and effects) volumes (conditional values per event) (water volume, elevation & loss per event)
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X operations pump & power levels R Life risk .
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Figure 47. Event tree for quantifying risk in a basin (polder).

Initiating Event

The water elevations generated by hurricane surges and waves place loads on the
components of the HPS that must be resisted if the system is to perform its intended function of
preventing interior flooding. Therefore, these loads are the initiating events in the event tree. The
hydrographs that were developed in the hazard analysis provide the water elevations required to
determine the loads as a function of time for each hurricane at each reach in the system.

Figure 31 shows a sample of the hydrographs for all the reaches in one basin. A total of

10,336 hydrographs were required for the reaches in the pre-Katrina HPS and another 10,564 for
the reaches in the June 2007 HPS for the hurricanes studied. Elevations from the hydrographs
were sampled at 30 minute time-steps and the effect on the subsequent events in the tree was
evaluated for each elevation. The frequency of each hurricane and, therefore, of the elevation
being evaluated are also applied to the tree branch under consideration. Appendix 8 provides a
complete discussion of the methods used to develop the hydrographs.
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Gates and Closures Events

The second event to be evaluated in the event tree is the performance of gates and closure
structures. Each gate or closure is treated as a separate feature and is assigned a probability of
being open. This probability is used to determine the amount of water that might enter protected
areas when water levels created by the initiating event exceed the base elevation of the gate or
closure structure. Anecdotal evidence suggested that approximately 10% of the gates or closures
in the system were left open during Katrina. This value was used in the analysis. The event tree
therefore branches again at the closure event where the probability of a gate being open is 10%
and the probability of it being closed is 90%. For open gates, the 10% open rate is applied to the
volume of water that could flow through the gate and that volume is assumed to enter the
protected area for that storm time increment. This is repeated for each time increment (30
minutes) of the hydrograph and each closure or gate structure to estimate the entire volume of
water that would enter by this event for each sub-basin for the entire HPS.

Table 6. Definition of the major branches of the event tree.

Branch Branch Water Volume

1. Non-Breach Use precipitation volume, with pumping

2. Non-Breach Use precipitation volume no pumping

3. Breach Use post-surge breach water elevation, no pumping

4. Non-Breach Use overtopping and precipitation volume, with pumping

5. Non-Breach Use overtopping and precipitation volume no pumping

6. Breach Use post-surge breach water elevation, no pumping

7. Non-Breach Use precipitation and not-all-closed-closure volume, with pumping

8. Non-Breach Use precipitation and not-all-closed-closure volume no pumping

9. Breach Use post-surge breach water elevation, no pumping

10. Non-Breach Use overtopping, precipitation and not-all-closed-closure volume, with pumping
11. Non-Breach Use overtopping, precipitation and not-all-closed-closure volume no pumping
12. Breach Use post-surge breach water elevation, no pumping

Overtopping Events

The next event to evaluate is whether on not a reach is overtopped by the initiating event and,
if it is overtopped, to determine the volume of water that will flow over the reach. The
determination of the probability of overtopping is a simple comparison of the water elevation
from the time-step of the hydrograph to the crest elevation of the reach. If the crest elevation is
exceeded, the probability of overtopping is equal to 1.0 — 0.0 if it is not exceeded. The
overtopping rate was computed assuming that the crest of the reach acts as a rectangular weir. If
the overtopping water flow has the elevation A and width L and is assumed to be a ideal liquid,
the energy conservation law can be used to show that the flow rate Q (L*/T) is given by

Q:§(2g)1/2LH3/2 (24)
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where g is the acceleration of gravity. The actual flow over the weir is known to be less than
ideal because the effective flow area is smaller than the product LH. The overtopping flow model

can be enhanced further for engineering applications by replacing the term %(2 g)l/2 with an

empirical coefficient, known as the weir coefficient C,; thus

Q=C,LH"” (25)

where

3.33 if L and H are given in English units
. (26)

1.84 if L and H are given in SI units

Note that the C,, for the ideal fluid case is %(2 g)l/2 which is 2.95 m/s’. This coefficient takes

a value of 3.0, 2.6, and 2.0 for floodwalls, levees, and gates, respectively, with a coefficient of
variation of 0.2 in inch-pound units (L and H in feet).

The mean volume of the overtopping water for a given reach can be calculated by integrating

w=CL  [(Xh(t)-H, ) at 27)

over t where hy>H

where the surge hydrograph is represented by /,(¢); H, is the reach height; L is the reach length;
C,, is the weir coefficient with a coefficient of variation of 0.2, and a mean u(C,,) of 3.0, 2.6, and
2.0 for floodwalls, levees, and gates, respectively; X; is an aleatory uncertainty random factor
with a lognormal distribution (0.20 log standard deviation and a median of 1.0).

These equations are the basis for the overtopping analyses conducted for each hurricane and
each reach. A complete presentation of the mathematics used to determine overtopping rates and
volumes is presented in Appendix 9 of this volume.

Breaching Events

The next event to evaluate is whether or not a breach failure occurs within a reach and the
water level produced by the initiating event, given the preceding events. If the reach does fail,
the volume of water that flows through the breach must be determined. Three cases of breach
failure were examined that corresponded to the breaching branches presented in the event tree.
The three cases are as follows:

e Breach given no overtopping

e Breach given overtopping
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e Breach due to feature (closure gate, pump house, etc.) or transition failures

Breach-given-overtopping is primarily driven by erosion, resulting from overtopping water
flow. The probability of reach failure was determined using reliability methods of analysis to
develop fragility curves for each reach. The development of the fragility curves is provided in
Appendix 10 and a summary is provided later in this section.

Breach Parameters

The breaching scenarios require knowledge of the average breach length and depth to
determine basin inflows. The HPS condition after Katrina was reviewed to identify basic
characteristics of the major breaches. The identified characteristics were used to develop general
rules for estimating breach dimensions in the risk model. One critical characteristic for
determining the volume of water flowing through a breach is the duration of time that the breach
is open. During Katrina, the breaches could not be repaired in time to have an effect on the level
of water achieved inside the basins. Therefore, the time that the breach is open was assumed to
have no effect on inflow volumes and water elevations.

Breach without Overtopping

IPET studies indicated that the London Ave. and 17th St. Canal breaches occurred during
Katrina before the water level in the canals reached the top of the floodwall; the breaches
appeared to have been the result of a foundation and/or design failure. Therefore, these breaches
were modeled in the risk analysis as having occurred without overtopping. The high-water marks
(HWM) identified inside the Orleans Basin (where the canal breaches occurred) and the length of
time that surge elevations exceeded lake levels in the canals were examined. The HWM during
Katrina in the Orleans Basin was within about 1 ft of the peak surge in the canals. For example,
it appears that the London Ave. South breach occurred when the canal water level was at about 7
to 8 ft, or about 3 ft below the top of wall. The peak surge in the canal was about 10 to 11 ft, and
the HWM in the Orleans Basin was about 10 ft.

There was a time lag of several hours between the surge elevation that failed the floodwall
and the peak surge elevation. This was a sufficient time period for the water elevation inside the
Orleans Basin to reach the peak surge elevation in the canal. The inverts of the canal breaches
were well below the normal lake level, so water flowed back into the lake after the surge passed.
Based on these observations, it seemed appropriate to use the peak surge level as the water
elevation achieved inside the basin when a catastrophic breach (full levee height) occurred
during a non-overtopping event. Therefore, for breaching without overtopping, the following
assumptions were used in the breaching model:

e All breaches were considered to be a result of a structural or foundation failure and the
breach depth was set to lowest elevation of the levee or floodwall.

e The breach depth was extended below the adjacent lake or river level.

e The maximum basin water elevations caused by the breach were set to the maximum
surge elevation experienced adjacent to the breach.
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Breach During an Overtopping Event

For levees subject to overtopping and erosion, general rules were developed that determined
breach invert elevation based on the depth of overtopping relative to the top of levee and the type
of soil in the levee. In the case where the breach invert elevation was higher than adjacent lake or
river levels, the depth and length of the breach, the duration of time that the surge level exceeded
the breach invert, and the weir coefficient were required to calculate inflow water volumes for
the breach. The breach lengths for the levees were assumed to be similar to that experienced
during Katrina. Breach lengths at the major canal breaches varied (450 to 1000+ ft), but were all
on the order of several hundred feet. At the IHNC where overtopping did occur, the two Lower
Ninth Ward breaches were similar in length to breaches at canals where overtopping did not
occur. The depth of the breaches at canals where overtopping did not occur were below the
normal canal water levels; water flowed out through these breaches when the surge passed.
Based on these observations, it was assumed that using the peak surge level as the maximum
water elevation achieved inside the basin was appropriate when a full-depth breach occurred
during an overtopping event.

For the case of a less than full-depth breach given overtopping, breach parameters for width
and height were not available for determining inflows. The risk model did not consider breaches
that were less than full-depth.

The following assumptions were made in the breaching events given overtopping:
e Breaches occurred as a result of an erosion failure due to surge and/or waves.

e Breach depths were assumed to be variable; however, the depth of overtopping required
to cause a breach was dependent upon soil properties. Assumed values are shown in Table 7.

e Durations of overtopping were calculated from the hydrographs.

¢ The maximum basin water elevations caused by the breach were set to the maximum
surge elevation experienced adjacent to the breach.

Rainfall and Pumping Events

Rainfall during hurricanes is another event that affects the inundation of the basins. While
rainfall is not of primary concern for the HPS, it is a contributor to the frequency of low-level
flood losses. Hence, it was decided that a relatively coarse model of hurricane-induced rainfall
would suffice.

The model adopted relates the rainfall intensity to storm strength and position within the
storm. The model first assumes a uniform rainfall rate within the radius to maximum winds and
an exponentially declining rate at greater distances. The rainfall is taken to be asymmetric, with
the more intense rains occurring to the east of the storm, when facing the direction of storm
travel. Two calculations were done using this model. First, the total rainfall accumulation into
each sub basin for each storm was determined. Second, time dependent intensities for each sub-
basin were also calculated. The rainfall volumes that would be associated with each of the
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hurricanes defining the hazard were estimated based on this model using NASA data that
correlate rainfall intensity and volume with hurricane characteristics. The total rainfall volume
entering each sub-basin was computed for each hurricane and is documented in Appendix 15. By
adding the additional water volumes from rainfall, a total influx volume of water, for each storm,
was determined for each sub-basin.

Uncertainty in the rainfall estimates is large owing to the paucity of data, and it is expressed
by a lognormal random variable with mean value 1 and log standard deviation 0.69. This random
factor is applied to the entire mean rainfall time-history. In reality, rainfall intensity inside a
basin would display significant fluctuations in time and space, which locally could far exceed a
factor of 2. However, the above random factor is considered adequate to reflect uncertainty on
the total precipitation in a basin during the passage of a hurricane.
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Table 7. Breaching Model

Breaching

Model

Reaches

Levee/Floodwall Breach Model Given Overtopping (erosion breach)

0 to 1ft 1ft to 3ft
Depth Breach Width (w), Breach Width (w) (ft),

Material Symbol | (ft) | Reach Length <1000ft | Depth (ft) | Reach Length <1000ft Depth (ft)
Hydraulic Fill H 0 0 9 0.50*L to max 400 18
Clay C 0 0 3 0.50*L to max 135 13
Unknown (Average) | U 0 0 6 0.50*L to max 290 17
Wall W 0 0 0 0 17

Length Modifiers Reach L>1000 ft
Overtopping Depth (ft)

Material Symbol 0 to 1ft 1t to 3ft >3 ft
Hydraulic Fill H 0.0 400 <w < 0.40*L 430 <w < 0.40*L
Clay Cc 0.0 135 <w < 0.10*L 135 <w < 0.10"L
Unknown (Average) | U 0.0 290 <w < 0.30"L 315 <w < 0.30"L
Wall W 0.0 0.0 315 <w<0.10*L

Levee/Floodwall Breach Model Given No Overtopping
Breach Width (w), (ft)
Depth 1000 < L<
Material Symbol | (ft) L < 1000 ft 10,000 ft L>10,000 ft Notes
Hydraulic Fill H 18 0.50*L to max 500 500 <w< 0.15*L 3 Breaches /
0.15"L 10,000 reach
Clay (¢} 13 0.50*L to max 500 500 <w< 0.10*L 2 Breaches /
0.10"L 10,000 reach
Unknown (Average) | U 17 0.50*L to max 500 500 <w < 0.125"L 2.5 Breaches /
0.125"L 10,000 reach
Wall W 17 0.50*L to max 500 500 <w< 0.075"L 1.5 Breaches /
0.075"L 10,000 reach
Transitions
Transitions Breach Model Given Overtopping
Breach size (ft)
Transition Type Symbol Width Depth
Ramps R 25
Floodwall-Levee T 50
Drainage Structures | D 65 5.5
Pump Stations P 100
Gates G 25 5
Unprotected sections | U N/A N/A
Transitions Breach Model Given No Overtopping
Breach size (ft)
Transition Type Symbol | width Depth
Ramps R - - Treated as opened or closed (sand bagged)
Floodwall-Levee T - - No breaching until OT
Drainage Structures | D - - No breaching until OT
Pump Stations P - - No breaching until OT
Gates G - - Treat as opened or closed
Unprotected sections | U N/A N/A
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The effect of operational pumping stations was studied by subtracting a volume of water that
the stations could remove in a sub-basin for four scenarios. A simplified pumping model was
used to determine the relative impact of having the stations operating at 25%, 50%, 75%, and
100% of the total available capacity. It is noted that the stations could not be expected to operate
at 100% of capacity, but information was not available on pump station reliability. Therefore, a
range of operating capacity was studied to show the relative effect of pumping on flooding in the
HPS. The model assumed that the pumps would be operational to remove rainfall water and
would be most effective during the most intense period of the rainfall. The pumps were not
expected to be operational during a catastrophic flooding event. The available pumping capacity
within a sub-basin was totaled and used as the pumping capacity of the sub-basin as a single
pump. The sub-basin pumping capacities are shown in Table 8.

Table 8. Sub-basin pumping capacity

Sub-basin Pumping Capacity
Sub-basin Pump Capacity (cfs)
ow1 0.00
ow2 0.00
NOE1 0.00
NOE2 2.49E+07
NOE3 1.69E+06
NOE4 2.19E+07
NOES 1.23E+08
OoM1 1.18E+08
OM2 4.23E+08
OM3 2.63E+08
OoM4 0.00E+00
OM5 4.12E+08
SB1 1.61E+08
SB2 0.00E+00
SB3 9.10E+07
SB4 5.76E+07
SB5 0.00E+00
JE1 5.88E+06
JE2 2.97E+08
JE3 2.50E+08
JWA1 0.00
Jw2 1.33E+08
JW3 4.23E+08
Jw4 4.09E+08
PL11 1.33E+08
SC1 -9.64E+07
SC2 0.00E+00
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The following steps were used in the pumping analysis:

Determine total sub-basin design pumping capacity.
Determine volume of rain and runoff appropriate for each sub-basin per storm.
Determine the duration of pumping per storm from rainfall intensity curves (generally 8
to 12 hr).
Assumed that pumps will operate at a range of percentages of the total sub-basin capacity
(0%, 25%, 50%, 75%, or 100%).
Determine volume of water that pumps could evacuate per storm at the selected capacity.
Subtract pump volume from rainfall to determine net volume.

If net volume is a positive value, replace rainfall with net volume.
If net volume is a negative value, replace rainfall with net volume = zero.

This process resulted in a net rainfall that was used in the risk model. The net rainfall volume
calculations are summarized in Table 8 for NOE4. Only the 0%, 50%, and 100% pumping
scenarios were used in the risk model in order to reduce the number of computer runs and
inundation mapping required. The resulting analyses provide a picture of how pumping can
reduce flood levels if catastrophic breaching or overtopping does not occur.

