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1.0 INTRODUCTION
1.1 Composition and Appointment of Panel

This report is the result of an independent technical review of the stability and safety of
the Herbert Hoover Dike around Lake Okeechobee, Florida. The review was authorized by the
Governing Board of the South Florida Water Management District (District) on January 11,
2006. Members of the Expert Review Panel were Dr. Les Bromwell, PE and Principal Engineer
of BCI Engineers & Scientists, Inc. (BCI), Dr. Robert Dean, PE and Graduate Research
Professor (Emeritus) at the University of Florida (UFL), and Mr. Steven Vick, PE and
Consulting Engineer, Bailey, Colorado. Mr. Mark Schwartz, PE of BCI assisted the Panel on
hydraulic and hydrologic aspects.

1.2 Reason for and Purpose of Work

Concerns regarding the safety of the Herbert Hoover Dike during high water stages have
been expressed for many years. Several hurricanes that passed through south Florida during
2004 and 2005 heightened these concerns, and the damage caused to the Gulf Coast by
Hurricane Katrina, especially the levees around New Orleans, brought the issue to the forefront.
In response, the District, in partnership with the city governments around the lake, decided to
initiate an independent study and review of dike stability and safety. The scope of the review
included analysis and evaluation of documents relating to the design and construction of the
dike, results of monitoring the dike performance, repairs and maintenance done, and a proposed
major rehabilitation by the US Army Corps of Engineers (USACE). The independent review
also involved meetings and discussions with District and USACE staff, and site visits to Herbert
Hoover Dike to observe the locations of previous repairs and maintenance, recent damage caused
by hurricane storm surges, and rehabilitation work now underway.

Particular emphasis was placed on the structural stability of the dike, which primarily
involves seepage and water pressures within the embankment fill and highly porous zones of the
foundation, as well as erosion issues involving wave action and potential overtopping concerns
during large storm events. The work done on these issues by the USACE over many years
constitutes a sizeable body of reports, which the panel reviewed and evaluated. The conclusions
reached, and the recommendations contained in this report, are solely those of the Panel.
Although both District and Corps staff provided vital information, and assistance in locating
various materials and sources, they did not have a role in the preparation of this report.

1.3 Panel Activities

Inasmuch as the Panel was constituted as a review body, our work has relied on the
various documents provided to us, principally engineering reports, drawings, and presentation
materials that together span a period of some 50 years. Even with the three month duration of
our work, we could not possibly have assimilated and evaluated all the material that exists. We
are satisfied, however, that the information we have been able to review has provided us with a
clear picture of the dike’s condition and the efforts made to assess it.



South Florida Water Management District BCI Project No. 2-13294.1

Report of Expert Review Panel April 27, 2006
Technical Evaluation of Herbert Hoover Dike
Lake Okeechobee, Florida Page 2

Our review has been oriented toward obtaining an overview of these materials,
identifying and evaluating those aspects of most immediate significance to dike safety. Except
as noted, we have not performed our own computational analyses, field studies, or inspections,
relying instead on existing information on these topics. Nor have we sought to verify factual
data or check calculations. Instead, we have focused our attention on the overall reasonableness
of assumptions, results, and conclusions of the various assessments and the adequacy of
information on which they are based. Also in the context of review, we have not undertaken our
own investigations where available information has been insufficient for us to form definitive
conclusions, since these would constitute major studies in their own right that we as a review
body are not equipped to undertake. We have, however, identified the need for such
investigations where we believe they are warranted.

The Panel met together on four occasions to synthesize our findings. In conjunction with
our first meeting, we toured portions of Herbert Hoover Dike and appurtenant structures with
District Staff and Corps of Engineers field personnel on January 13, 2006. Our second meeting
was held for two days in Jacksonville where we were briefed by a team assembled by the Corps’
Jacksonville District specially for this purpose. Their openness and cooperation was
instrumental to our work, and for this we express our gratitude. In the same connection, we wish
to acknowledge Mr. Art Sengupta, PE and Lead Engineer for the South Florida Water
Management District, who acted as liaison with the Corps on our behalf and whose prompt
attention to our information needs made our work possible. In all cases, the findings presented in
this report represent our professional opinions according to the activities described here.

1.4 Purpose of Report

To preface the material that follows, some comment is required on its intent, and likewise
its audiences. Throughout our work we have been struck by two aspects of Herbert Hoover
Dike: the depth and extent of its technical evaluations, and how few outside a small circle of
specialists understand its importance.

In the past, Herbert Hoover Dike has received intense technical scrutiny, with field
assessments spanning two decades and engineering studies totaling many thousands of pages
over the same period. Not only is this work daunting in sheer volume, but all of it has been
heavily couched in technical vernacular that poses a formidable barrier to nontechnical readers.
By its nature, this report is highly technical as well, but we have made a conscious decision that
it be more than engineers talking to other engineers. Correspondingly, we seek to explain
technical terms and concepts in a way that makes this report more accessible to nonspecialists,
and we substitute simple maps and illustrations for the detail of engineering drawings and graphs
where possible. In this, we do not shortcut technical substance; we do attempt to express what it
means in plain language.
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In addition to its imposing body of technical complexity, another factor that discourages
widespread awareness of Herbert Hoover Dike is, ironically, its familiarity. Like so much of the
nation’s critical infrastructure, it tends to fade into the background of the everyday landscape,
and many among the millions of relative newcomers to South Florida may not realize that it
exists at all apart from the lake it confines. For these readers, the report seeks to put Herbert
Hoover Dike in proper context as the cornerstone of the water management system they, and
their environment, depend on. The narrative in this report is therefore directed not only to those
closest to it, but to everyone who resides in the region. The aim is to project the relevance of
Herbert Hoover Dike beyond engineers - to include those whom it sustains every day.

And a final purpose of this report is to bring to light the history of Herbert Hoover Dike’s
longstanding problems. The mere fact that the dike has remained standing for close onto 70
years makes it surprising to some that its integrity should now be so tenuous. Even among our
colleagues most familiar with the dike, most are unaware how close it has come to failure or of
the heroic measures taken to save it. We speak to these readers by describing the years of
geotechnical work, risk studies, and safety assessments conducted by the Corps of Engineers.
Most of all, through the words and actions of the Corps, here we relate the story of Herbert
Hoover Dike.

1.5  Physical Description of Lake Okeechobee and Herbert Hoover Dike

Lake Okeechobee (Seminole for “Big Water”) extends about 35 miles north to south and
30 miles east to west in the center of South Florida, occupying about 730 square miles (500,000
acres). Prior to drainage and dike construction during the past century the lake occupied about
970 square miles. It is a shallow lake, averaging about 10 feet in depth at normal water levels.

The Herbert Hoover Dike was constructed in stages around the lake, to act as a levee and
provide flood protection to surrounding agricultural areas. It is approximately 140 miles long,
with a crest elevation ranging from 32 to 46 feet above the National Geodetic Vertical Datum
(NGVD). Adjacent land elevations typically range from el. 10 to el. 20, with the lower
elevations around the south half of the lake. Inner, or lakeside, dike slopes vary in steepness
from 10 Horizontal to 1 Vertical (10:1), to as steep as 3:1. Outer, or landside, slopes range from
5:1 to 2:1.

From an engineering standpoint, levees have traditionally been viewed as only
temporarily retaining water during relatively brief flood stages, whereas dams retain a permanent
storage pool. Because Herbert Hoover Dike was originally intended to be a levee, with water
levels at or near the landside natural ground level except during high rainfall periods, it was not
designed and built to the high standards applied to impoundment dams. In particular, Herbert
Hoover Dike was built from local materials that were excavated by dredges or draglines, without
concern for material selection or the nature of the foundation soils (primarily muck and porous
limestone) on which it was placed. Also, since the dike was constructed, agricultural peatlands
on the south side of the lake have subsided several feet, resulting in lake levels well above
outside ground levels most of the time.
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In addition, increasing demands on the fresh water supply for south Florida has led to
storing more water at higher levels in the lake. Environmental concerns over discharges of lake
water to coastal estuaries, and to the Everglades, also have created greater demands to store
water within the lake.

Rainfall from as far north as Orlando flows overland into streams that empty into the
lake. The total area that contributes water flows to Lake Okeechobee is about 5600 square miles.
Because the Dike was built with very limited capacity to discharge excess water, large rainfall
events over the watershed can cause fairly rapid increases in water level—up to several feet in
height—within the lake, even if maximum discharges are being made from the outlet structures.
From a hydrologic standpoint, its lack of a spillway and comparatively small outlet capacity are
largely what differentiate Herbert Hoover Dike from more typical water-retaining reservoirs. The
resulting inability to control lake levels, and their potential to rapidly rise, have magnified
concerns over recognized seepage and stability problems at high lake levels.
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2.0 HISTORICAL DEVELOPMENT AND BACKGROUND

Lake Okeechobee and the Herbert Hoover Dike that surrounds it occupy a central place
in both the past and the future of South Florida. Background information in this section provides
necessary context for understanding the significance of the dike and its current condition.

2.1 Early Conditions

Prior to construction of the Herbert Hoover Dike and development of adjacent areas, the
Everglades extended up to and surrounded the southern half of Lake Okeechobee. Waters
entered Lake Okeechobee primarily from the Kissimmee River drainage basin, which extends
northward to present-day Orlando as depicted on Figure 2.1. Outflows passed through littoral
marshes bordering the lake and into the historic freshwater Everglades. These southward flows
through the Everglades to tidewater were confined on the west by Big Cypress Swamp and on
the east by the coastal ridge that now contains the urban corridor from Miami to West Palm
Beach (Light and Dineen, 1994). Lake Okeechobee functioned as a retarding basin, temporarily
storing water draining into it and gradually releasing this water to the Everglades. In this way,
the lake acted to mediate the effects of flooding and drought characteristic of the region.

Development of areas surrounding Lake Okeechobee began in earnest between 1905 and
1927 when six major canals and channelized rivers (the Caloosahatchee Canal, Miami Canal,
North New River Canal, Hillsboro Canal, West Palm Beach Canal, and St. Lucie Canal) were
connected to Lake Okeechobee. Their purpose was to drain the historic Everglades to the east,
south, and west of the lake so as to open these areas to agriculture. With this came the
establishment of population centers in many of the towns now adjoining the lake (Huber and
Heaney, 1984).

But a turning point came with the hurricanes of 1926 and 1928. By then, a 5 to 9-foot
high muck levee had been constructed by the Everglades Drainage District along the southern
perimeter of the lake for flood protection. When the levees overtopped and breached in 1926,
386 people perished in the Moore Haven area. During the 1928 hurricane, 2700 more deaths
occurred when the levees were again overwhelmed by wind-driven storm surges (USACE,
1999a). These disasters set the stage for construction of the Herbert Hoover Dike by the U.S.
Army Corps of Engineers.

2.2 Dike Development

The first Federally-sponsored embankments were constructed between 1932 and 1938,
consisting of 68 miles of levee along the south shore of Lake Okeechobee and 16 miles along the
north shore. According to Snyder and Davidson (1994), the government at the time wished to
avoid setting precedent for funding flood-control projects, so legislative authorization for Herbert
Hoover Dike was approved and signed by President Hoover in 1930 as a navigation project. The
implications of this designation go far beyond terminology.
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As a navigation project, the dike was considered a levee. And engineering standards for
levees are much less stringent than those for dams. Constructed using uncompacted fill from
dredges and draglines, which was placed on soft soils and highly permeable foundation
conditions, the seeds were sown then for the problems that have now become manifest. Only
very recently (2005) has Herbert Hoover Dike been formally acknowledged as a dam by its
inclusion in the National Inventory of Dams.

Drought afflicted South Florida from 1931 to 1945, only to be broken by deluge from
three separate hurricanes in 1947. These cycles of extreme drought and flooding made it
apparent that not only was protection against flooding from Lake Okeechobee required, but that
it also needed to be returned to some semblance of its water-regulating function. For this and
other reasons, the Corps of Engineers formulated a comprehensive water management program
known as the Central and Southern Florida (C&SF) Project in 1948, followed a year later by the
establishment by the Florida Legislature of the precursor to the South Florida Water
Management District (SFWMD). As part of the C&SF Project, the Herbert Hoover Dike was
extended to fully encircle Lake Okeechobee and raised to its present height and configuration in
the early 1960s.

2.3 Potential Failure Mechanisms

Over the past two decades, the Jacksonville District of the Corps of Engineers has
produced thousands of pages in dozens of studies concerning the structural deficiencies of the
Herbert Hoover Dike, problems whose complexities are compounded by its 140-mile length.
The common element, however, concerns a particularly damaging and hidden mechanism known
as internal erosion or piping. These terms refer to a process by which individual sand or silt-
sized soil particles are transported and removed by the action of seeping water. In somewhat the
same way that soil on the surface erodes away in a rainstorm to form rills and gullies, here it
erodes underground from seepage flow to form pipe-like features that enlarge to tunnels and
cavities.

The internal erosion process begins when seepage becomes concentrated in pervious
portions of a dam or its foundation. Its symptoms include sand boils; small, cone-shaped
mounds of deposited sand particles, or cloudy seepage containing finer silt particles. Left
undiscovered or unabated, the continued removal of particles can form small, subterranean
tunnels or “pipes” that undermine the dam, sometimes causing sinkholes to form on the surface.
Eventually, the tunnels work backward to the reservoir, enlarging as the flow through them
increases erosive forces, causing the dam to collapse or breach and releasing the reservoir
entirely. Internal erosion is the most common structural cause of earth dam failures, second only
to flood overtopping, in part because it can be so difficult to detect.

The same conditions that give rise to high seepage—permeable soils or rock—also tend
to produce high pressures in the water that exists within interstitial voids or pores between
particles of saturated soil. Sometimes measured using small-diameter wells, or piezometers,
these internal pore pressures promote instability of the dam slopes—Ilandslides, in effect.
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Particularly in loose, saturated soils, these slides can progressively enlarge until they
encompass the crest of the dam, causing it to breach. Both pore pressures and seepage flows
generally vary according to lake level, with higher lake levels increasing seepage and pore
pressures.

The engineering measure of slope stability is termed factor of safety, or FS, a calculated
value that accounts for the combined effects of height and steepness of a slope, strengths of the
soils within and beneath it, and internal pore water pressures that in this case are associated with
some particular lake level. In theory, a calculated FS greater than 1.0 indicates that a dam slope
is stable under the conditions analyzed; FS less than 1.0 indicates instability; and the departure of
FS from 1.0 indicates the degree of stability or instability. In practice, minimum factors of safety
in the neighborhood of 1.5 are typically required to assure the stability of dam slopes, in order to
account for various uncertainties in the analysis.

Together, internal erosion and slope instability are referred to here as structural failure
mechanisms to distinguish them from other potential failure modes such as overtopping or wave
erosion. Structural failure modes have been the topic of nearly all recent studies of Herbert
Hoover Dike due to repeated indications of their occurrence. Overtopping and wave erosion
failure modes have not been evaluated in these studies.

The term “failure” as used throughout this report corresponds to the following definition
adopted by the Corps of Engineers for Herbert Hoover Dike in the 1999 MRR:

“For purposes of this report...failure [implies] the occurrence of levee breach, which
results in an uncontrolled flood release of water from Lake Okeechobee onto adjacent

lands.” (USACE, 1999a, p.52)
and:

“The term ‘dike failure’ implies a catastrophic breaching of some portion of the Herbert
Hoover Dike system. This situation would result in flooding, as waters from Lake
Okeechobee passed through the breach and onto adjacent lands. "(USACE, 1999a, p.56)

24 Contemporary Studies

High seepage, with the related potential for both internal erosion and slope instability,
have been hallmarks of the Herbert Hoover Dike for some time, as documented in the studies
described below. Rather than provide a comprehensive catalog, the intent here is to highlight a
few of the major studies and broadly relate their chronology.

1986 Reconnaissance Report. Although brief, the 1986 Reconnaissance Report for Herbert
Hoover Dike (USACE, 1986) was the first to recognize potentially dangerous changes in seepage
and slope stability that could be expected to result from increased lake levels. It pointed to the
high permeability and seepage within embankment and foundation materials, the susceptibility of
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these materials to piping and internal erosion, and the resulting potential for complete dike
failure under hurricane lake levels. It also obtained undesirably low factors of safety (1.1 to 1.3)
for slope stability at higher lake levels.

Although individual segments of the dike were evaluated, it is notable that the report
referred to the dike in its entirety as a “system,” recognizing that they function as a whole.
Equally significant was recognition of the far-reaching and catastrophic consequences that would
accompany dike failure at any of these segments, an observation that bears repeating here:

“The levees around the edge of the lake protect a population of over 60,000 located in
seven towns around the edge of the lake, and hundreds of thousands of acres of improved
agricultural land, from flooding. Ultimately, a failure of any segment of the Herbert
Hoover Dike System could affect hundreds of thousands of people throughout the south
Florida area, including Miami... The major concern is not with the costs required to make
minor repairs to the levees...but with the consequence of a complete levee failure. The
costs associated with such an occurrence would be astronomical.” (USACE, 1986)

While studies since then have added a wealth of information and detail, there is little they
contain that would alter the basic findings of the Reconnaissance Report written 20 years ago.

