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CHAPTER 1
| NTRODUCTI ON
Section |. Gener al

1-1.  Purpose.  This manual provides guidance in designing, constructing, and
operating navigation dams. Sone of the factors affecting the safety and effi-
ciency of waterways that are discussed include: types of dans; environnmental
consi derations; equipnment in general use on navigation danms; options of design
to accommodat e ice/debris passage, enmergency operation; nornmal operation to
pass flood flows, renmoval of sediment, or assistance in hydropower devel op-
ment. Some information is also provided on the repair and rehabilitation of
existing structures.

1-2. Applicability. This manual applies to all HQ USACE OCE el ements and all
field operating activities having responsibilities for the design of civil
wor ks proj ects.

1-3. Ref er ences.

a. National Environnental Policy Act (NEPA), PL 9-190, Sec-
tion 102(2)(c), 1 Jan 1970, 83 Stat 853.

h. ER 1110-2-50, Low Level Discharge Facilities for Drawdown of
| npoundnent s.

¢c. ER 1110-2-1403, Hydraulic and Hydrol ogic Studies by Corps Separate
Field Operating Activities and Ohers.

d. ER 1110-2-1458, Hydraulic Design of Shallow Draft Navigation
Proj ects.

e. EM 1110-2-1405, Flood Hydrograph Analysis and Conputation.

f. EM 1110-2-1408, Routing of Floods Through River Channels.

g. EM 1110-2-1409, Backwater Curves in River Channels.

h. EM 1110-2-1411, Standard Project Flood Determinations.

i. EM 1110-2-1601, Hydraulic Design of Flood Control Channels.
j.  EM 1110-2-1602, Hydraulic Design of Reservoir Qutlet Wrks.
k. EM 1110-2-1603, Hydraulic Design of Spillways.

. EM 1110-2-1604, Hydraulic Design of Navigation Locks.

m EM 1110-2-1611, Layout and Design of Shallow Draft Waterways.
n. EM 1110-2-1612, Ice Engineering.
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0. EM 1110-2-1901, Soil Mechanics Design Seepage Control.

p. EM 1110-2-2701, Vertical Lift Crest Gates.

g. EM 1110-2-2702, Design of Spillway Tainter Gates.

r. EM 1110-2-4000, Reservoir Sedimentation |nvestigations Prograns.

s. Hydraulic Design Criteria (HDC) sheets and charts. Available
from Technical Information Center, US Arny Engi neer Waterways Experinent
Station (VWES), PO Box 631, Vicksburg, MS 39180-0631
1-4.  Bibliography. Bi bl i ographic itens are indicated throughout the manual
by’ numbers (item |, 2, etc.) that correspond to simlarly nunbered itens in
Appendi x A They are available for |oan by request to the Technical |nform-

tion Center Library, US Arny Engi neer Waterways Experinent Station, PO
Box 631, Vicksburg, Ms 39180-0631.

1-5.  Synbols. A list of symbols is included as Appendix B, and as far as
practical, agrees with the American Standard Letter Synmbols for Hydraulics
(item | of Appendix A).

1-6.  OQher Quidance and Design Aids. Use has been made of the foll ow ng:

a. Hydraulic Design Criteria (HDC).® This |oose-leaf design notebook
was prepared and is maintained by OCE and WES. References to these criteria
are by specific HDC chart nunmbers. Since the charts are periodically updated,
users need to verify the latest versions. Conplete notebooks are available
from Technical Information Center, US Arny Engineer Waterways Experinent
Station (WES), PO Box 631, Vicksburg, MS 39180-0631.

h. Conputer Program Library. The WES Conputer Program Library (VESLIB)
provides tine-sharing conputer services to CE Divisions and Districts. One
such service is the Conversationally Oiented Real -Time Program Generating
System (CORPS) that especially provides the nonconputer-oriented or
nonconput er - expert engi neer a set of proven engi neering application prograns,
whi ch can be accessed on several different conputer systens with little or no
traini ng. (Item 9 of Appendix A gives instructions on use of the system and a
partial list of available programs. Updated lists of programs can be obtained
through the CORPS system)

c. Project Design Menoranduns. Liberal use has been made of design
nenor anduns and nodel study reports resulting from Corps District studies for
specific projects. These references are used generally to illustrate a design
concept rather than provide specific feature dinmensions for proposed projects.

1-7.  VES Capabilities and Services. WES has capabilities and furnishes
services in the fields of hydraulic nodeling, analysis, design, and prototype
testing. Recently, expertise has been developed in the areas of water quality
studies, mathematical nodeling, and conputer programming. Procedures neces-
sary to arrange for WES participation in hydraulic studies of all types are
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covered in ER 1110-2-1403. WES also has the responsibility for coordinating
the Corps of Engineers hydraulic prototype test program

1-8. Design Menorandum Presentations. General and feature design menoranda
shoul d contain sufficient information to assure that the reviewer is able to
reach an independent conclusion as to the design adequacy. For convenience,
the hydraulic information, factors, studies, and logic used to establish such
basic spillway features as type, location, alignnment, elevation, size, and

di scharge shoul d be summarized at the beginning of the hydraulic design
section. Basi ¢ assunptions, equations, coefficients, alternative designs,
consequences of flow exceeding the design flow, etc., should be conplete and
given in appropriate places in the hydraulic presentation. Operating charac-
teristics and restrictions over the full range of potential discharge should
be presented for all release facilities provided.

Section Il. Typical Navigation Projects

1-9.  Navigation Dans. The Corps of Engineers has built or operated 182

navi gation dans. These danms have normal heads from one foot to over 100 feet.
Most dans have spillways with either a gated or uncontrolled crest section.
However, a few projects such as Bay Springs on the Tennessee- Tonbi gbhee Water-
way or Lock 2 on the Arkansas River System have no spillways; they are both
located in canals which traverse two drainage basins. Their upper pools are
controlled by spillways |located on the main river for the drainage basin on
the upstream end of the canal. An inventory of reports on navigation dans is
provided in Appendix C. Inland waterway design studies are outlined in

ER 1110-2-1458. Lock design procedures are found in EM 1110-2-1604.

1-10. Basic Project Conponents. Navigation dans can be single purpose and
only consider navigation, or a project may be devel oped for nultipurposes such
as flood control, hydropower, recreation, and water supply in addition to
navigation. Therefore the basic conponents of a navigation damcould include
the followng :

a. Spillway (gated or uncontrolled).
h. Overflow enbankment or weir.
c. Nonoverflow enbankment.
d. Navigation pass.
e. Lock or |ocks.
f. Qut let works.
1-11.  Supplenmental Project Conponents. The design of a single purpose or

mul ti purpose project should accommpdat e each purpose as much as possible and
develop a cost-effective functional plan. Conmon suppl emental conponents are:

1-3



EM 1110- 2- 1605
12 May 87

a. Powerhouse

h. Fish passages facilities

c. Recreation facilities.

d. Water supply intakes

e. Water quality, lowflow controls, multilevel outlets

f. Irrigation outlet works

Section IIl. Special Considerations

1-12. Safety. The safety of the public is an inportant consideration in the
design and operation of navigation dans. Mny individuals do not recognize
some of the dangerous situations that exist near hydraulic structures. Uneven
gate operation can result in eddy action that can sweep small boats into the
stilling basin. Overflow weirs form zones of reverse flow (Figure |-1) for
certain tailwater conditions which have resulted in snmall boats being trapped
and capsized by the roller action. Surges downstream of |ocks and hydropower

installations can pose hazards to snall boats. The hydraulic designer should
have input into determining the limted public access areas downstream of

structures.
ZONE OF
REVERSE FLOW '
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Figure 1-1. Reverse flow downstream of overflow weir

1-13.  Environnental . Design of |owhead navigation dans should consider
nmeasures prevent environnmental degradation, as well as enhancenent where
possible. Design should also facilitate operational procedures for environ-
mental enhancenment. Qpportunities to add enhancing features should be con-
sidered during planning and design. Water quality effects frequently cited
for | ow head navigation dans are | ow di ssol ved oxygen (DO or nitrogen super-
saturation. DO levels in a streamare increased in high turbulence in the
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presence of air, such as in a stilling basin. In sonme cases, stream reaera-
tion can be enhanced by the mpbde of operation, such as proper gate operation
during lowflow periods in the summer and fall when DO | evels are typically

| ower. Aeration devices can be installed on the downstreamface of the spill-
way to pronpte aeration. Ntrogen dissolved to supersaturation levels can be
i nduced by operation of navigation dans particularly where there is a sub-
merged hydraulic junp and low velocity in the downstream flow. This condition
can stress aquatic life. During design, projects should be investigated for
nitrogen supersaturation potential. An exanple of environment enhancenment at
a | ow head navigation damexists at MAI pine Locks and Dam constructed at the
falls of the Chio River. These falls were historically a habitat for shore
and wading birds. Mbdernization of MAl pine Damreduced the flow over the
rocks that provided feeding opportunities for the birds. Constructing |ow
overflow sections in the fixed-weir portion of the damprovided a relatively
continuous flow that has inproved the habitat measurably.

1-14.  Aesthetics. Aesthetics should be given consideration by the designers
of navigation structures. The size, shape, and conposition of elenments of the
damprimarily are determined by functional requirenments; however, as nuch as
possi bl e, the elenents should be designed to be visually pleasing when com
bined with all other elenents of the navigation structure. Sone European
projects have used streamined piers with gate-operating nechani sns contai ned
within the piers. This type of installation would provide an inproved struc-
ture appearance as well as protection for gate-operating equipnent. Another
net hod of inproving a structure’s appearance is the use of “pebble-finished”
concrete surfaces as opposed to a smooth formfinished surface. The hydraulic
desi gner shoul d ensure that these surfaces are not used in areas of high-
velocity flow.
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CHAPTER 2
PRQIECT | DENTI FI CATI ON
Section |. Navigation Systens

2-1. Ceneral Considerations. During the design of an individual navigation
dam project within a series of projects, one nmust consider the total naviga-
tion system The total system of dans nust be considered during prelimnary
site selection to establish the conplete navigation layout. Navigation dans
shoul d be designed and | ocated to provide for passage of flood flows and safe
transit for all traffic expected to use the waterways when flow conditions
permt. Oher multipurpose functions such as irrigation and power nmay need to
be acconmpdated. Site alternatives are usually considered and initial site
selection determined in the early stages. Oher disciplines (geotechnical
structural, etc.) should be involved in the site selection as in all mgjor
design decisions. The site selection is nade by eval uating the physica
characteristics of each potential site and maki ng conparative estimtes of
costs and advantages for each site that would be adaptable to either a single
or multipurpose project plan. Consideration nust be given to whether one site
has inportant hydraulic, foundational, operational, econonmic, or environnenta
advant ages over other alternatives.