Table 9. Sample Pumping Calculations

NOE4
Net
Volume Net Net Net Net
Runoff Pump (cf) Volume Volume Volume Volume
Volume Station Rainfall w/100% | (cf) w/75% | (cf) wi50% | (cf) w/25% | (cf) w/0%
Storm Rainfall | from Rain | Capacity | Duration Pump Pump Pump Pump Pump

Number [ Mean (cf) (cf) (cfs) (hr) Reliability | Reliability | Reliability | Reliability | Reliability
1 8.321E+06 | 6.823E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | O0.00E+00 | 2.60E+06 | 6.82E+06

2 3.007E+07 | 2.465E+07 | 7.820E+02 8.00 2.13E+06 | 7.76E+06 | 1.34E+07 1.90E+07 | 2.47E+07

3 5.104E+07 | 4.186E+07 | 7.820E+02 8.00 1.93E+07 | 2.50E+07 | 3.06E+07 | 3.62E+07 | 4.19E+07

4 5.209E+06 | 4.271E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.84E+04 | 4.27E+06

5 3.827E+07 | 3.138E+07 | 7.820E+02 8.00 8.86E+06 | 1.45E+07 | 2.01E+07 | 2.57E+07 | 3.14E+07

6 5.705E+07 | 4.678E+07 | 7.820E+02 8.00 2.43E+07 | 2.99E+07 | 3.55E+07 | 4.12E+07 | 4.68E+07

7 2.670E+06 | 2.189E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | O0.00E+00 | 0.00E+00 | 2.19E+06

8 4.012E+07 | 3.290E+07 | 7.820E+02 8.00 1.04E+07 | 1.60E+07 | 2.16E+07 | 2.73E+07 | 3.29E+07

9 6.361E+07 | 5.216E+07 | 7.820E+02 8.00 2.96E+07 | 3.53E+07 | 4.09E+07 | 4.65E+07 | 5.22E+07
10 1.935E+07 | 1.586E+07 | 7.820E+02 8.00 0.00E+00 | 0.00E+00 | 4.60E+06 1.02E+07 | 1.59E+07
11 4.018E+07 | 3.295E+07 | 7.820E+02 8.00 1.04E+07 | 1.61E+07 | 2.17E+07 | 2.73E+07 | 3.29E+07
12 5.835E+07 | 4.785E+07 | 7.820E+02 8.00 2.53E+07 | 3.10E+07 | 3.66E+07 | 4.22E+07 | 4.78E+07
13 1.701E+07 | 1.395E+07 | 7.820E+02 8.00 0.00E+00 | 0.00E+00 | 2.69E+06 | 8.32E+06 | 1.40E+07
14 5.506E+07 | 4.515E+07 | 7.820E+02 8.00 2.26E+07 | 2.83E+07 | 3.39E+07 | 3.95E+07 | 4.52E+07
15 7.111E+07 | 5.831E+07 | 7.820E+02 8.00 3.58E+07 | 4.14E+07 | 4.71E+07 | 5.27E+07 | 5.83E+07
16 1.313E+07 | 1.077E+07 | 7.820E+02 8.00 0.00E+00 | 0.00E+00 | O0.00E+00 | 5.14E+06 | 1.08E+07
17 6.251E+07 | 5.125E+07 | 7.820E+02 8.00 2.87E+07 | 3.44E+07 | 4.00E+07 | 4.56E+07 | 5.13E+07
18 8.366E+07 | 6.860E+07 | 7.820E+02 8.00 4.61E+07 | 5.17E+07 | 5.73E+07 | 6.30E+07 | 6.86E+07
19 1.967E+07 | 1.613E+07 | 7.820E+02 8.00 0.00E+00 | 0.00E+00 | 4.87E+06 1.05E+07 | 1.61E+07
20 3.164E+07 | 2.594E+07 | 7.820E+02 8.00 3.42E+06 | 9.05E+06 | 1.47E+07 | 2.03E+07 | 2.59E+07
21 4.604E+07 | 3.775E+07 | 7.820E+02 8.00 1.52E+07 | 2.09E+07 | 2.65E+07 | 3.21E+07 | 3.78E+07
22 2.103E+07 | 1.725E+07 | 7.820E+02 8.00 0.00E+00 | 3.54E+05 | 5.98E+06 1.16E+07 | 1.72E+07
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NOE4

Net
Volume Net Net Net Net
Runoff Pump (cf) Volume Volume Volume Volume
Volume Station Rainfall w/100% (cf) wi75% | (cf) wi50% | (cf) wi25% | (cf) w/0%
Storm Rainfall from Rain | Capacity | Duration Pump Pump Pump Pump Pump
Number [ Mean (cf) (cf) (cfs) (hr) Reliability | Reliability | Reliability | Reliability | Reliability
23 4.418E+07 | 3.622E+07 | 7.820E+02 8.00 1.37E+07 | 1.93E+07 | 2.50E+07 | 3.06E+07 | 3.62E+07
24 5.570E+07 | 4.567E+07 | 7.820E+02 8.00 2.32E+07 | 2.88E+07 | 3.44E+07 | 4.00E+07 | 4.57E+07
25 2.086E+07 | 1.711E+07 | 7.820E+02 8.00 0.00E+00 | 2.17E+05 | 5.85E+06 1.15E+07 | 1.71E+07
26 5.187E+07 | 4.253E+07 | 7.820E+02 8.00 2.00E+07 | 2.56E+07 | 3.13E+07 | 3.69E+07 | 4.25E+07
27 6.627E+07 | 5.434E+07 | 7.820E+02 8.00 3.18E+07 | 3.75E+07 | 4.31E+07 | 4.87E+07 | 5.43E+07
28 1.105E+07 | 9.062E+06 | 7.820E+02 8.00 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.43E+06 | 9.06E+06
29 2.581E+07 | 2.116E+07 | 7.820E+02 8.00 0.00E+00 | 4.27E+06 | 9.90E+06 1.55E+07 | 2.12E+07
30 3.986E+07 | 3.268E+07 | 7.820E+02 8.00 1.02E+07 | 1.58E+07 | 2.14E+07 | 2.71E+07 | 3.27E+07
31 9.053E+06 | 7.423E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.20E+06 | 7.42E+06
32 3.456E+07 | 2.834E+07 | 7.820E+02 8.00 5.82E+06 | 1.15E+07 | 1.71E+07 | 2.27E+07 | 2.83E+07
33 4.649E+07 | 3.812E+07 | 7.820E+02 8.00 1.56E+07 | 2.12E+07 | 2.69E+07 | 3.25E+07 | 3.81E+07
34 6.442E+06 | 5.283E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | 0.00E+00 1.06E+06 | 5.28E+06
35 3.835E+07 | 3.145E+07 | 7.820E+02 8.00 8.92E+06 | 1.46E+07 | 2.02E+07 | 2.58E+07 | 3.14E+07
36 5.351E+07 | 4.388E+07 | 7.820E+02 8.00 2.14E+07 | 2.70E+07 | 3.26E+07 | 3.82E+07 | 4.39E+07
37 5.577E+06 | 4.573E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.50E+05 | 4.57E+06
38 2.063E+07 | 1.691E+07 | 7.820E+02 8.00 0.00E+00 | 2.36E+04 | 5.65E+06 1.13E+07 | 1.69E+07
39 3.688E+07 | 3.024E+07 | 7.820E+02 8.00 7.72E+06 | 1.34E+07 | 1.90E+07 | 2.46E+07 | 3.02E+07
40 3.527E+06 | 2.892E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.89E+06
41 2.558E+07 | 2.097E+07 | 7.820E+02 8.00 0.00E+00 | 4.08E+06 | 9.71E+06 1.53E+07 | 2.10E+07
42 4.011E+07 | 3.289E+07 | 7.820E+02 8.00 1.04E+07 | 1.60E+07 | 2.16E+07 | 2.73E+07 | 3.29E+07
43 1.813E+06 | 1.487E+06 | 7.820E+02 6.00 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.49E+06
44 2.644E+07 | 2.168E+07 | 7.820E+02 8.00 0.00E+00 | 4.79E+06 | 1.04E+07 1.60E+07 | 2.17E+07
45 4.422E+07 | 3.626E+07 | 7.820E+02 8.00 1.37E+07 | 1.94E+07 | 2.50E+07 | 3.06E+07 | 3.63E+07
46 2.677E+07 | 2.195E+07 | 7.820E+02 8.00 0.00E+00 | 5.06E+06 | 1.07E+07 1.63E+07 | 2.20E+07
47 3.720E+07 | 3.050E+07 | 7.820E+02 8.00 7.98E+06 | 1.36E+07 | 1.92E+07 | 2.49E+07 | 3.05E+07
48 2.068E+07 | 1.696E+07 | 7.820E+02 8.00 0.00E+00 | 6.66E+04 | 5.70E+06 1.13E+07 | 1.70E+07
49 5.251E+07 | 4.306E+07 | 7.820E+02 8.00 2.05E+07 | 2.62E+07 | 3.18E+07 | 3.74E+07 | 4.31E+07
50 3.335E+07 | 2.734E+07 | 7.820E+02 8.00 4.82E+06 | 1.05E+07 | 1.61E+07 | 2.17E+07 | 2.73E+07
51 4.235E+07 | 3.472E+07 | 7.820E+02 8.00 1.22E+07 | 1.78E+07 | 2.35E+07 | 2.91E+07 | 3.47E+07
52 3.055E+07 | 2.505E+07 | 7.820E+02 8.00 2.53E+06 | 8.16E+06 | 1.38E+07 1.94E+07 | 2.51E+07
53 6.417E+07 | 5.262E+07 | 7.820E+02 8.00 3.01E+07 | 3.57E+07 | 4.14E+07 | 4.70E+07 | 5.26E+07
54 4.190E+07 | 3.436E+07 | 7.820E+02 8.00 1.18E+07 | 1.75E+07 | 2.31E+07 | 2.87E+07 | 3.44E+07
55 4.887E+07 | 4.008E+07 | 7.820E+02 8.00 1.76E+07 | 2.32E+07 | 2.88E+07 | 3.44E+07 | 4.01E+07
56 4.934E+07 | 4.046E+07 | 7.820E+02 8.00 1.79E+07 | 2.36E+07 | 2.92E+07 | 3.48E+07 | 4.05E+07
57 8.032E+07 | 6.586E+07 | 7.820E+02 8.00 4.33E+07 | 4.90E+07 | 5.46E+07 | 6.02E+07 | 6.59E+07
58 2.877E+07 | 2.359E+07 | 7.820E+02 8.00 1.07E+06 | 6.70E+06 | 1.23E+07 1.80E+07 | 2.36E+07
59 3.397E+07 | 2.785E+07 | 7.820E+02 8.00 5.33E+06 | 1.10E+07 | 1.66E+07 | 2.22E+07 | 2.79E+07
60 3.445E+07 | 2.825E+07 | 7.820E+02 8.00 5.73E+06 | 1.14E+07 | 1.70E+07 | 2.26E+07 | 2.82E+07
61 5.421E+07 | 4.446E+07 | 7.820E+02 8.00 2.19E+07 | 2.76E+07 | 3.32E+07 | 3.88E+07 | 4.45E+07
63 4.121E+07 | 3.379E+07 | 7.820E+02 8.00 1.13E+07 | 1.69E+07 | 2.25E+07 | 2.82E+07 | 3.38E+07
64 3.057E+07 | 2.507E+07 | 7.820E+02 8.00 2.54E+06 | 8.17E+06 | 1.38E+07 1.94E+07 | 2.51E+07
65 6.221E+07 | 5.101E+07 | 7.820E+02 8.00 2.85E+07 | 3.41E+07 | 3.97E+07 | 4.54E+07 | 5.10E+07
66 2.887E+07 | 2.367E+07 | 7.820E+02 8.00 1.15E+06 | 6.78E+06 | 1.24E+07 1.80E+07 | 2.37E+07
67 3.330E+07 | 2.731E+07 | 7.820E+02 8.00 4.79E+06 | 1.04E+07 | 1.60E+07 | 2.17E+07 | 2.73E+07
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NOE4

Net
Volume Net Net Net Net

Runoff Pump (cf) Volume Volume Volume Volume

Volume Station Rainfall w/100% (cf) wi75% | (cf) wi50% | (cf) wi25% | (cf) w/0%
Storm Rainfall from Rain | Capacity | Duration Pump Pump Pump Pump Pump

Number [ Mean (cf) (cf) (cfs) (hr) Reliability | Reliability | Reliability | Reliability | Reliability
68 3.591E+07 | 2.945E+07 | 7.820E+02 8.00 6.93E+06 | 1.26E+07 | 1.82E+07 | 2.38E+07 | 2.94E+07
69 5.406E+07 | 4.433E+07 | 7.820E+02 8.00 2.18E+07 | 2.74E+07 | 3.31E+07 | 3.87E+07 | 4.43E+07
70 2.626E+07 | 2.153E+07 | 7.820E+02 8.00 0.00E+00 | 4.64E+06 | 1.03E+07 1.59E+07 | 2.15E+07
71 3.190E+07 | 2.616E+07 | 7.820E+02 8.00 3.64E+06 | 9.27E+06 | 1.49E+07 | 2.05E+07 | 2.62E+07
72 2.782E+07 | 2.281E+07 | 7.820E+02 8.00 2.90E+05 | 5.92E+06 | 1.16E+07 1.72E+07 | 2.28E+07
73 5.020E+07 | 4.117E+07 | 7.820E+02 8.00 1.86E+07 | 2.43E+07 | 2.99E+07 | 3.55E+07 | 4.12E+07
74 2.153E+07 | 1.766E+07 | 7.820E+02 8.00 0.00E+00 | 7.66E+05 | 6.40E+06 1.20E+07 | 1.77E+07
75 2.825E+07 | 2.316E+07 | 7.820E+02 8.00 6.42E+05 | 6.27E+06 | 1.19E+07 1.75E+07 | 2.32E+07
76 1.893E+07 | 1.552E+07 | 7.820E+02 8.00 0.00E+00 | 0.00E+00 | 4.26E+06 | 9.89E+06 | 1.55E+07
77 4.179E+07 | 3.427E+07 | 7.820E+02 8.00 1.18E+07 | 1.74E+07 | 2.30E+07 | 2.86E+07 | 3.43E+07

Branch and Sub-Basin Water Volumes

The resulting volume from each branch of the event tree, shown in Figures 32 and 33, also
has have a rate of occurrence associated with it, based on the storm frequency and the probability
of the individual events in the branch. The volumes and their rates are accumulated for the sub-
basin they are associated with to determine the exceedance rate for that total water volume for a
given storm. The stage-storage curves are used to convert the volumes to elevations to develop
elevation-exceedance curves for the sub-basin.
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Figure 48. Typical stage storage curve.
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Table 10. Interflow Elevation Matrix

NOE Basin (elev in ft.)
Sub-basin NOE1 NOE2 NOE3 NOE4 NOE5
NOE1 -0.560 3.674
NOE2 -0.560 0.595 0.592
NOE3 0.595 0.507 -3.568
NOE4 0.507 1.468
NOE5 3.674 0.592 -3.568 1.468
Sub-basin JW1 Jw2 JW3 Jw4 PL11
JW1 2.271 5.027
JW2 2.271 1.687
JW3 5.027 1.687 4.000
JW4 4.000 5
PL11 4.000 5
Sub-basin OM1 om2 Oom3 om4 OM5
oM1 2.677 0.603 2.313
Oom2 2.677 0.796
OM3 0.603 3.153
Oom4 -0.816
OM5 2.313 0.796 3.153 -0.816
Sub-basin SB1 SB2 SB3 SB4 SB5
SB1 10.000 6.494 6.429
SB2 10.000 0.000
SB3 6.494 5.988 10.000
SB4 5.988 10.000
SB5 6.429 10.000 10.000 10.000

Sub-basin JE1 JE2 JE3
JE1 5.422 2.885
JE2 5.422 -3.682
JE3 2.885 -3.682

Sub-basin SC1 SC2
SC1 2.810
SC2 2.810

Sub-basin Interflow

The risk model includes specific elevations for common borders between the sub-basins, as
illustrated in Table 9. These elevations represent the water levels where interflow begins between
respective sub-basins. For example, NOE1 and NOE2 start interflow at elevation -0.560 ft.
NOE] is also connected to NOES at elevation 3.674 ft. For each storm, the water levels are
adjusted between sub-basins, based on the interflow elevations. The mathematics required to
implement the interflow model is presented in Appendix 9 and the algorithm is depicted in
Figure 49.
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Figure 49. Interflow algorithm.
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Reliability Analysis

System reliability can be simply defined as one minus the probability of failure, where the
one indicates a completely reliable system with no failures. Therefore, the reliability analysis of
the HPS performance determined the conditional probability of failure (i.e., fragility) of
structures, systems, and components when they are exposed to the loads of a hurricane.

