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On the cover.—Vega Dam was completed in 1959 and is located in western Colorado. This
embankment dam is 162 feet high. Water for the low level outlet works enters a vertical 5-foot
diameter concrete conduit through a trashracked intake structure. The conduit transitions from
vertical to horizontal via a circular curve. The conduit continues downstream and transitions to a
3.5-foot square steel conduit within a concrete gate chamber where a 3.5-foot square high pressure
emergency gate controls flows within the conduit. The steel conduit transitions to a 51-inch
diameter steel pressure pipe within an 8-foot high concrete horseshoe conduit and continues
downstream. Near the downstream end, the conduit bifurcates into two 36-inch diameter concrete-
encased conduits that enter a regulating structure. Each 36-inch diameter conduit slopes down at
about 32 degrees from horizontal, and is controlled by a 2.25-foot square, high pressure regulating
gate. Flows from the conduits discharge into an 87.4-foot long stilling basin before entering a canal.
The combined discharge capacity of both conduits is approximately 488 ft’/s.
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Preface

Water emerging from an outlet works conduit typically requires dissipation of excess
kinetic energy to prevent downstream channel erosion. This flow often discharges at
a high velocity and must be directed away from the toe of the dam. An energy
dissipator is used to retard the fast moving water by creating turbulence and
developing a loss through change in the water’s momentum. This prevents damage
to the channel downstream from the structure.

The design of an energy dissipating structure can vary from simple to complex. The
selection of the proper structure must consider:

e The energy content and unit discharge of the flow entering the dissipator.
e The type of valve or gate used to regulate discharge.

e The number of conduits involved.

e The duration and frequency of flow.

* The compatibility with the conduit or tunnel from which flow is emerging.

e The amount of energy that must be dissipated to control downstream channel
erosion.

e Tailwater conditions.
e Alignment and location with respect to the toe of the dam and other features.
e Economic concerns.

Many organizations, such as the Bureau of Reclamation and the U.S. Army Corps of
Engineers, have conducted extensive model testing on a variety of energy dissipation
structures. In addition, these organizations have made complete evaluations on the
performance of full size structures and modified designs to correct design
deficiencies when needed. Often, the results of these studies are not well known
outside of these organizations. Due to the absence of any single recognized standard
for energy dissipators used at dams, there is inconsistency in the design and
construction rationale. In an effort to correct this problem, this manual has been
prepared to collect and disseminate information and experience that is current and
has a technical consensus. The goal of this manual is to provide a nationally
recognized source to promote greater consistency between similar project designs,
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facilitate more effective and consistent review of proposed designs, and aid in the
design of safer, more reliable facilities.

Information on energy dissipators is dispersed in a variety of sources devoted to
dams, hydraulics, and open channel flow such as text books, handbooks, and other
references. These sources may not reflect advances in research and design,
published professional papers, and lessons learned. This manual attempts to
condense and summarize the body of existing information, provide a clear and
concise synopsis of this information, and present time-tested experience and
guidance. The authors reviewed most of the available information on energy
dissipators as it relates to use within dams in preparing this manual. Where detailed
documentation exists, they cited it to avoid duplicating available materials. The
authors have strived not to reproduce information that is readily accessible in the
public domain. Where applicable, the reader is directed to selected portions of the
Federal Emergency Management Agency’s (FEMA) Technical Manunal: Conduits through
Ewmbanfkment Dams (2005) and other consensus-accepted references for additional
guidance. This manual is intended for use by personnel familiar with dams and
outlet works, such as designers, inspectors, construction oversight personnel, and
dam safety engineers.

In preparing this manual, the authors frequently found conflicting procedures and
standards in the many documents they reviewed. Where conflicts were apparent, the
authors focused on what they judged to be the “best practice” and included that
judgment in this manual. Therefore, this manual may differ from some of the
participating agencies’ own policies.

The authors adopted the same approach toward hazard potential classification as
used in FEMA’s Technical Manual: Conduits throngh Embankment Dams (2005). The
reader is directed to that manual for a complete discussion of hazard potential
classification. The hazard potential classification does not reflect in any way on the
current condition of the dam (i.e., safety, structural integrity, or flood routing
capacity). The three hazard potential classification levels used in this manual, as
shown in table s-1 are low, significant, and high as defined in FEMA 333, Federal
Guidelines for Dam Safety: Hazard Potential Classification Systems for Dams (1998):

* Low hazard potential—Dams assigned the low hazard potential classification are
those where failure or misoperation results in no probable loss of human life and
low economic and/or environmental losses. Losses ate principally limited to the
owners’ property.

* Significant hazard potential—Dams assigned the significant hazard potential
classification are those dams where failure or misoperation results in no probable
loss of human life, but can cause economic loss, environmental damage, or
disruption of lifeline facilities, or can impact other concerns. Significant hazard
potential classification dams are often located in predominantly rural or
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agricultural areas, but could be located in areas with significant population and
infrastructure.

* High hazard potential—Dams assigned the high hazard potential classification are
those where failure or misoperation will probably cause loss of human life.

Table s-1.—Hazard potential classification

Hazard potential

classification Loss of human life Economic, environmental, lifeline losses
Low None expected Low and generally limited to owner
Significant None expected Yes
High Probable—One or Yes (but not necessary for this

more expected classification)

The authors consider the guidance in this manual to be technically valid without
regard to the hazard potential classification of a particular dam. However, some
design measures that are commonly used for design of high and significant hazard
potential dams may be considered overly conservative for use in low hazard potential
dams.

Many states, federal agencies, and organizations have developed their own hazard
potential classification criteria, which often contain different definitions of low,
significant or high ratings. Sometimes, more than three ratings are used.

FEMA, as the lead agency for the National Dam Safety Program, sponsored
development of this manual in conjunction with the Association of State Dam Safety
Officials, Bureau of Reclamation, Schnabel Engineering Inc., URS Corporation,

U.S. Department of Agriculture (Agricultural Research Service and Natural Resources
Conservation Service), and U.S. Army Corps of Engineers.

The primary authors of this document were Richard D. Benik, P.E. (Bureau of
Reclamation), Chuck Cooper, P.E. (Bureau of Reclamation), Jimmy Crowder, P.E.
(Schnabel Engineering, Inc.), Bruce Harrington, P.E. (Maryland Department of the
Environment), Mark Haynes, P.E. (Colorado Department of Water Resources),
Sherry Hunt, P.E. (U.S. Department of Agriculture—Agricultural Research Service),
Anastasia Johnson (Bureau of Reclamation), Robert Kingery, P.E. (Montana
Department of Natural Resources and Conservation), Jeffrey McClenathan, P.E.
(U.S. Army Corps of Engineers), Dan Pridal, P.E. (U.S. Army Corps of Engineers),
David M. Schaaf (U.S. Army Corps of Engineers), Stephen Schlenker, P.E.

(U.S. Army Corps of Engineers), Sal Todaro, P.E. (URS Corporation), and Katl
Visser, P.E. (U.S. Department of Agriculture—Natural Resources Conservation
Service). The technical editor for this manual was Lelon A. Lewis (Bureau of
Reclamation). Additional technical assistance was provided by Cynthia Fields
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(Bureau of Reclamation), Cindy Gray (Bureau of Reclamation), Gia Price (Bureau of
Reclamation), and Kristi Thompson (Bureau of Reclamation).

Peer review of this manual was provided by Laurie Ebner, P.E. (U.S. Army Corps of
Engineers), Henry T. Falvey, DWRE (Henry Falvey and Associates, Inc.), Leslie
Hanna, F.E. (Bureau of Reclamation), John LaBoon, P.E. (Bureau of Reclamation),
Morris Lobrecht, P.E. (U.S. Department of Agriculture—Natural Resources
Conservation Service), Fredrick Lux I1I, P.E. (Schnabel Engineering, Inc.), Danny
McCook, P.E. (U.S. Department of Agriculture—Natural Resources Conservation
Service), James E. McDonald, P.E. (McDonald Consulting), Paul Perri, P.E.
(Colorado Division of Water Resources), Ed Rossilion, P.E. (URS Corporation),
Robert Taylor, P.E. (U.S. Army Corps of Engineers), William Wallace, P.E. (U.S.
Department of Agriculture-Natural Resources Conservation Service), Charlie Wallis,
P.E. Maryland Department of the Environment), and Sanna Yost, P.E. (Montana
Department of Natural Resources and Conservation).

The National Dam Safety Review Board (NDSRB) reviewed this manual prior to
issuance. The NDSRB plays an important role in guiding the National Dam Safety
Program. The NDSRB has responsibility for monitoring the safety and security of
dams in the United States, advising the Director of FEMA on national dam safety
policy, consulting with the Director of FEMA for the purpose of establishing and
maintaining a coordinated National Dam Safety Program, and monitoring state
implementation of the assistance program. The NDSRB consists of representatives
appointed from federal agencies, state dam safety departments, and the U.S. Society
on Dams. The NDSRB Research Work Group provided additional review. A
number of additional engineers and technicians provided input in preparation of this
manual, and the authors greatly appreciate their efforts and contributions.

The authors, peer reviewers, and their associated agencies and organizations
contributed information and materials for use in this manual. The authors extend
their appreciation to the following agencies and individuals for graciously providing
additional reviews, information, and permission to use their materials in this
publication:

Association of State Dam Safety Officials (ASDSO), Sarah Mayfield

Louis Bartolini

Dave Brownell

Bureau of Reclamation, James Allard, Leo Busch, Elisabeth Cohen, Steve
Davies, Connie DeMoyer, Brad Dodd, Leon Faris, Kathy Frizell, Warren
Frizell, Kevin Gagner, Chuck Green, Dennis Hawkins, Mark Healy, Shari
Hennefer, Walt Heyder, Victoria Hoffman, Doug Hurcomb, Lisa Krest,
Ken Lally, Bruce Luddington, Mark Healy, Robert McGovern, Don Read,
Michael Sanchez, Don Stelma, John Strachan, Anthony Vigil, Kurt
VonFay, Matt Warren, Darrin Williams, and Bob Woodby

John Cassidy, consulting engineer
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Denver Water Department, James Weldon

Freese and Nichols, Les Boyd

Glen Hobbs and Associates, Glen Hobbs

Lee Gerbig, consulting engineer

Lucky Peak Power Plant Project, Tom Nelson

Montana Departrment of Natural Resources and Conservation, Michele
Lemieux

John Roberts, consulting engineer

Rodney Hunt Corporation, Tom McAndrew

B.T.A. Sagar, consulting engineer

Schnabel Engineering, Joe Monroe

Constantine Tjoumas

U.S. Army Corps of Engineers, Jesse Brown, Joyce Dunning, James Evans,
Alex McCoy, Roger Kay, and Matthew Watts

U.S. Department of Agriculture—Natural Resources Conservation Service, Phuc
Vu

URS Corporation, Qingwei Fu, Bernard Peter, and Juan Vargas

Vasconcelles Engineering Corporation, Robert Dalton

Designers must continue to explore and investigate the subject of energy dissipators.
No single publication can cover all of the requirements and conditions that can be
encountered during design and construction. Therefore, it is critically important that
when an energy dissipator is used, the designer must clearly understand all aspects of
its design and construction.

The authors caution the users of this manual that sound engineering judgment
should always be applied when using references. The authors have strived to avoid
referencing any material that is considered outdated for use in modern designs.
However, the user should be aware that certain portions of references cited in this
manual may have become outdated in regards to design and construction aspects
and/or philosophies. While these references still may contain valuable information,
users should not automatically assume that the entire reference is suitable for design
and construction purposes.

The authors utilized many sources of information in the development of this manual
including:

* Published design standards and technical publications of the various federal and
state agencies and organizations involved with the preparation of this manual.

* Published professional papers and articles from selected authors, technical
journals and publications, and organizations.

* Experience of the individuals, federal and state agencies, and organizations
involved in the preparation of this manual.
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This manual is available from FEMA in digital versatile disc (DVD) format. The
DVD includes built-in Adobe Acrobat Reader software, hyperlinks, and search
capabilities. A hyperlink is a highlighted word or image within the manual which,
when clicked, takes the user to another place within the manual or to another
location altogether. Hyperlinks are especially useful when the user wants to see the
full reprint of a cited reference or the exact location in a reference from which the
material was cited. The DVD contains the manual, portable document format
(PDF) copies of the cited references that were available in the public domain or
where permission for reprint was granted, plus “additional reading” references in
PDF format. The “additional reading” references are references that have not been
specifically cited in the manual but may be of additional interest to the user.

This manual can also be downloaded from the FEMA website at:
http:/ /www.fema.gov/plan/prevent/damfailure/publications.shtm

This manual is intended solely for noncommercial and educational purposes. PDF
copies of references available in the public domain have been included on the DVD
whenever possible. For references not readily available in the public domain, the
authors tried to obtain copyright permission. Users should be aware that PDF
copies for a number of cited references were unavailable due to size constraints, lack
of availability in the public domain, or permission for reprint not being granted.
These references have been hyperlinked to a PDF file titled “Document
unavailable.” For these references, users may want to contact the author or
publisher directly for reprint information.

Suggestions for changes, corrections, or updates to this manual should be directed
to:

Bureau of Reclamation

Denver Federal Center, Bldg. 67

6th Avenue and Kipling Street
Denver CO 80225-0007

Attention: Chuck Cooper (86-68130)

Please reference specific pages, paragraphs, or figures within the manual, together
with proposed new material in any convenient format. Sources of proposed new
material should be completely cited. Submission of material signifies permission for
use in a future revised edition of this manual, but credit for such new material will be
given where appropriate.

The material presented in this manual has been prepared in accordance with
recognized engineering practices. The guidance in this manual should not be used
without first securing competent advice with respect to its suitability for any given
application. The publication of the material contained herein is not intended as
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representation or warranty on the part of individuals or agencies involved, or any
other person named herein, that this information is suitable for any general or
particular use, or promises freedom from infringement of any patent or patents.

