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Preface

During the last decades, and especially in the recent years, the technology of dam protection
against overtopping and accidental leakage, mainly due to internal erosion, has undergone major
advancement. Although they are different technical problems, frequently the available technology
for the solution is the same, so both issues are considered together in this book.

The increasing demand for safety in modern societies, combined with the limited availability
of financial resources, has created the need for cost-effective solutions. Different technologies
have been successfully applied to a considerable number of dams all over the world, but cases are
scattered across the technical publications. Also the increasingly wide scientific work related to this
subject is dispersed and disconnected from the professional work. So it was considered convenient
to promote an international forum for showing and discussing cases and researches related to dam
protection.

The book contains a selection of the proceedings of the lst International Seminar on Dam
Protection against Overtopping and Accidental Leakage held in Madrid (Spain) in 24—26 November
2014. The latest advances on dam protections and a portfolio of applications in representative case
studies are included. Topics of the book are: failure analysis of embankment dams; soft and hard
protections for embankment dams; failure and protection of concrete dams and additional issues
related to dam protections. The book also includes a summary of the technical manual “Overtopping
Protection for Dams”, published by the US Federal Emergency Management Agency (FEMA) in
March 2014, that was presented in Europe during the seminar.

This book can be considered as a comprehensive summary of the background about dam
protections including case studies and applied research worldwide.
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Technical manual: Overtopping protection for dams

Thomas E. Hepler
Schnabel Engineering Oak Branch Drive Greensboro, North Carolina, USA

ABSTRACT: This paper provides an overview of Technical Manual: Overtopping Protection for
Dams, which was recently released by the Federal Emergency Management Agency (FEMA) of
the United States, to be included in the Proceedings of International Seminar on Dam Protection
against Overtopping and Accidental Leakage. U.S. customary units have been converted to S.I.
metric units for purposes of this international seminar.

Keywords: Dam, Embankment, Overtopping, Protection, Spillway

1 INTRODUCTION

Inadequate spillway capacity is a common problem with many dams. Reservoir inflow that exceeds
available storage and/or spillway discharge capacity can lead to dam overtopping, failure, and
potential for loss of life and significant downstream damages. The design and construction of
overtopping protection for dams is increasingly being viewed as a viable alternative to constructing
larger spillways or increasing reservoir storage by raising the dam crest. However, the decision to
pursue overtopping protection for a dam must give strong consideration to the risk of failure of the
protection system, which could lead to a full breach of the dam. Overtopping protection should
generally be reserved for situations with a very low annual probability of operation (typically less
than 1 in 100); with physical or environmental constraints on constructing other methods of flood
conveyance and with a prohibitive cost of other alternatives; or where downstream consequences
of dam failure are demonstrated to be low.

Alternatives for overtopping protection may utilize a variety of different materials, such as
roller-compacted concrete and continuously-reinforced concrete slabs (for “hard” protection); or
articulated concrete blocks, gabions, grass cover, turf reinforcement mats, flow-through rockfill,
reinforced rockfill, riprap, and various types of geosynthetic materials (for “soft” protection). Not
all materials are applicable in every situation. In most cases, significant research and hydraulic
testing has been conducted on these materials, but since most overtopping protection is designed
to function at an infrequent recurrence interval, practical experience on constructed projects that
have been subjected to overtopping flows is limited. New materials and methods of analysis are
always being developed, so design engineers may need to rely upon manufacturers’ design recom-
mendations, always mindful of the limitations of product testing and analysis. Independent analysis
should always be considered when appropriate.

It is critically important that when an overtopping protection alternative is considered, the
designer must understand all aspects of its design, construction, and long-term maintenance needs.
Regulatory agencies should also be consulted to confirm the circumstances for which overtopping
protection can be approved. Due to the absence of any single recognized standard for overtopping
protection alternatives for dams, there has been some inconsistency in the design and construction
rationale to date. The goal of the FEMA technical manual, Overtopping Protection for Dams [1]isto
provide a source of information on various overtopping protection alternatives for both embankment
and concrete dams, to promote greater consistency between similar overtopping project designs,
facilitate review, and aid in the design of safer, more reliable facilities. The manual is intended



for use by personnel familiar with dams, such as dam designers, inspectors, construction over-
sight personnel, dam safety engineers, and decision-makers, but is not intended to provide detailed
design procedures for all potential applications. FEMA, as the lead agency for the National Dam
Safety Program in the United States, sponsored the development of the technical manual in con-
junction with the U.S. Bureau of Reclamation. Part 1 (Chapters 1-10) provides general guidance
on the design and construction considerations associated with overtopping protection alternatives
for embankment dams, while Part 2 (Chapters 11-16) provides similar guidance for concrete dams.
The manual concludes with a selection of case histories demonstrating field applications of the var-
ious overtopping protection systems presented. This paper and associated presentation will focus
on the design and application of various types of overtopping protection systems for embankment
dams. A second paper will present overtopping protection systems for concrete dams.

2 GENERAL CONSIDERATIONS FOR EMBANKMENT DAMS

Many early dams were designed to accommodate floods based on the largest experienced local
flood or a standardized probable maximum flood (PMF) considered appropriate at that time. Over
the years, significant technological and analytical advances have led to better watershed and rainfall
information, improvements in the analysis of extreme floods, and tools for evaluating hydrologic
events in a risk-based context, which have resulted in the reclassification of some dams as being
hydrologically deficient. Guidance for the evaluation of the hydrologic safety of both new and
existing dams in the United States based on flood loading is provided by the FEMA manual,
Selecting and Accommodating Inflow Design Floods for Dams [2].

The FEMA technical manual, Overtopping Protection for Dams [1] assumes that a hydrologic
deficiency exists at a dam and that traditional approaches to safely accommodate a larger design
flood, such as increasing reservoir storage by raising the dam crest or increasing release capability
by increasing the spillway discharge capacity, have first been investigated and found to be cost
prohibitive or impractical. Overtopping protection may then be an attractive alternative because of
its potential economic advantages and could offer an economical solution to a hydrologic deficiency
that would otherwise not be addressed. Maintaining the existing hydraulic conditions at the dam
to the extent possible is also increasingly important as downstream river corridors are developed
in close proximity to the channel.

Where applicable, overtopping protection may involve all or a portion of the dam crest. This
may be more cost effective than constructing an auxiliary spillway on either abutment at dams
where increased hydraulic capacity is required. A major concern with overtopping protection for
embankment dams is that if the protection fails during a flood event and the underlying embankment
is exposed, erosion and headcutting in the embankment materials could progress rapidly. This could
lead to a breach of the dam during the flood event, with no potential for preventing the failure.
A careful analysis of all potential failure modes for the dam and appurtenant features must be
performed for both the existing (baseline) conditions and for the proposed modified conditions.

Understanding the behavior of an embankment dam during an overtopping event provides a
basis for the design of protective measures. Flow over an embankment dam, as shown in Figure 1,
generally proceeds from a subcritical velocity over the upstream portion of the crest, through critical
velocity on the crest and supercritical velocity across the remainder of the crest, to accelerating
turbulent flow on the downstream slope until reaching the hydraulic jump. The hydraulics of
overtopping flow in terms of unit discharge, depth, and velocity can be estimated by conventional
open-channel flow theories. The unit discharge of the overtopping flow, g, in m*/s/m, is a function
of the overtopping depth, H, in meters, as follows:

q=CH" )

where C = a discharge coefficient dependent upon the geometry of the embankment and the depth
of flow.
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Figure 1. Typical hydraulic conditions during embankment overtopping.

Dam overtopping flow is normally compared to broad-crested weir flow with a sloping
approach. The exact location of critical depth on the crest will be dependent upon the crest profile,
the ratio of the overtopping depth (H) to the crest length in the direction of flow (L), and the relative
roughness of the crest surface. Beyond the critical depth location, flow depth and pressure profiles
will decrease from hydrostatic pressure as the flow begins curving toward the slope beyond the
downstream edge of the crest, or crest brink, where separation of the nappe occurs. Increasing
(or steepening) the downstream embankment slope will increase the pressure gradient and produce
a negative pressure. Large pressure gradients at the crest brink could produce erosion of the dam
embankment or failure of an overtopping protection system. A change from supercritical to subcrit-
ical flow will occur at the location of the hydraulic jump near the downstream toe, with increased
turbulence and pressure fluctuations, and changes in vertical profile where flows are no longer
parallel to the embankment slope (transition from chute to stilling basin). Embankment erosion or
overtopping protection system failure may also occur at this location.

The evaluation of several case histories of embankment dams being overtopped resulted in the
following conclusions related to overtopping performance:

e Uniform vegetation can generally provide some protection for shallow overtopping depths (up
to about 0.3 m) for short durations of a few hours, especially on clayey, compacted soil surfaces.

e Granular rockfill materials at the embankment toe may be more easily eroded and cause
undermining of a more resistant cohesive fill.

e High tailwater reduces the head differential on the embankment and can reduce erosion.

e Interruptions to a smooth downstream slope surface (e.g., a change in slope from steeper to
flatter, or from flatter to steeper; or a projecting structure, berm, roadway, or abutment groin)
produce turbulence which can initiate erosion.

e Flow concentrations due to elevation changes along the embankment crest (generally caused by
camber or by crest settlement) can initiate erosion.

e Flatter embankment slopes have greater resistance to erosion.

Overtopping protection should not be considered as a low-cost substitute for a service spillway,
especially where frequent use, high unit discharge, or high head is a design requirement, or where
the structure impounds a substantial volume of water and downstream consequences in the event
of failure would be significant. Overtopping protection is generally discouraged for use on new
embankment dams due to settlement concerns, unless they can be addressed in the design and no
other practical alternatives exist. Most embankment dam overtopping protection features serve as
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an auxiliary spillway', with service spillways provided to pass the more frequent floods. When
planning to use embankment dam overtopping protection as an auxiliary spillway, the designer
should consider the limitations and risks of conveying spillway flow over an earthen embankment.
Important engineering design considerations include:

o Significant quantities of concentrated flowing water may be introduced over erodible materials,
such as an earthen embankment or foundation material at the abutment contacts.

e Higher static loading on an embankment dam may result in slope failure.

e Uncontrolled leakage from the overtopping protection may cause embankment erosion and
instability.

e Debris carried in the flood flows may damage the overtopping protection.

e Numerous overtopping protection projects have been constructed, but few have seen significant
use—and none has been tested for full design flood conditions.

e Overtopping protection typically involves a significant change to the visual appearance of the
structure.

The embankment dam overtopping protection should be designed so that the abutment groins
and toe of the dam are protected from localized erosion caused by flow concentrations and by
high velocity flow. Hydraulic analyses should be performed to determine the characteristics of
the overtopping flow, including: flow velocity, depth, and type (laminar or turbulent, supercritical
or subcritical); slope changes and discontinuities; and the energy dissipation requirements at the
downstream toe. If erosion at the toe of the dam is expected to occur during overtopping, the
eroded conditions should be evaluated in both the embankment stability and embankment seepage
analyses, and considered in the design of the overtopping protection system.

The construction of overtopping protection on an embankment dam could impact the long-term
stability of the embankment, and affect monitoring of its performance. An impermeable structure on
the downstream slope of an embankment dam can block existing seepage paths and thereby increase
the phreatic surface and decrease embankment stability. Any reductions to the embankment cross-
section can decrease the factor of safety for slope stability. Excavation at the toe of the embankment
to construct a downstream stilling basin, or for over-steepening of the downstream slope, will change
the stability of the overall embankment. Any excavation of the existing dam crest can increase the
potential for dam overtopping during construction. An evaluation of the estimated potential risks
of dam failure during construction, in addition to long-term impacts, should be performed as part
of the design of overtopping protection for an embankment dam.

Before designing overtopping protection for an existing dam, site reconnaissance and subsurface
investigations will be needed to fully understand the conditions of the embankment, foundation, and
downstream area, and to develop appropriate geotechnical parameters for analyzing embankment
slope stability and seepage conditions, estimating the bearing capacity of the foundation, providing
analysis of filter compatibility, and predicting settlement or heave. Overtopping protection systems
for large, high hazard potential embankment dams require more rigorous and detailed analysis to
ensure stability for higher unit discharges, drop heights, and flow velocities. Suitable provisions
must be made to protect, modify, or abandon and replace existing instrumentation systems, and
to provide new systems as required for monitoring the modified dam embankment. Overtopping
protection systems for embankment dams have been constructed using various types of construction
materials as described in the following sections.

I The term “emergency spillway” is discouraged, to avoid the implication that an emergency exists when its
use is required [2].



3 ROLLER-COMPACTED CONCRETE (RCC)

RCC has been used in dam construction since the late 1970s. The concrete mixture has zero-slump
consistency and is placed and compacted with equipment typical of earth-moving or paving oper-
ations. The development of RCC technology has provided a successful method of overtopping
protection of embankment dams, which has proven to be cost effective while affording a number
of other advantages. RCC construction is normally very rapid compared to conventional concrete
construction, with minimal project disruption. In most cases, construction for overtopping pro-
tection is limited to the dam crest and downstream slope, with little to no impact to reservoir
operations. Depending upon the site conditions and discharge requirements, the entire length of the
embankment dam can be used by armoring the crest and downstream face with RCC, or a portion
of the embankment crest can be lowered for use as an RCC-lined auxiliary spillway.

RCC spillways generally consist of non-air-entrained concrete (and therefore potentially sus-
ceptible to freeze-thaw damage), without reinforcement, water-stopped joints, or anchorage, but
with underdrain systems similar to conventional concrete spillways. RCC overtopping projects
completed in the United States typically range in height from 5 to 20 m, with the volume of RCC
typically ranging from 800 to 46,000 m>. A list of 109 completed RCC overtopping protection
projects is included in the technical manual [1]. These projects average 13 m high, with an average
RCC volume of 7,600 m?, an average unit discharge of 7.4 m?/s per meter of crest length, and an
average design overflow depth (or head on crest) of 2.4 m. Maximum RCC applications to date have
been for dam heights up to about 30 m and for unit discharges up to about 32 m*/s/m, with a max-
imum overflow depth up to about 6.1 m. The average cementitious materials content is 200 kg/m?
(including cement and pozzolan) and the maximum size aggregate most commonly used is
about 4 cm.

RCC has a wide application for use as overtopping protection since the material is suitable
for a wide range of flow depths and velocities. Laboratory studies, full-scale tests, and field
experience have all shown that, even at relatively low strengths and cementitious contents, RCC
has exceptional resistance to erosion and abrasion damage, even at an early age. RCC has an added
advantage as it can generally resist captured debris impacts (such as trees, cobbles, and boulders)
without significant damage and without causing severe irregularities in the hydraulic flow due to
snagging of debris. Several RCC overtopping protection projects have reportedly performed well
with overtopping depths of up to about 3 m, with damage limited to surface abrasion and minor
spalling. The Portland Cement Association (PCA) released the Design Manual for RCC Spillways
and Overtopping Protection in 2002 [3], from which much of the design information in the technical
manual was taken.

The sloped chute is the portion of the spillway that conveys water down the face of the dam
or abutment, from the crest to the stilling basin. RCC for the sloped chute is typically placed in
0.3 m thick horizontal lifts resulting in a stepped chute, as shown in Figure 2. RCC chute surfaces
constructed in typically 2.4 m wide horizontal lifts can be constructed without formwork, or by
using vertical forms to create a more pronounced stepped chute surface along the exposed edges.
Formed steps may consist of compacted RCC, grout-enriched RCC, or conventional concrete,
and are generally 0.3 or 0.6 m high. RCC for the sloped chute can also be placed parallel to the
sloped surface (called “plating”) and has generally been considered for projects where the depth
of overtopping is less than 0.6 m, the duration of overtopping is short, and the slope is 3H:1V or
flatter. This method normally requires considerably less material than the stepped RCC overlay
method; however, unit costs are generally higher because of the more difficult placing procedure,
and the energy dissipation and resistance to uplift pressure would be reduced when compared to
RCC placed in horizontal lifts.

The thickness of the sloped RCC chute is commonly measured perpendicular to the slope.
The required thickness is based upon the slope of the spillway, constructability requirements for
placement of the RCC, and structural requirements to resist potential uplift pressures and other
loading conditions. The location of the maximum uplift pressure beneath the slab is often found
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Figure 2. Typical cross-section for RCC overtopping protection.

near the bottom of the slope just above the base of the spillway or adjacent to the downstream apron
or basin slab. Most designers have adopted a thickness between 0.6 and 0.9 m for the sloped chute.
The slab thickness is generally increased as the overtopping depth increases. Seepage through RCC
lifts and at cracks can be safely handled by a properly designed and filtered drainage system beneath
the chute.

RCC spillway crests often follow the shape of the embankment crest to simplify construction, but
represent a broad-crested weir having a low coefficient of discharge, especially for lower depths of
overtopping relative to the crest width. Increasing the efficiency of the spillway crest can reduce the
required crest length of the spillway and/or the overtopping depth, which typically reduces material
quantities. A narrower spillway chute can also better match the downstream channel geometry.
Conventional concrete can be used to provide an ogee-shaped crest or a sharp-crested weir to
improve the spillway discharge coefficient. The discharge coefficient of all weirs will vary with
the approach channel conditions, approach depth (or crest height), and depth of flow over the weir.
The approach apron slab is located upstream of the spillway crest and is designed to reduce channel
erosion, establish the crest height for the control section, and reduce seepage from the reservoir
beneath the spillway chute by the provision of an upstream cutoff.

The downstream apron or stilling basin is a critical feature of an RCC spillway located over a
dam embankment. The designer should have a thorough understanding of the spillway and channel
hydraulics, foundation conditions, and erosion control requirements. The type of energy dissipator
needed will depend upon the flow depth and incoming velocity, unit discharge, operating frequency,
tailwater conditions, and downstream consequences. A simple apron with or without an end sill is
generally most applicable to RCC overtopping projects with infrequent use. The length of the down-
stream apron depends upon energy dissipation and erosion-control features of the design. The U.S.
Department of Agriculture (USDA) Agricultural Research Service (ARS) has performed extensive
research on stepped spillways for embankment dams [4]. Energy dissipation at any location within
the sloped chute was defined as the ratio of head loss to total head, expressed in percent, and
was found to vary linearly from near zero at the crest to a maximum of approximately 73 percent
entering the basin. Riprap is often placed downstream of the basin to protect the downstream edge
of the RCC, and to transition to the downstream channel.

Abutment protection is required for all embankment dam overtopping protection designs. The
abutment protection should be designed to safely contain the spillway flow between the embankment
groins, and transition to the stream channel. Designs which direct flow in a converging configuration
on the downstream face result in three-dimensional concentrated flow channels which increase the
velocity and flow concentration from top to bottom. Abutment protection for RCC overtopping
projects can be constructed by shaping the RCC to armor the abutments from erosion and to provide
a “trough” to channel water from the downstream face of the dam to the natural channel below the
dam, or by constructing structural concrete training walls. Generally, it is more economical to use
structural concrete training walls if the spillway width is narrow, due to reduced impacts to the RCC
placement. The design of abutment groin protection warrants conservative design assumptions and
may justify the use of a numerical or physical model.
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RCC overtopping protection often changes a grass-covered embankment to a concrete-covered
surface having a rough, unfinished appearance. A number of RCC spillways have been covered
with soil and grass to provide a more natural appearance and for some freeze-thaw protection.
A soil cover is usually only considered for RCC spillways that would operate infrequently, as it can
create potential maintenance and environmental impacts at the dam and in the downstream channel
when eroded. The minimum thickness of soil cover is usually dependent upon the type of soil and
its ability to support vegetation, but has generally ranged from 0.2 to 0.6 m.

4 CONVENTIONAL CONCRETE

Overtopping protection for embankment dams utilizing conventional concrete relies on a continuous
layer of concrete to serve as the flow surface for overtopping flows. This normally consists of a
smooth, continuously-reinforced concrete slab (CRCS) constructed over a filtered drainage layer.
The concrete slab and drainage layer protects the underlying embankment from high velocity flows
discharging along the downstream face of the dam. Training walls are normally required at the sides
of the overtopping protection to contain the overtopping flows and to protect the abutments. If the
abutments consist of competent rock, it may be possible to forego the training walls, as long as the
groins are protected and the underlying embankment does not become subjected to high-velocity
flow.

There are a number of embankment dams worldwide that have concrete spillways located on
the downstream face, rather than on an abutment. Although these installations may not have been
originally classified as concrete overtopping protection, their concept is similar—high velocity
flow is conveyed along a concrete surface located on the downstream face of an embankment dam.
Construction of a CRCS on the downstream face for overtopping protection is similar in many
respects to construction of a concrete slab on the upstream face of a concrete-faced rockfill dam
for a water barrier. In order for conventional concrete to be effective as overtopping protection, the
concrete layer must remain intact and be free of significant defects during a flood event.

Flood frequency studies are generally needed to develop flood hydrographs for various return
periods for the site. This information is used in a flood routing study for which magnitudes and
durations of spillway flows are determined. Water surface profiles can then be developed to calculate
flow depths and velocities along the downstream face of the dam for a suite of spillway discharges
and for a range of return periods. This information is used to size training walls at the sides of
the overtopping protection to retain the flow depths, or used with the flow velocities to evaluate
the impact of overtopping flows on the rock abutments. The conjugate depth (or the flow depth
at the downstream end) of the hydraulic jump can also be calculated for sizing the stilling basin.
The flow depths and velocities may be used to evaluate the potential for cavitation damage to the
concrete surface (for determination of allowable concrete surface tolerances and potential aeration
requirements), the potential for stagnation (or uplift) pressures at transverse joints within the
concrete overtopping protection, and for the design of drainage features.

The magnitude of potential uplift pressures at open joints or cracks, and the corresponding
unit discharge, can be estimated in order to evaluate the potential for uplift failure of concrete
overtopping protection, based on model testing performed by the U.S. Bureau of Reclamation [5].
The following defensive design measures (listed in order of decreasing effectiveness) can help
prevent this potential failure mode from developing:

e Waterstops (which block paths for water flow through joints in slabs).

e Transverse cutoffs (which prevent vertical offsets at transverse joints and limit path for water
from the flow surface to the foundation).

e Longitudinal reinforcement or smooth dowels across joints (which minimize width of cracks
and openings at joints and may help prevent offsets).

e Anchor bars into foundation (which provide additional resistance to uplift pressures on concrete
slabs; with soil anchors used for earth foundations).
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Figure 3. Proposed crest detail for CRCS, A.R. Bowman Dam (U.S customary units).

e Filtered underdrains (which relieve uplift pressures that can be generated beneath slabs and
prevent movement of foundation materials into drainage system).

e Rigid plastic foam insulation (which insulates the drainage system and reduces the potential for
freezing; and also prevents frost heave locally).

CRCS overtopping protection requires widely-spaced construction joints to control cracking in
the concrete slabs, as is commonly done for similar types of construction, such as for concrete-
faced rockfill dams and concrete pavements. Appropriate defensive design measures are required
to prevent or minimize the passage of water through the joints, including the installation of water-
stops and continuous reinforcement. The amount of reinforcement will vary depending on the site
conditions, but is usually 0.5 to 0.7 percent of the gross area of the concrete slab cross section.
The reinforcement is spliced along the width and length of the concrete slab protection as required
and passes through all joints. Properly proportioned reinforcement will keep joints and cracks
tightly closed so that they are impervious or allow only minor seepage. The dowelling effect of the
reinforcement, in combination with the aggregate interlock of the tightly-closed cracks, will also
prevent offsets and help maintain structural integrity. The monolithic behavior of the CRCS should
allow for localized distress to occur in the slab, within limits, without compromising the overall
integrity of the concrete overtopping protection.