The reliability analysis had three steps: (1) define and characterize the structures,
components, and features constituting the HPS for each drainage basin; (2) define failure and
identify failure modes and limit states for each structure, system, component, and feature; and
(3) assign conditional probabilities to HPS failure states for given water elevations caused by
hurricane conditions.

The reliability of the HPS under potential water elevations due to surge and waves was
quantified using structural and geotechnical reliability models integrated within a larger systems
description of each drainage basin. Further details are presented in Appendix 10 of this volume.

The reliability models for the HPS components were developed based on design and
construction information as reported in the GDM for the specific projects, and on the results of
the Performance Team and the Pump Stations Team on-site surveys of existing conditions. No
new soil borings, in situ testing, or laboratory testing was undertaken for the risk analysis effort.

Failure and Failure Modes

The HPS for each drainage basin has four components: (1) levees, (2) I-walls (which may be
atop levees) and T-walls (which may be atop levees), (3) transitions and closures, and (4)
pumping and drainage systems. The reliability analysis examined the performance of the each
component, separately and in combination.

Failures that lead to breach of the drainage basin perimeters were associated with four
principal failure modes: (1) levee or levee foundation failure, (2) floodwall or floodwall
foundation failure, (3) levee or floodwall erosion caused by overtopping and wave runup, and
(4) failure modes associated with point features such as transitions, junctions, and closures. The
Performance Team found no failures in the HPS which originated in structural failure of the
I-wall or T-wall components. All documented failures at I-wall and T-wall locations were
geotechnical in nature, with structural damage resulting from the geotechnical failures.

The following failure modes or contributing factors were not considered in the reliability
analysis: (1) Internal erosion (piping) of levees due to seepage over times longer than critical
hurricane surge loadings; note, this is in contrast to high pore pressures in sand strata, which was
considered, as in the vicinity of the London Avenue Canal or the northern end of the IHNC.

(2) The effects of maintenance on the HPS capacity over time. Improper maintenance or neglect
can lead to reduced capacity of the levees in particular; gates and other moving components also
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require maintenance. Trees, landscaping, and pools were observed on protected embankments
after Hurricane Katrina, indicating a lack of code enforcement and maintenance of the levees.
However, there was insufficient information to include maintenance considerations. (3) Impact
by a barge, floating debris, or other large object on the floodwalls or levees. (4) Failure of 3-bulb
water stops between [-wall sections.

For each component, a performance level was defined such that its occurrence corresponded
to a failure to perform an intended function. The components can fail in a variety of modes. For
each mode of failure a limit state was defined, which, if it were to occur would result in a failure
to keep water out of the drainage basin.

Engineering models of the mechanics of component performance are limited in their ability
to explicitly model a failure state. As a result, an analysis is usually carried out for incipient
failure by examining the limits of stability. If this state is equaled or exceeded, the structure or
component is expected to fail to perform as intended. Incipient failure models were usually
similar to design calculations, and in many cases were adapted from the GDM.

For the purpose of evaluating the performance of the levees and floodwalls, failure was
defined as breaching, which allowed water to enter the drainage basin. This failure occurred in
two ways: (1) loss of levee or wall stability when the strength of the levee or wall and its
foundation was insufficient to withstand the forces placed upon the structure for a given water
elevation below the top of the wall or levee (no overtopping); or (2) overtopping caused the
protected side of the levee or wall to erode substantially and result in a wall or levee breach,
which allowed water to flow freely into the drainage basin.

The HPS was assumed to fail if flooding occurred in a protected area, beyond that expected
from rainfall and runoff which can be handled by pumping. Given this definition, a failure of the
HPS occurred even if the components making up the system did not fail, for example, if levees
or walls were overtopped but not breached.

HPS Systems Definition

The HPS comprises levees, flood walls, levees with floodwalls on top, and various points of
transition or localized features such as pumping stations, drainage works, pipes penetrating the
barrier, and gates. Each drainage basin perimeter was divided into reaches, which were deemed
to be homogeneous in four respects: (1) structural cross section, (2) elevations in the cross
section, (3) geotechnical cross section, and (4) hurricane surge.

Geometric and engineering material properties were identified for each reach and
summarized in systems definition tables. Structural cross sections were initially identified by
review of as-built drawings, aerial photographs, and GIS overlays; and were subsequently
confirmed in on-site reconnaissance. Elevations were assessed in the same reconnaissance,
supplemented by LIDAR and field surveys provided to the Risk Team. Geotechnical cross
sections and corresponding soil engineering properties were derived from original USACE GDM
for the respective project areas of each drainage basin, supplemented by site characterization data
collected post-Katrina at levee and flood wall failure sites (cone penetrometer and laboratory
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measurements on undisturbed samples). GDM are available in PDF format at the IPET Project
web site.

Engineering performance models and calculations were adapted from the GDM. Engineering
parameter and model uncertainties were propagated through those calculations to obtain
approximate fragility curves as a function of water height for components of the HPS. These
results were calibrated against the analyses of the Performance Team, which applied more
sophisticated analysis techniques to similar structural and geotechnical profiles in the vicinity of
failures. Failure modes identified by the Performance Team were incorporated into the reliability
analyses as those results became available.

Reaches

The HPS was divided into reaches. A reach is defined for the purpose of the reliability
analysis as a continuous length of levee or wall exhibiting homogeneity of construction,
geotechnical conditions, hydrologic and hydraulic loading conditions, consequences of failure,
and possibly other features relevant to performance and risk.

Thus, reaches are homogeneous lengths of levee or wall that differ from neighboring reaches
in at least one of the above properties and which are considered internally homogeneous for the
purposes of reliability modeling and risk analysis.

All two-dimensional sections within a reach are considered to be the same with respect to
those properties relevant to risk and reliability; thus, the fragility of the levee (i.e., probability of
failure as a function of load) is modeled as the same everywhere within an individual reach.

Reach information was summarized in a systems definition file, which is a flat-file database
summarizing physical characteristics of each reach. An example for the first 33 defined reaches
is shown as Table 11.

Fragility Curves

Reliability assessments were performed for individual components of the HPS for given
water elevations. This resulted in fragility curves by mode of failure. A fragility curve gives the
probability of failure, conditional upon an event (water elevation in this study), at which a
limiting failure state is exceeded (Figure 50).

In actuality, the fragility is a step function at a deterministic loading condition at which
failure of the component initiates. Presumably, there is such a loading condition, which if it
occurs will cause failure; in reality, that loading condition varies along the length of the reach
and is not precisely known before a failure occurs. The S-shaped fragility curve reflects
uncertainty about the unique loading condition that causes failure at a particular location. Part of
the uncertainty is due to systematic uncertainties, such as the average soil strength or average
permeability along the reach, or the simplifications introduced in the performance models; but
another part of the uncertainty is due to spatial variability within the reach.
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The two types of uncertainty in fragility curves for a single reach introduce a length effect
(discussed below). Systematic uncertainties, which cause a bias in the modeling, affect every
section within the reach in the same way: if the mean soil permeability is underestimated at one
spot it is similarly underestimated everywhere. The spatial variability, on the other hand, does
not affect every section in the same way: some spots are weaker and some are stronger.
Therefore, the longer the reach, the higher the probability of encountering a particularly weak
variation.
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Figure 50. Fragility curve for a section of a step function.

The actual but unknown fragility curve for a component is a step function at the loading
conditions that causes failure; this is approximated by an S-shaped probability curve reflecting
what is known about the levee and loads.

Uncertainties

The Corps of Engineers Technical Letter ETL 1110-2-556, “Risk-Based Analysis in
Geotechnical Engineering for Support of Planning Studies,” (USACE 1999) suggests that the
principal sources of uncertainty in predictions of levee performance are the following:

e Uncertainty in loadings
e Uncertainty in parameter values
e Uncertainty in analytical models
e Uncertainty in performance
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e Performance modes without defined limit states
e Frequency and magnitude of physical changes or failure events
e Condition of unseen features

ETL 1110-2-556 and Appendix 11 go on to observe that geotechnical problems have a
number of unique aspects that also require consideration in reliability analyses. These are
discussed in detail in Appendix 10 of this report. The reliability analysis undertaken as part of
IPET attempts to incorporate all of these uncertainties and considerations.

In modern practice, engineering risk analysis usually incorporates uncertainties of two
distinct types: aleatory and epistemic. Aleatory uncertainty is attributed to inherent randomness,
natural variation, or chance outcomes in the physical world; in principle, this uncertainty is
irreducible because it is assumed to be a property of nature. Epistemic uncertainty is attributed to
lack of knowledge about events and processes; in principle, this uncertainty is reducible because
it is a function of information. Separating uncertainty into aleatory and epistemic parts is a
modeling decision.
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Table 11. Reach systems definition (see Table 1) for New Orleans East (partial section,

schematic only); showing geometric, material, and design properties to the left; and
fragility estimates to the right as a function of still-water level with respect to design

elevations.
Pf Fragility Curve Pf Fragility Curve
(Breach|No Overtopping) (Breach|Overtopping)
) Fragility Design
Weighted| Water Elev.
Elevation |Elevation Founda.tion ) (L) 6ft
(ft) (1) () (2) Material Erosion  minimum| from | Top of 1/2 ft 1ft 2 ft 3ft
Length | (NAVD88 | (NAVD88 [ Reach Type Polder |Modifier|g|ayation| TOW Levee/Top| Over- | Over- | Over- | Over-
Reach (ft) 2004.65) 200465) Type (H, C, S) Reference | for W/L for Pf=0 (W) of Wall |[topping |topping |topping [topping
1 2,290 11.5 9.52 W H 2 1 0.0000 |0.0023| 0.0034 | 0.0000 | 0.0569 | 0.7464 | 0.8787
2 97 13.3 10.27 L H 2 1 0.0000 |0.0000| 0.0000 | 0.0002 | 0.0134 | 0.0565 | 0.0658
3 2,325 13.5 11.50 W H 2 1 0.0000 |0.0023| 0.0035 | 0.0000 | 0.0094 | 0.5269 | 0.8825
4 2,330 13.3 10.25 L H 2 1 0.0000 |0.0002| 0.0003 | 0.0047 | 0.2760 | 0.7524 | 0.8049
5 2,270 13.7 11.72 w H 2 1 0.0000 |0.0023| 0.0034 | 0.0000 | 0.0184 | 0.6484 | 0.8764
6 19,112 12.9 9.93 L H 2 1 0.0000 |0.0019| 0.0029 | 0.0377 | 0.9293 | 1.0000 | 1.0000
7 1,474 12.1 10.12 w H 2 1 0.0000 |0.0015| 0.0022 | 0.0000 | 0.0370 | 0.5865 | 0.7427
8 2,724 12.6 9.64 L H 2 1 0.0000 |0.0003| 0.0004 | 0.0055 | 0.3145 | 0.8045 | 0.8520
9 33032 18.6 15.64 L H 2 1 0.0000 |0.0033| 0.0049 | 0.0642 | 0.9897 | 1.0000 | 1.0000
10 133 18.6 15.64 L H 2 1 0.0000 |0.0000| 0.0000 | 0.0003 | 0.0183 | 0.0766 | 0.0891
11 | 27,665 15.1 12.13 L H 2 1 0.0000 |0.0028| 0.0041 0.0541 | 0.9784 | 1.0000 | 1.0000
12 8,942 16.7 13.72 L H 2 1.05 0.0000 |0.0009| 0.0013 | 0.0187 | 0.7359 | 1.0000 | 1.0000
13 7,190 17.7 14.65 L H 2 1.1 0.0000 |0.0007| 0.0011 0.0158 | 0.6828 | 1.0000 | 1.0000
14 | 22,257 15.5 12.50 L H 2 1.1 0.0000 |0.0022| 0.0033 | 0.0480 | 0.9714 | 1.0000 | 1.0000
15 111 17.5 15.50 W H 2 1.05 0.0000 |0.0001| 0.0002 | 0.0000 | 0.0010 | 0.0624 | 1.0000
16 382 20.7 18.70 w H 2 1.05 0.0000 |0.0004| 0.0006 | 0.0000 | 0.0033 | 0.1988 | 1.0000
17 (10,210 16.8 13.80 L H 2 1.1 0.0000 |0.0010| 0.0015 | 0.0223 | 0.8042 | 1.0000 | 1.0000
18 [10,757 17.9 14.92 L H 2 1.1 0.0000 |0.0011| 0.0016 | 0.0000 | 0.0923 | 1.0000 | 1.0000
19 9,318 20.8 18.75 W H 2 1.05 0.0000 |0.0093| 0.0139 | 0.0000 | 0.2220 | 1.0000 | 1.0000
20 7,905 17.2 14.19 L H 2 1.1 0.0000 |0.0008| 0.0012 | 0.0173 | 0.7170 | 1.0000 | 1.0000
21 539 16.7 14.72 W H 2 1.05 0.0000 |0.0005| 0.0008 | 0.0000 | 0.0144 | 0.4758 | 1.0000
22 5616 16.7 14.72 W H 2 1.05 0.0000 |0.0056| 0.0084 | 0.0000 | 0.1404 | 0.9988 | 1.0000
23 (15,940 14.0 11.02 L H 2 1.1 0.0000 |0.0016| 0.0024 | 0.0346 | 0.9216 | 1.0000 | 1.0000
24 1,820 12.1 10.14 w H 2 1.05 0.0000 |0.0018| 0.0027 | 0.0000 | 0.0077 | 0.4868 | 1.0000
25 3,453 134 10.35 L H 2 1.1 0.0000 |0.0003| 0.0005 | 0.0076 | 0.4239 | 1.0000 | 1.0000
26 1,587 14.5 12.50 W H 2 1.05 0.0000 |0.0016| 0.0024 | 0.0000 | 0.0067 | 0.4410 | 1.0000
27 2,348 13.8 10.77 L H 2 1.1 0.0000 |0.0002| 0.0004 | 0.0052 | 0.3127 | 1.0000 | 1.0000
28 3,803 12.2 9.22 L H 2 1.05 0.0000 |0.0004| 0.0006 | 0.0080 | 0.4323 | 0.9895 | 1.0000
29 537 124 6.37 W H 2 1.05 0.0000 |0.0550| 0.1129 | 0.0000 | 0.0023 | 0.1787 | 1.0000
30 526 12.6 9.60 L H 2 1.05 0.0000 |0.0001| 0.0001 0.0011 | 0.0753 | 0.4676 | 1.0000

Aleatory and epistemic uncertainties affect the outcomes of a reliability analysis in different
ways. Aleatory uncertainty manifests as variations, or frequencies of occurrence, over space or
time. Epistemic uncertainties manifest as statistical error and systematic biases in probability
estimates, and may introduce correlations among aleatory frequencies.

Four categories of engineering uncertainty were included in the reliability analysis:

1.

soil properties within and beneath the HPS.
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2. Structural uncertainties, involving the performance of man-made systems such as levees,
floodwalls, and point features such as drainage pipes; and the engineering modeling of that
performance, including geotechnical performance modeling.

3. Erosion uncertainties, involving the performance of levees and fills around floodwalls
during overtopping, and at points of transition between levees and floodwall, in some cases
leading to loss of grade or loss of structural support, and consequently to breaching.

4. Mechanical equipment uncertainties, including gates, pumps, and other operating
systems, and human operator factors affecting the performance of mechanical equipment.