Anyone making use of this information assumes all liability from such use. Any use
of trade names and trademarks in this manual is for descriptive purposes only and
does not constitute endorsement. The information contained herein regarding
commercial products or firms may not be used for advertising or promotional
purposes and is not to be construed as an endorsement of any product or firm.
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Common Abbreviations

AASHTO, American Association of State Highway and Transportation Officials
ACB, articulated concrete block

ACER, Assistant Commissioner—Engineering and Research
ACI, American Concrete Institute

ADCI, Association of Diving Contractors International
ADV, acoustic Doppler velocimeter

AEA, air-entraining admixture

ARS, Agricultural Research Service

ASAE, American Society of Agricultural Engineers
ASCE, American Society of Civil Engineers

ASDSO, Association of State Dam Safety Officials
ASME, American Society of Mechanical Engineers
ASTM, ASTM International

ATV, all-terrain vehicle

CCANZ, Cement and Concrete Association of New Zealand
CCM, cellular concrete mats

CCTV, closed circuit television

CDOT, Colorado Division of Transportation

CFD, computational fluid dynamics

CMP, corrugated metal pipe

CPR, cardiopulmonary resuscitation

CRD, Concrete Research Division

CSU, Colorado State University

DB, decibels

DOT, Department of Transportation

DVD, digital versatile disc

DWRE, Diplomat of Water Resources Engineer

EM, Engineer Manual

EPDM, ethylene propylene diene monomer

ER, Engineer Regulation

ERDC, Engineering Research and Development Center
FE, Fundamentals of Engineering

FEMA, Federal Emergency Management Agency
FERC, Federal Energy Regulatory Commission
FHWA, Federal Highway Administration

H, heavy (gradation)

HCFCD, Harris County Flood Control District
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HDPE, high density polyethylene

HEC, Hydraulic Engineering Circular

HEC-RAS, Hydraulic Engineering Centers—River Analysis Section

hp, horsepower

IAHR, International Association of Hydro-Environment Engineering and Research

ICOLD, International Commission of Large Dams

IDF, inflow design flood

JHA, job hazard analysis

kHz, kilohertz

L, light (gradation)

LED, light-emitting diode

LOTO, lockout tag out

M, medium (gradation)

MCE, maximum credible earthquake

MDLE, minimum discharge line extension

MHz, megahertz

MW, megawatt

NCDENR, North Carolina Department of Environment and Natural Resources

NDSRB, National Dam Safety Review Board

NDT, nondestructive testing

NEH, National Engineering Handbook

NRCS, Natural Resources Conservation Service

NZSOLD, New Zealand Society on Large Dams

O&M, operation and maintenance

OSHA, Occupational Safety and Health Administration

PDF, portable document format

PE, Professional Engineer

PFMA, potential failure modes analysis

PMF, probable maximum flood

PVC, polyvinyl chloride

PWD, Public Works Department

Reclamation, Bureau of Reclamation

REMR, repair, evaluation, maintenance, and rehabilitation

ROV, remotely operated vehicle

ROW, river outlet works

SAF, Saint Anthony Falls

SDC, Strategic Development Council

SEO, State Engineer’s Office

STAAD, Structural Analysis and Design (software)

TADS, Training Aids for Dam Safety

UDFCD, Urban Drainage and Flood Control District

USACE, U.S. Army Corps of Engineers

USDA-NRCS, United States Department of Agriculture, Natural Resources
Conservation Service

USGS, United States Geological Survey
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VH, very heavy (gradation)

VHS, video home system

VL, very light (gradation)

WES, Waterways Experiment Station

WVDOH, West Virginia Department of Highways
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Conversion Factors
To the International System of Units (SI) (Metric)

Pound-foot measurements in this manual can be converted to SI measurements by
multiplying by the following factors:

Multiply By To obtain

acre-feet 1233.489 cubic meters

cubic feet 0.028317 cubic meters

cubic feet per second 0.028317 cubic meters per second
cubic inches 16.38706 cubic centimeters
degrees Fahrenheit (°F-32)/1.8 degrees Celsius

feet 0.304800 meters

feet per second 0.304800 meters per second
gallons 0.003785 cubic meters

gallons 3.785412 liters

gallons per minute 0.000063 cubic meters per second
gallons per minute 0.063090 liters per second

inches 2.540000 centimeters

miles 1.609344 kilometers

pounds 0.453592 kilograms

pounds per cubic foot 16.01846 kilograms per cubic meter
pounds per square foot 4.882428 kilograms per square meter
pounds per square inch 6.894757 kilopascals

pounds per square inch 6894.757 pascals

square feet 0.092903 square meters

square inches 6.451600 square centimeters
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Symbols

A, cross-sectional area

A,, inside area of main pipe upstream of the orifice (ft’)

A,, main pipe area (ft’)

A, orifice area

A, inside area of main pipe surrounding the orifices assuming the conduit diameter
is the same upstream and downstream of the orifice (ft)

A, Q/V, required area of flow at allowable velocity (ft")

A,, flow area of vena contracta

b, stilling well width

C, contraction coefficient

C,, coefficient of discharge

CD, discharge coefficient based on area of pipe

CD,, discharge coefficient for orifice meter

C,, tailwater parameter

C,.,» function of radius of orifice edge to orifice diameter (eq. 25)

C, , coefficient of velocity related to Reynolds number

d, stilling well depth (chapter 5)

d, theoretical depth of incoming flow (ft)

d/ b, ultimate scour depth below tailwater (ft)

d,, equivalent depth (ft)

d, D, critical depth of flow (ft)

D, conduit diameter (section 6.2 and eq. 12)

D, equivalent conduit diameter (p. 184)

D, main circular pipe inside diameter (ft) (eq. 26)

D, ultimate scour depth below tailwater level (ft) (eq. 11)

D', adjusted conduit rise (ft)

D, inside diameter of pipe upstream of orifice (ft) (eq. 20)

D, y,, d,, depth of flow entering the basin before (upstream of) the jump (ft)

D, 0, tiprap size for which 100% is smaller by weight

D000 Mmaximum D, stone diameter

D, particle size diameter in millimeters of the 15th percentile passing grain size of
the base soil

D53, particle size diameter in millimeters of the 15th percentile passing grain size of
the base soil

Dy, particle size diameter in millimeters of the 15th percentile passing grain size of
the filter

D,, hydraulic diameter of downstream conduit (ft) (eq. 13)
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D,, inside diameter of conduit in expansion zone, or downstream of sudden
expansion (eq. 152)

D,, inside diameter of downstream conduit (egs. 22, 23a, and 24)

D,, y,, d,, depth of flow after (downstream of) the jump (also called conjugate or
sequent depth) (ft)

D,,, riprap size for which 20% is smaller by weight

Dy, or dy, riprap size for which 50% is smaller by weight (ft)

Ds,..., maximum D, stone diameter

Dysp, particle size diameter in millimeters of the 85th percentile passing grain size of
the base soil

D.,,, diameter of pipes tested in lab

D, conduit diameter (sections 5.2.1 and 5.2.2)

D, inside diameter of approach conduit upstream of expansion zone (ft) (eq. 14)

D, orifice diameter (ft) (eq. 17a)

D,, diameter of prototype pipe

D,, stilling well diameter

EGL, energy grade line

/, Darcy-Weisbach conduit friction coefficient

/., compressive strength of concrete (Ib/in’)

J yield stress of reinforcement (Ib/ in%)

F,, F, Froude number of incoming flow

4 acceleration due to gravity (32.2 ft/s%)

hhead (ft)

h,, dissipator pool depth (ft)

H, baffle pier height (ft)

H, elevation difference between from the reservoir and tailwater (ft) (eq. 11)

H, horizontal

H,, pressure head upstream (Ib/ft)

H,, pressure head downstream (Ib/ft)

H,, pressure head downstream of orifice after full flow recovery

HGL, hydraulic grade line

HI, head loss generated by a sudden expansion or orifice

H,,, minimum head (ft)

H,, pressure head upstream of orifice

H,, vapor pressure head, P, /p (Pg, vapor pressure)

K, orifice loss coefficient applied to main pipe area

L, length of conduit between locations 1 and 2 (ft) (eq. 13)

L ,, apron length (ft)

L, basin length (ft)

L, length ratio

L, dissipator length (ft)

P, pressure at flow surface (Ib/ft) (eq. 6)

P, pressure (Ib/ft’) (eq. 13)

P,, pressure upstream (Ib/ft’) (eq. 26)

P,, pressure upstream of orifice (Ib/ft?) (egs. 18 and 19)
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P,, prototype gauge pressure upstream of sudden enlargement (eq. 37)
P,,, model upstream pressure (Ib/in’)
P,, pressure downstream (Ib/ft’) (eq. 26)
P,, barometric pressure
P,, baseline pressure
P, guage pressure
PSE, pressure scale effect from reference lab results to prototype scale
P, absolute vapor pressure (Ib/ft") (eq. 26)
P, vapor pressure of water (Ib/ft) (eq. 6)
P,, gauge vapor pressure (Ib/ft?) (eq. 26)
P,, prototype gauge vapor pressure at prototype scale (Ib/ in%) (eq. 37)
P,,, model gauge vapor pressure (Ib/ in%)
g, unit discharge (ft’/s per foot of width)
Q, flow rate or discharge (ft’/s)
Q,, discharge ratio
r, radius of orifice edge (ft) (eq. 25a)
SSE, size scale effect from reference lab results to prototype scale
T, stilling well depth
TW, tailwater depth (ft)
v, velocity of flow entering the basin upstream of the jump (ft/s)
17, average flow velocity (ft/s) (eq. 0)
17, average velocity in pipeline (ft/s) (eq. 13)
17, theoretical velocity (ft/s) (eqs. 7 and 8)
17, vertical
17, velocity of jet upstream of sudden expansion (ft/s) (eqs. 14 and 15)
17, approach velocity (ft/s) (eq. 44)
17}, velocity upstream of orifice (ft/s) (eq. 19)
17, velocity of fully developed flow in downstream expansion zone conduit (ft/s)
7., critical velocity (ft/s)
7, conduit outlet velocity (ft/s)
17, velocity ratio
I/, vena contracta velocity (ft/s)
IV, chute width (ft) (eq. 43)
IV, width of basin (ft) (eqs. 9 and 10)
W, median stone weight
W, basin width at downstream end (ft)
V.. maximum stone weight
V., minimum stone weight
W, diameter of conduit (ft) (p. 189)
155 depths of flow before and after the jump (ft)
., equivalent bank (outlet) depth (ft)
9,, normal (supercritical) depth in the conduit (ft)
,, brink depth (ft)
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Z, centerline elevation (ft)

B, ratio of orifice to pipe diameter (eq. 23a)

7, unit weight of water (Ib/ft))

0, ratio of areas for orifice and inside diameter of pipe

p, density of water (Ib-s*/ft")

g, cavitation index (eq. 0)

o, dimensionless system cavitation coefficient (for orifice) (eq. 26)
a,, choking cavitation

a,, critical cavitation

a,, reference critical cavitation coefficient from lab tests

o, incipient cavitation

g, incipient damage cavitation

a,,», reference incipient damage cavitation coefficient from lab tests
a,,, reference incipient cavitation coefficient from lab tests
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AASHTO Standards

AASHTO Standard  Title

M288 Standard Specification for Geotextile Specification for
Highway Applications, Single User Digital Publication

XXXIX
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ASTM Standard

ASTM Standards

Title

C 42

c127

C 295

C 823

C 856

D 4992

D 5312

D 6684

D 6884

D 7277

xl

Standard Test Method for Obtaining and Testing Drilled Cores
and Sawed Beams of Concrete

Standard Test Method for Density, Relative Density (Specific
Gravity), and Absorption of Coarse Aggregate

Standard Guide for Petrographic Examination of Aggregates for
Concrete

Standard Practice for Examination and Sampling of Hardened
Concrete in Constructions

Standard Practice for Petrographic Examination of Hardened
Concrete in Constructions

Standard Practice for Evaluation of Rock to be Used for Erosion
Control

Standard Test Method for Evaluation of Durability of Rock for
Erosion Control Under Freezing and Thawing Conditions

Standard Specification for Materials and Manufacture of
Articulating Concrete Block (ACB) Revetment Systems

Standard Practice for Installation of Articulating Concrete Block
(ACB) Revetment Systems

Standard Test Method for Performance Testing of Articulating
Concrete Block (ACB) Revetment Systems for Hydraulic Stability
in Open Channel Flow
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Websites

The following websites can provide additional information and publications related
to dams and outlet works energy dissipators:

American Society of Civil Engineers: http://www.asce.org

American Society of Civil Engineers Publications: http://www.pubs.asce.org

Association of State Dam Safety Officials: http://www.damsafety.or.

Bureau of Reclamation: http://www.usbr.gov

Bureau of Reclamation Publications:
http://www.usbr.gov/pmts/hydraulics lab/pubs/index.cfm

Canadian Dam Association: http://www.cda.ca

Federal Emergency Management Agency:
http://www.fema.gov/plan/prevent/damfailure

Federal Emergency Management Agency Publications:
http://www.fema.gov/plan/prevent/damfailure/publications.shtm

Federal Energy Regulatory Commission:
http://www.ferc.gov/industries /hydropower/safety.asp

International Commission on Large Dams: http://www.icold-cigh.net

National Performance of Dams Program: http://npdp.stanford.edu

Natural Resources Conservation Service: http://www.nrcs.usda.gov/technical/eng

Natural Resources Conservation Service Publications:
http://directives.sc.egov.usda.gov

U.S. Army Corps of Engineers: http://www.usace.army.mil

U.S. Army Corps of Engineers Publications: http://140.194.76.129 /publications

United States Society on Dams: http://www.ussdams.org
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Introduction

An outlet works is a combination of structures and equipment required for the safe
operation and control of water released from a reservoir to serve various purposes
(i.e., regulating stream flow and quality; releasing floodwater, providing irrigation,
municipal, and/or industrial water). The outlet works typically consists of an intake
structure, conduit, control house, gate chamber, regulating valve(s) or gates(s), and
an energy dissipation structure. Figure 1 illustrates the common arrangements and
components of an outlet works. For guidance on the design and construction of an
outlet works, see FEMA’s Technical Manual: Conduits through Embankment Dams (2005).

This manual will focus on the methods by which energy resulting from the release of
water through the outlet works is dissipated for safe discharge downstream. The
theory involved with energy dissipation can best be explained with the hydraulic
jump. Flowing water emerging from an outlet works can be in one of two states:
subcritical or supercritical. With subcritical flow, waves travel upstream. With
supercritical flow, all waves migrate downstream. The transition between these two
states is called “critical flow.” When water at high velocity (supercritical) discharges
into a zone of lower velocity (subcritical), a rather abrupt rise (a step or standing
wave) occurs on the liquid surface. This abrupt rise is called a “hydraulic jump.”
The hydraulic jump is a commonly used method of energy dissipation. The cross-
sectional flow area of the rapidly flowing water increases (which, in an open channel,
appears as an increase in elevation), converting some of the initial kinetic energy of
flow into a lower kinetic energy, an increased potential energy, and the remainder to
irreversible losses (turbulence, which ultimately converts the energy to heat). The
phenomenon depends upon the initial velocity of the flow. If the initial velocity is
below the critical velocity, no jump is possible. For relatively low initial flow
velocities, above the critical velocity, an undulating wave appears. As the flow
velocity increases, the transition grows more abrupt, and at high enough velocities
the front breaks and cutls back upon itself. This rise can be accompanied by violent
turbulence, eddying, air entrainment, and surface undulations. Figure 2 shows an
example of a hydraulic jump occurring in an outlet works energy dissipator.