1993 Seepage and Stability Report. The 1993 Seepage and Stability Report (USACE, 1993)
elaborated on the 1986 work. Notably, it was designated a “Special Report,” outside the ordinary
protocol for Corps investigations. It identified three major concerns related to the integrity of the
Lake Okeechobee “levee system” (as it called the dike): the suitability of materials used for levee
construction; the suitability of construction methods; and structural adequacy under higher lake
levels. Among the results of this study were that a high potential for instability due to seepage
pressures existed at some locations; potential seepage uplift problems existed at all sections
analyzed; that the potential for piping failure existed at virtually all sections analyzed; and that in
most cases slope stability factors of safety were less than acceptable.

The 1993 report went on to recommended additional studies for evaluating and
economically justifying the necessary repair measures. It also established priorities to address
structural problems at individual sections of the dike according to the perceived risk at that time.
This classification remains in use today, with reaches designated 1 through 8 in descending order
of priority. Consequently, these reaches are not numbered consecutively around the lake, and
adjacent reaches do not have contiguous numbers. In clockwise order beginning at the
northernmost point on the lake, the reaches and corresponding population centers are as follows:

e Reach 5 (Okeechobee);
e Reach7,

e Reach 1 (Port Mayaca, Canal Point, Pahokee);
e Reach 3 (Belle Glade, Lake Harbor);
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e Reach 2 (Clewiston);

e Reach 4 (Moore Haven);
e Reach 6 and

e Reach8

These reaches, as referenced throughout this report, are shown and numbered on Figure
2.2.

1999 Major Rehabilitation Evaluation Report. This draft report (with the final version issued
in 2000) is referred to here as the MRR and represents the magnum opus of Corps diagnostic
studies for Herbert Hoover Dike (USACE, 1999a). This thousand-page, four-volume work
remains the primary repository for information and documentation of the condition of the dike,
geotechnical investigations, and hydraulic and hydrologic analysis. As such, it constitutes the
largest single data source incorporated in our review.

Proper interpretation of this work requires understanding its purpose. Officially, all of
this information was compiled to support the cost-benefit determination for repair of Herbert
Hoover Dike. Federal legislation requires that major rehabilitation of navigation projects
(including levees) be justified according to their contribution to National Economic
Development (NED) as determined by economic cost-benefit ratio and subject to environmental
statutes. In the case of the 1999 MRR, these economic and environmental factors were
supplemented—quite appropriately in our view—by loss-of-life considerations.

Moreover, Federal policy is to formally recognize and incorporate uncertainty in the
determination of costs and benefits by using probabilistic risk and reliability procedures in
planning studies (USACE, 1996a,b). Therefore, much of the geotechnical analysis contained in
the 1999 MRR is directed toward estimating probabilities of dike failure. And since risk is
defined as the product of probability and consequences, the report also considers the
consequences of dike failure through dam-breach inundation analyses and mapping.
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Despite the comprehensiveness of this work, its limitations must be appreciated. The
1999 MRR was prepared for the sole purpose of economically justifying repair of structural
problems (seepage, internal erosion, and slope stability) of Herbert Hoover Dike at the
authorized level of protection. The analyses it contains were correspondingly conducted only to
a level and extent sufficient to accomplish this end, imposing restrictions on the scope of
analyses such as the following:

e Only the repair of known structural deficiencies (seepage, internal erosion, and slope
instability) was addressed in the MRR, and other potential failure modes were not
evaluated.

e Only repairs up to the authorized level of protection, in this case the Standard Project
Flood (SPF) corresponding to a lake elevation of approximately +26 ft., plus a 5-foot
storm surge, were considered. Dike performance, with or without repairs, at higher
lake levels was not addressed.

e Economic consequences and dam breach inundation effects were evaluated only to
the extent required for determination of direct costs and benefits. This includes
mainly local effects, and regional consequences were not comprehensively evaluated.
Furthermore, only existing assets at risk were accounted for as they existed in 1999,
not changes that have occurred since then, nor future growth.

The end result of the 1999 MRR was to identify and justify repairs to Herbert Hoover
Dike. Among three alternatives considered, the recommended repairs consisted of a seepage
berm and gravel-filled toe trench for Reaches 1 through 3, and improvements to the existing toe
ditch for Reaches 4 through 8.

2002 Value Engineering Study. In 2002 a Value Engineering Study was performed by
engineering firm URS, which re-evaluated the repair measures recommended for Reach 1 in the
1999 MRR (USACE, 2002). This initiated a continuing series of changes and modifications to
the design concept for the repairs. The preferred solution from the Value Engineering Study was
an inverted filter with a gravel-filled seepage trench over about half of the 22-mile Reach 1, with
unspecified variations required to conform to local conditions elsewhere. This solution has since
been modified in subsequent design studies.

Reach 1 Design Studies. Several studies, encompassing various levels of design, were
conducted throughout 2004 and 2005 for the dike repairs in Reach 1. Rather than track the
progress of these studies in detail here, it is relevant mainly to note how they are organized. The
Corps has contracted design studies to outside engineering firms for four “subreaches” of Reach
1 designated A through D. For each such subreach, design reports have been prepared at
progress milestones of 30% completion, 60% completion, and 100% or final. The final studies
result in preparation of construction plans and specifications for bidding and execution by
construction contractors.
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At the time of this writing, a contract has been let and construction has recently started
for Subreach A of Reach 1, extending 4.6 miles south from Port Mayaca. The adopted repair
solution consists of a partially-penetrating slurry cutoff wall on the downstream slope of the dike
extending from +26 ft. down to el. —10 ft. This is accompanied by a gravel ditch lining and a
shallow, gravel-filled relief trench at the downstream toe (USACE, 2004b, 2005a). A similar
solution is contained in the final design for Subreach D of Reach 1, a 7.3-mile section extending
north from Belle Glade (USACE, 2005b). The repair measures discussed subsequently in this
report refer specifically to these two subreaches A and D of Reach 1.

2005 National Inventory of Dams Designation. It is apparent that there has long been
ambiguity regarding the status of Herbert Hoover Dike as a levee or as a dam, going all the way
back to the 1930 project authorization. From an engineering standpoint, levees have traditionally
been viewed as only temporarily retaining water during relatively brief peak flood stages,
whereas dams retain a permanent storage pool. Although Herbert Hoover Dike was originally
required to retain only storm surges and high water following storms, since storage increases
were implemented in Lake Okeechobee in 1979, it has retained a permanent pool in addition to
storm surge capacity, and by that measure undeniably qualifies as a dam. (USACE, 1986).

This levee/dam distinction is formally encoded in Corps engineering standards and
criteria for the two types of structures. These differ substantially in required levels of protection,
stringency of design criteria, and overall levels of engineering conservatism. A common theme
in the documents we have reviewed is a continuing conflict between Herbert Hoover Dike’s
original development as a levee and its current use as a water-retaining dam. This ambiguity
goes to the core of design decisions and repair methods, and we see clear evidence of its effects
in both respects throughout the progression of the investigations.

From a historical perspective, levees have long been constructed to protect property
rather than people, a purpose expressed by the economic criteria controlling the engineering
design of levees even today. The structural soundness of levees has traditionally been viewed in
this context, and emergency responses such as sandbagging to shore up levees during floods
have long been accepted as a matter of course. Evacuation has been seen as the primary means
for preventing loss of life before, or sometimes after a levee breaks as familiar historic images
attest. But in terms of public safety, the fruits of this philosophy are made clear in Table 2-1
which we have compiled from open sources.
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Table 2-1

Fatalities Due to Levee Failures, 1906-2006

Year Levee Failure/Location Fatalities
1915 New Orleans LA (hurricane) 275
1926 Lake Okeechobee FL (hurricane) 386
1927 Lower Mississippi River 246
1928 Lake Okeechobee (hurricane) 2,700
1955 Feather River CA 38
1996 Feather River CA 3
1997 Feather River CA 1
2005 New Orleans (Hurricanes Katrina and Rita) 874
Total 4,523

Over the past 100 years, there have been 4,523 deaths caused by the failure of levees,
compared to 816 fatalities recorded for dam failures over the same period (Graham, 1999). More
than five times more fatalities have been caused by levees than dams, a stark illustration of the
differences in how these two classes of structures have customarily been treated. Moreover,
Table 2-1 shows that hurricanes are especially deadly, with almost 95% of levee fatalities their
direct result and two-thirds of all levee fatalities from the muck levees around Lake Okeechobee
alone that pre-dated the Herbert Hoover Dike. Many but not all hurricane fatalities have been
caused by levees that were not high enough to prevent overtopping from the accompanying
storm surge, a phenomenon we go on to explain here at some length. Post-failure assessments in
New Orleans following Hurricane Katrina have shown that structural inadequacies primarily in
the 17" Street and London Avenue Canal levees accounted for 588 deaths. By contrast, 286
bodies were recovered in the Lower Ninth Ward, New Orleans East, and neighboring St. Bernard
Parish where overtopping is believed to have been the dominant cause of levee failure
(Simerman, et al., 2005). In New Orleans as for most levees, evacuation was to have been the
primary means of preventing loss of life were they to fail. But the tragedy of Hurricane Katrina
has shown that evacuation cannot substitute for basic structural soundness where public safety is
at stake.

We therefore view it as profoundly significant that the Herbert Hoover Dike was placed
on the National Inventory of Dams in April, 2005, as we learned from the Jacksonville District.
This officially recognizes that Herbert Hoover Dike is indeed a dam; however, Congressional
authorization and funding will be required in order to evaluate the safety of HHD as a dam, and
to subject it to more stringent Corps dam safety criteria, which are dedicated principally to
protecting against loss of life. In addition, following Congressional authorization and funding,
the effectiveness of repair measures will no longer be constrained by cost-benefit National
Economic Development (NED) criteria as its current levee authorization requires.
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This is a welcome development for protection of public safety, but one that still requires
Congressional approval, and whose effects will require many years to be fully implemented. In a
related matter, we were informed that Reaches 1 through 3 of Herbert Hoover Dike have been
included in the Corp’s portfolio risk ranking used to prioritize dam safety improvements
nationwide. At present, this ranking includes only the current structural deficiencies, but it opens
the door to re-evaluation of the adequacy of the Standard Project Flood as the appropriate level
of flood and hurricane protection. As the Corps moves increasingly toward risk-based evaluation
of dam safety, risks posed by the Herbert Hoover Dike system in its entirety can henceforth be
evaluated on equal footing with those of other dams in the Corp’s inventory.

In the meantime, Federal law requires that the Corps of Engineers continue to operate
within a tangled web of authorizations, policies, criteria, and procedures that limits the degree of
public safety that Herbert Hoover Dike is allowed to provide and purposefully restricts the
effectiveness that repairs are permitted to achieve. We acknowledge the extent to which the
Corps’ hands are tied by these requirements of government process. At the same time, it needs
to be made clear that our review is not constrained by these requirements. From an engineering
standpoint, Herbert Hoover Dike is a dam and this review considers it as such—along with the
requirements for public protection this imposes.

As the manifestation of these legal and administrative rules, the levee/dam distinction is
the thread that runs throughout the story of Herbert Hoover Dike. As we show here, it produced
built-in safety deficiencies from the very start, just as it stands today as the chief impediment to
adequate safety improvements. Until this roadblock is cleared and Herbert Hoover Dike is
acknowledged in every respect to be a dam and treated as such, engineering efforts to provide
the degree of protection commensurate with its risk to public safety will come to little. There is
no more important lesson to arise from Hurricane Katrina than that the protection of public
safety provided by levees as currently authorized and designed is patently unacceptable.

2.5  Regional Hydrologic System

For purposes of engineering assessment, the 140-mile length of Herbert Hoover Dike
makes it all but a necessity to separate this length into the eight distinct reaches that have been
defined. Correspondingly, the probability of dike failure, failure effects, and repair measures
have all been considered one reach at a time. However, this tends to promote a
compartmentalized, hence oversimplified, perspective on the regional significance of the
structure as a whole. By contrast, we view Lake Okeechobee and the dike that surrounds it as an
integral component of the hydrologic system of South Florida. If the Everglades are the crown
jewel of this system, then Lake Okeechobee is its centerpiece.

As described in Section 2.1, the Kissimmee watershed, Lake Okeechobee, and the
Everglades were once an integrated natural system. But through human intervention—notably
early drainage efforts and the C&SF Project—the natural system has been replaced by a water
management system that resembles an exceedingly complex plumbing project on a gargantuan
scale, with reservoirs for buckets, canals for pipes, and pumps that move water between them.
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For better or worse, human habitation of South Florida depends on this system, and it
cannot be returned to its natural state. Even if the Herbert Hoover Dike did not exist, Lake
Okeechobee could not be restored to its former condition. Peatland subsidence that now
approaches seven feet would spread its waters far beyond its original shoreline (Snyder and
Davidson, 1994).

The present system is comprised of 1800 miles of canals and levees, 160 major drainage
basins, 200 major structures, and 27 pump stations (Merriam, 2005). At the center is Lake
Okeechobee and the Herbert Hoover Dike. The lake itself covers 730 square miles and receives
its inflow principally from a 5600 square-mile drainage basin consisting primarily of the
Kissimmee River basin, supplemented by Fisheating Creek and Taylor Creek basins. Today
more than six million people in 16 counties depend on this system, a number that is expected to
double by 2050 (SFWMD, 2003).

Figure 2.2 shows the basic elements of this system. Water leaves Lake Okeechobee
through structures leading to six major canals. Most of the discharge flows either west through
C-43 canal to the Caloosahatchee River and the Gulf of Mexico, or east through Canal C-44 to
the St. Lucie River and the Atlantic Ocean. Some of it reports to Stormwater Treatment Areas
(STAs) and then sequentially through the three Water Conservation Areas (WCAs) to the south
and southeast. Confined by levees, the combined areas of WCA 1, 2, and 3 are almost twice
that of Lake Okeechobee itself. During wet periods, freshwater is released from WCA 3 to
Everglades National Park, while at the same time excess stormwater is pumped from the canals
into WCAs and the lake to relieve flooding. During dry periods, water is released from Lake
Okeechobee to the Everglades Agricultural Area (EAA) that lies between the lake and the
WCAs. Water from Lake Okeechobee and the WCAs is also released to Everglades National
Park to meet minimum flow requirements, as well as into the canals where it helps replenish
groundwater levels in the Biscayne aquifer (Light and Dineen, 1994; Miller, 1997).

The Biscayne aquifer underlies the Water Conservation Areas and the entire lower east
coast. Major wellfields in the aquifer provide the only source of drinking water for the urban
corridor from Homestead to Boca Raton, including Miami and Ft. Lauderdale. The aquifer is
also the source of water that is transported by pipeline to the Florida Keys (Miller, 1997). It is so
highly pervious and admits water so readily that groundwater and surface water form a unified
hydrologic system. By the same token, it responds so quickly to wellfield drawdown that
saltwater intrusion can easily occur, as in fact happened to Miami’s main wellfield in 1925 and
again in 1945 (Huber and Heaney, 1984).

Water from Lake Okeechobee and its canals, together with the WCAs, provides a major
source of recharge for the Biscayne aquifer. Additionally, where they discharge near the coast,
the canals are provided with damlike control structures that elevate freshwater levels and prevent
intrusion of saltwater into the aquifer. Discharge from Lake Okeechobee into these canals is
regulated partly to maintain these water levels, but also to reduce freshwater effects on tidal
estuaries through “pulse” rather than continuous releases that seek to avoid prolonged periods of
damaging low salinity (Merriam, 2005).
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Yet for all of its intricacy, the system is not complete. At a cost of at least $8 billion, the
Comprehensive Everglades Restoration Plan (CERP) will develop more water storage and
treatment facilities, in part to improve water quality from Lake Okeechobee discharge. New
stormwater treatment areas (STAs) will reduce levels of nutrients such as phosphorus in waters
before and after they enter the lake (Landers, 2006), along with injection wellfields, new canals,
reservoirs, and a network of other constructed facilities. This massive undertaking, which will
in many ways rival the C&SF project itself, underscores the diverse interconnections between the
Everglades and Lake Okeechobee, not to mention the enormous investments required to sustain
them.

The point here is to demonstrate that Lake Okeechobee is not merely a stand-alone
feature that serves local interests. Rather, it constitutes the central component of an integrated
water management system upon which both the human and natural environments of South
Florida intimately depend, now and far into the future. Without Lake Okeechobee there would
be no Everglades. Without Lake Okeechobee there would be no adjacent agriculture, no reliable
drinking water supply from Palm Beach to Key West, no adequate barriers to saline intrusion of
aquifers, and no control of freshwater discharge to tidal estuaries.

And without the Herbert Hoover Dike, there would be no Lake Okeechobee.
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3.0 FLOOD HYDROLOGY AND HURRICANE EFFECTS

Like most everything else associated with Herbert Hoover Dike, its hydrologic aspects
are unique and unlike almost any other man-made reservoir. The hydrologic phenomena that
affect its safety are extraordinarily complex, as are the technical means for assessing them.
Before evaluating these factors, we first provide some basic background. Here we start by
explaining in a simplified way how ordinary dams work from a hydrologic standpoint, then go
on to explain the differences associated with Herbert Hoover Dike.

Most people have some acquaintance with dams built across rivers. The top, or crest of
the dam is level and extends above the water in the reservoir. What may not be so obvious is the
spillway, usually a concrete structure and sometimes with large gates that can be opened or
closed. The hydrologic safety of the dam is entirely dependent on these features for the simple
reason that water must never, under any circumstances, be allowed to overtop the erodible
portions of the dam resulting from floods that enter the reservoir. Overtopping of any extended
depth or duration is almost always fatal to the structure, particularly for earthen dams, because
water flowing over the crest carves a notch that inexorably enlarges until the dam breaches
completely over its full height and the entire reservoir is released in a massive and destructive
floodwave.