The reliability analysis takes water elevations and wave characteristics from the hurricane
loading conditions as given, and calculates conditional probabilities of failure for specifically
stated water elevations. In follow-on risk and reliability studies, for example, those addressing
the 100-year system, an allowance is made for 2 ft of combined sea-level rise and subsidence. In
the IPET risk and reliability studies of the pre-Katrina conditions and current conditions as of
June 2006, no allowance is made for future sea-level risk and subsidence.

Geological Profile and Soil Conditions

The engineering geology of the New Orleans area is discussed in IPET Volume V, The
Performance of Levees and Floodwalls, Appendix 2, “Description of New Orleans Area
Geology, Environments of Deposition.”

A typical profile for much of the New Orleans HPS shows a layer of fill at the top, underlain
by organic clays (marsh), in turn underlain by lacustrine (distributary) plastic clays, in turn
underlain by stiffer Pleistocene clays. Figure 51 shows the profile under the New Orleans East
(NOE) Lakefront Levee, which is typical of this profile.

Equally important to the performance of levees in Orleans East Bank (OEB) and NOE is the
Pine Island Beach deposit, a buried, barrier island or beach dating to ca. 5,000 years before
present (Figure 52). This feature extends northeast along the southern shore of Lake
Pontchartrain, adjacent to and north of the Metairie and Gentilly ridges, former natural levees of
the Mississippi River. Foundation soils beneath OEB and NOE are affected by this buried sand
which provides a high permeability channel for pore pressures.

The spatial variability of this typical section has to do with variations in thickness of the
various strata, inter-bedding of sand or silt lenses, and other local conditions. In some places, for
example, the marsh can be thicker than average, as for example in the vicinity of the 17th Street
Canal failures.
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Figure 52. Pine Island (buried) beach ridge, and locations of the canal breaches (after Saucier 1994).
The 17th Street breach is located behind the axis of the beach ridge while the London Canal
breaches are located on the axis of the ridge. Bayou Metairie is identified in red and forms the
Bayou Sauvage distributary course.

Soil Engineering Properties

The Risk Team engaged in no new soil sampling, site characterization programs, or
laboratory testing. All the geotechnical information available to the team came from existing
sources, principally the GDM and site investigation data taken during design and construction.
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Data collected post-Katrina at the site of the drainage canal failures were used to supplement the
pre-Katrina data sources.

Soil engineering properties are the principal uncertainties contributing to probability of
failure of the levee and I-wall sections in the reliability analysis. The uncertainties in these soil
engineering properties are presumed to have two main components: (1) data scatter caused by
actual variation of soil properties in space and by random measurement errors, and (2) systematic
errors caused by limited numbers of measurements (i.e., statistical estimation error), and by
measurement bias in the use of Q-test (UU) data (Figure 53).

Uncertainty Model
The variance in soil properties was assumed to be a composition of four terms,

Var(Su) =Var(x)+ Var(e)+ Var(m)+ Var(b) (28)

in which Var(-) is variance, Su is the soil property as input to the analysis (in this case, undrained
strength), x is the soil property in situ, e is measurement error (noise), m is the spatial mean of
the soil property (which has some error due to the statistical fluctuations of small sample sizes),
and b is a model bias or calibration term caused by systematic errors in measuring soil
engineering properties.

The NOE drainage basin is used here to describe the reliability analysis approach. Analyses
of the other drainage basins are similar. The soil profile underlying NOE consists typically of
clayey fill overlying marsh (OH, CH), in turn overlying distributary clays (CH), as shown in
Figure 51. Critical sections in the GDM and failures observed during Katrina occur in these
uppermost strata. The engineering properties of deeper, stronger strata of the Pleistocene
formations were not statistically characterized.

Soil Property
Uncertainty
I
I I
Crata Systematic
Scattar Error
| |
I I
Spatial Measurameant Statistical Modea

Y anation Mioise Error Error

Figure 53. Sources of soil property uncertainty in geotechnical reliability model.
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Measured Q-test results reported in the GDM of NOE are shown in Figure 54. Second-
moment statistical properties of these data are shown in Table 12. Test values larger than 750 pcf

were assumed to be local effects and removed from the statistics to the right in the table.

Moments of this sort were used in subsequent calculations. A comparison of undrained soil

strengths across the various parishes is shown in Figure 55.
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Figure 54. Histograms of undrained strength data (Q-tests), by soil type, NOE GDM: (black) fill, (gray)
marsh, (white) distributary clay.

These strength data were compared to post-Katrina sampling and testing performed by
Team 7 at the sites of failures along the drainage canals of metro-Orleans Parish (IPET 2006
Vol. V). Those results, based on cone-penetration (CPTU) and laboratory results led to the IPET

Strength Model as a basis for the forensic analysis.

Table 12. Statistics of undrained strength data (Q-tests), NOE General Design
Memoranda. COV is the coefficient of variation, or standard deviation divided by the

mean.
All data Data less than 750 pcf
Parameter Fill Marsh D.Clay Fill Marsh D.Clay
Mean (pcf) 452 405 238 333 392 238
Std Dev (pcf) 297 154 124 142 132 124
COV (data scatter) 0.66 0.38 0.52 0.43 0.34 0.52
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The measured shear strengths of the levee fill vary widely, from about 120 psf to more than
5,000 psf, and cannot be interpreted without applying judgment. The values used are based on
the combined judgment of the IPET team to make the most reasonable interpretation of the data.
Placing the greatest emphasis on data from UU tests on 5-in.-diameter samples, which appear to
be the best-quality data available, su = 900 psf is a reasonable value to represent the levee fill.
This strength can be compared to a value of 500 psf for the levee fill used in the design analyses.
The marsh (or peat) deposit is stronger beneath the levee crest where it was consolidated under
the weight of the levee, and weaker at the toe of the levee and beyond, where it was less
compressed. The measured shear strengths of the marsh also vary widely, from about 50 psf to
about 920 psf. Values of su =400 psf beneath the levee crest and su = 300 psf beneath the levee
toe appear to be representative of the measured values. These strengths can be compared to a
value of 280 psf at all locations that was used in the design analyses.

The clay (which has been found to be the most important material with respect to stability of
the I-wall and levee) is normally consolidated. Its undrained shear strength increases with depth
at a rate of 11 psf per foot of depth. This rate of increase of strength with depth corresponds to a
value of su /p’ = 0.24. There is very little scatter in the results of the CPTU tests, and these values
provide a good basis for establishing undrained strength profiles in the clay. The undrained
strength at the top of the clay is equal to 0.24 times the effective overburden pressure at the top
of the clay. With this model, the undrained shear strength of the clay varies with lateral position,
being greatest beneath the levee crest where the effective overburden pressure is greatest and
least at the levee toe and beyond where the pressure is lowest, and varying with depth, increasing
at a rate of 11 psf per foot at all locations.
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Figure 55. Histograms of undrained strength data (Q-tests), by parish, from USACE GDM of various
projects.

Spatial Variation

The spatial pattern of soil variability is characterized by auto-covariance functions. These
describe the covariance of soil properties as a function of separation distance. Soils whose
properties vary erratically from spot to spot display little spatial covariance, while soils whose
properties vary with more waviness display more spatial covariance.

The auto-covariance function of a soil property z is defined as, C_(0) = E[z(i),z(i + 0)], in
which EJ[-] is expectation, z(i) is the soil property at some location i, and z(i+ ) is the property at
another location at distance o from the first. The autocorrelation function is found by
normalizing the auto-covariance by the variance, R, (8)= E[z(i),z(i + 8)[Var™(z). The auto-

covariance distance is indexed as that separation distance at which R_(J)= e’ Thisis a
representative or characteristic length of the spatial correlation.

The auto-covariance function can only be estimated for distances at least as great as the
minimum spacing among observations, that is, the minimum boring spacing in the present case.
The minimum boring spacings in NOE are on the order of many hundred feet, with some
spacings between adjacent borings as much as several thousand feet. To supplement the
information in the GDM, post-Katrina borings made in the vicinity of the 17th Street and London
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Avenue breaches were used to estimate auto-covariance functions, and correspondingly the
magnitude of measurement noise and the autocorrelation distance.
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Figure 56. Typical auto-covariance function for CH soils in 17th Street Canal area post-Katrina borings,
undrained strength (pcf) from Q-tests at uniform depth below grade.

Statistical estimates of the auto-covariance were made using the ESRI Geostatistical
Analyst®, an application running in ArcMap®. Results for the undrained strength (Q-tests) of
London Avenue the distributary clays are shown in Figure 56. Analyses for marsh and fill show
similar patterns.

Measurement Noise

Soil strength is measured destructively; therefore replicate measurements cannot be used to
estimate the magnitude of random measurement error. However, the spatial covariance structure
provides an indirect way to make the estimate (DeGroot 2006). Assuming that the measurement
z of soil property x is corrupted by a zero-mean error e that is independent from one
measurement to the another and independent of the value x, the measurement can be expressed as
z=x+e. The auto-covariance function of z is the summation of the auto-covariance functions of x
and of e: C(z)=C(x)+C(e). But, the auto-covariance function of e is a spike at the origin and zero
otherwise. Thus, the difference between the intersection of the observed auto-covariance
function of z extrapolated back to the origin, and the total variance Var(z), provides an estimate
of the variance of the error, Var(e).

The conclusions drawn from these auto-covariance analyses were (1) the measurement noise
(or fine-scale variation) in the Q-test data is roughly ' to 3/4 the total variance of the data
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(suggesting the COVs in the top row of Table 13); (2) the representative auto-covariance
distance in the horizontal direction is on the order of 1,000 ft; (3) the representative auto-
covariance distance in the vertical direction is assumed to be on the order of 1/100 of the
horizontal distance, or about 10 ft, although there are too few Q-test data in individual borings to
statistically estimate this value.

Statistical Error

Statistical estimation error in the mean soil property is caused by limited numbers of data
within a reach; it is approximated from the standard error of sampling. The variance of the error
is approximated as Var(m) = Var(x)/n, in which m is the mean soil property, x is the spatial
variation component of data scatter, and » is the number of measurements (Table 13).

Table 13. Estimates of component uncertainties to soil engineering property mode for
NOE.

Component Fill Marsh D.Clay
Spatial COV 0.20 0.17 0.25
Number of measurements 48 21 23
Statistical error in mean 0.06 0.07 0.1
Measurement model bias 0.1 0.1 0.1

Measurement Model Bias (systematic error)

The correction factor, b, is a model bias term introduced to correct for systematic errors in
measuring soil engineering properties, in this case by the use of Q-tests rather than more modern
test procedures. The predominant soil property test data available in the GDM were
unconsolidated—undrained tests. However, in the post-Katrina investigations of floodwall failures
along the metropolitan New Orleans drainage canals, IPET Performance Team performed a large
number of in situ cone-penetration, and laboratory tri-axial and direct simple shear tests on fill,
marsh, and distributary clays (IPET 2006 Vol. V). These test results were compared with Q-test
data collected at the same sites and reported in the respective GDM (IPET 2006 Vol. V). The
subsequent calibration factors were used to adjust the Q-test data per the measurement bias term,
b, in the above equation.

Fragility Curves

Fragility curves summarize the probability of components reaching their respective limit
states (i.e., failure), conditioned on levels of water elevation. For example, the fragility curve for
a reach of levee might show the probability of failure by deep-sliding instability of a levee reach
as a function of water height.

Fragility curves for levees and floodwalls were calculated for two conditions (Table 14. ):
(1) global stability without overtopping, for which reliability was calculated at two water
elevations, design elevation and top of levee, and a smooth curve approximated to water at sea
level; and (2) overtopping with subsequent erosion, for which reliability was estimated from
empirical experience during Katrina at four water elevations of overtopping: 2, 1, 2, and 3 ft
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above the top of levee or floodwall. Fragility curves for all 138 reaches are given in Appendix 10
of this volume.

Table 14. Summary of engineering models used in calculating fragility curves.

Models and
Failure Mode Hazard Parameters Source of Inputs Principal Uncertainty
Static instability Still-water surge; Limiting equilibrium IPET Vol. IV, V; Soil test Soil properties; Still-water
weak foundation stability data; Design Memoranda; | levels; Existing elevations;
soils In situ surveys Geotechnical model
Under seepage Still-water surge; Flow net calculations; IPET Vol. IV, V; Soil test Soil properties; Still water
high permeability Limiting equilibrium data; Design Memoranda; | levels; Existing elevations;
soils stability In situ surveys Geological profile geometry
Still water Still-water surge; Empirical correlations IPET Vol. IV, V Still water levels Soil fill
overtopping and | erodible fill from post Katrina data properties Existing elevations
scour Scour model
Transition point Still-water surge; Empirical observations | IPET Vol. V Still water levels Soil fill
feature erosion erodible fill during Katrina properties Existing elevations
Scour model
Wave run-up Wave heights and Empirical (Dutch) IPET Vol. IV Wave height and period; Still
periods; erodible fill | correlations and model water levels; Existing elevations
test results

No Overtopping

Engineering performance models were adapted from the GDM for the respective reaches of
levee (Figure 57). Engineering parameter and model uncertainties were propagated through those
calculations using a first-order second-moment approximation to obtain approximate fragility
curves as a function of water height.

The reliability analysis was based on limiting equilibrium calculations of factor of safety
against instability. For levees, the analysis was based on GDM calculations of factor of safety
against wedge instability. The calculations were based on undrained failure conditions.

Model bias was calculated based on a comparison of the detailed modeling results of the
Performance Team compared to the more simple general method of planes used in the GDM. On
average, the GDM calculated factors of safety that were approximately 10% lower than more
precise model analysis using the computer programs SLIDE' and UTEXAS4?, varying from
about 7% to about 18% (IPET 2006, Vol. V). These model comparisons were summarized in a
study conducted by IPET Performance Team for Task Force Guardian.

! Available from Rocscience Inc., 31 Balsam Avenue, Toronto, Ontario, Canada M4E 3B5
2 Available from Shinoak Software, 3406 Shinoak Drive, Austin, TX 78731
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Figure 57. Typical method-of-planes wedge stability analysis of levee section from GDM (USACE 1972).

Best Estimate Calculations

Best estimate calculations were based on mean soil properties, adjusted from calculations in
the GDM, which used factored average soil properties (Table 15). That is, the calculation of
factor of safety in the GDM was not based on mean observed undrained strengths, but factored
strengths, using a reduction factor of 1.2 to 1.3. These were corrected for the reliability analysis
to yield a mean factor of safety.

Table 15. Soil property uncertainty by parish.

Parish Mean Su Point COV Point COV Spatial cov N Depth Bound Std Dev
(TSF) less noise reduction Averaged of data for outliers in mean
OEB 0.24 0.43 0.22 0.70 0.15 71 0 to -40 0.4 0.05
STB 0.16 0.53 0.27 0.70 0.19 64 | 0to-40 0.4 0.07
NOE 0.22 0.58 0.29 0.70 0.20 43 | 0to-40 0.4 0.09
STC 0.09 0.41 0.21 0.70 0.14 45 [ 0to-40 0.4 0.06
JEF 0.16 0.62 0.31 0.70 0.22 169 | 0to-40 0.4 0.05

Uncertainties in undrained shear strength were propagated through the GDM calculations to
estimate a coefficient of variation in the calculated factor of safety. The factor of safety was
assumed to be normally distributed, and a fragility curve was approximated through three
calculation points.

Soil property uncertainty in the form of coefficients of variation for undrained soil strengths
underlying the levees and walls was propagated through the limiting equilibrium wedge stability
calculations to obtain coefficients of variation on factors of safety. In most cases, the stability
analyses were linear functions of undrained soil strength so that the coefficient of variation of the
factor of safety was the same as the coefficient of variation of the input soil strengths. The mean
factor of safety was taken as that calculated in the GDM, adjusted for factored strengths.
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Uncertainty in Realized Factor of Safety

For a given water elevation, uncertainty in the realized factor of safety against sliding
depends principally on the average soil strength, Su, across the area of the failure surface. This
average strength varies from cross section to cross section because the soil properties themselves
vary from spot to spot (Figure 58). The variability in the average soil strength is less than the
variability in the point-to-point properties because, to some extent, the highs and lows of the soil
strength balance against each other over the failure surface.