Section |l. Project Purposes

2-2. Ceneral. Project purposes and their overall social, environnental, and
econonm c effects greatly influence the hydraulic design of navigation dans.
Optimzation of the hydraulic design and operation requires an awareness hy
the designer of the reliability, accuracy, sensitivity, and possible variances
of the data used. The ever-increasing inportance of environnental considera-
tions requires that the designer maintain close liaison with nany disciplines
to be sure environnental and other objectives are satisfied in the design
General project purposes and related design considerations are briefly dis-
cussed in the follow ng paragraphs.

2- 3. Pur poses.

a. Navigation. Reservoirs that store water for subsequent release to
downst ream navi gati on usually di scharge at |ower capacity than flood-contro
reservoirs, but the need for close regulation of the flowis nore inportant.
The navi gation season often coincides with the season of low rainfall, and
close regulation aids in the conservation of water.

b. Flood Control. Flood control structures are designed for relatively
| arge capacities where close regulation of flowis less inportant than are
other requirenments. When |arge discharges nust be rel eased under high heads,
the design of gates, water passages, and energy dissipators should be care-
fully devel oped

c. Irrigation. The gates or valves for controlling irrigation flows
are often basically different fromthose used for flood control due to the
necessity for close regulation and conservation of water in arid regions.
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Irrigation discharge facilities are nornally much smaller in size than flood
regulation facilities. The irrigation outlet sometines discharges into a
canal or conduit rather than to the original riverbed. These canals or
conduits are usually at a higher level than the bed of the stream

d. Water Supply. Minicipal water supply intakes are sonetinmes provided
in dans built primarily for other purposes. Such problens as future water
supply requirements and peak demands for a nunicipality or industry should be
determined in cooperation with engineers representing local interests. Reli-
ability of service and quality of water are of prime inportance in water
supply problens. Miltiple intakes and control mechanisns are often installed
to assure reliability, to enable the water to be drawn from any sel ected
reservoir level to obtain water of a desired tenperature, and/or to draw from
a stratumrelatively free fromsilt or algae or other undesirable contents.
Ease of mmintenance and repair wthout interruption of service is of primary
i nportance. An energency closure gate for priority use by the resident
engi neer is required for water supply conduits through the dam

e. Power. Power plants are not within the scope of this manual
However, if power plants are to be located in the vicinity of the | ocks and/or
dans, they should be designed so as not to cause conditions that are adverse
to navigation or spillway operation such as adverse flow patterns in |ock
approaches, high pool-level fluctuations, or surge waves.

f. LowFlow Requirenents. Continuous |lowflow releases are required at
some dams to satisfy environnmental objectives, water supply, downstream water
rights, etc. To nmeet these requirenments multilevel intakes, skinmmer weirs, or
ot her provisions nust be incorporated separately or in conbination with other
functions of the navigation dam facility.

g. Miltiple Purpose. Any nunber of purposes may be conbined in one
project. However, each added purpose wll inpact on project features and
generally conplicate project operational requirenents.

Section IIl. Project Studies

2-4.  Ceneral. The devel opnent of a navigation systeminvolves a nunber of
studies to deternmine the basic engineering feasibility of the proposed design
Study details are covered in later chapters, but a general discussion of sone
study purposes foll ows.

2-5. Project Water Requirenents. Navigation projects require a nininmm water
supply for continuous operation. For projects with |lock and dam structures,
wat er supplies nust be adequate to neet the follow ng uses: lock filling and
enptyi ng needs (these depend on the proposed |ock chamber size, lock lift, and
maxi mum anticipated traffic); evaporation from the inpounded pool; ground
seepage from the pool; seepage under the dam and |eakage past spillway gates
and other structural features. Mninum flows nust al so be adequate to neet

t he needs of other water-using project purposes such as water supply, irriga-
tion, hydropower, environmental, etc. Procedures for evaluating m ni num
available flows are covered in Chapter 3.
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2-6. Pool Levels. Navigation pool |evels nust be adequate to accommodate the
drafts of design vessels plus the necessary clearances. Selected pool |evels
determine the dam classification. Dams with heads between 10 and 40 feet are
general |y considered | owhead dans and those over 40 feet high-head dans.
Because of the problens connected with overbank flooding, the pools of npst
navigation dans are essentially contained within the natural riverbanks, and
woul d consequently be |ow head projects. However, as explained in para-

graph 3-11, navigation conditions are enhanced by the pool stability provided
with high-head danms. |f econonmically and environnental ly feasible, high-head
dams should be preferred.

2-7. Pool Storage. Inflow into navigation pools must always equal or exceed
all outflows to ensure nmintaining the navigation pool |evel. [f natural

m ninum flows are inadequate to maintain the pools, flood storage should be
provided to supplenment natural flows during the |owflow periods. In an
effort to minimze navigation pool fluctuations, the necessary storage shoul d
be provided in separate storage projects located in the drai nage basin head-
waters or on storage projects |located on major tributaries.

2-8. Environmental. The general phil osophy and gui dance for preservation,
mtigation, and/or enhancenent of the natural environment have been set forth
(item 33). Many scientific and engineering disciplines are involved in the
environmental aspects of hydraulic structures. Sone studies influencing the
navi gation dam design are briefly discussed below. Pertinent data fromthese
studies should be presented in the design menorandum  The designers should
have a working know edge of these data and their limtations.

a. Fish and Wldlife. Navigation dam design and operation can main-
tain, enhance, or damage downstream fish and wildlife. Fl ow rel eases not
conpatible with naturally seasonal stream quantity and quality can drastically
change aquatic life. These changes nay be beneficial or may be danaging, such
as adverse tenperatures, chemcal conposition, or nitrogen supersaturation.
Information fromfish and wildlife specialists on the desired stream regi nmen
shoul d be obtained and considered in the design. Downstream wildlife require-
ments may fix mnimm |owflow discharges. The water quality presentation
shoul d include sunmary data on requirements and reference to source studies.

b. Recreation. Recreation needs including fishing, canping, boating,
and swinmmng facilities, scenic outlooks, etc., should be considered in the
design of the project. These requirements are usually fornulated by the
pl anning discipline in cooperation with local interests. To acconplish the
desired objectives, close cooperation between the hydraulic and planning
engineers is required. Special consideration should be given to facilities

for the handi capped, such as wheelchair ranps to fishing sites below stilling
basins. Safety fences for the protection of facilities and the public are
i nportant. Appreci abl e danage to stilling basins has resulted fromrocks

throwmn in by the public.

c. Water Quality. An awar eness of nmintaining and/or enhancing the
environnent within the past decade has brought into existence a relatively new
and expanded art of reservoir hydrodynamics. Until recently, the study of
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reservoir hydrodynanics has been linmted to a few prototype vertical tenpera-
ture gradients and recognition of the seasonal inversions acconpanying the
fall surface water cooling. However, environmental considerations of today
have necessitated the devel opnment of preproject capability for prediction of

t he expected seasonal reservoir stratification and circulation to permt
construction and operation of navigation dans designed to nmeet storage and
outflow regi mes needed for the reservoir and downstream environnent. Reser-
voi r hydrodynami ¢ studies may be done by other than the hydraulic designer
(such as the hydrol ogi ¢ engineers) and they would specify the withdrawal
requirenents (quantity, elevation, etc.). The hydraulic engineer then designs
the navigation damto neet these requirenents. However, the hydraulic de-
signer furnishes some of the information for the hydrologic studies. The nost
common water quality paraneter that needs consideration for |ow head naviga-
tion dans is the downstream DO concentration. The reaeration of the discharge
fromthese types of projects will need to be given consideration in design

Al so see paragraph 1-13.

d. Environnental Inpact Statenments. Section 102(2)(c) of the Nationa
Environmental Policy Act (NEPA)® requires detailed docunentation in the proj-
ect design nmenoranda on the inpact of the planned project on the environnent.
The hydraulic engineer may be required to cooperate in the preparation of
i npact statements. An analysis of 234 Corps of Engineers environnental inpact
statenments on various projects is given in IVWR Report No. 72-3 (item 31 of Ap-
pendix A). This report can be used as a guide to the type of material needed
and format to be used in devel oping these statements. Basic to environnenta
i npact statenents are studies made to define the preproject and project func-
tions and their effects on the environnent. In most cases the effect of each
project function must be set forth in detail. |Item 12 of Appendix A summa-
rizes the concepts involved and presents exanples relative to water resources
i npact assessments. Presentation of the hydraulic design in design menoranda
nmust identify environmental requirenents and denonstrate how these are
satisfied by the hydraulic facility.

2-9. Foundations. Foundation information of interest to the hydraulic
designer includes: conposition and depth of overburden, quality of underlying
rock, and quality of exposed rock. In addition, sideslope stability is of
considerable inportance in the design of riprap protection. Tailwater stage
change rates are required for bank stability design. Sufficient foundation
data and/or reference to its source should be included in the hydraulic
presentation to substantiate the energy dissipator and exit channel design
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CHAPTER 3
PRQIECT PARAMETERS
Section |. Hydrol ogy

3-1. General. Watershed hydrology is one of the first needs in developing a
navi gable waterway. The hydrol ogic conditions along the full waterway |ength
will inpact on the possible need for dans to establish reliable navigation

For instance, coastal regions, the Geat Lakes, and the |ower reaches of such
major rivers as the Mssissippi and Mssouri are the only locations in the
United States where existing depths or flows are adequate to maintain reliable
navi gation w thout dans. Hydrologic paraneters also deternmine if the natura
flows of the basin are adequate for continuous |ock operations, or if supple-
ment al supplies or special storage facilities will be required. Some naviga-
tion systems will traverse nore than one river basin and require a hydrol ogic
anal ysis of each basin. Basic hydrol ogic paranmeters for the design of al

navi gation dans are presented

3-2. Basin Description. An understanding of certain physical features of a
basin are necessary to properly evaluate the hydrologic and hydraulic func-
tions. These physical features, as outlined below, are needed to determ ne
the rainfall-runoff and the discharge-stage rel ationships of the basin

a. The location, size, shape, and general topographic nature of basins.

bh. The names, drainage patterns, and longitudinal slopes of the main-
stem and major tributaries.

