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CHAPTER TEN: EVALUATION OF
EARTHEN LEVEES

10.1. Overview

The vast mgjority of flood protection assurance for the greater New Orleans area is
strongly dependent upon the presence and ability of earthen levees to separate large water
bodies, such as Lake Pontchartrain, Lake Borgne, the Mississippi River, and the Gulf of Mexico
from inundating developed land areas and causing flooding of homes and businesses. Earthen
levee flood protection systems not having redundancy can be viewed as series systems, where
failure at one location, or failure of one component, can result in catastrophic failure of the entire
flood protection system and result in tragic loss of life, damage to fundamental infrastructure
(basic services such as water, sewage, and electricity), and substantial economic impact to the
immediate and surrounding regions. These systems can be in place for a short duration (a few
years) or for a very long duration (hundreds of years). In order to ensure the desired level of
flood protection system performance, identification and mitigation of “weak links’ in the system
are crucial maintain long-term system integrity.

Few studies have analyzed actual long-term performance of earthen levees to confirm
effective design parameters, assumed loading conditions, and actual performance after major
flooding events. Additionally, evaluations of component transitions (i.e. earthen levee to
concrete structure transitions), erodibility, overtopping, wave-scour, and effective inspection
programs have not been well documented and are critical components to high reliability flood
protection systems.

The primary focus of this chapter is on the performance of earthen levees from an erosion
standpoint (performance of floodwalls and other physical structures are not included in this
chapter). Due to access restrictions, the study area consists primarily of the earthen levees
situated within the New Orleans East and St. Bernard Parish protected areas. These were also
the regions that were most notably impacted by the storm surge associated with Hurricane
Katrina.

The main goals associated with our evaluation of the earthen levees in the New Orelans
area are to: (1) provide a summary of “lessons learned” based on the performance of the flood
protection system during Hurricane Katrina and Rita, (2) identify “weak link” features not
specifically addressed in standard design methods so that appropriate design modifications can
be implemented to improve levee performance, (3) establish an index erodibility testing
methodology by which to survey and assess existing earthen levees, and (4) validate effective
design parameters based on the performance of the earthen levee flood protection system in
response to Hurricanes Katrina and Rita.

10.2. LeveeFailure Mechanisms

There are numerous failure mechanisms that result in the breaching of earthen levees and
the flooding of protected areas. These failure mechanisms can occur as a single mode or several
different types of failure modes can act in unison. Levees can fail as a result of damage to the

10-1



New Orleans Systems
Independent L evee Hurricane Katrina
Investigation Team May 22, 2006

levee itsdlf, or if the foundation on which the levee is constructed fails. An overview of
commonly-observed failure mechanismsis presented here:

10.2.1. Structural Causes

This category includes future mechanisms where the dominant parameter is the soil’s
strength. Such mechanismsinclude:

Structural Impacts — Structural impacts occur when physical objects collide with the
levee. This can occur during storm events when boats or barges become loose from their
moorings and are driven into the levee by wind forces, or smply from accidental boats impacts
due to operator error.

Tree Damage — Trees that are planted on top of or adjacent to the levee structure can
result in significant damage. Trees that are blown over in high wind conditions, not only create a
large void that can destabilize the levee, but the root systems associated with the tree can result
in preferred piping channels if the roots are pulled out of the levee (such asif atreeisblown over
in a strong wind storm). To mitigate possible impacts of tree damage on levees, design and
maintenance guidelines generally specify that trees be kept clear of the levee structure.

Slope Failures — If the underlying foundation materials that support the levee are weak, or
become destabilized, a slope failure could develop and result in catastrophic failure of the levee.
Slope failures can be minor or they can be significant enough to result in the catastrophic failure
of the levee system. Engineered levees are required to be designed against slope failures.

Sliding — As water levels rise on the outboard side of the levee, the weight of the water
induces a lateral force on the levee that results in a sideways “push.” The weight of the levee
and the friction between the bottom of the levee and the levee foundation materials must be
sufficient enough to resist this lateral push. If there isinsufficient resistance to sliding, the levee
is pushed in, resulting in catastrophic damage. Engineered levees are required to be designed
against sliding failures.

10.2.2. Causes due to Hydraulic Forces

This category includes failure mechanisms when the dominant parameters involve
groundwater flow and pressure. Among these are:

Underseepage — As shown in Figure 10.1 (red lines), if the underlying foundation
materials that support the levee are highly permeable, water can quickly travel through these
porous materials as the water differential between the outboard and inboard sides of the levee
increases. This underseepage (which is very similar to internal erosion and piping with the
exception that the foundation materials are internally eroded, not the levee materials) can result
in the catastrophic failure of the leveein that once the foundation materials have been eroded, the
levee (which may be completely undamaged) has no underlying support and falls into the
resulting void and essentially washes away. Engineered levees are required to be designed
against underseepage failures.
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Bottom Heave - Thisis a variant of underseepage, but involves the hydraulic pressure,
rather than internal erosion. A wave of water pressure caused by, say, a storm surge can travel
through a permeable zone in a levee’'s foundation. If the water pressure exceeds the total
overburden pressure at, say, the landside toe of the levee, the (clay) overburden can be displaced
by heave, leading to complete levee failure.

Internal Erosion and Piping — As shown in Figure 10.1 (blue lines), internal erosion and
piping occurs when there is a difference in water elevations (generating a high pressure gradient)
between the outboard and inboard sides of the levee. Materials that have high permeabilities
(such as sand and gravel) alow for water to rapidly flow from high pressure areas to low
pressure areas. As the water flows through the levee, smaller/finer soil particles are “washed’
out of the levee resulting in the internal erosion of the levee. Enough internal erosion of the
levee can lead to the collapse and subsequent “wash-out” of the levee. For levees constructed of
layers with significantly different permeabilities, the layer with the highest permeability becomes
the main “conduit” by which the water flows through the levee. This concentrated flow can lead
to higher water velocities through the levee and more rapid degradation. The major design
standards specifically address internal erosion and piping and levees are required to be
engineered against this failure mechanism. Utilization of low permeability materials, such as
clay, is the primary mechanism by which this failure mode is mitigated. Other mitigation
strategies such as internal drains or filters are also commonly used. Effectively mitigating
internal erosion and piping can be hampered by the presence of burrowing animals that carve
intricate tunnel networks in the earthen levees. Effective detection and corresponding correction
of these animal-induced internal erosion channelsis very challenging and many levee failures are
aresult of this failure mechanism.

Liquefaction — If the levee is founded on relatively loose materials (such as sands).
These loose materials tend to be sensitive to vibrations and if they are over-excited (by cyclical
perturbations such as earthquakes or heavy wave pounding), they will self-compact themselves
and densify. During the self-compaction process, the soils temporarily become “fluidized” as the
water between the soil particles risesto the surface, allowing the soil particlesto densify. During
the “fluidized” state, the foundation for the levee becomes unstabilized and can result in
catastrophic failure of the levee foundation. In seismic areas, levees are generally required to be
designed against liquefaction failures, but the impact of wave perturbations on loose foundation
materialsis not well established.

10.2.3. Causes Involving Surface Degradation

These include the various forms of surface erosion which can occur due to surface water
flowing over or against the surface of the levee.

Overtopping — As shown in Figure 10.2, overtopping occurs when the water level on the
outboard side of the levee exceeds the crest elevation of the levee. The inboard side of the levee
acts as a spillway for the overtopping water and damage is inflicted on the levee as a result of
water scour. Levees are not generally designed for overtopping and as a result, if overtopping
does occur, they are highly susceptible for catastrophic failure unless highly erosion-resistant
materials are used to construct the levee.
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Overtopping and Jetting — This is more likely to occur on levees with floodwalls. As
shown in Figurel0.3, jetting occurs when the water level on the outboard side of the levee
exceeds the top of wall elevation for structural walls that are founded within the earthen levee.
Unlike overtopping of a conventional earthen levee, the floodwall acts as a weir and water
impacts the levee in a concentrated stream that is much more energy intensive than conventional
overtopping. For typical New Orleans floodwalls, the water impact velocities are on the order of
7 to 8 m/s. Levees are not generally designed for overtopping and jetting and as a result, if
overtopping and jetting does occur, a deep scour trench can develop against the land-side face of
the floodwall. This reduces the earth pressure supporting the wall, making the wall highly
susceptible for catastrophic failure unless “splash-pads’ or other energy dissipating devices are
installed and highly erosion-resistant materials are used to construct the levee.

Surface Erosion — As shown in Figure 10.4, surface erosion generally occurs on the
outboard side of the levee and is the result of water flowing past the levee face. If the imposed
shear stress from the water abrading against the soil levee face is high enough, soil scour occurs
and the integrity of the overall levee is significantly reduced. Levees that are exposed to chronic
water flow, such asriver levees, are generally designed and constructed with armoring or erosion
prevention devices to minimize scour-induced surface erosion. In general, well-compacted
levees constructed of high-plasticity clays are much more resistant to surface erosion than
uncompacted silty sands. Surface protection such as rip-rap, concrete pads, soil-cement
reinforcement, and select vegetation coverings are typical methods used to protect levee faces
from surface erosion.