The hydraulic jump is a naturally occurring phenomenon in streams and
watercourses. The hydraulic jump has been recognized for centuries and is the most
prevalent type of energy dissipator. Leonardo da Vinci sketched a plunging jet-flow
at a pipe outlet, “impact of water on water,” in one of his notebooks in the 15th
century; Venturi wrote about it in the 18th century; and Giorgio Bidone of the
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Figure 1.—Alternative arrangements for guard and regulating valves and gates for
embankment dams.
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Figure 2.—A hydraulic jump occurring in an outlet works
energy dissipator.

University of Turin (Italy) “discovered” the jump at about the same time. However,
none of them were interested in it as an energy dissipator. Late in the 19th century
and early in the 20th century, research was conducted in the United States at Lehigh
University, Worcester Polytechnic University, Cornell University, the University of
California, and probably many others. Advanced research also was accomplished at
many European universities.

There are many types of energy dissipation structures. Some, such as the hydraulic
jump stilling basin, are designed to dissipate energy within the concrete structure
itself. Others, such as the plunge basin, depend on energy dissipation in the natural
channel located downstream. The first chapter of this manual briefly describes the
various types of structures used as outlet works energy dissipators.

Chapters 2 through 8 provide guidance on the design and construction of the various
types of energy dissipators. Chapter 9 discusses riprap and concrete blocks used for
erosion protection. Chapter 10 discusses the use of baffled drops. Chapter 11
discusses frequency of inspection, events that require initiation of inspection, and the
available methods of inspection. Chapter 12 discusses maintenance and repair.
Chapter 13 discusses public safety and prevention of vandalism. The appendix
contains case histories elaborating on topics discussed in the manual.
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Energy dissipation is typically required for outlet works associated with embankment
and concrete dams where flow emerges at a high velocity in a near horizontal
direction. While many of the energy dissipators discussed in this manual can be used
for embankment dams, valve and gate applications are more common at concrete
dams. At some dams, site conditions and economics may favor combining the outlet
works and spillway energy dissipation structures (figure 3). However, this may result
in more frequent use of the spillway stilling basin and increase the chances of
erosional damage, if other unfavorable conditions exist.

Outlet works and spillway energy dissipators often experience similar loading
conditions. However, outlet works dissipation structures typically operate more
frequently (often at or near their design discharge) and operate for longer durations.
For these reasons, they require a more conservative design. Special consideration is
required to avoid flow surface damage from abrasion-erosion, cavitation, vibration,
and undercutting. Although the energy dissipator greatly reduces the energy of high
head releases from the outlet works, enough residual energy usually remains at the
end of the dissipator to cause scour from eddies and back currents. If problems
develop during the operation of an outlet works energy dissipator, the upstream
valves or gates can usually be closed to allow for inspection and repairs. Often, this
is not the case for uncontrolled spillway energy dissipator required to pass large
flows during a hydrologic event.

Not all dams require an outlet works energy dissipation structure. If a dissipation
structure is not required, the designer must carefully investigate any localized flow

Figure 3.—An outlet works discharging into a spillway stilling basin.
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conditions that can undermine the end of the chute, conduit, or tunnel. For
example, the rock formation at the end of these structures may appear to be sound,
erosion resistant, and able to withstand the computed impact velocities and pressures
(figure 4). However, after a few seasons of operation, the rock may degrade resulting
in progressive erosion or dynamic extraction of pieces of jointed rock. Also,
operation of the outlet works may expose the rock to air, allowing for rapid
weathering.

Figure 4.—If the downstream formation consists of
competent rock where the potential for erosion is
negligible, an energy dissipator may not be required.
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Chapter 1

General

Selection of the appropriate energy dissipator for each given application is a critical
design consideration. Each situation is unique, and each energy dissipator has certain
limitations. The selection of the proper energy dissipator must consider:

e The site topography and geology.

» The energy content and unit discharge of the flow entering the dissipator.

e Number of outlets involved.

* Duration and frequency of flow.

o Compatibility with the conduit, tunnel, valve, or gate from which flow is
emerging.

* Restrictions on spray and icing.

e The amount of energy that must be dissipated to control downstream channel
erosion.

» Tailwater conditions for the range of discharges.
e Alignment and location with respect to the toe of the dam and other features.
» Requirements for periodic examination.
o Water quality.
¢ Economic concerns.
¢ Environmental concerns.
While selecting the proper design to meet the majority of these requirements is often

straightforward, certain situations may occur where one or more aspects dominate
the design selection.
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Careful attention to detail during planning and design can eliminate a wide variety of
problems that commonly occur at outlet works energy dissipators. Designers should
give proper attention to hydraulic, structural, and mechanical design details to
provide a low maintenance and cost effective energy dissipator. A pootly designed
energy dissipator can result in:

» Excessive turbulence or sweep-out of the hydraulic jump causing downstream
erosion of the channel.

 Structural damage to stilling basin or downstream structures.
e Excessive maintenance.
» Worker safety issues.

Common problems associated with energy dissipators include:

 Insufficient or varying tailwater, a low angle jet trajectory entering the basin or
channel, inadequately sized riprap, or insufficient plunge pool or channel depth
leading to excessive turbulence or downstream channel erosion.

e A high velocity, concentrated jet impacting concrete surfaces, leading to
abrasion erosion of stilling basin floors from rock or other debris circulating in
the flow within the stilling basin.

* A high velocity, concentrated jet impacting concrete surfaces leading to
cavitation damage.

* Insufficient air supply to submerged valves, fixed-cone valves, or other free
discharge valves leading to cavitation and surging flow in stilling basins and
outlet conduits.

» Nonuniform velocity distribution of flow entering the basin. If flow does not
enter the basin uniformly across the basin, backflow will be initiated from
downstream that can pull rocks and available debris into the basin. The
materials pulled into the basin can cause abrasion erosion of floor, walls, and
appurtenances.

e Nonsymmetrical operation of multiple gate outlets leading to eddies and to
debris being pulled into the basin.

These problems can be eliminated or reduced by a carefully engineered design.
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Design methods for many of the energy dissipators have been developed and
standardized by the major dam-building agencies. Computational and physical
hydraulic model testing have been performed making the operational characteristics
predictable. However, where the need exists to extrapolate beyond the limits of
these designs or where new innovative concepts require investigation, further model
testing is recommended. For these cases, model tests may result in improved
performance and lower construction, maintenance, and replacement costs. Model
tests should be made for the full discharge range. Experience has shown that
damage can occur at low, medium, and high discharges.

Typical loadings considered in the design of an outlet works energy dissipator
include:

e Dead loads.

e Static live loads (e.g., water pressures, uplift, backfill, temperature, and frost
heave).

* Dynamic loads (e.g., seismic, impact, vibration, and pulsating).
e Other loads (e.g., landslides, construction, and unwatering).

The following provides brief descriptions of the energy dissipators and erosion
protection discussed in this manual:

o Hydraulic jump stilling basin—In the hydraulic jump stilling basin, water flowing
at higher than critical velocity is forced into a hydraulic jump to dissipate energy
in the resulting turbulence. The jump has distinctive characteristics and
assumes a definite form depending on the energy and depth of the flow as it
reduces the exit velocity to a subcritical state. The stilling basin is typically
connected to the outlet works conduit portal with a transition chute. Hydraulic
jump stilling basins operate satisfactorily for Froude numbers in the range of
4 to 20. The hydraulic jump basin is often favored by designers since it has
been extensively studied and is well documented. A properly designed basin
can usually dissipate 50 to 70 percent of the energy in the flow within the basin.
Particular attention is required to ensure the velocity distribution of flow
entering the basin is uniform. Tailwater is required for successful operation of
hydraulic jump stilling basins. Figure 5 shows a hydraulic jump stilling basin.
For guidance on hydraulic jump stilling basins, see chapter 2.

 Impact basin.—The impact basin directs the flow into a stationary concrete baffle
located within the structure that diverts the flow in all directions, causing the
energy in the flow to be dissipated. The impact basin is often used in low head
situations and is considered to be more effective than the hydraulic jump basin
to dissipate energy, resulting in smaller and more economical structures. The
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Figure 5.—Hydraulic jump stilling basin. Note the hydraulic jump flow
pattern on the interior surface of the basin walls.

impact basin requires little or no tailwater for successful performance. Figure 6
shows an impact basin. For guidance on impact basins, see chapter 3.

Plunge basin—The plunge basin is commonly used with a cantilevered outlet
pipe that is either gated or free flowing (figure 7). Water scours plunge basins
to a depth that is related to the height of the fall, the depth of the tailwater,
concentration of the flow, and the erodibility of the bottom of the basin. The
abrading action from flow into the basin may be extremely aggressive. The
basin lining must be designed to ensure that it will provide acceptable
performance for the life of the project. The plunge basin is sometimes a
companion feature to a flip bucket (figure 8). The flip bucket directs free-
falling, high velocity flow into a plunge basin located far enough downstream
from the toe of the dam so the energy can be dissipated without endangering
the dam or surrounding structures. For guidance on plunge basins, see
chapter 4.

o Stilling well—In a stilling well, the incoming flow can be directed vertically
downward into the bottom of the well or horizontally into the well. The energy
dissipation is achieved by the expansion in the enlarged stilling well, the impact
of the fluid on the base and walls in the stilling well, and the change in
momentum resulting from redirection of flow. The flow rises up and emerges
from the top of the well, which is often flush with the outlet channel.

10
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Figure 7.—A riprap-lined plunge basin downstream from a cantilevered pipe.

Horizontal stilling wells are not as common as vertical stilling wells, but can be
used to improve access, reduce dewatering, and reduce excavation
requirements. Stilling wells often utilize fixed-cone and sleeve valves. Figure 9
shows a stilling well containing a sleeve valve. For guidance on stilling wells,
see chapter 5.

Conduit outlet expansion—The conduit outlet expansion is a relatively low cost
energy dissipation structure that is designed to contain the hydraulic jump
within the confines of a flared transition structure between the outlet conduit

11
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Figure 9.—This 48-inch diameter perforated steel discharge pipe is located downstream of
the sleeve valve in a stilling well. The 72 6-inch diameter openings are provided to more
evenly distribute the flow from the sleeve valve into the well. The stilling well dissipates
any remaining head after the sleeve valve and releases water into the downstream chute

without any spray that may cause icing.

and the downstream channel. The conduit outlet expansion requires tailwater
control and may be used for discharges with Froude numbers up to 2.0. The
expansion is self-cleaning and does not tend to accumulate debris. The conduit

12
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outlet expansion is typically used on low head structures. Figure 10 shows a
conduit outlet expansion. For guidance on conduit outlet expansions, see
chapter 6.

Valve and gate—The valve or gate is an integral component of the outlet works.
The location, flow characteristics, and losses through the valve or gate must be
considered when designing an energy dissipator. Some valves and gates provide
relatively little energy dissipation (i.e., jet-flow gate, bonneted slide gate, etc.)
whereas others can serve the dual function of control and energy dissipation
(e.g., fixed-cone, ported sleeve, and Monovar valves). The location of the valve
or gate in relation to the other outlet works features and the downstream
channel significantly influences the effectiveness and efficiency of the valve or
gate as an energy dissipator. Figure 11 shows flow emerging from a fixed-cone
valve (sometimes referred to as a Howell-Bunger valve). Figure 12 shows an
example of a clamshell gate. For guidance on valves and gates, see chapter 7.

Sudden enlargement and inline orifice—A sudden enlargement has been used within
or at the end of an outlet works conduit as an energy dissipator. However, at
certain ranges of operating conditions, damage due to cavitation is possible.
The inline orifice has also been used as an energy dissipator. Significant energy
dissipation can be achieved by creating head loss with orifice plates located at
specified intervals. However, the selection of the proper number and orifice
diameters is critical in preventing damage due to cavitation. Figure 13 shows an

Figure 10.—Conduit outlet expansion.

13
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Figure 12.—Clamshell gate.

example of an inline orifice. For guidance on sudden enlargements and inline
orifices, see chapter 8.

» Riprap and concrete blocks—Riprap consists of a protective blanket of rock that is
usually placed by machine to achieve a desired configuration. In some cases,

14
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Figure 13.—Orifice pit and assembly with adjustable coupler, orifice plate,
and downstream air release valve.

the riprap is grouted in place. The riprap should be placed on top of adequate
bedding. A transitional riprap apron is necessary downstream of a concrete
energy dissipator basin, if the flow velocity exceeds the allowable erosive stream
velocity. Most concrete energy dissipator basins are designed to contain the
hydraulic jump that typically occurs downstream of the outlet works portal.
Theoretically, at the downstream end of the energy dissipator, the flow should
be subcritical with a Froude number less than 1.0. However, this is not always
the case, and the transitional riprap apron provides additional erosion
protection. Propetly anchored concrete blocks may be used as an end
treatment downstream of the outlet works conduit or stilling basin. A concrete
block system consists of a matrix of interconnected block units sufficient for
erosion protection. Units are connected by geometric interlock and/or cables,
geotextiles, or geogrids, and typically include a geotextile for subsoil retention.
Figure 14 shows an example of the concrete block system. For guidance on the
use of riprap and concrete blocks, see chapter 9.

Baffled drogp.—The baffled drop is used to provide dissipation of energy at
changes in grade downstream from the energy dissipator. This serves a useful
purpose in the outlet channel but is rarely used solely as an energy dissipator.
Thus, the baffled drop should be considered an ancillary design feature. The
energy dissipation occurs as the water flows over, around, and between the
equally spaced concrete baffle blocks on the floor of the sloping chute. The
baffle blocks prevent excessive flow acceleration and provide an acceptable

15
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Figure 14.—Cable-tied concrete blocks.

terminal velocity. The baffled drop is often used in low head applications
where widely fluctuating tailwater conditions must be accommodated. The
baffled drop may become uneconomical for large flows and significant drops
due to wide sections and the numerous blocks involved. Relatively wide
sections are required to keep unit discharge low to limit baffles to an
economical size. The baffled drop can be prone to debris collection at the
baffles. Figure 15 shows a baffled drop structure. For guidance on baffled
drops, see chapter 10.