¢c. The stream geonetry including neandering patterns, channel widths,
bank-1ine heights, cross-section shapes, bed slopes, and information on the
historic changes to these features.

d. The density of vegetation cover over the basin and the soil types
with respect to porosity and erodibility. An indication of water table levels
in that portion of the basin that could be affected by establishing pernmanent
navi gati on pools.

e. The density of vegetation within the floodplain of the stream and
the type and erodibility of materials conpronising the bed and banks of the
streans.

f. Al lake, reservoir, flood control, water supply, levee, irrigation
or other water resource projects that have caused nodifications to streanfl ow
discharges or durations. The dates when these nodifications began affecting
the natural flows need to be identified for proper correlation with streanfl ow
records.

3-3. Hydrologic Data. The hydrologic studies for a river basin identify the
di scharges which a dam structure-- |ocated at any particular point wthin the

basi n--nust be designed to control. Mninum normal, and maxi num di schar ges

are all significant to the damdesign. Furthernore, discharges nust be
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determned that reflect not only existing basin conditions but also future
basin conditions covering the econonmic life of the navigation system  For
design purposes, stream discharges and stages at any site are commonly
identified with respect to flow duration and exceedence frequency. The

i mpacts of various flows on dam design are indicated.

a. Mnimum Flows. These flows are essential to evaluate the quantity
of water available for lock operations and for other potential project pur-
poses such as water supply, low flow, hydropower, etc. M ninmm avail able
flows will also identify the possible need for water storage or water inport
facilities to nmeet project purposes. At sites with linited water supplies,
special seals may be proposed on spillway gates or other damfeatures to
mnimze water |eakage.

h. Normal Flows. Mderate or commonly recurring flood fl ows are needed
to establish the elevation of various project features such as access roads,
lock walls, operating decks, etc., and also project-related relocations and
real estate requirenments. Typical discharges used to deternmine the elevations
i ncl ude: the two percent duration flow, the 2-, 10-, 50- and 100-year
interval flood flows, and the standard project flood (SPF).

c. Maxi mum Fl ows. The naxi num experienced flood of record is deter-
m ned for each project, but the dam shoul d generally be designed with adequate
capacity to pass the probable maxi mum flood (PMF). Passage of this discharge
may be exclusively through a gated spillway, but a portion could pass over the
| ock, the esplanade, and overflow weirs or enbanknments extending across the
wat erway over banks.

Chout eau Lock and Damis a typical navigation structure |ocated on the
McCl el l an-Kerr Arkansas River Navigation System The pertinent discharge and
stage data for this project is presented in Figure 3-1.

3-4. Hydrologic Data Sources. The records resulting fromfield nmeasurenents
of both streanflows and climatol ogical parameters such as rainfall, snowfall,
evaporation rates, humdity, wind, and tenperature are the basic source of
needed hydrologic data. Streanflow records provide the sinplest and nost
direct neans of deternining needed discharge data. However, streanflow
recording stations are limted in nunber, often cover too short a tinme period,
and occasionally are not reliable enough to provide all the flow infornation
required for dam design. The normal procedure for obtaining the required
suppl enental data is to simulate flows from climatological data. In the
United States, the sources of basic hydrologic data are as foll ows:

a. Streanflow Records. Mst streanflow data within the United States
are neasured and recorded by the United States Geol ogic Survey (USGS) of the
Departnment of the Interior. Occasionally, records are naintained by other
agenci es such as the Corps of Engineers, Soil Conservation Service, National
Forest Service, various state agencies, and local nmunicipalities. USGS
records are published in convenient annual reports covering all gages main-
tained within a specified state.

h. dimtological Records. In the United States, clinatological data
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such as precipitation, evaporation, wind speed, tenperature, etc., are
archived in various formats by the National Oceanic and Atnospheric Adm n-
istration (NOAA), a unit of the US Department of Commerce. These data can be
retrieved fromannual reports or by magnetic tape fromthe NOAA data base.
Most studies that have limted streanflow records utilize synthetic single
stormevents to deternmine flood frequencies. The general depth-area-duration
rainfall data required for these conputations are published by NOAA

3-5. Hydrologic Mdel. For effective use in dam design, climtol ogical data
must be converted into streanflow data. This is normally acconplished by
devel oping a math nodel to sinmulate the hydrol ogi c response of the proposed
project basin. A nunber of effective nodel s have been devel oped, but the one
nost comonly used is Computer Program 723-X6-L2010, “Flood Hydrograph Pack-
age." This nodel, comonly called HEC-1, was devel oped and i s naintained by
the Hydrol ogic Engineering Center (HEC) located in Davis, California. The
three main steps in developing an HEC-1 nodel for a specific project site are
sumari zed

a. Rainfall-Runoff. The HEC- 1 nodel needs to represent the rainfall-
runoff relationship at any particular location in the basin. This relation-
ship is based on devel oping one or nore unit hydrographs for that |ocation
within the basin. EM 1110-2-1405 provides guidance in unit hydrograph
devel opnent.

b. Routing and Conbining. The HEC-1 nodel is then used to route runoff
fromthe various parts of the basin and conbine themto establish flow condi-
tions at the project location. General guidance for flood routing is con-
tained in EM 1110-2-1408.

¢c. Calibration. Verification of the HEC-1 nodel requires an anal ysis
of nost of the experienced storms on the basin for which resulting flood
hydrographs are known. Experienced rainfalls are applied to the nodel and the
conputed flood flows are conpared with the experienced flood hydrographs.
From several such tests, adjustnents are made to the unit hydrographs, routing
criteria, rainfall, and infiltration data wthin the nmodel until a reasonable
reproduction of all experienced flood hydrographs is obtained.

3-6. Flow Conputations. Establishing a navigation system through a basin
will usually affect the hydrology of the basin. Consequently, both existing
and postproject conditions must be determined. Basic hydrologic conputations
required for all studies include the follow ng.

a. Probable Miximum Flood (PMF). This hypothetical event represents
the flood resulting fromthe nost severe conbination of critical meteorologic
and hydrol ogic conditions that are reasonably possible to occur in a region
The National Weather Service has identified the Probable Maxi mum St orm ( PMB)
upon which the PMF is based for all regions of the US. The precipitation data
for these storns are contained in a series of regionally oriented Hydroneteo-
rol ogi cal Reports (HW's). For any particular project, the PMF discharges are
determined by inputting the PMs rainfall data into the adopted HEC 1 nodel for
the project.
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h. Standard Project Flood (SPF). As identified in EM 1110-2-1411, the
SPF is runoff resulting fromthe Standard Project Storm (SPS)--the rainfal
representing the nost severe stormthat is considered reasonably characteristic
of the region in which the drainage basin is located. The EM provides the
necessary guidance for developing this storm For very |arge watersheds which
are beyond the scope of EM 1110-2-1411, the SPS is frequently estimted to be
hal f of the PM5 as deternined above.

c. Flood Frequencies. The designs of nany dam features are based on
the frequency of floods at the project site. Flood frequencies are identified
as the time in years between which a particular flood discharge is likely to
recur. For instance, a 50-year recurrence interval flood discharge would have
an average time interval of 50 years between occurrence of a given or greater
magni tude discharge. It would have a 2 percent chance of being equal ed or
exceeded in any one year. A typical discharge-frequency curve is shown in
Figure 3-2.
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Figure 3-2. Typical discharge-frequency curve used in the
design of Murray Lock and Dam Arkansas River, Arkansas
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d. Flow Duration. Lesser project flows are commonly expressed with re-
spect to their duration--the percent of tine that a particular discharge is
equal ed or exceeded. Discharge-duration curves are determined fromthe tota
period of flow data records. These records are also used to determ ne
existing mninum flow conditions. A typical stage-duration curve as derived
fromthe discharge-duration and discharge rating curves for Mirray Lock and
Dam is shown in Figure 3-3

ELEVATION IN FEET NGVD

STAGE-DURATION CURVES AT LOCK AND DAM

Figure 3-3. Typical stage-duration curve for Mirray Lock and Dam
Arkansas River, Arkansas

Section Il. Hydraulics

3-7. Ceneral. Hydraulic studies for navigation dam design generally cover
two distinct phases. One phase is establishing the stage-discharge relation-
ship over the entire area affected by the proposed project under both existing
and postproject conditions. The studies in this phase coordinate closely with
the hydrologic studies. They establish stage-discharge relationships both at
specific sites and over extended river or channel reaches affected by the
project. The second phase of hydraulic studies involves the design of dans
and other structures--their type, shape, size, and siting to assure satis-
factory hydraulic performance. These second phase studies are covered in
CHAPTER 5. The required stage-di scharge studies presented here cover channe
di scharge rating curves, water-surface profiles, and establishment of navi-
gation pool elevations
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3-8. Channel Discharge Rating Curves. Stage-discharge relationships are re-
quired to initiate water-surface profile conputations and also to establish
the tailwater conditions for the hydraulic design of dams and their spillway
structures. The basic source of discharge rating curves is stage-discharge
records collected at streamgaging stations. These stations are |ocated at
relatively fixed stream cross sections such as bridge openings or weir struc-
tures where the stage-discharge relationships will stay relatively fixed with
time. Most existing streamgaging stations are established and operated by
the USGS. However, existing station locations are limted and establishing
new stations for specific projects nay be advisabl e.

a. Stream Changes. Existing rating curves can be determined directly
from stream records. However, these curves are affected by project-related
changes to the downstream channel alignments, cross sections, channel stabili-
zation neasures, and established navigation pools. Postproject or future
condition rating curves nust reflect these changes. The effects of these
changes can only be estimated until the project design has been finalized, so
the postproject rating curves are generally adjusted and refined throughout
the project design process. See paragraph 5-7 for factors that can affect
tailwater rating curves.

h. Backwater FEffects. OGCccasionally, channel rating curves under both
exi sting and postproject conditions are affected by backwater effects from
downstreamreceiving rivers, major tributaries, |akes, or bays. In such in-
stances, channel stages cannot be related to a specific streamdischarge. For
any specific channel discharge, the water |evel would vary over a range of
st ages dependi ng on the downstream backwater stages. The specific rating
curve application will deternine if a low, high, or average backwater stage
should be considered. A study of experienced coincident discharge and stage
conditions can be hel pful in selecting appropriate backwater conditions.