The U.S. Bureau of Reclamation prepared designs for a CRCS system in the 1990s requiring a
maximum unit discharge of 26 m*/s/m, with a corresponding maximum overflow depth of about
5.5 m, for overtopping protection of A. R. Bowman Dam, with a height of about 61 m. The CRCS
was designed using the Continuously-Reinforced Concrete Pavement (CRCP) computer program
developed by the University of Texas. The program modeled the response of the proposed slab
for various loadings based on the properties and dimensions of the concrete, the gradation of the
subgrade materials, and on limiting criteria for crack spacing, crack width, and steel stress. Using
a design crack width, the seepage volume through the slab during overtopping was estimated to
determine the potential uplift loads on the slab and for design of the drainage system. A critical
design requirement is the provision of suitable connections at the perimeter of the CRCS, including
the dam crest, the toe block, and along the abutments. Hydraulic model studies, along with analyses
using the CRCP design techniques, were used in the structural design of these connections. Crest
details for the proposed CRCS for A.R. Bowman Dam, which was never built, are shown in
Figure 3.
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5 PRECAST CONCRETE BLOCKS

Precast concrete blocks can be used over earth materials to provide a hard surface for flow to pass
safely without eroding the underlying surface, and are commonly referred to as articulating concrete
blocks (ACB) when used for this purpose. An ACB system is comprised of a matrix of individual
concrete blocks placed together to form an erosion-resistant revetment with specific hydraulic
performance characteristics. The term “articulating” implies the ability of the matrix to conform
to minor changes in the subgrade while remaining interconnected with geometric interlock and/or
additional system components such as cables or anchors. These systems have also been referred to
as cellular concrete mats (CCM).

There are many types of precast concrete blocks, each with its own geometry, useful applica-
tion based upon hydraulic performance and erosion prevention, installation procedures, aesthetic
value, and cost. Most ACBs are either cable-tied, interlocking, or overlapping. Most concrete block
products are dry cast at a manufacturing plant near the site using a mold supplied by the manu-
facturer. Some are wet cast (using a higher water-cement ratio) if uniquely shaped. Most ACBs
are from 10 to 23 cm in thickness, and may or may not have an open area equal to anywhere from
2.5 percent for the overlapping (wedge-shaped) blocks, to 18—35 percent for other types of blocks.
Some varieties of blocks rely on a vegetative cover grown in soil placed into open areas of the
blocks or over the top of the blocks to improve performance. All products require placement over
a smooth subgrade with a geotextile and/or a bedding or drainage layer between the subgrade and
the block system. Side slopes may be vertical or trapezoidal-shaped. Installation requirements and
techniques vary with the product and affect product performance. Of most importance is to select
a product or system that has been tested under the flow conditions expected during overtopping.
Extensive research in the U.S. on the performance of ACBs has been performed in a 15 m high
concrete flume facility at Colorado State University (CSU) in Fort Collins, Colorado. Applications
for overtopping protection typically include high velocity flows, steep slopes, and possibly energy
dissipation on the flow surface.

Articulating block systems have been defined to fail in performance testing when the blocks
lose sustained intimate contact with the subgrade. ASTM D7276 is a standard for analysis and
interpretation of ACB revetment system hydraulic test data collected under steep-slope, high-
velocity conditions in a rectangular open channel, and this standard is intended to be used in
conjunction with ASTM D7277 for performance testing of ACB revetment systems. Methods for
computation of discharge, flow depths, friction slope, cross-sectional averaged flow velocity, and
boundary shear stress are detailed within ASTM D7276, and guidelines for qualitative assessment
of stability are also presented. Overall stability of the embankment under the additional hydraulic
loading due to overtopping must be investigated for any ACB system by a competent geotechnical
engineer, and is separate from the analysis of the hydraulic performance of the ACBs. Most testing
has been performed—and prototype installations constructed—with uniform channel widths and
parallel walls. If the spillway walls converge, additional physical or numerical modeling should be
performed to assure flow velocities and directions are not exceeding tested design limits.

The design flow from flood routings is used to determine the design unit discharge and design
head on the crest for a selected crest length. The revetment should be anchored in accordance with the
installation techniques provided by the manufacturer and with ASTM D6884. The transition from
the crest to the downstream slope may be graded to minimize the development of subatmospheric
pressures, which have been found to produce failures of some block systems under large-scale
testing. The crest details must not allow water from the reservoir beneath the system, and the
crest must be well anchored. A cutoff wall and suitable connection should be provided at the
embankment core. If using a wedge-shaped or individual block system, the first row of blocks
should be overlapped and held in place by a cast-in-place, reinforced concrete crest cap.

The blocks on the downstream slope must withstand the hydraulic forces associated with the
maximum unit discharge, slope angle, and roughness of the block system. Figure 4 shows a typical
force balance on a single unit in a cable-tied ACB system. These forces are similar for an interlocking
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Figure 4. Hydraulic forces on the typical cable-tied ACB system.

block system. The drag force on the blocks should be computed by including both form drag and
frictional drag. The destabilizing force from form drag should also include the direct impact of a
vertical projection of the upstream face of a block to account for imperfections during installation.
These computations lead to shear stresses and safety factors that the project system must meet to
ensure no loss of intimate contact with the subgrade. To date, available data for typical cable-tied
systems suggest that flow velocities should not exceed 8 m/s on 2H:1V slopes. Manning’s “n” values
for roughness average between 0.026 and 0.033 for unvegetated systems. Equations for performing
stability calculations that are based upon the factor of safety method have been provided by the
National Concrete Masonry Association (NCMA) and others. The NCMA documents are used as
the current design and installation standards for interlocking and cable-tied ACBs [6].

Tapered wedge block systems are subjected to the hydraulic forces shown in Figure 5. Force
balances are similar to the cable-tied equations, but should include an element for aspiration of
subgrade pressures.

No tapered wedge block system has failed in laboratory or large-scale flume testing situations
up to the capacity of the systems. Velocities up to 14 m/s and critical depths up to 1.1 m have
been attained in flume testing on a 2H:1V slope with vertical side walls. The Manning’s “n” value
that has been computed from several tests is between 0.03 and 0.04. Design guidance for wedge-
blocks is being developed by the Bureau of Reclamation, which holds the patent for the product in
the U.S.

The toe treatment must be adequate to pass expected seepage and drainage flow, to provide
support for the block system, and prevent undermining of the system. The presence of a hydraulic
jump must be considered in the design by knowing the project tailwater elevation and performing
the hydraulic calculations necessary to determine the location of the jump. All systems have been
shown to perform without the formation of the hydraulic jump over the toe. An adequate filter or
collector drain must be provided to ensure proper drainage from underneath the block system and
through the toe. Cable-tied and interlocking block systems are normally installed with a trench
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Figure 5. Typical forces on a wedge-block ACB system.

at the toe. Wedge-shaped blocks need a cast-in-place, reinforced concrete toe block or sill that
supports the system from sliding while providing free drainage. The toe block or sill is normally
placed above the tailwater to prevent the formation of a hydraulic jump on the blocks. The blocks
may be cabled or pinned together for additional restraint.

The formation of the hydraulic jump is accompanied by pressure fluctuations that must be
accounted for either by the block system, in the design of a terminal structure, or by hard protection
at the toe. If the hydraulic jump is to be located on the blocks, the current design practice for
a cable-tied block system is to increase the block weight within the hydraulic jump, which may
require a heavier product. For a wedge-shaped block system, the blocks may either be cabled or
pinned together, or the weight increased. Proprietary testing showed successful performance with
the hydraulic jump forced by a gate at the toe of the system up to a unit discharge of 4.0 m*/s/m
without any restraint. The use of an interlocking block system within a hydraulic jump would
generally not be recommended.

The layer beneath the block system is normally comprised of one or more layers of free-draining
granular material or a combination of granular material and a woven geotextile, which serves as a
drainage or bedding layer and a filter layer. This is to assist with relief of uplift pressures below the
blocks, protect the subsoil from erosion by drainage flow in the underlayer parallel to the slope,
restrain soil particles on the subsoil surface against movement due to seepage exiting the subsoil and
aspiration through the aeration vents of the blocks, and provide a smooth foundation for placement
of the blocks.

In all systems, there has been no credit given in the hydraulic analyses to the interblock restraint,
overlap, cables (if used by the system), or soil anchors. Therefore, it is generally accepted that
an inherent conservatism exists in cable-tied and/or interlocking systems. Although soil anchors
used to be routinely installed with early cable-tied systems, they are currently used only when
determined necessary for an extra measure of conservatism.

6 GABIONS
Gabions are rectangular-shaped baskets or mattresses fabricated from wire mesh, filled with rock,

and assembled to form structures such as gravity retaining walls, lined channels, overflow weirs,
hydraulic drops, and other erosion control structures. Gabions are also used for spillways and as
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Figure 6. Example gabion sections for overtopping protection and energy dissipation.

overtopping protection for small embankment dams. Gabion baskets are generally stacked in a
stair-stepped fashion, while mattresses are generally placed parallel to a slope. Typical sections of
both types are shown in Figure 6.

Gabion baskets and mattresses are manufactured in a variety of sizes from hexagonal woven
steel wire mesh, as specified in ASTM A975, or from welded wire fabric, conforming to ASTM
A974. Hot dip galvanization, zinc treatments, polyvinyl chloride (PVC) coatings, and stainless
steel wire products are available to extend design life. The gabions are delivered to the project site
with the baskets formed, but collapsed for delivery and handling. At the project site the gabions are
expanded to form the baskets and mattresses, and are filled with rock, generally from 5 to 20 cm
in size.

Gabion baskets are typically divided into cells by diaphragms (often at 0.9 m centers) to reduce
rock movement that can cause deformation. To reinforce the structure, the corners and edges of
the baskets are tied and reinforced with heavier gauge wire to prevent unraveling and minimize
deformation. Heavier gauge wire and ties are also used to join the adjacent gabions, forming one
continuous structure. Once assembled, the gabions form flexible, permeable, rugged, monolithic
structures. Gabions depend mainly on the interlocking of the stones and rocks within the wire mesh
for internal stability, and the assembled structure’s weight to resist hydraulic and earth forces. The
wire mesh simply keeps the rockfill in place.

Gabions have advantages over loose riprap because of their modularity and rock confinement
properties, thus providing erosion protection with generally less rock volume, within a smaller
footprint, and with smaller rock sizes than loose riprap. Gabions also have advantages over more
rigid structures as they can conform to ground movement, be easily constructed and repaired,
dissipate energy from flowing water, and be designed to drain freely, although permeability may
reduce over time as the voids in the rockfill become filled with silt, promoting vegetation growth.
Some disadvantages include appearance, since the wire is exposed, and durability, since the wire

14


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18292-3&iName=master.img-006.jpg&w=365&h=246

mesh may be subject to abrasion and corrosion damage. Gabions are also more susceptible to
damage from debris and from vandalism, requiring more frequent maintenance and repair.

The key parameters governing overtopping flow for gabions are slope, drop height, step profile,
and unit discharge. Overtopping tests performed on various types of gabion protection systems have
indicated satisfactory performance for unit discharges up to 3.7 m?/s/m and for flow velocities
exceeding 9 m/s. Stepped gabion weirs offer greater structural stability and resistance to water
loads than sloping mattresses, and provide energy dissipation on the stepped face. Smooth gabion
mattresses placed on a slope should probably be limited to a unit discharge of 0.9m?3/s/m to
minimize the potential for damage. Although testing has revealed that stone size and shape do
not significantly influence the flow conditions on the stepped gabion slope, tightly packed, angular
stones at least 1.5 times larger than the mesh size are normally recommended. Potential debris loads
may require the addition of 5 to 10 cm of protective concrete on the step surfaces. For increased
stability and energy dissipation, the gabions may be tilted upstream about 10 percent to provide a
rising lip. Maccaferri, Inc. provides software for the design of gabion channels and weirs, based
upon maximum velocities and shear stresses developed during laboratory studies for mattresses
and stepped baskets.

Anchoring the gabion spillway or overflow structure to the crest of the embankment is critical
to the performance of the structure, and may be accomplished by constructing a runout extending
some distance along the upstream slope (approximately 3 to 4.5 m) or by excavating an anchor
trench just upstream of the crest and backfilling the first gabion mattress in the trench. An anchor
trench should also be constructed at the downstream end of the stilling basin or downstream apron to
prevent headcutting. A scour analysis should be performed to determine the appropriate downstream
anchor trench depth where excavation to bedrock is impractical. A riprap blanket over a bedding
layer may be provided beyond the end of the gabion structure for additional scour protection.

A filter compatible bedding layer or geotextile material should be designed to serve as a foun-
dation for the gabions and to prevent seepage or overtopping flow from eroding the underlying
surface and transporting embankment materials into or through the gabion structure. The most
common damage occurring in gabion structures is the rupture of the gabion baskets. This can occur
due to continuous abrasion of bedload and debris against the wire, long-term corrosion, excessive
settlement, or through vandalism. When wires break or if the basket opens, the stones become
loose, and the structure loses its shape and rigidity—and consequently its function. Alternatively,
rock inside the gabions can progressively degrade through shaking and abrasion until they are lost
through the gabion mesh openings. This can be avoided if rock of high strength and quality is
used. Other observed failure modes have included inadequate foundation soil preparation leading
to differential settlement, inadequate bedding material or filter material, resulting in migration of
foundation materials through the gabions and loss of foundation support, and improper attachment
between gabion joints, allowing flow to undermine the structure.

7 VEGETATIVE COVER, TURF REINFORCEMENT, AND SYNTHETIC TURF

Vegetative cover maintained on the downstream faces of embankment dams provides some pro-
tection against normal weathering effects and rill development due to rainfall. During small
overtopping flows of short duration, vegetation can also provide protection against the initiation
of concentrated erosion that can otherwise lead to headcut development and dam breach, and may
allow for the planned use of the embankment to convey a portion of a flood hydrograph. For larger
flow rates and/or for longer overtopping durations, vegetation alone may not fully protect against
failure, but may delay breaching sufficiently to permit evacuation of downstream areas. Vegetative
cover is most viable as an overtopping protection method for small dams in humid climates that
receive sufficient moisture to establish relatively dense, uniform turf grasses. Good maintenance
of the grass cover is essential to achieve significant protective benefits. Grass needs to be cut
relatively short on the downstream face of an embankment dam (between 5 to 15 cm) to facilitate
visual inspections and to promote uniformity of growth. Vegetative cover is generally not suitable
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for very steep embankments because of the difficulty of mowing and other maintenance required
to achieve a uniform cover. Installation costs for vegetation are often lower than for other types of
overtopping protection, but maintenance costs can be higher. An advantage of vegetative overtop-
ping protection systems, where applicable for use, is the potential for unlimited sustainability via
annual growth and renewal, if proper maintenance can be achieved.

Vegetation provides protection of the soil surface by reduction of velocities and shear stresses as a
result of the coverage provided by the stems and leaves that blanket the surface, and by reinforcement
of the underlying soil due to the presence of plant roots. The reinforcement aspect may be further
improved by the use of turf reinforcement mats that can improve root mass continuity following
full vegetation establishment. Some types of turf reinforcement may also provide a soil surface
protection benefit before grass becomes fully established. Reinforcement can be provided by a
variety of materials, broadly classified into the categories of geotextile reinforcement and concrete
reinforcement. Geotextile reinforcement may consist of fabrics, meshes, or mats that allow the
grass plant to grow through the reinforcement, so that grass roots bind around the geotextile fibers
to create an integrated geotextile/soil/root mass. Synthetic turf revetments consist of engineered
synthetic (or artificial) turf underlain by a structured geomembrane and infilled with a special
blend of cementitious materials for ballast.

Research to determine the limits of vegetation performance in earth spillways led to methods
for predicting the thresholds of vegetation failure due to accumulated erosion of the underlying
soil through the vegetal cover or due to instantaneous failure of the vegetation itself by stripping of
thinly rooted sod or complete destruction of the vegetal material due to gross turbulent hydraulic
stress. The USDA’s WinDAM B computer model can estimate allowable overtopping discharges for
embankment dams protected by unreinforced vegetation or riprap. Considering a range of typical
grass properties and embankment dam slopes ranging from 2H:1V to 4H:1V, a practical upper limit
on the overtopping unit discharge for unreinforced vegetation is about 0.6 to 2.2 m?/s/m, depending
upon the duration of overtopping.

The most complete source of independent information on natural turf reinforcement products and
guidance for their design and use has come from the CIRIA research program in the United Kingdom
[8]. Two-dimensional fabrics and three-dimensional filled mats improve upon the performance of
plain grass during both short- and long-duration flows. The fabrics have been shown to provide
protection during establishment, and the three-dimensional open mats provide optimum protection
once grass is established. The synthetic HydroTurf™system, a patented product of Watershed
Geosynthetics LLC of Alpharetta, Georgia, has been extensively tested at CSU in Fort Collins,
Colorado, and has shown good performance under a wide variety of flow conditions, including
both sustained flows and wave overtopping. CSU reported stable performance on a silty sand
subgrade at a 2H:1V slope for steady-state overtopping depths up to 1.5 m for a total of 12 hours,
with a maximum flow velocity of 9 m/s (29 ft/s). Limiting velocities over time (in ft/s) for plain
and reinforced grass, from CIRIA, are plotted in Figure 7.

8 FLOW-THROUGH ROCKFILL AND REINFORCED ROCKFILL

The overtopping performance of existing rockfill dams (or massive rockfill placements over existing
embankment dams) is much more difficult to predict than for a new flow-through rockfill dam due
to the probable non-homogeneity of the existing structure. New rockfill designs will specify the
construction materials and placement procedures. Excessive anisotropy between the horizontal lifts
can be avoided by specifying a uniform, clean, and durable rockfill. Compactive effort, material
properties, and lift thicknesses can be controlled. The erosion protection materials need to remain
in place against the forces of flowing water and be filter compatible with the soils that they are
meant to protect. These can be competing goals since it takes flat slopes and large rock to resist
the forces of the overtopping flow, while it takes smaller particles to be filter compatible with
the underlying embankment. Rockfill toe berms may be used to increase mass slope stability and
increase the flow-through stability of an embankment dam during a flood event. Rockfill berms
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Figure 7. Velocity-duration curves for plain and reinforced grass (U.S. customary units).

placed over the toe of a downstream rockfill shell can be cost effective for moderate overtopping
flows when most of the overtopping flow occurs inside the rockfill shell. Rockfill can also be used
to slow the erosion rate and delay dam failure, effectively reducing risk. Such an application could
provide more time to allow for the safe evacuation of the downstream population and reduce the
consequences of dam failure.

There are four essential parts to the analysis and design of a rockfill dam subject to overtopping:
flow-over, flow-through, mass stability, and filter compatibility. Knowing when design control
shifts from flow-over to flow-through conditions is difficult, so designers are encouraged to select
the rock size to accommodate both. However, designs to accommodate flow over a dam are more
stringent because overflow velocities can be orders of magnitude higher than flow-through veloc-
ities. For flow-through velocities to control a rockfill design, the rockfill would likely have much
less than 30 percent of its material sizes smaller than 2.5 cm. Mass slope stability will control the
angle of the downstream slope of the outer rockfill zone. Seepage forces need to be included in the
static slope stability analysis to accurately compute the stability of a rockfill embankment subject
to flow-through conditions. Filter compatibility is required between the outer layers of a rockfill
zone, or between the armor protection and the inner zones of an embankment dam. This could
require multiple layers of gradually smaller particles from the downstream surface to the center
core of the dam.

Because flow through a rockfill is turbulent, Darcy’s law for laminar flow does not apply.
Equations have been developed to estimate critical parameters of turbulent flow through a clean
rockfill. Parameters such as the average velocity of water in the voids, height of seepage exit on
the downstream slope, and unit flow rate are solved iteratively beginning with assumed values of
rockfill permeability, hydraulic gradient, hydraulic radius of the rockfill voids, void ratio, rock
size, and slope of the downstream face. However, these equations do not take into account the
non-homogeneous and anisotropic nature of a rockfill placement. Physical model tests have been
performed by the Technical University of Madrid in Spain to better understand pore water pressures
and permeability within a rockfill for design purposes, and the critical issue of mass slope stability.
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Table 1. Maximum permissible flow rates through a downstream rockfill.

Permissible flow through rockfill (m?3/s/m)

Downstream Slope Ds(, Dominant size of

H:V) rock in slope (m) Loose* Dense™*
1.5:1 0.6 0.4 0.9
1.5:1 1.2 1.4 3.7
1.5:1 1.5 1.9 5.1
5:1 0.3 0.5 1.4
5:1 0.6 1.9 5.1
5:1 0.9 3.3 8.8
5:1 1.2 5.1 13.9
5:1 1.5 7.0 18.6
10:1 0.3 1.4 3.7
10:1 0.6 42 11.1
10:1 0.9 7.4 20.4
10:1 1.2 11.1 30.7
10:1 1.5 15.8 43.7

*Dumped rockfill, poorly graded with a relative density less than 50 percent.
**Compacted rockfill (by vibratory compactor) with a relative density near 100 percent.

After the flow rate through an unreinforced rockfill is estimated, it can be compared to the
maximum permissible flow rate based on the 50-percent particle size (Ds), relative density, and
downstream slope of the rockfill, as shown in Table 1. The values shown represent maximum unit
discharges without particle movement.

Reinforcement can be incorporated into rockfill to hold the surface rock particles in place during
overtopping and flow-through conditions. Improvement to the mass slope stability is also a benefit,
but is considered secondary. The reinforcement is a system composed of two essential components:
a mesh and anchor bars. The mesh is located on the outside of the rockfill and is intended to hold
the rock particles on the outer embankment slope in place, while the anchor bars are attached to
the mesh and embedded deep within the rockfill to hold the mesh securely in place. The mesh
usually consists of steel reinforcement bars tied together. The mesh is sized relative to the smallest
rock that could be dislodged from the downstream face of the embankment slope, and should
have sufficient strength to resist the tractive and seepage forces acting on the surface particles, as
well as the impact forces of debris carried by the overflow. If the anchor bars are to be used to
increase global slope stability, the bars must be embedded beyond the critical shear surface to a
depth sufficient to transfer the design loads in the bars to the surrounding rockfill and eliminate the
possibility of pullout. To resist through flow, reinforcement should extend above the height of the
predicted seepage exit elevation. To resist overtopping flow, the reinforcement should extend over
the entire downstream face. The rockfill would be largest and reinforcement would be heaviest at
the downstream toe of an embankment dam subject to overtopping.

The reinforcement of rockfill dams is usually designed empirically; that is, by copying designs
of older dams performing successfully. Examples of two reinforced dams that have successfully
withstood overtopping many times are included in the manual. A 1982 report prepared by the
Australian National Committee on Large Dams (ANCOLD) includes information on 50 reinforced
rockfill dams and cofferdams [8]. Of these 50 mostly Australian dams, 18 were overtopped by
flood flows and 5 of these failed.

9 RIPRAP

A riprap layer on the downstream slope of an embankment dam can generally provide some pro-
tection against the initiation of embankment erosion during overtopping flow. Riprap is generally
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composed of high quality quarried rock and is dumped or manually placed over a suitable bed-
ding layer. With riprap in place, the overtopping flow is conveyed both through and above the
riprap layer, thus preventing erosion by reducing flow velocities and shear stresses along the sur-
face of the erodible embankment materials. Riprap is generally considered to be lower-priced
than many other erosion protection alternatives when suitable borrow sources are available nearby.
Riprap has always been an attractive option for erosion protection because it is widely avail-
able and conceptually simple in function, requiring nonspecialized preparation and installation,
and minimal long-term maintenance to achieve apparent effectiveness. However, experience and
research have shown that riprap layer and bedding design details and construction quality con-
trol can significantly affect performance for protection against overtopping flow. Riprap has been
widely used in arid areas and on steeper embankment slopes (up to about 1.5H:1V, or the angle
of repose) where vegetative protection is difficult to establish and maintain. The use of riprap for
high flow rates and steep slopes generally becomes cost-prohibitive due to the large size of rock
required.

There is much uncertainty in the design and analysis of riprap for overtopping protection, and
conservative approaches are recommended. Guidance provided in the manual is more applicable
to the design of new overtopping protection systems, rather than for the evaluation of existing
riprap placements, since it is difficult to accurately assess the in-place gradation and placement
uniformity of existing riprap not originally intended to be overtopped. Overtopping performance is
very sensitive to the permeability of a riprap placement, primarily governed by the Dy size within
the riprap layer, which is very difficult to evaluate for an existing dam. The degree of overtopping
protection provided by riprap has been the subject of several research efforts in recent years. The
primary area of interest in these studies has been determination of the allowable flow rate through
and over a specified rock layer or alternately the size and depth of rock needed to protect against a
specified flow rate. The secondary area of interest is the energy dissipation produced by the rock,
often expressed in terms of the effective hydraulic roughness of the surface. In recent years, riprap
has been specified for overtopping protection on mostly small, low hazard dams, although a few
high hazard applications are cited in the manual.