1.1 Additional Design Considerations

Table 1 presents important design considerations for each type of energy dissipator.
Further details can be found in subsequent chapters in this manual.

The designer should understand the unique conditions involving outlet works energy
dissipators that require special consideration. A few of these include:

» The outlet works typically operates within a defined range of discharges based
on downstream needs or reservoir storage requirements, and the energy
dissipator may not experience the maximum design loading. However,
infrequent situations (reservoir evacuation or supplementing spillway releases)
may arise that require the energy dissipator to experience the maximum loading.

16
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Figure 15.—A baffled drop used for energy dissipation at a grade
change.

Even though the dissipation structure greatly reduces much of the energy,
enough energy may remain to cause scour from eddies and back currents
downstream from the structure.

Energy dissipation structures must be designed to resist large dynamic loads
from pulsating flow, which can lead to wall vibration and cause fatigue of

concrete and reinforcing steel.

Rapidly fluctuating downward pressures on the floor slab, combined with
abnormally high or low uplift pressures, can produce vibrations and instability.

Cavitation and abrasion (from circulation of sand, rocks, and other debris) can
damage floors, walls, blocks, and end sills.

Fluctuating tailwater conditions can affect stilling basin performance.

Unconventional types of energy dissipators may be required to satisfy unusual site
conditions or may be necessary for construction reasons. In these situations,
standardized designs may not be efficient or economical. With the departure from
time-tested design guidance, the need for verification of performance by model study
is prudent. Verification may require both mathematical and physical modeling.

17
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Table 1.—Important design considerations for selected energy dissipators

Tail-
Energy Froude water
Chap. dissipator number  required Special considerations Limitations
2 Hydraulic jump 1.7-2.5 Yes Uplift, vibration, Lengthy basin required
basin type | cavitation, abrasion, and  to contain jump
nitrogen supersaturation
2 Hydraulic jump 4.5-17 Yes Uplift, vibration, Developed for
basin type Il cavitation, abrasion, and  incoming velocities
nitrogen supersaturation >60 ft/s and unit
discharges up to
500 ft3/s per foot
width of basin
2 Hydraulic jump 4.5-17 Yes Uplift, vibration, Limited to 60 ft/s
basin type IlI cavitation, abrasion, and  incoming velocity
nitrogen supersaturation
2 Hydraulic jump 2.5-4.5 Yes Wave action cannot be
basin type IV entirely dampened.
2 Hydraulic jump 1.7-17 Yes Uplift, vibration, Developed for large
basin type V cavitation, abrasion, and  spillways
nitrogen supersaturation
2 Saint Anthony 1.7-17 Yes Uplift, vibration, Has a lower factor of
Falls basin cavitation, abrasion, and  safety against
nitrogen supersaturation sweepout than other
hydraulic jump basins
2 U.S. Army Corps  4.5-17 Yes Uplift, vibration, Limited to 60 ft/s
of Engineers cavitation, abrasion, and  incoming velocity
(USACE) basin nitrogen supersaturation
3 Impact basin 1.1-10 No The bottom of the baffle ~ Limited to 50 ft/s
type VI should be placed at the incoming velocity and
same level as the invert discharge up to
of the upstream conduit. 400 ft*/s
6 Conduit outlet <1-2 Yes None None
expansion
8 Sudden Pres- Yes Cavitation, materials, Debris clogging,
enlargement surized minimum conduit length minimum conduit
flow between head drops, length for series
vibration
8 Inline orifice Pres- Yes Cavitation, materials, Debris clogging,
surized minimum conduit length minimum conduit
flow between head drops, length for series

vibration

The energy dissipator should be sized to accommodate the full range of expected
flows including routine releases as well as higher volume releases that may be
required during an emergency drawdown. Recommended outlet works sizing criteria
may be found in the Bureau of Reclamation’s (Reclamation) Criteria and Guidelines for
Evacnating Storage Reservoirs and Sizing Low 1evel Outlet Works (1990a). This publication
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provides outlet works sizing criteria as a function of downstream hazard, project risk,
mean monthly inflows, dam height, and reservoir storage. Generally, the energy
dissipator design capacity may be sized to correspond to the discharge that results
from having the valves or gates wide open at full reservoir head. However, in some
cases, the ultimate outlet capacity may be greater than is required for emergency
drawdown. This condition is commonly encountered on irrigation dams that are
subject to a wide range of reservoir heads and have large outlet works that must be
capable of sustaining operational releases at low reservoir pool levels. In this
circumstance, the design capacity of the energy dissipator may be developed utilizing
emergency drawdown criteria rather than ultimate outlet capacity.

1.2 Risk and Downstream Consequences

The guidance provided in this manual will assist the designer with developing
solutions to the types of problems discussed in this chapter. Potential failure modes
analysis (PFMA) and risk-informed concepts may assist with these problems as well.

PFMA is basically performed by a multi-disciplinary group familiar with the dam.
The group evaluates the possible events leading to a dam failure mode based on the
specifics of the dam in question. For example, what events would need to occur for
the failure of an outlet works energy dissipator leading to dam failure? PFMA would
examine various questions associated with the specific dam. The following is an
example set of questions to consider (not an exhaustive list and may need to be
expanded for site-specific conditions) in fully describing a potential failure mode:

* Does the outlet works have upstream control features to shut off the flow?

o Is the project manned or regularly monitored, so a problem can be observed
and action be taken to prevent problems (like closing the gates)?

 If the project is unmanned, can the gates be remotely operated? If not, can
personnel access the dam for the situation of concern? How long will access
take?

» Will the gates operate as planned? Can the gates close under flow without
power? Is there a backup power system or an emergency gate?

e Could the potential problem lead to a complete failure of the dam or just
require repairs following the event (loss of the stilling basin, but not the dam)?

¢ How would the dam fail? Would the failure of the basin lead to a scour hole
that causes the dam to become unstable and result in releasing the reservoir?
Would the scour hole erode back through the dam leading to failure? Would
scour lead to compromising the seepage defenses? All require specific
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knowledge of the embankment and foundation materials; information on flood
event routings including pool elevation and duration; outlet works discharge
and duration; tailwater rating curve or conditions; and other information to
make adequate judgments for the specific dam.

* Is there sufficient flood duration or reservoir storage to lead to a complete
failure of the dam?

e What are the downstream consequences of the dam failure?

Answering these questions would assist in deciding if failure of the outlet works
energy dissipator would progress into a dam safety concern.

Risk-informed decision making would include estimating the loading event when the
energy dissipation would likely fail and the probability of failure for that loading
event. Combining that with the likely consequences of the failure (whether the dam
would fail or just the energy dissipator) provides more information on the
importance to the overall dam safety of the structure. The overall risk estimate for
this specific failure mode would be the product of the probability of the loading, the
probability of the failure, and the consequence for a full range of flow conditions at
outlet works energy dissipation structures.

A PFMA for energy dissipation would examine a number of potential failure modes
including ball milling or abrasion erosion, damage from cavitation, hydraulic jacking,
and sweep-out of a hydraulic jump. Reclamation is developing a best practices
manual for all of these potential failure modes to help identify the likelihood of their
occurrence. Reclamation uses this information in their expert elicitation process.
The USACE is currently developing various “tools” for these potential failure modes
(and for unusual failure modes not addressed by the tools) to assist in the estimation
of probability of failure. Until these tools are finalized, the USACE will also be using
an expert elicitation process.

The USACE has a few dams where the outlet works are required to pass the inflow
design flood (IDF) (for high hazard potential dams, a probable maximum flood
[PMF] is required), but are not designed for this flow condition. Documentation
suggests the designer used “risk concepts” in selecting a design discharge less than
required by guidance, but really only examined the probability of the loading event
and not the probability or consequence of failure. Using all of the risk information
may have led to entirely different risk-informed decision if the downstream area were
highly populated.

Risk information could also be used to help with guiding the design of a new dam.
For example, the outlet works might be designed to assist in passing a flood that is
less than the IDF (refer to the dam hazard potential classification for the appropriate
design) at a high hazard potential structure since the remote risks (events are

20



Chapter 1—General

infrequent, and the dam is in a remote area) involved do not justify the added cost
for designing to the full IDF. The same dams with high downstream consequences
may need to exceed existing risk reduction guidance to achieve acceptable risk levels.

The designer should consider several factors involving risk-informed decision
making with energy dissipators. The following is an example set of questions to
consider (not an exhaustive list and may need to be expanded for site-specific
conditions):

» What is the hazard classification of the dam?
e What is the generally accepted guidance for the design event?

 If designing for a lesser flood event (compared to an IDF or PMF), when
would the design potentially experience difficulty? The full range of flows
should be considered.

 Is the outlet works required to be in used to safely pass the inflow design event?

o Will failure of the energy dissipator lead to dam failure? Consider stability of
the earthen and concrete dams, backward erosion, potential for increased
seepage, etc.

* How high are the consequences downstream if a dam failure would occur? A
higher design standard may be needed for dams just above densely populated
areas.

» Can the flow be shut down if a problem occurs? Does the outlet have a single
gate or redundant emergency gates to shut down flow? Redundant gates may
be prudent if downstream consequences are high (densely populated).

» Will the repairs be extensive or simple to implement following the flood? How
long will the repairs take?

e A greater factor of safety is required for structures that operate frequently or
continuously or have significant or high consequences downstream. Some
failure modes, like damage from cavitation, are a cumulative process that can
continue in successive flood events.
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Chapter 2
Hydraulic Jump Stilling Basins

The purpose of energy dissipation is to protect the downstream riverbed and banks
from erosion and to ensure that the high velocity, turbulent flow from the outlet
works does not undermine the dam and adjoining structures. The discharge from an
outlet works, whether it is through a control valve or gate or a free flow conduit,
emerges at a high velocity, usually in a nearly horizontal direction. The hydraulic
jump stilling basin is most often used for energy dissipation of outlet works
discharges with anywhere from 10 to 85 percent energy dissipation depending on the
Froude number of the incoming flow. The hydraulic jump stilling basin can have
less than 50 percent energy dissipation for low Froude numbers.

Experience with hydraulic jump stilling basins has shown that considerable damage
can occur to concrete surfaces from debris present in the hydraulic jump. This
debris often enters the basin from materials suspended in the flow, from soil or rock
coming down the adjoining side slopes, by people throwing materials into the basin,
ot by reverse currents in the jump drawing debris in. The resulting damage consists
of erosion of the floor, walls, and appurtenances. Chapter 12 provides further
information on the maintenance and repair of stilling basins.

2.1 Hydraulic Jump

The hydraulic jump can be used to dissipate energy in water flowing from an outlet
works conduit and prevent scouring downstream. An unconstrained (i.e., no
obstacles in the flow stream) hydraulic jump effectively dissipates energy, but the
typical length of a free jump can be less than efficient from an economical
perspective, as the entire jump must be constrained within a concrete structure.
Flow occurring upstream of the jump may have high erosive potential, and a
concrete structure limits this potential. The hydraulic jump stilling basin is a
structure used to position, create, and contain a hydraulic jump for a variety of flow
conditions. The stilling basin forces the water flowing at a higher than critical
velocity into a hydraulic jump where energy is dissipated in the resulting turbulence
and internal friction. A hydraulic jump occurs when supercritical flow on a steep
slope encounters a mild slope and is forced to transition through critical flow to
subcritical flow. The hydraulic jump stilling basin is typically located on horizontal
or gradually sloping surfaces at the bottom of a steep slope to create the hydraulic
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jump itself. The stilling basin floor elevation is selected to provide jump depths that
most nearly agree with the conjugate and tailwater depths for various discharges.
Appurtenances such as chute blocks, baffle blocks, and end sills (dentated or solid)
may be used to improve the efficiency of the hydraulic jump and reduce the required
length of the stilling basin. However, cavitation can damage appurtenances in high
velocity basins. Cavitation occurs when partial vacuums form in fast flowing water
caused by subatmospheric pressures immediately downstream from an obstruction
or offset such as block. The implosion (collapse) of this void or bubble drives water
into the block with a terrific force that can cause pitting and wearing away of the
concrete surface. Cavitation is often accompanied by loud noise and vibration that
sounds like someone is pounding the block with a hammer.

Reclamation, the USACE, and the Saint Anthony Falls (SAF) Hydraulic Laboratory
have developed several standardized, rectangular, hydraulic jump stilling basin
designs on horizontal surfaces. However, different design philosophies were used in
the development of the dimensions and appurtenances for these basins. For
example, the baffle blocks on Reclamation basins are higher and located further
upstream in the basin than in USACE design. Despite these differences, the basins
have generally performed satisfactorily.

2.2 The Froude Number and the Hydraulic Jump

The hydraulic jump has distinctive characteristics and assumes a definite form
depending on the relation between the energy and the depth of the flow. The jump
form and the flow characteristics can be related to the kinetic flow factor (v,°/gd,) of
the flow entering the basin; to the critical depth of flow entering the basin (4,); or to
the Froude number (eq. 1).

F, = %/(gdol/z eq. 1

where,
F, = Froude number of the incoming flow
v, = velocity of flow entering the basin upstream of the jump (ft/s)
g = acceleration due to gravity (32.2 ft/s°)
d, = depth of flow entering the basin upstream of the jump (ft)

The kinetic flow factor is equal to the Froude number squared. If the Froude
number is equal to one, the flow is said to be critical. If the Froude number is less
than one, the flow is subcritical, and if the Froude number is greater than one, the
flow is supercritical.

Based on a series of model studies by Reclamation, different types of hydraulic

jumps on horizontal or gradually sloping surfaces can be classified according to the
Froude number of the incoming flow. The ranges of Froude number given in

24



Chapter 2—Hydraulic Jump Stilling Basins

table 2 for the various types of jump are not clear-cut, but overlap to a certain extent
depending on local conditions.

Table 2.—Hydraulic jump classified by Froude number

Froude

number (F;)

Description

F1<1.0
F1=1.0

1.0<F<1.7

1.7<F<2.5

2.5<F<4.5

4.5<F;<9.0

F>9.0

F1>10.0

For Froude numbers less than 1.0, the flow is already subcritical.

For Froude numbers equal to 1.0, the flow is at critical depth, and a hydraulic jump
cannot form.

For Froude numbers between 1.0 and about 1.7, the flow is only slightly below
critical depth (supercritical flow). As the Froude number approaches 1.7, a series of
small rollers or undulations begin to develop on the water surface, which becomes
more intense as the Froude number increases up to about 2.5. This hydraulic jump is
referred to as an undular jump.