The first line of defense against overtopping is the height of the dam, which allows
floodwaters to rise and be safely stored behind it. The backup defense is the spillway, which
allows any excess floodwater that cannot be stored to pass safely through it without overtopping
and downcutting the dam crest. In order to assure that the combined effects of storage and
spillway discharge can accommodate the largest conceivable flood without overtopping, most
large dams are designed for a calculated flood called the Probable Maximum Flood or PMF. Yet
despite its name, the PMF has nothing to do with probability. It is calculated from rainfall,
meteorological, and other factors so severe and extreme that no real flood recorded anywhere has
ever been known to exceed it. For ordinary dams, therefore, hydrologic safety means assuring
against flood overtopping, and this means being able to safely store and/or pass some very large
calculated flood, commonly the PMF.

Herbert Hoover Dike too must safely accommodate flood inflows without overtopping,
but this is complicated by several unusual factors. First, it has no spillway as such. Although
there is some capacity for discharge through its outlet structures, this capacity is small in relation
to flood inflows from its large drainage basin. It therefore must rely principally on flood storage.
But here, it cannot mobilize the entire dam height to provide this storage, since its crest is not
level and its height varies by 10 or more feet at various points around Lake Okeechobee. Its
flood storage capacity is therefore governed by the lowest point anywhere along the dam crest.
Nor was Herbert Hoover Dike designed to accommodate the PMF, but rather the Standard
Project Flood or SPF derived in a much different way.
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But the most unique distinction of all is that Herbert Hoover Dike is further subject to an
unusual and entirely different aspect of hydrologic safety—wind. These are the hurricane winds
so destructive in Florida and elsewhere, and on Lake Okeechobee their effects are little short of
bizarre. Whereas the rise in reservoir level that can threaten ordinary dams with overtopping
comes exclusively from floodwater inflow, for Herbert Hoover Dike winds can push water up
even higher, and indeed it was just this so-called surge effect that overtopped the original muck
levees in 1926 and again in 1928 with such devastating consequences. Few if any ordinary
reservoirs are subject to this phenomenon. With a force usually seen only on the open ocean,
wind surge can elevate water levels against Herbert Hoover Dike by as much as 15 feet
depending on the speed of the wind and its direction, which varies according to the path of a
hurricane and directional rotation as it passes over the lake. Because Lake Okeechobee is so
broad and shallow, portions of the lakebed opposite the surge are known to have literally blown
dry. Stranger still are the directional wind effects as the hurricane passes, which produce a
sloshing effect and swirling around the perimeter like water in a teacup. To determine whether
these wind-induced dynamics can overtop the dike requires a high order of computational
analysis.

And further to overtopping are wave effects on the inner slope of the dike. Its sandy and
silty soils are quite susceptible to erosion by waves, which tend to carve out a flat bench in the
slope, as they have done in the past (see Figure 3.1). Over time measured in hours, this bench
can widen up to or conceivably beyond the crest, in essence cutting the top off the dike. Whether
or not this happens in any given hurricane is largely a race to the finish—whether wave action
subsides before its erosion can proceed to its ultimate conclusion—and here it has been reported
to us that on one occasion the process came within a only few hours of completion.\

To sum up, then, the hydrologic safety of Herbert Hoover Dike must meet two tests.
Like a normal reservoir, it must be able to safely store floodwaters without overtopping. But
beyond this, it must also be everywhere high enough to prevent overtopping from wind effects
and massive enough to sustain the wave erosion these winds produce over their expected strength
and duration. These two aspects, flood inflows and hurricane effects, are treated separately in
the sections that follow.

3.1 Flood Hydrology

The analyses conducted by the Corps in 1953 state that the “levees must be high enough
and sufficiently erosion-resistant to withstand the most severe combination of lake-storage
levels, wind tides, and wave action that is expected...”(USACE 1953). To conform with this
requirement, the Standard Project Flood or SPF was used as the basis for design. This was
estimated from inflow records from 1912 through 1952, which indicated that the probable
magnitude rainfall (i.e., a rainfall event with a 100-year return period) would produce an inflow
nearly equal to the SPF. An alternative storm of 1.25 times greater than the 100-year return
period storm was also defined in the 1953 report. Estimated peak water levels in the lake for the
SPF were approximately 21 to 22 ft., while those for the alternative storm were approximately 27
to 28 ft.
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Figure 3.1 Wave Erosion Damage in 1947 (top) and 2005 (bottom)
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The MRR indicates that water levels of 18 and 21 ft. are at the 3-percent and 1-percent
exceedance probability, respectively (USACE, 1999a). For the MRR, the Standard Project Flood
was estimated multiplying the rainfall depths of the 100-year return storm by 1.25, resulting in
an estimated peak stage of 26 ft. But the MRR also recognized that dike performance would be
classified as hazardous with water levels of 21 to 26 ft. due to its structural condition.

As described in Section 2.2 of this report, the designation of the Herbert Hoover Dike as
a dam rather than a levee means that higher level safety criteria will be required, once Congress
authorizes and funds the new status. In Florida, high-hazard dams are generally designed to
meet conditions of the Probable Maximum Flood with lower than maximum wind speeds, as
well as the 100-year return period flood with maximum expected wind speeds. More recently,
the Design Criteria Memoranda (DCM-2) for the Comprehensive Everglades Restoration
Program (CERP) provides a set of potentially more stringent criteria for new high-hazard dams
(SFWMD, 2005, 2006). DCM-2 requires that the dam height provide sufficient freeboard to
meet the worst of the cases 1, 2, and 4 shown below, and checked against the Probable
Maximum Wind speed in the third case.

1. Probable Maximum Precipitation (PMP) rainfall event with a 100-year return wind
speed

2. 100-year rainfall event with a Category 5 Hurricane (156 mph wind)
3. Probable Maximum Wind (PMW) of 200 mph at normal full reservoir level

4. Normal Full Storage Pool water levels in the lake, with a specific wind and
precipitation event (e.g., Hurricane Easy in 1950).

We are currently unable to determine if Herbert Hoover Dike could meet these criteria,
but as a first approximation some preliminary insight can be gained from its ability to contain
floods resulting from the PMP, not including wind effects. Here, the change in stage at the lake
for the PMP can be estimated using the stage-volume relationship expressed in Figure 3.2. The
PMP of 72 hours duration over a basin of 5000 square miles results in a rainfall amount of 30.7
inches (USACE 1984). In order to estimate the inflow flood for the PMP case, we have applied
a range of curve numbers (i.e., 32 to 76) to represent the composite Lake Okeechobee basin from
the data shown in Table 4 in Appendix I of the MRR (USACE, 1999a). Using these curve
numbers to represent a composite response of the basin, a total of approximately 4.4 to 7.1
million acre-ft of runoff could reach the lake following the PMP event. Conservatively assuming
that no significant discharge were to occur during this period of runoff, and starting with a
maximum regulated lake stage of 17.5 ft., the final static water level of the lake would be 26 to
32 ft. This suggests that the minimum dike crest elevation of 32 ft. would just contain the static
water levels of the lake after the PMP event, without allowance for wind effects or its current
structural condition. More accurate calculations for extreme rainfall conditions would be needed
to provide a conclusive assessment.
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Figure 3.2. Approximate Stage Volume Relationship for Lake Okeechobee (Meyer 1971).
3.2 Hurricane Effects

3.2.1 Background

Historic hurricane tracks affecting the Lake Okeechobee region are shown in Figure 3.3.
Hurricane effects that can contribute to the reduction or loss of integrity of the Herbert Hoover
Dike include, in general, elevated water levels (storm surges) and high waves at the downwind
end of the lake. These elevated water levels and high waves can, in turn, lead to the potential
for: (1) Wave runup on and overtopping of the dike, (2) Erosion of the dike on both the lake side
and the land side, the latter only if overtopping occurs, and (3) Elevated water pressures within
the dike. The frequency of occurrence, and if present, the correlation between lake levels and
hurricanes which can cause such effects is relevant to the safety of the dike.
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Figures 3.4 and Figure 3.5 present definition sketches for cases of wave runup on the
dike without and with overtopping, respectively. The discussion below provides background on
the broad aspects of these processes and provides preliminary calculations to illustrate the
individual processes along a particular (north — south) transect through the lake. It is stressed
that these calculation results are for illustration purposes only and not for design.
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Figure 3.4. Definition Sketch of Non-Overtopped Dike Condition
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Figure 3.5. Definition Sketch of Overtopped Dike Condition
3.2.2 Storm Surges

Winds blowing over a water body exert a stress on the water surface causing it to “tilt”.
This tilt integrated over the horizontal lake dimension causes an elevated water level at the
downwind end of the lake and a lowered water level at the upwind end of the lake. For large
shallow water bodies such as Lake Okeechobee, the upwind end of the lake can be “blown dry”
for high wind speeds and this phenomenon has been reported anecdotally for Lake Okeechobee.
In addition to the wind surge component, as the waves approach shore, they break and also
contribute to the total storm surge. The wave contribution is called the “wave setup”; and
although in some settings, it can be the dominant component of storm surge, in Lake
Okeechobee, it is small (approximately 15%) relative to the wind component of the total surge.
The wind surge is related to the water depth such that the shallower depths cause a greater tilt to
the water surface. Thus, the storm surges in Lake Okeechobee can be quite large.
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A rather simple storm surge model has been developed in conjunction with this panel
effort. Storm surges were calculated for winds directed along the five transects shown in Figure
3.6.

Figure 3.6. Transects Selected for Preliminary Analysis

For illustration purposes, the storm surge characteristics for a lake level of 16 feet and
100 miles per hour (mph) winds will be presented for Transect 1. The storm surge for winds
directed from north to south along Transect 1 are presented in Figure 3.7.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

: | | : | : =

30 ff S AN G 3

g . | . ) . | av?® g

= | g

1 N S I SR S S

2 20 Still Water Level = 16 ft &

s T — — :

© it S Y W

3 10 f . Bathymetry 2
w |
1

ranl_100

0 10 20 30
Distance From North End of Lake (Miles)

Figure 3.7. Bathymetry and Storm Surge for a 100 mph Wind Blowing From North to South
Along Transect 1. Note That Northern 9 Miles of Lake are “Blown Dry”.
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It is seen that for this case, the storm surge at the south end of the lake is approximately
12 feet. It is noted that the USACE 1962 report states (Appendix 1, Page 1) “All of the
hurricanes listed above have occurred on paths which caused tides from three to 10 feet along the
levees under consideration.” Thus, the calculated values in Figure 3.8 seem reasonable. For
comparison, the 100-year and 200-year recurrence interval values in this area (at Lake Harbor)
presented in the MRR (1999a) are 11.2 ft and 11.8 ft, respectively.
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Figure 3.8. Variation of Maximum Storm Surge at South End of Lake Due to Winds Blowing
From North to South Along Transect 1. Various Lake Levels.
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The variations of storm surge at the south end of the lake with lake level and wind speed
are presented in Figure 3.8. It is noted that the MRR found that the storm surges did not vary
with lake levels, a result that is contrary to modern understanding of storm surge mechanics.

3.2.3 Waves

In addition to causing a tilt of the water surface as discussed above, the winds also
generate waves that increase in height and period in the downwind direction. The wave heights
are limited in magnitude by both the water depth and wave period.

In conjunction with this panel effort, a preliminary wave generation model has been
developed for Lake Okeechobee. Figure 3.9 presents the distribution of wave heights across the
lake for a 100 mph wind directed from north to south along Transect 1 for a lake level of 16 ft.
The highest predicted significant wave height is slightly greater than 11 feet. The USACE 1954
report states (USACE, 1954, Page 6) “The highest wave recorded was 8.6 feet.” This 8.6 feet
value presumably refers to the maximum height in a series of waves such that the associated
significant wave height (the same type of wave height measure presented here) would be slightly
greater than 6 feet. Figure 3.10 presents maximum significant wave heights along Transect 1 for
various wind speeds and lake levels.
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Figure 3.9. Significant Wave Height Resulting From a 100 mph Wind Blowing From North to
South Along Transect 1, Lake Level = 16 ft.
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Figure 3.10. Maximum Significant Wave Height Due to Winds of Various Speeds Blowing
From North to South Along Transect 1. Various Lake Levels.

3.2.4 Runup and Overtopping

When waves encounter a sloping surface such as a dam, they run up to a certain level and
if the runup elevation exceeds that of the dam crest, overtopping occurs. Because each wave

height is different, the runup elevations of successive waves also differ.

In design, it is

customary to adopt as a reference, the 2% runup which is the runup level that is exceeded by

only 2% of the wave runup values.
characteristics.
Number” defined as

The runup levels depend on the wave and slope
These two variables are consolidated into a parameter called the “Iribarren

(3.1)
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in which m is the slope of the dam face, H,, is the effective deep water significant wave height

and L is the associated deep water wave length.

The ratio of the 2% runup, R, to effective deep water wave height, H,  would be

approximately 0.5 for the Lake Okeechobee setting using the relationship illustrated in Figure
3.11. Thus, for the case shown in Figure 3.9, the appropriate wave height would be that close to
shore (approximately 9.7 ft) and the 2% wave runup (in terms of vertical elevation) would be
approximately 4.9 ft.

NonDimensional Total Runup, R/H_,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Iribarren Number, &,

Figure 3.11. Non-dimensional Total 2% Runup vs. Iribarren Number

3.2.5 Lake Level at Which Overtopping will Occur for 100 mph Winds
at South End of Lake

Calculations were carried out to determine the lake level at which overtopping would
occur at the south and east ends of the lake. These calculations were of the same type as
illustrated before. It was found that the 2% runup overtopping commenced with a 100 mph wind
at a lake level of 25.5 ft for the south end of the lake and at approximately 26 ft. at the east side
of the lake (Transect 3, Figure 3.4).



South Florida Water Management District BCI Project No. 2-13294.1

Report of Expert Review Panel April 27, 2006
Technical Evaluation of Herbert Hoover Dike
Lake Okeechobee, Florida Page 30

3.2.6 Erosion

Erosion is a time dependent process requiring a certain duration to remove a specified
volume of material. Erosion of dams can occur on the lake side or on the land side, the latter in
cases in which overtopping occurs. Land side erosion occurs with a chain of events starting with
storm surge, waves, wave runup and wave overtopping. Lake side and land side erosion are
discussed separately below. The usual method to protect against erosion is through armoring the
dam face. In the case of overtopping, it may be necessary to also armor the land side dam face.
Unlike piping through the dam, surface erosion of the type discussed here is visible, can be
repaired following an event and, if the repairs are conducted properly, the repaired area does not
degrade progressively with each erosion event. Figure 3.12 presents a definition sketch showing
erosion of the lake side of a dam. Figure 3.12 is drawn to approximate true scale of the dam
cross-section near the south end of the lake.

INITIAL PROFILE:

LAKE SIDE . e g T
e = e T e ERODED  PROFILE e

\EHCIDED SEDIMENTS

Figure 3.12. Definition Sketch Showing Lake Side Erosion of a Dam
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3.2.6.1 Lake Side Erosion

The Herbert Hoover Dike has experienced lake side erosion at various locations and at
various times. The two most significant hydrodynamic parameters affecting such erosion are:
storm surge and wave height. Although numerical models have been developed to represent this
process and physical model tests have been conducted for specific situations, it is difficult to
quantify the erosion, due in part to the wide range of erodibility of the various soil types and the
role of vegetation covering. Most numerical models of erosion have been developed for the open
coast where loose sand is present. A grass cover will reduce the rate at which erosion occurs.

As for the other processes discussed in this section, approximate calculations of lake side
dike erosion have been conducted. The analytical method of Kriebel and Dean (1993) and the
erosion relationships presented in Dean and Dalrymple (2002) for an initially uniformly sloping
profile have been applied.

The Kriebel and Dean reference defines an erosional time scale which depends on the
wave and sediment parameters. Given infinite time and sediment, the dike profile would erode
to an equilibrium form. Thus, an important factor is the ratio of the time over which the storm
surge occurs to the erosion time scale. These times were estimated for a dike slope of 6:1 and for
this value, it was found that the erosion distance, E, in Figure 3.12 was approximately 75 ft. This
erosion distance was considered to be relative to the intersection of the mean surge level with the
original dike surface resulting in the eroded location in Figure 3.13. The calculation methods
applied are believed to result in an erosion distance which is somewhat conservative, i.e. larger
than would actually occur. Thus it appears that the dike cross-section is adequate to withstand an
event with the conditions employed in this example. However, reauthorization by Congress of
HHD as a dam will likely require a reevaluation with the more stringent conditions.

Lake Level = 16 ft

Max. Surge Level = 27.9 ft

Maxiumum
Erosion Limits

Elev. (ft)

********************************************************************************************************

150 200 250 300
Horizontal Distance (ft)

Figure 3.13. A Portion of the Dam Shown in Figure 3.12 at the South End of the Lake
lustrating the Storm Surge and Erosion Limits for a Wind Speed of 100 mph.
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There are two conditions for which the type of lake side erosion examined would not
apply. These are areas where the planform protrudes out into the lake such as at Bacom Point
and transition locations where the earthen dike adjoins a structure. These are discussed below.

The calculation methods applied above consider the eroded sediment to be transported
and deposited directly offshore or, on a straight shoreline, any sediment that is transported along
shore is replaced by an equivalent volume of sediment from another section of shore. In other
words, there is no net loss of sediment at a particular cross-section. Areas that protrude into the
lake tend to have sediment transported away from them with some wave directions causing
greater sediment losses than others. These cases should each be examined individually for
design wave and storm surge conditions. It may be appropriate to armor those areas that, based
on an analysis, are demonstrated to be susceptible to erosion under design conditions and/or,
based on history, have experienced significant erosion.