3-9. Water-Surface Profiles. A key tool in the devel opnent of a navigation
system through a drainage basin is the nodel used to calculate water-surface
profiles for both existing and postproject conditions. By conparing the two
profiles over a wide range of the discharges, the hydraulic inpacts of estab-
l'i shing various dam | ocations and navigation pool elevations can be eval uated.
The preproject and postproject profiles are al so needed to evaluate the
effects on flood heights, relocation requirements within the pool length, and
flooding effects on adjacent real estate.

a. Conputation Procedures. Navigation projects are |ocated on or al ong
streams that flow within the subcritical range. Developnent of a basin
specific computer nodel for calculating standard backwater conputations is the
normal nethod for determning water-surface profiles. The nost common com
puter program for conducting water-surface profiles is HEC-2. Infornation on
the theoretical basis, |latest version, and operating instructions for HEC 2
can be obtained from HEC, the nodel devel oper. Basic guidance for operating
HEC-2 is provided in EM 1110-2-1409. Oher satisfactory backwater prograns
have been devel oped for specific projects. For instance, the Arkansas River
profiles were conputed with the LRD-1 program  This program was devel oped for
handling flood flows that spread over broad overbank areas containing both
cleared and heavily wooded areas. However, the HEC-2 programis the nost
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common one used to conpute water-surface profiles.

h. Miltiple Conputations. During floods when water |evels are well
over the riverbanks, flow patterns can becone very conplex. Man-nmade obstruc-
tions such as transportation enbankments, |evees, building devel oprents, dans,
etc., or even natural features such as swal es, cutoffs, or divided channels
can require multiple backwater runs through the study reach to properly
identify water profiles. In sone conplex study reaches, devel opment of a
hydrodynami ¢ (unsteady or nultidinensional) math nodel as an alternative to
standard backwat er conputations may be advisable. WES or HEC personnel can
advi se users on avail abl e hydrodynam ¢ nodel s.

c. Profile Plots. Plotting existing and postproject water-surface pro-
files over a conplete navigation system can be a nmmjor undertaking. Mny
HEC- 2 users have devel oped conputer graphics prograns for acconplishing this
task. Information on nany of these prograns, both locally available and
renotely accessible, can be obtained from HEC

3-10. Specific Profile Uses. Followi ng are descriptions of some of the nost
common uses of water-surface profiles in navigation dam design

a. Real Estate. The extent of lands acquired under fee-sinple
purchase or under easenent rights purchase are based on envel ope curves which
directly conpare preproject with postproject water-surface profiles.

h. Relocations. Highway and railroad enbankments, bridges, overhead
utility crossings, flood protection |evees, drainage structures, and a multi-
tude of riverside facilities such as water and sewage treatnment plants,
punpi ng stations, parks, and industrial and residential areas are all affected
by floodwaters when a navigation pool is established. Alteration, protection,
or relocation of all these facilities are based on the water-surface profiles.

¢c. Lock and Dam Features. The elevations of a number of structura
features are determned from water-surface profiles. For exanple, on the
Arkansas River navigation systemthe channel was anticipated to be navigable
for flows up to the lo-year recurrence interval flood. Flow velocities at
| arger floods were expected to be too high for safe or efficient operation of
most tows. Consequently, the top of lock walls and the espl anade areas were
set at the higher of 10 feet above the navigation pool or two feet above the
| O-year recurrence interval flood. Access roads were set at the |o-year
recurrence interval flood. Oher feature elevations were sinilarly dependent
on the profiles.

d. Goundwater Table. Permanently establishing navigation pools at
el evations near the top of riverbanks may cause significant changes to the
water table levels on adjacent lands. Saturated soils can adversely affect or
destroy the productivity of farmlands. Established |and drainage facilities
can loose their efficiency by reduction of the hydraulic heads between the
fields or ditches and the river. A special study of water table changes
resulting from proposed navigation pools may be necessary. Such a study was
conducted by the USGS along reaches of the Arkansas River. The study included
an inventory of over 1,500 existing wells, installing and periodic reading of
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an additional 1,500 wells, 27 punping tests, nunerous aquifer sanple tests,
and geol ogic mapping. The study covered the affected lands in each proposed
pool . It led to shifting of sone project sites to mnimze adverse drai nage
problems.  Study results are summarized in item 29.

3-11. Navigation Pool Level Stability. In addition to the flooding inpacts
of an established navigation pool elevation, consideration should be given to
the operational stability of the selected pool. A navigation dam should

provide a fixed pool elevation with as little stage variation as possible.
Attai nment of this goal best pronptes reliability and growth in waterway
traffic and also sinplifies devel opment of port facilities. A nunber of
factors that have an effect on pool stability need to be considered.

a. Project Purposes. Pool stability for any navigation dam can best
be maintained by elimnating or mnimzing those project purposes that require
wat er storage within navigation pools. To the extent possible, project pur-
poses requiring storage should be located in headwater or tributary projects
to the navigation channel. |If included in navigation dans, the water require-
ments should be restricted to amounts less than the mninmuminflows into each
pool mnus that amount required for navigation | ockage and dam | eakage.
Recreation purposes nornally are enhanced by stable pools. Mny navigation
pool s do include hydroel ectric power plants. To mininize pool fluctuations,
they shoul d be operated as run-of-river plants with all owabl e pool fluctua-
tions limted to three feet or less. Allowable tailwater fluctuations should
be established. Rates of change in pool and tailwater elevations should al so
be consi dered

h. Dam Head. Stable navigation pools are nore easily naintained with
hi gh-head rather than | owhead dans. This is because high pools are less fre-
quently affected by flood stages--particularly in the downstream portion of
the pools. However, existing developnents are so extensive in many reaches of
those rivers which can economcally justify navigation projects that |ow head
dans with pool levels contained within the riverbanks are usually mandat ed.

In such instances, stable pools can best be maintained with dans that have

hi gh capacity spillways which mninmze upper and | ower pool head differentials
during flood conditions. Both high- and | owhead dams are comon on navi ga-
tion projects located throughout the United States.

Section Ill. Sedinentation
3-12. CGeneral, Sedinmentation problens should be grouped into two main
cat egori es: (a) local scour and deposition problens and (b) general degrada-

tion and aggradation problenms. The first is controlled or influenced pri-
marily by the hydraulic design of the project structures. The second is the
result of the stream s response to changes in the discharge hydrograph and
sedi ment transport caused by the proposed navigation projects. Each of these
probl em areas should be reported separately. State the refinenents, if any,
for subsequent sedinentation studies and the inpact of either nore or |ess
sedinent on project performance. General information and gui dance about
sedimentation is obtained in EM 1110-2-4000.
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3-13. Pr obl emns.

a. Aluvial rivers tend to establish an equilibrium between the water
and sedi nent | oads inposed upon them Any significant nodifications to the
system (realignnents, l|lock and dans, etc.) will disrupt this balance and a
period of adjustnment will occur as the streamattenpts to reestablish a new
state of equilibrium During this period of adjustnment, sedinment-related
problens are increased. Devel opnent of a river systemfor navigation involves
the construction of several mmjor work conponents such as | ocks and dans, bank
stabilization, reservoirs, and realignnents. The inpacts of each of these
conponents of work can be assessed individually. However, the ultimte
response depends on how the systemintegrates these individual inmpacts in an
effort to attain a new equilibriumstate. Because of this conmplexity it is
difficult and sonetimes dangerous to develop definite rules or trends that
apply to all navigation projects. Design criteria and techniques that have
been successful on one river systemmay not be feasible on another system
whi ch has different hydrol ogic or geonorphic characteristics.

h. Sedinent problens are generally nore difficult to predict for |ow
head navi gation dans than for high-head dans. Commpn probl ens associated with
hi gh- head dans are aggradation in the upper pool followed by degradation of
the downstream channel. Low head dans generally fol |l ow sonewhat different
trends, since they are designed to allow open-river conditions during the
hi gh-fl ow periods when the majority of sediment is transported. Special care
nmust be taken to ensure that open-river flows occur frequently enough so that
the existing sedinent transport reginme is not significantly altered.

3-14. Sedinment Data Needs. Know edge of sedinment transport, in terns of both
quantity and quality, is essential for design of river engineering works on
alluvial streams. The primary sedi nent problens associated with navigation
systens are related to deposition in navigation pools, degradation bel ow dans,
and streanbank erosion. In order to assess these problens, certain basic data
must be available. These basic data should include suspended sedi nent

sanpl es, bed-load sanples (if possible), bed naterial sanples, and borings in
the streambed and banks. Sanpling stations should not be restricted to the
limts of the navigation project but should include upstream and downstream
reaches, as well as nmjor tributaries

3-15. Sedinentation Study. Potential sedinent problenms may be mninized and
in sone cases elimnated by conducting a detail ed sedinentation study of the
entire stream system As one conponent of a conprehensive geonorphic anal ysis
the sedimentation study is ainmed at devel oping an inproved understandi ng of
the significant sedinentation processes within the basin. The major enphasis
of this type study should be on anal yzing the channel norphol ogy and sedi nen-
tation phenormenon during the historic period, although |ong-term system
changes are also considered. As a mininmumthe sedinentation study should
docunent the variations in sedinment transport (size and quantity), identify
all major sources of sedinents (bed and banks, tributaries, etc.), locate de-
gradi ng, aggrading, and stable reaches, and establish the range of flows
transporting the majority of sedinments. Correlating the results of the sedi-
nentation study with historical changes in the basin (channel inprovenents,
land use, reservoirs, etc.) enables the engineer to develop a firm
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under st andi ng of past and present sedinentation processes. Wth this informa-
tion the effects of anticipated project features can be anal yzed qualitatively.
A qualitative analysis of this nature is essential for the devel opnent of and

interpretation of results from sedinment transport nodels

3-16. Analysis Tools. A nunber of nethods are available to design engineers
to anal yze sedinentation problens associated with the design and operation of
navigation projects. These tools include nunerical nodels, physical nodels,
and analysis of prototype data. Prior to use of any of these tools, the

desi gner shoul d have devel oped an understandi ng of the existing sedinent
regime of the planned navigation system The nethods for establishing
basel i ne sedi nent study were discussed in paragraph 3-15 of this section