Studies have shown that rounded rock can withstand a unit discharge about 40 percent lower
than angular rock, and that uniform (or poorly-graded) materials can withstand higher flowrates
than non-uniform (or well-graded) rock with the same Ds. They also found that uniform materials
(Dgo/D1o = 1.1) failed more suddenly than non-uniform materials (Dgo/D;o = 2.2) when the riprap
layer became unstable. Riprap gradations with a wide range of sizes typically experience problems
with size segregation during placement. So for best performance under overtopping flow, an angular
rock of relatively uniform size is generally desired, while gap-graded materials and mixes with a very
large range of sizes (Dgs/D)s > 7) are generally avoided. Riprap layer thicknesses are commonly
between 2 to 4 times D5, the former being the minimum necessary to protect the bedding material
and the latter being a practical upper limit for effective placement. At slopes steeper than 4H:1V,
current procedures require the entire computed flow to be conveyed interstitially. For flatter slopes,
a portion of the flow can be conveyed above the rock surface, provided the surface flow will not
exceed the critical shear stress limit for the rock. The manual provides design guidance for selecting
D5 for a given unit discharge (in ft*/s) and slope in Figure 8. These curves are applicable to angular
riprap with Dsy of 0.6 m (2 ft) or less, dumped randomly on appropriate bedding material in a layer
at least 2*Ds thick. Unit discharges above the computed allowable level should be expected to
cause riprap failure (defined as exposure of the bedding layer), as no safety factors are included.
Several investigators have noted that careful hand placement of riprap to achieve improved armor
density and interlocking of individual rocks can significantly increase allowable discharges, but the
application of this construction method is not commonplace. Another alternative involves the use of
a grout slurry to partially or fully fill the void spaces between the riprap. Until research specifically
focused on overtopping flows can be conducted, partially-grouted riprap is not recommended for
protection of embankment dams. Fully grouted riprap is also not recommended, since it suffers
from the problems that partially-grouted riprap is designed to address, namely the lack of flexibility
and inability to relieve high pore-water pressures.
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Figure 8. Allowable unit discharge as a function of slope, for a fixed stone size (U.S. customary units).

10 GEOMEMBRANE LINERS, GEOCELLS, AND FABRIC-FORMED CONCRETE

Geomembrane liners, geocells, and fabric-formed concrete have seen limited use for overtopping
protection. A geomembrane is an impermeable synthetic liner or barrier made from relatively thin,
continuous polymeric sheets. Geomembranes are commonly installed as an impermeable sheet
liner with a soil cover. A cellular confinement system (CCS), commonly referred to as a geocell,
is normally made from polyethylene strips connected in a honeycomb pattern and filled with earth
materials or concrete. Fabric forms, consisting of woven, double-layer synthetic fabric, are normally
filled with fine-aggregate concrete. Fabric-formed concrete is also referred to as articulating block
(AB) mats.

A geomembrane can be placed over a low embankment dam for overtopping protection, or over
an earthen section, swale, dike, or abutment away from the main dam, to provide a non-erodible
surface for flow. The geomembrane should be placed over a smooth subgrade with the sides and
upstream and downstream ends trenched and/or attached to fixed sills. The liner should then be
protected with a granular soil cover that will wash away during flood events. Where feasible, seams
between geomembrane rolls should be parallel to the flow. When geomembrane seams cross the
flow, the upstream sheet should overlap the downstream sheet by a minimum of 0.9 m. Energy
dissipation should not be allowed to occur on the liner. The manual describes a test installation by
the Bureau of Reclamation in 1988, which experienced flow velocities up to 8 m/s.

Concrete fill is generally preferred for CCS installations that could be subjected to severe or
persistent flows or to hydrodynamic forces from high velocity flows. A geomembrane or geotextile
is often placed beneath the CCS for ease of construction or for redundant erosion protection. The
woven fabric form consists of a series of compartments linked by an interwoven perimeter. Grout
ducts interconnect the compartments, and high-strength cables are normally installed between and
through the compartments and grout ducts. Once filled with grout or fine-aggregate concrete,
fabric forms can provide concrete linings with deeply patterned surfaces. These patterns create a
lining with large hydraulic resistance, which can reduce the overtopping flow velocity over a dam
crest and impart stability to the system. Cellular confinement and fabric-formed concrete systems
are provided by companies that have proprietary claims on product manufacturing, testing, and
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Table 2. Summary of design limits for overtopping protection systems.

Protection Dam height Unit discharge Overflow depth Flow velocity Shear stress
system Chapter (m) (m3/s/m) (m) (m/s) (kg/m?)
RCC 2 30-60 29-32 6 6-9

CRCS 3 45-60 22-26 6 24

Cable-tied ACBs 4 12 2.8 1.2 8 93
Wedge blocks 4 15-18 39 1.7 14

Gabions 5 8 2.8-3.7 1.4 7-9 170
Grass 6 8-15 0.6-2.2 0.3-1.2 2.7 66
Reinforced grass 6 12-15 3.0 1.5 6

Synthetic turf 6 12-15 2.8 1.5 9 44
Reinforced rockfill 7 43 14 34

Rockfill 7 15 0.9-2.2 0.6-1.2

Riprap 8 15 0.9-2.2 0.6-1.2

Geo liners 9 8 0.2 0.3 8

Geocells 9 8 9 78
Fabric-formed conc 9 8 290

application designs. As such, it is difficult to obtain detailed data regarding performance and
applicability as an overtopping protection method.

11 SUMMARY OF OVERTOPPING PROTECTION ALTERNATIVES
FOR EMBANKMENT DAMS

Part 1 of the manual concludes with a brief assessment of each of the overtopping protection
systems presented using physical, hydraulic, and socio-economic factors as a means of comparison.
This information is intended to provide a quick reference to identify the various similarities and
differences, and potential advantages and limitations, of each of the overtopping protection systems
presented in the manual, and can be used to help determine the various systems for further study
that may best apply to a given situation.

Table 2 provides a summary of design parameters for various overtopping protection systems
for embankment dams that may represent practical upper limits for their applications. The designer
must confirm that any particular system selected will perform satisfactorily for the actual condi-
tions of a given project. Most regulatory agencies will only approve applications of overtopping
protection technology for embankment dams that are clearly within the established capabilities of
the technology proposed.

12 CONCLUSIONS

The performance of most overtopping protection systems in the field under design loads is largely
untested due to the remoteness of the design flood events. All systems included in the manual
have been tested in the laboratory, or to some degree in the field, and the design parameters of
any overtopping protection system should be within the limits tested. Numerous RCC overtopping
protection projects have been shown to perform well for long durations and for overtopping depths
of'up to several meters. Some overtopping performance of both cable-tied and non-cable-tied ACBs
has been reported. Some reinforced rockfill dams have also experienced frequent and sustained
overtopping. Since embankment dams normally have a downstream slope that is either vegetated or
composed of rockfill or riprap, any overtopping of embankment dams can provide information as
to their performance up to the maximum conditions sustained, with or without failure. The potential
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vulnerabilities and risks of each system should always be carefully evaluated before selection for
final design and construction.

Some form of drainage or pressure relief will be required for all overtopping protection systems.
Some systems provide natural drainage, such as gabions and rockfill, while others will require
special drainage layers, collector pipes, weep holes, and outlets. Drainage systems must protect
against the development of uplift pressures and be adequately filtered to prevent internal erosion
of fine-grained materials.

Some overtopping protection systems use geotextiles as the primary component, or to provide for
filtration, drainage, or added erosion protection of the underlying soils. While the use of geotextiles
is gaining acceptance for some dam applications, many regulatory agencies would not permit the use
of a geotextile in an embankment dam where its poor performance could lead to failure of the dam
or require costly repairs. The filtration function of a geotextile located beneath an overtopping
protection system is usually critical to the successful operation of the system. Geotextiles may
tear with the placement of the overtopping protection units or displace under the high velocity
and turbulent flows of the overtopping event. In some cases, system failure at one small location
can cause complete failure of the dam. Overtopping protection systems that rely on a geotextile
as an essential line of defense to protect against scouring of the underlying soil materials during
overtopping of an embankment dam should be designed with special attention to the durability and
longevity of the geotextile or should be avoided.

A terminal structure is normally required at the downstream end of the system to provide energy
dissipation for the overtopping flow. Stepped systems, such as RCC placed in horizontal lifts,
tapered wedge blocks, and stacked gabions, or systems with high surface roughness, such as
rockfill, riprap, and fabric-formed concrete, will provide some energy dissipation before reaching
the toe, which can result in the design of a smaller terminal structure. Most systems require some
additional strength or capacity to resist the larger hydraulic forces normally associated with a
hydraulic jump, such as an increased thickness or additional reinforcement, while other systems
must avoid the occurrence of a hydraulic jump on the surface entirely.

Maintenance requirements will also vary with the system. All systems should be inspected
regularly to the extent possible for signs of deterioration or damage. Buried systems will still require
the maintenance of the vegetative or soil cover. Vegetation must be maintained in good condition.
Trees, shrubs, or other woody vegetation should never be permitted on the overtopping protection,
to avoid potential damage by roots, allow proper inspection, and avoid flow disturbance during
operation. Exposed concrete surfaces should be inspected for cracks and open joints. Drains should
be periodically inspected and outlets should be maintained open and free-draining. Systems relying
upon steel components, such as gabions and reinforced rockfill, must be periodically inspected for
corrosion or abrasion damage. Proprietary systems should be maintained in accordance with the
manufacturer’s instructions.

The material presented in the manual has been prepared in accordance with recognized engi-
neering practices. The guidance provided in the manual should not be used without first securing
competent advice with respect to its suitability for any given application. The publication of this
material is not intended as representation or warranty on the part of the individuals or agencies
involved that this information is suitable for any general or particular use, or promises freedom
from infringement of any patents. Anyone making use of the information presented in the manual
assumes all liability from such use. Any use of trade names and trademarks in the manual is for
descriptive purposes only and does not constitute endorsement of any product.
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Review of embankment dam protections and a design methodology
for downstream rockfill toes
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ABSTRACT: The paper summarizes the most common embankment dam protections as well
as some general design considerations. In addition, a brief summary of failure mechanisms is
presented. Finally, a new design methodology about rockfill toe protections is introduced. This
methodology has been the result of a PhD thesis developed in the Technical University of Madrid.
Results of the experimental validation of this methodology are briefly described.

1 INTRODUCTION

During the last decades, there has been a significant increment of the social demand on dam safety
standards, especially in the most developed countries. This has yielded to new, and more demanding,
dam regulations and guidelines (MOPTMA, 1996). So, the challenge for dam engineers is huge due
to the fact that this safety improvement has to be developed over existing dams, mostly designed
in accordance to less restrictive technical criteria. Furthermore, the plight of the global economy
demands to put it into the practice through cost-effective methods.

There are different possibilities to enhance the safety of the dams. In such a way, during the
last years, a great effort has been done in many countries using risk assessment to classify the
dams through their potential damages caused by their failure and the probability of occurrence. In
addition to this, emergency plans have been developed in some countries to diminish the conse-
quences of dam failures. Also, the improvement in the surveillance of dams through new monitoring
technologies and data analysis has induced an increment of dam safety. Such activities have been
focused on prevention to reduce damages through early failure detection as well as mitigating its
consequences.

However, safety of existing dams can also be improved through adapting their former designs
to protect them against foreseeable failure mechanisms. In the particular case of embankment and
rockfill dams, it is well known that the most frequent causes of failure are overtopping and leakage
due to internal erosion (usually known as “piping”) of the materials either of the dam body or its
foundation. Having said that, the type of protections considered in this background review will
be the ones dedicated to avoid or reduce the effects of the abovementioned causes once they have
occurred. Hence, other actions aimed at mitigating the causes of failure such as increment of the
capacity of the spillway or flood management, are out of the scope of this paper even though they
can be considered as a dam protection as well.

Furthermore, developments on protection technology could be used for functional purposes in
new facilities. Thus, in some cases, protections have been used to build cofferdams, auxiliary and
service spillways of ponds, small embankment or rockfill dams. In such cases, designers should
be aware of the potential risk associated to each type of protection and the high vulnerability of
embankment and rockfill dams in case of protection failure of spillways built on the dam body.
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Figure 1. Examples of overtopping and accidental leakage processes in embankment dams: a) impervious
core with highly permeable shells; b) upstream face rockfill and c) homogeneous earthfill.

2 FAILURE MECHANISMS OF EMBANKMENT AND ROCKFILL DAMS

Properly design of embankment and rockfill dam protections in overtopping or piping scenarios
previously requires a conceptual analysis of the failure mechanisms of this type of dams. Both
accidental events, when happen, may cause either high unit through-flow or external skimming
flow over the downstream surface of the dam body. So, in the very initial phase, these flows could
cause damages to the downstream shell because of the loss of the material due to unraveling,
erosion or mass slide. Hence, most of the embankment dam protections are focused on reduc-
ing the damages in the downstream area of the dam. Therefore, the damages in the impervious
element would be avoided or, at least, delayed, as much as the protected downstream shell may
withstand.

Apparently, failure mechanisms strongly depend on the type of dam, the materials within the dam
body and its foundation. In such a way, Figure 1 shows how overtopping and accidental leakage
flows develop, depending on the permeability and cohesion of the different zones of the dam body.

So, in dams with highly permeable downstream shells, typically formed of materials with neg-
ligible cohesion (Figures la and 1b), the water from overtopping and accidental leakage flows
through the material of the downstream shell and exits the dam body at the downstream toe. In
most of these cases the failure begins with a significant damage of the downstream shell at the toe
of the dam, usually from downstream to upstream.

26


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18292-4&iName=master.img-000.jpg&w=365&h=311

Figure 2. Scheme of particle dragging at the external surface of a rockfill downstream shell.

The main failure mechanisms of the dam body are the following:

— Internal erosion. In highly permeable downstream shells, the turbulent through-flow may develop
high seepage velocities. Therefore, the risk of internal erosion due to particle dragging from the
inside of the dam body is high. In addition to this, the seepage due to through-flow can cause
dynamic pore water pressures with uncertain consequences. Moreover, internal erosion of the
material of the impervious core has to be considered due to either a concentrated leakage flow
or the overtopping flow over the downstream surface of the central core during the freefall from
the crest of the dam.

— Dragging of particles. The particles of the material placed over the downstream surface of the
dam shell can be dragged due to the forces caused by the flow pattern at the toe of the dam which
is a combination of the exit of the through-flow and the external skimming flow as shown in
Figure 2.

— Mass slide. The slope of the downstream shell of earth-rock and rockfill dams is usually designed
assuming that it will be free of pore water pressure. Therefore, the presence of pore water
pressures developed by the through-flow may cause instability and mass sliding (Toledo, 1997).

On another note, in the case of earthfill dams (Figure 1c¢) with downstream shell comprising
either impervious or semi-permeable material, through-flow seepage turns negligible. So, the
principal failure mechanism associated to overtopping will be the scour due to shear stress caused
by the skimming flow over the downstream surface of the dam body. In addition, in case of internal
leakage, the failure mechanism will be internal erosion of the cohesive material caused by the shear
stress between the pressure flow and the soil, when piping has been developed. Granular filters
are commonly used to protect internal leakage in this dam type. However, filters and additional
protection systems of dam foundation are out of the scope of this technical review.

3 DESIGN CONSIDERATIONS

Once the failure mechanisms of the existing dam have been analyzed, the design of the protection
requires additional input to select the suitable technology. This selection strongly depends on the
following factors:

— Design unit-flow. Most of the protections have a range of suitable unit flows depending of specific
tests or previous references in real cases (FEMA, 2014). Every embankment dam is able to
withstand certain unit-flow without any protection. Once this discharge is overcome, protections
are needed and, as the design unit-flow increases, the number of suitable technologies decreases.
However, the estimation of the value of the design unit-flow is still a challenge nowadays. Even
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so, in countries like Sweden and Norway there are technical regulations which establish criteria
about design unit flows for dam protection against accidental leakage (EBL Kompetanse, 2005;
SVENSK ENERGI, 2007). In any case, additional research is necessary to establish uniform
criteria about the design unit-flow for dam protections, considering the natural hazards, potential
risk and overall environmental and economic benefits.

— Dam height. It is also necessary to estimate the maximum velocity and shear stress caused by
the flow. The overtopping protection systems have design limits directly related to these values
so, a comprehensive analysis of them should be previously done.

— Structural behavior of the downstream shell. Most of the embankment protections are placed
over the downstream slope of the dam and the new stresses and settlements should be con-
sidered in the protection design. This analysis should conclude about possible measures such
as drainage systems, anchors to withstand shear forces in the contact surface between the soil
and the protection, or the adoption of flexible alternatives, more adaptable to foreseeable dam
settlements.

After the protection system has been selected, the design should accomplish the required safety
factors. However, the fulfillment of this condition poses a number of difficulties that must be
considered:

— Asitwas already mentioned, the protection system can be subject to different failure mechanisms.
Consequently, each one of them should have a correspondent safety factor to be fulfilled. This
may cause confusion since there are not standard requirements and it could not be reasonable to
demand the same safety factors to the different mechanisms of failure.

— For a particular mechanism of failure there are different alternatives for the safety factor calcu-
lation (Cox, Thornton, & Abt, 2014). However, there are significant differences in the obtained
results among them. There are also equivalences in the safety factor depending on the action
selected to be applied to (Toledo, 1998).

— Nowadays, there is a lack of criteria about the safety factor values to be required depending
on the use of the protection system, (e.g. dam body protection, emergency spillway or service
spillway) or the potential risk, among others.

On another note, as protection technology is still incipient, there is substantial research to do to
properly design additional constructive issues such as joints, inlet transitions, energy dissipation, toe
treatments, anchorages between dam and protection, foundation reinforcement, drainage systems,
etc. Thus, in many cases, the main problem for dam engineers in a dam protection project is not
the selection of the protection system, but solving the construction issues associated to it.

4 GENERAL DESCRIPTION OF EMBANKMENT DAM PROTECTIONS

A possible classification of the protections systems for embankment dams can be done considering
how the shear stresses caused by the flow are resisted by them. The key point in this approach is
the interaction between the external flow and the dam body.

Thus, hard protection systems (Figure 4a) are those in which the flow remains outside the dam
body. These kind of overtopping protection systems prevent erosion of the embankment material
by keeping the separation between dam body and the main part of the overtopping flow through
coverings of highly cohesive materials like reinforced concrete, roller compacted concrete, soil
cement, asphaltic mixtures, etc. Most of these hard protections are installed over drainage layers
to relief minor flows caused by normal seepage through the dam body and leakages among the
protection joints or cracks. Nevertheless, in normal operation of the protection system, this flow
should be low and, therefore, no damages should be expected because of it, if drainage systems
work properly.

Meanwhile, soft protection systems include superficial treatments of the downstream surface of
the dam using low cohesive materials or by means of a partial separation between the overtopping

28



b)

c)

Figure 3. Schemes of embankment dam protection systems: a) hard protections; b) soft protections c) rockfill
toe berms.

(or accidental leakage) flow and the erodible material of the downstream shell (Figure 4b). Rockfill
toe protections could be included in this category as well (Figure 4c).

4.1 Hard protections

The most common types of hard protection systems are:

Rolled Compacted Concrete (RCC). They have been frequently used, especially in the U.S.A.
The system usually consists in either overlapped horizontal or parallel lifts of RCC, placed over the
downstream slope of the dam. So, the surface of the protection could be stepped or flat depending
on the way of the placement of RCC. This technology has been validated in real cases through a high
number of successful references (over 130) from approximately 30 to 60 m high with maximum
unit discharge around 32 m?/s. Likewise, soil cement has been used as construction material instead
of RCC (Wirtz Dam, USA) although still there are few cases in the bibliography.

Continuously-reinforced concrete slabs (CRCS). The background of this protection system
proceeds from non-conventional spillways located on the downstream face of embankment dams
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Figure 4. Left: layout of overlapping wedge-shaped blocks. Right: flow discharge of the spillway of Barriga
Dam on May 2008.

all over the world. In Spain, this technology was applied at Molino de la Hoz Dam and Llodio
Dam with a good behavior as far (Alvarez, Montoya, & Toledo, 1998; Bizcarrondo & Gémez,
1970). The reinforced concrete slabs are structurally divided by joints between them. They are
usually placed over a bedding or drainage layer of granular material. The design of this protection
system has to consider some key aspects related to stagnation pressures in the transversal joints
(W. Frizell, 2007); relief of eventual uplift pressures below the slabs; erosion control at the toe
of the dam; and settlements of the downstream shell, especially in the cases of newly constructed
embankment dams. Design limits proposed by the Overtopping Technical Manual (FEMA, 2014)
for this protection system are a maximum of 60 m high dams and unit flow below 26 m?/s.

Wedge-shaped blocks (WSB). In a WSB protection system, the downstream shell is covered by
a revetment of overlapped precast concrete blocks. As every block overlaps the given downstream
one, the revetment works as a stepped spillway for the overtopping flow (Figure 4). This technology
can be considered as a transition between hard and soft protection systems due to the fact that a
fraction from 0.1 to 0.7 percent of the flow leaks through the joints between adjacent blocks (Relvas
& Pinheiro, 2008; Thornton & Robeson, M.D., Varyu, D.R., 2006) and the foreseeable drainage
flow is higher than in other hard systems.

The hydraulic stability of each block is assured by the positive pressure of the water on the upper
face, the overlapping and the negative pressure of air on its lower face. The vents, located in the
lower zone of the step riser, transfer the negative pressure to the surface between the block and the
bedding layer, which means that the ensuing suction enhances the stability of the block. There are
references (FEMA, 2014) of this protection system in dams below 18 m high, with a maximum
unit discharge of 3.9 m?/s.

Open stone asphalt. It is a self-supporting, coherent and semi-permeable revetment made of
crushed sandstone coated with sand mastic (Bieberstein, Quieber, & Worsching, 2004). This system
has been successfully applied in the 4 m high Monchzell Dam (Germany) and tested in laboratory
for a maximum overtopping unit flow of 1 m2/s. In this case study, the downstream slope of the
dam was 8H:1V. Furthermore, the protection system allows vegetation cover on it, reducing the
overall environmental impact.

4.2 Soft protections

The main typologies of soft protection systems are:

Articulated concrete blocks (ACB). There are different types of articulating concrete blocks:
cable-tied, interlocking, overlapping and butt-joined. However, most of dam protection case studies
refer to systems formed by cable-tied and overlapping concrete blocks. The last one has been
described already in the paragraph of wedge-shaped blocks, into the hard protections chapter.
Therefore, only cable-tied blocks are described in this section as a soft protection.
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Figure 5. Vegetative cover of Charco Redondo Dam (Spain).

The system consists in a number of concrete block units that are individually formed with or
without open areas and laced together with cables into mattresses. They can be easily installed in
the dam site by means of cranes.They are usually installed over either granular layers for bedding
and drainage purposes or geomembranes. ACB protections have been used successfully in dams
with heights under 12 m and maximum unit discharges of 2.8 m?/s (FEMA, 2014).

Gabions. This protection system has been widely used in civil engineering to reduce erosion and
instability of slopes. Gabions are baskets or mattresses fabricated from wire mesh filled with rock
that may be assembled together. They may form either a continuous coverage over the downstream
slope of the dam, or a stepped spillway, if they are stacked in that way.

The main advantages of this system are the easy installation, the energy dissipation of flowing
water and the drainage capacity. However, there are concerns about its durability due to the expo-
sition of the wire mesh to corrosion, abrasion by debris, and vandalism. Gabion protections have
been tested for unit discharges of 3.7 m?/s and maximum dam heights of 7.6 m. There are available
design criteria about construction and installation procedures including anchorages, bedding and
drainage layers, filters and energy dissipaters (FEMA, 2014).

Vegetative Cover, Turf Reinforcement Mats, and Synthetic Turf Revetments. Vegetative
cover over the downstream slope (Figure 5) provides protection against erosion for gentle overtop-
ping unit discharge. The steams of the grass cause an increase of the shear resistance of the soil
combining functionality with aesthetic and environmental benefits. Thus, this protection system
has worked successfully in certain conditions e.g. velocities below 2.7 m/s and maximum unit dis-
charges of 2.2 m?/s. In any case, its appliance is always beneficial even for higher flows, due to the
probable effect of delay of the dam failure. However, the need of maintenance and the dependence
on climate conditions are usual disadvantages of this protection system (FEMA, 2014).

As higher level of erosion protection is required, either artificial reinforce of vegetative cover
or synthetic turf revetment turns necessary. Such protections have been successfully tested for a
maximum unit discharge of 3 m?/s in 15 m high dams.