For those portions of the lake where the shoreline is interrupted by a structure or
transitions to a structure, a similar effect as described above can occur. Obliquely approaching
waves can transport sediment away from an area; however, there is no inflow sediment
replacement due to the presence of the structure/transition. As in the above discussion, it may be
appropriate to armor these areas.

3.2.6.2 Land Side Erosion

Our capabilities to calculate land side erosion due to overtopping are much less well
established than for lake side erosion, thus it is only possible to address this matter qualitatively.
For purposes here, it is recommended that the dike heights be maintained above the design storm
surge level and that the “excess” 2% runup' due to waves be limited to two feet above the dike
crest elevation and that all overtopping be limited to a maximum of a two hour duration.

33 Need for a Reanalysis of Design Hurricanes and Associated Return Periods

As discussed previously, the reevaluation of Herbert Hoover Dike as a dam will involve
substantial changes in the design requirements. In particular, the associated design conditions
will be much more stringent. Because the magnitudes of the hurricane related effects will play a
substantial role in the design and dike safety, it is recommended that the characteristics of the
design hurricane(s) be selected using all available tools for quantifying these design conditions.
Two accepted approaches exist for establishing the return periods of hurricanes and hurricane
conditions: (1) The Joint Probability Method (JPM), and (2) The Empirical Simulation
Technique (EST). It is recommended that both of these methods be employed in future
determinations of design conditions for Lake Okeechobee. Each of these methods is reviewed
briefly below.

! Excess runup is the runup above the crest elevation that would occur if the levee were extended at the same slope
beyond the levee crest elevation.
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3.3.1 Joint Probability Method

The JPM method is the traditional approach of the Federal Emergency Management
Agency (FEMA) for determining the 100-year storm surge. In this method the historic
hurricanes that have occurred in the general area are selected as the data base for application.
The method recognizes the randomness associated with these storms, namely that they could
have occurred along different tracks than they actually transited, etc.

Generally, five (sometimes six) parameters are used in representing the idealized
hurricanes: central pressure deficit (a measure of intensity), radius to maximum winds (a
measure of size), forward translation speed of the hurricane, landfall (or equivalent) location and
translation direction. The discrete probabilities of these parameters are developed from the
historical data base with some extrapolation for the more critical parameters, particularly the
central pressure deficit. Also, if warranted, a weak correlation may be represented between
central pressure deficit and the radius to maximum winds. With the discrete probabilities
established, “synthetic” or “idealized” hurricanes can be developed and the resulting storm
surges calculated. The storm surges resulting from this simulation are ranked at each coastal
location of interest and the surge associated with the 100-year return period determined.

A variation of the JPM is to construct the cumulative probabilities and employ Monte
Carlo techniques. This approach has a somewhat greater appeal since an unlimited number of
storms can be simulated.

3.3.2 Empirical Simulation Technique

The EST method was first adapted to calculation of storm surge return periods by
Borgman, et al (1992) and places greater reliance on the historical storms and their paths. This
method is finding recent favor by FEMA and other governmental agencies. The EST method has
advantages and disadvantages relative to the JPM method which makes the use of both methods
attractive. The advantages include not requiring a determination of any joint correlation among
the hurricane parameters as this correlation is automatically included in the historic storms. A
disadvantage (at least it seems to us) is that the EST method requires greater judgment by the
analyst and may not include hurricanes that fall outside the region of consideration but that
statistically could have transited that area of concern.

3.3.3 The Previous Storm Surge Analysis

The previous analysis as presented in Appendix I of the 1999 MRR was carried out using
the EST analysis. This analysis produced storm surges for the following return periods at 23
locations around the lake: 10, 25, 50, 75, 100, 150 and 200 years. At the time of these
calculations, there were only 23 hurricanes that had significant winds in the project area. This
data base commenced in 1901 and at the time of the analysis, there were 9 hurricanes that had
winds equal to or greater than 85 knots (98 mph) when in the lake area. In recent years, the
number of hurricanes has increased significantly. In particular, there have been 5 such storms
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since 1998. We consider this increase in strong storms in the vicinity of the lake to be sufficient
justification for recalculation of the storm surge return-period relationships. Additionally, the
EST method has advanced significantly since its application to Lake Okeechobee in the MRR.
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4.0 EXISTING CONDITION OF HERBERT HOOVER DIKE

The current condition of Herbert Hoover Dike gives rise to a variety of dam safety
problems in relation to the seepage, internal erosion, and slope stability mechanisms that were
previously described in Section 2.3. At the root of these problems are the materials the dike was
build of and those that it rests on. Behind them are the methods used in its construction.

During the depths of the Depression in the 1930s, construction of the original Herbert
Hoover Dike was a colossal undertaking that in some ways rivaled that of its Colorado River
namesake. Simply to move such volumes of material was a feat of ingenuity in a day before the
advent of modern earthmoving equipment, to say nothing of contemporary principles of dam
engineering. By the time the dike was raised in the 1960s, these principles were reasonably well
known, but the dike was still considered a levee, not a dam, handicapping its safety as an
impounding structure from the very start.

Against this backdrop, the discussions that follow characterize the condition of Herbert
Hoover Dike from two separate but related perspectives. We first review the geotechnical
factors that cause its current problems, then go on to consider how these factors affect its
reliability. In performing our assessments, we have not conducted our own independent field,
laboratory, or analytical investigations, but instead have relied on the extensive such studies
performed by the Corps of Engineers over the past decade, and in particular the 1999 MRR.
Consequently, and unless otherwise indicated, the terms “existing” and “current” used here
should be understood to refer to conditions documented up to 1999, which are not necessarily
those that pertain today, although we do comment on some possible changes that may have
occurred or may be occurring since then. It should also be understood that the descriptions
provided here represent only broad and generalized characterizations that will not necessarily
apply to specific locations or circumstances. A factor that frustrates nearly every aspect of
Herbert Hoover Dike is how to characterize conditions over a length equivalent to the distance
from Jacksonville to Orlando.

4.1 Geotechnical Conditions
4.1.1 Foundation and Fill Materials

Geology holds the key to properties of the present-day fill materials comprising the dike
as well as those in its foundation. The driving force in the geologic history of ancestral Lake
Okeechobee was the rise and fall in sea level associated with past periods of glaciation and the
alternating cycles of marine and freshwater deposition that resulted. While sands were common
to both depositional environments, freshwater lacustrine conditions favored finer-grained silts
and clays, while marine environments produced calcareous deposits of poorly-cemented
limestone and shells.
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In complex, interlayered, and discontinuous configurations, these three materials—sands;
silts and clays; and weak, porous, limestone—plus a surface layer of organic peat, exist at
various locations within and beneath the dike and have much to do with its current condition.
For example, in a highly simplified depiction of Reach 1 provided on Figure 4.1, beneath the
peat are silts and clays of variable thickness and continuity. These are in turn underlain by
limestone and shell deposits embedded within the sands that can locally be highly permeable,
porous, and riddled with voids (see Figure 4.2). Depending on lake level, these permeable
materials can conduct large seepage flows that promote transport of sand particles into and
through them. Where present, the less-pervious overlying silts and clays can interact with these
materials by sealing off the seepage they carry, thereby increasing still further its pressure and
corresponding capability for particle transport.

orous Limestone,
Shell Deposits, and
Coarse Gravels

Concentrated Seepag
Internal Erosion Pathways

Simplified Existing Conditions, Herbert Hoover Dike

Figure 4.1. Simplified Existing Conditions, Herbert Hoover Dike.
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Figure 4.2 Porous Limestone from Location Near Lake Okeechobee: Core Sample (Top) and
Excavation (Bottom)
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The dike’s construction methods exacerbate these foundation problems, in addition to
creating those of its own. Because areas surrounding the lake were then marshland, dike fill
could only be obtained by underwater dredging or dragline excavation predominantly from
within the lake itself. As also shown in Figure 4.2, this resulted in what is known as the
underwater “rim canal” near the upstream toe of the dike. Equal in volume to the dike section it
produced, this rim canal exposes pervious foundation materials directly to lake water and allows
free entry of seepage restricted only by a thin accumulation of lake sediment on its surface. An
analogous feature called a “landside canal” exists along extensive portions of the dike where fill
materials were excavated by dredge or dragline near the outer or landside dike toe. Extending to
depths as low as el —10, the landside canal can allow transported particles to emerge undetected
into deep water. Where both landside and lakeside excavations are present, particle transport has
a direct and uninterrupted pathway through porous formations beneath the dike that is entirely
concealed from visual inspection.

It is further apparent from dragline and dredge positioning that materials excavated from
the rim canal ended up in nearby portions of the dike. Thus, where limestone was prevalent in
the excavation, it would also be concentrated in the adjacent dike fill. But ironically, the hardest
limestones least likely to be porous were most likely to break out in chunks to form highly
pervious, openwork pockets and layers within the dike.

And if this weren’t enough, such uncompacted dragline-dumped and hydraulically-
deposited fill materials are notoriously loose and contractive, making them susceptible to
strength loss through a process called liquefaction.

Again, we emphasize that the conditions described here are to illustrate the kinds of
problems encountered and some of the reasons for their occurrence. They do not exist
everywhere, but by the same token there are others equally detrimental. Nevertheless, in these
and other ways, the geology and the construction of Herbert Hoover Dike have conspired to
create 24 cited conditions that could cause adverse performance or failure of the dike, as their
compilation in the 1999 MRR has shown. Whether due to the uncommon comprehensiveness of
these efforts or the attributes of the dike itself, we are unaware of any other structure for which
so many uniquely-identified seepage and piping failure modes have been defined in such detail.
Beyond this, the 1999 MRR goes on to individually correlate observed piezometric responses to
specific geologic, construction, and related conditions for dozens of piezometers around the dike.

Here too, we feel compelled to remark on the extraordinary detail and thoroughness of
this work. It leaves no doubt that the existing seepage conditions for Herbert Hoover Dike,
notwithstanding its length and complexity, have been evaluated and understood as thoroughly as
for any dam of its kind. That said, it is primarily Reaches 1 through 3 that have been studied in
detail, and subsurface conditions elsewhere around the dike, while thought to be similar in many
respects, have not been explored to the same level of detail (USACE, 1999a).
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4.1.2 Dike performance

The seepage and internal erosion conditions of the dike are revealed most directly from
its observed historic performance, notably during the high-water events of 1995 and 1998 when
lake levels exceeded el. 18. Both incidents are well documented in the 1999 MRR, both
prompted emergency repairs, and both warrant brief description here.

In late summer and early fall of 1995, Lake Okeechobee rose to a maximum elevation of
18.8 feet, causing near-failure of the dike at nine separate areas along the south and southeast
shores including locations near Lake Harbor, Pahokee, and Belle Glade ranging in length from a
hundred feet to over a mile. Visual evidence of distress included excessive seepage, piping
transport of dike material, and formation of sinkholes in the dike, which occurred under an
unusually small head differential—the difference between toe ditch and lake water levels—of as
little as five feet. Of particular concern were observed cloudy flows of concentrated seepage and
formation of sand boils and deltas, both of which are commonly taken as signs that the internal
erosion failure process has initiated. Emergency repairs were immediately undertaken,
principally sandbagging to counterbalance excessive seepage pressures, which were instrumental
in saving the dike. In documented case-histories of internal erosion, it is all but unknown for a
dam to sustain the formation of piping cavities up to two ft. in diameter and survive.

In 1998 the lake again rose above el. 18, with similar effects and responses at both former
and new locations (USACE, 1999a). With the experience from 1995 still fresh, a well-organized
inspection campaign was mounted to monitor up to 94 separate problem locations. This time, a
significant new observation was the white staining and white sand particles at many of the piping
locations that is thought to indicate particle transport through limestone or the related calcareous
shell deposits. The 1995 and 1998 occurrences were not isolated incidents, with significant
distress to the dike reported in 2003 near South Bay, again in 2004 at four locations from Belle
Glade to north of Canal Point, and most recently in 2005 near the Pahokee Airport. Documented
incidents of internal erosion distress and high-water events since 1938 are summarized below.
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Table 4-1

Internal Erosion Incidents Since 1938

Year HWL Internal Erosion Distress Reference
1947 18.8 unknown USACE, 1999a, p. H7-46
1974 20.5 yes-breach of tieback dike USACE, 1999a, p.37
1983 18.3 unknown USACE, 1999a, p. H7-46
1995 18.8 yes-multiple sites USACE, 1999a, p. H2-8
1998 18.4 yes-multiple sites USACE,1999a, p. H7-46
2003 15.3 yes — South Bay USACE, 2005¢, p. 16
Jacksonville briefing, 2/6/06
2004 18.04 yes-multiple sites USACE, 2005d, p. 1
2005 17.01 yes — Pahokee airport Jacksonville briefing, 2/6/06

Turning now to slope stability issues, these are more difficult to gauge from historic
performance. Although no actual slope failures have been reported, conditions detrimental to
stability have beemZ~cumented, many of which are again closely related to the seepage and pore
pressures accompi=lng higher lake levels. Locally, these include artesian por=—pressures,
springs, and wet conditions at the toe; soft and generally weak peat, silts, and E s in the
foundation; and oversteepened dike slopes in some areas.

The degree of stability cannot be determined by direct observation, but instead must be
analytically assessed by calculating a factor of safety for some specified set of conditions. Many
such analyses have been performed for Herbert Hoover Dike through the years. Depending on
lake level and location, virtually all such studies have reported disturbingly low FS, as little as
1.1 to 1.3, compared to the minimum value of 1.5 ordinarily required for dam slopes. However,
all such calculations for Herbert Hoover Dike confront rather unique difficulties, some that
require navigating poorly-charted analytical waters. One is to predict the pore pressure
conditions associated with higher lake levels. Since direct piezometer measurements at these
levels are rare to nonexistent, they must be predicted by some form of seepage analysis, which
serves to compound analytical uncertainties. A related problem is to determine how these
internal pore pressures within the dike respond to the transient changes in lake level that
hurricane storm surges produce. Past USGS studies documented piezometer responses to waves
generated by hurricanes and even boat wakes (Meyer, 1971), but exactly how to quantify these
effects more broadly for storm surge and wave conditions lies within a somewhat gray
theoretical area.

Separately, the strength behavior of soils within and beneath the dike is itself subject to
interpretation. While all of the stability analyses performed to date have adopted an effective-
stress analysis (ESA) approach, this may not fully reflect the strength behavior during shearing
of soft foundation soils such as silts, clays, or peat, which requires so-called undrained strength
analysis (USA).
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Here the situation becomes murkier still because loose, uncompacted soils such as those
present in the dike can experience substantial reductions in undrained strength if subjected to
large strains, vibration, or cyclic loading. This results in the liquefaction phenomenon referred to
above, which characteristically produces mudflow-like flowslides. These tend to develop
progressively and rapidly, with large failures triggered initially by things like small failures in or
at the toe of the slope, foundation movements, or seismically-induced strains.

Inasmuch as all such stability analyses depend almost entirely on the assumptions
adopted, it is difficult to assure that they accurately reflect the full range of actual conditions that
are, or could be, imposed. Nevertheless, we feel that the work done to date is sufficient to
establish that the stability of existing dike slopes in many areas is at best marginal, and that
further reductions are by no means out of the question.

4.1.3 Progressive Deterioration

There is reason to believe that Herbert Hoover Dike may be experiencing cumulative
damage and progressive deterioration with respect to internal erosion and seepage. A
particularly adverse condition that occurs during hurricane storm surges is the wind set-up and
set-down that causes lake levels to rise, then fall, then rise again from the initial static level, or
the reverse sequence depending on wind direction. This effect is clearly shown by stage time-
histories measured during recent Hurricanes Wilma, Frances, and Jeanne.

In response to this effect, the direction of seepage gradients within the embankment and
foundation will tend to reverse in the upstream-downstream direction. This could cause the
transient filters that can form as particles temporarily block piping channels to be disrupted, or
prevented from forming altogether, by this rapid, back-and-forth flushing action in much the
same way that a toilet plunger removes a clog. This is very different from conventional dams,
whose flow gradients may increase or decrease—but never reverse—during their monotonically
rising and falling reservoir changes that occur much more slowly. Because piezometer data for
Herbert Hoover Dike are not electronically recorded, instrumental verification of this effect is
lacking. Nevertheless, we believe this to be a potentially significant factor in promoting
cumulative damage during successive high-water events.

Another mechanism by which cumulative damage may be occurring is periodic
resuspension of lakebed sediments accompanying storm surges and wave action, which was
evident from observed water quality degradation in Lake Okeechobee following the 2004 and
2005 hurricanes. As noted in Section 4.1.1, thin layers of sediment are believed to play an
important role in partially sealing porous limestone and shell-laden sand foundation deposits
exposed in the rim canal immediately upstream from the dike (Meyer, 1971). Disturbance of this
sediment would allow it to directly enter the porous deposits and move through them in
suspension, progressively reducing the amount of material available for restoring the seal with
each such occurrence.
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Progressive deterioration by either mechanism is difficult to ascertain from field
observations due to their qualitative nature and varied reporting over the years. However, the
following signs of such effects have been noted by the Jacksonville District:

e The 1999 MRR reported that sand boils in portions of Reach 3 were more numerous
and severe in the 1998 high-water event than in the corresponding 1995 event,
indicating that cumulative damage had occurred (USACE, 1999a).

e In March, 2003, sand boils and cloudy seepage were reported near South Bay at a
lake elevation of 15.3, a lower level than had previously been associated with such
features (USACE, 2005c¢)

e In July, 2003, vertical cracking on the dike crest was reported in Reach 3. To our
knowledge, this is the first time that cracking is mentioned in the documents
(USACE, 2003a). The Corps has attributed the cracking to rainfall infiltration.

e The Instrumentation Report for 2003-2004 noted in relation to Reach 1, Subreach C
and D:

“Over the past 8 years the stage at which seepage occurs in this area is lower than
previously experienced. This indicates a worsening condition. Piping has not been self-
healing and the problem will continue to deteriorate the dike over time, especially during
high water events.” (USACE, 2004d)

Together, these observations suggest that the condition of the dike may be deteriorating.