Also prior to the devel opnent of either nunerical or physical nodels, the
desi gner shoul d have a know edge of the expected sedi mentation changes as a
result of altering the river system This know edge should hel p the design
engi neer in selection of nodel to be used, study limts for the nodel, and
estimating the cost of the nodel study. The first analysis tool used by the
engi neer designing the navigation projects should be review of sedinentation
control nethods that have been used on other navigation projects. Sedinment
control neasures have been used on a nunmber of rivers in the US including the
M ssouri, ©Chio, Mssissippi, Arkansas, Quachita, Red, and Black Warrior
Rivers. A review of what has worked and nore inportant what has not worked as
a nmeans of controlling and reduci ng sedinment problenms on these rivers wll
provide the designer of a new navigation systemwith a basis for devel oping
solutions to sedinment problens that develop during the nodel studies. The
following tools are available for the detailed studies. It should be enpha-
sized that tools |isted below, whether they be nunerical or physical in
character, have all been successfully applied to navigation sedinmentation
problens and if correctly applied using good engineering judgnent wll provide
reliable guidance in selections of sediment control measures

a. The first model the engineer should consider for analyzing sedimen-
tation problens is “Scour and Deposition in Rivers and Reservoirs,” (HEC 6)
devel oped by the HEC (item 28). HEC 6 is a one-dimensional flow nodel that
can be used to analyze scour and deposition in both rivers and reservoirs.
The programis very useful in determining long-termtrends of scour and depo-
sition in a streamchannel and can be used to determnine degradation that can
be expected downstream of dams. Downstream degradati on of the channel bed can
be a significant problemin areas downstreamof high-l1ift |ocks and dans.
Deposition in navigation channels and | ock approaches is usually a problemin
low-lift and run of river projects. HEC-6 is useful in the initial studies
associ ated with navigation project because of its ability to provide the
| ocation and vol unes of deposition that can be expected with a navigation
project. Locations and vol unes of deposition can be used to estimate the
anount of maintenance dredging that can be expected. Although one-dinensiona
nodels will point out locations and vol unmes of deposition, nore detail ed
physi cal nodel s and/or two-di nensional nunerical model studies will nost
i kely be needed to develop alternative methods of reducing or elimnating
mai nt enance dredging. HEC 6 can also be used to study sedinmentation problens
that can be expected during floods and the effect dredging depth has on the
rate of deposition. Detailed discussion of the input data for HEG- 6 can be
found in the user manual for HEG-6 and can be obtained fromthe HEC, briefly
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the data needs are geonetric, sedinment, hydrologic, and operational data. O
the nodels to be discussed in this section, HEC-6 will usually be npbst usefu
inthe initial studies of the proposed systemand are the only nodels that can
address the entire system at one time, HEC-6 is not designed to node
hydraulic structures in great detail and the user should not try to use HEC- 6
in areas where the one-dinmensional flow assunptions do not apply.

h. If it is determned that HEC-6 cannot adequately provide solutions
to sedinent problens, the TABS-2 nodeling system can be used (item 25). A
word of caution at this tine is necessary in that when you decide to apply the
TABS-2 system everything involved gets bigger. The data required to do the
nodel i ng i ncrease, the conputer cost increases, and the |evel of expertise
required to apply the nodel increases. TABS-2 is a generalized nunerica
model i ng system for open-channel flows, sedinmentation, and constituent trans-
port. It consists of nore than 40 conputer prograns to perform nodeling and
related tasks. The mmj or nodeling conponents--RVA-2V, STUDH, and RVA-4--
cal cul ate two-dinensional, depth-averaged flows; sedinentation; and dispersive
transport, respectively. The other programs in the system perform digitizing
nesh generation, data managenent, graphical display, output analysis, and
model interfacing tasks. Uilities include file nanagenent and automatic
generation of conputer job control instructions. TABS-2 has been applied to a
vari ety of waterways, including rivers, estuaries, bays, and marshes. The
TABS- 2 nmodel can be used to anal yze scour and deposition probl ems associ ated
with navigation structures, locks and dans, dikes, and approach and exit
channels. TABS-2 is also a useful tool in lock site studies. |If there are a
nunber of possible sites to place a proposed |ock and dam the TABS-2 system
can be used to determ ne the possible scour and deposition problens associated
with each site and to eval uate preventive nmeasures necessary to prevent sedi-
ment problens. Because of cost and data requirenents, the TABS-2 nodel linmits
should be limted to area of concern and not used to nodel |ong reaches of
river. Long reaches of river can be nodeled nore efficiently using HEC 6.
The TABS-2 nodel is also a useful tool in the initial analysis of alternative
net hods of reducing sedi ment problens before construction and testing of
physical nodels. Oher sedinment nodels are available, one of whichis a
stream tube nodel used to deternine scour and fill trends in an alluvia
stream St. Louis District has applied the nodel to navigation danms,
cof ferdans, and other related structures,

c. Before beginning the detail ed design of a proposed navigation proj-
ect, a novabl e-bed physical npdel study should be considered. The cost of the
nodel study is small when conpared with the total engineering design and
construction cost of a navigation project, and results of physical nodel study
are often useful in verifying the design devel oped in nunerical nopdel studies
and in providing guidance for design of the overall project. Each |ock and
dam shoul d be physically mbdeled with a novabl e-bed prior to detail ed design
if the project requires major channel realignment a typical reach nodel should
al so be considered

3-17. Sedinment Control Measures. A nunber of nethods for controlling sedi-
nment problens are associated with navigation projects. These methods of

sedi nent control involve the managenent of sedinent problens at an isolated

| ocation, and source reduction of sedinent either by bank stabilization or an
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upstream reservoir. Control of sedinent problens at isolated |ocations

i nvol ve such things as dikes, bank stabilization, and structural nodifications
to the lock and dam Controlling the source of sediment nust be carefully
anal yzed to ensure that the control does not have adverse inpacts upstream or
downstream of the project. The reduction of upstream sedi ment source does not
in itself inply overall reduction of sedinent problens. In areas where no
sedi ment source is obvious, neasures such as covering the sedinent source with
pol yethylene filter cloth should be considered. Bank stabilization nethods
can be found in numerous reports and design docunents for the Arkansas and Red
Rivers and good literary review can be found in Section 32 Bank Stabilization
Report (ltem 26). \Wen considering an upstreamreservoir as a nethod for
reduci ng sedi nent inflows, the need for grade control in the channel down-
stream of the reservoir should also be considered. This review of grade con-
trol structures should also include tributaries to nmain channels that mght be
subj ect to degradation resulting fromthe construction of upstreamreservoirs.

Section |V. [ce Conditions

3-18. CGeneral. The prediction of extent and duration of ice conditions at
navi gation dans is necessary to allow devel opment of ice control methods. The
extent of ice problens can be determ ned by review of historical records and
nmonitoring the site conditions during the study. EM 1110-2-1612 provides

net hods of estimating ice growh and duration using winter air tenperatures.
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CHAPTER 4

PRQIECT LAYQUT (SITING OF STRUCTURES)

4-1. Ceneral. Detailed guidance on project layout is provided in

EM 1110-2-1611. This chapter provides an overview of the major aspects of
project layout. Navigation |ocks and dans are usually required in some
streans or canals to provide adequate depths for navigation during | ow fl ows
without excessive velocities. Lock and damlayout is an iterative process in
which the physical, hydraulic, geologic, and other paraneters are eval uated
for a prelimnary |layout and necessary adjustnments nade eventually cone up
with a feasible layout. The basic tools required to initiate this process are
t opographic maps, water-surface profiles, geological data, and preferably
aerial nosaics that cover the full length of the proposed project. The nunber
of navigation structures required for the systemis basically dependent on the
stream bed sl ope and on the |levels of the upper pools that can be econonmically
est abl i shed. | deal ly, the pools would be as high as possible to reduce the
total number of lock and dam structures, thereby minimzing system transit
tine. Also, all the pools would have roughly equal heads so that |ockage

wat er requirements and operation tinmes at each project are roughly the sane.
Physical constraints nornally prevent attaining these ideal conditions

4-2.  Upper Pool Elevation. The selection of the optinum upper pool elevation
wiill require a detailed analysis of the local terrain; areas subject to
flooding; effects on groundwater elevation, drainage, environmental inpact;
need for raising, relocation, or replacenent of existing facilities such as
bridges, |evees, highways, railroads, sewer lines, etc.; real estate acquisi-
tion; and need for dredging and/or training and stabilization structures. In
sonme cases it mght be nore economical to increase the | ength of the pool by
dredging in the upper reach than by raising the pool elevation. Wen sedinent
novenent is involved training structures mght be required to maintain naviga-
tion widths and depths in the dredged area. The ultimate selection of the
upper pool elevation and | ocation of the structures has to be based on an
econom ¢ eval uation of the factors involved and navigation conditions that
could result from the proposed project. However, navigation conditions are
nornal |y better with high-head pools because velocities are | ower and poo
fluctuations are |ess.

4-3. Navigation Considerations. The site selected for each structure can be
one of the nobst inportant factors in the devel opment of satisfactory naviga-
tion conditions. |In addition to other factors, the design engi neer should
consi der the reach upstream and downstream of the proposed sites (including
current directions and velocities), sediment novement for the various flows
possible, effects of the structure on the currents and novenment of sedinent
and the effects of the resulting currents on the nmovenent of tows approaching
and leaving the lock or |ocks.

4-4, Foundations. The foundation available may have a significant effect on
the location and arrangenment of the structure. The characteristics of the
foundation material determned during the early stages of the investigation
shoul d provide sonme indication of the probability that the structures needed
can be constructed at reasonable cost with ordinary design standards and nay
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reduce the nunber of sites available. Mvenment in the location of the
structures because of foundation conditions should not jeopardi ze safe and
efficient navigation conditions.