For Froude numbers between 1.7 and 2.5, the series of small rollers developing on
the surface of the jump intensifies, but the downstream water surface remains
smooth. The velocity throughout is fairly uniform, and the energy loss is low (10 to
15 percent energy loss). This is referred to as a weak jump or a prejump stage.
Refer to figure 16A for an illustration of this hydraulic jump.

For Froude numbers between 2.5 and 4.5, an oscillating form of jump occurs with
the jet entering the jump from the stilling basin floor up to the water surface and
back again with no regular period. Each oscillation produces a large, objectionable
wave of irregular period that can carry far beyond the end of the basin. This jump is
referred to as an oscillating jump or as being in the transition stage because a true
hydraulic jump has not fully developed, and troublesome pulsating jump action can
occur. Transition jumps occur often in low head structures. Energy loss ranges from
25 to 50 percent. Refer to figure 16B for an illustration of this hydraulic jump.

For Froude numbers between 4.5 and 9.0, a stable and well balanced jump occurs.
Turbulence is confined to the main body of the jump, and the water surface
downstream is comparatively smooth. The action and position of this jump are least
sensitive to variation in tailwater depth. Energy dissipation ranges from 45 to

70 percent energy loss. This jump is referred to as a steady jump, a good jump, or a
well balanced jump. Refer to figure 16C for an illustration of this hydraulic jump.

For Froude numbers greater than 9.0, the turbulence within the jump and the
surface roller becomes increasingly active, resulting in a rough downstream water
surface. The jump action is rough, with a considerable amount of spray, but
effective, with energy dissipation up to 85 percent. This jump is sensitive to
tailwater depth. This jump is referred to as a strong jump, a rough jump, or a
choppy jump. Refer to figure 16D for an illustration of this hydraulic jump.

For Froude numbers greater than 10.0, a very deep basin with high training walls is
required. A rough water surface exists with strong surface waves downstream from
the jump (figure 17). For high head structures, a bucket-type energy dissipator
should be considered. A roller bucket requires a steep entrance and adequate
tailwater to keep it from acting as a flip bucket.
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Figure 16.—Hydraulic jump formations on a horizontal
surface (Reclamation, 1984, p. 16).

The illustrations shown in figure 16 bring up a few design considerations
(Reclamation, 1984, p. 17):

e The hydraulic jump in figure 16A requires no special appurtenances in the
basin. The only requirement is to provide the proper length, which is relatively

short.

* The hydraulic jump in figure 16B presents wave problems that are difficult to
overcome. Appurtenances in the basin are of little value.

e The hydraulic jump in figure 16C experiences no particular difficulties.
Appurtenances are valuable as a means of shortening the length of the basin.
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Figure 17.—The Froude number for the discharge in this model study is
greater than 10.0. Note the rough water surface with strong waves
downstream from the jump.

e The hydraulic jump in figure 16D experiences intermittent slugs of water rolling
down the front face of the jump that fall into the high velocity jet. The high
velocity jet no longer carries for the full length of the jump.

Rectangular stilling basins are preferred over trapezoidal basins. Model tests have
shown that the hydraulic jump action in a trapezoidal basin is much less complete
and less stable than in a rectangular basin. In a trapezoidal basin, the water in the
triangular areas along the sides of the basin adjacent to the jump does not oppose the
incoming high velocity jet. The jump, which tends to occur vertically, cannot spread
sufficiently to occupy the side areas. Consequently, the jump forms only in the
central portion of the basin while areas along the outside will be occupied by
upstream-moving flows that ravel off the jump or come from the lower end of the
basin. The eddy or horizontal roller action resulting from this phenomenon tends to
interfere with the jump action to the extent that there is incomplete dissipation of
the energy and severe scouring can occur beyond the basin. For good hydraulic
performance, the sidewalls of a stilling basin should be vertical, or as close to vertical
as practicable. Where trapezoidal basins are contemplated, a model study is strongly
recommended.
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2.3 Initial Depth, Sequent Depth, Conjugate Depth, and Tailwater Depth

The depth of the incoming flow entering the stilling basin before (upstream of) the
hydraulic jump is called the initial depth (y,, 4,, or D;). The depth of the flow after
the hydraulic jump is called the sequent or conjugate depth or conjugate tailwater
depth (y,, 4,, or D,). The conjugate depth depends on the specific energy available at
the entrance of the basin (Froude number) and the initial depth of flow.

The expression for the hydraulic jump based on the impulse-momentum principle
may be written:

D= /2 + ()/12/4 + 2”12%2/59/1)1/2 eq. 2

where,
1,9, = depths of flow before and after the jump (ft)
v, = velocity of the flow entering the basin upstream of the jump (ft/s)
g = acceleration due to gravity (32.2 ft/s”)

Figure 18 illustrates the relationship between these variables in a hydraulic jump for a
rectangular channel.

The Froude number of the incoming flow has been previously defined in equation 1.
Rewriting equation 2 and substituting in the Froude number produces the following
equation, which relates the ratio of the conjugate depth and initial depth as a
function of the Froude number of the incoming flow:

2o/ = Va((1+8F)")-1) cq. 3

where,
1,0, = depths of flow before and after jump (ft)
F, = Froude number of the incoming flow

This equation is known as the hydraulic jump formula and is used to compute the
conjugate depth. A hydraulic jump will form if the Froude number, the initial depth,
and the conjugate depth satisfy the hydraulic jump formula. For Froude numbers
equal to 1, the ratio of the depths is also equal to 1.

The hydraulic jump formula (eq. 3) is shown as a solid line on figure 19 and
represents the conjugate tailwater depth. The dashed lines are guides drawn for
tailwater depths other than conjugate depth. The stilling basin should be designed
for the conjugate tailwater depth. The dashed lines for minimum tailwater depth
indicate the point at which the front of the jump moves away from the chute blocks.
In other words, any additional lowering of the tailwater would cause the jump to
leave the basin. The heavy dashed line, labeled “Minimum T.W. Depth, Basin II,”
has been used as the lower design limit for many structures. The limits for stilling
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basin design should stay between the minimum T.W. Depth, Basin II and the solid
line based on the hydraulic jump formula (eq. 3).

The ability of the hydraulic jump to remain in the basin for a slight lowering of
tailwater depth becomes more difficult for higher and lower values of the Froude
number. The jump is least sensitive to variation in tailwater depth in the middle
range, or values of I, from 4.5 to 9. As the Froude number increases, the jump
becomes more sensitive to tailwater depth. For Froude numbers as low as 8.0, a
tailwater depth greater than the conjugate depth is advisable to be certain that the
jump will stay within the basin.

Most hydraulic jump stilling basins are designed so that the given tailwater holds the
toe of the jump at the upstream end of the basin. Lowering the tailwater reduces the
backpressure force holding the jump in equilibrium and causes the jump to move
downstream in the basin. If the tailwater is too low, the jump will sweep out, or
wash out of the basin. A sweep-out is a dangerous condition since the high velocity
flow reaches the end sill causing a high velocity jet trajectory “rooster tail” and
plunge pool type erosion downstream from the structure.

A tailwater rating curve gives the stage-discharge relationship of the downstream
natural channel. For the hydraulic jump stilling basin, downstream water levels for
various discharges must conform to the tailwater rating curve. The basin floor level
must therefore be selected to provide jump depths (conjugate) that most nearly agree
with the tailwater depths. For a given basin design, the tailwater depth for each
discharge seldom corresponds to the conjugate depth needed to form a perfect jump.
Thus, the relative shapes and relationships of the tailwater curve to the depth curve
determine the required minimum depth to the basin floor. The basin must be deep
enough to provide for full conjugate depth plus additional depth as a safety factor at
the maximum design discharge. For lesser discharges, the tailwater depth is greater
than the required conjugate depth, thus providing an excess of tailwater, which is
conducive to the formation of a “drowned jump.” With the drowned jump
condition, instead of achieving good jump-type dissipation by the intermingling of
the upstream and downstream flows, the incoming jet plunges to the bottom and
carries along the entire length of the basin floor at high velocity. A wider basin
would provide a shallower basin, which would allow the ideal jump depth to more
closely match the tailwater depths for all discharges. The importance of accurate
tailwater (for the full range of stilling basin operations) cannot be overemphasized
for hydraulic jump stilling basins.

2.4 Length of the Hydraulic Jump Stilling Basin
For any hydraulic jump stilling basin, the optimal length varies for each outlet works

discharge. So, the selected length should be designed for when the basin is operated
at maximum design flow.
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The length of the hydraulic jump is measured from the toe of the jump to the point
where the water surface profile becomes horizontal. For a stilling basin with a
horizontal floor, the toe of the jump is assumed to occur at the intersection of the
chute and the horizontal stilling basin floor. The end of the hydraulic jump is more
difficult to define and could be chosen as either the point downstream where the
high velocity jet begins to lift from the floor, or a point immediately downstream
from the roller where the water surface becomes hotizontal, whichever occuts
farthest downstream. The length of the basin is measured from the intersection of
the chute and the horizontal stilling basin floor to a point downstream that will
confine the entire length of the jump to the concrete floor and side walls of a
conventional stilling basin. Increasing the length of the basin will not compensate
for a lack of tailwater depth. The length of the jump has been related to the Froude
number of the incoming flow. Figure 20 shows the recommended basin lengths for
Reclamation type I, II, and III basins based on the Froude number (F)) of the
incoming flow and the conjugate depth (D,). For a discussion of Reclamation basin
types, see section 2.7.1.

2.5 Stilling Basin Appurtenances

Hydraulic jump stilling basins are usually equipped with appurtenances that include
chute blocks, impact baffle piers or blocks, and solid or dentated end sills (figures 33,
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35, and 36). The purpose of these appurtenances is to increase turbulence and
produce a stabilizing effect on the jump, which reduces the required length of the
stilling basin and provides a factor of safety against sweepout caused by inadequate
tailwater depth. Chute blocks, baffles blocks, and an end sills increase the efficiency
of the jump and decrease the required length of the stilling basin to dissipate the
energy in the high velocity flow. All appurtenances should be self-cleaning and
nonclogging. The effectiveness of the appurtenances increase as the Froude number
of the incoming flow increases. However, at high Froude numbers, chute blocks,
baffle blocks, and end sills have been damaged by cavitation.

2.5.1 Chute blocks

Chute blocks, located at the upstream entrance to the stilling basin (figure 21), serve
to increase the effective depth of the incoming flow, break the flow up into a
number of small jets, and help create the turbulence required for effective energy
dissipation. Their function is to separate the incoming jet and lift a portion of it
from the floor, which creates energy-dissipating turbulences, producing a shorter
length of jump than would be possible without them. These blocks also tend to
stabilize the jump and thus improve its performance. Chute blocks also reduce the
tendency of the jump to sweep off the apron at tailwater elevations below conjugate
depths. Model tests of a solid chute block across the entire width of the basin
showed that less energy was dissipated than if separate blocks were used. The stilling
basin performs the same whether a chute block or a space is next to the sidewall as
long as the blocks are symmetrical about the centerline of the outlet. Staggering of
the chute blocks with the downstream end sill dentates is not necessary. The chute
blocks should be staggered with the downstream baffle blocks.

Figure 21.—Looking upstream at a chute block
located at the upstream entrance of a stilling
basin. A structural underdrain exits from the
downstream face of the chute block.
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2.5.2 Baffle blocks

Baffle blocks (also referred to as baffle piers and floor blocks) are placed in
intermediate positions across the basin floor (figure 22) to stabilize the jump
formation, dissipate energy by impact action, and increase turbulence to assist in
energy dissipation. Baffle blocks may be subjected to cavitation damage during
certain flow velocities and pressures. To minimize damage from cavitation, the
designer should consider the cavitation index as discussed section 2.7. Streamlining
baffle blocks has been found to be somewhat counterproductive. The less
turbulence created by the baffle blocks, the less effective they are in dissipating
energy and the longer the basin requirement becomes. Increasing the submergence
of the baffle blocks by raising tailwater depths reduces tendencies towards cavitation,
but the baffles affect a smaller proportion of the flow and lose much of their
effectiveness (Mason, 1982, p. 214).

The distance between the chute blocks and baffle blocks, as well as the baffle blocks
and end sill, is important for improved efficiency. Placing the baffle blocks too far
upstream leaves them susceptible to cavitation and can cause waves downstream.

Placing the baffle blocks too far downstream makes them ineffective for reducing
jump lengths and can cause local bottom velocity disturbances. Baffle blocks should
not be located against the side walls in order to prevent a high boil that might
overtop the side wall. The baffle blocks are located downstream from the openings
in the chute blocks to break up the jets issuing from between the chute blocks and
passing along the stilling basin floor. Baffle blocks shorten the length of the
hydraulic jump by causing the bottom jet beneath the surface roller to be deflected
upward. The baffle blocks also serve to hold the hydraulic jump in equilibrium
within the basin.

Figure 22.—Baffle blocks in a hydraulic jump stilling
basin (flow is from left to right).
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2.5.3 End sill

The end sill, either dentated (figure 23) or solid, is usually located at the downstream
end of the stilling basin. A dentated end sill resembles a row of baffle blocks. The
purposes of the end sill are to reduce the length of the stilling basin by creating
additional tailwater depth and to provide for scour control. The end sill also deflects
the flow along the stilling basin floor upward and away from the bed of the
downstream channel, thus protecting it from scour. The end sill also serves to hold
the hydraulic jump in equilibrium within the basin resulting in improved efficiency.
For large basins that are designed for high incoming velocities, the end sill is usually
dentated to perform the additional function of diffusing the residual portion of the
high velocity jet that may reach the end of the basin.

2.6 Other Stilling Basin Features

Hydraulic jump stilling basins contain other features, such as side walls or training
walls, which contain the hydraulic jump. Splitter walls assist in keeping the flow
uniform. Wing walls and cutoff walls at the downstream end of the basin provide
erosion protection. Stoplog slots at the downstream end allow for unwatering of the
basin. Structural underdrains beneath the basin floor relieve uplift pressures. Flow
deflectors help to prevent abrasive material from being drawn into the basin.

Figure 23.—A dentated end sill for a combined outlet works and spillway
stilling basin.
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2.6.1 Side walls and training walls

The side walls of the stilling basin, also referred to as training walls, run parallel to
the flow and contain the hydraulic jump. The height of the training wall is usually set
so that the maximum tailwater for the design discharge is contained in the stilling
basin with sufficient freeboard. This prevents the walls from being overtopped by
surges, splash, spray, and wave action set up by the turbulence of the jump. An
adequate factor of safety should be considered in evaluating the tailwater depth
(especially if the stilling basin will commonly experience large flow). Often, tailwater
curves are extrapolated for discharges encountered in design, so they can be in error.
If the total discharge into the basin changes, there will be a time delay before a
change is reflected in the tailwater depth. In some cases, the most adverse condition
may occur at less-than-design discharge. The designer needs to consider all possible
factors that may affect the tailwater depth.