4.1.4 Current Dam Safety Status

The existing conditions of Herbert Hoover Dike described in this section cause us to be
seriously concerned for its safety. Nor are we alone in this assessment, and others have long held
the same concern. We would be hard-pressed to improve on their assessments, which are best
summarized in the 1999 MRR where the Corps of Engineers stated succinctly:

“...there is a very serious risk of dike failure due to piping.” (USACE, 1999a)

An independent technical review conducted by URS at the request of the Jacksonville
District of the Corps supported this finding, concluding that:

“In its present geometry, condition, and without extensive maintenance activity, it is our
opinion that seepage- and piping-related dike breach is likely as the lake elevation rises
above +20 feet.” (URS, 1998)
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The Jacksonville District went still further in convening a panel of eminent geotechnical
specialists recognized for their experience and expertise in seepage and piping-related dam safety
problems. In unusually direct language, their report amplified on the previous assessments with
the following statements:

“The [Jacksonville] District has identified 24 different circumstances that could
contribute to the past or future unsatisfactory performance or failure of the dike due to
piping. Most of these circumstances are related to features that violate current,
commonly accepted standards for seepage control and, as such, are cause for
concern...Further, we believe the conclusion they have drawn from their analyses—that
there is a very serious risk of catastrophic failure and loss of the reservoir due to
piping—is reasonable.”

Elaborating on these findings, the Panel cautioned that:

“Seepage and piping failures may occur without warning. They may result, in part, from
accumulated damage from previous high water events and/or high water duration, in
addition to differential head...The Panel considers the dike to be unsafe from a piping
and erosion point of view, and recommends that actions be taken without further delay to
initiate remedial design and construction of repairs to bring the dike up to a satisfactory
condition.” (Panel, 1998)

Seldom have we seen dam safety concerns voiced by so many engineers so consistently
for so long. Moreover, it is clear to us, as it has been to others, that on more than one occasion
emergency corrective actions by Corps personnel prevented a potential breach of the dike.
Their in-depth knowledge, firsthand experience, and sustained vigilance are all that have stood
between the dike and catastrophe. Commendable as it is, this cannot go on indefinitely. A subtle
but real danger associated with such situations is that over time and repeated close saves, they
can come to be accepted as the norm (Vaughan, 1996). Indeed, serious structural problems with
Herbert Hoover Dike have frequently been described as maintenance issues. But maintenance is
intended to preserve a structure’s condition, not to prevent its collapse. In the end, public
protection must rely on the integrity of the structure, not on the emergency response of its
engineers.

4.2  Geotechnical Risk and Reliability

As evident from the foregoing descriptions, many investigators of Herbert Hoover Dike
have couched their evaluations in terms of risk, and this constitutes the second part of our
assessment of the dike’s current condition. The 1999 MRR (USACE, 1999a) contains a
probabilistic analysis that quantified the geotechnical risk and reliability of Herbert Hoover Dike
at that time. This analysis was performed for the specific purpose of supporting the economic
planning studies for dike repair contained in the MRR, as explained in Section 2.4.
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The precept that underlies this work is that the risk of an undesirable event—in this case
dike failure—is a function of both the probability that it could occur, and the consequences if it
did. Formally stated:

Risk = (probability of failure) x (consequences of failure)

Both of these elements are treated in the MRR, the former by geotechnical reliability
analyses and the latter by means of dam-breach inundation analyses and economic loss
assessments within potentially inundated areas. These were combined to determine whether dike
repairs were warranted by their expected cost and benefits. But our chief interest here is not the
economic justification of Herbert Hoover Dike repairs, rather what these risk and reliability
assessments have to say in a quantified sense about the condition of the structure.

4.2.1 Methodology

Probabilistic assessment of internal erosion and piping in dams can be exceptionally
difficult. This is largely because there are few available analytical models of the physical
process, whose evaluation relies extensively on field observations, geologic knowledge, and
engineering judgment. The MRR adopted Corps procedures only recently developed at that time
(USACE, 1999b), and we believe it to be among the first such applications. The MRR adopted
an analytical approach to estimating failure probabilities associated with internal erosion and
slope instability failure modes. As such, it necessarily incorporated many assumptions and
approximations throughout the computational procedures (USACE, 1999b). Without
enumerating these in detail, it is most relevant to highlight the following:

e Because the geotechnical reliability analyses in the MRR consider only structural
failure modes (internal erosion and slope instability) they produce only a partial
probability of failure. A total failure probability for Herbert Hoover Dike that
included a full range of failure modes would be higher than that which can be derived
from the report.

e The geotechnical reliability assessments reflect the physical condition of the dike in
1999. Any cumulative damage or progressive deterioration that may have occurred
since then—or that may occur in the future—would cause failure probabilities to be
higher than those calculated in the MRR.

e Because of the assumptions and approximations inherent in any such computational
analysis, we consider the resulting probabilities in the MRR to be indicative, not
rigorous. The very nature of probability is such that no probability value can ever be
considered unique and invariant, regardless of how it is derived.



South Florida Water Management District BCI Project No. 2-13294.1

Report of Expert Review Panel April 27, 2006
Technical Evaluation of Herbert Hoover Dike
Lake Okeechobee, Florida Page 45

With these caveats in mind, we have attempted to verify the results of the 1999
geotechnical reliability analyses by extracting probabilities provided in the MRR and converting
them to a form that can be compared to the observed performance of Herbert Hoover Dike
Specifically, the MRR provides conditional failure probabilities at given lake levels, and we have
converted these to annual failure probabilities over all lake levels, as described in the following
section.

4.2.2 Failure Probability for Existing (1999) Conditions

Table H10.2 in Appendix H of the 1999 MRR expresses geotechnical reliability for each
of the eight dike reaches as the conditional probability of failure given various lake levels. These
conditional probabilities are strongly dependent on lake level, with substantially higher values at
and above el. 18 ft. and significantly lower values below it. For example, at el. 21, Table H10.2
of the MRR specifies that failure is certain (100% chance), with nearly a 50/50 chance at el. 18
(46% chance). By comparison, failure probability at el. 17 or lower is greatly reduced but by no
means negligible, with about a 15% chance of failure for lake levels at or below el. 17. These
probabilities reflect the condition of the dike in 1999, with no attempt to adjust them for recent
occurrences. In this respect, internal erosion has occurred at lower lake levels than observed pre-
1999—el. 15.3 in 2003 and el. 17.01 in 2005 as shown in Table 4-1—but it cannot be
determined whether these ocurrences are simply the observed manifestation of the 1999
probabilities, or whether they would suggest some increase in these probabilities at lower lake
levels.

Interpolating where necessary, we have taken the conditional probabilities in Table H10.2
of the MRR at one-foot lake level increments. Then the annual probability of failure for any
particular reach is:

P[] = i plli] plfi | 1] [4-1]
where:
plfi] = annual probability of structural failure of Reach i
pll] = annual probability of lake level j
plfi | 1;] = conditional probability of failure of Reach i given lake level j

The 1999 MRR accounted for the effects of lake level by considering two components:
the static lake level (S) and an Equivalent Lake Elevation (ELE) factor to account for storm
surge effects. ELE was taken as 50% of the peak surge and added to the static lake level, such
that:

li=S+ELE [4-2]
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We determined the annual probability of each one-foot static lake level increment from
the stage-frequency plot on Figure 10 in Appendix I of the 1999 MRR (see Figure 4.3). We also
determined the probability of each one-foot ELE increment at each reach from representative
stations in the hurricane surge-frequency relationships found on pages I-132 through I-137 in
Appendix I.

Then, under the simplifying assumption of probabilistic independence of static lake level
and hurricane surge, the annual probability of the combined lake level increment for any reach of
the dike is:

Pllij] = 2nm {P[Sa] p[ELEn]} [4-3]
where:
plli;] = annual probability of lake level |; for Reach 1
p[Sa] = annual probability of static lake level n

p[ELE.] = annual probability of surge factor (ELE) increment m
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Figure 4.3. Stage-Frequency Relationship (Figure 10, Appendix I, of the MRR)

Finally, substituting p[l;j] from eqn. [3] into eqn. [1] yields the desired probability of
structural failure p[fi]. These calculations result in the following:
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Table 4-2

Annual Failure Probabilities for Existing (1999) Conditions

Reach Annual Structural Failure
Probability

0.095

0.078

0.082

0.006

0.003

0.003

0.046

0.003

R NQ N[N ||| —

Table 4-2 provides the annual probabilities of failure for Reaches 1 through 8 derived
directly from values contained in the 1999 MRR. For purposes of comparison to historic
performance, these individual reach probabilities need to be aggregated into the failure
probability for the dike system as a whole. Accounting for positive correlation of lake levels and
spatial effects among reaches, the failure probability for the dike system p[f] is bounded between
upper and lower limits from the unimodal bounds theorem for series systems as:

Pimax <Pr<1—(1-p1) (1-p2) (1-p3)... (1-ps) [4-4]
which for the reach probabilities in Table 4-2 reduces to:
0.095/yr < pr< 0.280/yr

For convenience, the geometric mean of the upper and lower bounds is adopted here as a
single-valued proxy, a convention adopted throughout our subsequent calculations that reflects
the range within approximately a factor of plus or minus 2. This results in an annual failure
probability for the Herbert Hoover Dike system of:

pr = 0.16/yr

This says that in any given year, absent intervention, there is roughly a one-in-six chance
that failure will occur somewhere around Herbert Hoover Dike. This is the same as rolling any
one face of a six-sided die, which is not an altogether inappropriate analogy in this case.
However, in interpreting these numbers, it is important to recognize that failure could occur
anywhere at any time, and probability values provide a relative measure of this likelihood.
Accordingly, to say that failure is more likely at one location than some other, for example as
Table 4-2 expresses, should not be taken to imply that it could not occur at either place.
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It is also important to note that the failure probabilities described here and throughout this
report reflect only the structural integrity of the dike. They do not account for external
intervention that might be undertaken in an effort to prevent failure, where “failure” has been
defined by the Corps of Engineers for Herbert Hoover Dike in the excerpts cited previously in
Section 2.3. The 1999 MRR does not adjust its calculated probabilities for intervention, nor do
Corps policy and procedures that govern these studies contain provisions for doing so (USACE,
1999b). As reviewers, we seek to adhere to the materials provided to us as they were generated
by the Corps of Engineers, without introducing new numbers into the Corp’s calculations that
they do not already contain. We do, however, comment on intervention separately in subsequent
sections of this report.

4.2.3 Comparison to Historic Failure Frequency

Relating the calculated MRR failure probability to actual dike performance first requires
establishing a representative performance period. The dike was completed to its current
configuration in 1966 and its current regulation schedule has been in place since 1978, so the 33-
year period from 1966 to 1999 can be taken as reasonably representative of the physical and
operating characteristics reflected in the 1999 MRR risk and reliability studies.

Here we assume independent annual Bernoulli trials with constant annual failure
probability of 0.16/yr. Then from the binomial theorem, the mean number of dike failures in
n=33 years is:

(n)(pr) = (33)(0.16) =5.3 [4-5]

This means that, on the average, about five to six failures would be expected in any 33-
year period. This can now be compared to the actual number of failures and near failures
experienced during the 33 years from 1966 to 1999.

The following Table 4-3 summarizes actual or potential dike breaches between 1966 and
1999 as documented in the MRR. Herbert Hoover Dike has experienced full breach of a section
of the dike on one occasion in 1974. This involved reversed-head conditions at the Kissimmee
River tieback dike. The 1995 incidents included are termed “Near Failures” in Section 1.4.3 of
the MRR Appendix H, hence their designation as such in the table. We take the following
statement from page H1-4 to indicate that the dike would have failed (by the Corps’ definition
cited in Section 2.3) had not emergency intervention been undertaken:

“Emergency corrective actions by COE personnel prevented a potential breach of the
dike. See Section High Water Events for Details. ”"(USACE, 1999a)
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Applicable sections of the MRR describe how internal erosion distress was characterized
in the field according to the following four levels of severity:

1. Condition 1 wet spot

2. Condition 2 ponded area

3. Condition 3 active seep

4. Condition 4 active seep with movement of material

Here we take only the most severe internal erosion distress associated with Condition 4 as
indicative of failure in the absence of intervention, where these incidents are described as having
included such features as formation of crest sinkholes, collapse of the toe berm, and formation of
piping tunnels up to two feet in diameter, providing clear indications that the failure process was
at an advanced stage. The same categorization was applied to the Condition 4 event in 1998
shown in the table. We note in particular that Condition 4 events do not include insignificant
occurrences—a total of 94 features were identified in 1998, and only one of these was
categorized as Condition 4. Accordingly, the events in Table 4-3 include those that actually
produced breach of the dike, or would have produced breach of the dike in the absence of
intervention, according to information taken directly from the Corps of Engineers.

Table 4-3
Summary of Failure and Near-Failures, 1966-1999 (Source: 1999 MRR)

Year Reach Incident
1974 Reach 5 Breach of LD-4 tieback embankment
1995 Reach 3 Condition 4 (sinkhole/piping/berm collapse, Culvert 4a to S-354)

Reach 1 Condition 4 (Lake Harbor sinkhole)
Reach 1 Condition 4 (Culvert 10 piping)
Reach 1 Condition 4 (Miller site piping)
1998 Reach 3 Condition 4 (piping near S-351)

As explained in Section 4.2.2, the probabilities determined in the 1999 MRR do not
account for intervention. To provide a common basis for comparison, it is therefore necessary to
account for both actual failures and incidents that would otherwise have become failures in the
absence of intervention, as compiled in Table 4-3. On this basis, the 6 incidents experienced
compare remarkably well to the 5.3 predicted from the calculated failure probability. An
equivalent way to view this is to note that the 6 such incidents in a 33-year period converts to an
average failure frequency of 0.18/yr, which again is in excellent agreement with the calculated
failure probability of 0.16/yr.
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Over a variety of probability estimation methodologies and a number of dam-safety risk
and reliability studies, it has been our experience that no greater than order-of-magnitude
accuracy can ordinarily be expected, and this is especially so considering the number and variety
of assumptions and approximations inherent in the MRR calculations. We therefore consider the
concurrence between the observed and calculated values to constitute strong validation of the
calculated annual failure probability for Herbert Hoover Dike, recognizing that factors such as
those described in Section 4.2.1 could cause this value to be even higher.

Our assessment is not the first such validation. In 1998, the Expert Review Panel
concluded from its own independent estimate that probabilities of failure were “at least as large”
as those provided in the 1999 MRR (Panel, 1998). Although we have quantified our assessment,
our conclusions remain essentially unchanged from those advanced by others eight years ago.

4.2.4 Comparison to other Criteria

Perspective can be gained on the annual failure probability for the Herbert Hoover Dike
system by relating it to failure frequencies for structures of similar type. The statistical failure
frequency due to piping and slope instability for all earth dams in the eastern United States is
about 3.9 x 10”/yr (Von Thun, 1985). Thus, with an annual failure probability for these same
failure modes of 0.16/yr, Herbert Hoover Dike in its existing (1999) condition is over 4000 times
more likely to fail in any given year from these causes than dams of its kind as a whole.

Although the Corps of Engineers has not yet adopted risk-based dam safety standards,
relevant comparisons can be made to guidelines for public protection currently in use by the U.S.
Bureau of Reclamation (USBR, 2003). These guidelines invoke two criteria, one for annual
failure probability and the other for risk to life. With regard to the first, USBR considers there to
be justification for implementing risk-reduction actions when annual failure probability exceeds
10%/yr. The calculated annual failure probability for Herbert Hoover Dike of 0.16/yr is more
than a thousand times greater than this threshold.

The second criterion pertains to annualized loss of life—the product of annual failure
probability and number of lives lost due to dam breach inundation. Because no specific loss of
life estimates are available for failure of Herbert Hoover Dike, we cannot directly evaluate this
factor. However, if even one fatality could be expected to result from dike failure, a prospect we
believe to be virtually certain, the resulting annualized loss of life of 0.16 would exceed the value
of 0.01 lives/yr that USBR considers “justification to take expedited action to reduce risk.” We
also consider it noteworthy that the failure probability for Herbert Hoover Dike is literally off the
scale of the chart used in making this determination
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4.2.5 Cumulative Failure Probability

All of the failure probability estimates discussed so far have been presented in terms of
annual probabilities. This represents the chance of failure in any given year, and it provides the
common denominator for the comparisons presented here. Annual probability alone, however,
does not give a complete picture. Risk also depends on exposure period, or the duration over
which it extends. This is easily understood as the probability of hitting a target. Even a poor
marksman will eventually score a bull’s-eye if enough shots are taken. In much the same way,
each year that passes presents another opportunity for Herbert Hoover Dike to fail, especially but
not exclusively during hurricanes and high-water events. The effect is expressed as the
cumulative probability of failure over time.