The larger the failure surface relative to the autocorrelation of the soil properties, the greater
the variance reduction from the local averages. Vanmarcke (1977) has shown that the variance of
the spatial average for a unit-width plain strain cross section decreases approximately in
proportion to (L/rz), for L>ry, in which L is the cross-sectional length of the failure surface, and
ry 1s an equivalent auto-covariance distance of the soil properties across the failure surface
weighted for the relative proportion of horizontal and vertical segments of the surface. The
variance across the full failure surface of width w along the axis of the levee is further reduced
by averaging in the horizontal direction by an additional factor (w/ry), for w>ry , in which ry is
the horizontal auto-covariance distance. At the same time that the variance of the average
strength on the failure surface is reduced by the averaging process, so, too, the auto-covariance
function of this averaged process stretches out from that of the point-to-point variation.

Table 16. Uncertainty analysis for example levee reach in NOE.

Water Level Design Basis % Design Basis Top of Levee
Mean FS 1.3 2 1.2

Spatial COV 0.17 0.17 0.17

Spatial average reduction factor 0.8 0.8 0.8
Systematic COV 0.07 0.07 0.07

Total COV 0.15 0.15 0.15
Reliability Index, b 2.2 6 1.7

Pf for specific 1,000-ft reach 0.014 0 0.045
Increase in Pf per 1,000-ft reach 2% 0.0 5%

For a failure length of approximately 1,000 ft along the levee axis and 30 ft deep, with
horizontal and vertical auto-covariance distances of 1,000 ft and 10 ft, respectively, the
corresponding variance reduction factors are approximately 0.75 for averaging over the cross-
sectional length L, and between 0.73 and 0.85 for averaging over the failure length b, assuming
either an exponential or squared-exponential (Gaussian) auto-covariance. The corresponding
reduction to the COV of soil strength based on averaging over the failure plane is the root of the
product of these two factors, or between 0.74 and 0.8.

The Reliability Index for the specific levee reach of length w is the number of standard
deviations separating the mean condition from the limiting state,

_E[FS]-1_E[FS]-1
~ Var(FS)  QuE[FS]

(29)

6
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in which E/FS] is the mean factor of safety, Var(FS) is the variance, and (s is the COV.
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Figure 58. Point variation in undrained strength and variation among locally averaged strength.

Seepage

A number of seepage failure modes were considered for specific reaches of the HPS. Failures
due to seepage pressures or erosion were observed during Katrina at the London Avenue Canal
site and also present hazards at northern reaches of the IHNC. In this area, the buried Pine Island
Beach deposit rises close to the present ground surface.

The fragility curves for any reach in which sands rise to within the critical failure zone under
a levee or wall were adjusted for seepage pressure effects. These affected reaches included not
only those in the vicinity of the Pine Island Sand, but also those suspected of crossing untreated
buried stream channels in other sections of the HPS. The adjustment of the fragility curves was
accomplished by estimating potential pore pressure rise in the affected reaches, and reducing
effective strengths in the sand layers accordingly. This lowers the predicted mean factor of
safety, and correspondingly increases the probability of failure at given still-water levels.

Length Effect

The HPS of New Orleans includes long lengths of embankment or wall extending many
miles across ground that is poorly characterized from an engineering perspective. Levees fail at
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locations where loads are high and strengths are low. If these critical locations are identified
ahead of time, traditional methods can be used to analyze stability and calculate factors of safety.
In such situations, the overall length of levee is immaterial, because the weakest spots have been
identified and dealt with. The probability that the levee fails is that of these weakest spots.

The more common situation is that the levee system is not characterized with enough detail
to know unambiguously where the weakest spots are. In this case, any reach of levee has some
probability of experiencing higher than average loads or lower than average strengths, and as a
result, of being a “weak spot.” Since this critical combination cannot be uniquely identified
before a failure occurs, the longer the levee, the greater the chance that a critical combination
exists somewhere, and thus the higher the probability of a failure somewhere.

For a long levee, the chance of at least one failure is equivalent to the chance that the
variations of the mean soil strength across the failure surface shown schematically in Figure 58
drop below that required for stability at least once along the length. VanMarcke (1977a,b) has
shown that this can be determined by considering the first crossings of a random process. The
approximation to the probability of at least one failure as provided by VanMarcke was used in
the calculations (Appendix 10 of this volume).

The primary level of analysis of levee reliability is the two-dimensional levee section. The
presumption is that this 2D section applies over a unit length of levee, defined approximately as
the horizontal autocorrelation distance, and treated as a probabilistically independent
characteristic length. As the total length of levee increases, the probability of systems failure
rises in proportion to length and soon displays a classic exponental saturation shape trending
asymptotically toward 1.0, according to the fomula

P =L--(1-p) (30)

in which, P =1--{L-- B}" is the probability of system failure, p is the 2D probability of failure,

and 7 is the number of characteristic lengths within the reach.
Wave Runup'

Wave runup for each reach was calculated by the approach summarized in TAW (2002).
Apart from specific cases, a grass-covered levee without floodwalls on top and perpendicular
wave attack is assumed. Hence, there is no reduction of the overtopping rate due to friction,
wave attack, and vertical walls.

For both levees and floodwalls, the average wave overtopping can be computed using the
still-water level from ADCIRC and the wave information from STWAVE. The mean wave
period Ty, 0 was derived directly from the STWAVE results at 600 ft in front of the

! This section draws heavily on the internal USACE memorandum, van Ledden (2007), “Wave overtopping IPET,”
dated 21 June.
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levees/floodwalls'. The significant wave height at the toe of the structure (Hpo) was also derived
from the STWAVE results, but it was adapted because of depth-limited breaking in front of the
structure.

The standard deviation for the significant wave height was assumed to be 10% of the value
based on STWAVE (or after reduction due to depth-limited breaking according to Equation 5.
The error in the wave period was set at 20% of the STWAVE result. The error was assumed to
be normally distributed. Both errors are based on expert judgment due to lack of field data.

I-Wall Fragility, No Overtopping

The reliability analysis for I-walls was similarly based on limiting equilibrium calculations of
factor of safety against instability. For [-walls, the analysis is based on the Performance Team’s
mechanism of cracks developing in the soil immediately behind the wall and sheet pile, allowing
hydrostatic pressure on the sheet pile. The equilibrium of a soil wedge to the protected side of the
wall was calculated for this condition. The calculations were based on undrained failure
conditions. Undrained strengths of soils underlying the levees and walls were based on Q-test
results. The design consideration of balancing forces and moments on the sheet pile to determine
depth of penetration was considered immaterial to the reliability analysis of the wall sections.

Based on the results of the Performance Team’s analyses, it was assumed that cracking
initiated at 5 ft of water elevation on an [-wall (Figure 59). Thus, for water elevations lower than
5 ft, the factor of safety was that calculated in the GDM. But at 5 ft, when a crack formed in the
soil, the factor of safety underwent a step change to a forward (protected side) wedge failure.

! Note that only the peak period T, is available for the 152-storm suite of the 2007 situation. The peak period T, can
be converted easily into the mean period Ty, 1 o using Tp,.1 9= Ty/1.1.
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Figure 59. Failure by rotation of I-wall, reducing I-wall elevation (IPET 2006 Vol. V).

Levee and I-Wall Fragility, With Overtopping

Reliability calculations were based on the probability of overtopping causing erosion of the
protected side of a levee that led to a breach. Two approaches were considered: The first
approach considered flow velocities over the levee or wall. The second approach considered
water elevation, which is estimated by the storm surge modeling, as an indirect indicator of flow
velocity.

The probability of overtopping of levees or floodwalls leading to scour and consequent
failure was directly estimated based on empirically observed rates of failure during Katrina and
documented in IPET Vol. V (2006) and as shown in Table 17. These probability values are
consistent with later analyses by Briaud et al. (2006).

Table 17. Empirical frequency of overtopping scour failure of levees and walls as
observed in Katrina, as a function of the velocity of overtopping flow (correlated to depth
of overtopping) and soil type.

Levees <0.5 foot <1.0 foot <2.0 feet 3 feet
Hydraulic Fill 0 0 1 1
Clay 0 0 0.25 0.5
Protected 0 0 0 0.1
Walls <0.5 foot <1.0 foot <2.0 feet 3 feet
Hydraulic Fill 0 0 0.5 1
Clay 0 0 0.25 0.5
Protected 0 0 0 0.1
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Transitions and Point Structures

A number of breaches were observed at transitions between components. These breaches
were typically at levee to [-wall, levee to T-wall, or [-wall to T-wall transitions. Many of the
HPS breaches were at point structures such as gates (road and railroad), pump stations, or around
drainage control structures. These transitions indicate a weak link due to the differing stiffness of
the components which permit them to become areas of significant erosion during a hurricane
event.

The failure modes use the qualitative erosion parameters developed by the Performance
Team as the basis for change in the stability of components at the transition zones. That is, the
fragility of the transitions was taken to be similar to that of overtopped levee sections and to
depend on the combination of height of overtopping water and the presence of hydraulic fill
enlargement to the levee section. Reliability for point structures (gates, control structures, pump
stations) was taken as a point probability of failure for design loading.

Pumping Stations

The adverse performance of mechanical, electrical, and human elements of the HPS, such as
pumps, the availability of power, and the closure of gates, was treated as random point (i.e.,
aleatory) events with discrete probabilities of failure based on the statistical record during
Katrina and on information provided by other IPET teams.

The pumping stations are critical HPS system components because they maintain the flood
levels on the protected side. Unfortunately, many of the pumping stations during Katrina reached
and exceeded their pumping capacity shortly into the storm. Their reliability during Katrina was
not exceedingly high as the stations primarily failed due to rising waters at the plants, a lack of
external or backup power source, or were shut down due to inefficient pumping. These systems
are designed to handle a specific level of rainfall and are easily overwhelmed when the levees are
overtopped by a hurricane event. The following failure modes were possible for the pumping
stations: no commercial power, backup generator failed, mechanical fuel unavailable, pumps not
functioning at time of incident, mechanical failure of components, operator unavailability, debris
blocking intakes, or reversed or backflow through outfall pipes.

The reliability of the pumping stations was included in the risk model as point sources. The
reliability is based on data collected by the Pumping Team, performance data maintained by
Task Force Hope, and information from the dewatering plan for New Orleans developed by the
New Orleans District. The fragility curves for each pumping station will be limited to a specific
elevation or volume of water within the drainage basin. These fragility curves will vary for each
pumping station and will reflect the interior drainage areas and backflow potential as determined
by the Interior Drainage Team.
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Consequences

All of the consequence data used in the risk analysis was provided by the IPET Consequence
Team whose work is reported in Volume VII of the IPET report. The following general
discussion is a summary of their work as it applies to the risk analysis. For additional details
concerning the procedures used to develop both the stage-damage and stage-fatality relationships
used in the risk analysis, the reader is referred to Volume VII, The Consequences.

As has been discussed earlier, the risk model was run for 76 hypothetical hurricanes that
represent a wide range of hurricane events with different severities, directions, points of landfall,
etc. For each of these hurricanes, the risk model represented the performance of the HPS and
estimated the probability that inundation would result from insufficient internal drainage,
overtopping of the levees, open road closures, and levee breaching. The resulting estimates of
inundation depths were used as a basis for interpolation of life loss and property loss estimates
using the relationships provided by the Consequence Team. Estimates were made for the pre-
Katrina and June 2007 scenarios for each of the 27 sub-basins. Thus, it was necessary for the life
loss and property loss estimates to cover a range of elevations associated with a range of
expected flooding that could impact New Orleans from minor inundation to an elevation 36 ft
above sea level.

In order to best determine the reduction in pre-Katrina risks gained by improvements made to
the 2007 HPS, pre-Katrina consequences were used in the June 2007 analysis. The primary
reason is that risks in New Orleans have been reduced due to a combination of changes in
demographics of the population, reduced property values, and improvements to the HPS. In
addition, population is returning to the area and redevelopment has been occurring as recovery
continues, so any prediction of post-Katrina consequences would be based on constantly
changing factors. Therefore, risk reductions gained solely due to HPS improvements would be
difficult to identify if post-Katrina population and property values were used in the risk analysis.
While the use of pre-Katrina property values and population levels in the risk analysis results in
life and property risks that are overstated for present conditions in New Orleans, it does illustrate
how risks have been impacted by improvements to the HPS.

The Consequence Team conducted extensive studies to predict the repopulation and
redevelopment after Katrina and that work may be used in future risk studies in New Orleans.
Their work also included fatality estimates that included a range of effectiveness of evacuation
prior to the arrival of a hurricane. A specific value for evacuation effectiveness was not
considered, however, in the fatality estimates used by the Risk Team. A mean value of
effectiveness was used based on a distribution of possible evacuation rates. Use of the mean
value for evacuation effectiveness results in higher risk estimates of life loss than actually
occurred during Katrina. This indicates that the Katrina evacuation was highly successful and the
effectiveness value is really several standard deviations above the mean.
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Life Loss Estimation

The estimates of life loss were developed as probability distributions and the estimates of
property loss were developed as best estimates with an associated 90% confidence interval rather
than single-value or point estimates. The probability distributions for life loss and confidence
intervals for property losses represent various types of uncertainties in the estimates, which are
described below. A sample of the stage-fatality curves used in the risk analysis are presented in
Table 18 for NOE4. More detailed presentation of the consequences used in the risk analysis is
contained in Appendix 12 of this volume. Life loss was estimated by the Consequence Team
using two computer models as follows:

e The LIFESim Modeling System' was developed (a) to estimate how the population in the
flooded sub-basins would redistribute vertically in relation to the depth of inundation; and (b) to
classify population into one of three flood lethality zones, which are defined in the LIFESim
model and by McClelland and Bowles (2002), and an additional sub-zone for people who would
be expected to be able to walk away from the inundation area following inundation. Thus,
LIFESim was run without evacuation.

e A Monte Carlo Uncertainty Model, which was developed to take the vertically
redistributed estimates of population in the three flood lethality zones from LIFESim, estimated
(a) the immediate loss of life using fatality rate probability distributions from LIFESim and
McClelland (2000) accounting for evacuation effectiveness as a random variable that varied
according to a triangular probability distribution (65%, 80%, 95%); and (b) delayed fatalities
amongst those who survived the initial inundation but were not rescued, where the rescue
effectiveness was accounted for a random variable that varied according to a uniform probability
distribution between 99.5% and 100% in the Safe Flood Lethality Zone and between 95% and
100% in the Compromised and Chance Flood Lethality Zones.

Direct Property Loss Estimation

The objective of the direct economic damage analysis was to develop stage-damage curves
that represent the flood damage potential before Katrina devastated New Orleans on
29 August 2005. This required accounting for the severity of the Katrina. In some areas flooded
by Katrina, where water depths were low, damage was minor. In other areas, where water depths
were high, damage was extensive and in some areas total. The June 2007 stage-damage tables
and curves were estimated using the same sub-basin definitions and damage tables as for the pre-
Katrina analysis. The Katrina flooding depths were used to estimate the depth of flooding for
each census block. For instance, within the Orleans Metro 5 sub-basin, 1,535 census blocks had
flooding of 1 ft or less while a total of 4,400 census blocks were flooded. Table 12-2 shows the
complete estimate of the number of the census blocks flooded by Katrina by depth category.
From these selected census blocks, damages at each stage were aggregated to the sub-basin level
for each recovery category. This calculation determined the amount of the Katrina damage

! Institute for Dam Safety Risk Management at Utah State University (Aboelata and Bowles 2005) LIFESim
includes a simulation module for warning and evacuation, which was not used in this study.
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within each depth category. This was repeated for each of the Katrina flood depth categories. A
sample of the stage-damage curves used in the risk analysis is presented in Table 19 for NOE4.