Wave Impacts — As shown in Figure 10.5, wave impacts can cause significant erosion to
levee faces. Wave-induced erosion consists of run-up (sloshing up and down of water as a result
of staggered wave arrival) and “mini-jetting” when the crest of the waves breaks on the levee
face. Leveesthat are anticipated to be impacted by waves are generally designed with armoring
to prevent damage from wave impacts.

The fore-mentioned failure mechanisms are not intended to be an exhaustive list, but
rather to highlight common failure modes of the earthen leveesin New Orleans.

10.3. Design Standards

Design standards are not just the primary means by which earthen levees are designed,
but they are also the main metric by which proposed levee design and construction projects are
critiqued by reviewers. Incomplete, inaccurate, or inappropriate design standards can lead to
actual performance which isless than desired. As part of this study, current earthen levee design
standards from the United States Army Corps of Engineers and the United States Federal
Emergency Management Administration were reviewed. A summary of the design guidelines
for the USACE and FEMA are presented in Sections 10.4 and 10.5, respectively.

10.3.1. United States Army Corps of Engineer Design Standards

The primary manual and summary of design standards for earthen levees for the United
States Army Corps of Engineers (USACE) is EM 1110-2-1913, “Engineering and Design —
Design and Construction of Levees” This design manua covers the topics of: field
investigations, laboratory testing, borrow areas, seepage control, slope design and settlement,
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levee construction, and special considerations (such as pipelines and other utility crossings,
access roads and ramps, levee enlargements, junctions with concrete closure structures, and other
special features such as landside ditch construction and levee vegetation management.

10.3.1.1. Primary Design Procedure

The design procedure and requirements for levee design are established by EM 1110-2-
1913. The outlined design procedure provides guidance from the initial preliminary evaluation
through final design. These requirements are summarized in Table 10.1, below.

Table10.1 Summary of Major and Minimum L evee Design Requirements
Step Procedure
Conduct geologic study based on a thorough review of available dataincluding analysis of aerial

1 photographs. Initiate preliminary subsurface explorations.
> Analyze preliminary exploration data and from this analysis establish preliminary soil profiles, borrow
locations, and embankment sections.
Initiate final exploration to provide:
3 a Additional information on soil profiles
b. Undisturbed strengths on foundation materials
¢. More detailed information on borrow areas and other required excavations
Using the information obtained in Step 3:
4 a. Determine both embankment and foundation soil parameters and refine preliminary sections where
needed, noting all possible problem areas.
b. Compute rough quantities of suitable material and refine borrow arealocations.
5 Divide the entire levee into reaches of similar foundation conditions, embankment height, and fill

material and assign atypical trial section to each reach.

Analyze each trial section as needed for:

a. Underseepage and through seepage.
6 b. Slope stahility.

C. Settlement.

d. Trafficability of the levee surface.

Design special treatment to preclude any problems as determined from Step 6. Determine surfacing

! requirements for the levee based on its expected future use.
8 Based on the results of Step 7, establish final sections for each reach.
9 Compute final fill quantities needed; determine final borrow arealocations.

10 Design embankment slope protection.

Further engineering analysis guidance for the design of levees is provided in the
following manuals:

= Slope Stability Analyses EM 1110-2-1902
= Settlement Analyses EM 1110-2-1904
= | evee/Structure Transitions EM 1110-2-2502
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The punch list of design steps identified in Table 10.1 provides an overview of design
parameters for levee design. EM 1110-2-1913 prescribes required Factors of Safety for slope
stability of newly designed levees, existing levees, and other embankments and dikes. These
Factors of Safety vary from 1.0 for short-term loading conditions to 1.4 for long-term (steady
state conditions). Specific design criteria are not provided for settlement and erosion-
susceptibility.

In addition to these design parameters, material specifications and construction
procedures, critical elements in the actual lifetime performance of levees, have aso been defined
by the USACE. These components are described in more detail in the following sections.

10.3.1.2. Material Selection

Acceptable soils for the construction of levees (borrow materials) are defined by EM
1110-2-1913 as “any soil is suitable for constructing levees, except very wet, fine-grained soils
or highly organic soils.” Choosing a materia type is generaly a function of accessibility and
proximity to the project area. The design guidelines emphasize that studies should be performed
to ascertain the in-situ moisture contents of the borrow materials. It is noted that “the cost of
drying borrow material to suitable water contents can be very high, in many cases exceeding the
cost of longer haul distances to obtain material that can be placed without drying.” Thus, any
materials may be used in the construction of levees so long as they are not overly wet fine-
grained soils or highly organic soils.

10.3.1.3. Required Levee Soil Compaction

Three types of compacted levees are presented in the EM 1110-2-1913 design criteria.
These are compacted, semicompacted, and uncompacted levees. The USACE notes that
traditionally, areas of high values and/or high land use, steep-sloped embankments with
controlled compaction during construction are utilized in good foundation conditions. Areas of
low values, poor foundations, or high rainfall during the construction season generally warrant
specification of semicompacted or uncompacted levees.

According to the USACE design guidelines, compacted levees are required to be
constructed in areas where strong embankments of low compressibility are needed adjacent to
concrete structures or forming parts of highway systems. Compacted |evees require specification
of borrow material water content range (with respect to standard effort optimum water content),
loose lift thickness of 6 to 9 inches, compaction equipment type (sheepsfoot or rubber-tired
rollers), number of passes to attain a given percent compaction or standard maximum density,
and the minimum required density (relative compaction).

Semicompacted levees are recommended by the USACE to be constructed in areas where
there are no space limitations and steep-sloped embankments are not required, onsite foundation
conditions are relatively weak and unable to support steep-sloped embankments, underseepage
conditions require a wide base, and/or water content of borrow materials or rainfall during
construction does not alow for the proper compaction of levee fill material. Semicompacted
levee require the specification of lift thickness (approximately 12 inches) and are compacted by
the movement of hauling and spreading equipment or sheepsfoot or rubber-tired roller
compaction equipment.
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The USACE recommends uncompacted levees only to be used for temporary/emergency
use. These levees are constructed by fill cast or dumping in place thick layers of borrow
materials with little or no spreading or compaction. Hydraulic fill by dredge, often from channel
excavations, +s a common source for uncompacted levees. Hydraulic fills are known to be highly
susceptible to erosion upon overtopping and are not recommended to be used in the normal
construction of levees, except in locations where the levees are protecting agricultural areas
whose failure would not endanger human life or for zoned embankments that include impervious

seepage barriers.
10.3.1.4. Embankment Geometry

Embankment geometry is controlled primarily by material selection and compaction
efforts during construction, but the foundation soils may govern. Maximum side slopes for
levees are 1V on 2H. These levees are required to be constructed from high-grade borrow
materials that are compacted near optimum moisture content and with appropriate compaction
equipment. Levees with non-ideal borrow materials, such as sand levees, are required to have
much shallower side slopes (on the order of 1V to 5H) to prevent damage from seepage and
wave action.

Final top of levee elevations must also account for future settlements, as determined by
EM 1110-2-1904. In the past, the USACE specified a certain freeboard distance between the
final top of levee elevation and the design storm water level to account for hydraulic,
geotechnical, construction, operation, and maintenance uncertainties. The updated design
procedures set forth in EM 1110-2-1913 are risk-based, and are assumed to directly account for
hydraulic uncertainties and establish anominal level of protection.

10.3.1.5. Identified Failure Modes

The principal causes of levee failures, as identified by EM 1110-2-1913, consist of the
following mechanisms (but see also Section 10.2 of this chapter):

= Overtopping;

= Surface erosion;

= Internal erosion (piping); and

= Slides within the levee embankment or the foundation soils.

Considerable discussion is presented in the design manual to mitigate effects of internal
erosion/piping (see EM 1110-2-1913 Chapter 5 — Seepage Control). Guidance on overtopping,
surface erosion, and slides within the levee embankment or the foundation soils is not well-
developed in this design manual. However, guidance is provided for the augmentation of soil-
cement protection applied to exposed slopes, susceptible to erosion.

10.3.1.6. Erosion Susceptibility

Although not directly addressed or identified in EM 1110-2-1913, general guidelines for
erosion susceptibility of fine-grained cohesive soils are presented in EM 1110-2-1100 [Coastal
Engineering Manua Part 111], EM 1110-2-1100 [Coastal Engineering Manua Part V1], and
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“Channel Rehabilitation: Processes, Design, and Implementation,” (1999). These manuals
provide insights on erosion and critical values of average overtopping discharges.

For coastal grass covered sea-dikes and protected embankment seawalls, EM 1110-2-
1100 indicates that no damage occurs for overtopping discharges less than about 0.15 ft*/s per
foot. Significant damage is expected for overtopping flows greater than 0.35 ft*/s per foot. The
overtopping discharge flows were based on wave runup exceeding the crest of the embankment
or floodwall crest and include impact forces associated with the wave action impacting the
embankment. These values were based on field studies conducted both in the United States and
in the Netherlands. Discharge flow values are not based on sustained overtopping discharge as a
result of the mean storm water level rising above the crest of the embankment or floodwall.

Maximum permissible velocities for flow within river and stream channels are
summarized in USACE (1999) and are based on field research from 1915 to about 1926.
Permissible velocities (for a canal type section with an average depth of 3 feet) are presented in
Table 10.2.