We have calculated cumulative probabilities over various exposure periods, and the
results are presented in Table 4-4 below. Not to be confused with cumulative damage,
cumulative probability assumes a constant annual probability of failure of 0.16 and does not
account for any progressive deterioration that may be occurring. For such so-called Bernoulli
trials, the binomial theorem provides that the probability of at least one failure in y years, pg, is
determined from the annual failure probability ps by:

pry=1-(1-pp) [4-6]

Table 4-4 presents cumulative failure probabilities for the Herbert Hoover Dike system
for its calculated annual probability of 0.16, along with the mean number of failures over
selected exposure periods as determined by eqn. 4-5.

Table 4-4
Cumulative Failure Probabilities for Dike System (all reaches)
Exposure Period Probability of one or more Expected Number of
(Years) Structural Failures During Failures
Exposure Period
4 0.50 1
13 0.90 2
17 0.95 3

The above values are for the dike system as comprehensively assessed in 1999, and do
not account for any repairs completed during the applicable exposure periods, their effectiveness,
or emergency intervention. What they mean is simply that unless intervention is 100% effective
throughout the full duration of these periods, and until adequate repairs are in place, there is an
even chance that the Herbert Hoover Dike system will experience at least one failure in the next
four years, a 90% chance within 13 years, and a statistical certainty (95% chance) of one or more
failures in the next 17 years.



South Florida Water Management District BCI Project No. 2-13294.1

Report of Expert Review Panel April 27, 2006
Technical Evaluation of Herbert Hoover Dike
Lake Okeechobee, Florida Page 53

4.2.6 Failure Consequences

It can be recalled from the introductory discussion of Section 4.2 that in addition to
failure probability, the consequences of failure constitute the other component of risk.
Inundation mapping in the 1999 MRR (USACE, 1999a) provided the basis for consequence
determinations presented in Appendix B of that study.

Dam-breach inundation studies reported in the MRR provide mapping and stage-time
curves for potentially inundated areas. Since the model used in these studies is not available to
us, we are unable to independently confirm their results. It appears, however, that the inundation
analyses assume “sunny-day” failure conditions—that is, without considering external flooding
that would accompany dike failure during hurricane conditions—a factor that may affect their
application to emergency evacuation planning. It is also possible that roads, canals, fill areas,
and other features constructed since the topographic data were obtained could affect these
results, along with continuing subsidence in portions of the affected areas. Future construction
of CERP facilities can be expected to further modify these conditions.

Maps of the inundated areas appear to be truncated, with the full extent and ultimate path
of dam-breach discharges remaining unclear to us. Once more, this may be due to limitations
imposed by the cost-benefit purpose of these analyses, so we can only speculate on the ultimate
extent and location of resulting damage. In this connection, however, tremendous volumes of
water are available for discharge from Lake Okeechobee: every one-foot drop in lake level
would release 500,000 acre-feet. The following observations restrict broad application of the
available inundation mapping and associated consequence assessment:

e The inundation studies considered breach at a single location for lake levels up to 21
feet and a breach width of 750 feet. By contrast, we would consider multiple breaches
virtually certain at a variety of locations around the dike perimeter in view of the
magnitude of the Corps’ calculated failure probabilities and their high degree of
correlation among and within reaches at any given lake level. Additionally, we
would expect any potential wave erosion or transient wave overtopping at or above el.
21 to interact with and amplify the effects of structural failure mechanisms, producing
substantially greater breach widths. The sandy and silty dike fill has very low erosion
resistance and large sections of the dike could essentially disappear during high-
water failure conditions. This is exemplified by the performance of New Orleans
levees during Hurricane Katrina, where clayey materials often experienced
remarkably little erosion under overtopping, but levees of sandy materials including
those along the Mississippi River Gulf Outlet (MRGO) were obliterated (Seed, et al.,
2005). This experience suggests that dam breach discharges from Lake Okeechobee
would be massively destructive to the dike, rivaling the effects of Katrina
overtopping. Case-history experience used for predicting breach widths extends up to
discharge volumes on the order of 50,000 acre-feet (Dewey and Gillette, 1993), while
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discharge volumes for Lake Okeechobee could be in the neighborhood of 5 million
acre-feet, exceeding this limit by two orders of magnitude.

e The 1999 MRR assumed that breaches could be repaired within 45 days. However,
external hurricane flooding; lack or submergence of fill materials; and widespread
destruction of infrastructure could require many months or even years for dike
reconstruction. Moreover, since much of the inundated area lies within a subsidence
basin, unwatering could require pumping over extended durations to evacuate
released water amid continuing inflows from tributaries upstream. High-capacity
pumping stations currently operated by SFWMD could be submerged or inoperable
and therefore unavailable for this purpose. In any event, the rate and duration of
unwatering would ultimately be constrained by the capacity of functioning discharge
canals.

e The 1999 MRR did not consider regional effects on infrastructure, environment, or
the water management system itself. Disruption to the hydrologic system described
in Section 2.5 and inability to manage this system for an extended time period could
cause effects to the environment and urban populations even more devastating and
long-lasting than direct damages. These indirect effects will only become greater in
the future as development increases, population grows, and environmental stresses on
wetlands, including the Everglades, increase their vulnerability.

e Lake Okeechobee, and by implication the Herbert Hoover Dike, are integral
components of CERP, whose facilities have been planned around the existing water
management system. If this system becomes inoperable, the purpose and investment
for CERP will be severely damaged and perhaps nullified.

e Without comprehensive information on depth and duration of dam-breach discharges,
there is no way to determine resulting damages to physical features, effects on water
quality, or resulting changes to biological components of its ecosystem. We cannot
rule out the possibility that permanent changes to the physical and environmental
character of the Everglades could result.

For these and other reasons, we believe the consequence determinations in the 1999 MRR
considerably underestimate the local effects that would be expected to occur and the regional
effects to South Florida as a whole in the event of failure of Herbert Hoover Dike. It follows that
the risk associated with failure of Herbert Hoover Dike is much greater than these cost-benefit
analyses convey.



South Florida Water Management District BCI Project No. 2-13294.1

Report of Expert Review Panel April 27, 2006
Technical Evaluation of Herbert Hoover Dike
Lake Okeechobee, Florida Page 55

5.0 PROPOSED REHABILITATION AND REPAIR

In recognition of the seepage and internal erosion problems associated with the current
condition of Herbert Hoover Dike, and based on the economic and other justifications of the
1999 MRR, the Corps of Engineers has obtained funding to initiate a program for repairing it.
Development of the design concept for these repairs has evolved through a long and involved
process of identifying and evaluating many different alternatives, all of which, in one way or
another, seek to reduce detrimental seepage pressures within and beneath the dike. Some of
these rely on restricting seepage, others on collecting it. The proposed design that has emerged
at this time adopts a combination of the two.

5.1 Design Elements

At the time of this writing, and from documents made available for our review, the design
had been completed all the way through to construction plans and specifications at only one
location, a 4.6-mile stretch of Reach 1, Subreach A near Port Mayaca extending southward from
the St. Lucie Canal. Subreach D of Reach 1 has currently been advanced to final design over a
7.3-mile length northward from Belle Glade. Design for the remaining Subreaches B and C of
Reach 1 is now in various stages of preparation and has not yet begun elsewhere. Due to the
different sections under design and their varying stages of progress, we are unable to address
specific locations or details. Rather, we base our assessment on the generic elements and
essential features the design contains, recognizing that local variations and details not treated
here may differ for specific portions both within and outside Reach 1.

In this context, the design contains two basic elements. The first is a cement-bentonite
cutoff to be constructed using the slurry-trench method. In this procedure, a tracked excavator
digs what is, in effect, a deep ditch within a milkshake-like mixture of soil, water, and bentonite
clay whose purpose is to support the walls of the trench and keep it from collapsing during
excavation. After the trench has been completed to its intended depth, soil mixed with Portland
cement is pushed into one end, displacing the slurry and eventually curing to provide an
impervious barrier to seepage. The design calls for this cutoff to be constructed on and through
the downstream slope of the dike starting from el. 26 roughly two-thirds of the way up,
penetrating the dike fill and extending into the foundation down to el. —10. Because it extends
only partway into the pervious foundation materials, it has been more properly termed a “partial
cutoft.”

The second element of the design is located at the downstream toe of the dike, and it too
contains a slurry trench although to shallower depth. However, because this trench is to collect
seepage, it must remain permeable until being filled with gravel encased in filter fabric. Instead
of bentonite for trench support, a biodegradable polymer slurry will be therefore used. Atop the
trench, a gravel blanket will extend over it and to the bottom of toe ditch at most locations. This
feature in its entirety is called the “relief trench and berm.” Both design elements, the partial
cutoff and the relief trench/berm, are depicted schematically on Figure 5.1.
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Figure 5.1. Reach 1A Proposed Repair, Herbert Hoover Dike

In principle, we infer that the intent of these design features is twofold: (1) to reduce the
quantity of dike underseepage and through-seepage; and (2) to restrict seepage uplift pressures
and particle removal at the dike toe. A number of other design objectives have been imposed
that influence how and to what extent this intent is achieved. Stated and implied constraints
include the following:

e There should be no increase in seepage flow into the toe ditch

e There should be no effect on regional groundwater levels

e There should be no or minimal requirements for new right-of-way acquisition

e The existing toe ditch should not be relocated or reconstructed

e The existing powerlines along the dike toe should not be relocated
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A further constraint imposed on Federal levee projects is that the repairs cannot result in
any increase in the Congressionally-authorized level of protection—repair of existing features is
permitted, but not project improvement. This means, in effect, that unless and until the repairs
adopt dam safety standards, their design is precluded from considering or addressing the
performance of the dike above the SPF level of el. 26 ft.

These design constraints and objectives can be mutually conflicting. For example, on
one hand the design cannot increase seepage inflows to the toe ditch, but neither can it reduce
outflows to regional groundwater on the other. Right-of-way and power line requirements
restrict the location of design features, which in turn influences how much seepage and particle
transport they are able to intercept and where. Although such constraints can require certain
tradeoffs in developing any engineering design, they cannot be allowed to compromise its
fundamental purpose.

5.2 Seepage and Internal Erosion
5.2.1 Design Approach

From a seepage and internal erosion standpoint, the approach adopted for design of
repairs has been to calculate seepage gradients from finite-element seepage analyses and to
compare the resulting values to estimates of allowable gradients. Several factors affect this
analytical strategy in principle.

First, the seepage analyses represent the embankment and foundation materials as
homogeneous media subject to laminar (Darcy) flow. While this assumption is commonplace for
most geologic deposits or engineered fills in their original state, the materials beneath and within
Herbert Hoover Dike have been altered by particle removal and transport at many locations.
These conditions have created open voids and tunnels, preferential seepage pathways, and
alteration of in-situ permeability, in contrast to assumptions of homogeneity.

It is at those locations most critical for piping and internal erosion that the greatest
damage has occurred, and where flow through open voids is most likely to be turbulent rather
than laminar. Because actual conditions differ from these basic assumptions, it is difficult to
apply analytical flow models with confidence to soil deposits damaged by internal erosion and
piping. This damage is also a dynamic process, as witnessed by the ongoing appearance of sand
boils, sinkholes, cloudy seepage, cracks, and other features symptomatic of particle transport.
An analytical model provides only a snapshot of conditions in time and cannot be generalized
more broadly when these conditions are constantly changing.

As a result, calculated seepage gradients and flow patterns can provide only an indirect
indicator of a design’s effectiveness in arresting internal erosion. Instead, this effectiveness
depends directly on the extent to which design features intercept, block, seal, or otherwise
physically interrupt the continuous internal erosion pathways that are known to exist and those
that could develop in the future.
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Based on detailed field observations over many years, the 1999 MRR documents the
existence of some 24 potential failure modes or detrimental conditions related largely to internal
erosion. We have not seen sufficient design documentation to demonstrate how the proposed
design will prevent the occurrence of each of these specific failure modes.

Many if not most of these failure modes are, in turn, related to geology. In this respect, a
significant shortcoming of the analytically-based design approach is that the idealizations,
simplifications, and assumptions it must adopt cannot adequately represent the detailed geologic
and stratigraphic conditions that exist in the field or how these conditions will vary over the
many miles of dike length. Although seepage analyses have been performed for several
idealized cross-sections, the subsurface conditions are so variable, and the dike length so long,
that adverse combinations of geologic and stratigraphic conditions are all but certain to occur.

The design approach that we have reviewed for Reach 1 does not directly or specifically
address these geologic factors. Despite the exemplary geologic correlations in the 1999 MRR,
we did not find interpretive geologic profiles in the design documentation indicating to us that
the design has been systematically related to geologic conditions in the foundation. For example,
the slurry-wall partial cutoff extends down to a fixed elevation of —10 ft. regardless of the
stratigraphy or properties of subsurface materials, and we have found no systematic and
continuous representation of what it will penetrate or what lies beneath it. Neither have we
found justification in the design documentation for selection of this elevation as the terminal
depth for the cutoff. Without specifically tailoring the design to geologic conditions and their
variability, there can be no assurance that the repairs as proposed will eliminate internal erosion.

5.2.2 Design Effectiveness

As suggested above, our approach to evaluating the effectiveness of the proposed design
hinges on its ability to physically intercept existing and potential internal erosion pathways. We
believe that the extent to which it does so is limited and that its effectiveness is correspondingly
restricted.

The proposed partial cutoff (which terminates in most locations at el. —10 ft.) and the
relief trench (whose bottom elevation varies nominally from el. +8.5 to +9.5 ft. in Subreach 1A
to —4 ft. in Subreach 1D) will directly intercept piping pathways or unprotected seepage exit
points that exist above these particular levels and at these specific locations. But these features
will not provide protection for existing or potential internal erosion pathways below these levels
in the foundation, or for unprotected seepage exit points beyond the gravel blanket in the toe
ditch. This pertains principally, but not exclusively, to lower limestone and weakly-cemented,
shell-rich deposits in the foundation, whose porous and openwork void structure provides ready-
made pathways for particle transport as evidenced by direct observation of particle entry into
these voids from borehole camera video (USACE, 1999a).
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As reported to us by the Jacksonville District, the sulfurous odor and white staining found
to be associated with concentrated seepage in this lower limestone provide evidence that it
constitutes a major flowpath over some 30 miles of Reaches 1 and 3. Additionally, the 1979
failure of the FP&L cooling pond dam (located approximately two miles east of Herbert Hoover
Dike near Indiantown) shows that that such flowpaths can and do have unprotected seepage exit
points hundreds of feet away that are unlikely to be intercepted by the comparatively shallow
relief trench and berm. Reports of sand boils at some distance in farmer’s fields during the 1983
high-water event further substantiate this assessment.

Where it penetrates lower-permeability layers having sufficient continuity, the partial
cutoff will increase pore water pressures in the dike fill and foundation upstream from it.
Furthermore, it will everywhere induce a downward gradient component in the foundation that
does not now exist in the predominantly horizontal flow regime, as seepage flow is forced to
pass beneath it. As depicted in Figure 9, these downward gradients will tend to increase
transport of particles from overlying sand and silt deposits into and through the porous
limestones beneath, enhancing the development of existing internal erosion pathways it contains
and promoting the development of new ones. In this sense, the term ‘“cutoff” is somewhat
misleading. Seepage, flow gradients, and particle transport are not arrested by a partial cutoff,
but simply diverted to other locations deeper in the foundation also known to contain porous
limestone and shell deposits. Consequently, we cannot rule out the possibility that the proposed
design could make the problem worse.

In addition to broader stratigraphic effects, internal erosion processes can also be
influenced by small details. For example, each one of the hundreds of power poles embedded in
or near the dike toe throughout Reaches 1 and 3 provides a potential avenue for concentrated
seepage and piping through their backfill, and we are aware of at least one dam whose failure by
internal erosion has been attributed to such utility pole penetrations (Taylor, 1963). These
conditions could become critical should any of the power poles blow over in hurricane winds.
The proposed design contains no provisions to remove these poles, and in fact goes to some
lengths to protect them. We have since learned that it is planned to remove these poles.
However, as elaborated in subsequent comments, this represents one more case of changes that
are not contained in what has been put forward as the final design documentation.

The proposed design has not been evaluated for lake levels exceeding el. 26 ft., the
highest extent of the cutoff on the downstream slope of the dike, which also corresponds to the
SPF. For lake levels exceeding this elevation, the impervious cutoff will block dike seepage and
likely cause it to break out on the downstream slope, saturating the loose, uncompacted fill and
potentially resulting in slope failure. This effect would be amplified by heavy rainfall or
transient wave overtopping that might accompany these lake levels. The 1999 MRR establishes
a return period of 935 years for SPF lake levels (USACE, 1999a); more recent estimates by the
Corps place this at 285 years (USACE, 2004a), and our calculations based on eqn. 4-2 indicate
corresponding return periods for static plus effective surge levels of roughly 50 to 250 years
depending on reach.
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Regardless of which of these return periods might be assigned to this or higher lake
levels, the possibility that they could cause slope failure by seepage overtopping of the
downstream cutoff cannot be considered remote in a dam-safety context.

Accordingly, we have strong reservations that the design as proposed will effectively
eliminate internal erosion. For lake levels below el. 26 ft., it may simply shift internal erosion
problems to lower horizons in the foundation and conceivably make them worse. At lake levels
above el. 26 ft., it is likely to introduce additional problems of seepage and stability on the
downstream slope of the dike.