Table 18. NOE 4 Stage-fatality matrix

NOE4
Elevation (ft) 5% 95% Mean
-1.200E+01 0.000E+00 0.000E+00 0.000E+00
-1.100E+01 0.000E+00 0.000E+00 0.000E+00
-1.000E+01 0.000E+00 0.000E+00 0.000E+00
-9.000E+00 0.000E+00 0.000E+00 0.000E+00
-8.000E+00 0.000E+00 0.000E+00 0.000E+00
-7.000E+00 0.000E+00 0.000E+00 0.000E+00
-6.000E+00 0.000E+00 0.000E+00 0.000E+00
-5.000E+00 1.412E-04 3.621E-03 1.636E-03
-4.000E+00 1.412E-04 3.621E-03 1.636E-03
-3.000E+00 1.412E-04 3.621E-03 1.636E-03
-2.000E+00 1.412E-04 3.621E-03 1.636E-03
-1.000E+00 1.421E-03 3.645E-02 1.647E-02
0.000E+00 1.826E-03 4.604E-02 2.081E-02
1.000E+00 2.230E-03 5.562E-02 2.515E-02
2.000E+00 4.176E-03 9.278E-02 4.220E-02
3.000E+00 6.122E-03 1.299E-01 5.925E-02
4.000E+00 1.084E-02 1.533E-01 7.060E-02
5.000E+00 1.556E-02 1.766E-01 8.194E-02
6.000E+00 4.666E-02 3.673E-01 1.663E-01
7.000E+00 7.775E-02 5.580E-01 2.506E-01
8.000E+00 2.179E-01 1.157E+00 5.718E-01
9.000E+00 3.580E-01 1.755E+00 8.929E-01
1.000E+01 6.284E-01 2.425E+00 1.429E+00
1.100E+01 8.987E-01 3.094E+00 1.964E+00
1.200E+01 9.438E-01 3.251E+00 2.064E+00
1.300E+01 9.888E-01 3.408E+00 2.163E+00
1.400E+01 1.081E+00 4.033E+00 2.428E+00
1.500E+01 1.174E+00 4.657E+00 2.694E+00
1.600E+01 1.714E+00 7.458E+00 4.077E+00
1.700E+01 2.255E+00 1.026E+01 5.459E+00
1.800E+01 3.858E+00 1.467E+01 8.754E+00
1.900E+01 5.460E+00 1.908E+01 1.205E+01
2.000E+01 6.148E+00 2.143E+01 1.356E+01
2.100E+01 6.835E+00 2.377E+01 1.507E+01
2.200E+01 6.912E+00 2.403E+01 1.524E+01
2.300E+01 6.988E+00 2.430E+01 1.540E+01
2.400E+01 7.096E+00 2.466E+01 1.564E+01
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Table 19. Pre-Katrina — Stage-Damage NOE4.

Water Elevation Basin Name 5% Mean 95%
-3 NOE4 0 0 0
-2 NOE4 0 0 0
-1 NOE4 0 0 0
0 NOE4 0 0 28
1 NOE4 0 0 36
2 NOE4 0 25 39
3 NOE4 0 33 54
4 NOE4 22 35 59
5 NOE4 29 49 61
6 NOE4 31 54 62
7 NOE4 44 56 63
8 NOE4 49 57 63
9 NOE4 51 57 65
10 NOE4 52 58 66
11 NOE4 52 59 66
12 NOE4 53 60 67
13 NOE4 54 61 69
14 NOE4 55 62 69
15 NOE4 55 63 71
16 NOE4 56 64 72
17 NOE4 57 65 72
18 NOE4 58 66 72
19 NOE4 59 66 72
20 NOE4 60 66 72
21 NOE4 60 66 72
22 NOE4 60 66 72
23 NOE4 60 66 72
24 NOE4 60 66 72
25 NOE4 60 66 72
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Uncertainty Analysis

One of the principal questions to be addressed in the risk and reliability analysis for the HPS
concerns the level of uncertainty associated with estimated levels of flooding that may occur in
New Orleans. The uncertainty in the risk and reliability analysis results manifests itself in the
estimate of the 100-year area (and depth) of inundation. The assessment of uncertainty takes into
account the uncertainties associated with the analysis of hurricane occurrences (how frequently
they occur as well as their size), the estimated surge and wave elevations, and the performance of
the HPS (its reliability). A complete description of the uncertainty analysis is presented in
Appendix 11 of this volume.

Uncertainty Taxonomy

For the purpose of evaluating uncertainty it is useful to establish a taxonomy or framework
within which different types of uncertainty can be identified and evaluated in the analysis. Two
types of uncertainty are defined: aleatory and epistemic. The first is attributed to the inherent
randomness of events, manifesting as variability over time for phenomena that take place at a
single location (temporal variability), or variability over space for phenomena that take place at
different locations but at a single time (spatial variability), or as variability over both time and
space. These events are predicted in their frequency of occurrence (for example, per annum in
the case of hurricanes, or per trial in the case of a levee reach that is impacted by a given surge
event). Aleatory uncertainty is, in principle, irreducible because it is considered a property of
nature.

Epistemic or knowledge-based uncertainty is attributed to our lack of knowledge or
information (data) about events, or lack of understanding of physical processes that limits our
ability to model the natural phenomena (hurricane surges) or events of interest (levee
performance). For example, limitations in available data sets (length of record, data quality)
impact the assessment of model parameters (shear strength of soils) or the likelihood of an event
such as the annual rate of hurricane occurrences. When limited data are available, parameter
estimates may be quite uncertain (i.e., statistical confidence intervals on parameter estimates can
be large). A second type of knowledge uncertainty is attributed to a lack of understanding or
knowledge about physical processes that must be modeled (e.g., the meteorological processes
that generate hurricane events, hydrodynamic modeling of storm surges). In these instances
model comparisons to measured events or expert evaluations are often required to assess the
current state-of-knowledge and to quantitatively evaluate the level of uncertainty. In principle,
epistemic uncertainties are reducible with the collection of additional data or the use of improved
models.
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Uncertainties impact the assessment of each element of the HPS risk and reliability analysis:
the hurricane and surge analysis, reliability analysis of the HPS, the assessment of flooding and
inundation, and the analysis of consequences. To assess or model uncertainties, a
characterization of aleatory and epistemic uncertainties is made by partitioning models and
estimates of model parameters. Modeling uncertainty represents differences between the actual
physical process (hurricane, embankment failure) and prediction models. Modeling uncertainty
can be estimated by comparing model predictions to actual, observed events/performance.
Parameter uncertainty is the uncertainty in the estimates of model parameters. Parametric
uncertainty is quantified by observing the variation in parameters inferred (either in a direct or
indirect manner). This taxonomy is summarized in Table 20.

Table 20. Taxonomy of Uncertainties.

Overall uncertainty

Epistemic Aleatory
Modeling | Uncertainty about a model and the | Aleatory variability cannot be explained by a model. For instance, variability
degree to which it can predict between model predictions and observations may be due to elements of a
events (i.e., to what extent a model | physical process that is not modeled and, therefore, represent an
has a tendency to over- or under- unexplainable variability (random differences).

predict observations).

Parametric | Parametric epistemic uncertainty is | This uncertainty is similar to aleatory modeling uncertainty. This is variability

associated with the estimates of that may be due to systematic, but random variations associated with
model parameters given available parameters of a model. For instance, there may be storm-to-storm variation in
data, indirect measurements, etc. hurricanes with the same parameters, but which differ due to details of the

storms that are not modeled, but have a systematic effect. This is an aleatory,
inter-event, variability that may be considered independent from event to
event.

The distinction between aleatory and epistemic uncertainty can be difficult to identify, and is
model dependent. For example, a simple model of an event (levee performance) or a system may
have higher model aleatory variability than a more complex model that models more details of a
physical process. At the same time, the more complex model may have larger parametric
epistemic uncertainty. Nonetheless, making a distinction between the sources of uncertainty in a
logical manner helps insure that all uncertainties are quantified and identified.

Approach

The risk analysis of the HPS performance was evaluated using best estimate (mean) models
and parameters. The analysis quantifies the aleatory component of uncertainty (see the Risk
Analysis Methodology section) and is the basis for the inundation maps that are developed and
presented in this volume. The 50-year inundation levels were primarily due to rainfall whereas
the 100-year and 500-year inundation levels were primarily due to surge and wave effects. The
uncertainty in the 50-year inundation levels due to rainfall was considerably less than that of the
100-year and 500-year inundation levels due to surge and wave effects. In this context, an
analysis was performed to assess the epistemic uncertainties in the primary elements of the risk
analysis and to propagate these uncertainties through the analysis to assess their impact on the
estimate of the 100- and 500-year inundation area and depth. The focus is a set of normalized
probability density functions that quantify the epistemic uncertainty in the 100-year and 500-year
depth of inundation for each basin. This result is schematically illustrated in Figure 60.
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Figure 60. Steps in the uncertainty analysis for the New Orleans Hurricane Protection System.
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The Risk Analysis Methodology section describes the main elements of the risk analysis and
associated random variables. Only aleatory uncertainty is modeled in the main risk analysis. To
evaluate epistemic uncertainty, model and parameter uncertainties in hurricane occurrence, wave
and surge models, and levee and floodwall performance were explicitly considered.

Considering that the protected basins are well-defined areas, it was judged that epistemic
uncertainty in volume—stage relationships is low, and thus uncertainty in the 100- and 500-year
inundations is principally due to uncertainty in the hurricane, surge, and reliability analyses.
Further, the contribution of rainfall to the 100- and 500-year inundations is comparatively small,
and consequently its contribution to epistemic uncertainty is also. Other models or parameters
whose epistemic uncertainties were not addressed in this analysis include the weir coefficient
and the reliability of gate operations. The epistemic uncertainty in these parts of the analysis was
judged to have limited contribution to the total uncertainty at the 100- and 500-year flooding
levels.

Hurricane Analysis Uncertainty

The following sections summarize the uncertainty in each element of the analysis and the
quantification process. Appendix 11 to this volume presents a complete description of the
uncertainty analysis methodology and results. The hazard is specified as,

{4, hi} €2))

where,

A; = frequency of occurrence of hurricane event i
h; = hurricane event i

A hurricane, 4;, is modeled by the following six parameters:

AP = central pressure deficit at landfall (mb)

R, = radius to maximum winds at landfall (km)

X = longitudinal landfall location relative to downtown New Orleans (km)
= direction of storm motion at landfall (degrees)

vy=  storm translation speed at landfall (m/s)
= Holland’s radial pressure profile parameter at landfall (Holland 1980)

A hurricane event, H;, can be generally written in terms of the parameters that define it as

hi = hi (AP]’ Rp,k: Hl} Vf,m: B) (32)

Similarly, the frequency of a hurricane can be expressed in terms of the frequency of
occurrence of the parameters that define it as

v, =V,(AP,R,,v;,0,,x) (33)
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The hurricane joint probability model (as described in the Hazard Analysis section) estimates
the frequency of occurrence of hurricanes with a combination of properties. This is denoted

V.(AP,R,,v;,6,,x) = A, A, A A A (34)

where,

A, = probability of hurricane central pressure deficit, AP

A, = probability of storm radius, R,

A; = probability of forward velocity, v¢

A4 = probability on azimuthally approach/ track direction at landfall, 6
As = frequency of storms per year per location along the coast, A

In the IPET hurricane analysis, the Holland B parameter was set to a fixed value
(Appendix 8) and thus not considered a random variable in modeling the occurrence of hurricane
events.

Equation 34 defines the frequency of occurrence of the hurricane event. In addition to the
variable used to model the hurricane, other factors contribute to the randomness of water-surface
elevations that are realized. These factors include Holland’s B and astronomic tide, among
others.

The water-surface elevations that occur can be expressed by

s(x) = S(hi, x) t € (35)

where,

S(h;, x) = surge and waves estimate at locations, x , for hurricane i
¢ = random term with zero mean and variance, o (this is an aleatory variability term)

The random term captures the variability due to Holland’s B, astronomical tides, and other
factors associated with the hurricane event or the hydrodynamic model (grids, bathymetry,
hydraulic parameters, etc., that are not explicitly modeled and thus contribute to random
deviations between model estimates and observations. As part of the HPS risk analysis
methodology, the aleatory variability in water-surface elevations is taken into account in the best
estimate of New Orleans flooding.

Table 21 describes sources of aleatory and epistemic uncertainty in the hurricane hazards
analysis in terms of the model and parametric parts of the analysis. Appendix 8 describes the
estimates of the difference sources of uncertainty in the hurricane analysis.

To model the epistemic uncertainty in the hurricane hazard analysis, a logic tree was
constructed. The logic tree illustrates the models/parameters that are considered in the
uncertainty analysis. In this analysis, exclusive branches on the logic tree are not a priori defined.
The uncertainty values of parameters are selected in a Latin Hypercube Simulation (LHS) and
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combined using the structure in the logic tree. The logic tree in Figure 61 illustrates the elements
of the epistemic uncertainty in the hurricane analysis.

Table 21. Summary of Hurricane Analysis Aleatory and Epistemic Uncertainties.

Element Epistemic Aleatory

Model Surge/Wave Modeling — 1) Uncertainty in the estimate of peak water Surge/Wave Modeling — Unexplained
elevations in New Orleans due to hurricane events. This uncertainty variability between model predictions and
corresponds to the systematic error that may exist in predicted, mean | the estimate of peak surge/wave elevations
peak surge/wave elevations at New Orleans HPS levee/floodwall observed for Hurricanes Katrina and Rita.
reach locations. Frequency Model — Randomness of

hurricane occurrences and hurricane events
with specific properties (i.e., Cp, Rp, etc.)

Parametric | Frequency Model — 1) Uncertain estimates in the mean rate of Surge/Wave Modeling — Factors considered
hurricane occurrences; 2) Uncertainty in the estimate of the in this category include the effects of
parameters of models used in the joint probability analysis (e.g., GEV [ astronomical tides and Holland’s B.
model parameters, Rp-Cp relationship). Frequency Model — No aleatory parametric

sources of variability were identified.

Hurricane Surge/Wave Model Uncertainty

Causes of epistemic uncertainty in wave and surge levels are primarily sourced in hurricane
model errors; for example, the wind field idealization, the coefficient of friction with the water
surface, the effects of waves on water level, etc., are estimated by hindcasting historical events or
by comparing results from different modeling assumptions. For New Orleans, efforts were made
to calibrate the ADCIRC and wave modeling to the observations from Hurricanes Katrina and
Rita. Based on these hindcast assessments, an estimate of the storm surge modeling epistemic
uncertainty can be made.

Surgefave Hurricane Central Pressure H-Co
Model Uncertainty Occurrence Hate Farameters Farameters

Figure 61. Hurricane analysis epistemic uncertainty logic tree.
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Hurricane frequency rates are uncertain due to the limited historical sample size and possible
errors in the assumed form of marginal and conditional distributions (especially in the tail
regions).

For storms sizes considered in the IPET hurricane analysis, relatively few data are available
to estimate the parameters of the Gumbel Extreme Value (GEV) distribution used in the
modeling. As part of the uncertainty analysis, the uncertainty due to the limited numbers of data
for the estimate of the GEV model parameters was considered.

There is considerable uncertainty in the estimate of the radius to maximum winds. As
discussed in Appendix 8, a correlation between radius to maximum winds and the central
pressure deficit was used in the hurricane modeling and analysis. There is, however, considerable
scatter in the radius to maximum winds model and uncertainty in the best estimate relationship.
As part of the uncertainty analysis, the uncertainty in the estimate of the parameters of R,-C,
relationship and scatters was evaluated. Appendix 8 describes the estimate of the hurricane
analysis uncertainties for each element of the logic tree.

Reliability Analysis Uncertainty

Fragility curves for individual levee and floodwall reaches were developed in two parts: first,
for low water levels on a section up to the top of the levee or wall, and second, for water at the
top of levee or wall to 6 ft above the top. The fragility calculation involved the following:

e The first part was based on a limiting-equilibrium stability analysis using the method of
planes of the New Orleans District (MVN), and

e The second part was based on observations of levee and floodwall performance during
Hurricane Katrina that were used to relate the fraction of overtopped levee or wall sections that
breached due to overtopping erosion.

The approach to evaluate the reliability of levees and floodwalls and the epistemic
uncertainty in these two parts of the fragility is presented in the Reliability Analysis section and
in detail in Appendix 10. A summary of the approach and typical results is presented here.