Table 10.2 Permissible canal velocities with average flow depth of 3 feet

Material Clear_water, no Watgr tran;porting Equivalent Shear
detrius (ft/s) colloidal silts (ft/s) Stress' (Ib/ft?)

Fine sand (noncolloidal) 15 25 24-6.3
Sandy |loam (noncolloidal) 1.75 25 31-6.3
Silt loam (noncolloidal) 2 3 4.0-9.0
Alluvia silt (noncolloidal) 2 35 4.0-123
Ordinary firm loam 25 35 6.3-12.3
Fine gravel 25 5 6.3-25.0
Stiff clay 3.75 5 14.1-25.0
Alluvid silt (colloidal) 3.75 5 14.1-25.0
Coarse gravel (noncolloidal) 4 6 16.0- 36.0
Shales and hardpans 6 6 36.0

Assuming a roughness constant equal to 1 and fluid consisting of seawater.

Equivalent shear stress was calculated using the following equation (Munson et al, 1990):
Tw = KpV?/2 Equation 9.1

In this correlation, the shear stress (ty,) imposed on the surface exposed to the water flow
is a function of the surface roughness (K), the density of the fluid (p), and the velocity of the
fluid (V). Based on this table, permissible water velocities vary between 1.5 ft/s for highly
erosion susceptible materials to as much as 6 ft/s for highly erosion resistant materials.
Correspondingly, allowable shear stresses vary from a low of 2.4 Ib/ft> for highly erosion
susceptible materials to as much as 36 Ib/ft? for highly erosion resistant materials. Again,
erosion plus jetting can lead to impact velocities 3 to 4 times the maxima above.
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10.3.2. United States Federal Emergency Management Agency Design Standards

Design criteria for levee systems required by the United States Federal Emergency
Management Agency (FEMA) are presented in the Title 44, Volume 1, Part 65 of the Code of
Federal Regulations. These criteria establish the minimum standards to which levees must
adhere in order to satisfy the 100-year level (referred to as the base flood) of protection mandated
by FEMA. The man design criteria for FEMA approved levees are:  freeboard,
closures/transitions, embankment protection, embankment and foundation stability, settlement,
interior drainage, and other specialty design criteria deemed appropriate by FEMA for unique
situations.

10.3.2.1. Freeboard

L evees constructed adjacent to rivers are mandated to have a minimum freeboard of three
feet above the water surface level of the base flood. In areas where the levee is constructed
adjacent to structures, such as bridges, an additional one foot of freeboard is required extending
100 feet to either side of the structure. Levees constructed on the coast must have a minimum
freeboard of one foot above the height of the calculated one percent wave or the maximum wave
runup (whichever is greater) associated with the 100 year stillwater surge elevation. This
category best fits the New Orleans Hurricane Protection System. Exceptions may be granted,
based on site-specific engineering studies, but a freeboard of less than two feet is not deemed
acceptable under any circumstance.

10.3.2.2. Closures

Closures refer to openings within the flood protection system. These closures can be for
through traffic (such as railroad traffic which is frequently grade controlled and can not easily be
diverted over levees), for pipeline crossings, or for maintenance purposes. FEMA requires all
closures to be structural parts of the flood protection during operation and be designed in
accordance with sound engineering practice.

10.3.2.3. Embankment Protection

Engineering analyses are required to be performed to demonstrate no appreciable erosion
of the levee embankment during the base flood due to currents or waves, and that any anticipated
erosion may not result in failure of the levee embankment or foundation either directly or
indirectly through seepage or subsequent instability. Specific factorsto be analyzed to determine
the adequacy of embankment protection are: expected flow velocities (especialy in constricted
areas), expected wind and wave action, ice loading, impact of debris, slope protection
techniques, duration of flooding at various stage and velocities, embankment and foundation
materias, levee alignment, bends, and transitions, and levee side slopes. The FEMA guidelines
do not, however, provide guidance on acceptable performance criteria/standards of the identified
embankment protection factors to be evaluated.

10.3.2.4. Embankment and Foundation Stability

Stability analyses for levee embankments are required to be submitted that demonstrate
the adequacy of both short-term and long-term slope stability of flood protection levees.
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Stability analyses are required to include the expected seepage during the storm loading
conditions and demonstrate that seepage into or through the embankment will not result in
unacceptable stability performance. FEMA provides for the use of the USACE Case IV (as
defined by EM 1110-2-1913, “Design and Construction of Levees’) as an additionally
acceptable engineering analysis method. The required factors for evaluation include: depth of
flooding, duration of flooding, embankment geometry and length of seepage path at critical
locations, embankment and foundation materials, embankment compaction, penetrations, other
design factors affecting seepage (such as drainage layers), and other design factors affecting
embankment and foundation stability (such as interior berms). These requirements do not,
however, specify the nature of embankment stability to be evaluated, such as sliding (horizontal
displacement) resistance. The FEMA guidelines do not, however, provide guidance on
acceptable performance criteria/standards of the identified stability to be evaluated.

10.3.2.5. Settlement

Once levees have been constructed to the specified crest elevation, their ability to provide
the desired degree of flood protection against the base flood is generally controlled by
settlements of the foundation materials beneath the levee. In order to demonstrate the adequacy
of the crest elevation over the intended service life, FEMA requires that engineering analyses be
submitted that assess the potential and magnitude of future losses of freeboard as a result of levee
settlement and demonstrate that freeboard will be maintained within the minimum freeboard
requirements for the duration of the levee service period. Detailed analysis procedures, such as
those specified in the USACE EM 1110-2-1904, “Soil Mechanics Design — Settlement
Analyses,” are expected. The required factors for evaluation include: embankment loads,
compressibility of embankment soils, compressibility of foundation soils, age of the levee
system, and construction compaction methods. The FEMA guidelines do not provide guidance
on acceptable performance criteria/standards of the identified stability factors to be evaluated.

10.3.2.6. Interior Drainage

FEMA requires that the protected side of the flood protection system be capable of
draining onsite water. An analysis is required to be submitted that identifies the source(s) of
potential flooding, the extent of the flooded area, and, if the average depth of flooding is greater
than one-foot, the water-surface elevation(s) of the base flood. The analysis is required to be
based on the joint probability of interior and exterior flooding and the capacity of facilities (such
as drainage lines and pumps) for draining interior floodwater.

10.3.2.7. Other Design Criteria

In areas where levee systems have relatively high vulnerabilities, or other unique
situations, FEMA may require other design criteria and analyses be submitted for review and
approval. The rationale for the requirement of additional analyses will be provided by FEMA.
The review and subsequent evaluation standard of the analyses for the specified design criteria
were to be based on “ sound engineering practice.”
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10.3.2.8. Other FEMA Requirements

In order for the levee flood protection system to be recognized by FEMA as providing
protection for the base flood, additional requirements, beyond the established design procedure
and criteria, are required to be in place. Maintenance and operation plans are required to be
submitted that detail how the flood protection system will be maintained and operated during its
service period. In addition, FEMA has certification requirements which require that a registered
professional engineer certify the levee design and certified as-built plans of the completed levee
be submitted. Federal agencies with responsibility for levee design may also certify that the
levee has been adequately designed and constructed to provide the desired degree of protection
against the base flood.

10.4. Storm Surge and Wave Action During Hurricane Katrina

During Hurricane Katrina, the earthen levees were subjected to storm surges and wind
generated wave action. Accurately determining the magnitude of these forces is reliant on
numerical simulations and modeling with calibration from field data such as in-place
instrumentation that recorded data during Hurricane Katrina as well as post-hurricane field
assessments, such as high-water marks. The most reliable storm surge and wave action
information collected and recorded during Hurricane Katrina was captured by instrumentation
installed at select locations within the greater New Orleans area.  However, the number of
instrumentation locations is extremely limited, and as a result, little reliable storm surge and
wave action information is available. Many of the instruments were damaged during the storm
and only partial records were collected.

Instruments that recorded useful data used to establish storm surge and wave action
information were located at the following locations (IPET 2006):

Lake Pontchartrain near 17" Street Canal (hydrograph & wave characteristics)
Pump station #6 on the 17" Street Canal (hydrograph)

Lake Pontchartrain at the Lakefront Airport (camera-based hydrograph)

Inner Harbor Navigation Channel at 1-10 (hydrograph)

Inner Harbor Navigation Channel at the Lock (hydrograph)

Gulf Intracoastal Waterway at 1-510 (hydrograph)

A detailed review and reconstruction of the storm surge and wave action during
Hurricane Katrina based on the data from the installed instruments, measured high water marks
and interviews was completed by IPET (2006). The storm surge and wave action information
presented by IPET was used in our performance evauation of the levees. A discussion of the
maximum storm surges is presented in the following section along with an overview of our field
reconnai ssance and levee condition survey and mapping.

10.5. Field Reconnaissance and L evee Condition Mapping

Field reconnaissance was a vital part to assessing and understanding the performance of
the earthen levee flood protection systems. Multiple field visits were performed by the team to
visually observe and evaluate the performance of the levee systems. Theinitia levee assessment
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occurred during the first two weeks of October 2005. The purposes of this visit were to perform
acursory survey of major damage areas, and to note and record time sensitive storm related data
(such as high water marks, scour zones, etc.) before full-scale repair operations commenced and
destroyed or obscured storm-related levee system performance information. The results of our
initial observations are presented in Seed et a., (2005).