5.3 Slope Stability
5.3.1 Design Stability Analyses

In reviewing slope stability analyses for the proposed design, we have relied only on the
Final or 100% Design Documentation Reports (DDR) for Subreaches A and D of Reach 1, since
we cannot be assured which, if any, of the analyses in the 30% and 60% progress reports
accurately represent what will actually be built.

For Reach 1A, the 100% Detailed Design Report and Design Analysis (USACE, 2004b)
contains a summary table showing factors of safety (FS) ranging from 1.8 to 3.0 for four sections
analyzed at a lake level of el. 26 ft. plus 10 ft. storm surge. It recommends minimum factor of
safety criteria of 1.5 for maximum pool and 1.4 for surcharge pool. To the extent that these
analyses incorporate assumptions similar to those adopted for Reach 1D, the comments that
follow may apply.

For Reach 1D, the Final Submittal Design Documentation Report and Design Analysis
(USACE, 2005b) analyzed stability of the proposed design at five cross-sections. These showed
that in some areas the design would not provide adequate slope stability without supplemental
measures to flatten dike slopes, which the report duly recommended and analyzed.

Hence, even though the report is represented as providing final documentation of the
design, fundamental design decisions were still pending at the time it was issued. Since we do
not wish to speculate on what recommendations the design might or might not ultimately
incorporate, neither can we evaluate whether or not its calculated factors of safety are reasonable.
We can comment, however, on the reasonableness of assumptions adopted in deriving these
values, some of which we believe to be unconservative or at variance with prior precedent and
applicable standards. For instance:

e Factor of Safety Criteria. Factor of safety criteria adopted for design of Reach 1D
repairs deviate from those required for design of new dams. Corps of Engineers dam
design standards require a factor of safety (FS) for the downstream slope greater than
1.5 under maximum storage pool and greater than 1.4 under maximum surcharge
pool (USACE, 2003b). For Herbert Hoover Dike, this should translate to 1.5 for its
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highest authorized storage pool at SPF lake level of el. 26 ft., and 1.4 for surcharge
pool under storm surges exceeding that level.

The DDR for Reach 1D adopts the 1.5 FS criterion only for the 100-yr lake level of
el. 21.3 ft., substantially below the SPF level to which it pertains. For the SPF level
itself, this criterion was relaxed to 1.4. For SPF plus 200-yr storm surge conditions,
the allowable FS was further reduced to 1.3—and potentially as low as 1.2. These
reductions will substantially determine the acceptability of the proposed design from
a slope-stability standpoint. We find them to be inconsistent with FS criteria applied
for Reach 1A and unconservative with respect to applicable design standards. The
DDR offers no technical substantiation to justify these departures.

e Storm Surge Effects. The 1999 MRR accounted for storm surge effects on stability
by increasing the piezometric pressures used in the analyses. By contrast, Reach 1D
analyses incorporated an additional weight of water on the upstream slope, but no
effect on internal piezometric pressures—despite response of piezometers to boat
wakes and hurricane surge documented by Meyer (1971) who states:

“In some instances short-term peaks (waves), such as those caused by hurricanes or
low waves from large boats, were transmitted through Aquifer A-1 and were recorded
inwell 8.”

Correspondingly, we believe that to neglect piezometric response to storm surge
is unconservative, and this assumption led the Reach 1D DDR to conclude that
hurricane surge to heights of up to 11.2 ft. would have no influence on factor of
safety. Again, these assumptions are at variance with Corps dam design
requirements (USACE, 2003b), which specifically note that piezometric
responses corresponding to steady-state seepage may occur under surcharge
conditions for dams with pervious foundations and no positive
cutoff—circumstances which describe the proposed Herbert Hoover Dike repairs
quite accurately. These assumptions are also inconsistent with those adopted in
the 1999 MRR, where the effects of surge height on piezometric response was
explicitly incorporated in stability analyses in the manner explained in Section
4.2.2, which we believe more realistically accounts for these effects. Thus, the
design for repair of the dike’s problems is less conservative than the analyses used
previously to identify them..

e Undrained Strength. Reach 1D stability analyses were carried out under effective-
stress (ESA) conditions, and undrained strength analyses (USA) were not performed.
As explained in Section 4.1.2, ESA does not reflect the strength behavior of fine-
grained soils subject to undrained shearing, nor any reduction in undrained strength
that could result in progressive failure and liquefaction flowsliding. Notwithstanding
the comments above, neglecting USA is inconsistent with representing storm surge as
a rapidly-applied load. More broadly, recent experiences related to the 17" Street
levee failure in New Orleans serve to underscore the importance of thoroughly and
conservatively evaluating failure mechanisms associated with undrained strength
behavior and applied water pressures when analyzing stability under hurricane surge
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conditions. With respect to applicable Corps procedures for conducting stability
analyses (USACE, 2003b), only “long-term” stability has been analyzed without
recognizing that construction of the proposed repairs will produce significant stress
changes that call for “post-construction” analyses under undrained conditions as well.
Similarly, undrained strength loss caused by contraction-induced increases in pore
water pressure is specifically acknowledged in this Corps document but has not been
addressed in the analyses. We would expect this effect to be relevant to the
contractive, hydraulically-placed dike fill, particularly in view of the well-known
1938 construction failure of Fort Peck Dam using similar fill materials over a weak
foundation.

In these and other respects, we find it necessary to comment on the adequacy and
completeness of design documentation for both Subreach A and D of Reach 1. We have found it
exceptionally difficult to track the progression of the repair design and analyses through their
many and varied versions, alternatives, modifications, and criteria since the 2002 Value
Engineering Study, making it all the more important to fully document and justify the end
product. Yet both of the Design Documentation Reports described here put forward additional
recommendations for design, indicating that key design elements and decisions remained
unresolved. Inasmuch as these reports are designated either Final or 100%, we would expect
them to be just that, with stand-alone contents sufficient to allow full and complete assessment of
the finished design by reviewers such as ourselves. For neither subreach did we find this to be
the case, and we therefore must question whether these documents, in and of themselves, provide
an adequate basis for construction plans and specifications; and conversely, whether the plans
and specifications conform to the design.

5.3.2 Construction Stability

In view of the varied forms of disturbance that construction will cause to a dike whose
slope stability is already tenuous, preventing any further reduction in this stability from
construction of repairs will be even more crucial than improving it after their completion. To
avoid inducing failure during construction will require a cautious and deliberate approach to
evaluating and planning construction activities, as well as coordinating them in the field: It
would invite disaster to simply go out and start digging.

Among the most delicate operations will be slurry-trench excavation for cutoff and relief
trench installation. In ordinary application, these are routine procedures completed successfully
over many thousands of miles. For Herbert Hoover Dike, two factors differ. First, the slurry
trenches will be installed on or near the inclined surface of the dike slope; second, failure of this
slope could release Lake Okeechobee.

Slurry trenches are typically excavated in flat ground, where the fluid weight of the slurry
equally supports both sides of the trench. The principal danger occurs if slurry is lost when
trenching penetrates highly pervious zones, causing the level of slurry in the trench to drop and
sidewall support to be reduced. It is not uncommon that this occurs and causes the trench walls
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to collapse, but ordinarily this is merely an inconvenience. However, in sloping ground like the
Herbert Hoover Dike slopes, the slurry must not only support the trench walls as such, but also
the unbalanced earth pressures imposed by the slope uphill. If the fluid weight of the slurry is
too light to do this, or if slurry is lost, the entire slope can collapse—which for the kind of
liquefaction-susceptible materials the dike contains could trigger an even larger flowslide.

For Herbert Hoover Dike, the situation is complicated still more by the presence of not
one but two such trenches: the cutoff trench and the relief trench, which can interact in
damaging ways should they be excavated together. The construction specifications require that
excavation of the trenches be separated by at least 500 feet in a direction parallel to the dike axis;
however, the critical factor is the strength of the slurries at the time that the trenches are
contiguous Moreover, the known presence of highly pervious zones in the dike, along with
internal-erosion cavities, make slurry loss a predictable and expected occurrence when trenching
inevitably intersects them.

We have not found stability analyses that address these conditions in either DDR; the
Reach 1A DDR contains only a simplified analysis for level-ground trench stability. We have
therefore carried out our own analyses to determine as a first approximation if a problem may
exist. We analyzed the portion of the dike upslope from the partial cutoff for the range of slurry
density allowed in the specifications. Higher densities, such as those from uncured trench
backfill, will tend to push the downslope portion of the dike outward, particularly where a slurry-
filled relief trench is also being excavated at the same time. These analyses are sufficient to
convince us that instability is likely in one form or another.

Calculated stability during slurry-trench installation is sensitive to a host of variables:
local slope steepness and configuration; lake and piezometric levels at the time of construction;
densities of soil-bentonite and biopolymer slurries and backfill; sequence of trenching and
separation distance; foundation and fill strength behavior; and doubtless others, few of which can
be effectively and reliably controlled in the field. We have not attempted to evaluate all such
factors alone or in combination, but is clear to us that they produce a variety of potential failure
modes that would be difficult to comprehensively identify, much less analyze. Correspondingly,
and considering the ramifications of inducing instability, we feel that slurry trench construction
on the downstream slope of Herbert Hoover Dike is inherently unsafe and should be
discontinued unless thoroughly and convincingly demonstrated otherwise.

5.4 Design Process

The engineering analyses and judgments that go into a design are only one determinant of
its success. Another is the process by which the design is prepared and executed in the field
during construction. Forensic studies of engineering failures have consistently shown these two
elements to be equally important, and here we focus on the design process as characterized in the
documents we have reviewed. By “design process” we mean the engineering interactions,
contractual procedures, and application of information and knowledge that all must occur for the
intent of the design to be successfully achieved.
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We begin by noting that Herbert Hoover Dike is not an ordinary structure, nor are its
problems routine. So neither should the design process be simple, and this goes fundamentally
to the nature of the internal erosion process itself. At the root of the problem is that information
and knowledge are not the same. Information about internal erosion can be transferred from one
engineer to another in the form of data, analyses, reports, and photographs, but knowledge about
the internal erosion conditions of Herbert Hoover Dike requires firsthand experience and
personal observations over a period of years that cannot be duplicated by data alone. Institutional
knowledge of this kind has developed over time within the Jacksonville District, but it stands to
be lost as key engineers, inspectors, and maintenance staff retire or transfer to other positions.
One concern regarding the design process is therefore that the institutional knowledge so
essential for diagnosis of internal erosion and other potential stability problems may no longer be
available for their repair.

Compounding this problem is that the repairs are not being designed directly by the
Jacksonville District, but instead contracted to engineering firms for each different subreach of
the dike. Federal procurement procedures can be adversarial rather than cooperative,
circumstances not conducive to collaborative interactions. So while information and data are
transferred to the designer, the necessary knowledge may not be.

Capable engineers in a design firm can develop this knowledge, given sufficient time to
become intimately familiar with the behavior and idiosyncrasies of Herbert Hoover Dike. But
there is no assurance that this opportunity will be available because there is no guarantee that any
one design firm will be awarded continuing contracts. Instead, as design for each subreach is
separately put out to bid, there will be many such engineers and many design firms, with
competitive pressures that run directly counter to the kind of knowledge transfer that needs to
occur among them. This is of no small importance. The 1976 failure of Teton Dam was
attributed to ineffective communication between design engineers and field personnel that
allowed critical geologic defects to go unrecognized. For Herbert Hoover Dike, the very nature
of the contracting and procurement process makes it difficult to assure that geologic and
engineering knowledge gained during design or construction of one subreach will be applied to
any other.

From our perspective, these circumstances have already led to ambiguity in design
responsibility, and from the documents it is often unclear to us exactly who is in charge.
Development of repair solutions began seven years ago in 1999 (USACE, 1999a), and for Reach
1A these were finalized only in 2005 on the eve of construction (USACE, 2005a). The design
concept has gone through so many iterations and changes that the process leaves us with the
impression of design by committee. For example, in Reach 1D, the multiple constraints and
mutually conflicting objectives imposed in relation to the powerline, toe ditch, and groundwater
levels are together so restrictive as to appear that the design has been directed more by the Corps
than the engineering firm. Indeed, with this emphasis on peripheral factors, it seems as if the
actual intent of the design—to arrest internal erosion—has become almost a secondary priority.
We make no attempt to establish design responsibility.



South Florida Water Management District BCI Project No. 2-13294.1

Report of Expert Review Panel April 27, 2006
Technical Evaluation of Herbert Hoover Dike
Lake Okeechobee, Florida Page 65

We simply note that if everyone is in charge, then no one is in charge—a potentially
dangerous situation in any design process where a failure would have such serious effects.

We do not know the best procedure for resolving these matters as they influence the
design process. We can offer no immediate solutions because the issues involve federal laws,
rules, and procurement procedures. We believe, however, that the success of the proposed repair
measures for Herbert Hoover Dike will ultimately depend to a significant extent on whether and
how these matters are addressed.

5.5 Monitoring, Instrumentation, and Modification

We have considerable uncertainty regarding the effectiveness of the proposed repair
measures for several reasons, including those presented in Section 5.2.2. This is particularly so
due to in-situ geologic conditions that the current design does not appear to adequately consider.
This uncertainty will require that the as-constructed repair measures be intensively monitored
over many years to establish their actual performance over a full range of lake levels. Plans will
also need to be in place for promptly modifying the as-constructed repairs at the first sign of
adverse performance.

Monitoring of internal erosion and piping processes is always problematic because the
features are hidden and cannot be directly observed. Their presence and development must
therefore be inferred from monitoring of pore pressures, but this too is complicated by the scale
of variation and detectability of the piezometric changes they produce. Many piezometers at
multiple locations will be required to have any reasonable chance of detecting internal erosion
before it becomes fully developed. These requirements are further multiplied by the great length
of Herbert Hoover Dike and corresponding variations in subsurface conditions.

Monitoring of piezometers is currently conducted at a number of locations along the east
and south sides of the dike. A major limitation of this instrumentation, however, is that it can
only be read manually, so continuous readings are not available during storm surges and
transient high-water events. Consequently, there are no data on piezometric response during
periods of surge-induced superelevation of lake levels when internal water pressures are most
informative for evaluating dike performance.

These factors indicate that the proposed design is not a walk-away solution. Determining
its performance and internal-erosion effectiveness will require an extensive instrumentation
network with remote data-acquisition capabilities. This system will need to be sufficiently
robust, both physically and electronically, to sustain continuous data transmission during
hurricane conditions, with sufficient staffing by experienced engineers to interpret the data in
real time as it is received. In addition, current procedures requiring continuous inspections during
high water stages will need to be maintained—at least until performance can be evaluated over a
considerable time period.
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5.6  Reliability of Proposed Design

To our knowledge, the reliability of the current design has not been evaluated
probabilistically. However, the 1999 MRR did evaluate reliability over all eight reaches of the
dike for what was then designated the “preferred plan” for remediation. This consisted of a
seepage berm and pervious relief trench to the top of the lower limestone in Reaches 1 and 3, toe
ditch improvements in Reaches 4 through 8, and a combination of these measures in Reach 2
(USACE, 1999a). Although we have not independently assessed the reliability of the currently-
proposed design, we have no reason to expect that its reliability would be any greater than that of
the 1999 preferred plan.

If so, then information contained in the 1999 MRR can be used to calculate a lower-
bound failure probability for these repair measures. This failure probability can be compared to
that for existing (1999) conditions as shown in Table 5-1 below.

Table 5-1
Reliability Comparison

Reach Existing (1999) P¢ Post-Repair Py A Ps
1 0.095/yr 0.012/yr 7.9
2 0.078/yr 0.003/yr 26
3 0.082/yr 0.003/yr 27
4 0.006/yr 0.006/yr 1.0
5 0.003/yr 0.003/yr 1.0
6 0.003/yr 0.003/yr 1.0
7 0.046/yr 0.003/yr 15
8 0.003/yr 0.003/yr 1.0

All Reaches 0.16/Yr 0.02/Yr 8

In the above tabulation, probabilities for existing conditions are from the previous Table
4-2, and post-repair probabilities are calculated from information in Table H-12.4 of the 1999
MRR in the manner described in Section 4.2.2 of this report. The inferred increase in reliability
(taken here as the decrease in annual failure probability) brought about by the repair measures,
compared to existing conditions, is shown as the ratio of the two in the last column.

In round numbers, Table 5-1 shows that, according to the 1999 MRR, repairs produce
roughly one order-of-magnitude reliability increase in Reaches 1,2,3, and 7 but no improvement
in the others. Considering all reaches, annual failure probability of the Herbert Hoover Dike
system is reduced by slightly less than a factor of 10. By this measure, the repairs produce a
modest improvement in reliability for some of the areas subject to potential loss of life, but still
not approaching the dam safety standards previously discussed in Section 4.2.4 and far below the
corresponding reliability exhibited by existing dams as a whole.
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5.7 Construction Scheduling for Reaches 1 - 3

Repair measures are currently in various stages of design for Reach 1 on the southeast
side of Herbert Hoover Dike, and construction in Subreach A has recently started. The
Jacksonville District has provided the schedule below for completion of repair construction in
Reaches 1 through 3. We are not aware of plans at the present time for repairs elsewhere.

Table 5-2
Repair Completion Schedule

Reach Length (Miles) Scheduled Completion of
Construction
1 22.3 March 2010
2 20.4 May 2013
3 6.7 June 2012

According to Table 5-2, a total of 49.4 miles of dike repair are to be constructed by 2013.
Considering that seven years have already elapsed since planning began in 1999, it seems
optimistic to us that nearly 50 miles will be completed in the next seven—especially in light of
the acts of Congress required for the necessary appropriations. Nevertheless, taking this
schedule at face value, its implications can be judged in terms of the cumulative failure
probabilities it produces over various periods of time.