The surface roughness of the flow is related to the energy dissipated in the jump and
to the depth of flow in the basin. The following empirical expression (Reclamation,
1987, p. 398) provides values that have proved satisfactory for most basins when
designing the height of the side wall:

Freeboard in feet = 0.1(», + d,) eq. 4

where,
v, = velocity of flow entering the basin upstream of the jump (ft/s)
d, = conjugate depth (ft)

Backfill material placed behind the stilling basin walls should be a pervious, free
draining, granular material to ensure the lowest level of saturation and to minimize
horizontal earth pressures. This is especially important in cold climates (i.e., in
locations where the ground can freeze). Wall surfaces in contact with frost-
susceptible backfill and with access to water are subject to frost penetration, ice
lensing, and subsequent frost heave that can be significant. Placement of the free
draining material adjacent to the wall limits or prevents frost heave. A system of
drainpipes is often provided along the outside perimeter of the basin walls to
facilitate the drainage.

Reclamation typically uses a cantilever design for walls shorter than 40 feet and
considers counterforted (figure 24) design for higher walls. The counterforts are
concrete stub walls that extend into the soil to which the wall panels are attached.
Frictional resistance between the soil and counterforts helps keep the wall in place.
A counterforted wall is more complicated to analyze than a cantilever wall. A
counterforted wall can fail through a number of mechanisms including moment or
shear failure in the counterforts, moment or shear failure in the wall panels between
counterforts, and failure of connecting steel between the wall panels and the
counterforts.

36



Chapter 2—Hydraulic Jump Stilling Basins

Figure 24.—Type Il stilling basin with counterforted walls. The basin has
been unwatered for repairs.

2.6.2 Splitter walls

For a stilling basin with two or more conduits discharging into it, splitter walls
separating and isolating the flow from the conduits are typically required (figure 25).
A splitter wall assists in keeping the flow uniform and prevents returning eddies
from developing when the conduits are operated separately. The wall provides a
separate basin or bay for each conduit to discharge into. This can be especially
useful if repairs are needed to valves or gates on one conduit, but flows need to be
maintained through the other conduit(s). Closure of one basin or bay requires
construction of a downstream berm or installation of stoplogs to facilitate
unwatering,.

Splitter walls are susceptible to vibration when the frequency of the surges in the
hydraulic jump coincides with the natural frequency of the wall. Falvey (1979)
summarized Reclamation’s experience with the failure of a stilling wall at Navajo
Dam. The wall was supported at one end and the base. Reclamation (1967) studied
the basin in detail using physical model tests after fatigue cracks were discovered at
the base of the wall. One proposed solution was to support the top of the wall with
a beam that spanned the basin. The final solution was to remove the wall and the
wedges downstream of the hollow-jet valves. This example shows that if splitter
walls are used, they must be designed to resist large lateral loads that have
frequencies in the range of 2 to 5 Hz.
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Figure 25.—Splitter wall separating discharge from two conduits.

2.6.3 Wing walls

Wing walls have proven to be problematic at some Reclamation stilling basins,
particularly in cold climates where frost heave is a consideration. Special attention
concerning drainage and installation is required. Wing walls can also be undermined
by the turbulent flow exiting the stilling basin. In addition, the recirculated flows at
the end of the basin may be slightly stronger since the flow would not be able to
spread out as much as it would without the wing walls in place. Often, as an
alternative to wing walls, the side slopes of the exit channel are wrapped around the
end of the stilling basin. The side slopes should be protected from erosion using
bedding and riprap.

Where wing walls have been used, they are typically located at the downstream end
of the basin on either side and are most often orientated normal to the side walls.
Some designers feel wing walls calm water outside of the side walls by preventing
eddies from extending as far upstream as they otherwise would. The use, shape, and
size of the wing walls depends on local conditions such as width of the channel
downstream, and degree of protection needed. An example of a basin with a wing
wall configuration is shown in figure 26.

2.6.4 Cutoff walls
A cutoff wall is used at the end of the stilling basin to prevent scour from

undermining the basin. The depth of the cutoff wall should be greater than the
expected depth of erosion at the end of the basin.
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Figure 26.—Wingwalls oriented normal to the basin side walls.

2.6.5 Stoplog slots

Designers should consider including stoplog slots at the downstream end of stilling
basins to allow for unwatering of the basin due to frequent operation, resulting in the
need for inspection, maintenance, or repair (figure 27). Refer to section 11.6.7 for
additional discussion pertaining to unwatering of the basin. For two-bay stilling
basins, stoplogs can isolate one bay while allowing operation of the other bay.

2.6.6 Structure underdrains

Structure underdrains are typically installed to assist in preventing flotation (uplift) of
the stilling basin during unwatering of the stilling basin or during operations should
the hydraulic jump move downstream. The basin should not be unwatered if
underdrains are not present unless adequate investigation indicates flotation is not an
issue. Underdrains are typically laid out in an interconnected grid (longitudinal and
transverse) to collect seepage at the interface between foundation rock or soil and
the concrete basin structure. The underdrains are constructed such that, during
certain operating conditions, discharge from the outlet works flows past the
underdrain outlets (usually located on the downstream side of the chute blocks).

The low pressures created result in draining flow from beneath the basin structure
and lowering uplift pressures. Vents are usually installed in the walls to ensure
negative pressures do not develop.

The underdrain system, if damaged, can very easily cause particle transport from the
foundation, which has been observed at a number of dams. Since the operations of
the outlet works are intermittent, removal of soil would be intermittent and could
occur over a long period of time. The typical winter seepage regime could have
primed the system with water and soil particles and the underdrains could nearly
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Figure 27.—Stoplogs have been installed in slots to allow for repairs to be
made to the unwatered stilling basin.

instantaneously remove the water and some soil from beneath the structure each year
under certain operating conditions. Hydraulic connection of the stilling basin to the
groundwater can potentially cause very severe transient seepage conditions and
particle transport. A number of underdrain systems associated with outlet works
chutes and stilling basins have contributed to internal erosion of drainage and
foundation materials (see the Virginia Smith case history in the appendix). The
initiating condition appears to be fluctuating low pressure near the underdrain
created during operation (i.e., discharge passing over underdrain exit points that are
typically in chute blocks) and/or localized drainage pipe failure. The drain system
becomes an unfiltered seepage exit subjected to fluctuating high gradients. Once the
internal erosion conditions start, they can propagate upstream toward the dam,
which could ultimately lead to an internal erosion failure of the dam and
uncontrolled release of the reservoir. Additionally, loss of foundation support can
lead to structural failure of the chute or stilling basin structures on soil foundations
during operation that can progress upstream toward the dam.

Many Reclamation chute and stilling basin structures terminate the drainage
provisions at the downstream face of the chute blocks (usually at the interface
between the chute and stilling basin floor). For maximum design releases,
subatmospheric pressures generally result at this location (i.e., the beginning of the
hydraulic jump), which lowers hydrostatic pressures beneath the chute and basin
floors. However, for smaller releases, the tailwater could exceed the conjugate depth
needed for the jump, which causes the beginning of the hydraulic jump to move
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upstream of the termination point for the drainage provisions. This could lead to
the introduction of increased hydrostatic (uplift) pressure beneath the chute and/or
basin floors, which, in turn, could result in damage or failure. Although Reclamation
has not experienced this type of failure, such a failure occurred at Karnafuli Spillway
in Bangladesh. Perhaps one factor that has helped Reclamation avoid this type of
failure is that the majority of Reclamation hydraulic structures, particularly spillways
and outlet works, have been constructed on firm foundations with anchorage (i.e.,
rock bolts or anchor bars). The bond strengths between the concrete and
foundation and anchorage are not usually considered as stabilizing features, but as
redundancies that are considered prudent, given the potential consequences resulting
from damage or failure of a hydraulic structure (Reclamation, 2004, p. 55).

Prior to about the 1980s, most underdrain designs utilized clay tile or concrete pipe.
Newer designs have used slotted polyvinyl chloride (PVC) and perforated profile
wall high density polyethylene (HDPE) pipe encased in a sand/gravel envelope
(figure 28). Geotextiles should not be used as an envelope material for underdrains
since they are prone to plugging. All new designs and any subsequent basin
modifications should be sized to accommodate inspection using closed circuit
television (CCTV) equipment. The following design guidance should be considered

for underdrain systems:

foam insulation

Filter/drainage material

Reinforcement continuous

o, accross foint

Rigid piastic i e Lo Waterstop
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ol for drainage

¢ Perforated drain pipe i
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Figure 28.—Filtered underdrain to prevent movement of foundation
materials into drainage system and the initiation of foundation erosion.
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»  Pipe diameter—The minimum recommended pipe diameter to successfully
accommodate CCTV equipment is 8 inches. Although camera-crawlers are
available for pipes smaller than 8 inches, they are very limited in cable-tether-
pulling capacity and generally do not have sufficient traction for use in drain
inspection. In addition, these cameras typically only have a d lens, and the
transport vehicle is not steerable. Generally, camera-crawlers used in pipes with
diameters between 8 and 12 inches have cameras with some pan, tilt, and zoom
capabilities, but generally are not steerable. Camera-crawlers used in pipes with
diameters of 15 inches or larger are steerable, have a greater cable-tether-pulling
capacity, and have cameras that can provide a wider array of optical capabilities
including pan, tilt, and zoom. Where practical, the use of pipes with diameters
15 inches or larger is recommended to facilitate CCTV inspection. Larger
diameters allow for the use of more powerful and versatile camera-crawlers.
The selection of larger pipe diameters also allows for the accommodation of
sediment accumulation on the pipe invert. Experience has shown that sediment
accumulation is the most common plugging mechanism in drainpipes. Larger
pipe diameters increase the likelihood of the camera-crawler getting past many
types of obstructions that may exist in the pipe.

o Pipe bends—The maximum recommended horizontal bend angle to successfully
accommodate CCTV equipment is 22.5 degrees. In pipes with diameters of
8 and 10 inches, some camera-crawlers encounter difficulties navigating bends
of 45 degrees or greater since the camera cannot clear the pipe crown as it
travels through the bend and drag friction on the tether cable reduces pulling
capacity. Sweeping bends should always be used to facilitate camera-crawler
navigation. For best practice in pipes of all diameters, a series of 22.5-degree
bends is recommended. Each 22.5-degree bend should be connected to a
minimum 5-foot length of straight pipe to allow the camera-crawler to easily
navigate around the sweeping bend and provide adequate crown clearance in
the pipe. Many older existing drain systems used sharp 90-degree bends,
making inspection practically impossible. In a few cases, subsequent
modifications have allowed for installation of access at these locations to
facilitate inspection.

 Pipe length—The length of pipes used beneath a basin is generally not a concern
since outlet works energy dissipators are not excessively long or wide. Camera-
crawlers can easily accommodate distances up to 1,000 feet.

*  Cleanouts—Cleanouts should be provided to facilitate cleaning and access into
the underdrain system. Cleanouts should also utilize a sweeping bend
configuration and 22.5-degree bend segments.

Older underdrain systems typically have limited access and often experience cleaning

difficulties due to the existing pipe configurations. A high percentage of underdrain
systems experience some degree of clogging or plugging during their operational life.
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The mechanisms causing clogging and plugging often include calcium carbonate,
biological fouling, organic growth, deposition of fines and sands, and failure of the
pipe material. The reduced effectiveness of an underdrain system can allow
pressures to increase to the point where the stability of the structure is reduced, or
cause seepage to move to unprotected areas where internal erosion may develop
undetected. The most important factor in the successful long-term performance of
an underdrain system is a well developed andcuted program of inspection, repair,
and cleaning. For additional guidance on CCTV equipment and accommodation, see
section 11.6.4 and Cooper (2005). Refer to the Twin Lakes Dam case history in the
appendix for an example of CCTV inspection of a basin underdrain system.

Experiences with installing typical underdrain systems in rock foundations have
resulted in considerable excavation (removal) of competent rock, which is replaced
with drainage material (sand and gravel). Jointing in rock and excavation techniques
have often resulted in significant overbreak of the designed drain trenches and
removal of considerable amounts of foundation material. T'o minimize this situation,
an alternative drain installation should be considered as shown in figure 29.

Designers should recognize that even modern dams designed according to accepted
practices can be subject to internal erosion (particularly when erodible soils are
present). For guidance on the proper design, monitoring, and maintenance of a
structural underdrain system, see Reclamation’s Drainage for Dams and Associated
Structures (2004). For additional guidance on plastic pipe used in structural
underdrain systems, see FEMA’s Plastic Pipe Used in Embankment Dams (2007).

Important factors to consider in the design and construction of structure
underdrains include:

* Drainpipe can be damaged during construction, can crack due to settlement,
and can potentially be damaged by freezing.

* Embankment or foundation materials can be eroded into the underdrains over
long periods of time before being detected. This can lead to a loss of support
for the stilling basin, the formation of an unfiltered exit, and the potential for
internal erosion along the outlet works conduit leading to dam breaching.

e Underdrains are often difficult to monitor and inspect.

If the backfill surrounding the outlet works conduit is poorly compacted or has
cracked, a seepage pathway may exist along the conduit. Seepage flowing along this
pathway could erode embankment material into cracks or open joints in the
underdrain system. Backward erosion piping or internal erosion could start from
this point. If undetected, the erosion could continue to progress, forming a
lengthening “pipe” through the dam, or a large void within the dam core. Either the
erosion would continue to progress upstream and lead to dam breach or the pipe or
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Figure 29.—Alternative underdrain system—(a) lateral (horizontal) collector drain with
drilled/formed (vertical) weep hole drains. Note lateral collector drain is embedded in
concrete to minimize disturbance to foundation. Cleanouts and covers for vertical
drilled/formed drains are not shown, but are required for maintenance and inspection.
(b) Typical detail of vertical drilled drain hole.

void could grow and collapse (sinkhole) leading to crest loss and potential
overtopping. The Virginia Smith Dam case history in the appendix provides an
example of an underdrain system that experienced such a problem.