The epistemic uncertainty in the fragility analysis for the water levels up to the top of levee
or top of wall evaluated the uncertainties in the estimated mean of the factor of safety (FS) and in
the variance of FS. Factors considered in the analysis included the following:

¢ Bias in the method of planes calculation of FS compared to more accurate methods. The
mean bias was taken to be about +20% based on comparative calculations by Team 7.

e Statistical estimate of the error in the mean soil property due to the limited number of
measurements.

e Conservative bias associated with using the undrained strength at the 1/3-point of the test
results (i.e., the practice of defining a “best estimate” as 1/3 of the data below it).
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e Epistemic (bias) uncertainties in the variance of the FS occur as a random measurement
noise in the soil properties that should be removed before calculating the variance above. Soil
property data, especially as measured in traditional USACE practice by the unconsolidated
undrained (UU) test, is notoriously noisy. The fraction of the total variance attributable to
measurement noise is estimated using statistical filtering techniques based on the autocorrelation
function.

Another source of uncertainty is the length effect. The characteristic length of a failure
section was taken to be 1,000 ft. Each characteristic length was assumed to behave independently
of its adjacent lengths, and the probability of at least one failure in a reach of n lengths was
approximated as P=/1-(1-p)"n], in which p is the probability of failure of the characteristic
length. The characteristic length was estimated from the autocorrelation structure of the soil
properties and from observations of failure lengths during Katrina. It is thought that the length
could range from 500 to 2,000 ft, although there is much uncertainty about these numbers in the
way they influence probability of system failure.

For failures that occur as a result of overtopping and levee erosion, the fragility is based on
the observation experience during Hurricane Katrina. The epistemic uncertainty in these
estimates is attributed to the limited number of observations available to estimate the fraction of
levee or floodwall failures that occur as a function of water level.

Table 22 describes sources of aleatory and epistemic uncertainty in the reliability analysis in
terms of the model and parametric parts of the analysis. Appendix 8 describes the estimates of
the difference sources of uncertainty in the hurricane analysis.

Table 22. Summary of Reliability Analysis Uncertainties.

Element Epistemic Aleatory

Model Levee Instability — Model uncertainty associated with the Levee Instability — Spatial variability of soil
method of planes. properties within a levee reach.
Levee Overtopping — No model uncertainties were identified. Levee Overtopping — Variability in the

performance of levee and floodwalls that were
overtopped during Hurricane Katrina.

Parametric | Levee Instability — 1) Uncertainty in the estimate of mean soil No sources of parametric aleatory variability
properties due to limited data; 2) Uncertainty in the selection of were identified and modeled.

soil properties used in the slope stability analysis.

Levee Overtopping — Uncertainty in the estimate of the fraction
of levee failures that occur due to depths of overtopping.

The epistemic uncertainty in the levee and floodwall fragility is quantified as a coefficient of
variation in the estimate of the mean and variance of the FS or standard deviation in the
probability of failure (see the Reliability Analysis section and Appendix 10) for a given water
level in the case of overtopping.

For purposes of the uncertainty quantification, the epistemic uncertainty in the levee and
floodwall fragility for each reach in the HPS model is discretized. In the analysis, a three-point
distribution is used. These points correspond to the 0.05, 0.50, and 0.95 levels of the uncertainty
distribution. Probability mass values of 0.185, 0.63, and 0.185 are assigned to each curve. These
discrete values and associated weights are an appropriate representation of the complete
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distribution that preserves the mean and variance of the complete distribution (Pearson and
Tukey 1965). Figure 63 shows an example of the epistemic uncertainty in levee fragility.
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Figure 62. lllustration of the uncertainty in levee fragility — St. Charles, Reach 1.

Uncertainty Quantification

The epistemic uncertainty in the hurricane hazard and levee/floodwall fragility parts of the
risk analysis are combined to estimate the uncertainty in the analysis products such as the
frequency of levee failure in a basin and the frequency of inundation of New Orleans basins and
parishes.

As part of the uncertainty analysis, an event tree model was developed for each basin in the
HPS. The event tree was set up to capture the sequences of events that could lead to sub-basin
and basin flooding due to levee failure (as a result of levee and floodwall instability or
overtopping) and levee and floodwall overtopping. The set of sequences in an event tree
considers the combinations of levee reach performance failures and non-failures associated with
instability or overtopping, and flooding due to levee overtopping. Each sequence in the event tree
corresponds to a combination of levee failures and non-failures and overtopping events. For a
hurricane event, the conditional probability of a sequence occurring (given the event and the
surge and wave elevations produced at each levee reach location) is determined from the levee
and floodwall fragility curves. The sequences in the event tree define an exhaustive set of the
possible combinations of levee and floodwall reach performance states.
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In the quantification, the uncertainty in the hurricane hazard and the levee fragility for a basin
was sampled by LHS. Each LHS sample from the hurricane hazard and levee fragility was
combined to estimate the frequency of occurrence of each sequence in the event tree. This
process was repeated until all combinations of the LHS fragility and the hurricane hazard were
exhausted. The result for each sequence in the system event tree is a discrete probability
distribution on the frequency of occurrence for each hurricane event and for all events combined
in a basin.
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Figure 63. Schematic illustration of the epistemic uncertainty in the 100-year depth of flooding.

For each event tree sequence and hurricane event pair, the volume and flood elevation in a
basin or sub-basin was determined. The estimates of flood inundation are combined with the
sequence frequency of occurrence for each hurricane event. The basin inundation frequency
estimates are combined over all sequences and all hurricanes to determine the frequency
distribution of basin flooding. Propagating the uncertainty in the hurricane hazard and the levee
fragility produces a probability distribution on the frequency of flooding as illustrated in Figure
63 and Figure 64.
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Figure 64. lllustration of the uncertainty in basin flooding.

Conclusion of the Uncertainty Analysis

The epistemic uncertainty in the hurricane hazard and levee and floodwall fragility parts of
the risk analysis were combined to estimate the uncertainty in the frequency and level of
flooding in New Orleans. Together, these parts of the analysis can contribute an order of
magnitude or more variation between the 0.05 fractile and the 0.95 fractile of the annual non-
exceedance curves of inundation volumes in individual basins. Put another way, as a first
approximation, the 0.05 or “lower bound” on epistemic uncertainty may be a factor of 3 lower
than the best estimate, while the 0.95 or “upper bound” is typically about three times the best
estimate. Thus, the spread between the 0.05 and the 0.95 fractile estimates of the frequency of
flooding is about an order of magnitude or more. Thus, given the epistemic uncertainties, the best
estimate of the 100-yr flooding may have a range in its occurrence rate that varies from being an
estimated 30-yr to 300-yr event. Looking at the epistemic uncertainty in the 100-year flood
elevations, analyses indicate the one-standard deviation on the estimated flood elevations varies
from 0.5 ft to as much as 2.0 ft about the best estimate, depending on the basin.

This spread of epistemic uncertainty in inundation volumes would appear large, but it is
consistent with other recent studies of epistemic uncertainty in technological risk analyses
involving seismic risk (Jack R. Benjamin & Associates, Inc. 2005), nuclear safety (Knudsen and
Smith 2000), transportation systems (Kurowicka and Cooke 2006; Bedford and Cooke 2001),
environmental impacts (Linkov and Ramadan 2005), and other technological systems (Paté-
Cornell 2002).
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Risk Analysis Results

The following is a summary of the major findings of the risk analysis. These findings
summarize the more detailed findings presented in Appendix 13 and represent a big picture
perspective. To facilitate understanding of the risk results, color coded categories have been
established to portray the results. Five categories of flooding depth, ranging from 0-8 ft, were
established as shown in Table 23. The depths shown are relative to the ground level topography
of the sub-basin and are not related to structure floor elevations. The depths are based on the
elevations determined from the stage—storage curve for the basin using the expected volume of
water entering the basin. The volume is distributed within the basin by gravity and does not
consider the interior drainage characteristics of the basin. The flood depth maps provide an
overall perspective of the flooding vulnerability of the entire area of Greater New Orleans for
which the risk assessment was performed. Results are shown for three different flood frequencies
(0.02, 0.01, and 0.002), and for the two HPS and the three pumping scenarios modeled. Detailed
maps for each of the individual major basins are also provided in Appendix 13. Mapping of
property losses is based on the percentage of total value lost. This measure was chosen to show
the relative impact of the loss of property in an area of varied demographics. Six categories of
property losses were established ranging from less than 10% to more than 90% of total value.
Four categories of loss of life were established to portray relative risk within the sub-basins
ranging from less than 10 to more than 1,000. Total economic and life loss estimates can be
found in tables for each sub-basin in Appendix 13.

Table 23. Categories of flood depth, property loss, and fatalities for consequence
analysis

Flooding Depth Categories Property Loss Categories (percentage of Total Value Lost) Fatalities Categories
>8ft Less than 10% Less Than 10

6-8ft 10%-30% 10 to 100
0-2ft

The results are provided in three major forms. First the vulnerability to flooding is presented
as inundation frequency depth estimates displayed as maps (Figures 65 thru 82). The inundation
depth maps show the mean depth of flooding that could occur or be exceeded at three specific
exceedance frequencies (2%, 1%, and 0.2%) or return periods (50-, 100-, and 500-year). The
flood depth information is provided at the highest level of resolution available with respect to the
local topography. Risk is provided in terms of both mean values of expected loss of life and
property losses at the specific exceedance frequencies (2%, 1%, and 0.2%) or return periods (50-,
100-, and 500-year). The loss of life and property loss risk maps (Figures 83 through 117) show
relative risk levels at the sub-basin level. In addition to being available within the IPET report
and IPET web site, the risk maps have been made available in a limited interactive mode through
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Google Earth and in a more complete interactive mode through Microsoft Virtual Earth. The
initial versions of the inundation depth maps (East Bank only) were first provided to the public in
June 2007. Maps including the West Bank areas were published in July 2007 and maps showing
the impact of pumping were published in March 2008.

50-Year Flood Event
Flood Risk

New Orleans is widely vulnerable to some flooding at the 50-year or 2% frequency of
occurrence level if significant pumping capacity is not available.

There is no significant difference in the flood elevations between the pre-Katrina and 2007
HPS at the 50-Year (2%) frequency of occurrence. This is likely due to the dominance of rainfall
as the source of water at this level of event. At this return period, the dominant threat to New
Orleans is tropical rainfall and not hurricanes.

The impact of pumping is directly related to the total volume of water that must be managed;
therefore, pumping is most effective when flooding is not extensive or deep.

Pumping operating at a capacity that is equivalent to or greater than 50% of the ideal or
nameplate capacity of the sub-basins modeled can have a dramatic impact in reducing the flood
elevations at the 50-Year or 2% frequency of occurrence in a number of the basins modeled.
There is a small benefit in NOE and a significant benefit in OM, portions of JE, JW, and PL.

Life Loss Risk

Pre-Katrina potential for loss of life risk was extreme in OM2 sub-basin and very high in
portions of JE, JW, PL, and OW.

The 2007 HPS (without pumping) reduced loss of life risk in the majority of OM and JE and
portions of QW, JW, NOE, and PL north. Loss of life risk remains high in OM2 due primarily to
the IHNC vulnerability.

Pumping at an operational capacity equal to or greater than the 50% ideal capacity modeled
reduces loss of life risk to the lowest category at the 50-year (2%) flood frequency. This
demonstrates the importance of maintaining and improving the reliability of the pumping system.

Property Loss Risk

Property loss is relatively low for the 50-year (2%) flood frequency, being below 10% of
total value in most areas and from 10 to 20% in areas of Orleans Main near the canals and
Orleans West.

Property loss maps for pre-Katrina and 2007 HPS are essentially the same at this return
period.
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Pumping at operational capacities equal to or greater than the 50% ideal value modeled
would reduce the entire region to the lowest category with the exception of OW which remains
the same.

100-Year Flood Event
Flood Risk

Without pumping, the majority of the New Orleans area remains vulnerable to moderate to
deep flooding (greater than 4 ft) at the 100-year or 1% frequency of occurrence. The area with
least vulnerability is Jefferson Parish East and St. Charles Parish where flood threats are
moderate.

The improvements in the HPS from pre-Katrina to the 2007 HPS have provided significantly
reduced flood levels in a few areas, notably portions of Orleans Main (OM2 and OM4) and
moderate reductions in the 1% flood level in St. Bernard (SB) and Plaquemines (PL11).

Improvements in Orleans Main are largely due to the presence of the new gates and
temporary pumps at the ends of the outfall canals. Continued vulnerability of the areas of OM
and NOE adjacent to the IHNC can be attributed to the significant fragility of the I-walls along
the IHNC and the top of wall elevations which are unchanged from pre-Katrina elevations.
Strengthening of the I-walls with stability berms and relief wells has improved the performance
of the structures in the IHNC, but they remain unable to cope with surge conditions created by
large storms.

Pumping capacity equal to or greater than the 50% ideal capacity modeled can have a
significant impact on the 100-year or 1% flood elevations. Primary areas that benefit the most are
OM and JE. The sub-basins adjacent to the IHNC remain vulnerable to flooding even when
pumping is considered.

The West Bank area remains highly vulnerable to flooding in 2007, and pumping will likely
have little impact on this conclusion until all of the area is protected by portions of the HPS yet
to be completed.

Life Loss Risk

At the 100-year flood frequency, pre-Katrina potential for loss of life risk was extreme for
OM2 and very high for SB and portions of OW and JW.

The 2007 HPS, without pumping, reduces loss of life risk for OM2 but has little impact
elsewhere.

Pumping at an operational capacity equal or greater than the 50% ideal capacity modeled
would reduce loss of life risk in portions of OW, JE, and PL north but has little impact
elsewhere.
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Property Loss Risk

Prior to Katrina, with the exception of a portion of Jefferson East, Jefferson West and
northern Plaquemines, property loss was very high across New Orleans at the 100-year or 1%
flood frequency. In most cases, property would experience damages greater than half of its total
value in this type of flood event.

The 2007 HPS provides a risk reduction in 3 of the 5 sub-basins of Orleans Main, those
nearest the IHNC remaining at higher risk levels. There is also some reduction in St. Bernard but
none on the West Bank or in New Orleans East.

Without pumping, in 2007, moderate to high risk exists in most of New Orleans East,
St. Bernard and the West Bank.

Pumping at an operational capacity equal to or greater than the ideal 50% capacity modeled
would provide significant property loss reduction in all of Jefferson East and Orleans Main, and
in portions of New Orleans East. Property loss remains high elsewhere with the exception of the
northern part of Plaquemines.

500-Year Flood Event
Flood Risk

Virtually the entire New Orleans region remains highly vulnerable to deep and catastrophic
flooding at the 500-year or 0.2% flood frequency. The vast majority of the region would
experience catastrophic flooding depths. As shown by the Katrina experience, the depth of
flooding and area affected for an event of this magnitude would be dependent upon the actual
path of the storm.

Note that the property loss and fatality estimates cannot be compared to losses actually
inflicted by any particular storm such as Katrina. This is due to the fact that the risk analysis is a
probabilistic estimate of potential flooding elevations and losses in each subbasin in the entire
region for the suite of storms studied. For example: The 1% chance property value loss maps are
based on the 1% flooding elevation occurring everywhere in the subbasin and the entire HPS. A
single event with a 1% return period, and particular characteristics such as storm track, may
produce elevations within other subbasins that have higher or lower return periods. This
happened during Katrina where portions of the HPS experienced conditions that have a low
return period (0.003 to 0.002 per year) while other portions experienced conditions with a much
higher return period (0.02).

There is essentially no difference in the flooding vulnerability at this frequency of occurrence
between the pre-Katrina and 2007 HPS.

Pumping has no impact at this level of flooding for either the pre-Katrina or the 2007 HPS
because of the large volume of water entering the system from overtopping and breaching of
fragility of portions of the HPS.
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Life Loss Risk

The 500-year (0.2%) flood frequency presents an extremely high potential for high loss of
life risk for all of OM, most of JE and a large portion of NOE, SB, OW, and JW for both pre-
Katrina HPS and the 2007 HPS.