Subsequent to the initial field reconnaissance, a series of field survey explorations have
occurred to complete the extents of the visual survey and to collect physical samples for testing
to ascertain susceptibility to erosion. The earthen levee flood protection components provided a
unique learning opportunity in that a majority of the levee systems were overtopped, impacted by
moving objects and debris (such as steel barges and fishing boats), and attacked by wind-
generated waves. Some sections performed extremely well, while other sections performed
poorly. Figure 10.6 shows the extents of the visual reconnaissance (the dashed black line) that
was completed as part of our study. Due to access, schedule, and funding limitations, the
Independent Levee Investigation Team was not able to complete a full and comprehensive
survey of the entire greater New Orleans area. Locations of notable performance have been
identified in the numbered boxes on Figure 10.6 and are discussed in further detail below (refer
to Figure 2.6 in Chapter 2 for a summary of design elevations for the flood protection system).
Please note that these locations are intended only to represent typical findings and are not
intended to summarize the complete performance of the overall flood protection system. In
addition, the specified design flood protection system component crest elevations may not be the
actual crest elevations due to factors such as incomplete staged construction, consolidation,
subsidence, etc.

It is important to emphasize that accurately determining elevations in the greater New
Orleans area is extremely complicated. Factors that exacerbate the problem include regional
subsidence, localized consolidation settlement, and the temporal variation in completion of
individual projects. A tremendous effort has been undertaken by the IPET team to “equalize” all
the locations that are part of the New Orleans Flood Defense System and merge the component-
specific elevations to one common project-specific elevation datum.

Following is a summary and discussion of levee performance at select locations along the
perimeter of the New Orleans Flood Defense System.

10.5.1. Location 1— Lakefront Airport

Location 1 is situated near the intersection of Downman Road and Hayne Boulevard,
south of the Lakefront Airport. At this location, an earthen levee connects to a railroad bridge
and vehicular underpass and a concrete flood gate structure and the levee is situated parallel to an
active railroad line. High water marks, as reported by IPET (2006), at this location reached
approximately Elevation +12 feet (MSL). The design elevation of the levee system at this
location was Elevation +13.5 feet (NGVD29). Exact datum conversions in this area are not
clearly established and are still under review by the IPET team, but the design elevation has been
identified as Elevation +11.8 feet (MSL), resulting in a minor degree of overtopping at this
location.
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Storm-surge induced overtopping traveled through the granular gravel ballast for the
raillroad line and eroded the railroad line embankment, which served as a transition levee
between the concrete floodwall (design Elevation + 13.5 feet MSL = +11.8 feet NAVD 88-
2004.65) and the earthen levee (design Elevation +14.5 feet MSL = +12.8 feet NAVD88-
2004.65) shown in Figure 10.7. Figure 10.8 shows the location where overtopping occurred
resulting in significant scour around the floodwall and Figure 10.9 provides a view across the
railroad line where the railroad line embankment was eroded allowing for the terminus of the
earthen levee to be scoured. Note that at the time of our visit, the railroad embankment had been
repaired by railroad personnel.

Performance factors of the levee system that impacted the performance of the flood
protection components included the following: unprotected high-permeability ballast which
allowed high water levels to seep through the gravel balast and erode the supporting
embankment, transition details between the flood protection components at Elevation + 13.5 feet
MSL (+11.8 feet NAVD 88-2004.65), allowed for low points to be exploited, and the
embankment and levee materials were not erosion resistant and resulted in scour as a result of
overtopping. Without redesigning this transition area, future performance at this location (under
similar or more severe storm surge conditions) is anticipated to be poor and it will likely breach

again.
10.5.2. Location 2 — Jahncke Pump Station Outfall

Location 2 is situated near the intersection of Hayne Boulevard and Jahncke Road, near
Lake Pontchartrain. At this location a concrete outfall structure protrudes through the flood
protection levee. High water marks, as reported by IPET (2006), at this location reached a
maximum Elevation of +12 feet (NAVD88-2004.65). The design elevation of the levee system
at this location was Elevation +14.5 feet (NGVD29). Exact datum conversions in this area are
not clearly established and are still under review by the IPET team, but the design elevation has
been identified as Elevation +12.8 feet (NAVD88-2004.65), resulting in a minor degree of
overtopping at this location. Our field reconnaissance verified that minor overtopping occurred
at thislocation, as can be seen in Figures 10.10 and 10.11.

Figure 10.10 provides an eastward looking view. Small patches can be seen on the levee
crest where minor erosion occurred. Figure 10.11 presents a view of scour-related erosion
behind the concrete outfall structure transition.

Performance factors of the levee system that impacted the performance of the flood
protection components included the following: placement of rip rap boulders along the Lake
Pontchartrain margin which aided in damping wind-waves approaching the levee, presence of
the active railroad line which also aided in damping wind-waves, and utilization of moderately
erosion-resistant embankment materials. Future performance at this location under similar
conditions is anticipated to be adequate, however more severe storm surge conditions will likely
result in overtopping-induced erosion, which may cause significant breaching of the levee.
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10.5.3. Location 3 — Eastern Perimeter of New Orleans East

Location 3 is situated approximately 0.6 miles east of Highway 11 and approximately 1
mile north of Chef Menteur Highway (Hwy 90). In this vicinity, the flood protection system
consists primarily of earthen levees that are protected by both low-lying swamp lands and trees
at the flood side and protected side of the levee. High water marks, as determined through
numerical modeling by IPET (2006), at this location reached a maximum Elevation of
approximately +16 feet (NAVD88-2004.65). The design elevation of the levee system at this
location was Elevation +14.5 feet (MSL). Exact datum conversions in this area are not clearly
established and are still under review by the IPET team, but the design elevation has been
identified as Elevation +12.4 feet (NAVD88-2004.65), resulting in moderate to major
overtopping at this location.

Figure 10.12 provides a southward looking view. The overall condition of the leveesin
this area is excellent and no observable damage or erosion was encountered. An outfall access
structure, near Hwy 90, was in the process of being outfitted with a rock-gabion transition zone
to minimize scour around the concrete access structure, as seen in Figure 10.13.

Performance factors of the levee system that impacted the performance of the flood
protection components included the following: presence of low-lying swamp areas which aided
in damping wind-waves approaching the levee, presence trees and shrubs which also aided in
damping wind-waves, and utilization of moderately to highly erosion-resistant embankment
materials. Future performance at this location under similar or more severe conditions is
anticipated to be good. Significant overtopping should be expected for larger storm surge events.

10.5.4. Location 4 — Southeast Corner of New Orleans East

Location 4 is situated at the southeast corner of the New Orleans East polder. In this
vicinity, the flood protection system consists primarily of earthen levees adjacent to the ICWW,
Lake Borgne. A small stretch of low-lying swamp protects the levees in this area from the
ICWW. High water marks, as determined by IPET (2006) using numerical simulations, at this
location reached a maximum Elevation of approximately +16 feet (NAVD88-2004.65). The
design elevation of the levee system at this location was Elevation +19 feet (MSL). Exact datum
conversions in this area are not clearly established and are still under review by the IPET team.
Our field reconnaissance indicated that significant breaching occurred at this location, most
likely as aresult of overtopping or wave-induced surface erosion.

Figure 10.14 shows zones or “slots’ of the original levee that was breached and scoured
as aresult of storm-surge induced erosion during the hurricane. Figure 10.15 shows completed
levee rehabilitation work at the southeast corner. At the time of our visit, construction activities
had shifted approximately 1 mile west and consisted of belly-dump trucks placing borrow
material which was being spread by bulldozers and track-walked. Dump trucks were also
directed to travel over the newly placed levee, following the semicompaction technique defined
in EM 1110-2-1913.

Performance factors of the levee system that impacted the performance of the flood
protection components included the following: lack of slope protection to minimize surface
erosion during the storm facilitated scour of the earthen levee and subsequent breaching, location
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close to the relatively deeper waters of Lake Borgne allowing for relatively larger wind-waves to
form and scour the flood side of the levee, location relative to the approach direction of the
hurricane resulting in a larger magnitude surge than the Lake Pontrchartrain side of the flood
defense system, and utilization of moderately to highly erosive embankment materials. Future
performance at this location under similar conditions is anticipated to be adequate to poor.
Significant overtopping and erosion should be expected for larger storm surge events.

10.5.5. Location 5 — Entergy Michoud Generating Plant

Location 5 is situated along the ICWW/MRGO intersection and immediately beneath the
Hwy 47/Paris Road bridge. In this vicinity, the flood protection system consists primarily of
earthen levees. High water marks, as reported by IPET (2006), at this location reached a
maximum Elevation of +16.3 feet (NAVD88-2004.65). The design elevation of the levee system
at this location was Elevation +15 feet (MSL). Exact datum conversions in this area are not
clearly established and are still under review by the IPET team, but the design elevation has been
identified as Elevation +13.2 feet (NAVD88-2004.65), resulting in moderate to major
overtopping at this location.. Our field reconnaissance verified that moderate overtopping
occurred at this location.