4-5. Sedinent Movenent. The effects of sedinent novenent in a stream shoul d
be considered in the evaluation of the location of the structures and the
selection of the normal pool elevation. Many of these streams will require
sonme nodifications within the pool because of short-radi us bends and shoaling
in crossings, particularly in the upper reach of the pool. Solution of

sedi mentation problens requires a know edge of the sedinentation processes in
al luvial streans and nmethods that can be used to nodify these processes to
elimnate any undesirable conditions. Heavy sedinment novenent coul d have an
effect on the length of pool that could be econonically devel oped but woul d
ot herwi se have little effect on the Iocation of the individual structure.
Nornmal 'y, lock or locks sited to provide good navigation conditions (nornally
on the outside of bends) should experience no difficulties with shoaling in
the upper |ock approach. Shoaling can be expected in the | ower |ock approach
because of the sudden expansion in channel width at the end of the riverside
lock wall. However, structures have been devel oped in nodel studies that can
be used to mininmze or even elinmnate shoaling in the | ower approach and
thereby mnimze or elimnate naintenance costs (see EM 1110-2-1611)

4-6. Channel Rectification. The natural bends in nost streans are too sharp
and long to establish a safe navigation sailing line for nost commercially
sized tows. Lock and dam | ayout needs to consider these channel realignnments
to be assured of satisfactory approach conditions. Channel realignnents
shoul d change the natural alignment as little as possible to mininize the
changes to the natural flow regime of the stream  Severe reginme changes fre-
quently result in the stream not confornming to the proposed alignnent
Expensive maintenance problenms will result.

4-7. Channel Stabilization. Channel rectification measures normally require
channel stabilization structures to coax the streamto assune the realignnent.
Channel stabilization structures are also useful in the control of sedinent
deposition tendencies. Through properly placed structures, ultimte channe
mai nt enance dredging can be mnimzed
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CHAPTER 5
PRQUECT DESI GN
Section |. Spillway Design
5-1. CGeneral. Navigation dans can be relatively high structures, such as

those on the Colunbia and Snake Rivers, in which cases the spillway shoul d be
designed in accordance with procedures described in EM 1110-2-1603. However
most navigation danms are |owhead structures. Their basic purpose is to pro-
vi de adequate depths for navigation during lowflow periods and to offer mni-
mum resistance to high flows. This chapter concentrates on the design of
spillways for |owhead dams. The followi ng guidance is mainly a result of
analysis of specific |owhead navigation projects. A definition sketch is
given in Figure 5-1 and synbols are defined in Appendix B. An exanple design
is provided at the end of this chapter.

J UPPER POOL J——-——— ————ft ——————— = T———
B v2 J R PIER EXTENSION |
o H,
9 9 a / _ W v LOWER POOL
1 — & o " :
—\——m s’ | T\(/ “
s’ | [] B
PARABOLIC, 7, ho [\
DROP =
) K]

EXISTING 5, L 2h,
STREAMBED |-———I Ly |

Figure 5-1. Definition sketch of typical navigation dam

5-2.  Crest Design.

a. Ceneral. Since the project is planned to offer mninmumresistance
to flood flows, the fixed portion of the spillway nust occupy only a snal
part of the cross section of the river channel. Thus a gate sill with its

el evation at or near the elevation of the streanbed is required and danmmi ng
during low flows nust be acconplished by novable gates. The |ower the head on
the crest, the lower the unit discharge. This results in a |longer crest but

| esser requirenents for the stilling basin and downstream channel protection
Conversely, the higher the head on the crest, the higher the unit discharge.
This results in a shorter crest length but greater requirenents for the still-
ing basin and downstream channel protection. Many |ow head navigation dans
operate under highly submerged flow conditions. The discharge coefficients
for a low, subnerged, broad-crested weir are close to those for a sinilar |ow,
subnerged ogee crest. Wth a low gate sill an ogee crest may not provide
sufficient space for operating gates and bul kheads. Thus, for these reasons
a broad-crested weir is often indicated and structural requirenents usually
dictate the width of the crest to be approximtely the same as the danmm ng

hei ght of the gates. For structures that do not operate under submnerged fl ow
conditions, an ogee crest is often used to inprove efficiency of the spillway.
EM 1110-2- 1603 provides guidance for design of ogee crests. The remainder of
paragraph 5-2 addresses crest design for broad-crested weirs.
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h. Upstream Face. Although a vertical upstreamface slope has been
used on nost | ow head navi gation danms having a broad-crested weir, other
sl opes can be used. Based on an analysis of the data presented in item 3 of
Appendi x A, the minimmradius connecting the upstreamface with the
hori zontal portion of the broad-crested weir should be as foll ows:

Head, feet Radi us, feet
<20 3
20- 30 4
30- 40 5
40- 50 6

c. Downstream Face for Nonsubnersible Gate Spillway. The downstream
face of the weir can be shaped so that flow under partially opened gates will
adhere to this face of the weir and thus nmove to the floor of the stilling
basin where it can be dispersed by baffles and/or the end sill. If the down-
stream face breaks away fromthe weir crest too sharply, the nappe will sepa-
rate fromthe weir, and an eddy in a vertical plane will formunder the nappe

in the upstream portion of the stilling basin. Under certain tailwater condi-
tions, this eddy will force the nappe upward and then it will dive through the
tailwater and attack the exit channel downstream of the stilling basin. This

undesirable type of action, known as an undulating jet with a free nappe,
generates severe surface waves. O course, econonmics dictates that the hori-
zontal extent of the downstream face of the weir be mninmum In item 6 of
Appendi x A, tests are described wherein it was established that the downstream
face of the weir should be parabolic based on the trajectory of a free jet, A
free jet leaving the horizontal weir crest will follow the path:

) 2V§Y
X" = .
- (51

wher e

X, Y = horizontal and vertical coordinates

Vo = initial free jet in feet per second (ft/sec) = v2gH
g = acceleration due to gravity in ft/sec?
H = upper pool elevation, crest elevation

However, based on item 6 of Appendix A, the nappe will adhere to the down-
stream face if V is the theoretical velocity resulting fromonly one-third
of the actual head. Thus, if the upper pool is 36 feet above the weir crest
(H= 36 feet), V, for deternmination of the shape of the downstream face of
the weir should be based on a head of only 36/3 or 12 feet. That is,

V, = +/2g(12) = 27.8 ft/sec; and the equation for the downstream face should
be about X°= 48Y. Since the range of data used to develop this relation is
limted, the steepest trajectory that should be used is X*= 40Y. For heads
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greater than 40 feet, npdel testing is required. Using one-third of the head
on the crest in Equation 5-1 results in a downstream face shape which is close
to that resulting fromthe procedure used for high spillways (presented in

EM 1110-2-1603). The techniques presented in EM 1110-2-1603 can be used for
heads greater than 40 feet. The trajectory resulting fromusing one-third of
the head on the crest is the steepest that can be used w thout severe negative
pressures occurring on the downstream face; flatter trajectories can be used.
The parabolic trajectory continues to the stilling basin floor unless term-
nated by a constant slope which may be desired for ease of construction. A

sl ope of 1V:1H was used bel ow the parabolic trajectory in the investigation of
pressures on the downstream face of the crest (ltem 6). Exanples of different
crests are shown in Figure 5-2. Downstream faces having “steps” have been
used on M ssissippi River Locks and Dans Nos. 5A, 6, 7, 8, and 9. These
structures have relatively small differentials (5.5 to 11.0 feet) between
upper and |ower pool elevation.

d. Downstream Face, Subnergible. Submergible tainter gates are used to
pass ice over the top of the gates. As shown in Figure 5-3, submersible
tainter gates can be either the “piggyback” type or-those in which the crest
shape allows the bottomof the tainter gate to drop below the flat portion of
the crest. The piggyback type uses the parabolic trajectory given in (c)
above. Two exanpl es of the downstream crest shape for the 2nd type of sub-
mergible tainter gate are shown in Figure 5-3. Gate bays for subnergible
gates should not be so wide that undesirable gate vibrations devel op.

e. Intersection of Downstream Spillway Face and Stilling Basin Floor.
Toe curves at the intersection of the downstream spillway face and the
stilling basin floor are not widely used in |ow head navigation dams.

Qui dance for toe curve pressures bel ow ogee crests is given in HDC 122-5.

f. Crest Pressures, Velocities, and Water-Surface Profiles. For nost
| ow- head navigation dans, spillway velocities are relatively noderate because
of tailwater submergence effects. Under normal spillway operations, all the
gate openi ngs woul d be bal anced and maxi mum vel ocities would occur at smal
gate openings when the effective head is high and tailwater level is low The
| at est design policies require that under enmergency conditions, any one gate
can be fully opened without causing severe erosion damage to the downstream
scour protection neasures. Flow velocities and pressures should be detern ned
for both of these operational conditions. The velocities are needed to assign
appropriate tolerances for construction of the spillway surfaces. Pressures
resulting fromthese velocities are needed to ensure against cavitation condi-
tions and also to deternmine the uplift forces needed by structural designers
to check the spillway stability. Crest pressures and water-surface profiles
have not been nmeasured for a w de range of heads, gate openings, approach
el evation, apron elevations, etc. Available information is given in item®6 of
Appendi x A and shown in Figures 5-4 and 5-5 for water-surface profiles and
pressures, respectively.

5-3. Spillway Capacity for H gh-Head Dans. Spillways for high-head naviga-
tion dans are generally designed with adequate capacity to pass the PMF flows.
At this condition, all-flows-would still be linted to the spillway section
adj acent concrete or enmbanknent structures woul d have adequate freeboard to
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DAVID D. TERRY LOCK & DAM (NO.. 6)
(ARKANSAS RIVER)

EL. 4800

Upper Pool
U.P_EL.383.0 EL 763.0

EL. 7370
GATE SitL EL. 3460 H Ll

CANNELTON LOCKS & DAM MAXWELL LOCK & DAM
(OHIO RIVER) (MONONGAHELA RIVER)

COLUMBUS LOCK & DAM
(TOMBIGBEE RIVER)

Figure 5-2. Exanples of crests, nonsubnergible gates
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Figure 5-4. \Water-surface profiles (fromitem6, Appendix A)
prevent overtopping of these structures. In sone cases, stilling basin

desi gns woul d be based on the PMF condition, but in other cases tailwater
bui | dup for this discharge would drown out the hydraulic junp and the design
woul d be based on sone |esser discharge condition. Reference EM 1110-2-1603
for determining spillway capacity for high-head dans.