— Rockfill through-flow protections. This typology involves every protection system which is
applicable to rockfill or earth core dams with a highly permeable downstream shell. In these
particular dam types (Figures 1a and 1b) turbulent through-flows can be developed within the
dam body due to either overtopping or extremely high leakage flows. Once the through-flow
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has been developed, the suitable protection should be able to avoid erosion and mass slide at
the toe of the downstream shell as well as assuring the drainage capacity of the extremely high
through-flow. The most common flow-through rockfill protections are the following:

— Reinforced Rockfill. The system provides a reinforcement of the surface rock particles through
steel bars installed as a mesh and also as anchorages to the dam body. There are published design
criteria about reinforced rockfill (FEMA, 2014; ICOLD, 1993) and a few case studies, mainly in
USA and Australia. The design limits of this technology recommended by FEMA are 14.2 m?/s
and dam heights of approximately 43 m.

— Through-flow Rockfill Dams. In this case, the design of the existing dam is adapted to resist
through-flows. Wadi Khasab Dam, Oman, is a particular case study of this protection due to the
fact that the protection operates as the service spillway. This 17.9 m high dam, with rockfill size
of the downstream rock layer from 0.7 m—1.7 m, and a downstream slope of 4H:1V, successfully
passed a peak flood discharge of approximately 3500 m?/s or, in other words, 5.1 m?/s (Taylor,
1991).

— Downstream rockfill toes. This protection system has been applied during the last decades in
countries of Northern Europe such as Norway and Sweden. These countries have developed
technical guidelines and recommendations about installing this kind of protection in rockfill
dams assigned as high hazard potential (Suorva Dam and Seitevare Dam, in Sweden) (A. Nilsson,
2009; A Nilsson & Rénnqvist, 2004; A Nilsson, 2004).

Rip-rap protections. Historically, the main use of rip-rap in dam engineering has been lim-
ited to wave protection of the surface of the upstream shell. However, this kind of overtopping
protection has been thoroughly studied, especially in USA (K. H. Frizell, Ruff, & Mishra, 1998;
Mishra, 1998; Robinson, Rice, & Kadavy, 1998). In addition, recent research has been developed
basically in Norway, focused on the so-called “layered rip-rap”. This particular technology is based
on substituting the dumped rip-rap for a stone by stone placement made directly by the machinery
operator. The experimental research included laboratory (Norwegian University of Science and
Technology and Technical University of Madrid) and full scale tests in 4 m high rockfill for a max-
imum value of the unit discharge of 8.3 m?/s, with no apparent damages. A meaningful difference
on the resisted unit discharges has been found between dumped and layered rip-rap protection (Lia,
Vartdal, Skoglund, & Campos, 2013). The two layered rip-rap protection system has been currently
applied in Grettavatnet Dam and Hden Dam (Norway) according to the national dam regulations.

Geosynthetic systems. This technology has undergone considerable development in the last
decades due to the advances of the geosynthetic industry and the growing application of these
systems in civil and environmental engineering. Some of manufacturers have developed their
own research dedicated to the particular products under patent. So, their conclusions should be
limited usually to each particular system. Even though the difficulty to establish general design
guidelines due to the high number of involved products and manufacturers, FEMA technical manual
recommends not only design limits related to velocity (between 8 and 9 m/s) and dam height (7.6 m)
but also another key factors as durability, installation in the dam site, etc.

5 DESIGN METHODOLOGY FOR DOWNSTREAM ROCKFILL TOES

This methodology is one of the results of the research line initiated with the study of the stability
of overtopped rockfill dams (Toledo, 1997; Toledo, 1998; Toledo, Lechuga, & Oiiate, 2008) and
the associated failure mechanisms (Toledo, Moran, & Campos, 2012). Later on, additional studies
were developed (Moran, Toledo, Sevilla, & Garcia, 2008; Moran & Toledo, 2009; Moran, Campos,
Garcia, & Toledo, 2011; Moran & Toledo, 201 1) to establish a design methodology to design rockfill
toes in order to protect existing rockfill dams against through-flow, using the available rock near
the dam site. In some cases, this material may come from the same quarries opened during the
construction of the existing dam, making the solution economically competitive.
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Figure 6. Left: scheme of through-flow exit at the toe of the existing dam. Right: geometrical definition of
the rockfill toe protection (Moran, 2013).

5.1 Overview

The protection consists (Figure 6) of a dumped rock filling (of material E}) at the downstream
toe of the existing dam (with a downstream shell of material £) in order to achieve the overall
mass stability. The rockfill toe can be geometrically defined by three parameters: berm length (B),
protection height (Hy) and downstream slope (Ny).

The design parameters are the unit through-flow discharge at the toe of the dam (qs) and the
material properties of both the existing dam and the rockfill toe. The required data of both materials!,
E and E,, are the following:

a, b. Dimensionless coefficients of the parabolic seepage equation (Parkin, 1971) of highly
permeable granular soils (Eq. 1):

i=a-v+ b-v? (1)

where: i is the hydraulic gradient and v is the average seepage velocity in the porous media, in a
continuum approach.

Vsat- Saturated specific weight.

¢. Internal friction angle.

5.2 Design methodology

5.2.1 General assumptions
The proposed methodology has been obtained with the following assumptions:

1. The flow pattern is through-flow seepage with the exit at the downstream toe of the shell.

2. The foundation is considered rigid during the through-flow process.

3. Since methodology is 2D, the design unit flow discharge is referred to a cross section in the
bottom of the river valley. Therefore, in case of through-flow caused by overtopping, the unit
discharge should consider the width of the valley instead of the length of the dam crest.

4. Rockfill materials (E and Ey) are considered isotropic so that the methodology is suitable for
highly permeable rockfill. Therefore, the methodology is not suitable in highly anisotropic
rockfill usually caused by the compaction of layers in weak materials.

5. Other failure mechanisms, such as dragging of particles at the downstream surface of the rockfill
toe or internal erosion, are out of the scope of this particular research. However, design criteria
based on existing references from the state of the art were proposed for external particles sizing
and design of the transitions between the dam and protection materials.

I'Subscripts E and E}, will be used to refer to the material of the existing dam and the rockfill toe, respectively,
for each one of the considered parameters.
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Figure 7. Scheme of the raise of the saturation line due to the increment of the length of the berm of the
rockfill protection (Moran & Toledo, 2011).

5.2.2 Design procedure
The design procedure allows obtaining the parameters B, Ny, and Hy, for a given unit through-flow
and the features of the rockfill materials (E and E,). The procedure starts with the estimation of the
length of the rockfill toe berm (B). The research studies have shown that the length of the toe berm
has to be the necessary minimum for an appropriate compaction of the rockfill layers (Moran &
Toledo, 2011). So, for a fixed unit through-flow, as value of B increases, the saturation line raises
(from dotted to continuous line in Figure 7) due to the lowering of the overall hydraulic gradient.
In such a way, the area affected by the pore water pressures is higher and the protection height
should be incremented. Therefore, the length of the rockfill toe berm (B) can be defined previously
according constructive issues. This consequence is important due to the fact that as B increases so
do the cost of the solution and, however, the stability of the whole dam-protection diminishes.
The slope of the rockfill toe (N}) can be estimated through the numerically obtained (Toledo,
1997) equations (Eq. 2 and Eq. 3):

Fm o ( _ﬁ-yw).tampgb )
YEb.sac Vevbsat = o 520)  “tana
where:
B =-032-N,+152-N,—0,77for1,5< Ny <2; f=1forNy>2 3)

F, mass slide safety factor

Nb, slope (H:V) of the rockfill toe

YEb.sat, Saturated specific weight of the rockfill used in the protection

Yw» specific weight of the water

@b, internal friction angle of the rockfill used in the protection

a, angle between the rockfill slope surface and the horizontal plane, where:
1

= t. —
a arctan (Nb)

“

This formulation (Eq. 2) has been validated experimentally for slope values higher than two, i.e.
B equals to one, within this particular research (Moran, 2013). This range of slope values is valid
for most of the granular materials used in rockfill construction.

Prior to obtain the height of the protection (Hy), a seepage calculation of the downstream shell
of the existing dam for the design through-flow unit discharge (qq) is needed. The seepage model
will be used to find the height of the saturation line at the exit in the surface of the downstream
slope of the rockfill, zq (making qs equal to qq in Figure 6). This numerical model must consider
the parabolic seepage equation (Eq. 1) of the material of the downstream shell of the existing dam
(material E). With regard to this task, the International Center of Numerical Methods in Engineering
(CIMNE) has developed specific numerical modeling which allows making these non linear seepage
calculations (Larese, Rossi, Onate, & Idelsohn, 2008; Larese, Rossi, Ofiate, & Toledo, 2010;
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Figure 8. Evolution of coefficient A with the permeability ratio Kggp/Kgg (Moran, 2013).

Larese, Rossi, & Oniate, 2011; Larese, Rossi, Ofiate, & Toledo, 2011; Larese, Rossi, Ofiate, &
Idelsohn, 2012).

Once the value of z4 has been obtained, the protection height (H,) can be estimated through the
following equation (Eq. 5 and Eq. 6):

Hy=A4-24 )

Coefficient A may be calculated using the transcendent equation (Eq. 6):

Kag - Kagp - (B + 24 - Np - A)
KdEb'Zd.N.A+KdE'(B+Zd.(Nb_N).A)

B+Zd'Nb'A (6)
N'Zd

“A? = Ky -

where: Kgj, linear permeability correspondent to the maximum hydraulic gradient at the toe of the
slope N; (N for material E and N}, for material Ey) for a given granular material j (E or E;) (Eq. 7)
with dimensionless coefficients of the parabolic seepage equation a; and b; (see Eq. 1):

b )
N;-| —a; + a]-2+4-ﬁjj

2D,

de =

N, downstream slope (H:V) of the dam (Figure 6).

A sensitive study was done to evaluate the effect of the permeability ratios between the dam
and protection materials (Kggp/Kgg) on the coefficient A or, in other words, the protection height
(Figure 8).

Figure 8 shows the benefit of having a highly permeable material in the rockfill protection. So, as
the ratio K4gp/Kyg increases the coefficient A tends to one, which is a minimum value. Furthermore,
the height of the protection exponentially increases as this ratio tends to zero. Therefore, in the
practice, lower values of 5 should be avoided in a cost-effective solution.

5.3 Experimental validation

The abovementioned design procedure was experimentally validated through a blind test campaign.
In such campaign, two different couples of both dam and protection materials were used. So,
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Table 1. Main data of the validation tests.

Test Test Test Test
12_35_10 12_35_16 35_45_25 35_45_35
Dam material, E (Dso in mm) M1 (12.6) M1 (12.6) M2 (35.0) M2 (35.0)
Protection material, Ey, (D5 in mm) M2 (35.0) M2 (35.0) M3 (45.5) M3 (45.5)
Dam height, H (cm) 100 100 100 100
Dam slope, N (NH:1V) 1.9 1.9 1.6 1.6
Design unit through-flow, qq (m?/s) 0.010 0.016 0.025 0.035
Unit through-flow causing the failure 0.020 0.020 0.034 0.034
of the unprotected dam, q, (m?/s)
qd/qr 0.50 0.80 0.73 1.02

Table 2. Design values of the rockfill toe protections corresponding to the experimental validation.

Test Test Test Test

12_35_10 12_35_16 35_45_25 35_45_35
Berm length, B (cm) 14 14 18 18
Rockfill toe slope Ny (NH:1V) 2.9 2.9 2.8 2.8
Rockfill toe height, Hy, (cm) 28 40 47 59

Figure 9. Scheme of measurement of the maximum advance of the breakage (Bc).

homogeneous gravels of sizes (Dsp) 12.6 mm (M1), 35.0 mm (M2) and 45 mm (M3) were combined
to design four cases of rockfill toe protection (Table 1). The tests were posed in advance such that
each protection was designed following the proposed methodology. After each protection was
dimensioned (Table 2), such case was tested in the laboratory so as to be compared with the
theoretical behavior and, accordingly, validate or refute the methodology.

The scope of the validation tests was limited to mass stability. Therefore, even though the
damages caused by erosion or dragging were registered, they weren’t considered in the analysis
of the protection stability. To do so, the research established criteria to distinguish between the
mechanisms of failure, either mass slide or particle dragging. This analysis turns especially difficult
for unit flows near to the threshold unit-flow when particle dragging initiates.

The effect of the protection was registered through the value of the maximum advance of the
breakage (B.), measured from the downstream toe of the rockfill material. This value was dimen-
sionless expressed by the relation B./L, being L the horizontal length between the toe and the crest
of the protected dam (Figure 9).

Results of the experimental validation are shown in Figure 10. These graphs represent the failure
paths (Toledo et al., 2008) of each unprotected dam, as well as the dam with rockfill protections.

36


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18292-4&iName=master.img-015.jpg&w=198&h=100

Vnpratecied dam
Pratection 4,028 mys =
Protection qg-0.035 ms =

" Unprotecsed dam
Pratectiog g =040 m_s
Protection =000 m™/s

B,
[}

Figure 10. Failure paths obtained from of the validation tests. Left: Cases 12_35_10 and 12_35_16. Right:
Tests 35_45_25 and 35_45_35.

Figure 11. Validation test 12_35_16. Top: Picture showing the damage in the dam without any protection.
Bottom-left: numerical model of the through-flow with the proposed protection. Bottom-right: picture of the
result of the laboratory blind test (Moran, 2013).

In abscises, unit through flow (q) is represented as a dimensionless parameter referred to the very
unit flow which causes the total failure of the unprotected dam (q;). To do so, the values of q;
were previously obtained through failure tests of the unprotected dams with both materials, M1
and M2.

The results of the validation tests were successful due to, in every case, the posed protection
achieved the stability for each design unit-flow (Figure 11). Furthermore, the damages observed
for higher unit-flows were caused mainly by dragging of particles and the conclusions of the tests
indicated that the effect of the protection remained even for higher unit-flows. In such a way, it was
concluded that a promising research line could be focused on a possible adding of external rockfill
layers with specific sizing to avoid particle dragging for higher unit flows. This complement could
increase the protection levels significantly, with a very low extra cost, as it was noted on the tests
where the effect of the dragging of particles was reduced.
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6 CONCLUSIONS

The review of the embankment dam protections shows there is a big challenge to achieve in the next
future. Even though the technology of protections is still immature, the possibility of increasing
the safety of this type of dams with reasonable costs looks like realistic. To do so, additional
comprehensive research is needed. These studies should be focused not solely on the particular
protection technology but also on the installation procedures and constructive guidelines.

A design methodology for rockfill toe protections has been presented to ensure the mass slide
stability of rockfill dams against overtopping and extreme internal leakage. Furthermore, a future
research line focused on external reinforcement against particle dragging has been proposed.
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ABSTRACT: This paper identifies the potential vulnerabilities of concrete dams to flood over-
topping and provides an overview of elements that can be used to protect concrete dams against
failure during a large flood event.
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1 INTRODUCTION

Concrete dams generally pose less concern regarding failure during an overtopping event than
do embankment dams. The dam itself is typically considered non-erodible, and the foundation is
generally erosion resistant as most concrete dams are founded on rock. Rock foundations can still
be erodible; however, depending on the weathering and fracture profiles in the foundation and the
spacing, orientation, opening, and continuity of joints and other discontinuities in the foundation
rock. Until fairly recently, there was a reluctance to allow large embankment dams or concrete dams
to overtop during a flood, even if it was during a very remote flood, such as the Probable Maximum
Flood (PMF). Due to the high cost of preventing flood overtopping for all conceivable floods at
a dam and considering the remote probability of floods that would initiate overtopping, in many
cases decisions have been made to accept overtopping for remote flood events. In some cases, a
mitigating action has been to provide overtopping protection, to reduce the chance of dam failure if
overtopping occurs. The Federal Emergency Management Agency of the United States Government
recently published a manual on overtopping protection of dams [1]. This paper summarizes some
of the key information related to overtopping protection for concrete dams.

2 HISTORICAL PERSPECTIVE

There have been a number of instances where concrete dams have overtopped. Some case histories
of concrete dams that overtopped during large floods are briefly described below.

2.1 Sweetwater Dam—California: 1895

On January 14, 1916 Sweetwater Dam overtopped for the second time in its history, following 6
days of rain. Another storm drenched the county on January 24 that same year, and the lake rose 0.9
m above the top of the dam, creating a huge waterfall as it spilled over the entire span of the dam.
This overtopping initiated erosion of the upper abutments of the dam and created erosion channels
around the ends of the dam. This created a torrent of water that rushed down the Sweetwater Valley,
causing extensive damage [2].

2.2 Secondary (Saddle) Dam of Sella Zerbino—Italy: 1935

The Secondary Dam of Sella Zerbino is one of two dams that were completed in 1925 to form
a reservoir on the Orba River, in South Piedmont, Italy, near Liguria. The main dam is a 47-m
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high concrete gravity arch dam and the secondary dam was a 14-m high concrete gravity dam. The
secondary dam was added late in the design process to close off a low spot in the reservoir rim,
when it was decided to increase the capacity of the reservoir. The secondary dam was designed and
constructed quickly, without any geologic investigations. The foundation for the secondary dam
consisted of highly faulted and fractured schistose rock. A large storm occurred in the drainage
basin above the reservoir on August 13, 1935. It was reported that 36 cm of rain fell in the Orba
basin in less than 8 hours, equating to about a 1,000-year event. The inflow into the reservoir
resulted in both dams being overtopped by about 1.8 m. The Secondary Dam of Sella Zerbino
failed as a result of the overtopping, resulting in over 100 fatalities [3].

2.3 Gibson Dam—Montana, USA: 1964

Gibson Dam is a concrete arch dam constructed by the Bureau of Reclamation on the Sun River
in the state of Montana. The dam was completed in 1929. In June 1964, a major flood developed in
the area, producing 30-hour rainfall amounts from 20 to 41 cm. Gibson Dam was overtopped for a
duration of 20 hours, with a maximum overtopping depth of 1.0 m. The operators had left two of
the spillway gates completely open, two partially open, and two completely closed. The access road
was inundated by the overtopping flows, and personnel could not get to the spillway gate controls
to operate them. However, even if all gates had been fully open, the dam would have overtopped.
The dam survived the overtopping, with some erosional damage to the limestone abutments [4].

3 FAILURE MECHANISMS (POTENTIAL FAILURE MODES)

Overtopping of concrete dams can lead to dam failure and an uncontrolled release of the reservoir
through a number of mechanisms. Typical potential failure modes are described below. The specifics
ofapotential failure mode will depend on the site-specific characteristics of the dam and foundation.
It is important to consider potential failure modes when evaluating a concrete dam for overtopping
flows. This will help to determine if overtopping protection measures are needed to reduce the
probability of dam failure. Ifitis determined that overtopping protection is needed, the consideration
of potential failure modes can help focus the extent of required overtopping protection measures.

3.1 Scour and undermining

Rock foundations are generally more resistant to erosion than a soil foundation, but rock foundations
can erode extensively, depending on the characteristics of the foundation rock mass, and erosion
can lead to undermining and breach of the dam. Overtopping flows can create a scour hole at
the downstream toe of the dam, which can lead to headcutting erosion which undermines the
downstream portion of the dam. This can lead to either a sliding or overturning failure of dam
monoliths.

3.2 Scour and exposure of sliding planes of foundation blocks

Dam failure can occur even if the dam is not undermined due to scour and headcutting. If a scour
hole develops downstream of the dam, this may allow the sliding plane and side planes for a large
foundation block to daylight (with the foundation material removed, the foundation block planes
intersect the sides of the scour hole opening). This can initiate sliding of the foundation block which
ultimately may lead to loss of foundation support and failure of the concrete dam.

See Figure 1 for a depiction of this potential failure mode.
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Figure 1. Scour downstream from concrete dam showing potential for daylighting of foundation discontinu-
ities (Reclamation).

4 CONCRETE DAM TYPES

There are three main types of concrete dams: gravity dams, arch dams, and buttress dams. They
have different geometries and different abilities to withstand erosion of the foundation downstream
and underneath them:

e Gravity dams have a wide base and are massive structures. The crest of a gravity dam is usually
straight. Undermining of the dam may have to be extensive to result in dam instability.

e Arch dams have a smaller footprint and can be more easily undermined, but they also have the
ability to redistribute loads effectively in the arch and cantilever directions. The crest of an arch
dam is curved to match the shape of the top of the arch.

e Buttress dams have a more limited footprint than gravity dams and can be vulnerable if localized
erosion occurs at the location of a buttress. The crest of a buttress dam is usually straight.

Each of the three main types of concrete dams has unique stability considerations that can be
affected by erosion of the dam foundation.

5 PREDICTING OVERTOPPING JET CHARACETERISTICS

In order to evaluate a concrete dam for overtopping flows or to design overtopping protection for
a concrete dam, it is necessary to determine the characteristics of the overtopping jet, so that it’s
impact on the dam foudnation can be assessed. A first step is to determine the trajectory of the
overtopping flows and estimate where the jet will impact on the dam foundation. The key parameters
for determining the jet trajectory will be the velocity of flow over the dam crest and the angle of the
flow as it leaves the dam crest. Equations for determining the jet trajectory are provided in the
FEMA Overtopping Protection Manual [1]. Once the trajectory is determined, the thickness of
the jet can be estimated (both of the inner core of the jet and the outer jet spread due to aeration
of the flow). The thickness of the jet is a function of the initial depth of flow at the dam crest,
the velocity of the jet as it leaves the dam crest, the height of the jet fall at the point of interest
and the velocity of the jet at the point of interest. Equations for determining the thickness of the
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jet are provided in the FEMA Overtopping Protection Manual [1]. Equations are also provided in
the FEMA Overtopping Protection Manual [1] for calculating the spread and dissipation of the
overtopping jet as it enters a plunge pool or the downstream tailwater. Figure 2 shows the trajectory
of a jet from flows overopping a concrete arch dam. Figure 3 shows a plan view of the impact area
of overtopping flows on the foundation for the same arch dam. These plots required calculating the
trajecrory of the jet at a number of locations along the dam crest. As can be seen in Figure 3, as
the height of the arch dam increases near the center of the dam, the jet impacts at a location further
downstream from the downstream edge of the dam crest. Figures 2 and 3 depict the conditions
for a single overtopping flow. Ideally, overtopping should be evaluated for a range of overtopping
flows, which will require evaluating the jet characteristics and impingement areas for a number of
overtopping flows.

6 ASSESSING POTENTIAL FOR DAMAGE FROM OVERTOPPING

Once the impact area of the overtopping flows has been identified, the potential for the energy from
the overtopping flows to erode the dam foundation can be assessed. There are several methods that
can be used to evaluate the potential for foundation erosion.

6.1 Streampower — Erodibility Index method

The characteristics of the foundation rock will have a major effect on whether or not erosion
occurs, and if it does, the extent of the erosion. If the foundation rock is massive with widely
spaced discontinuities, erosion will be difficult to iniate due the large foundation block size. If the
foundation has closely spaced joints that form removable rock blocks, erosion may initiate easily
and proceed rapidly. The characteristics of joints and other discontinuities in the dam foundation
will also have an effect on the erodibility of the dam foundation. Joints that are open and oriented
into the flow will allow water pressures to more easily develop on the surfaces of the foundation
blocks.

The potential for rock erosion due to overtopping flows can be evaluated using the Streampower-
Erodiblity Index method. This method compares the erosion resistance of the foundation rock to the
streampower or energy in the overtopping flows. This method can be used to determine if erosion is
likely to occur and also to estimate the vertical extent of the erosion, if it initiates. This information
can be used to determine if overtopping protection is necessary and if so to what extent. Erosion
from the impingement of overtopping flows on the foundation and from the surface flows that
collect and travel down the abutments to the river channel should be considered.

The erodibility index is used to represent the erosion resistance of foundation rock. The rock
properties are expressed as a function of the block size, K}, the material strength or mass strength,
Mg, the shear strength of joints, K4, and the relative ground structure number, J; and the product
of these four parameters represents the erodibility index. Streampower is then calculated for the
overtopping jet and also for surface flows that collect and travel down the abutments of the dam.
The equations and detailed discussion of calculating the erodibility index and the streampower are
provided in the FEMA Overtopping Protection Manual [1].