Figure 10.16 shows actual overtopping of the levee as captured by a security camera at
the Entergy Michoud Generating Plant during Hurricane Katrina. Figure 10.17 presents a post-
Hurricane Katrina view of the levee shown in Figure 10.16. Only minor damage occurred on the
protected side, with a magjority of the damage a result of wave reflection from the adjacent bridge
abutment. The overall condition of the levees in this area was good and no major damage or
encountered.

Performance factors of the levee system that impacted the performance of the flood
protection components included the following: utilization of moderately to highly erosion-
resistant embankment materials and the small fetch of the ICWW/MRGO cana at this location
which limited the height of the wind-generated waves. Future performance at this location under
similar or more severe conditions is anticipated to be good. Significant overtopping should be
expected for larger storm surge events.

10.5.6. Location 6 — | CWW/MRGO Southern Levee

Location 6 is situated along the ICWW/MRGO interchange beneath the Hwy 47/Paris
Road bridge and immediately south of Location 5. In this vicinity, the flood protection system
consists primarily of earthen levees with a concrete floodwall beneath the bridge that connects
the eastern and western levee segments. High water marks, as reported by IPET (2006), at this
location reached a maximum Elevation of +16.3 feet (NAVD88-2004.65). The design elevation
of the levee system at this location was Elevation +14 feet (MSL). Exact datum conversions in
this area are not clearly established and are still under review by the IPET team, but the design
elevation has been identified as Elevation +13.2 feet (NAVD88-2004.65), resulting in moderate
to major overtopping at this location. Our field reconnaissance verified that moderate
overtopping occurred at this location.

The overall condition of the levees in this area was good and no major damage was
encountered. The concrete floodwall constructed beneath the Hwy 47/Paris Road bridge, due to
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its top of wall elevation being lower than that of the neighboring earthen levees, acted as a weir
during the high water period and “sucked” in nearby steel barges, as shown in Figure 10.18.
Despite the collision impact of the barges with the concrete wall, the system performed well.
Some scour-related damage was observed at the transition between the concrete flood wall and
the earthen levee. Figure 10.19 presents an eastward looking view of the levee, just west of the
washed up barges. East of the Hwy 47/Paris Road bridge, Figure 10.20 shows a gas processing
barge that collided with the earthen levee. Theimpact did not result in any significant damage to
the levee.

Performance factors of the levee system that impacted the performance of the flood
protection components included utilization of moderately to highly erosion-resistant
embankment materials, these erosion-resistant materials were aso capable of absorbing impact
loads from the barges allowing the barges to rest on the levee without breaching it. The small
fetch of the ICWW /MRGO canal at this location may also have limited the height of the wind-
generated waves, thereby minimizing wave-induced erosion of the levee materials. Future
performance at this location under similar or more severe conditions is anticipated to be good.
Significant overtopping should be expected for larger storm surge events. Scour-related erosion
should be anticipated at the transition between the concrete floodwall and earthen embankment if
no protective measures are installed.

10.5.7. Location 7 — Bayou Bienvenue Control Structure

Location 7 is situated along the at the north end of the MRGO. In this vicinity, the flood
protection system consists primarily of earthen levees that connect, via a concrete and steel flood
access structure to a concrete control structure across Bayou Bienvenue. High water marks, as
reported by IPET (2006), at this location reached a maximum Elevation of +18.4 feet (NAVD88-
2004.65). The design elevation of the levee system at this location was Elevation +17.5 feet
(MSL). Exact datum conversions in this area are not clearly established and are still under
review by the IPET team, but the design elevation has been identified as Elevation +13.2 feet
(NAVD88-2004.65), resulting in moderate to major overtopping at this location. It is also not
known if the levee had reached final design elevation. Our field reconnaissance verified that
moderate to major overtopping occurred.

Figure 10.21 shows an agerial photograph of the Bayou Bienvenue control structure. The
floodwall to the north of the control structure performed very well, withstanding an impact load
from a steel barge which became lodged atop the concrete flood wingwall for the control
structure. The southern side of the control structure did not perform well, with significant
erosion and scour as a result of the overtopping. The southern side of the control structure was
built using excavated spoils from within the MRGO channel that are more erosion-susceptible
than the clays on the northern side of the control structure. It isimportant to note that both sides
of this control structure were subjected to similar loading conditions and overtopping occurred
on both sides and as a result, this site offers a unique. example of the importance of erosion-
resistant soil materials. In addition, the southern portion of the control structure abuts the
abandoned Bayou Bienvenue channel, as shown in Figure 10.21. It is not conclusive whether the
backfill materials into the abandoned channel impacted the performance of the control structure,
but further investigation should be employed to determine the performance factors for this side
of the control structure.
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Figure 10.22 shows a close up view of the flood control gate structure that acted as aweir
as the water overtopped the flood protection system. Significant scour and erosion was observed
around the structure. Upon a follow up visit in March of 2006, splashpads had been installed
behind the flood gate structure. In addition, the steel barge had been removed from the concrete
control structure and a vast sea of rip-rap protection installed around the control structure.
Figure 10.23 presents a picture of the installed splash pads and Figure 10.24 presents a view of
the control structure with the barge removed and placement of rip-rap. Figure 10.25 presents a
schematic of the mapped scour around this concrete structure observed in October of 2005.
Around the ends of the concrete wall, about 10 feet of soil have been eroded.

Factors of the levee system that impacted the performance of the flood protection
components included the following: utilization of moderately to highly erosion-resistant
embankment materials on the northern end of the control structure, utilization of moderately to
highly erosion-susceptible embankment materials on the southern end of the control structure,
and possible effects of the old Bayou Bienvenue channel abandonment backfill materials on the
southern portion of the control structure. Future performance at this location under similar or
more severe conditions is anticipated to be good for the northern half of the control structure and
poor for the southern half of the control structure. Significant overtopping should be expected
for larger storm surge events.

10.5.8. Location 8 — Mississippi River Gulf Outlet

Location 8 is situated along the western edge of the MRGO, south of the Bayou
Bienvenue Control structure and north of the Bayou Dupre Control structure. In thisvicinity, the
flood protection system consists primarily of earthen levees constructed from excavated
materials from the MRGO channel. High water marks, as reported by IPET (2006), at this
location reached a maximum Elevation of approximately +18 feet (NAVD88-2004.65). The
design elevation of the levee system at this location was Elevation +17.5 feet (MSL), however,
reports indicated that these levees were not fully completed and had crest elevations that were 3
to 4 feet lower than the specified design elevation. In addition, exact datum conversions in this
area are not clearly established and are still under review by the IPET team, but the design water
level has been identified as Elevation +12.7 feet (NAVD88-2004.65), however, it is our
understanding that these levees were not fully completed and were on the order of 3-4 feet below
the target design elevation. During Hurricane Katrina, moderate to major overtopping occurred
at thislocation. Our field reconnaissance verified that moderate to major overtopping occurred.

Figure 10.26 shows a composite United States Geological Survey topographic map of the
MRGO area. The identified “spoil area’ corresponds to the zone of poor levee performance.
Figure 10.27 shows aerial photography taken by NOAA in early September 2005 aong the
MRGO and shows severe erosion/breaches in the levee and barges that floated over the top of the
levee and came to rest inside St. Bernard Parish after water elevations receded. Figure 10.28
shows close up aerial photographs of the severely eroded levees.

A bank erosion study was performed by the USACE (1988) that identified the presence

of highly erosion-susceptible soils within the MRGO alignment. Merchant shipping traffic that
traversed the MRGO created wake-induced waves and drawdown that were eroding the channel
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banks, resulting in the widening of the MRGO from an intended 650 feet to an actua average
width of 1,500 feet, more than double the design width. Comments submitted from the Lower
Mississippi Valley District on the report made the following comment in response to selecting
the bank erosion mitigation aternative of decommissioning the MRGO:

The alternative to completely close the MRGO waterway should be evaluated....This
alternative will control all future channel maintenance problems by controlling bank
erosion, preventing the associated biological resource problems, preventing saltwater
intrusion, and lessening the recreational losses. In addition to solving the
aforementioned problems, it will also reduce the possibility of catastrophic damage to
urban areas by a hurricane surge coming up this waterway and also greatly reduce the
need to operate (and could possibly eliminate) the control structures at Bayous Dupre
and Bienvenue

Slope protection measures were recommended to aid in stabilizing these highly erosive
deposits against wave-induced erosion. At the time of Hurricane Katrina, slope protection
measures along the flood side of the MRGO levee were not in place. As identified in the above
comments, the Hurricane Katrina storm-surge massively eroded the levees and resulted in
catastrophic failure.

Performance factors of the levee system that impacted the performance of the flood
protection components included the following: utilization of highly erosive embankment
materials, lack of appropriate surface slope protection to minimize erosion of the flood side of
the levee during the storm-surge, and as-constructed crest elevations below design elevations
allowing for significantly higher water overtopping heights. Future performance, based on prior
performance, at this location under similar or more severe conditions is anticipated to be poor
unless improved materials and construction methods are used. We were unable to sample this
location and test the materials for erodibility, but we did perform a follow up visua
reconnaissance in April of 2005. During our reconnaissance, we did not detect the use of
unsuitable fills, but we would like to sample and test the soils used to construct the levee in this
section of the MRGO.