Areas with lower loss of life risk are primarily areas with lower populations exposed to
flooding such as portions of NOE, SB, and SC.

Pumping makes no difference in loss of life risk at the 500-year flood frequency for either
HPS.

Property Loss Risk
The property loss for the 500-year (0.2%) flood frequency is extremely high in all areas.

There is essentially no change in property loss at this level between the pre-Katrina HPS and
2007 HPS.

Pumping capacity has little impact on the property loss at this level of flooding.
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Summary of Results

Based on the above summary of the results, following are brief answers to the specific
questions concerning the performance of the HPS:

What was the reliability of the pre-Katrina HPS for preventing flooding of protected
areas given the range of hurricanes expected to impact New Orleans?

While the Katrina experience provided the real answer to this question, the results of the risk
analysis confirm that the reliability of structures in portions of the pre-Katrina HPS was very
low. The drainage canal walls are the most vivid example of very low reliability, while the levees
proved to be of high reliability. The reliability of the entire HPS in preventing flooding was also
low, as demonstrated by the high rate of overtopping of the perimeter walls and levees by the
storms studied. The return periods of the range of expected storms that were studied by the Risk
Team were between 300 and 5,000 years. These storms produced almost 3,200 incidents of
overtopping at the reaches that form the hurricane barriers. This represents 16% of the 20,520
possible incidents. Some of this is attributed to unfinished portions of the HPS on the West Bank
and is also due the tops of levees and walls at lower than their authorized level due to subsidence
or use of incorrect datums.

What is the reliability of the current post-Katrina HPS for preventing flooding of
protected areas given the range of hurricanes expected to impact New Orleans?
Specifically, what is the annual rate of occurrence of system failure due to the range of
expected hurricane events?

The reliability of the post-Katrina (June 2007) HPS has been significantly increased in many
portions of the system that did not perform well during Katrina and ongoing improvements are
steadily making the system more reliable. Reasons for this are as follows: the gates at the ends of
the drainage canals reduce the chance of I-wall failure along the canals; adding overtopping
protection at many transitions throughout the system makes them less likely to erode and fail;
replacing less reliable [-walls with more reliable T-walls or L-walls reduces probability of failure
in those areas; adding erosion protection to levees reduces their susceptibility to damage from
waves overtopping them; and the raising of some levees reduces the chance of overtopping
erosion. There are, however, areas of the HPS where the project is unfinished, such as on the
West Bank, and areas where the structures still have low reliability, such as along the IHNC and
GIWW in New Orleans East and St. Bernard. These areas act as weak points in the HPS
perimeter chain that lowers the overall reliability of the system. Because these weak points
provide possible HPS failure points, the reliability of the June 2007 HPS was found to remain
low.

Annual rates of system failure are best judged by examining the elevation—exceedance
results. Failure of the HPS is defined as the amount of interior flooding of the basins due to
combinations of overtopping, breaching, or open gates. For annual rates up to 0.02 per year
(1/50), the system flooding appears to be primarily due to rainfall and, therefore, failure of HPS
components would not be expected. At lower rates of occurrence, such as 0.01 per year (1/100),
HPS components would experience failures and/or overtopping that would lead to significant
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flooding. For extremely low rates, such the 0.002 per year (1/500), complete failure of the HPS
would be expected, leading to deep inundation at all locations in the system.

What are the annual rates of occurrence of economic consequences and loss of life
resulting from failures of the HPS given the range of hurricanes expected to impact New
Orleans?

Annual rates of occurrence of economic consequences and loss of life system failure are
directly related to the elevation—exceedance results discussed above. For annual rates of 0.02 per
year (1/50), $1.2 billion of economic damages could be expected and about 400 potential
fatalities could occur. The loss of life estimates are not based on a specific value for evacuation
effectiveness; however, the consequences used in the analysis considered a mean value for
evacuation effectiveness. This basis results in fatalities which are considered to be much higher
than would actually occur, based on the high evacuation effectiveness experienced during
Katrina. At a lower annual rate of occurrence of 0.01 per year (1/100), $31 billion of economic
damages could be expected and as many as 3,700 potential fatalities could occur. For extremely
low rates, such the 0.002 per year (1/500), complete failure of the HPS could lead to $72 billion
of economic damages and as many as 42,000 potential fatalities with a less than a very effective
evacuation.
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Conclusions

The experience of Katrina proved that the risk to life and property in the New Orleans area
before Katrina was high. The results of the risk analysis quantifies the extent of that risk to the
pre-Katrina economy and population. The actual direct damages incurred due to the hurricane
exceeded $28 billion and the loss of life was more than 1,200. These values correspond to
potential damages and life loss values obtained by the risk analysis for less than a 100-year event
if no pumping is available. While this conflicts somewhat with the estimated 300- to 400-year
frequency of Katrina, it points to the severity of the risk in New Orleans and attests to the
effectiveness of the evacuation prior to the hurricane in reducing the loss of life.

Examination of the three pumping scenarios shows the importance of the pumping system in
reducing damages during the more frequent events, but also shows that the system was not
capable of handling large inflow water volumes from overtopping or breaching during extreme
events.

While the HPS has been repaired and improved dramatically over the pre-Katrina HPS, the
risk associated with the June 2007 HPS to the area is still considered to be high for extreme
events if the pre-Katrina potential consequences are used in the analysis. There are still areas of
vulnerability along the IHNC and GIWW that amount to weak points in the system and limit the
risk reduction in parts of Orleans Metro, New Orleans East, and St. Bernard. In addition, the
unfinished West Bank HPS makes that area as vulnerable in the June 2007 analysis as it was
before Katrina.

The risks to life and property would be expected to be reduced if existing demographics and
redevelopment values were used; however, the reduction would be due entirely to the reduced
consequences of system failure and not due to the improvements to the system. In any case, the
human and property losses to New Orleans are still considered to be high during extreme events
similar to Katrina, and the most effective risk reduction measure remains to be implementation
of an effective evacuation plan.

The analysis presented herein in Volume VIII was a prototype risk analysis that indicates the
value of and need to consider risk in the planning of hurricane protection projects. The study also
shows that all of the reliability of all of the components of a hurricane protection project play a
role in the performance of the overall project and, therefore, the project must be looked at as a
system if the risks are to be fully evaluated. The large uncertainty in this study, and in any
analysis of a project of the magnitude of the New Orleans HPS, shows that the system must be
continually monitored, maintained, and periodically reevaluated in order to identify potential
weaknesses and gain understanding of the factors that affect uncertainty in the performance of
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the HPS. Part of the uncertainty associated with this study is due to the prototypical nature of the
computational processes used and to the lack of a more sophisticated analysis tool. This
uncertainty and the accuracy of future analyses can be improved by research and development of
better tools.
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Hurricane Protection System in place before Katrina with no pumping
There was a 2% (1 in 50) chance of flooding this deep every year

Figure 65. Pre-Katrina depth map (2% chance, no pumping).
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Hurricane Protection System in place before Katrina with no pumping
There was a 1% (1 in 100) chance of flooding this deep every year
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Figure 66. Pre-Katrina depth map (1% chance, no pumping).

VIl Engineering and Operational Risk and Reliability Analysis VIII-143
This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.



Hurricane Protection System in place before Katrina with no pumping
There was a 0.2% (1 in 500) chance of flooding this deep every year
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Figure 67. Pre-Katrina depth map (0.2% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping
There was a 2% (1 in 50) chance of flooding this deep every year
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Figure 68. June 2007 depth map (2% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping
There was a 1% (1 in 100) chance of flooding this deep every year
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Figure 69. June 2007 depth map (1% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping
There was a 0.2% (1 in 500) chance of flooding this deep every yea
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Figure 70. June 2007 depth map (0.2% chance, no pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity
There was a 2% (1 in 50) chance of flooding this deep every year
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Figure 71. Pre-Katrina depth map (2% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity
There was a 1% (1 in 100) chance of flooding this deep every year
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Figure 72. Pre-Katrina depth map (1% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity
There was a 0.2% (1 in 500) chance of flooding this deep every year
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Figure 73. Pre-Katrina depth map (0.2% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity
There was a 2% (1 in 50) chance of flooding this deep every year
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Figure 74. June 2007 depth map (2% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity
There was a 1% (1 in 100) chance of flooding this deep every year
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Figure 75. June 2007 depth map (1% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity
There was a 0.2% (1 in 500) chance of flooding this deep every year
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Figure 76. June 2007 depth map (0.2% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity
There was a 2% (1 in 50) chance of flooding this deep every year
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Figure 77. Pre-Katrina depth map (2% chance, 100% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity
There was a 1% (1 in 100) chance of flooding this deep every year
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Figure 78. Pre-Katrina depth map (1% chance, 100% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity
There was a 0.2% (1 in 500) chance of flooding this deep every year
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Figure 79. Pre-Katrina depth map (0.2% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity
There was a 2% (1 in 50) chance of flooding this deep every year
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Figure 80. June 2007 depth map (2% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity
There was a 1% (1 in 100) chance of flooding this deep every year
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Figure 81. June 2007 depth map (1% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity
There was a 0.2% (1 in 500) chance of flooding this deep every year
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Figure 82. June 2007 depth map (0.2% chance, 100% pumping).
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Hurricane Protection System in place before Katrina with no pumping

There was a 2% (1 in 50) chance of this percentage of the total property value being lost

Legend
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Figure 83. Pre-Katrina % of total value lost (2% chance, no pumping).
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Hurricane Protection System in place before Katrina with no pumping
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Figure 84. Pre-Katrina % of total value lost (1% chance, no pumping).
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Hurricane Protection System in place before Katrina with no pumping

ere was a 0.2% (1 in 500) chance of this percentage of the total property value being lost
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Figure 85. Pre-Katrina % of total value lost (0.2% chance, no pumping.
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Hurricane Protection System in place in June 2007 with no pumping

There was a 2% (1 in 50) chance of this percentage of the total property value being lost
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Figure 86. June 2007 % of total value lost (2% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping
ere was a 1% (1 in 100) chance of this percentage of the total property value being lost
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Figure 87. June 2007 % of total value lost (1% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping

ere was a 0.2% (1 in 500) chance of this percentage of the total property value being lost
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Figure 88. June 2007 % of total value lost (0.2% chance, no pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity

There was a 2% (1 in 50) chance of this percentage of the total property value being lost
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Figure 89. Pre-Katrina % of total value lost (2% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity

ere was a 1% (1 in 100) chance of this percentage of the total property value being lost
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Figure 90. Pre-Katrina % of total value lost (1% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity

ere was a 0.2% (1 in 500) chance of this percentage of the total property value being lost
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Figure 91. Pre-Katrina % of total value lost (0.2% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity

There was a 2% (1 in 50) chance of this percentage of the total property value being lost
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Figure 92. June 2007 % of total value lost (2% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity

ere was a 1% (1 in 100) chance of this percentage of the total property value being lost
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Figure 93. June 2007 % of total value lost (1% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity

ere was a 0.2% (1 in 500) chance of this percentage of the total property value being lost
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Figure 94. June 2007 % of total value lost (0.2% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity

There was a 2% (1 in 50) chance of this percentage of the total property value being lost
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Figure 95. Pre-Katrina % of total value lost (2% chance, 100% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity

ere was a 1% (1 in 100) chance of this percentage of the total property value being lost
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Figure 96. Pre-Katrina % of total value lost (1% chance, 100% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity

ere was a 0.2% (1 in 500) chance of this percentage of the total property value being lost
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Figure 97. Pre-Katrina % of total value lost (0.2% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity

There was a 2% (1 in 50) chance of this percentage of the total property value being lost
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Figure 98. June 2007 % of total value lost (2% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity

ere was a 1% (1 in 100) chance of this percentage of the total property value being lost
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Figure 99. June 2007 % of total value lost (1% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity

ere was a 0.2% (1 in 500) chance of this percentage of the total property value being lost
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Figure 100. June 2007 % of total value lost (0.2% chance, 100% pumping).
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Hurricane Protection System in place before Katrina with no pumping
There was a 2% (1 in 50) chance for this number of fatalities
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Figure 101. Pre-Katrina potential fatalities (2% chance, no pumping).
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Hurricane Protection System in place before Katrina with no pumping

There was a 1% (1 in 100) chance for this number of fatalities
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Figure 102. Pre-Katrina potential fatalities (1% chance, no pumping).
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Hurricane Protection System in place before Katrina with no pumping
There was a 0.2% (1 in 500) chance for this number of fatalities
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Figure 103. Pre-Katrina potential fatalities (0.2% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping
There was a 2% (1 in 50) chance for this number of fatalities
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Figure 104. June 2007 potential fatalities (2% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping

There was a 1% (1 in 100) chance for this number of fatalities
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Figure 105. June 2007 potential fatalities (1% chance, no pumping).
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Hurricane Protection System in place in June 2007 with no pumping
There was a 0.2% (1 in 500) chance for this number of fatalities
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Figure 106. June 2007 potential fatalities (0.2% chance, no pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity

There was a 2% (1 in 50) chance for this number of fatalities
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Figure 107. Pre-Katrina potential fatalities (2% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity

There was a 1% (1 in 100) chance for this number of fatalities
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Figure 108. Pre-Katrina potential fatalities (1% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 50% of capacity

There was a 0.2% (1 in 500) chance for this number of fatalities
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Figure 109. Pre-Katrina potential fatalities (0.2% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity

There was a 2% (1 in 50) chance for this number of fatalities
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Figure 110. June 2007 potential fatalities (2% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity
There was a 1% (1 in 100) chance for this number of fatalities
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Figure 111. June 2007 potential fatalities (1% chance, 50% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 50% of capacity

There was a 0.2% (1 in 500) chance for this number of fatalities
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Figure 112. June 2007 potential fatalities (0.2% chance, 50% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity

There was a 2% (1 in 50) chance for this number of fatalities
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Figure 113. Pre-Katrina potential fatalities (2% chance, 100% pumping).
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Hurricane Protection System in place before Katrina with pumping at 100% of capacity

There was a 1% (1 in 100) chance for this number of fatalities
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Figure 114. Pre-Katrina potential fatalities (1% chance, 100% pumping).

VIII-191

VIl Engineering and Operational Risk and Reliability Analysis
This report is the independent opinion of the IPET and is not necessarily the official position of the U.S. Army Corps of Engineers.



Hurricane Protection System in place before Katrina with pumping at 100% of capacity

There was a 0.2% (1 in 500) chance for this number of fatalities
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Figure 115. Pre-Katrina potential fatalities (0.2% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity

There was a 2% (1 in 50) chance for this number of fatalities
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Figure 116. June 2007 potential fatalities (2% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity

There was a 1% (1 in 100) chance for this number of fatalities
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Figure 117. June 2007 potential fatalities (1% chance, 100% pumping).
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Hurricane Protection System in place in June 2007 with pumping at 100% of capacity

There was a 0.2% (1 in 500) chance for this number of fatalities
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Figure 118. June 2007 potential fatalities (0.2% chance, 100% pumping).
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Figure 119. Pre-Katrina HPS rate of overtopping.
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Figure 120. June 2007 HPS rate of overtopping.
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Figure 121. 50 Year Inundation Elevations for Pre-Katrina and June 2007 HPS.
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Figure 122. 50 Year Inundation Elevations for Pre-Katrina with Pumping.
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Figure 123. 50 Year Inundation Elevations for June 2007 with Pumping.
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Figure 124. 100 Year Inundation Elevations for Pre-Katrina and June 2007 HPS
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Figure 125. 100 Year Inundation Elevations for Pre-Katrina with Pumping.
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Figure 126. 100 Year Inundation Elevations for June 2007 with Pumping.
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Figure 127. 500 Year Inundation Elevations for Pre-Katrina and June 2007 HPS
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Figure 128. 500 Year Inundation Elevations for Pre-Katrina with Pumping.
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Figure 129. 500 Year Inundation Elevations for June 2007 with Pumping.
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