To predict the potential for foundation erosion, the erodibility index is plotted against the stream
power on Figure 4. This figure represents an evaluation of the original data used to develop the
streampower erodibility index relationship evaluated using logistic regression by Wibowo et al.
[5]- The upper (blue line) represents a 99 percent chance of erosion initiating. The bottom orange
line represents a 1 percent chance of erosion initiating, and the red line in the middle represents a
50 percent chance of erosion initiating. The green line just below the middle red line is the initial
erosion threshold proposed by Annandale [6]. It can be seen that this represents about a 40 percent
chance of erosion initiation based on the regression analysis. The likelihood of erosion initiation
can be interpolated between these lines.
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Figure 2. Sectional view of the final trajectory profile for the PMF though a dam section aligned with the
river channel (the concrete surface line identifies the downstream edge of the concrete overtopping protection
from the upper abutment of the dam down to the maximum section of the dam) [4].
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Figure 3. Footprint of the trajectory with no spread of the jet for the PMF overtopping. Note the location of
the footprint extends beyond the right abutment protection between contour elevations 4660 and 4710. The
tailwater for the PMF is shown on the plan view in blue at elevation 4670 [4].
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If erosion is predicted, but the character of the rock or hydraulic characteristics change with
depth, then an iterative procedure can be employed whereby the rock is assumed to erode to a certain
depth, and then the stream power and erodibility index are recalculated for the new geometry and
geologic conditions, and re-plotted on the empirical chart. Due to uncertainties in obtaining input
parameters, it is often necessary to look at a range of conditions. In addition, a jet plunging from
the crest of a concrete dam will have different stream power values depending on the height of the
dam and the distance to the foundation at any given point.
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Figure 4. Probability that erosion will occur based upon the available stream power and the characteristics of
the rock in terms of the erosion index. Probability of erosion by logistic regression for Annandale’s regression
line [5].

Some judgment is required when applying this method. The results can be sensitive to Ky, which
is somewhat difficult to assess. In addition, materials will be more easily eroded on an abutment
slope where there are more degrees of freedom for movement than in the bottom of a plunge pool
where only the top of rock blocks are exposed. Cross jointing, if not present, can also increase the
erosion resistance of the rock. These issues are not directly accounted for in this method. Unless
there are very weak rocks, it takes at least three discontinuities to form a removable block. If
removable foundation blocks do not exist, then erosion of the foundation becomes more difficult
as fracturing of the rock will be required. A rigorous theorem for identifying removable blocks is
given by Goodman and Shi [7].

6.2 Alternative methods for scour from a plunging jet

An alternative method that predicts scour from a plunging jet into a tailwater pool is the Comprehen-
sive Scour Model (Bollaert and Schleiss [8] and [9] and Boellaert [ 10]). This model is more rigorous
than the streampower-erodibility index method. The numerical model was developed to account
for the physical-mechanical processes that lead to scour in rock channels exposed to a plunging
jet. The comprehensive scour model predicts the fracturing along rock joints due to dynamic water
pressures (which completes rock joint networks and allows for the formation of rock blocks) and
also models the ejection of individual rock blocks due to uplift pressure. The comprehensive scour
model predicts the ultimate scour depth and the scour progression with time in a jointed rock mass.
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7 CONCRETE DAM OVERTOPPING PROTECTION

If it is determined that the potential for failure of a concrete dam is significant and that there is
justification to pursue actions to mitigate this potential, there are a number of different types of
overtopping protection that can be provided. Generally, overtopping protection for concrete dams
must be very robust, since the systems must be capable of withstanding the impact of concentrated
jets overtopping the dam that may have a significant fall height. Overtopping protection systems
that will be discussed for concrete dams include:

e RCC overlays

e Conventional or mass concrete overlays
e Rock reinforcement

o Tailwater

7.1 General design considerations

Once itis decided that flood overtopping of a concrete dam must be mitigated, there are some general
design considerations that will apply to any type of overtopping protection. These considerations
are presented below.

7.1.1  Current hydrologic loadings

It is important to have current hydrologic loadings, including flood hydrographs for various return
period floods. If outdated information is used, there is a chance that the overtopping protection
will be underdesigned (possibly leading to failure of the dam for extreme events) or overdesigned
(resulting in an overly costly design that is not efficient).

7.1.2  Flood routing results

Flood routings will be necessary to evaluate the depths and durations of dam overtopping during
floods of interest. A range of return period floods, up to and including the design flood should be
evaluated, since different floods will impact different portions of the dam foundation. The depth and
duration of overtopping flows will help determine the level of protection needed. This information
will be useful in assessing the potential for significant scour depths to develop and the potential
for headcutting, once scour initiates.

7.1.3  Trajectory of overtopping flows

This will be needed to determine which portions of the foundation will be impacted directly from
overtopping flows. Predictions of the flow paths, depths, and lateral extent will also be needed for
the overtopping flows that collect along the downstream abutment and flow to the river channel.
The extent of the direct impact flows and the surface flows will need to be defined to determine
which foundation discontinuities and potential foundation blocks will be subjected to pressures
and possible erosion from these flows. Splitter piers may be needed on the crest of the dam to
aerate overtopping flows and prevent negative pressures from pulling the jet toward the dam, when
the dam crest lengths are long. Estimating the hydraulic characteristics of an overtopping jet are
discussed in more detail in Section 5 of this paper.

7.1.4 Tailwater depths

Tailwater depths will be important to determine for a range of overtopping flows. Tailwater will
serve to dissipate the energy of overtopping flows and a determination of the depths and extent of
tailwater will be needed to determine if and where overtopping protection may be needed.

7.1.5 Hydraulic model studies

Hydraulic model studies can be very useful in designing overtopping protection systems for con-
crete dams. The models can be either physical models or numerical models. The models have
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the ability to capture three-dimensional effects which may be critical to successfully designing
the overtopping protection. A two dimensional study will be able to predict the jet trajectory and
impact area of overtopping flows at various locations along the dam axis, but the effect of flows
impacting and then collecting and flowing down the downstream groin cannot be easily captured.
A three dimensional model study will allow this behavior to be evaluated.

7.1.6  Foundation erosion evaluation

The Streampower-Erodibility Index method can be used to evaluate if erosion is likely to occur
and also to estimate the vertical extent of the erosion, if it initiates. This information can be used
to determine if overtopping protection is necessary and if so to what extent. Erosion from the
impingement of overtopping flows on the foundation and from the surface flows that collect and
travel down the abutments to the river channel should be considered. Methods of evaluating the
potential for foundation erosion due to overtopping flows are discussed in more detail in Section 6
of this paper.

7.2 Roller compacted concrete overtopping protection

Potential concerns for overtopping of concrete or masonry dams generally involve blocky or erodible
abutments or foundations, rather than concerns for the structure itself. In these cases, overtopping
protection may be required for the exposed abutments and foundation within the impact zone of
the overtopping flow, to prevent the loss of materials and undermining of the dam which could
otherwise result in instability and failure. Alternatively, higher hydrostatic loads on concrete or
masonry dams resulting from the passage of a flood event could produce lower factors of safety for
sliding at a lift line within the body of the dam, at the dam-foundation contact, or along a potential
slide plane within the foundation. The most common use of RCC for overtopping protection of
a concrete or masonry dam is to provide a massive buttress for the structure to improve sliding
stability. RCC may also be used to protect the dam foundation from erosion and headcutting from
an impinging jet, but would not lend itself to the protection of steep abutments.

7.2.1 Santa Cruz Dam modifications

Santa Cruz Dam is a cyclopean concrete arch dam located about 40 km north of Santa Fe, New
Mexico on the Santa Cruz River. The dam was completed in 1929 with a height of 46 m, a crest
length of 152m, and a radius of 91 m. The dam had safety concerns related to the maximum
credible earthquake (MCE) and the PMF, and was experiencing severe concrete deterioration due
to freeze-thaw. An RCC buttress was constructed on the downstream face of the dam to address
the seismic concerns related to the MCE, and the entire dam crest was designed for overtopping to
address the hydrologic concerns related to the PMF (see Figure 5). Completed in 1990, the Santa
Cruz Dam modification was the first RCC project to use an air-entraining admixture to improve
freeze-thaw durability. Details of this modification can be found in Metcalf et al. [11].

7.3 Conventional or mass concrete overtopping protection

Conventional or mass concrete can be used to provide overtopping protection in the form of concrete
overlays that protect the underlying rock foundation at the downstream toe of the dam and along the
downstream abutments. The overlays protect the rock from overtopping flows that could pluck rock
blocks from the rock foundation or that could scour and remove material along shears or faults within
the dam foundation. Splitter piers are often used in conjunction with concrete overlay overtopping
protection to aerate the overtopping flow jet and prevent it from being pulled close to the toe of the
dam (see Figure 6). Concrete overlays can protect the foundation from impinging flows or from
overtopping flows that collect and flow down the groin of the dam to the river channel (see Figure
7). In addition to providing concrete overlays to protect the foundation, concrete walls are often
constructed to contain overtopping flows and direct them to the downstream river channel. Concrete
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Figure 5. Concrete overtopping protection for Santa Cruz Dam in New Mexico. Splitter piers were provided
for overtopping of the entire dam crest (Reclamation).

overlays can be constructed of either conventional or mass concrete. Conventional concrete overlays
are thinner (60 to 75 cm thick), are continuously reinforced to ensure structural integrity, generally
have MSA of 4 cm or less, and typically have a 28-day compressive strength of at least 28 MPa.
Mass concrete may not be reinforced (and if so, the reinforcement may only be temperature steel
to control concrete cracking); maximum aggregate size may approach 15 cm or more; and thicker
placements would typically be used (greater than 0.9 m). A typical mass concrete mix may have a
design strength of 21 MPa at one year.

7.3.1 Gibson Dam modifications

Gibson Dam is a thick concrete arch dam on the North Fork of the Sun River near Augusta, Montana.
Modifications to Gibson Dam were completed in 1981 to provide protection for overtopping flows
that would result in up to 3.7m of overtopping over the parapet walls on the dam crest. The
overtopping protection consisted of groutable rock bolts to reinforce and stabilize jointed rock in
the abutments and placement of concrete caps on both abutments. The overtopping protection on
the right abutment was more extensive than on the left abutment, because the rock was judged to
be more erodible on the right side. The reinforced concrete overlays had a minimum thickness of
0.8 m [4]. Figures 6 and 7 are of Gibson Dam.

7.4 Foundation and abutment reinforcing overtopping protection

Foundation and abutment reinforcing can be an effective means of stabilizing rock masses against
overtopping flow. In many cases, this reinforcing will be most effective if combined with concrete
overlays. Without overlays, the joints and discontinuities that form wedges in the rock mass will
be subjected to potentially large dynamic pressures and impact loads from the overtopping flows.
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Figure 6.  Splitter piers designed to aerate overtopping flows (Reclamation).

7.4.1 Gibson dam modifications

Gibson Dam is a thick concrete arch dam on the North Fork of the Sun River near Augusta,
Montana. Modifications to Gibson Dam were completed in 1981 to provide overtopping protection
for overtopping flows that would result in up to 3.7 m of overtopping over the parapet walls on the
dam crest. The overtopping protection consisted of groutable rock bolts to reinforce and stabilize
jointed rock in the abutments and placement of concrete caps on both abutments. The overtopping
protection on the right abutment was more extensive than on the left abutment, because the rock
was judged to be more erodible on the right side. Rock bolt spacings and rock bolt lengths were not
well documented, but Figure 8 indicates that the rock bolting was extensive. The rock on the left
abutment of the dam was not judged to be erodible, except for two weaker beds. Pairs of anchor
bars at 1.5-m spacings were provided on each side of the beds. The anchor bars extended 1.5m
into rock and were grouted in place [4].

7.5 Tailwater effects related to overtopping protection

Tailwater effects consider the hydraulics of a free-falling jet from concrete dam overtopping into a
plunge pool of rock material. The jet will either impinge into the pool below the dam and disperse
before impinging on the rock surface or it will not disperse. If the jet will disperse because of
adequate tailwater pool depth, then no energy remains to erode the rock material on the sides or
base of the pool. If not, then scour may occur, depending upon the rock materials. If scour is
predicted and is determined by the designer to be unacceptable, a protective measure, such as a
downstream weir may be constructed to artificially raise the tailwater pool depth and prevent scour
at the toe of the dam.

Tailwater effects should be a consideration when evaluating a concrete dam for overtopping
flows. Even without any special design measures in place, tailwater will help dissipate the energy of
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Figure 7. Concrete overtopping protection at downstream toe of dam (Reclamation).

overtopping flows and may reduce the need for or eliminate the need for other forms of overtopping
protection. The downstream dam foundation areas protected by tailwater will be limited, however.
An additional limitation on the protection provided by tailwater is that tailwater levels can be
reduced for a given discharge if downstream channel degradation occurs. If tailwater by itself is
not effective in reducing the energy of overtopping flows, the designer must then determine an
appropriate protective measure (e.g., adding a reinforced concrete liner to a previously unprotected
rock plunge pool or adding a feature to the top of dam or release structure to break up the jet).

7.6 Vulnerabilities

Overtopping protection can improve the ability of a dam foundation to withstand overtopping flows
but overtopping protection is not foolproof. The protection may not be effective in certain situations.

7.6.1 Inadequate extent of protection

To be cost effective, overtopping protection of dam foundations must be targeted to those areas
of the foundation likely to experience erosive flows. If the overtopping protection is designed for
a specific flood and a related depth of overtopping but a larger flood occurs, the impinging jet
from overtopping flows may extend beyond the overtopping protection. It may also be the case
that the erosive energy of overtopping flows increases substantially for larger events and that this
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PHOTOGRAPH 5
CONCRETE CAP AND ROCKBOLT
LOCATIONS IN RIGHT ABUTMENT §

Figure 8. Rock bolt installation on downstream abutment as part of overtopping protection (Reclamation).

is sufficient to cause unacceptable erosion. When evaluating overtopping protection that is already
in place, a determination of the design level of the protection should be made and an assessment
of the adequacy of the protection for larger flood events should be considered. If a determination
is made that the design flood level needs to be updated (possibly because of increased downstream
populations and increased risk or if the original design flood has become more frequent due to
updated hydrologic studies) and if it is concluded that the existing protection is inadequate for the
new design level, an extension of the protection may need to be considered.
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7.6.2 Deterioration of overtopping protection or scheme

Overtopping protection that is installed may deteriorate over time. If the overtopping protection
consists of rock reinforcement, such as rock bolts or rock anchors, the reinforcing steel may corrode
if adequate corrosion protection has not been provided. Even if corrosion is very localized, it has
the potential to reduce the cross sectional area of the reinforcement and significantly reduce the
capacity of the reinforcement. If the overtopping protection consists of concrete or RCC overlays
on the dam foundation, the concrete may deteriorate due to alkali-aggregate reaction or freeze-thaw
damage. If concrete or RCC overlays are damaged due to deterioration, the protection could fail
during a flood overtopping event and expose the foundation to overtopping flows. If overtopping
protection does exist at a dam, it is important to review the design considerations for the protection,
to determine if it is still adequate. The physical condition of the overtopping protection should
also be determined from an inspection and any observed deterioration should be considered when
evaluating the design adequacy of the protection.

7.6.3  Erosion downstream from overtopping protection

Overtopping protection can be defeated if erosion occurs downstream from the protection and the
protection is undermined due to headcutting. It is important to identify the areas of the foundation
that will be exposed to erosive flows and determine if erosion of non-protected areas is likely. If
there is the potential for erosion downstream from the protected areas, consideration should be
given to extending the erosion protection.

7.6.4 Exceeding design discharge

If discharges occur that exceed the design discharge for the overtopping protection, the protection
may be compromised. This could occur as a result of a change in the hydrologic hazard character-
ization, the result of plugged or otherwise inoperable spillways or simply from the occurrence of
an extremely remote flood event.

7.6.5 Loss of or miscalculated tailwater

Tailwater should be a consideration in the design of concrete overlays as overtopping protection.
The tailwater may limit the areas that require protection or may reduce the thickness and/or extent
of the concrete overlays. If the tailwater depths that were assumed in the design do not develop (due
to a change in downstream conditions or from a miscalculation in the tailwater study) the existing
overtopping protection may be compromised for larger flows.

8 CONCLUSIONS

Several different types of overtopping protection systems have been considered or used for concrete
dams. These systems are often used in combination, such overtopping protection for a concrete arch
dam, where the upper abutments are reinforced with rock bolts, conventional concrete overlays are
provided on the upper dam abutments in the areas where the overtopping jet will impact the dam
foundation and tailwater is relied on in the center section of the dam to dissipate the energy of
overtopping flows.

Overtopping protection for concrete dams differs from overtopping protection for embankment
dams in that the areas typically protected for concrete dams focus on the foundation. Erosion of
the dam itself is typically not a concern. Overtopping protection of the foundation should consider
the effects of tailwater in dissipating the energy of overtopping flows and the characteristics of the
foundation and the ability of the foundation to resist erosion from overtopping flows. It may be
concluded that some areas of the foundation that are exposed to overtopping flows may be erosion
resistant and that no protection is required in these areas.

As is the case for embankment dams, overtopping of a concrete dam should only be allowed
for remote flood events. There will always be some uncertainty on the reliability of overtopping
protection—and if overtopping protection fails, it is unlikely that intervention would be successful
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if an overtopping event initiates erosion of the dam foundation. Limiting the overtopping of the
dam to remote events will reduce the annualized failure probability for flood overtopping potential
failure modes.
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ABSTRACT: The study of embankment dam failures shows that the erodibility of soils constitut-
ing the embankments and their foundation plays a major role in the breach widening and deepening
processes. Breach widening celerities deduced from several case studies are provided. Different
approaches for modeling breach widening developed by the USDA/ARS/HERU laboratory are
then presented. They are relevant approaches for engineering practice and they include a simple
physically-based formula and a physically-based numerical model. These approaches all need to
determine firstly the parameters of resistance to the soils to erosion with the Jet Erosion Test. The
principles and limits of use of the Jet Erosion Test are described. Finally, recommendations to
gather data in order to validate modeling of breach widening celerities are proposed.

Studies of failure modes of real-time cases of embankments which failed by overtopping or
internal erosion show clearly the fact of different breach widening and deepening processes. Also
breaches as consequences of failures of spillways in embankment dams show quite other dimen-
sions as breaches caused by internal erosion. Also obviously is the impact of the kind of downstream
protection and the material of the impervious core of an embankment in cases of overtopping and
internal erosion.

Keywords: embankment, failure, overtopping, internal erosion

1 EMBANKMENT DAM FAILURES

In spring and in summer 2010 a series of devastating rain events hit Central Europa with extraor-
dinary impacts to the countryside of the border region of Germany and Poland. The catchment
area of the River Neisse, a border river between Poland and Germany, was particularly affected
by heavy rains on 7 and 8 August. The rain triggered off extensive flooding of a magnitude that
last occurred in the Neisse River catchment a century ago. At some gauge stations in this area the
100-year flood levels were exceeded [1].

The Niedow dam was an impervious earthfill embankment dam which was situated at the River
Witka in Poland in a short distance before it flows into the River Neisse. The dam 16.7m in
height above lowest foundation level, 269.9 m of crest length and 5 m of thickness at the crest was
constructed in 1962 and had a storage capacity of 4.8 Mm® [2]. The dam body consisted of sand
and mixes of sand and gravel, the upstream shoulder was protected with two layers of reinforced
concrete slabs and between the sealing element in form of a bitumen layer, the downstream shoulder
was covered with grass (Fig. 1).

59



concrete siab thickness 10 cm, 1,50 x 1,50 m
bitum layer thickness 1 cm

_concrete slab thickness 10 cm, 1,50 x1.50m |
gravel baliast D, = 50 mm thickness 15 cm
gravel ballast D, = 50 mm thickness 10 cm

ravel
sandy gravel $.00
normal \ 2oy 211,60
storage \ T humus thickness 0,20 m
level L 210,00 / .
S EL21000m / =
o downstream filter
i 25 e e
13 /
sandy gravel / 203,60
i 7 | 200,00 — drain
— — e ok —

stream gravel Sy Oay
clay crushed rock _____'_,..—r"

__“n\—_\___wm-.s basait =

granite-gneiss

L

‘ cutoff wall

Figure 1. Cross section of Niedow Dam.

Figure 2. Niedow Dam before failure. Figure 3. Niedow Dam after failure.

In the central part of the dam a 20.7 m long, 3 bay Craeger type concrete spillway section was
situated where 3 tainter gates were implemented. Also included were a hydroelectric plant and a
pumping station. The foundation at the dam site consisted of sand and loose or medium density
sand and gravel mixes in the upper layers to a depths of 4 to 6 metres which were deposited on
compacted gravel grounds with a large quantity of rocky scree (Fig. 2) [3].

On August 7, 2010 caused by heavy rains with an intensity never recorded at the rain gauge
stations in the River Witka drainage area caused a disastrous flood wave with an extreme volume
of 30 Mm?® passed through the Niedow reservoir. The reservoir was completely filled at that time.
The dam was overtopped and failed at 6:00 p.m. (Fig. 3).

Caused by the fact, that an installation for setting of limits for switching the tainter gates allowed
the opening of the flood gates to a height of 250 cm only, the inflow significantly exceeded the
capacity of the only partly opened gates. The dam was eroded in a very short time and the resultant
dam breach wave with a height of 7m flooded the villages between Bogatyna and Zgorzelec and
Zgorcelec itself.

To the left of the spillway section, the dam body was completely eroded and destroyed, leaving
only the cutoff wall made of reinforced concrete, embedded into soil down to the impervious ground
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Figure 6. Cross section of Lake Delhi Dam.

layer. Due to a break in the left wing of the dam abutment, an outlet from the reservoir basin for a
new river channel was formed along the lateral wall of the block. The new river channel, formed
in the location of the former dam axis, had a width of about 28 m. The water flowing through this
channel washed away fine-grained soils from the dam foundation down to the saprolite rock layer
situated at a depth of four meters. To the right of the spillway block, a section of the embankment
dam was preserved, with alength of about 21 m, adjacent to the concrete wings. Significant amounts
of clay sediments were deposited upstream of the cutoff on the right bank of the reservoir. Just
upstream of the destroyed dam, the depth of newly deposited soft and plastic or liquid sediments
reached two meters (Fig. 4, 5).

On July 24th, 2010, after nearly 90 years of operation, the Lake Delhi Dam in Iowa in the USA
was hit by a record inflow of water. It was severely overtopped and long dormant design deficiencies
and unrepaired maintenance problems led to the destruction of the complete structure.

Lake Delhi Dam was designed as a concrete dam and earthen embankment. The 214.4m long
structure consisted of a 18.5 m long concrete reinforced earthfill section abutting the left limestone
abutment, a 18.6 m long conventional reinforced concrete powerhouse, a 26.3 m long gated concrete
ogee spillway, with three 7.6 m x 5.2 m vertical lift gates and, a 151 m long embankment section
with a concrete core wall. The embankment section was originally constructed with 3:1 upstream
slopes and 2:1 downstream slopes, and extended to the right abutment of the dam. The crest of the
right embankment section of the dam was 7.6 m wide (Fig. 6).

The maximum section of the concrete portion of the dam has a height of about 18 m and the
embankment section has an estimated maximum height of 13.1 m. The Lake Delhi reservoir formed
by the dam had a storage volume of about 12.2 Mm?. The hollow inside of the spillway crest structure
was filled with rock.
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Figure 7. Lake Delhi Dam before failure. Figure 8. Lake Delhi Dam after failure.

The concrete reinforced earthfill section of the dam at the left abutment was originally constructed
with two parallel concrete retaining walls, founded on rock and spaced 6.1 m apart. Rock fill was
placed between the walls. In 1967, a concrete crib wall and additional fill was placed upstream of
the original walls.

The spillway gates at Delhi Dam were difficult to open and close. A small crane was used
previously to sometimes initiate opening of the gates. A jacking device was installed on the top of
the gates to force the gates down to their fully closed position. A factor which also affected the release
capacity through the spillway gates was also the potential for debris which plugged the spillway
gates. Debris, in the form of woody vegetation, was reported to be a common occurrence at the
spillway control structure. Boats on Lake Delhi became sometimes unanchored during previous
floods and were passed through the spillway gates. The spillway was the primary waterway for
passing flood flows at Delhi Dam. The wicket gates in the old power plant had a discharge capacity
of about 14 m>/s but this flow was relatively small compared to the spillway capacity. With all
three gates fully opened at full storage, the estimated spillway capacity was about 906 m*/s. During
the destructive flood, one gate could not be opened more than 1.3 m, which caused a significant
reduction of the spillway capacity.