10.5.9. Location 9 — Bayou Dupre Control Structure

Location 9 is situated approximately 6.5 miles southeast of the Bayou Bienvenue Control
structure, on the west side of the MRGO. In this vicinity, the flood protection system consists
primarily of earthen levees that connect via a concrete and steel flood access structure to a
concrete control structure across Bayou Dupre. High water marks, as reported by IPET (2006),
at this location reached a maximum Elevation of +17 to +22 feet (NAVD88-2004.65). The
design elevation of the levee system at this location was Elevation +17.5 feet (MSL). Exact
datum conversions in this area are not clearly established and are still under review by the IPET
team, but the design water elevation has been identified as Elevation +12.7 feet (NAVD88-
2004.65), resulting in moderate to major overtopping at this location. Our field reconnaissance
verified that moderate to major overtopping occurred.

Figures 10.29 and 10.30 show aerial photographs of the Bayou Dupree control structure.
The area to the south of the control structure performed very well, while the northern side of the
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control structure did not perform well, with significant erosion and scour as a result of the
overtopping. The northern portion of the control structure abuts the abandoned Bayou Dupre
channel, as shown in Figure 10.31. It is not conclusive whether the backfill materials into the
abandoned channel impacted the performance of the control structure, but further investigation
should be employed to determine the performance factors for this side of the control structure.

Figures 10.32 and 10.33 show aerial photographs of repair operations underway at
Bayou Dupre in January 2006. As can be seen in Figure 10.33, sand borrow material has been
imported to be used in the backfilling repair operations in the deep scour pools on the north side
of the control structure.

Performance factors of the levee system that impacted the performance of the flood
protection components included the following: utilization of highly erosive embankment
materials, lack of appropriate surface slope protection to minimize erosion of the flood side of
the levee during the storm-surge, as-constructed crest elevations below design elevations
allowing for significantly higher water overtopping heights, and possible effects of the old Bayou
Dupre channel abandonment backfill materials on the northern portion of the control structure.
Future performance, based on prior performance, at this location under similar or more severe
conditions is anticipated to be poor unless significant improvements are made in material
selection and construction methods. We did not have the opportunity to review the engineering
details associated with the repairs conducted on the structure since Hurricane Katrina.

10.5.10. Location 10 — St. Bernard Parish Interior Levee

Location 10 is situated north of the Corinne Cana and approximately % miles east of
Hwy 47/Paris Road. In this vicinity, the flood protection system was designed to be a secondary
containment system for potential overtopping-related flooding behind the MRGO levees and to
act as a barrier against rainwater that is discharged into the swamp area. The flood protection
system consists primarily of earthen levees with a design Elevation of +8.0 to 9.0 feet (MSL).
The actual elevation of this system during Hurricane Katrina was on the order of 5 to 6 feet
(MSL) (note that IPET did not establish NAVD88-2004.65 elevations at this location). High
water marks were not reported by IPET at this location. Based on our field reconnaissance, it
was apparent that major overtopping occurred at this location.

Figure 10.34 shows an eastward looking view of the earthen levee. Although this levee
was significantly overtopped, it did not experience significant damage. Figure 10.35 shows a
fishing boat that was washed over the levee shown in Figure 10.34 and came to rest in a
residential neighborhood.

Upon a subsequent visit to this location in March of 2006, we observed that the levee had
been raised by several feet to a new Elevation of approximately +10 feet (MSL). Figure 10.36
presents the same view as in Figure 10.34, but 5 months later. Based on our observations, it
appeared that cohesive soils and semi-compaction construction methods were used.

The performance factor of the levee system that impacted the performance of the flood

protection components included the following: utilization of moderately to highly erosion-
resistant embankment materials.  Future performance at this location under similar or more
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severe conditions is anticipated to be good, however, significant overtopping should be expected
for larger storm surge events where the MRGO levees to breach.

10.5.11. Summary of Observed Performance Factors

Based on observations from our field reconnaissance and review of aeria photographs, it
is apparent that the performance and post Hurricane Katrina conditions of the New Orleans
Flood Defense earth levee systems varied from good performance in areas with major
overtopping to poor performance in areas with minor degrees of overtopping. The majority of
levees were overtopped as aresult of the large storm surge that rushed onshore. The magnitude
of the storm surge and resulting overtopping did not directly relate to the performance of the
levees. This observation demonstrates the importance of material erosion resistance. Table 10.3
presents a summary of the 10 locations evaluated as part of this study.

Table 10.3 Performance summary of select levee locations

Design Maximum
L ocation Water Storm Surge Overtoonin Post Hurricane Levee
Elevation Elevation PPINg Condition
(fy" (ft)®
1 - Lakefront Airport [ﬁ'g] 12 Minor Poor
. [14.5] .
2 - Jahncke Pump Station Ouitfall 128 12 Minor Adeguate
3 - Eastern Perimeter of New [14.5] 1an Moderate to
Orleans East 124 18 Major Good
4 - Southeast Corner of New [19.0] 187 Moder_ate to Poor
Orleans East 13.0 Major
5 - Entergy Michoud Generating [15.0] Moderate to
Plant 13.2 16 Major Good
6 - IWW/MRGO Southern Levee 1140 16 Moderate to Good
13.2 Magjor
7 - Bayou Bienvenue Control [17.5] Moderate to
Structure 13.2 18 Major Good/Poor
[17.5]
8 - Mississippi River Gulf Outlet 12.7 17-22 Major Poor
(~10°)
i [17.5]
gt Bayou Dupre Control 127 17-22 Major Poor
ructure 3
(~10°)
10 - St. Bernard Parish Interior 8] Not .
Levee ~6J (=3% Established M3 Good

'Elevations converted from NGV D29 elevation (in brackets) to equivalent NAVD88(2004.65) elevation, from |PET (2006)

?Based on NAVD88(2004.65) vertical datum. From IPET (2006)

SElevation at the time of Hurricane Katrinawas below the design elevation

“A conversion between the original design elevation from the NGV D29 to the new NAVD88(2004.65) elevation was not available from |PET

It is important to note that the estimates of future performance DO NOT account for
upgrades and modifications made to the NOFDS during the reconstruction period (2005-2006).
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ILIT is currently in the process of reviewing the reconstruction efforts and aim to have updated
estimates of future performance for the release of our future Final Report. We anticipate
significant improvements will be made to the system and the future performance will be greatly
improved in previously identified weak or deficient areas.

Table 10.4 presents a summary of the types of failure mechanisms of earthen levees that
were observed in the greater New Orleans area flood defense system, including the ten locations
identified above. In addition, the required design evaluations per the USACE and FEMA
guidelines have also been summarized in this table.

Table 10.4 L evee Failure Mechanisms

Observed in
Failure Mechanism USACE Guidelines FEMA Guidelines Greater New

Orleans Area
Overtopping Not alowed Not allowed Yes
Jetting Not allowed Not allowed Yes
Internal Erosion and Piping Design criteriaprovided  Analysesrequired Yes
Surface Erosion Protection required Protection required Possibly
Wave Impacts Protection required Protection required Yes
Structural Impacts Not addressed Not addressed Yes
Slope Failures Design criteriaprovided Analysesrequired Yes
Sliding Design criteriaprovided Analysesrequired Yes
Underseepage Design criteriaprovided Analyses required Yes
Liquefaction Not directly addressed Not directly addressed Possibly
Bottom Heave Not directly addressed Not directly addressed Yes

Overtopping, jetting, internal erosion and piping, structural impacts, underseepage and
heave failure mechanisms were observed in the Orleans, Orleans East, and St. Bernard Parish
protected areas. We did not observe any significant levee breaches due to surface erosion-
induced failures. Surface erosion failures are common along river levees, where a steady and
chronic shear stress is applied to the levee face as the river water flows past it. Surface erosion
most likely exacerbated the levee breaches just south of the Bayou Bienvenue and Bayou Dupre
control structures. There were multiple locations where trees that were rooted within the levee
zone had fallen over and may have contributed to the failure of the levee. There was not strong
evidence for this, however. Liquefaction may have been a partial contributor to some of the
failures along the MRGO levee system. The force associated with the breaking waves impacting
the MRGO levee may have been sufficient enough to induce liquefaction in the relatively weak
foundation materials. During our field observations, we did not find strong evidence for this,
however.

Some notable attributes were observed to be associated with levees that performed well
during the hurricane. These attributes included:

= Utilization of erosion-resistant soils for levee construction;
=  Gradua soil/structure transition zones (rock gabions around concrete structures);
= Presence of low-lying swamp and vegetation to dampen wind-waves; and
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= Presence of rip-rap protection.
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Some notabl e attributes were observed to be associated with levees that performed poorly
during the hurricane. These attributes included:

= Utilization of low erosion-resistant construction material;

= Transitions between different flood protection component types;

= Lack of surface slope protection for erosion-susceptible soil levees; and
= Abandoned channel backfill procedures.

These basic and qualitative observations and evaluations formed the basis by which a
more detailed field exploration and laboratory testing program was developed. The intent of the
field exploration and laboratory testing program was to ascertain distinguishing engineering
characteristics associated with the high-performance levees from the low-performance levees.