5-4. Spillway Capacity for Low Head Dans. Typically, |ow head navigation
dams are designed to pass flood flows utilizing not only the main spillway
section normally located within the river channel but also supplemental spill-
ways | ocated across the overbanks and even the | ock access road and espl anade
areas. The width and potential carrying capacity of the overbanks wll affect
the main spillway capacity. However, the objective in sizing the main spill-
way is to minimze the headwater-tailwater differential at the tine flood
stages exceed the riverbanks, extend out into the overbank areas, and begin
overtopping the uncontrolled spillways. The snaller this head differential
the less will be flood stage increases over preproject conditions, and the
sinpler will be the scour protection measures required for the overbank
uncontrol led spillway sections. These head differentials can be kept |ow by
providing a main spillway capacity roughly equivalent to the natural river
capacity at the project design flood. Providing this much capacity can be
difficult on smaller rivers because the navigation | ock nmust be pronminently

| ocated within the main river channel to provide safe | ock approach condi -

t ions. Consequently, |owflow dam spillways frequently extend well into the
bank line opposite the lock, unless the lock is located within a navigation
canal separated from the natural river. Locating the spillway in a bypass
canal is another nmeans of reducing the head differential

a. Spillway Crest Elevation. Low head, gated spillways typically have
crest elevations set near the riverbed elevation to nmaxinmze capacity. O
course, riverbed elevations generally vary across the proposed spillway sec-
tion. Furthernore, bed elevations in alluvial rivers vary with discharges
An understandi ng of these alluvial characteristics during flood conditions is
required to select the optinmum crest elevation. |f selected too high, the
spillway will be wider than necessary. |If selected too low, the discharge
control will shift fromthe spillway crest to an approach channel section when
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Figure 5-5. Pressures on crest for various gate openings
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the gates are fully opened; the spillway gates will be higher than necessary;
the spillway structural stability will be nmore difficult to attain; and during
| owflow periods sedinment will deposit on the spillway thereby hanpering gate
operations and increasing wear and tear of the gates. At Lock and Dam 4 on
the Arkansas River, the spillway crest was set at two elevations with the
deeper section next to the lock and the higher section at the opposite bank
line where under preproject conditions sediments normally deposited, After
over 15 years of operation, the benefits of the stepped crest are considered
negligible, and a constant crest elevation would be recommended. The stilling
basin design for multilevel crest elevations is conplex.

h. Overbank Crest Elevation. The spillway crest elevations of uncon-
trolled overbank sections are generally set as close to the natural groundline
as possible to best utilize the natural flow capacity of the overbank areas.
However, the overbank spillway should normally be at |east three feet above
t he navigation pool elevation to allow for pool regulation variations, w nd
setup, and wave runup heights. One exception would be the crest height at a
navi gation bypass section that is nornmally just one foot above the navigation
pool |evel.

5-5. Pool -Tailwater Relationships. The size of the spillway (both horizontal
and vertical) affects pool and tailwater elevations. Three general cases can
be identified.

a. Case 1. The damis of sufficient height that the spillway is not
submerged by tailwater for any discharge.

h. Case 2. The height of the damis such that the spillway operates
continuously or intermttently subnerged, but open-river conditions wll not
obtain at any tine.

c. Case 3. The height of the damis such that the spillway operates
continuously or intermttently submerged with open-river conditions sonetines.

The pool and tailwater elevation reginmes (see Figure 5-6) resulting froma
particular project (particularly pool elevations) can affect nunerous rel ated
factors such as the extent of real estate flooded, groundwater table, |evee
heights, dam and lock wall heights, nunber and extent of relocations, naviga-
tion pass velocities, etc. Determnation of spillway design in relation to
these factors is conplex, but in general high, narrow spillways are spillway
cost-effective, while low, wi de spillways reduce the costs associated with
high pool elevations. Sufficient spillway sizes should be studied to optimze
overall project costs. Cases 2 and 3 are the nost conplex due to spillway
submer gence.

5-6. Pool Elevations. The conplexity of approach flow and interaction with

| ocks, danms, overflow sections, nonoverflow enmbanknents, and spillway sub-
mergence make accurate pool elevation determination difficult. This is
particularly true when flow approaches spillways at an angle. The d' Aubui sson
(see paragraph 5-7) or Kindsvater and Carter formulas can be used for an
approxi mate pool elevation estimte during prelimnary subnerged spillway
design studies (see item 32). However, hydraulic nodels wll usually be
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needed to obtain an estimate of pool and tailwater elevations suitable for
detailed design. Conputations should be nmade for the design flood with all
gates fully opened and for all operating conditions to establish the maxi mum
upstream pool and backwater profile. Pool elevations and backwater profiles
associated with recurrence interval should also be conputed to eval uate real
estate, relocations, and other pertinent factors. Sone Corps Districts have
successfully used the special bridge routine in the HEC 2 backwater programto
make these conputations.

B
= —
\ . .
SPILLWAY =
HEAD
SUBMERGENCE
OF CREST
#/ SPILLWAY
/
NOTE: POINTS A & B OUTSIDE AREA OF LOCAL DISTURBANCE,
DRAWDOWN, ETC.
Figure 5-6. Spillway head/ submer gence
5-7. Discharge Rating Curves for Gated, Broad-Crested Wirs.
a. General. Discharge rating curves are needed for project design and

operation. Low head navigation structures have four possible reginmes of flow
that result fromthe effects of the gates and the effects of tailwater on the
amount of discharge through the structure. The four reginmes are discussed in
the follow ng paragraphs and shown in Figure 5-7. Discharge coefficients for
| ow- head navi gation dans have been devel oped mainly for tainter gates. Refer-
ence EM 1110-2-1603 for discharge rating of unsubnerged vertical gates or dis-
charge rating of ogee crests. Sufficient data are not available to define the
effects of different pier lengths and nose shapes. Results fromitem 6 of
Appendi x A conparing the ogival and semcircul ar shapes showed no significant
difference for the highly subnmerged broadcrested weir. Prelimnary curves are
usual Iy conputed from established analytical equations. Physical and nathe-
matical nobdel studies of project facilities frequently include tests to verify
both spillway rating curves and flood flow distributions between river channel
and overbanks. Model and prototype data fromother projects with simlar
spillway designs are often valuable in refining rating curves. Commonly used
equations for prelimnary rating curve computations under various spillway
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FREE UNCONTROLLED FLOW SUBMERGED UNCONTROLLED FLOW

FREE CONTROLLED FLOW SUBMERGED CONTROLLED FLOW

Figure 5-7. Four flow regines

conditions are presented. A conputer programwas devel oped in the Pittsburgh
District for discharge rating of navigation dans and is presented in item 22
of Appendix A

h. Determning Flow Regine. Figure 5-8 gives guidance to determne the
flow regine given headwater H, tailwater h, and gate opening G (defini-
tion sketch in Figure 5-1)

c. Free Uncontrolled Flow For this flow regime the gates are fully

opened and the upper pool is unaffected by the tailwater. The standard weir
equation

Q = CLH"? (5-2)
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Figure 5-8. Flow regime based on headwater,
tailwater, and gate opening
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is applicable and free uncontrolled flow discharge coefficients versus

(Head/ Breadth of Crest) fromitem 22 of Appendix A are shown in Figure 5-9.
This curve should be used with caution above H/ B, = 1.5 . No correction for
pier effects is reconmended with these coefficients. Crest length should be
reduced for abutnent effects by the equation

=L - 2KH (5-3)

|‘ef fective act ual

Since the discharge coefficients presented in Figure 5-9 already account for
pier effects, the abutment contraction coefficient K should be about one-
hal f of the value selected from HDC Chart 111.

d. Subnmerged Uncontrolled Flow. For this flow regime, the gates are
fully opened and the discharge is reduced by tailwater conditions. Two pro-
cedures are available for determning discharges for uncontrolled spillways
under subnerged conditions.

(1) Discharge over a subnerged weir can be expressed by the
equation

Q= G LH"” (5-4)

C, from nmodel data is shown to vary with h/H Results fromitem 22 of
Appendi x A show that discharge coefficients for this flow regime are not
significantly affected by stilling basin apron elevation. Figure 5-10
presents recommended subnerged uncontrolled flow di scharge coefficients as a
function of h/H  These coefficients were devel oped froma |arge nunmber of

model investigations.

(2) Prelimnary rating curves for | ow head dams under subnerged
uncontrolled flow conditions can be conputed by the d’ Aubuisson equation

Q = KLh /(28 (H - h) + V] (5-5)
wher e
K = spillway coefficient of contraction
L = crest length = nunber of bays times the bay width, ft

V = spillway approach velocity, ft/sec
H h = see Figure 5-1

Suggested K values vary with spillway bay width as foll ows:
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40 0. 80
50 0.85
60 0.90
110 0.95

These coefficients were devel oped from experience with prototype structures.
Several different methods exist for predicting discharge for submrerged
uncontrolled flow. These include the nethods presented above and HDC 111- 4,
itens 6 and 32 in Appendix A These nmethods do not give simlar results.

e. Free Controlled Flow. For this flow regime, the gates are partially
open and the upper pool is unaffected by the tailwater. Discharge is con-
trolled by the gate opening and two approaches are available for determning
di schar ge

(1) Results fromitem 22 of Appendix A shown in Figure 5-11 present
the free controlled flow discharge coefficient as a function of gate opening,
gate radius (R), trunnion height above crest (a), and gross head on the gate
Figure 5-11 is applicable to heads and gate openings |less than 30 and 14 ft,
respectively. The applicable equation is

Q = CLG, v2gH (5-6)

(2) For conditions outside the range covered in (1), a conprehensive
treatment of the effects of gate location and geonmetry on discharge for free
controlled flowis presented in HDC 320-4 to 320-7. Caution should be used
because the equations and synbols are not the same in the two nethods.

f.  Subrmerged Controlled Flow. For this flow regime, the gates are
partially open and the upper pool is controlled by both the subnergence effect
of the tailwater and the gate opening. The applicable equation is

Q = CgsLh /2gAH (5-7)

The subnerged controlled discharge coefficient Cg as a function of h/G

for various apron elevations is given in Figure 5-12. See item 22 in Appen-
dix Afor a simlar nethod for subnerged controlled flow that has been used in
the conputer program referred in paragraph 5-7 (a).

g. Rating Curve Accuracy.

(1) Discharge Coefficients. Spillway rating curves as conputed by
the above equations require verification for final designs. Significant
errors are possible because of the unique approach conditions at proposed
projects. Although data conparing nodel -prototype rating curves are rare,
such information derived fromsimlar existing projects would be val uable for
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rating curve verification. In finalizing rating curves for major navigation
systens, special prototype spillway neasurements on sinmilar existing projects
shoul d be considered.