Nothing out of the ordinary was observed related to the dam performance at the beginning of the
July 22-24, 2010 flood, until the reservoir water surface exceeded the top of the core wall. Within
about 8 hours of this occurrence, vortices in the reservoir and sinkholes on the upper portion of the
upstream face of the dam were observed. The first vortex was noticed about 12 to 15 m south of
the concrete structure at 3:30 a.m. on July 24. A second one was noticed later and was estimated
to be about 30 m south of the concrete structure [4]. Seepage from the downstream slope was first
observed around 6:00 a.m. around 12 to 15m south of the spillway training wall. At the same
time, settlement of the dam crest was observed in the areas where the vortices and sinkholes were
first observed. Obviously internal erosion occurred in the portion of the embankment above the
top of and downstream of the concrete core wall. At 9:00 a.m. dirty flow was observed at toe of
downstream slope. At 9:40 a.m. the overtopping process of the dam began and it was observed that
5 cm water was flowing over the road. 20 minutes later a significant erosion of the downstream
roadway shoulder began and at 12:00 p.m. heavy flow over the top and underneath the road was
noticed. At 12:15 p.m. the roadbed collapsed. The dam breach began to accelerate around 12:30
p-m. The dam breach was initially caused by internal erosion of the embankment, then overtopping
of the embankment and finally the structural failure of the thin concrete core wall (Fig. 7, 8).

The full breach of the embankment dam occurred at about 1:00 p.m. As the erosion of the
embankment soils continued, some sections of the core wall also toppled (Fig. 9, 10). This effect
increased the breach to a maximum width of 71.6 m. It was observed that the concrete core wall
slowed down the speed of destruction at which the embankment dam breached.
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Figure 9. Breach sequence with core wall still in Figure 10. Breach gap with parts of the core wall.
place.

Figure 11. Homogeneous embankment at the breach. Figure 12. Foundation conditions at the breach.

The breach of the Gararda Dam in Bundi district of Rajasthan in India on August 15, 2010 led
to flooding in at least 12 villages and caused substantial losses to the farmers of the area. It was an
earth embankment with a height of 31.76 m, [5] a crest length 0f 4.271 km [6] and a storage capacity
of 48 Mm®. The enquiry committee report highlighted criminal negligence and corruption leading
to substandard work as the main causes for the collapse [7]. The works on the dam were commenced
in the years 2003—2004 and were completed in the years 2008—2009. The reservoir filling started
on July 26, 2010, as very soon a portion of the dam breached on August 15, 2010 when the water
in the reservoir reached a height of 14 m [6,8]. Although the dam was proposed and designed as a
zoned earthfill dam, after the failure the breach gap showed clearly the fact, that it was constructed
as a homogenous embankment dam, where CL and CI clay material was used (Fig. 11). The dam
breached at the deepest point in the area of the former river bed where the foundation rock mass
was badly fractured. Many wide, deep and continuous cracks were found, running from upstream
to downstream both longitudinal and transverse which covered the whole area of the breach gap.
No sealing works for these weak zones were done and the foundation cleanup was obviously also
not executed in a proper manner before the earth works started (Fig. 12).

After the end of construction no arrangements were made for controlling the inflow rates during
initial filling of the reservoir. The depth of water in the reservoir rose from 0 to 14 m over a period
of just 20 days. The maximum rise in any day was of the order of 3.4 m. A day before the reported
failure, the reservoir had recorded a rise of 1.8 m. Even at the time of failure, the reservoir was
on rising trend. During the filling period a small pool located at about 30 m downstream appeared
which was reported always filled to the brim. The water was used by the villages for meeting their
water requirements for the many days prior to the dam failure. Some cracks were also reported to
have been developed in the breached section prior to failure. At around 4:30 a.m. on August 15,

63


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18292-7&iName=master.img-008.jpg&w=180&h=120
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18292-7&iName=master.img-009.jpg&w=179&h=120
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18292-7&iName=master.img-010.jpg&w=180&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18292-7&iName=master.img-011.jpg&w=179&h=105

Figure 13.  View of failed Gararda Dam. Figure 14. Detailed view of breach gap.

Figure 15. Chaq Chaq Dam in May 2005. Figure 16. Chaq Chaq Dam after failure.

2010 the dam failed on a length of 70 m at its deepest point, obviously by piping. The ruin is still
existing (Fig. 13, 14).

On February 4, 2006 at about 10:00 p.m. Chaq-Chaq dam in Iraq failed due to overtopping.
Chaqg-Chaq dam was a 14.5m high zoned earth dam with a central clay core and gravelly shell.
Its crest width was 9m, the upstream and downstream slopes had inclinations of 1:3 and 1:2
respectively and the storage volume was 1.4 Mm?®. A recognized design problem and one of the
major mistakes was the implementation of the concrete spillway section beside the dam within the
dam body and not as a separate structure (Fig. 15). The spillway wall was made vertical and as
other similar dam failure cases showed, the compaction of the embankment near this vertical wall
was less so that a weak bond at the interface of the wall and the embankment was implemented.
In addition, the required compaction for the materials close to the vertical wall was not gained.
Therefore this less-compacted portion was weaker compare to the other well-compacted portions
of the dam.

The fall of 131.2 mm of rain over a 24-hour period was recorded at Sulaimani meteorological
gauge station, which is located about 7.5 km south-east of the dam, which caused an increase of the
stored volume to 2.55 Mm?>. As a result, the dam was overtopped. According to the responsible dam
operator who was an eyewitness of the failure process, the dam started to erode as the water depth
above the dam crest was 50 to 60 cm and finally breached near the spillway at the right abutment
after 1 to 1.5 hours. The breach width at the bottom was 29.6 m, the breach top with was measured
with 46 m [9]. The concrete spillway section remained after the failure, although the left vertical
concrete wall was destroyed and the adjacent embankment was eroded (Fig. 16).

Quite the same circumstances led to the failure of Algodoes Dam which happened on May 27,
2009 in Brazil. Algodoes Dam was an earthfill dam 21.6 m in height and 840 m in length, with a
storage volume of 51 Mm?® which was struck by a flood which did not lead to an overflow of the
crest. But caused by the fact that the spillway which was implemented at the right abutment of the
dam was destructed after the erosion of the backfill behind the chute walls during the initial phase
of the failure (Fig. 17), a 50 m long adjacent section of the embankment was destroyed and the full
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Figure 17. Algodoes Dam just before failure. Figure 18. Algodoes Dam after failure.

storage got lost (Fig. 18). Downstream at the Pirangi River the dam breach flood reached heights
up to Sm [10].

The dynamics of failure processes of embankment dams are obviously different for homogeneous
earth dams and embankments which are equipped with central cores. Dams with massive cores
made of concrete or steel withstood overtopping loadings for longer times but failed abruptly when
the core tipped over after the erosion of downstream shoulders. Typical examples for this fact were
the failures of Dells and Hatfield Dams on October 6, 1911 [11] or Lower Otay Dam on January
27,1916 [12, 13].

Ketner Dam was a 13.7 m high earthfill structure with a concrete core wall and spillways at each
end. Its crest length, exclusive of the spillways was 182 m and the width on the crest 4.8 m. The
main spillway at the west end of the dam had a length of 21.6 m and was 1.5 m deep. At the east end
an auxiliary spillway was installed, 10.7 m long and 1.1 m deep. The core-wall was constructed of
concrete. It was 45 cm wide on top, while at the natural ground surface, and to a point within 1.2 m
of the foundation, it was 3 m wide, at which point the footing was spread to 4.3 m. The initial work
when the dam was constructed was the construction of the core-wall throughout its entire length,
and to its final elevation, which was the same as the crest of the embankment. During this time the
fill was being placed against the upstream side of this core-wall, but only little fill was deposited
against the downstream side. As the core-wall was completed and the fill on the upstream side had
been carried up to an elevation 4.6 m below the top of the core-wall, and little filling had been done
on the lower side little rain started on the watershed on August 26 and 27. Two already installed
outlet pipes, 76 cm in diameter were able to take over the runoff without filling the reservoir more
than 2.5 to 3.0 m.

On the following day, August 28th, the rain was exceedingly heavy and a locally cloud-burst
occurred, and by 11:00 a.m. the water level had risen behind the dam to a depth of 1.2 m above the
outlet pipes. Then the water level remained at this elevation until 2:00 p.m., when it again started
to rise slowly. The dam owner then put a force of men at work drilling holes through the core-wall,
for the purpose of allowing the water to escape. These holes, 50 in number were drilled 1.5 m apart.
By 8:00 or 9:00 p.m. in that night the core-wall was reported to have moved 1.2 to 1.5 m out of
alignment of the crest, and drilling was stopped. The water was then within 2.4 m of the crest of the
west spillway, and therefore about 0.6 m over the crest of the embankment which had been placed
up until that time. Between 10:00 p.m. and 11:00 p.m. the water level increased to 1.2 m over the
crest of the embankment, and at 11:00 p.m. the core-wall and the embankment failed abruptly.
The core-wall was destroyed throughout almost its entire length, by overturning at a point near the
filling line on its downstream side. The entire reservoir, containing approximately 0.3 Mm?® was
practically emptied at once. The breach formed through the dam was 122 m wide at the crest of the
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Figure 19. Ketner Dam in the year 1912. Figure 20. Ketner Dam core-wall today.

core-wall, and 11.6 m in height between the crest of the core-wall and the part of it which remained
in place. The core-wall remaining at the west end was 51.8 m long on the crest, and 67 m at the
base, and at the east end 4.9 m long on the crest, and 16.2 m long at the base.

Immediately after the failure, the dam was re-built, with however some slight modifications in
the design and was put in service again in July 1912 (Fig. 19), [14].

In 1956 as the water of the reservoir was not any longer used for purposes of steam locomotives
of a railway organisation owner, the dam was abandoned and the embankment and the core-wall
was partly breached with dynamite. A small amount of water still remained behind the remains of
the old dam. As in 1978, a boy who was fishing in that area drowned in an apparent attempt to save
his dog, the County Commissioners then requested the owner to fully drain the water by removing
a valve and demolishing the remainder of the dam. So only the concrete core-wall of Ketner Dam
survived up to our times (Fig. 20).

2 BREACH DIMENSIONS — A LITERATURE REVIEW

In the Western World more than 1600 dam failure cases are reported and in addition with non
published cases in China and Russia the number will increase to nearly 5000. Initial studies con-
cerning breach parameters, i.e. width, depth, breach time, etc. dated back to the 1980s [15, 16,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. A deep research study of experimental and
numerical modeling of erosion of embankment dams by overtopping was undertaken in the 1990s
and years 2000 by the Hydraulic Engineering Research Unit (HERU) of the Agricultural Research
Service (ARS) of the US Department of Agriculture (USDA). This research effort led to a physical
description of overtopping erosion processes [33], the development of a laboratory and field test
enabling to characterize the erosion resistance of the soil materials (Jet Erosion Test, [31]) and a
physically-based numerical modeling of embankment dams’ erosion by overtopping (WINDAM
B, [32]). This ARS research effort was then followed by a joint research project named “Erosion
of Embankment Dams” coordinated by the CEATI Dam Safety Interest Group, where several dam
owners and hydraulics laboratories (USBR, USACE, Hydro-Quebec, OPG, EDF, HR Wallingford,
ARS/HERU) tested and validated several breach numerical models including WINDAM B [24].

2.1 Variability of breach widening rates

Embankment dam failure case studies highlight a large variability in the kinetics of breaching
processes. Breach widening rates deduced from several embankment dam failures case studies
presented in the table 1 below show that they can vary from 0.2 meter/minute to more than 10
meters/minute.
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Table 1. Breach widening rates from several case studies.

Breach Widening

Dam Name Velocity (m/min) ~ Materials constituting the embankment

Oros 0.28 to 0.50 Central clay core. Satisfactory compaction and clay water content.

Glasshiitte 0.52 loam, clay sand and gravels, compaction probably satistactory due
to country and date of construction (East Germany, fifties)

Belci 0.94 central clay core, sand gravel filter, gravelly shoulders,
reinforced concrete slab on upstream face

Noppikoski 1.11 central moraine core, sandy and gravelly shoulders

South Fork 32 center and downstream body made of stones, upstream part made

of watertight earth and stones, heavy riprap on u/s and d/s slopes,
leak compaction

Castlewood 2.75 earthfill and rockfill with masonry walls on u/s and d/s faces
El Guapo 2.17 central core, sandy gravel shoulders, riprap on d/s slope
Euclides da Cunha  3.33 homogeneous earthfill, riprap on u/s slope, grass on d/s slope
Salles de Oliveira ~ 3.73t0 5.6 homogeneous earthfill with inclined and horizontal filter
Machhu 2 13.5 cohesion-less homogeneous fill, leak compaction

This table shows that breach widening rates in embankment materials that are resistant to erosion
are in the range of 0.2 to 0.5 meter/minute while with poor resistant embankment materials, breach
widening rates can reach more than 10 meter/minute.

The kinetics of embankment dams breaching process depends mainly on two characteristics: 1)
the resistance to erosion of materials constituting the embankment and 2) the reservoir volume.
Highly erodible embankment dam materials combined with large reservoirs will lead to the highest
kinetics of the breaching process and the highest breach peak outflows. High erodibility of the
embankment materials leads to a fast breach widening. In addition, a large reservoir volume leads
to a slow lowering of the upstream water level when the breach is opening. Thus, a fast breach
widening combined with a nearly constant head upstream leads to the largest breach peak outflows.
On the contrary, very resistant embankment dam materials and small reservoirs will lead to the
lowest kinetics of the breaching process and the lowest breach peak outflows.

2.2 How determining erosion resistance characteristics?

From the observations and the comprehension of physics provided by large laboratory tests,
researchers of the USDA-ARS Hydraulic Laboratory in Stillwater, OK, USA, developed the Jet
Erosion Test (JET). This test is an erodimeter which can be used either in the field or in a labora-
tory. This erodimeter reproduces at a small scale the erosion processes observed during overtopping
erosion.

This test is normalized by the ASTM norm D5852 (2003). It consists in measuring in time the
scouring of a soil under a vertical submerged impinging jet. The apparatus is principally constituted
of an adjustable head tank, a jet tube, nozzle, point gage and a jet submergence tank (Fig. 21).

Measurements of the scour versus time are made by the operator by mean of the point gage
which is in the axis of the impinging jet. The model of interpretation of the JET developed by the
USDA-ARS Hydraulic Laboratory assumes that the erosion occurring during the test is principally
due to the shear stress applied to the soil near the jet axis (Fig. 22). This model is based on the
theory of an immerged jet impinging a plane surface.

The erosion rate (5, rate of the eroded volume of soil in m-s~!) is linked to the shear stress ()
by the excess stress equation:

« |0sit<T,
£= (€))

KD(T—TC) SiT > 7T,
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Figure 21.  Jet Erosion Test performed in situ (picture from USDA-ARS).
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Figure 22. Principal of the Jet Erosion Test developed by USDA-ARS and stress distribution around
the jet axis.

where
7. 1s the critical stress;
Kp is the erodibility coefficient.
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The model of interpretation of the JET developed by the USDA-ARS Hydraulic Laboratory
provides erodibility parameters K and t..

The main limit of use of the JET is the maximum grain size of the tested material: 4.5 mm.
Therefore, this test is well adapted for fine materials (clay, silts, fine sands) but it is not adapted
for coarse materials.

2.3 Breach widening modeling

Two different approaches have been developed by the USDA-ARS Hydraulic Laboratory to model
breach widening processes. Both approaches rely on the erosion resistance of the soil material
constituting the embankment characterized by the erosion parameters provided by the Jet Erosion
Test:

— the erosion coefficient Kp (m> N h™),
— the critical shear stress, 7. (Pa).

The first approach is a simple analytical formula. It was proposed by Hunt in 2005 [34].
The breach widening velocity (dW/dt in meters per hour) is expressed as:

AW/dt =2 Kp (Tun - 1) )

where
T,y 18 the hydraulic stress on the breach side walls.

2w = 0.7y g ((d)"” n)* 3)

with

y: the water density,

g: the gravity acceleration,

d.: the critical water depth in the breach, which can be estimated as 2/3 of the depth of water in the
upstream reservoir,

n: the soil material porosity.

This simple expression of the breach widening velocity is very useful to get quickly a reliable
order of magnitude when the erosion parameters of the soil constituting the embankment dam could
be previously determined by the Jet Erosion Test.

A second approach consists in using the physically-based WINDAM B numerical model. This
model provides a time varying evolution of the overtopping erosion process: breach dimensions
and breach outflows through time. WINDAM B is a freeware which can be downloaded from the
NRCS website: http://www.nrcs.usda.gov.

The main physical hypothesis and limits of use of this numerical model are the following:

— Erosion process by overtopping (piping process not modeled)

— Homogeneous embankment constituted of cohesive soils,

— Regular upstream and downstream slopes (no berms or change of slopes available),
— Foundation not modeled (no erosion of the foundation materials),

— Dam geometry represented by a unique 2D vertical section.

Input data include:

— Dam material characteristics, including erosion parameters,
— Evolution of the upstream water level through time,
— Upstream reservoir capacity curve (reservoir volume versus altitude).
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Output data include:

— Breach outflow through time,
— Breach width through time,
— Upstream reservoir level through time.

Further developments still need to be done to meet the needs of the dam profession: similar
modeling as WINDAM B for the piping process, taking into account coarse materials, zoned
embankment as well as more complex slope geometries, and the erosion of the foundation. But
right now, dam engineers can use validated numerical tools to model correctly the overtopping
erosion process on homogeneous cohesive embankments.

2.4 Some recommendations to collect field data to improve validation
of breach widening rates modeling

It is crucial to collect relevant data on new embankment dam failure case studies. Modeling tools
designed to represent breach characteristics will always need improved validation using data from
real case studies.

Feed-back on dam failure data collection shows that the main shortcomings concern information
on times. Times are essential to assess outflows and breach widening rates. Times information is
more difficult to gather than breach geometry information because it cannot be measured after the
dam failure. Engineers in charge to gather dam failure data should pay a particular attention in
searching times information in monitoring records and oral interviews.

REFERENCES

[1] L. Jelonek, L. Wrzeszcz, J. Zawislak, P. Walther, U. Winkler, S. Wortha, J. Srejber and J. Petr.
Gemeinsamer polnisch-deutsch-tschechischer Bericht zum Hochwasser vom 07. bis 10. August
2010 an der Lausitzer Neiffe als Bestandteil der vorliufigen Risikobewertung gemdfs Artikel
4 der Hochwasserrisikomanagementrichtlinie (2007/60/EG), WISE-RTD Water Knowledge Portal
(2010).

[2] S.Kosteckiand W. Rgdowicz and J. Machajski, Wptyw stanu technicznego na katastrofe zapory zbiornika
wodnego Niedow. Przeglad Budowlany, 83, 96-99 (2012).

[3] B.Twardg, Failure of Dam Niedow in Poland — Preliminary Analysis and Conclusions. Flow-3D Users
Conference (2014).

[4] W. Fiedler, W. King and N. Schwanz, Report on Breach of Delhi Dam. /ndependent Panel of Engineers
(2010).

[5] National Register of Large Dams in India. The Central Water Commission (2009).

[6] S.K. Sibal, B.R.K. Pillai and Y. Vijay, Safety perspective for dam construction — case study of
Gararda Dam failure. India Water Week 2012 — Water, Energy and Food Security: Call for Solutions
(2012).

[7] Gararda dam collapse in Rajasthan. Dams, Rivers & People, 8, 7-8, 19 (2010).

[8] Breach in dam submerges 12 R’sthan villages, The Tribune India, Online edition, August 17 (2010).

[9] K.Z. Abdulrahman, Case Study of Chaq-Chaq Dam Failure: Parameter Estimation and Evaluation of
Dam Breach Prediction Models. International Journal of Engineering Research and Applications, 4,
109-116 (2014).

[10] A.W. Lauriano, Estudo de ruptura da barragem de funil: Comparacao entre os modelos FLDWAV e
HEC-RAS. PhD-Thesis, Universidade Federal de Minas Gerais (2009).

[11] W.D. Pence, Failure of the Dells and Hatfield Dams and the Devastation of Black River Falls, Wis., Oct.
6, 1911. Engineering News, 66, 482—489 (1911).

[12] C.W. Baker, Otay Rock-Fill Dam Failure. Engineering News, 75, 236-239 (1916).

[13] California Floods Wreck Otay Rock-Fill Dam. Engineering Record, 73, 225-228 (1916).

[14] Report of the Water Supply Commission of Pennsylvania, 56-59 (1912).

[15] K.P. Singh and A. Snorrason, Sensitivity of Outflow Peaks and Flood Stages to the Selection of Dam
Breach Parameters and Simulation Models. SWS Contract Report 288, lllinois Department of Energy

70



[16]
[17]
(18]
[19]
[20]
(21]
(22]
(23]
(24]

[25]

[26]
[27]

(28]

[29]

[30]

(31]

and Natural Resources, State Water Survey Division, Surface Water Section at the University of lllinois
(1982).

K.P. Singh and A. Snorrason, Sensitivity of outflow peaks and flood stages to the selection of dam breach
parameters and simulation models. Journal of Shudkalag. 68, 295-310 (1984).

T.C. MacDonald and J. Langridge-Monopolis, Breaching characteristics of dam failures. Journal of
. 110, 567586 (1984).

D.C. Froehlich, D.C., Embankment-Dam Breach Parameters. Proceedings of the ASCE National
Conference on Hydraulic Engineering, 570-575 (1987).

V.P. Singh and PD. Scarlatos, 1988, Analysis of Gradual Earth-Dam Failure. Journal of Hydraulic
Engineering, 114, 21-42 (1988).

D.C. Froehlich, Embankment Dam Breach Parameters Revisited. Proceedings of the 15! International
Conference on Water Resources Engineering, 887-891 (1995).

D.C. Froehlich, Peak Outflow from Breached Embankment Dam. Journal of Water Resources Planning
and Management, 121, 90-97 (1995).

T.L. Wahl, Prediction of embankment dam breach parameters —a literature review and needs assessment.
U.S. Bureau of Reclamation Dam Safety Report DSO-98-004 (1998).

T.L. Wahl, Uncertainty of Predictions for Embankment Dam breach Parameters. Journal of aidiidic
iisiksaikieg. 130, 389-397 (2004).

J.-R. Courivaud, Analysis of the dam breaching database. CEATI International, Dam Safety Interest
Group, CEATI Report No. T032700-0207B, (2007).

T.L. Wahl, G.J. Hanson, J.-R. Courivaud, M.W. Morris, R. Kahawita, J.T. Mc Clenathan and D.M. Gee,
Development of Next-Generation Embankment Dam Breach Models. United States Society on Dams,
28th Annual USSD Conference, 767-779 (2008).

Y. Xu and L.M. Zhang, Breaching parameters for earth and rockfill dams. Journal of Geotechnical and
*, 135, 1957-1970 (2009).

T.L. Wahl, Evaluation of Erodibility-Based Embankment Dam Breach Equations. Hydraulic Laboratory
Report HL-2014-02, U.S. Department of the Interior, Bureau of Reclamation (2014).

G.J. Hanson, K.R. Cook, Procedure to Estimate Soil Erodibility for Water Management Purposes.
ASAE/CSAE International Meeting. Toronto, Ontario Canada. July 19-21, 1999. Paper for Presentation
n°992133 (1999).

D.M. Temple, G.J. Hanson, M.L. Nielsen, WINDAM — Analysis of Overtopped Earth Embankment
Dams. ASABE Annual International Meeting. Portland, Oregon. 9—12 July 2006. Paper for Presentation
n°062105 (2006).

G.J. Hanson, K.R. Cook, S.L. Hunt. Physical Modeling of Overtopping Erosion and Breach Formation
of Cohesive Embankments. Transactions of the 4S4L, 48, 1783-1794 (2005).