2.6.7 Flow deflectors

Abrasion erosion damage has been a widespread problem for stilling basins for many
years. Abrasion erosion damage occurs when materials, such as sand, gravel, or rock,
are carried into the basin by recirculating flow patterns produced over the basin end
sill during normal operation of a hydraulic jump energy dissipation basin. Once
materials are in the basin, turbulent flow continually moves the materials against the
concrete surface, causing severe damage, often to the extent that reinforcing bars are
exposed. When repairs are made, many basins experience the same damage again
within one or two operating seasons. The Kinzua Dam case history in the appendix
is an example of unbalanced operations pulling debris into the basin. The Pomona
Dam case history in the appendix provides photos from a model study showing the
reverse flow roller bringing material back into the basin. The Palisades Dam case
history in the appendix discusses the required repairs to an energy dissipator as a
result of abrasion erosion damage.
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Cleaning and repairing stilling basins require underwater diving and/or unwatering of
the basin, which can be time consuming and require extended water delivery
interruptions. Installing a flow deflector eliminates the high costs associated with
these activities and reduces water delivery interruptions. This makes the basin self-
cleaning under certain flow conditions, and materials are carried away, thus
preventing abrasion erosion damage and the need for recurring repairs.

A number of studies have been conducted to try to understand the abrasion erosion
problem and develop cost-effective solutions. Reclamation has conducted
investigations to develop standard guidelines for the design of flow deflectors to
reduce or eliminate stilling basin abrasion erosion damage.

A flow deflector is a device that is placed across the downstream portion of a stilling
basin to change the flow pattern within the basin by directing the exiting flow
downward. As shown in figure 30, a flow deflector improves the flow pattern over
the length of the basin and will:

* Reduce or eliminate abrasion erosion damage.
* Significantly increase basin life.

e Decrease costly repairs.

o Lessen frequent cleaning and maintenance.

The flow deflector consists of a reinforced steel plate panel that is attached in a
vertical orientation to the walls of the stilling basin. One or two flow deflectors
(staggered horizontally and vertically) are installed based on the geometry and flow
characteristics of the basin, as determined by hydraulic analyses, scale modeling,
and/or velocity profile field measurements.

The investigations performed by Reclamation determined that flow deflectors can be
used to mitigate abrasion erosion damage by redirecting flow currents responsible for
carrying abrasive materials into hydraulic jump stilling basins (Reclamation type 11
and III). TField evaluations of the stilling basins at Mason and Choke Canyon Dams
were conducted to correlate with the model and to help refine and verify the final

Figure 30.—Desired flow pattern avoids recirculating currents.
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design. Two flow deflectors were installed in 2006 at Choke Canyon Dam

(figure 31). The flow deflectors were furnished and installed as a component of a
large concrete repair project for a total cost of $57,000. The evaluations
demonstrated that implementation of flow deflectors could result in substantial cost
savings by reducing recurring operation and maintenance costs for basin repairs,
unwatering, and interruptions in water deliveries. For further discussion of the flow
deflector at Mason Dam, refer to the case history in the appendix.

In most cases, uniform operation of regulating gates discharging into a stilling basin
is recommended. Careful attention should be paid to gate operation in cases where
multiple gates are discharging. Unless a basin is properly designed, operation of
fewer than all gates could result in flow back into the basin. This backflow can bring
rocks back into the basin resulting in abrasion erosion. A staggered flow deflector
configuration could be designed to be fairly effective for nonuniform operations
where a splitter wall (section 2.6.2) is not utilized. A staggered configuration is
usually the most effective design for a large range of flow conditions. Staggering of
the flow deflector depends on basin geometry and the range of basin operations.

Velocity profiles would need to be measured for both uniform and nonuniform
operations to determine if a staggered design could be effective over the full range.
This is necessary during uniform operations since the jump will spread more
uniformly across the width of the basin. If the same discharge is used through one
conduit instead of two, the jet will be more concentrated/stronger, resulting in a
stronger jump that may remain attached to a side wall on one side of the basin. This
changes the elevation of the concentrated jet exiting the basin and therefore the
effective elevation for the placement of the flow deflectors. Having the jump
concentrated on one side may also produce a side roller that can bring materials into
the basin, so a model study would likely be needed. A model study would help
identify locations where the jump may attach to the basin sidewalls over a lower
range of operations. However, a model study may not be necessary for the flow
deflector design when only uniform flow operations need to be considered.

2.7 Selection of a Hydraulic Jump Stilling Basin

The selection of the proper energy dissipator depends on energy content,
downstream channel conditions, alignment and location with respect to the toe of
the dam, other features (e.g., a powerplant, pumping plant, or access roads), and
economic considerations. Generalized designs of hydraulic jump stilling basins have
been developed, so future stilling basins can be designed without the need for
additional model studies.

For outlet works with free-flow downstream conduits, the regulating gate or control

valve is usually located upstream at the intake structure or in a gate chamber within
the dam or through an abutment or reservoir rim. Free-flow, flat-bottom conduits
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Figure 31.—Flow deflectors being installed at the
downstream end of a stilling basin.

downstream from the regulating valve or gate typically lead to a transitional chute
that directs the flow to the hydraulic jump stilling basin. The transitional chute is
located between the conduit portal and the stilling basin. The floor convex
curvatures and maximum flare angles in the chute should be determined so the flow
will become uniformly distributed across the chute before entering the stilling basin.
Otherwise, proper energy dissipation will not be obtained. The flow in the chute
should be governed by open-channel flow criteria. To reduce the length of the
chute, the beginning of the flare angles and the convex curve may be located inside
the conduit.

The designer may want to consider sizing the width of the basin based on a
maximum hydraulic jump of about 40 feet to limit the well height (for a cantilevered
wall); see section 2.6.1.

For outlet works with pressurized downstream conduits, the regulating gate or
control valve is located at the downstream end. Flow emerging from the regulating
gate is in the form of a free jet. The regulating gate and free jet must be pointed
downward onto the chute floot, so the flow is uniformly distributed across the chute
before entering the stilling basin. Otherwise, proper energy dissipation will not be
obtained. The angle from horizontal for directing the free jet from the regulating
gate ranges from 34 to 14 degrees. An angle of 30 degrees is typically used when the
floor slope entering the basin is 2H:1V.

In the past, much credence has been given to restricting the design of a stilling basin
to a certain maximum velocity or unit discharge because of cavitation concerns. For
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example, a type III basin is restricted to maximum entrance velocities of 60 ft/s and
maximum unit discharges of 200 ft/s per foot. Others restrict the maximum unit
discharge to 200 ft’ per foot of basin width. Both of these limitations can be related
to a head. The velocity of 60 ft/s corresponds to a head of 56 feet, whereas the
200 f£'/s per foot of basin width corresponds to a head of 16 feet using the
definition of minimum head (specific energy at critical depth) given by:

where,
H,, = minimum head (ft)
g = unit discharge (ft’/s per foot of basin width)

g = acceleration due to gravity (32.2 ft/s’)

The wide disparity between the two heads using these arbitrary criteria indicates that
a different criterion should be used to determine the limitations of the flow. A better
criterion is to consider the cavitation index at the beginning of the jump. The
cavitation index is defined as:

o=
PV’

2

where,
0 = cavitation index
P = pressure at flow surface (atmospheric pressure + pressure related to
flow depth) (Ib/ft’)
P, = vapor pressure of water (Ib/ft")
density of water (Ib-s*/ft)

Yol
7 = average flow velocity (ft/s)

The cavitation index should be greater than 0.2 for a basin without appurtenances
and greater than 1.0 for a basin with appurtenances. If the cavitation index is lower

than these limits:

* The jump basin is not appropriate for a stilling basin without appurtenances
(6<0.2).

* The jump basin with appurtenances requires a specially formed baffle block
(¢<1.0).

48



Chapter 2—Hydraulic Jump Stilling Basins

» The jump basin with appurtenances should not employ chute blocks unless they
can be aerated (¢ < 1.0).

The criterion of 0.2 is based on cavitation damage experienced in spillways, and the
criterion of 1.0 is based on the incipient cavitation index for chute and baffle blocks.
For further discussion of cavitation, see Reclamation (1990).

The following sections provide guidance on the selection of the proper hydraulic
jump stilling basin.

2.7.1 Reclamation stilling basins

From studies of existing structures and laboratory investigations, Reclamation has
developed various types of standard stilling basin designs. Of these ten standard
basins, six are considered to be hydraulic jump stilling basins (types 1, 1L, III, IV, V|
and VIII) and are described in this section. A type VI basin is an impact stilling
basin and is discussed in chapter 3. A type VII basin is either a slotted or solid
submerged bucket used in spillway applications and is not discussed in this manual.
A type IX basin is a baffled drop typically used on canals and channels as grade
change structures and is discussed in chapter 10. A type X basin is a flip bucket, as
discussed in chapter 4.

Standard Reclamation stilling basin designs suitable for stilling flows for the various
forms of hydraulic jumps can be related to the Froude number of the incoming flow.
No special stilling basin or appurtenances are needed to still flows where the Froude
number of the incoming flow is less than 1.7, except that the channel length beyond
the point where the depth starts to change should be about four times the conjugate
depth. Additional guidance on standard basin types I through X is available in
Reclamation’s Hydraulic Design of Stilling Basins and Energy Dissipators (1984).

2.7.1.1 Type I basin

The type I basin develops a hydraulic jump occurring on a horizontal floor with no
appurtenances. Turbulence in the jump dissipates the energy. However, this basin is
usually not very practical because of its long length, lack of control, and the fact that
the hydraulic jump will be in the form of a weak jump or a prejump stage. Type I
basins are used for Froude numbers that are less than 1.7 to 2.5. Figure 20 shows
the recommended basin lengths for a type I basin based on the Froude number of
the incoming flow and the conjugate depth (D,).

2.7.1.2 Type II basin
The type 1I basin (figure 32) contains chute blocks at the upstream end of the basin

and a dentated end sill. The chute blocks create shear zones that generate energy-
dissipating turbulence resulting in a shorter length of jump than would be possible
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without them. The purpose of the end sill is to prevent downstream erosion, and it
does not contribute significantly to energy dissipation. Baffle blocks are not used in
the type II basin because of the relatively high approach velocities and the potential
for cavitation.

The type 1I basin was developed for Froude numbers greater than 4.5 where a true
hydraulic jump forms and primarily dissipates energy. The type II basin is not
recommended for Froude numbers less than 4.5 where the hydraulic jump becomes
unstable. The type II basin was designed for both large unit discharges and high
approach velocities. The type II basin should never be designed for a tailwater depth
less than the computed conjugate depth. The tailwater depth (figure 32) should be
increased by a minimum of 5 percent of the computed conjugate depth as a factor of
safety against sweepout. Figure 20 shows the recommended basin lengths for a type
II basin based on the Froude number of the incoming flow and the conjugate depth
(d)). The recommended type II basin length is also shown in figure 32. The basin
length is greater than that indicated for the type I1I basin.

The type II basin is recommended for unit discharges up to 500 ft’/s per foot of
basin width, provided the jet entering the basin is reasonably uniform in both
velocity and depth. For larger unit discharges, a model study or selection of an
alternate energy dissipator is recommended.

2.7.1.3 Type III basin

The type III basin (figure 33) contains an additional set of blocks (baffle blocks)
within the basin to create additional turbulence. Cavitation and transverse loads on
the baftle blocks have required the development of special shapes for high head
installations. The addition of the chute blocks and the baffle blocks permits the
length of the stilling basin to be reduced. The energy dissipation for this basin is
based on the change in momentum of the water through the structure.

For Froude numbers higher than 4.5, a true hydraulic jump forms. A type 111 basin
can be used for Froude numbers higher than 4.5. The type III basin is limited to
velocities less than 60 ft/s, and the cavitation index should be considered as
discussed in section 2.7. A type II basin is better suited for incoming velocities
greater than 60 ft/s. For a type 111 basin, the tailwater depth should at least be equal
to the computed conjugate depth, as shown on figure 33.

A type III basin is shorter than a type II basin and is typically used for canal
structures, small outlet works, and small spillways. The reduction in length is mainly
achieved by baffle blocks. Figure 33 shows the recommended basin lengths for a
type I1I basin based on the Froude number of the incoming flow and the conjugate
depth (4,). The recommended type III basin length is also shown on figure 20.
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A type II basin is considered too conservative for small unit discharges and limited
approach velocities. The type 111 basin is limited to a maximum 200 ft’/s per foot of
basin width for the design unit flow rate.

2.7.1.4 Type IV basin

For low Froude numbers between 2.5 and 4.5, the hydraulic jump is not very stable
and is in the transition stage because it is not fully developed. The approaching jet
oscillates intermittently from the bottom of the basin up to the to water surface.
Each oscillation generates a wave that persists downstream and is difficult to
dampen. Waves from the hydraulic jump are a concern for this range of Froude
numbers because the waves persist beyond the end of the jump. Waves are
destructive to earth-lined canals or riprap and produce undesirable surges.

The type IV basin is typically used for outlet works, canal structures, and diversion
dams. Two separate type IV basins have been developed and have proved relatively
effective for dissipating the bulk of the energy of the flow. However, the wave
action propagated by the oscillating flow cannot be entirely dampened. Auxiliary
wave dampeners or wave suppressors must sometimes be used to provide a smooth
flow surface downstream. Figure 34 shows an example of a wave suppressor at the

Figure 34.—This wave suppressor (also known as an underpass-type) was constructed after
completion of the stilling basin to prevent unanticipated waves exiting the basin from
overtopping the downstream canal lining. Overtopping could result in either undermining of
the soil supporting the canal lining or introduction of uplift pressures beneath the canal
lining. Note the formed openings through the deck of the wave suppressor.
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downstream end of a stilling basin. For guidance in designing a wave suppressor, see
Reclamation’s Hydranlic Design of Stilling Basins and Energy Dissipators (1984, pp. 47-50).
The efficiency of a hydraulic jump stilling basin at low Froude numbers is less than
50 percent. The need to design this type of basin can be avoided by selecting stilling
basin dimensions that increase the Froude number and provide flow conditions that
fall outside the range of the transition stage. Altering the dimensions of the structure
to produce a higher Froude number or using an alternative energy dissipator, such as
a baffled drop structure, should also be considered for Froude numbers between

2.5 and 4.5. Increasing the width of the basin to decrease the depth of the incoming
flow and increase the Froude number would be one alternative.

The 1958 version of the type IV basin has large chute blocks and an optional solid
end sill, as shown in figure 35. The 1978 version, also referred to as the alternative
low Froude number stilling basin, has chute blocks, baffle piers, and a dentated end
sill, as shown in figure 36. The 1978 version of the type IV basin is shorter than the
1958 version. Because of the tendency of the jump to sweep out and as an aid in
suppressing wave action, the tailwater depth in the basin should be at least 5 to

10 percent greater than the computed conjugate depth.