It can be recalled from the preceding Section 4.2.5 that cumulative probability is a
measure of failure likelihood that accounts for duration of risk exposure. Here, we have selected
10, 20, and 30-year exposure periods to evaluate the effects of the current construction schedule
over time. To provide a basis for comparison, we also consider cumulative probabilities for
current (1999) conditions without repairs over the same periods. Cumulative probabilities for
these two conditions have been calculated from current (1999) and post-repair annual failure
probabilities for Reaches 1-3 derived from the 1999 MRR and given in Table 5-1, adopting the
methods and assumptions previously described. As a simplification, all subreaches of Reach 1
are assumed to be completed simultaneously.
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Table 5-3

10, 20, And 30-Year Cumulative Failure Probabilities
for Current Repair Construction Schedule

Dike Condition Cumulative Failure Probabilities from 2006

Reach 2016 2026 2036
Reach 1 | Repairs Completed 2010 0.40 0.51 0.62
Existing (1999) Conditions 0.63 0.86 0.95

Reach 2 | Repairs Completed 2013 0.44 0.47 0.50
Existing (1999) Conditions 0.56 0.80 0.91

Reach 3 | Repairs Completed 2012 0.41 0.44 0.47
Existing (1999) Conditions 0.57 0.82 0.92

The effects of construction schedule can be illustrated by the above results for Reach 1.
By 2016, repairs will have modestly reduced what would have otherwise have been a cumulative
failure probability of 0.63 to a value of 0.40. Subsequently, failure probability increases less
rapidly as the repairs have their effect, but after 30 years they still will have reduced the
unrepaired failure value of 0.95 by only about one-third to 0.62. This means that there remains
almost a two-out-of-three chance of failure in Reach 1 by 2036, even with the repairs in place on
schedule. Similar effects are shown for Reaches 2 and 3.

So generally speaking, with repairs constructed to the current schedule there remains
roughly a 40% chance of failure in each of the reaches after 10 years, which grows to roughly a
40-60% chance after 30 years as the post-repair exposure period becomes longer. Simply put,
the repairs as proposed are not effective enough or fast enough to produce meaningful reductions
in failure likelihood over extended periods of time.

Reaches 1-3 are among those having populations at risk where failure could result in loss
of life. Failure probabilities such as those in Table 5-3 can be taken to represent the risk over
time to an exposed individual within the inundated area. In this case, however, such a person
could be affected by inundation from dike failure at more than one reach, plus it bears repeating
that the values in Table 5-3 do not allow for any pre- or post-repair cumulative damage, nor do
they account for the full range of failure modes that could occur. For these and other reasons,
risk to an exposed individual in areas adjacent to Reaches 1,2, and 3 (Port Mayaca to Moore
Haven) can be expected to be even higher than the probabilities shown in Table 5-3. Unless
changes are made in current planning, exposed individuals in other reaches will experience no
reduction in their current risk for many years into the future, if at all.
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In light of this assessment, should a failure occur we have no doubt that the dike repairs
currently proposed would be widely viewed in retrospect as having been too little, too late

5.8 Intervention

Considering the time required for effective repairs, it appears that intervention must
unavoidably play an essential role in preventing failure in the interim. By intervention we mean
actions to arrest a failure process that has initiated and that would otherwise propagate to breach
of the dam if left unmitigated. Although their activities may overlap, intervention is distinct
from warning and evacuation: While warning and evacuation seek to reduce the consequences
of failure, intervention seeks to interrupt the chain of events in the failure sequence. In this sense,
intervention has at least three components, all of which must be successfully completed prior to
the development of full breach conditions:

1. Detection of the incipient failure condition;.
2. Response with the necessary personnel, materials. and equipment; and.

3. Mitigation to stabilize conditions and prevent them from further deteriorating.

The Corps of Engineers has well-conceived plans in anticipation of emergency
intervention that include established protocols for visual inspections and stockpiling of materials
(USACE, 2005¢c). Perhaps most essential is the training of field personnel that has come about
through experience with previous such incidents, an effect whose importance cannot be
overemphasized. The dike is inspected and monitored according to the Corps’ Periodic
Inspection and Continuing Evaluation of Completed Civil Works (PICES) Program, with
inspection frequency triggered by increasing lake levels and related dike performance. In terms
of comprehensive planning and overall preparedness, this surveillance program is doubtless
among the most thorough that is in place for any dam. Even so, the steps for effective
intervention listed above confront a number of challenges for Herbert Hoover Dike:

e A great number of distress sites must be detected, properly identified, inventoried,
and triaged for severity. For example, there were 94 individual problem locations in
the 1998 high-water event alone.

e Problem sites are distributed over a wide area. Affected regions of the dike in the
2004 high-water event were distributed over four separate areas with a total length of
nearly 5 miles.

e The 140-mile length of the dike makes even cursory inspection time-consuming. A
drive-by survey of the entire dike would take at least a day to complete.

e The small size of distress features makes early detection difficult—active piping
throats can be the size of a quarter.

e Most distress features must be visually identified through standing water in the toe
ditch. Landside canals in Reaches 2,6,7, and 8, among others, as well as adjacent
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quarries, are prime candidates for submerged piping features, but their depth makes
visual identification impossible.

e Distress features cannot be visually detected at night in the dark.

e For their own safety, emergency personnel cannot be sent out during severe weather
conditions, and inspection is correspondingly delayed.

For these and other reasons, we find it difficult to hold the requisite degree of confidence
in the effectiveness and reliability of intervention that protection of public safety demands.
Nevertheless, some might argue that the past success of intervention makes it reasonable to rely
on it in the future. Intervention, consisting mainly of sandbagging of the most serious distress
sites, was carried out for the incidents summarized previously in Table 4-1 in 1995, 1998, 2003,
2004, and 2005, and in each case failure was averted. In effect, this constitutes a track record of
successful intervention in five out of five attempts. The question is whether this can continue.

Insight can be gained from the related probability of success. Notwithstanding the factors
listed above, and optimistically considering only previous experience, the probability of success
from x previous successes in n attempts would be:

ps = x+1 [5-1]
n+2

which in this case works out to be 6/7 or 0.86. If this probability of success in any given attempt
at intervention remains constant, then the cumulative probability of successful intervention drops
to 74% after two attempts, 64% after three, 55% after four, and so on. This simply illustrates the
commonsense notion that, irrespective of track record, all winning streaks eventually end. But
while intervention must succeed every time in order to prevent failure, the dike’s conditions need
succeed only once to cause it.

This shows how problematic it can be to rely on intervention, but current circumstances
appear to leave no other choice in the short term. Equally troubling is that that for dams, this
kind of intervention is reserved for extreme circumstances as a last-ditch effort. But for Herbert
Hoover Dike as Table 4-1 shows, emergency intervention has been called upon in five out of the
last 10 years and in each one of the past three. What should be a measure of last resort has now
become routine. This practice cannot be sustained, and intervention cannot substitute for
effective dike improvements.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The overarching conclusion from our work is that the current condition of Herbert
Hoover Dike poses a grave and imminent danger to the people and the environment of South
Florida. In this, we join many other investigators, from grassroots engineers to eminent
specialists, who for 20 years have warned that Herbert Hoover Dike needs to be fixed. We can
add only that it needs to be fixed now, and it needs to be fixed right. We firmly believe that the
region’s future depends on it.

The basic problem is simple. Certain geologic formations that underlie the dike, and
portions of the material that comprise it, bear a striking resemblance to Swiss cheese. Laced
with interconnected voids and open channels, not only do these materials conduct large flows of
water, they also admit sand and silt-sized soil particles that comprise the bulk of the dike and its
foundation. In a process of unstable feedback called internal erosion or piping, this seepage
causes more particles to be removed, which in turn causes more seepage. Eventually, either
excessive water pressures cause the dike slopes to fail, or the dike simply collapses from the net
effect of particle removal one grain at a time. Herbert Hoover Dike has narrowly escaped failure
from this process on several occasions, and we suspect that its condition may be worsening.

The failure of Herbert Hoover Dike would be a catastrophe for South Florida. Past
inundation studies have appropriately focused on loss of life and property for areas adjacent to
the dike and the 40,000 people who live there. Without in any way minimizing these effects, at
the same time we view them from a wider perspective. The regional implications of dike failure
have not been systematically studied, but it is reasonably clear that releasing the waters of Lake
Okeechobee would submerge vast areas in the subsidence basin to the south and east, threaten
water supplies throughout the urban corridor, and potentially allow saltwater intrusion into
coastal groundwater by interrupting freshwater flows. Uncontrolled discharges would further
damage tidal estuaries and could harm Big Cypress and the Everglades, perhaps irreversibly. All
in all, recovery could take years, with indirect losses far exceeding direct damages and likely
running to the tens of billions of dollars.

Accordingly, we favor a broad perspective on dike reliability. While most studies have
focused on the eastern and southern sections of the dike most likely to fail, we view all of them
together as an integrated system, where failure of just one component anywhere would cause the
entire system to fail. In this sense, Herbert Hoover Dike is a fragile system—it has no
redundancy. As such, its reliability would be difficult to assure under even the best of
circumstances. But the 140-mile length of the dike, plus the variability in its geologic
conditions, fill properties, and seepage, together imply that adverse combinations of these factors
are virtually certain to occur.

Indeed, probabilistic assessments conducted by the Corps of Engineers show that without
100% intervention effectiveness—a prospect that cannot be relied upon in the long run—the
annual system failure probability is around 0.16, a value consistent with historic dike
performance and equivalent to a one-in-six chance of dike failure with each year that passes.
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This failure probability is highly correlated with lake level, and the dike has been
seriously damaged by internal erosion during past high-water events. As described in Corps
documents, on more than one occasion the dike likely would have failed had it not been for
heroic intervention by Corps personnel. Their in-depth knowledge, firsthand experience, and
sustained vigilance are all that has stood between the dike and catastrophe. Commendable as it
is, this cannot go on indefinitely, any more than a chronically ill patient can continue to be
treated by 911 calls. Public protection must rely on the integrity of the structure, not the
emergency skills of its engineers.

A remedial design has been proposed that seeks to provide a permanent solution, and
initial construction is now underway. We have serious reservations, however, about its prospects
for success. The repairs consist of a partial cement-bentonite cutoff through the downstream
slope of the dike and partway into the foundation, with a gravel blanket and relief trench at the
downstream toe. We question this design’s effectiveness. The partial cutoff will not block
internal erosion beneath it, and will promote seepage and instability of the downstream slope
when lake levels rise above it. We also question this design’s safety. Our analyses point to a
significant potential for instability during installation of the cutoff and the relief trench that could
induce failure of the landside dike slope. By contrast, we feel that the repair design needs to be
simple, robust, and foolproof. And above all, it must first do no harm.

We also have concerns about the design process itself. Due to retirement and
reassignment of Corps personnel, we fear that institutional knowledge so vital to the diagnosis of
internal erosion problems with Herbert Hoover Dike will no longer be available for its repair.
Such questions of knowledge transfer become all the more important in light of current practice
for contracting design studies to various engineering firms, inasmuch as Federal procurement
procedures are not known for encouraging cooperative interactions. We already see indications
that these matters have led to ambiguity in design responsibility, a dangerous situation that can
allow critical factors to be overlooked.

It is perhaps not surprising, then, that the immediacy of these structural issues has tended
to overshadow a more fundamental question, one that goes to the very reason that Herbert
Hoover Dike was built in the first place. This pertains to the adequacy of the flood and hurricane
protection it provides, and this involves whether the dike is everywhere high enough to prevent
overtopping and resistant enough to withstand erosion by hurricane waves. We are unable to
answer these questions from the information at hand, and much will depend on future
developments. One of these will be selection of inflow flood criteria. With the recent inclusion
of Herbert Hoover Dike on the National Inventory of Dams, we would expect that its flood
criterion will be upgraded from the current Standard Project Flood (SPF) to the much larger
Probable Maximum Flood (PMF). The accompanying hurricane criteria may be adapted from
newly-released guidance for CERP facilities or perhaps from risk-based studies reflecting a full
range of flood and hurricane conditions and their likelihood, using up-to-date data and
methodology. Either way, these evaluations will be more technically challenging than anything
associated with the dike’s current problems.
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So long as these questions remain outstanding, it should not be expected that structural
repairs—even when successfully completed—will necessarily provide a once-and-for-all
solution. Important issues affecting the adequacy of Herbert Hoover Dike are unlikely to be
resolved anytime soon.

It follows that a variety of potential modifications and improvements to Herbert Hoover
Dike, along with the studies necessary to evaluate them, will constitute a long-term project with
regional implications. This, in turn, suggests the possibility of greater involvement by the
District. This might take the form of enhanced coordination or technical participation in
connection with Corps activities, or initiatives for related studies that fall outside Corps
jurisdiction. It might also take the form of financial participation, and the District may wish to
explore potential funding mechanisms. The $8 billion CERP investment at risk from failure of
Herbert Hoover Dike provides relevant context for evaluating such a financial commitment.

The alternative is far from encouraging. The kind of comprehensive repairs needed for
Herbert Hoover Dike could conceivably exceed the Corps’ entire annual budget for dam safety
improvements nationwide, and other structures posing even greater safety risks are standing in
line ahead of it. With a predicted 50/50 chance of failing within the next four years, we are not
optimistic that Herbert Hoover Dike can wait its turn to the front. As engineers, we do not hold
ourselves out as expert in public-sector financing. Still, we would be remiss if we did not
include this excerpt from a 1986 Corps document:

“The major concern is not with the costs required to make minor repairs to the
levees...but with the consequence of a complete levee failure. The costs associated with
such an occurrence would be astronomical.”

This assessment is even more true today than it was 20 years ago. The question is not
whether South Florida can afford to repair Herbert Hoover Dike. The question is whether it can
afford not to.

In the meantime, there is sufficient likelihood that the dike may fail before adequate
repairs are completed to warrant preparing for failure in tandem with attempts to prevent it. The
most immediate concern is the safety of adjacent residents subject to greatest inundation depths
and shortest warning times. We therefore recommend that the Emergency Action Plan
(EAP) be comprehensively reviewed and updated. Supplemental attention may be needed for
warning related to current construction activities, and for evacuation routes under high rainfall
conditions with collateral flooding. We also recommend that tabletop or dry-run exercises
be coordinated with local authorities for training purposes and for exposing any
weaknesses in current procedures. There is a need for remote sensing or other means to
quickly and accurately identify breach locations so that evacuees are not sent into harm’s
way.

For any other dam in Herbert Hoover Dike’s condition, the first remedy would ordinarily
be to impose reservoir restrictions. This cannot be done directly for Lake Okeechobee due to
absence of sufficient outlet capacity. Nevertheless, modifications to Lake Okeechobee
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regulating rules should be considered to reduce the probability of high lake levels until
effective dike repairs can be completed. Although this will require difficult choices regarding
adverse impacts of lower lake levels versus reduced risk to life, we feel that existing conditions
make it necessary to confront this dilemma. Under these circumstances, we believe a prudent
dam-safety response would be to reduce operational lake levels by two feet throughout the full
range of regulated levels while more detailed assessments are underway.

As for the repairs themselves, the current design should be re-evaluated in light of the
comments provided here. It should remain firmly focused on arresting internal erosion, and
alternative means for satisfying secondary objectives should be implemented. Consideration
should be given to extending the depth of the cutoff to fully intercept existing and potential
internal erosion pathways in the foundation, with due regard to geologic conditions and their
variability. In view of stability concerns associated with both high lake levels and construction
operations, we advise that the cutoff not be located on or through the downstream slope of
the dike. Additionally, specific measures should be incorporated in plans and specifications
to ensure that dike integrity is not affected by construction activities and that adequate
stability is maintained under all conditions that could occur throughout the construction
process. Monitoring and instrumentation should also be established to evaluate the performance
of the measures constructed, especially during high-water events. Throughout all of these
efforts, a way must be found to better integrate institutional knowledge into the design
process, with clearer delineation of design responsibility and authority.

At the same time, we note that any dike modifications that might be found necessary for
flood and hurricane protection could prove to be physically incompatible with the repair
measures being undertaken. For this reason, and considering the long lead time to perform the
analyses, we recommend that flood and hurricane evaluations be initiated promptly. These
assessments should incorporate the most recent hurricane database. Both joint-probability and
empirical simulation techniques for surge-height prediction should be applied and compared.
These efforts will require first identifying the relevant dam safety criteria to be applied to the
Herbert Hoover Dike.

We could not end this report without acknowledging the tragic but invaluable lessons yet
emerging in New Orleans from the aftermath of Hurricanes Katrina and Rita. Although Florida
has compiled an enviable record in hurricane disaster management, there has been nothing in
recent experience that would parallel the release of Lake Okeechobee. In this respect, the
disappointing progress of recovery efforts in New Orleans shows that planning for post-
disaster recovery needs to be a pre-disaster activity. We correspondingly suggest that
regional-scale studies be initiated to evaluate scenarios associated with loss of confinement
of Lake Okeechobee. Major tasks will include estimating inundated areas and flowpaths to
tidewater, then evaluating effects on environment, infrastructure, and socioeconomic factors.
This can set the stage for developing interim responses, contingency measures, and long-term
plans for reconstruction, redevelopment, and rehabilitation well in advance of disaster—rather
than after it strikes.
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