S.L. Hunt, G.J. Hanson, K.R. Cook, K.C. Kadavy. Breach Widening Observations from Earthen
Embankment Tests. Transactions of the 4S4E, 48, 1115-1120 (2005).


http://www.crcnetbase.com/action/showLinks?crossref=10.1061%2F%28ASCE%290733-9429%282004%29130%3A5%28389%29
http://www.crcnetbase.com/action/showLinks?crossref=10.1061%2F%28ASCE%290733-9429%282004%29130%3A5%28389%29
http://www.crcnetbase.com/action/showLinks?crossref=10.13031%2F2013.20012
http://www.crcnetbase.com/action/showLinks?crossref=10.1061%2F%28ASCE%290733-9429%281984%29110%3A5%28567%29
http://www.crcnetbase.com/action/showLinks?crossref=10.1061%2F%28ASCE%29GT.1943-5606.0000162
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2F0022-1694%2884%2990217-8
http://www.crcnetbase.com/action/showLinks?crossref=10.13031%2F2013.18521

Dam Protections against Overtopping and Accidental Leakage — Toledo, Mordn & Ofate (Eds)
© 2015 Taylor & Francis Group, London, ISBN: 978-1-138-02808-1

Failure of dams due to overtopping — A historical prospective

M. Jonathan Harris
Damwatch Engineering Ltd., Wellington, New Zealand

ABSTRACT: Historically, there has been a high rate of dam failures due to flood overtopping.
Inadequate spillway capacity is a common problem with many dams. Failure of dams due to
overtopping can lead to a high potential for loss of life and significant downstream damages. This
paper provides a historical perspective of international dams that failed due to flood overtopping.
Case histories of dams for select failures are also discussed along with lessons learned. Embankment
dams have much higher risk of failure due to overtopping than concrete dams. However, concrete
dams can be at risk if foundations consist of erodible materials.

Keywords: dam, overtopping, failures

1 INTRODUCTION

For thousands of years mankind has tried to tame the rivers of the earth. Structures built to contain
water have experienced varied success throughout history. In the last hundred years dams have
been built with increased levels of success. The intent of this paper is to review the history of dams
that have failed due to flood overtopping. A general historical overview is given first, followed by
case histories of significant dam failures. Case histories include general details, some interesting
information and lessons learned.

2 DAM OVERTOPPING HISTORY — GENERAL

Historically, the number one cause of dam failure is flood overtopping. In recent times flood events
have been the main natural hazard responsible for human and economic losses and continue to be
one of the main reasons for dam failures [1].

A modern dam designer starts first with determining design flood flows for a structure, a practice
that was not well understood until the mid-1900’s. In the early 1900’s design floods were considered
for most large dam structures in the most-developed portions of the world. Since the mid-1900’s,
better tools have been developed to determine the size of floods, including the concept of a Probable
Maximum Flood and the development of probabilistic methods for estimating flood frequency.
These updated methods have been used to determine the adequacy of a given dam and its ability to
retain and pass these flows.

Many dams that were designed with design floods even after the mid-1900’s have been reanalyzed
using newer techniques and have been shown to be significantly under designed for flood flows.
For example, a given dam may have been designed to pass a flood with a recurrence interval of
1,000 years, but recent analysis may show it will only pass a 350 year flood. Owners of such dams
must consider both design standards and potential impacts when determining if a structure is to be
modified for larger flood flows. Some of these dams have been modified in recent years, especially
where potential is high for loss of life and significant downstream damages.
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3 HISTORICAL RATES OF FAILURE

ICOLD conducted a study in the 1970’s and 1980’s to summarize the rate of failure of dams.
This database made the attempt to gather existing data and collect new data by requesting owners
throughout the world to populate the database with all known failures. One finding of this study
was that dams constructed prior to 1950 had a 2.2 percent rate of failure for all causes, and a 0.5
percent rate of failure for those constructed 1951 to 1986 [2].

The ICOLD study [2] showed that dam failure caused by overtopping was not the leading cause
of failure of concrete dams, but that poor foundations was one of the leading causes of failures.
The database showed dams that overtopped and had poor foundations were at a high risk of failure
(the database showed these cases as caused by poor foundation).

The ICOLD study [2] showed that dam failures caused by overtopping was the single highest
cause for failure of embankment dams. A more comprehensive study was undertaken by Fell et.al.
[3] on the cause of failure of embankment dams in 1988. This study showed that overtopping
failures accounted for 48 percent of all embankment dam failures with various types of internal
erosion failures at 47 percent.

4 LESSONS LEARNED FROM DAM FAILURES DUE TO OVERTOPPING

Prior to the early-1900’s techniques for determining design floods were not sophisticated enough
to provide adequate levels of protection for large floods. In the mid part of the 1900’s, better tools
were developed to account for flood loadings and many dams have operated well since their design.
Adequate storage and capacity to pass flood flows is critical to preventing overtopping failures.

This section will provide a few case studies and lessons learned from past failures. The purpose
of these summaries is to focus on examples that have occurred since the mid-1970’. It is not the
author’s intent to provide a comprehensive list of dams that have overtopped and failed but rather to
help emphasize common modes of dam failures due to overtopping and ones where clear lessons
can be learned. However the first overtopping failure case history is from before 1900, and acts as
one of the early dam failures that led to design change within the United States.

4.1 South Fork Dam, United States — 1889 [4 & 5]

The South Fork Dam was built between 1838 and 1853 on Little Conemaugh River 23 km upstream
of the town of Johnstown, Pennsylvania. The dam was a homogeneous earthfill dam, 22 m high and
284 m long, with a severely undersized spillway. The dam was originally built to support a canal
system for transportation routes, but was modified in 1881 after the canal system was no longer
used.

When the dam was modified, it was done without thought to flood passage of the structure.
Some of the modifications, such as lowering the dam crest to increase the crest width and installing
screens above the spillway crest to prevent the loss of stocked fish from the reservoir, actually
increased the risk of dam failure due to flood overtopping.

The city of Johnstown was a thriving town with 28,000 residents. The main source of employment
was the large steel mill in town which employed between 4,000 and 6,000 workers. Many of the
residents lived near the river, which created a relatively high population density.

In late May of 1889, a large storm dropped about 200 mm of rain in 24 hours over the region.
Early during the morning of 28 May 1889 debris was reportedly trapped in the spillway and an
attempt was made to remove this debris. An attempt to raise the dam and cut a new spillway was
made as well. Two separate messages were sent to the City of Johnstown that the dam could collapse
but these warnings were not given to the town authorities. Meanwhile, Johnstown was experiencing
local flooding which trapped some local residents. In the afternoon of 28 May 1889 the inflow to
the lake above the dam continued to increase rapidly and the dam failed due to overtopping and
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Figure 1. Johnstown after South Fork Dam failure, 31 May 1889 (Photo Credit: Filson & Son, U.S. LC).

subsequent erosion of the dam embankment which released an estimated peak discharge of 12,000
cubic meters per second.

The sudden release of the lake collected debris of all kinds in its path. One structure that lay
in the floods path was a stone railroad bridge that was 24 m high. Debris piled up behind the
structure and it failed in less than 10 minutes releasing a new wave of water downstream toward
the town and boroughs of Johnstown. The death toll was 2,209 people, which included 99 entire
families and 396 children. Most of the town was completely destroyed and major damage occurred
at the steel mill which lost a year and a half of production.

Lessons Learned as a result of this failure:

e Dam designers did not understand how to calculate design flood flows to determine adequate
spillway capacity

e Dam owners modified the dam and spillway which increased the overtopping risk

e Warning was given but no emergency action was taken

e No emergency action plan

e Embankment dams have a high risk of failure due to overtopping

4.2  Bangiao Dam, China — 1975 [6]

Bangiao Dam was originally built in 1952 on the Ruhe River for flood control and power generation.
In the late 1950’s the dam was raised by about 3 m to a height of 24.5 m. The length of the dam was
about 2,000 m. Some reports indicate that the dam was originally designed with 12 sluice gates but
only 5 were constructed. The dam was reportedly constructed primarily of poorly compacted clay.

In August 1975, typhoon Nina collided with a cold front which caused 1060 mm of rain in 24
hours, more than the average yearly rainfall of 800 mm. The inflowing flood waters caused the dam
to overtop by as much as 0.6 m and for about an hour and a half prior to breach.

One eyewitness report of the failure stated that a line of people were placed on the crest to
place sandbags at the crest when the dam started to breach. The dam failed in the early hours
of 8 August 1975. A total of 62 dams failed in the region as a result of the storm causing about
171,000 fatalities and destroying homes of 11 million people. Measures to warn downstream areas
were attempted after the failure occurred and some areas were purposely flooded to minimize the
impacts. The dam failure destroyed the massive power generation facilities and crop lands in the
region.
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Figure 2. Bangiao Dam failure (photo credit: unknown).

Lessons Learned as a result of this failure:

e Dam designers did not use international design flood standards and/or climatological records
were inadequate to determine adequate dam storage and spillway capacity

e Dam owners modified the dam which increased the risk once overtopping occurred

e Warning was given after failure occurred rather than hours prior

e The failure of one structure can cause a catastrophic cascading effect and result in other dam
failures and compounded damage

e Embankment dams constructed of clay are resistant to erosion but are still at risk of failure

4.3  Machhu Dam I, India — 1979 [7]

Construction of Machhu Dam I was completed in 1972. Considerable discussion occurred during
the final approval stages because it was thought to not have enough spillway capacity. Instead of
increasing the spillway capacity, the designers simply adjusted their calculations and showed that
20 percent greater capacity was available.

The dam was 25 m high and 3,905 m long and consisted of a central concrete gravity section
with zoned earthfill embankments at both abutments. The dam was constructed using modern
construction techniques and the embankments had a central clay core, transition zones and gravel
upstream and downstream shells. The central concrete gravity section included masonry work on
the exterior as well as 18 massive radial arm gates, two of which failed to open during the flood.

The largest cities downstream of the dam were Morbi and Maliya at a distance of 5 km and 25 km
from the dam, respectively. Just downstream of the town, there were several smaller towns near the
city of Morbi. Four months into the monsoon season, heavy rains fell for 12 days straight prior to
the failure on 1 August 1979.

The dam operators had very detailed instructions for dam operations. Much of the operations
relied on information on upstream flood inflows and rainfall forecasting. However, very poor
communication prevented them from operating effectively. Just after midnight on 1 August 1979
the Deputy Engineer travelled to the dam to inform the operators to open the gates fully because
communications lines were down. At 8:00 am a city official from downstream arrived at the dam
to tell them to close the gates because their town was getting severely flooded. The operators did
not close the gates but they wasted time having to deal with the request. It wasn’t until noon that
All-India Radio announced that “people were to move to higher ground,” even though the dam
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Figure 3. Machhu Dam II failure (photo credit: Gunvantbhai Sedani).

was close to overtopping and the request had been made hours earlier. The operator and crew were
on the concrete gravity spillway section and had been trying to open the two gates that failed to
open. At 1:30 pm, after the dam had overtopped for about an hour, the crew were afraid for their
lives and tried to leave. They tried to cross the embankment but the dam was eroding away. They
thought it safer to return to the concrete section. They walked a few hundred feet before returning.
Within a few minutes of returning both the left and right embankment began to wash away. The
dam overtopped for about 2 hours before breach at a maximum depth over the crest of 0.45 m.

The embankment sections washed away almost at the same time. The photo of the post-failure
dam shows both embankments completely eroded away. The operator and crew watched the whole
failure occur over the next few hours and all survived. However, over 2,000 of the downstream
population lost their lives. Many of the fatalities could have been avoided if proper emergency plans
and communication were in place and operable. It was determined that the flood was large enough
that earlier operations of gates would not have stopped the dams from overtopping and failing due
to the massive size of the flood.

The dam was reconstructed by 1993 with the new spillway capacity over 4 times larger than the
previous design and the reservoir having one-third larger capacity.

Lessons Learned as a result of this failure:

e Dam designers did not use international design flood standards and/or climatological records
were inadequate to determine adequate dam storage and spillway capacity

e Dam designers were under pressure to meet schedules for construction and when concerns over
the design flood were raised they were not seriously considered

e During the flood there was no communication with the operations staff without traveling out to
the site

e Required information regarding upstream river flows and flow predictions were not communi-
cated to the operations staff

e Messages from nearby towns to close the spillway gates increased confusion during flood
operations

e Embankment dams constructed of clay are resistant to erosion but are still at risk of failure
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4.4 Taum Sauk Upper Dam, United States — 2005 [8]

Taum Sauk Upper Dam was constructed in 1960 to 1963. The dam is an off-stream storage dam
with the reservoir filled at night when electricity is cheaper and used to generate power during
the day when rates are higher. The dam was built on the top of a small mountain and consists
of an embankment in a complete circle. The dam was constructed of material excavated from
the mountain top, including silt sand and gravel mostly placed by sluicing. The upstream side of
the embankment slope had pneumatically-placed concrete with steel reinforcement. The interior
base of the reservoir consisted of asphaltic concrete. To increase the reservoir capacity a reinforced
concrete parapet wall about 3 m high was constructed on the crest of the dam. There was no spillway
installed because the largest storms would only result in a few cm increases in the reservoir level.
All operations of the dam were remotely controlled.

On 14 December 2005 Taum Sauk Upper Dam failed. This was thought to be impossible due to
it being an off-stream reservoir. A study conducted by the Federal Energy Regulatory Commission
(FERC) of the United States provides detail of the causes of the failure. This report states that the
reservoir was overfilled for up to 24 hours with a peak overtopping of about 0.15 m at the location of
the main breach. The overtopping of the embankment eroded the embankment away and eventually
failed the upstream concrete liner. Once the liner was undermined the dam breached completely
in about 30 minutes. The cause of the overtopping was due to the fact that the dam was remotely
operated and the water level sensors had come loose. The operators thought the dam was still not
quite full when in fact it was overtopping.

The FERC report indicates that, “The breach was entirely avoidable in that the company knew
for over two months that the water level sensors were unreliable, as they had broken free from
their anchoring system, but unaccountably failed to make repairs.” Since there was no spillway
there was no way to handle even small flows overtopping the dam without incurring damage to the
embankment.

It was extremely fortunate that no fatalities occurred as a result of the failure. Downstream of
the dam is a remote area, but during summer months could have up to thousands of people using
the recreational area. The home of the caretaker and his family (wife and three children) along with
its residents were swept away in the flood. The family suffered injuries and exposure to the cold
and were treated for hypothermia.

The dam was reconstructed from 2007 to 2010. The new design consisted of a Roller Compacted
Concrete (RCC) dam in place of the embankment which is more resistant to erosion if overtopped.
A spillway structure was also added to the design in case of overtopping.

Lessons Learned as a result of this failure:

e Dam designers did not think that overtopping was possible on this structure

e Little onsite observation was conducted at the site during operations — no regular onsite
inspections conducted

e Water level sensors were never fixed to provide reliable operations information

e It is very fortunate that there were no fatalities

5 DAM FAILURE DURING CONSTRUCTION

Failures of dams have occurred during construction causing massive damages to construction
works, downstream facilities and fatalities. These failures have occurred throughout the world.
In many cases, these overtopping events “catch” the dam at the time it’s most vulnerable, during
construction. In the past, many dams have been designed without much thought to passing flood
flows during construction.

One such dam that was under construction at the time of its failure was Oros Dam (Brazil) in
1960. In the second year of construction, the dam was about half finished, when the reservoir
behind it rose about 29 m over a 9 day period due to flood flows. The dam was about 33 m tall at
the time of the failure. The dam overtopped by as much as 0.8 m. The dam overtopped for about
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Figure 4. Taum Sauk Upper Dam failure (photo credit: FERC [8]).

8 and a half hours prior to breach with a majority of the overtopping depth much less than 0.8 m.
The dam core was constructed of moderately plastic clayey sand and was densely compacted. As
a result of the dam failure about 100 people died.

During the planning of the construction phase of work, the passage of flood flows should be
considered. A design level for flood passage during construction should be established prior to the
initiation of dam construction. In some parts of the world the risk of overtopping failure is very
high during rainy seasons. Plans for how to pass these floods and how to stage construction are
required to reduce the risk of potential failure.

6 OVERTOPPING PROTECTION OF DAMS

Many smaller dams and some larger dams are overtopped throughout the world every year. Many
of these are dams designed with no proper understanding of design flood loadings. Some of these
have been constructed in areas of very low population and as a result pose little risk to life loss.
However, in some cases development can occur after the dam has been constructed, increasing the
downstream population at risk.

As existing dams are assessed for their capacity to pass floods there are several options for design
to protect them from failure. These options are discussed below.

6.1 Concrete dam overtopping protection

Concrete dams have historically shown to be more resistant to overtopping failure. Generally, this
is due to being built of stronger materials that are less susceptible to erosion. Even though concrete
dams are stronger they may not be stable due to the increased forces on the structure. Stability of a
concrete dam should be assessed when larger design flood flows are calculated. This is in addition
to evaluating the potential for foundation erosion should overtopping occur. Increased ability to
pass the design flood should be the first option considered if plans are made for modification.
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Historically, most concrete dams do not fail due to overtopping unless the foundation is weak.
It is not difficult to envision water flowing over a dam not designed to be overtopped and a weak
foundation slowly eroding away. In the case of Sweetwater Dam in Southern California (1916), it
overtopped and minor damage was caused to the dam itself but the overtopping abutments eroded
down and breached the dam. This was not the first time that this had happed to this structure. How-
ever, the previous event occurred during a smaller flood and erosion was much less. Consideration
of abutment erosion should be considered in addition to erosion of the dam foundation.

6.2  Embankment dam overtopping protection

Embankment dams are historically shown to be susceptible to overtopping failure. Generally, this
is due to being built of weaker materials that can be very susceptible to erosion. Since embankment
dams are not designed to resist overtopping, the risk of failure is high compared to a similar dam
made of concrete. Designers of embankment dams that are meeting deterministic design standards
should realize that the conditional probabilities of dam failure given an overtopping flood event are
typically not similar between concrete and embankment dams. Therefore, preventing overtopping
or providing overtopping protection will typically be more critical for an embankment dam.

An increased ability to pass the design flood should be the first option considered and plans
made for modifications. This is the highest level of risk reduction of the structure by removing the
likelihood of water flowing down its face. Increasingly, engineers have been asked to develop ways
to reduce the risk of overtopping failure of dams by construction of downstream facing or other
means. These construction techniques vary from construction of RCC facing on the downstream
face of the dam and abutments to unique systems for erosion protection. Each of these systems
attempt to reduce risk of failure while reducing costs of construction compared to increased spillway
and reservoir capacity.

6.3 Reducing dam overtopping risk by reduction of operational failures [9]

Operational failures have been known to cause dam overtopping and failure. Operational failures is
part of a wide ranging category. The Bureau of Reclamation and U.S. Army Corps of Engineers Dam
Safety Risk Analysis Best Practices Training Manual [9] states, “These can result from equipment,
instrumentation, control systems (including both hardware and software), or processes failing to
do what they were intended to do.” These types of failures can occur very easily and yet can result
in spillway gates becoming inoperable during floods as one example. Another example is a log
boom that is tied off at a low level so that during high reservoir levels during a flood trapped debris
will be released and increase the risk of spillway blockage. Each facility should be evaluated to
determine if there are high risks of operational failure during flooding. Many of these will lead to
increased risk of overtopping failure even when the dam is properly designed to pass large floods.
For some dams, the risk of overtopping during normal operations can be a viable failure scenario
if there is a failure of operational equipment and systems like what occurred at Taum Sauk Upper
Dam.

7 CONCLUSIONS

— A high percentage of embankment dams that have failed have failed due to flood overtopping

— Case studies show that inadequate ability to pass floods is the leading cause of overtopping
failure, therefore, using internationally accepted design methods is critical to reducing the risk
of overtopping failure

— Embankment dams are constructed of generally erodible materials, and given enough time, all
types of embankment fill dams will fail due to overtopping

— Embankment dams should typically be designed for higher design floods to have the same risk
reduction as an equivalent concrete dam
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— Concrete dams are generally less susceptible to dam failure from flood overtopping, except when
foundations and abutments consist of erodible materials

— Concrete dams are generally resistant to overtopping failures, but erosion of foundation and
abutments should be checked along with increased loads on the dam due to higher reservoir
levels

— Operational failures can cause a dam with adequate flood passage capacity to fail due to flood
overtopping and should be evaluated comprehensively
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ABSTRACT: Burkina Faso is a landlocked country located within the Niger River bend in the
Sahel area of West Africa. The total population of the country is around 18 million inhabitants
and the main activity is agriculture occupying 80% of the population. The country is located in a
semi-arid zone of Africa. The rainfall season is between April and October in the South and June
to September in the northern part of the country. Only three rivers are permanent, one with a long
duration of very low flow during the year. The country is characterized by a high seasonal and
inter-annual variation of rainfall and river flows. Water storage in Burkina Faso is a prerequisite for
any human live and activity. Since the 1920’s more than one thousand small dams and around 20
large dams have been built to store water (5.5 billion m® storage capacity) for multipurpose uses.
Due to some weaknesses in the studies and construction and considering the impact of very large
floods around 10 dams per year are experiencing overtopping or internal erosion leading to some
cases of failures. The profession is trying to address the situation with the improvement of design
criteria, construction techniques and the promotion of some low cost technologies to increase the
resilience of these structures to resist to large floods.
The paper will present the recent developments in design criteria and low cost technologies.

Keywords: dams, internal erosion, failure, foundation, embankment, recent development, design
criteria, low cost technologies

1 INTRODUCTION

The failure of dams by internal erosion and piping is one of the most common causes of dams’
failure according Icold. It is the second cause of dams’ failure after overtopping by floods.

In Burkina Faso, the assessments place the internal erosion in the third leading cause of failure of
small earthfill dams after the flooding and backward erosion downstream lateral spillways channels.

Despite the apparent great experience of Burkina Faso in designing, building and managing small
dams, structures failure still occur for various reasons including internal erosion. The dams’ profes-
sionals are challenged to find solutions to ensure sustainability of these critical infrastructures for
millions of peoples living in Rural or small urban areas. In 2007, we have noted the failure of about
ten small dams including two by internal erosion in the embankment and in the foundation. These
two cases are presented below after the presentation of the general approach of the phenomenon.

2 INTERNAL EROSION - TYPOLOGY AND DEVELOPMENT

2.1 TBpology of internal erosion

The internal erosion can be defined as the phenomenon of tearing off and transport downstream
of the particles of an embankment or foundation as a result of the action of the flow from the
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reservoir or groundwater. It develops when the two following conditions are fulfilled: the tearing
off of particles and their transport.

The detachment off of particles of the embankment can be done by several ways: backward
erosion, blowout, buoyancy, dissolution or defloculation.

The transport can be done by filtration through a conduit created by the removal of particles
which can quickly lead to the piping phenomenon and the failure of the dam if not stopped.

The transport can be done by suffusion (external or internal), diffusing in the space between
particles and at the contact of the embankment with the foundation. The suffusion modifies slowly
the permeability of the material and can, after a long period, lead to the failure of the dam.

For small dams, routine visual inspection made by a trained technician can usually detect inter-
nal erosion because of the changing of the permeability of the material and the changes in the
leakages rates and the pore presure. The routine visual inspection can help to detect the following
phenomenon which can be the signs of internal erosion:

e Emergence of moisture (seepage, development of vegetation, change in color of the water);
e Signs of erosion (materials deposits, suspended particles).

For large dams, in addition to visual inspection, there are many methods of investigations that
can detect signs of internal erosion.

2.2 Failure modes

If internal erosion is not detected early and stopped, it can lead to the development of piping
or suffusion and finally lead to the failure of the dam. So in internal erosion, failure occurs by
piping or suffusion, piping is the most common and the most dangerous mode. On dams the piping
phenomenon usually develops in the following situations:

e Missing or bad design or construction of downstream filter in the embankment or at the contact
with the foundation;

e The presence of animals borrows: in Burkina, crocodiles are the animals that cause the most
threat to the dams;

e The poor contact with the underground structures in the embankment: steel or concrete pipes;

e Leakage following the failure of an underground pipe;

e The poor compaction or lack of appropriate wetting of fines silty clay materials.

The suffusion is a phenomenon with can slowly lead to the failure of a dam by collapse of the
slope material and the embankment by:

e settlement of dam crest and overtopping of the dam may occur;
e Removal of materials can otherwise induce sinkholes which can lead to a breach in the dam;

Finally, transport and removal of materials can lead to the piping phenomenon; one of the main
cause of the high occurrence of internal erosion failures during the last decade in Burkina Faso
is due to weak design and construction of the embankment dams (selection of earth material,
dispersivity, bad compaction and insufficient wetting associated to the high speed of the reservoir
filling due to heavy rainfall and large floods.

2.3 Causes

Failure causes were found after the assessment of documents of design, works and monitoring and
also the results of field investigations. The main causal elements are presented below:

e The foundation of dams is poorly investigated and the works in the foundation and the central
part of the dam are often inappropriate (a tick layer of weathered sandy rock was let under the
spillway foundations),
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Figure 1. Left: Bampéla dam a hole in the embankment. Right: Gazandouré dam-spillway and leak at the
contact with the embankment on right side.