10.6. Erosion Evaluation

To date, the field of scour and erosion has not been well characterized and there are very
few case studies that relate actual performance to design parameters. Both the USACE and
FEMA design guidelines do not specifically provide acceptability criteria for erosion
susceptibility due to the lack of comprehensive knowledge in this area. As a result of the
NOFDS being “loaded to failure,” it has provided an unfortunate opportunity to recognize
lessons learned and improve our body of knowledge for the performance of levee flood
protection devices.

It is imperative to note the magnitude of devastation caused to the flood protection
system as a result of erosion. The levee system along the MRGO, which is the main protection
mechanism for the 100,000+ citizens of St. Bernard Parish (and the Lower 9" Ward) against
storm surges from the Gulf of Mexico, was catastrophically degraded as a result of erosion
during Hurricane Katrina. Figure 10.37 shows a comparison of two LiDAR surveys of the
MRGO levee system at the Bayou Bienvenue control structure, near the intersection of the
GIWW at the northeast corner of St. Bernard Parish. Effects of subsidence can be clearly seenin
the elevation differences on the north side of the control structure and the control structure itself
between 2000 and immediately following Hurricane Katrina in 2005. The levee on the north
side of the Bayou Bienvenue control structure was largely undamaged. The levee on the south
side of the control structure was catastrophically damaged. The magnitude of the erosion has
been highlighted and white “splotches’” of displaced levee materials can be seen in the aerial
photograph.

There are many factors that influence the erosion susceptibility of soils and a more
comprehensive discussion is presented in Appendix E. Fundamentally, soil erosion is controlled
by the resisting characteristic of the soil (soil type, soil fabric structure, in-situ density, etc.) and
eroding forces (the magnitude of the shear stress applied to the soil) from the contacting water
surface.

A sampling and laboratory testing program was devised upon completion of our field
levee condition survey and mapping in October of 2005, to try to understand and characterize the
properties associated with the levees that performed well and the characteristics of the levees that
did not perform well during Hurricane Katrina. The intent of this study was to better understand
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the nature of the levee materials that performed well during the extreme conditions in order to
provide recommendations on how to improve the sections of earthen levees that did not perform
well.

In-situ samples were collected and from select levee sites during January and February of
2006. The selected sampling sites included levees that performed very well during Hurricane
Katrina, levees that performed moderately well, and levees that did not perform satisfactorily.
Figures 10.38 and 10.39 identify the locations where samples were collected for laboratory
analyses.

Erosion susceptibilities of the soils were characterized using a state of the art erosion
index testing method, developed by Dr. Jean-Louis Briaud at Texas A & M University, known as
an Erosion Function Apparatus (EFA). This test method required undisturbed samples to be
sampled from the field and be carefully transported back to Texas A& M University for analyses.

As described in Chapter 9, the EFA is a test that determines the shear stress and velocity
of flowing water required to erode soil from a cylindrical tube that is slowly advanced into a
rectangular pipe of flowing water. The more erosion resistant the soil, the faster the water (and
the higher the shear stress) is required to flow in the rectangular pipe in order to erode the soil
sample. A diagram of the EFA is presented in Figure 10.40. The measured shear stress at the
point at which the soil begins to erode is defined as the critical shear stress. Shear stress less
than the critical shear stress will not result in erosion, whereas applied shear stresses in excess of
the critical shear stress will result in erosion. Determination of the erodibility index is useful in
completing analyses for overtopping and surface erosion.

Upon completion of the test, the erodibility index of the soil was defined and the rate of
erosion as a function of applied shear stress (or velocity) established. This relationship can then
be compared with anticipated shear stresses the soil will experience in the field. If the estimated
field shear stresses are less than the shear stress required to erode the soil, no erosion is
anticipated to occur. If the field shear stresses exceed the laboratory determined critical shear
stress, the erodibility index provides a means by which to estimate the magnitude of the overall
erosion.

In addition to the erosion testing, engineering characteristics of the earthen levees were
also characterized. These characteristics included the following:

Gradation, including passing the Number 200 sieve (ASTM D422)
Hydrometer (ASTM D422)

Atterberg Limits Determination (ASTM D4318)

Unconfined Compression (ASTM D2166)

Dry density and moisture content determination (ASTM D4937/2216)
Maximum dry density determination (ASTM D1557)

Table 10.5 presents a summary of the locations where samples were collected for
analyses.
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Table 10.5 Summary of sampling locationsfor laboratory testing

ﬁf Description L e?lglt\lu)de Lo?o%;j de Performance
1 Levee east of Hwy 11 and North of Hwy 90 30.0895  89.8587 Good
2 Entergy Powerplant 30.0065 89.9389 Good
3 MRGO North Control Structure (North) 29.9996 89.9170 Good
4 MRGO Levee (northern section) Not Established Poor
5 MRGO Levee (middle section) Not Established Poor
6 MRGO Levee (southern section) Not Established Poor
7 St. Bernard Parish South 29.8769  89.7818 Good
8 St. Bernard Parish North 29.9558  89.9466 Good
9 Lakefront Airport Transition Levee 30.03344  90.026 Moderate
10 Hayne Blvd 30.05908 89.96697 Good
Not
11 Hayne Blvd and Paris Road (Beach) 30.07577  89.94467 Applicable
12 Orleans East Southeast RR Transition 30.06156  89.83352 Poor
13 Orleans East Southeast Corner 30.04481 89.83089 Poor

14 Intracoastal Waterway North (New Levee) 30.03542 89.85399 Unknown
Intracoastal Waterway North (Remaining

15  Levee) 30.02707  89.87448 Poor
16 Levee west of Entergy Plant 30.00465 89.95062 Good
17  St. Bernard Parish (Middle) 290.92541  89.8948 Good

Note: Geographical coordinates based on WGS84 datum.

The samples were collected by pushing an approximately 3-inch diameter steel (Shelby)
tube into the ground to retrieve soil samples using a geotechnical testing drill rig. Sites 4, 5, and
6 were located along the MRGO section of levee that suffered severe overtopping and erosion.
At these sites the levee materials were collected in a soil sample bag and reconstituted back in
the laboratory due to the highly disturbed nature of the levee materials. A more detailed
discussion of the field sampling program is presented in Appendix E.

The erosion susceptibilities of al the samples collected are presented in Figure 10.41.
The test result designations are based on the Site Number, the boring number at the site, the
depth interval over which the sample was collected and sample notes. Thus, a sample marked as
S1-B1-(0-2ft)-TW indicates that the sample came from Boring 1 at Site No. 1 (Levee east of
HWY 11 and North of HWY 90) from a depth of 0 to 2 feet below the crest of the levee.

The results of the EFA test results are presented in Table 10.6. The EFA test results
matched very well with the observed performance in the field. Areas where the levee
performance was observed to be good generally had low to very low erosion susceptibilities. In
areas where the levee performance was poor the materials had a high to very high erosion
susceptibility.

10-25



New Orleans Systems

Independent L evee Hurricane Katrina
Investigation Team May 22, 2006

Table10.6 Summary of sampling locationsfor laboratory testing

ﬁ(tf_“ Description Performance EFA Egggr%isﬁggﬁu bility
1 Leveeeast of Hwy 11 and North of Hwy 90 Good Low (1V)

2  Entergy Powerplant Good Low to Very Low (IV-V)
3  MRGO North Control Structure (North) Good Low to Very Low (IV-V)
4  MRGO Levee (northern section) Poor High (1)

5 MRGO Levee (middle section) Poor High (1)

6 MRGO Levee (southern section) Poor High (11)

7 St Bernard Parish South Good Medium (1)

8 St Bernard Parish North Good Medium (111)

9 Lakefront Airport Transition Levee Moderate Not Tested

10 HayneBIvd Good Not Tested

11 Hayne Blvd and Paris Road (Beach) Appl)Tli(cj:;ble Not Applicable

12 Orleans East Southeast RR Transition Poor High to Medium (I1-111)
13  Orleans East Southeast Corner Poor Not Tested

14  Intracoastal Waterway North (New Levee) Unknown Not Tested

15 'L”g/aece‘)’m Waterway North (Remaining Poor Very High to High (I-11)
16 Leveewest of Entergy Plant Good Not Tested

17 & Bernard Parish (Middle) Good Not Tested

The effects of material compaction were also evaluated. Previous work has been
performed in this area and a design guideline prepared by FHWA (1988). Figure 10.42 shows
that for a material of a given plasticity index, the permissible shear stress increases nearly ten-
fold when the material is properly compacted.

Figure 10.43 shows the dramatic impact proper compaction has on the erodibility of soils.
Materials sampled from the MRGO levee were tested at two compaction levels. low compactive
effort and high compaction effort. The corresponding results speak volumes to the importance of
compaction in earthen levees. The low-compaction sample was found to be very highly erodible,
whereas the high-compaction sample exhibited low erodibility characteristics. High compaction
effort is based on 90-95% rel ative compaction per the Modified Proctor test (ASTM D1557).

Figure 10.44 provides a summary from the pioneering erodibility work performed by Dr.
Briaud et.al. at Texas A & M University. Sails that fell within the very high to high erodibility
categories are prone to failure by overtopping. Soils that fell within the medium erodibility
catergory fell in a transition zone, and soils that fell within the low to very low erodibility
categories were shown to be resistant to erosion induced failure as aresult of overtopping. These
laboratory test results were validated by actual levee performance during Hurricane Katrina.
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A more detailed discussion of the erosion testing and a more comprehensive discussion
of overtopping was presented in Chapter 9.