2.7.1.5 Type V basin

The type V basin consists of forcing the hydraulic jump to occur on a sloping chute
floor. The purpose of a type V basin is to minimize the amount of excavation and
concrete required for the chute and stilling basin. Type V basins are typically used
on large spillway structures and will be discussed only for illustrative purposes in
regards to hydraulic jump formation.

Reclamation (1984, pp. 58—79) performed a series of model tests investigating a
hydraulic jump on a slope measuring the discharge, the average depth of flow
entering the jump, the length of the jump, the tailwater depth, and the slope of the
chute floor. The model tests showed that the amount of energy dissipation with the
jump on a slope is as effective as the jump occurring on a horizontal stilling basin.

The hydraulic jump may occur in several forms on a slope as shown on figure 37.
Case A has the jump occurring on a horizontal slope. In case B, the toe of the jump
forms on the slope, and the jump ends over the horizontal slope. In case C, the toe
of the jump is on the slope, and the end of the jump is at the change in slope to
horizontal. In case D, the entire jump forms on the slope. Another case not shown
is the jump occurring on an adverse slope. Cases C and D are essentially the same,
and cases B, C, and D are also known as drowned-out jumps.

For case D, with the hydraulic jump occurring on a slope, the ratio of the tailwater

depth to initial depth for a given slope and Froude number has been developed from
the model data and is shown in figure 38. The length of the jump for case D was
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Figure 37.—Hydraulic jump on a slope (Reclamation, 1984, p. 58). See Reclamation (1987)
for information related to variables as denoted in this figure.

also determined from model data and is shown in figure 39. The length of the jump
depends upon the Froude number, the tailwater, and the slope.

Case B is the more common with the hydraulic jump occurring over both the sloping
chute floor and the horizontal stilling basin. The ratio of the tailwater depth to the
conjugate depth for a given slope and Froude number has been developed from the
model data and is shown in figure 40. The length of the jump for case B should be
taken from figure 39 for case D. This figure is for a continuous slope, but can also
apply to case B. Figure 41 shows an example of a type V stilling basin.

The first consideration in design of a hydraulic jump on a slope should be to
determine the slope that will minimize the amount of excavation and concrete for
the maximum discharge and tailwater condition. The height of the jump is checked
to determine whether the tailwater depth is adequate for the intermediate discharges.
The tailwater depth usually exceeds the required jump height for the intermediate
discharges resulting in a slightly submerged condition for intermediate discharges,
but the performance will be acceptable. Should the tailwater depth be insufficient
for intermediate flows, it would be necessary to increase the depth using a steeper
slope.

The sloped portion of the basin should be designed to take full advantage of the
entire sloped length for the design discharge. There is no advantage to having a
portion of the sloped basin not being utilized. The model tests showed that the
slope itself has little effect on the performance of the stilling basin. The sloped
portion of the basin should be positioned so that the upstream toe of the jump
forms at the upstream end of the slope for the design discharge. Raising or lowering
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Figure 39.—Ratio of length of jump to tailwater on slope (type V basin, case D)
(Reclamation, 1984, p. 64). See Reclamation (1984) for information related to variables as
denoted in this figure.

of the basin, or changing the original slope entirely may be required to meet this
hydraulic requirement.

The model studies concluded that extra tailwater depth is required for a hydraulic
jump of a given Froude number to form on a slope rather than on a horizontal
stilling basin. The primary concern is having enough tailwater depth to move the toe
of the jump up the slope. The tailwater depth for the design discharge should be at
least 5 percent larger than the minimum computed conjugate depth. For Froude
numbers greater than 9, a 10-percent factor of safety is recommended.

The hydraulic jump occurring on a slope is typically longer than the same jump on a
horizontal floor. Economically designing the basin to confine the entire jump may
not be possible. Model tests indicate that approximately 60 percent of the length of
the jump is needed for the basin at most installations. Longer or shorter basins
would depend on the quality of the downstream channel bed.
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Figure 40.—Ratio of tailwater to conjugate depth (type V basin, case B) (Reclamation,
1984, p. 71). See Reclamation (1984) for information related to variables as denoted in this
figure.
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Figure 41.—This figure shows a hydraulic jump occurring in a 1:48-scale model of a type V
stilling basin for a spillway. The operating condition equates to a prototype discharge of
60,000 ft*/s. The 242-foot wide stilling basin has an 0.8:1 slope for the upstream 178.7-foot
length and is horizontal for the downstream 146.8-foot length. The stilling basin has a
15-foot high solid end sill. The figure most closely depicts the condition discussed in case C
where the upstream toe of the hydraulic jump occurs on the slope and the downstream end
of the jump is at the junction of the slope and the horizontal apron (for this example,
where the break in floor slope goes from 0.8:1 to horizontal).

A small, solid, triangular end sill, placed at the end of the basin, is the only
appurtenance needed in a type V basin. This end sill serves to lift the flow as it
leaves the basin and thus acts to control scout.

A primary consideration in the design of a hydraulic jump stilling basin is a structure
that can be designed and constructed at a reasonable cost. The decision to use a
type V sloping basin is based on which arrangement will give the greatest economy
for the design discharge. The slope and overall shape of the basin are based on
economics, not hydraulics.

2.7.1.6 Type VIII basin

The type VIII basin was designed for high head outlet works using a hollow-jet valve
for discharge control (Reclamation, 1960; Reclamation, 1984, pp. 127-152). The
hollow-jet valve stilling basin is typically about 50 percent shorter than a
conventional basin. This type of basin is usually constructed within or adjacent to
the powerhouse structure to save space and reduce cost. Regardless of the valve
opening or head, the outflow from a hollow-jet valve has the same pattern, an
annular or hollow-jet of water of practically uniform diameter throughout its length.
The type VIII basin takes advantage of the hollow-jet shape and is not
recommended for concentrated water jets. Figure 42 shows an example of a type
VIII basin.
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Figure 42.—Two 72-inch diameter hollow-jet valves and stilling basin.

Hollow-jet valves were designed as a type of reverse needle valve, with the seal at the
upstream end of the needle instead of downstream. They are operated either
hydraulically or by electric motor-operator. Hollow-jet valves provide higher
discharge coefficients than needle valves, but they are very costly to fabricate because
of the complex shapes used in the needle portion and upstream body. Cavitation
damage is a constant issue with the valve, especially around the splitters, and the
valve has a minimum opening restriction due to the cavitation problem. The valve is
not commonly used because of the high cost of obtaining castings and problems
with damage from cavitation. The fixed-cone valve (section 7.1) is much more
common now.

In early design of this basin, the control valve from an outlet works discharged
horizontally onto a trajectory-curved floor that was sufficiently long to provide a
uniformly distributed jet entering the hydraulic jump stilling basin. This resulted in
an extremely long structure. When two valves were used side by side, a long dividing
wall was also required. Hydraulic model tests have shown that the length could be
significantly reduced by turning the control valve downward. If the angle is too flat,
the jet from the control valve does not penetrate the pool in the stilling basin, but
skips along the surface of the tailwater. If the angle is too steep, the jet penetrates
the pool, but rises almost vertically to form an objectionable boil on the water
surface. Model studies have shown the optimum angle for a hollow-jet valve is
approximately 24 degrees discharging on a chute floor sloped at 30 degrees

(figure 43).

The hollow-jet valve should be placed with the center of its downstream end at or
above the tailwater elevation. The water jet sweeps the tailwater away from the
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Figure 43.—Hollow-jet valve stilling basin generalized design (Reclamation, 1984, p. 136).
See Reclamation (1984) for information related to variables as denoted in this figure.

downstream face of the valve sufficiently to allow ventilation of the valve. The
hollow-jet valve should not be operated in a submerged condition.

Converging side walls along the sloping chute floor are used to compress the hollow-
jet into a thinner jet with greater ability to penetrate the tailwater pool in the basin.
The converging walls are used until the jet is fully submerged. The converging walls
typically extend to the downstream end of the sloping chute floor. Sudden
expansion of the jet as it flows past the end of the converging walls accounts for
most of the energy loss.

For outlet works with two control valves placed a minimum distance apart and
aligned to discharge parallel jets, a dividing wall is needed between the valves for
satisfactory hydraulic performance. Model tests have shown that when both valves
are discharging without a dividing wall, the flow sways from side to side producing
longitudinal surges in the basin pool. This action occurs because the surging
downstream from each valve has a different period and, the resulting harmonic
motion becomes amplified. When only one valve is discharging, conditions are
wortse; the depressed water surface downstream from the operating valve induces
flow from the higher water level on the nonoperating side. To provide acceptable
operation with one valve operating, the dividing wall should extend at least three-
fourths of the basin length or more. A full length center wall may be desirable.
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The ideal length of the stilling basin exists where the bottom flow currents begin to
rise from the basin floor of their own accord, without assistance from the end sill.
The water surface directly above and downstream from this point is fairly smooth,
indicating that the stilling action has been completed. Model studies have shown
that basins appreciably longer than ideal tend to draw in abrasive material from the
downstream channel. Basins shorter than ideal have a tendency to scour in the
downstream channel. Therefore, the point at which the currents turned upward
from the basin floor, plus the additional length required for an end sill, was
determined to be the optimum length of the basin. The floor of the stilling basin is
sometimes referred to as the apron. Dentates are not required on the end sill.

Model tests have shown that a stilling basin that is too wide results in the stilling
action becoming unstable due to the flow not occupying the full width of the basin.
A basin that is too narrow extends the stilling action beyond the ideal length of the
basin. Additional basin width cannot be substituted for some of the required length
or depth of the basin. The width may be selected to fit a particular space
requirement. See the Navajo Dam case history in the appendix for an example of a
hollow-jet valve stilling basin.

2.7.2 USACE stilling basin

The USACE has a stilling basin that is similar to the Reclamation type III basin, but
has different design criteria based on USACE physical model testing at its
Engineering Research and Development Center (ERDC) in Vicksburg, Mississippi
(formerly Waterways Experiment Station). The summary of the design is contained
in the USACE’s EM 1110-2-1602, Hydraulic Design of Reservoir Outlet Works (1980).
Refer to chapter 5 and the examples in that publication (appendix E for the
transition and appendix F for the parabolic drop and stilling basin).

The USACE publication contains information on how to design the transition from
a circular conduit to a rectangular chute and recommends guidance on calculating the
parabolic transition to the stilling basin itself. The publication also describes a “low-
level outlet with respect to tailwater” condition. Although the stilling basin functions
very well at high flows, this condition occurs at low tailwater elevations. The
condition allows larges eddies to form at low flows near the stilling basin walls,
drawing debris and stone on the parabolic slope, causing concrete erosion. The
publication discusses how to check for this condition and how to design the outlet to
prevent it.

The stilling basin floor elevation should be between 0.854, and a full 4, below the
design tailwater elevation range where 4, is the conjugate depth. The basin length,
baffle pier size and spacing, and end sill height are all based on 4, or &, depths where
d, is the initial depth. Variations in the stilling basin length are discussed for various
ranges of Froude numbers and downstream material conditions. The basin may
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have zero, one, or two rows of baffle piers depending on the design flow conditions.
Figure 44 shows a plan and profile of the USACE stilling basin design.

Additional information on how to design the downstream channel and erosion
protection are presented in the publication. This includes recommended
downstream channel profile to prevent flow eddies leaving the stilling basin from
pulling downstream riprap into the stilling basin. This riprap can cause concrete
erosion or ball milling in the stilling basin. The recommended channel profile is
shown in figure 45.

2.7.3 SAF stilling basin

The SAF stilling basin was developed from model studies at the St. Anthony Falls
Hydraulic Laboratory, University of Minnesota, for use on small drainage structures.
The purpose of the model studies was to develop a generalized design guidance for
an efficient and economical outlet structure for dissipating energy in high velocity
flow. The SAF stilling basin is recommended for use on small structures such as
small spillways, outlet works, and small canal structures where the Froude number is
between 1.7 and 17. The reduction in basin length achieved through the use of
appurtenances designed for this basin is about 80 percent. The Reclamation type 111
basin is similar in design, but has a higher factor of safety against the hydraulic jump
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Figure 44.—USACE stilling basin layout (USACE, 1980, p. C-41). See USACE (1980) for
additional discussion of the information shown in this figure.
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Figure 45.—Channel profile to prevent flow eddies leaving the USACE stilling basin from
pulling downstream riprap into the stilling basin (USACE, 1980, p. C-43). See USACE (1980)
for additional discussion of the information shown in this figure.

sweeping out of the basin. The type III basin is reduced in length by about

60 percent with the appurtenances. Thus, the SAF basin is shorter and more
economical, but has a lower factor of safety against sweepout. Blaisdell (1959) uses
the kinetic flow factor in the design of the SAF basin, but refers to it as the Froude
number. The square root of the kinetic flow factor used in Blaisdell (1959) is the
actual Froude number. Many of the dimensions of the SAF stilling basin are based
on the kinetic flow factor (#,°/gd,) so this distinction is critical.

The characteristics and proportions of the SAF stilling basin have been determined
over a wide range of conditions expected in the field, and the performance can be
predicted without additional model studies. The SAF stilling basin is very
economical to construct because the size of the SAF stilling basin has been reduced
to a minimum that will ensure protection to the structure and prevent excessive
erosion in the downstream channel. Use of the SAF stilling basin under actual field
conditions has demonstrated its effectiveness and has verified the predictions based
on the model studies. An example of an SAF type hydraulic jump stilling basin is
shown in figure 46.

The SAF stilling basin uses chute blocks at the entrance of the basin to increase the
inflow depth and break up the high velocity flow into a number of small streams.
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Figure 46.—SAF stilling basin.

Baffle blocks or floor blocks are used to remove energy from the water impacting
against the blocks and create turbulence. The floor blocks are placed downstream
from the openings between the chute blocks and should occupy between 40 and

55 percent of the stilling basin width. A solid end sill is used to deflect the flow
along the stilling basin floor upward and away from the bed of the downstream
channel. Sloping wing walls (also referred to as triangular wing walls) are used at the
end of the stilling basin to protect and retain the fill. The top of the wing walls
should have a 1:1 slope. Model studies showed that the best orientation of the
sloping wing walls is at an angle of about 45 degrees to the centerline of the stilling
basin. A cutoff wall of nominal depth is used at the end of the stilling basin to
prevent scour from undermining the basin. The depth of the cutoff wall is greater
than the expected maximum depth of erosion at the end of the stilling basin. Scour
at the downstream end is not expected to go below the thickness of the stilling basin
floor slab.

Proportions of t