Figure 2. Left: Koumbri dam — stratification and thick compacted layers. Right: Guitti dam — foliation of the
embankment is due to overcompaction insufficiently moistened fine materials.

e No test on the fill material in the trench of the foundation of the dam,

e The number of tests in the embankment itself is not enough for the size of dams; moreover they
haven’t found the results of the tests of several layers,

e Moisture content has not been considered in testing the materials,

e The choice of clay material borrow zone very closed to the dam and spillway axis,

e Lack of well design protection and filters downstream of the stilling basin of the spillway

e Utilization of dispersive and poor quality materials,

e Bad compaction of materials at the interfaces between embankment and concrete structures,

e Compacting layers of material too tick (up to 70 cm).

2.4  Repair modes

The techniques to repair or correct problems created by internal erosion are numerous and depend
on the type of the dam, the type of problems and the environment of the dam (condition, sizes
and hydraulic load). The most common problems due to internal erosion on a dam can be loss of
impounded water, instability, failure of the dam by overtopping or piping. The commons repairs
techniques are the following: the diaphragm wall, grouting, downstream filter and berm, upstream
sealing membrane, and of course building a new dam when the damages are too important.
The grouting and the diaphragm wall techniques are generally used for large dams because of
the technical requirements and their high costs. For small dams the commons methods are the
placing of filter on the downstream face with weighting and the reconstruction in case of failure.
The placing of filter on the downstream face with weighting is suitable for situations with low
leakage flow rate. It is relatively easy to perform and inexpensive. It consists of:

e Stripping the downstream face and incorporating the filter to stop the transport of the materials.
The filter is chosen so that filtering conditions are ensured between the fill, the filter and the
weighting materials.

e Placing weighting materials with drainage properties to ensure the stability of the dam.

The works can be performed during any period and do not need to empty the reservoir.
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3 OVERTOPPING: CAUSES AND SOLUTIONS

3.1 Causes

3.1.1 Lack of reglementation
There are no reglementation for the choice of design criteria.

3.1.2  Lack of sound hydrological studies
Commonly hydrological studies for dam’s project are based on ORSTOM and CIEH empirical and
regressions methods.

These methods have been implemented with series of rainfall prior to the 70s. With the climate
change these methods are not appropriate to allow protection of structures against flooding. In
addition, the parameters of the watershed are often underestimated.

3.1.3  Lack of hydraulic studies
Hydraulic studies, including flow conditions of the river downstream of the dam are not determined
in many cases.

3.2 Solutions for overtopping problems

3.2.1 Improvement of design criteria

It is necessary to take into account the effects of climate change which are realized in recent years by
exceptional rainfall events (rain Ouagadougou on September 1st, 2009). There is on the one hand,
economic necessity and secondly, the need to ensure adequate safety to work to reduce the risks.
This approach leads to define a design flood for sizing the spillway and a check flood (with water
level at the crest of dam) which is taken as the maximum flood that will not cause the destruction
of the dam. This one must also be evacuated by the spillway without the failure even some damages
can result downstream. One of the current practices is now to use the safety check floods to assess
the real safety of the dam. The check flood is determined by the methods of envelope curves of
maximum daily rainfall.

3.2.2 Utilization of low cost technologies

Some techniques have been developed in these last years to improve flood discharge capacity by
dams. These are Piano Keys Weirs (PKW). The labyrinth weir is characterized by a high capacity
discharge rate at a relatively low load unlike straight weirs. This benefit includes the low cost of
implementation and maintenance in comparison with straight weirs and more reliable operation
compared to weirs winnowed.

3.2.3  Combination of hydraulic structures
For the sake of rationality, economy and according to the new trends in the profession for flood
management, it is important to consider the possibility of combining a service spillway and an

Figure 3. Liptougou dam protected against extreme floods by two spillways.
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emergency spillway. This is to implement an efficient and robust structure to evacuate the design
flood and safety spillway to help evacuate extreme flood. The safety spillway which is often placed
at the lateral side of dam where the dam height is smallcan be constructed using RCC, Cemented
materials etc.

The use of Parapet well is also important and is adopted today by the profession to improve the
safety at a very low cost for small dams.

The fuse plugs developed also by Hydro coop France have been used in Vietnam and Burkina
Faso to improve storage and floods protection capacity of small dams.

4 CONCLUSION

Engineers must seriously consider these problems in the design and the construction of dams.
In the two cases presented, internal erosion occurs generally at the first impoundment of the
reservoirs which mean that it linked with bad design and construction reservoir; the fast filling and
subsequently the violent load on the dam may have deepened the phenomenon. The overtopping
of dams is another problem which can provoke dam lost.

These problems show what efforts have to be undertaken:

e By the implementation of dams legislation,

e By taking into account climate change and extreme floods for the protection of dams against
floods,

e By the construction companies to master the techniques to build earth fill dams especially when
the earth contains dispersive clay.

e By the Project Implementation unit, Engineers to apply the best practice to follow-up the design,
the construction and the first filling of the dam.
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ABSTRACT: The failure of a rockfill dam begins with damage to the downstream shoulder
prior to the failure of the clay core or upstream face. Accepting that the vertical permeability is
enough for allowing water to flow down through the rockfill, damage initiates at the dam toe
and progress upward to the crest. So, the complete failure of the shoulder is a process that takes
time and require overtopping flow to overcome a threshold value. This process was experimentally
analyzed in several testing facilities, one of them specially design for testing rockfill dam failures.
Failure patterns for steep and gentle slopes are here described. The failure process is conceptualized
through the concepts of failure path and incubation flow, and the influence of the main parameters
on the failure process are analyzed.

Keywords: dam, protection, overtopping, rockfill, failure, shoulder, shell

1 INTRODUCTION

The effect of overtopping or an important accidental leakage on the downstream shoulder of a
rockfill dam is similar: the shoulder, designed to be dry, is subjected to water flow through the
interstitial pores, suffers water pressure and mass sliding may occur. In addition, water flowing
over the shoulder surface, combined with the seepage flowing out of the shoulder, may cause the
dragging of rockfill stones. If the overtopping or accidental leakage discharge is high enough, a
partial or total failure of the shoulder may occur.

Several questions arise about it: a) which is the minimum overtopping discharge to initiate the
failure?; b) where does the failure begins and how does the failure progress?; ¢) which is the over-
topping discharge necessary for the impervious element of the dam, internal core or upstream face,
be affected. Answers to this questions are needed to properly assess the safety level of a particular
rockfill dam against overtopping or accidental leakage, and to develop realistic emergency plans
for managing a probable failure situation.

2 EXPERIMENTAL TESTS

2.1  Experimental setup

An extensive test program was developed for that purpose. A facility specially designed for testing
embankment dams failure was performed at the Hydraulic Laboratory of the ETS de Ingenieros de
Caminos, Canales y Puertos of the UPM. It is a 13 m long, 2.5 m width and 1.4 m high channel,
provided with a 5 x 1 m? glass window for observation and video recording purposes. The test
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Figure 1. Experimental set up.

channel is divided into four zones (Fig. 1): a) inlet and disipation; b) test zone; c) decantation;
and d) return to the tank zone (close circuit). The monitoring instrumentation evolved along time.
Nowadays the channel is equipped with a robotized laser profile meter that allows to obtain a Digital
Terrain Model (DTM) of the tested rockfill dam at any moment of the failure process. It is also
equipped with 85 hydraulic piezometers installed at the base of the testing zone, three ultrasonic
limnimeters at the intake zone, downstream of the test zone, and at a triangular wire flow meter
located downstream of the test channel, in the return channel. A computer controlled valve and a
magnetic flow meter at the intake zone allows to control the discharge entering the test channel.

In addition, two conventional testing channels of the Center of Hydrographic Studies of the
CEDEX were used, 0.4 and 1.0 m wide.

2.2 Materials and test procedure

Uniform crashed aggregates of different size were chosen. The sieve size passing 50% of the
particles of the tested materials was, in mm: 8, 13, 16, 35. The size of the particles was selected so
that a non linear relation between hydraulic gradient and seepage velocity was assured.

The rockfill dam was built without compaction and the resulting dam body can be considered
homogeneous. Every rockfill dam model was tested for a set of discharges. The test was initiated
with the smallest discharge and it was increased step by step to an increasingly higher discharge.
The highest tested discharge was that with a degree of failure affecting the crest of the dam. Every
discharge value was kept until the steady state was reached, that is, until no additional damage
was observed on the shoulder nor change in the water levels and pressures. Then all the variables
involved where registered and a DTM of the tested rockfill dam was obtained. So, there is a
complete set of registers and a DTM of every overtopping discharge step for every rockfill dam
tested.

2.3 Test program

The test program was conceived in three phases: 1) repeatibility analysis; II) scale effect;
IIT) parametric study.

The aim of the phase I: repeatibility analysis was to evaluate the repeatibility of the tests, taking
into consideration that apparently equal tests were different in the detail: arrangement of particles
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Figure 2. Advance degree of failure. ADF = B; dimensionless ADF = B/L; the overtopping flow that causes
B =L is considered the failure flow for the shoulder.

in the dam body is different, although the height, shoulder slope and material were the same.
A certain variability in the results of several tests with the same value of the relevant parameters
was expected, so it was necessary to asses if it was acceptable.

Scale effect is a critical issue when performing scaled physical tests, specially complex when
different physical phenomena are involved in the test, as happens in this research. A simple approach
was adopted in phase II, a first attempt to understand the scale effect in the physical modeling of
the failure of the downstream rockfill dam shoulder due to overtopping: two scaled geometries
were tested.

Phase I1I was conceived as a parametric study to assess the effect of the main parameters involved
in the failure: shoulder slope, material and type of impervious element. Given the limited knowledge
about the scale effect, tested rockfill dam models should be considered as prototypes (scale 1:1),
admitting the hypothesis that the involved physical phenomena are the same that in a full size
rockfill dam. In that case, the conclusions obtained from the experimental tests would be valid for
rockfill dams of any size.

More than one hundred tests were performed.

3 CONCEPTUALIZATION OF THE FAILUIRE PROCESS

In view of the results obtained from the tests, several new concepts were defined to properly
characterize the process and facilitate the analysis of the influence of the different parameters
involved:

Advance degree of failure (ADF): It was observed that the failure was initiated at the dam toe
and progressed upstream towards the crest of the dam. For a certain overtopping discharge an
advance degree of failure may be defined as the horizontal distance from the original toe of
the dam before failure to the most upstream point of the dam body affected by the failure. It
may be expressed in non dimensional way dividing it by the horizontal projection of the hole
downstream dam slope (Fig. 2). So, the non dimensional ADF varies from cero, when failure
has not been initiated, to one when the damage affects the crest of the dam. Unless specified the
contrary, the non dimensional ADF will be considered.

Path of failure (FP): For every overtopping discharge (Q) there is a related ADF. The evolution of
the failure process for increasingly higher overtopping discharge may be defined through the
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Figure 3. Failure path (FP).

ordered set of pairs (Q, ADF), which was termed failure path and can be represented as a line
in a cartesian system (X, y) (Fig. 3).

Incubation discharge (Q;): It was observed that an overtopping discharge threshold should be
overcome for the failure to initiate. That threshold was termed incubation discharge. No damage
happens until overtopping discharge is greater than the incubation discharge. For a practical
purpose the first step of overtopping discharge that produced damage to the dam was considered
the incubation discharge. Notice that an error arise from the discrete nature of the overtopping
discharge set of values tested.

Failure discharge (Q,): The first step of overtopping discharge that produces a damage that affects
the crest of the dam (ADF = 1) was considered the failure discharge. It should be overcome for
the damage to reach the impervious element of the dam, which is the critical issue for the stored
water be released. When the failure discharge is reached, it will be considered that the shoulder
has completely failed, although some of the rockfill material is still in place.

A non dimensional path of failure may be defined considering Q/Q; instead of just Q, that is,
expressing the overtopping discharge (Q) as a portion of the failure discharge (Q;). It allows to
put together in the same graphic the path of failure of very different rockfill dams.

Fragility factor (BF): If the incubation discharge is high related to the failure discharge, although
obviously smaller, we will say that the failure is brittle, in the sense that when damage in initiated
a relatively small increment of the overtopping discharge will cause the complete failure of the
shoulder. The brittleness factor is then defined as the relation Q;/Q, and takes values greater
than cero and lower than one. A low value of BF indicates low failure fragility and a high value
of BF is a sign of high fragility.

4 FAILURE PATTERNS

The observation of the tests allowed to conceive a conceptual model of the shoulder failure process.
Two clearly different failure patterns were identified for steep and gentle slopes, around 1.5:1 the
former and around 3:1 the latter.
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Figure 4. Failure pattern for the shoulder of a rockfill dam with steep slope (around 1.5:1). View from
downstream.

Steep slope (around 1.5): This is the case of most existing rockfill dams (Fig. 4). For low
overtopping discharge, under the incubation discharge, there is no damage. Then failure is initiated
at the dam toe mainly in the form of simultaneous movement of several nearby stones located at
the slope surface, like a very shallow sliding affecting a small group of stones. Then, the same
happens in different zones of the shoulder toe until all the toe stones are moved. With increasingly
higher discharges the level of water inside the dam body increases and the very shallow successive
slidings progress upward, affecting the whole width of the dam, as a consequence of the increase of
the pore pressure. Dragging of stones is too observed, but the prevalent failure mechanism is mass
sliding and for that reason the whole width of the dam is almost equally affected by the damage. It
is easy to observe two types of mass slidings: a) the described shallow slidings due to interstitial
pore pressure and: b) mass slides due to the mismatch of the stones located upstream of the group
of stones moved by the first type of mass sliding formerly described. This way a compound slope
is formed, different for every step of discharge: a downstream stretch with slope gentler than the
initial, formed by the moved stones, and an upstream stretch with stones that keep in place without
movement and slope steeper than the initial. Water flows out of the dam body from around the
point of slope change downward.

Gentle slope (around 3:0): This would be the case of a rockfill dam designed for avoiding
mass sliding in overtopping scenario. The dam body formed with rockfill is stable and the only
failure mechanism is the dragging of stones, admitting that additional possible failure mechanisms
are not present, like internal instability or damage to the crest due to suction. The incubation
discharge should be overcome to initiate the dragging of stones from the dam toe. Some movement
of individual stones is then observed in different places of the dam toe. The movement of one single
stone facilitate the dragging of the nearby stones, so the damage tend to concentrate in some of the
places where it was initiated. When a significant number of stones are dragged from an area, a hole
is formed in the dam body. It has the effect of a drain and flow towards that area is increased and
the process of stones dragging is accelerated. This is the mechanism for the formation of several
erosion channels. The mismatch of stones located upstream of the dragged particles induces a
mass sliding. The material fallen inside the erosion channel reduces the amount of water flowing
out throw that channel and temporarily stop or decrease the loss of stones. The damage evolves
upstream in every erosion channel by successive phases of dragging of stones and mass sliding due
to the mismatch. The different erosion channels compete in the race for reaching the crest as the
overtopping discharge step up, but finally one of them is big enough to concentrate most of the
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Figure 5. Failure pattern for the shoulder of a rockfill dam with gentle slope (around 3:1). View from
downstream.

flow and that erosion channel is the responsible for the complete failure of the shoulder by reaching
the dam crest (Fig. 5).

In summary, when the slope is steep the prevalent failure mechanism is mass sliding and damage
affect to the hole width of the shoulder; successive shallow mass sliding progress upstream until
the crest is affected; and when the slope is gentle the only failure mechanism is the dragging of
stones (and mass sliding induced by mismatch), several erosion channels are formed and finally
one of them reaches the crest. For intermediate slopes a mixed failure pattern between those two
described was observed.

5 REPEATIBILITY OF THE TESTS AND SCALE EFFECT

These two phases were previous to the more extensive experimental parametric study.

5.1 Repeatibility of the tests

Tests with different slopes were repeated several times with the same value of the parameters
involved in order to assess the repeatibility of this type of tests. The process of failure for every test
with the same parameter values was defined by the failure path and all of them were put together
in a graph (Fig. 6).

From the analysis of the test results we can conclude: a) there is an appreciable variability in
the first half of the failure path which is just due to chance, depending on the detailed particles
arrangement and probably other uncontrolled factors; b) variability is more remarkable for inter-
mediate slopes, when a mixed failure pattern occurs; c) it is more remarkable too if there is the
possibility that several erosion channels to develop, that is, if the rockfill dam is wider related to
its height; and most important, d) failure paths of different tests with the same parameter values
converge with increasing overtopping discharge so that the failure discharge is quite similar for all
of them; it happens independently of the width/height relation. Therefore, a reasonable accuracy
can be obtained in the failure discharge assessment, which is an important issue from the practical
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Figure 6. Failure path from the repeatibility tests, for slope N =2.2; a) D5g = 16.49 mm; channel test 2.5 m
wide; b) Dsg = 17.33 mm; channel test 1.0 m wide.

point of view, although an appreciable variability should be expected for the first half of the failure
path, and then for the incubation discharge.

5.2 Scale effect

As mentioned before, physical models tested should be considered as prototypes and are not
intended to be a scaled model of any particular rockfill dam. Although not necessary for this
research, scale effect still remains an important issue for physical modeling of rockfill dams failure,
so a first simple experimental approach to scale effect analysis was done. For three different slopes:
1.5,2.5and 3.5, two scaled rockfill dams were tested; scale 1:3.5 for both, the height of the dam and
the size of the material (Dsg). The higher dam was considered the prototype and the lower dam was
considered the model. Experimental results are shown in table 1, as well as the failure discharge
inferred for the prototype from the experimental value registered for the model. Inferred and
experimental registered values are pretty close for slopes 1.5 and 3.5. For slope 2.5 a discrepancy
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Table 1. Results from scale effect tests.

Scale efect Slope 1.5 Slope 2.5 Slope 3.5
Model (measured values)
Failure hydraulic head (cm) 2.04 1.80 2.30
Failure unit flow (I/s/m) 53 9.5 6.5
Prototype (measured values)
Failure hydraulic head (cm) 7.40 6.45 8.20
Failure unit flow (I/s/m) 36.0 46.0 45.0
Prototype (measured values)
Failure hydraulic head (cm) 7.15 6.30 8.40
Failure unit flow (I/s/m) 35.0 62.0 43.0
Qr (I/s/m)
40.0
35 mm |]
30.0 F
16 mm
200 r
13 mm I]
0.00 1 : :
0.0 10.0 20.0 30.0 40.0 D50 (mm)f

Figure 7. Relationship between uniform material size (Ds() and failure discharge (Q;).

can be observed between failure hydraulic head and discharge, thus an experimental error is a
plausible explanation. Of course, the results obtained have not a general validity, but still allow an
interesting analysis.

6 FAILURE DISCHARGE

Failure discharge of the downstream shoulder is a relevant parameter because it marks a border
between values of the overtopping discharge that cause damage only to the dam shoulder, and those
that may be able to break the impervious element and thus are potentially dangerous for people and
properties downstream of the dam.

From the result of the experimental tests, it can be concluded that shoulder slope and the type of
impervious element have a minor effect on the value of the failure discharge; in return, a remarkable
relation between the rockfill size (Dsg) and the failure discharge is observed (Fig. 7). It should be
emphasized that the relation should not necessarily be causal.
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Figure 8. Failure path for Dsp =35 mm and slopes 1.5:1 and 3:1.

At a first appearance is somehow surprising that the shoulder of rockfill dams exhibiting com-
pletely different failure patterns, corresponding to steep to rather gentle slopes, fail with a quite
similar overtopping discharge if the Dsy of the material is the same. Independently of the failure
pattern, mass sliding or erosion channels, the level of the water inside the dam body appears to be
a key factor in the advance degree of failure (ADF), and thus in the failure discharge. Of course,
the position of the phreatic surface is not independent of the failure pattern, but differences could
be slight. Given that all the materials tested are uniform, a plausible hypothesis is that the value
of Ds influences permeability of the material and so the failure discharge: for a given discharge,
as D5, decreases, the permeability of the material also is reduced, thus the position of the phreatic
surface raises and as a consequence also the ADF heightens. Therefore, a lower D5y would imply
a lower failure discharge too.

Given that materials with the same Dsy may have a quite different permeability, if the proposed
hypothesis was true, the key factor would be the rockfill permeability, and not the Ds,. Additional
research is necessary for confirming or refuting the hypothesis.

7 EFFECT OF SLOPE AND IMPERVIOUS ELEMENT

As mentioned before, the effect of the slope and the type and position of the impervious element
on the failure discharge is not relevant. The phreatic line inside the downstream shoulder is quite
similar for rockfill dams with central core, upstream face or even without impervious element. The
most evident effect of the slope is on the brittleness factor. Rockfill dams with a gentler slope show
a more brittle behavior (Fig. 8). Although rather variable, brittleness factor takes a value around
0.25 for a 1.5:1 slope, while around 0.5 for a 3:1 slope, as shown in Fig. 9. In is remarkable that
the failure path can be approximately defined by a straight line on average.

8 CONCLUSIONS

The main conclusions drawn from the extensive experimental research are:

— The failure process can be defined by the dimensionless failure path (FP) that gives the advance
degree of failure (ADF) as overtopping discharge increases.
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Figure 9. Failure path for: Left) slope 1.5:1; Right) slope 3:1. Every symbol corresponds to a particular test.

— The failure path can be approximated by a straight line.

— Initiation of damage requires a certain incubation overtopping discharge to be overcome.

— The incubation discharge, expressed as a fraction of the failure discharge, is greater for gentler
slopes, that is, the rockfill dams behavior is more brittle for gentles slopes.

— The failure discharge mainly depends on the size (Dsg) of the rockfill for the uniform materials
tested, and the slope and type of impervious element plays a minor role regarding failure dis-
charge. The authors opinion is that there is correlation, but not a causal relationship between
D5 and the failure discharge. It is a plausible hypothesis that failure discharge mainly depends
on the permeability of the rockfill, that induces the phreatic surface elevation and so the water
pressures and hydraulic gradients that cause the failure.

— There are two clearly different failure patterns: mass sliding is the prevalent failure mechanism
for slopes around 1.5, and particle dragging is the only failure mechanism for gentler slopes
around 3:1. It is remarkable that prevalent failure mechanism, which depends on the slope, is
not relevant for the failure discharge nor for the failure process given by the failure path.

Data from the experimental program are still under analysis for the development of a criterion
for the assessment of the failure discharge based on the specific characteristics of a rockfill dam.
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Structural failure of the clay core or the upstream face
of rockfill dams in overtopping scenario
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ABSTRACT: Three tests of failure of rockfill dams with upstream face (1 test) and central clay
core (2 tests) were performed to explore its failure mechanism. The conclusion is that the structural
properties of the upstream face or clay core dominates the reservoir water release, and so the failure
hydrograph. Failure was more brittle for the more resistant impervious element: the rockfill dam
with the widest clay core of the two cores tested. The rockfill dam with upstream face showed a step
by step failure, not so sudden as the failure of the rockfill dams with central core. Further research
may establish criteria about how to assess the failure hydrograph from the particular properties of
the dam.

1 INTRODUCTION AND BACKGROUND

Failure hydrograph due to overtopping at embankment dams is usually determined through the
consideration of a breach that widens and deepens in a specified time frame. That is the approach
of regulations of different countries adopted to determine the correspondent flooded areas used to
develop emergency plans (Escatin, 1996). Most of the research about embankment dam failures due
to overtopping has been focused on the analysis of the evolution of that breach during the failure
process (Hahn, Hanson, & Cook, 2000; Hanson, Robinson, & Cook, 2001; Hanson, Cook, &
Hunt, 2005; Hunt, Hanson, Cook, & Kadavy, 2005; Morris & Wallingford, 2005; Wahl, Lentz, &
Feinberg, 2011; Zhang, Li, Xuan, Wang, & Li). This approach assumes that erosion is the failure
mechanism that controls the breaking process. That is the case of homogeneous earth fill dams,
constructed with cohesive material, but the failure process is quite different for rockfill dams. The
subject is important in practice because rockfill dams are abundant among the highest and most
risky embankment dams.

The high permeability of the downstream rockfill shell allows the percolation of water inside the
dam body in the duration of a flood. As a consequence, pore pressure may cause failure of the shell,
while at the same time stones are dragged by the water flow (Toledo, 1997a; Toledo, 1997b). So
failure of rockfill dams due to overtopping is initiated at