10.7. Establishment of Design Criteria and Acceptable Performance

Varying degrees of levee integrity performance are required based on the assets the
levees are protecting. Originally, most levees protected agricultural farm lands, where the
consequences of levee breaching and subsequent flooding resulted in the loss of crops. With the
growth of urban areas adjacent to rivers and coastlines over the past two to three hundred years
(the first urban levee in New Orleans was 1718, nearly 300 years ago) the first urban leb, levees
have become increasingly important defense mechanisms for industry, vital infrastructure
elements such as drinking water, sewage, and electricity transmission, and, most importantly,
human life. Little guidance is provided by either the USACE or FEMA design criteria on what
are acceptable design standards for high-consequence urbanized areas vs. low-consequence
agricultural areas.

The current approach to establishing design standards utilized by the USACE is
conducting a cost-benefit analysis. This financial evaluation analyzes the cost of achieving a
certain level of protection and compares it with the recognized benefit associated with that level
of protection. Unfortunately, the cost/benefit model used by the USACE does not account for
the loss of human life, economic losses to cities, counties, and states as a result of a non-
operational and non-functional revenue base (businesses shut down due to damage and lack of
utilities, lack of a work force to operate businesses, lack of a tax base due to the displaced
residents, and lack of tourists).

10.7.1. USACE Risk Management Approach

In response to budget constraints, increased situations requiring cost-sharing, and general
public concern for the performance and reliability of completed projects, the USACE has
evaluated the use and methodology by which to incorporate risk-based analyses (especially as
related to the geotechnical components of these projects). A seminar was convened in 1983 by
the USACE in order to “incorporate more information into the safety assessment [of projects]
than [traditional] factor of safety methods.” A more recent evaluation was undertaken and the
results of this effort are presented in Engineering Technical Letter (ETL) 1110-2-556, published
on May 28, 1999. This study recognized that there are inherent uncertainties associated with
infrastructure problems and the total effect of risk and uncertainty on the project’s economic
viability should be examined in order for “conscious decisions’ to be made reflecting “explicit
trade-offs between risk and cost.”

According to ETL 1110-2-556, major sources of uncertainty that require evaluation
include the following:

Uncertainty in loadings,

Uncertainty in engineering analysis parameters,

Uncertainty in analytical models (model bias);

Uncertainty in performance;

Conversion of empirically-derived performance modes;

Freguency and magnitude of physical changes or failure events; and
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Condition of unseen features.

ETL 1110-2-556 identifies special situations uniquely applicable to geotechnical
problems that result in uncertainties with large magnitudes:

Natural earthen materials generaly exhibit high variability in composition and
engineering properties,

Engineering characteristics of soils can exhibit high variability due to
composition, deposition, sampling, and field & laboratory testing procedures;
Engineering analyses can be performed assuming total stress (excluding the
effects of groundwater) or effective stress (including the effects of groundwater).
As aresult, groundwater uncertainties may either be included or excluded in the
analyses,

Consideration of spatial correlation of soil properties is required due to the
variability of deposition history; and

The spatia scale of the project (as much as tens of miles long for levees) requires
“sectioning” of the system into subcomponents.

These uncertainty factors can result in very large ranges and broad distributions for

parameter bou
subsurface fiel

nds. For example, a mean soil shear strength value, determined based on a
d sampling and laboratory testing which is used to evaluate the stability of levee

slopes may naturaly vary between 50% of the mean value to as much as 150% of the mean
value. These broad distributions impact the reliability of the resulting cal culated answer.

The report summarized recommended target reliabilities for expected performance levels.
These target reliabilities are presented in Table 10.7.

Table 10.7 Target Reliability Indices

Expected Performance Beta (B) Probability of Unsatisfactory Approximate Median
Level Performance Factor of Safety" (F.Siso)
High 5.0 0.0000003 25
Good 4.0 0.00003 2.1
Above average 3.0 0.001 17
Below average 25 0.006 16
Poor 2.0 0.023 14
Unsatisfactory 15 0.07 13
Hazardous 1.0 0.16 1.2

The approximate median Factor of Safety associated with the established expected
performance levels were added to the target reliability indices presented in ETL 1110-2-556

according to th

e following formula:

F.S.50 = €\(Boinrs) Equation 9.2
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In this formulation, B is the safety index, R is the capacity and S is the loading/demand, a
coefficient of variation of 30% is assumed in the loading and capacities, and a lognormal
distribution for the system is assumed.

10.7.2. Other Risk-Based Approaches

Alternative approaches to establishing design levels exist. A paper was presented in the
ASCE Journal of Geotechnical and Geoenvironmental Engineering by John T. Christian (2004)
that highlighted select approaches to risk management. Christian summarized studies performed
by Baecher that back-calculated the annual probability of failure based on failures of actual
engineered systems. Theliveslost or financial loss associated with the failure were plotted
against the back-calculated annual probability of failure. This plot provides a mechanism by
which to ascertain the desired level of performance of a given engineered structure, based on
historic performance. The resulting plot is presented in Figure 10.45.

In addition to the studies by Baecher, Hong Kong and the Netherlands have risk-based
decision making tools (Figure 10.46) as part of their planning process to establish acceptable
levels of safety for engineered systems based on the expected number of fatalities (Christian
2004). Failures that impact large populations and may result in fatalities greater than 1,000 are
required to have very low annual probabilities of failure.

To convert the annual probability of failure (Pf,) to an “average return period, (ARP)”
such as the 100-year or 1,000-year event, the following correlation can be used:

Pf pa~ (ARP)? Equation 9.3

Using the risk management planning tool (Figure 10.46) developed by the Hong Kong
Government Planning Department as an example, a proposed engineered system that has the
potential to result in 1,000 fatalities would have an acceptable risk (based on an annual frequency
of occurrence) of 108, the range over which the principle As Low As Reasonably Prudent is
recommended varies from Pf, of 10°® to 10°°, and arisk with a Pfp, of lessthan 10° is considered
unacceptable.

Table 10.8 Risk Levelsfor a System with the Potential for 1,000 Fatalities

Risk Level Pfpa Annua Return Period (yrs)
Acceptable <108 >100,000,000
ALARP 10°to 10°® 1,000,000 to 100,000,000
Unacceptable >10° < 1,000,000

Table 10.8 presents a summary of calculated Annual Return Periods (in years), based on
the probability of occurrence limits recommended by the Hong Kong Government Planning
Department. This example highlights the sociological decision made in Hong Kong that high
consequence events should occur very infrequently, with an annual return period of 1 million
years! Although this may not be redlistic due to natural and anthropogenic uncertainties, the
premise of varying acceptable risk as afunction of consequencesisfeasible.
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Another important concept presented by Christian was that of interpretation errors and
the inability of the general population to comprehend very low probability events. Figure 10.47
presents an overconfidence bias plot which shows that individuals are able to distinguish the
difference between generally high-probability events (i.e. the difference between a 10-year storm
(annual probability of 0.1) and a 100 year storm (annual probability of 0.01)). However,
individuals were not able to distinguish as easily the difference between very low probability
events (for example, the difference between a 1,000 year storm and a 100,000 year storm). This
implies that sole “perception-based judgment” may not be a sufficient screening tool for
establishing performance levels for systems subjected to low frequency events that have the
possibility of resulting in catastrophic failures.

10.8. Conclusions

Hurricane Katrina resulted in the catastrophic flooding of the greater New Orleans area.
Although the magnitude of the storm surge that overwhelmed the levee flood defense system was
greater than the capacity of the system, the extent of the devastating damage could have been
greatly minimized if the system had been robustly designed. There were many miles of earthen
levees that were significantly overtopped, but did not breach catastrophically. These levees that
did not breach were only overtopped for afew hours duration and the quantity of water that did
flow over the levees could have been pumped out of the protected area utilizing the existing
drainage network and pump infrastructure (see Chapter 4). The levees that were not able to
withstand overtopping, breached catastrophically, allowing the full magnitude of the storm surge
to overwhelm the protected area.

Design guidelines need to be updated to ensure the design and construction of robust
levee systems. All failure mechanisms must be acknowledged and included in the design
evaluation. All levees should be designed to withstand overtopping. Material selection and
compaction are critical components to ensure adequate performance and appropriate
specifications for material selection and compaction should be developed and should be
incorporated into the design guidelines.

The current design guidelines sponsored by both the USACE and FEMA assume that
overtopping does not occur and does not require safety in the event of overtopping of the levees.

A probabilistic approach should be utilized to determine the appropriate factor of safety
for the design of these levee systems. Accounting for uncertainties in demands on the system
(height of storm surges, wave impacts, etc.) as well as uncertainties in the capacity of the levee
system (erosion resistance, foundation stability, etc.) must be included in the safety evaluation of
the levee system.

The current design guidelines sponsored by both the USACE and FEMA are based on
deterministic factor of safety levels that do not account for a broad range of uncertainties nor do
they account for mechanisms to ensure an appropriate level of safety based on the consequences
of failure.
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