(2) Tailwater Inaccuracies. Tailwater rating curves are extrenely
inmportant to the design engineer. The selected tailwater curve will be used

in design of spillway capacity, stilling basins, wall heights, foundation
drai nage, erosion protection, navigation channel depths, and many ot her
critical elements that make up a total project design. It is inperative that

the hydraulic engineer have an accurate estimate of what the tailwater curve
will be before, during, and after project construction; and throughout the
life of the project. The hydraulic engineer nust evaluate the |ikelihood that
the tailwater rating will change over this time period and eval uate the
extrenes to which this change may take place. Furthernore, this information
nmust be passed on to other engineers designing project features so that
project integrity will remain as the rating curve shifts. The designer is
cautioned agai nst spending too much effort in refining inconsequential param
eters, such as spillway pier shape coefficients, wthout paying sufficient
attention to potential shifts in tailwater rating curves which can, of course,
have drastic influences on subnmerged spillway capacity. An exanple of a very
large shift in tailwater rating is shown in Figure 5-13. This figure conpares
the tailwater ratings for the natural conditions before construction of the
Aliceville Lock and Dam on the Tennessee- Tonbi gbee Waterway with project con-
ditions after construction was conplete. The drastic shift of the rating is
largely due to excavation of the downstream navigation channel which caused
not only an increase in channel flow capacity, but also a significant decrease
in channel roughness. The variation in a tailwater rating curve nay shift
toward more flow capacity, less flow capacity, or oscillate fromone to the
other and back again. The shift in rating may be abrupt, gradual, or

sporadic. It may be caused by sediment erosion or aggradation, excavation or
deposition of channel bed or bank naterial, variations in hydrologic events,
loops in rating curves as flow transitions fromthe rising to falling flood
stages, inaccurate estimates of channel roughness, or by man-induced events.
The hydraulic engineer should ensure that project features are designed for
the proper conditions. For exanple, for projects with loop rating curves,
rising stages should be used for design of stilling basins and erosion protec-
tion and falling stages used for setting wall heights. Use of an average
tailwater rating curve in this case nmay yield inadequate design for both wall
hei ght and the high-velocity flow areas. The designer mght also performa
sensitivity study of various channel "n" values to ensure that an incorrect
assunption does not lead to an inadequate design. It will be the prinary
responsi bility of the hydraulic design engineer to recognize the potential for
shifts in tailwater ratings, evaluate the magnitude and consequences of a
shift, and comunicate this know edge to others on the design team

5-8. Overflow Enbanknents.

a. General. Required length of overflow enbanknents is often deter-
m ned by sel ecting the conbination of nunber of gates, length of overflow
section, flowage easenent, and |levee raising that has the |east total cost.
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An exanpl e of an optim zation study acconplishing this is given in Appen-

dix D. Wen the overflow section operates under only highly submerged condi-
tions the shape of the crest is of little significance on capacity. Overflow
sections having significant head differentials will require properly shaped
crests (normally ogee), energy dissipation structures, and downstream channel
protection. The relatively |ow enbanknent sections used on the Arkansas River
wer e designed for submerged conditions with head differentials of up to

three feet. These riprap protected enmbankments are either access or nonaccess
enbanknents having trapezoidal cross sections with a 1V-on-3H upstream face
and a 1V-on-4H downstream face. The access enbankments have a paved roadway
on the crown of the enbanknent. Detailed discharge and riprap stability

gui dance is given in item5 of Appendix A

h. Discharge over Uncontrolled Sections. Figure 5-14 shows the sub-
nerged flow discharge coefficient for access and nonaccess type enbanknents.
The second type of uncontrolled overflow section is the concrete wall having
consi derabl e height and designed to operate under subnerged conditions. Dis-
charge coefficients for a rectangular cross section and free flow conditions
are shown in Figure 5-15; the reduction in free flow discharge due to sub-
nergence is also shown in Figure 5-15.

5-9. Stilling Basin Design.

a. General. The purpose of the stilling basin is to reduce the kinetic
energy of the flow entering the downstreamexit channel. The stilling basin
in conjunction with the downstreamriprap ensures that |ocal scour downstream
of the structure will not undermne or otherwise threaten the integrity of the
structure. Mddel tests can be used to find the optinmm conbination of
stilling basin and downstream channel protection

bh. Influence of QOperating Schedul es. Operating schedules, both norma
and emergency, are vital considerations in stilling basin design. Norna
operating schedules should result in approximtely equal distribution of flow
across the outlet channel. Thus changes in the position of individual gates
should be made in small increments with no two gate openings varying nore than
one foot. However, unusual or energency operation must be considered. Un-
usual operation woul d include passage of floating debris (ice, logs, trash,
etc.) through the gated structure during periods of mnimumflow in the river
Such debris usually will begin to be drawn under a gate that is about one-
third opened (see items 15 and 18, Appendix A). Emergency operation would
i nclude design for one gate fully opened during periods of mnimmflow which
generally means nmininum tailwater. Thus these operation requirements dictate
a stilling basin that will adequately dissipate the excess kinetic energy at a
low tailwater elevation.

c. Requirenments for New Project Design. The following three conditions
are used to optimize stilling basin length and downstream scour protection
t hi ckness, size, and |ength. Structure foundation should be considered in
determning the design condition. Structures founded on rock may have |ess
restrictive energy dissipation and downstream protection requirenents.
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(1) Uniformdischarge through all spillway gates for a range of
headwat ers and tailwaters expected during project life.

(2) Single gate fully opened with normal headwater and m ni num
tailwater. This condition would assume gate nisoperation or narine acci-
dent. Mnor damage to the downstream scour protection may occur as |long as
the integrity of the structure is not jeopardized. Single gate fully opened
with above normal pool (perhaps the 50- to 100-year pool) should also be given
consi derati on. This condition would simulate | oose barges that could bl ock
several gates causing above normal pools as occurred at Arkansas River Lock
and Dam No. 2 during Decenber 1982.

(3) Single gate opened sufficiently wide to pass floating ice or
drift at normal headwater and minimumtailwater. During prelimnary design, a
gate half opened can be assured to approximate ice- or drift-passing condi-
tion. Final design usually requires nodel studies to determne the proper gate
opening. No damage shoul d occur for this condition. For nost |ow head navi-
gation structures, conditions (2) and (3) result in free flow over the crest.

The stilling basin design guidance presented in this chapter is for free flow,
Stilling basins designed for subnerged flow nornmally require a nodel study.
d. Hydraulics of Stilling Basins. Conputations for d; and V; can

be based on the assunption that there is no energy |oss between the upper poo
and the toe of the junp. The energy equation can be used to deternine the

entering depth and velocity into the stilling basin according to
V2
Upper Pool+ Velocity _ Stilling Basin . 1 . d 5.3
Elevation Head Upstream~ Floor Elevation 2g 1 (5-8)

Knowi ng the upper pool elevation, velocity head upstream (if significant), and
di scharge, V; and d;can be solved by trial and error for an assuned

stilling basin floor elevation. Next the Froude number of the flow entering
the stilling basin is conputed according to
Vi
F1 = — (5-9)
/gd

Then the nonentum equation is used to determine the ratio between the depths
before and after the hydraulic jump according to

3 0.5<V1 . 8Ff - 1) (510

(This formof the nonentum equation ignores the forces on baffle blocks in the
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analysis. A conprehensive treatnent of these forces in the nmomentum equation
is given in item 2 of Appendix A.) At this point, the assuned stilling basin
el evation is checked against the available tailwater according to

Tailwater for Assuned Stilling Basin

G ven Discharge - Fl oor Elevation = Factor (d,) (5-11)
A new stilling basin floor elevation is assuned until Equation 5-11 is satis-
fied. Early stilling basin design guidance used a factor equal to 1.0
Recent gui dance has all owed higher stilling basin floor elevations by setting
this factor equal to 0.85 when used with baffle blocks and an end sill. The
hi gher stilling basin floor elevation often inproves performance at inter-
nedi ate discharges and results in lower cost. Use of a factor less than 1.0

in Equation 5-11 can only be used in conjunction with Equation 5-10, the
sinplified nomentum approach.

e. Recommendati ons from Results of Previous Mdel Tests.

(1) General. Model tests have been conducted at WES, Vicksburg,
Mss. (items 10, 13-16 of Appendix A), during which stilling basin designs
wer e devel oped for one gate half or fully opened. Recommendat i ons from
results of these tests are summarized in Table 5-1 and in the paragraphs that
follow  The energy dissipators for one gate half or fully opened are not
hydraulic-junp type stilling basins. These basins often have entering Froude
nunbers less than 4.0 which nmeans they are inefficient and unstable--the flow
will oscillate between the bottom and water surface resulting in irregular
wave formation propagating downstream Baffles and end sills help to
stabilize low Froude number basins. Primary dissipation results frominpact
of the jet against the baffles, which also assists lateral spreading of the

jet, with tailwater as a supporting el enment. In a hydraulic-junp type
stilling basin, tailwater is a primary force and baffles are supporting
elenents ; lateral spreading of the jet, outside of the confining walls,

usually is not a consideration.

(2) Basin Elevation. In a baffle-assisted hydraulic-junp type
stilling basin, the apron nmust be placed at an elevation that allows tailwater
to provide a depth on the apron of at |east 0.85d, (factor = 0.85). In the
stilling basin considered herein, this has not proved to be a rigid require-
ment. However, for initial design of a specific project and until it has been

established in nodel tests that conditions at that project will permt an
apron at a higher elevation, it is suggested that the apron be placed at an
el evation that will provide a tailwater depth of at |east 0.85d, for both one
gate half or fully opened

(3) Basin Length. Itenms 10 and 13-16 of Appendix A suggest a
required length, L, fromtoe of junmp to beginning of 1V-on-5H upslope of

- 1.5
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(4) Baffles. The position and height of the first row of baffles
have a major influence on stilling action. Baffle height and position
recommended for the basins developed in itens 10 and 13-16 of Appendix A are
as foll ows:

Hei ght Di stance to First Row
Gate Opening hy, L,
Ful | 0. 25d, 1. 3d,
Hal f 0. 3d, 1.5d,

These basins designed for a single gate half or fully opened require higher
baffl e bl ocks than hydraulic-junp type basins. A second row of baffles is not
required for maintaining the junp within the basin but is recommended to re-
duce attack on the downstream channel protection. These baffles should be the
sanme height as those in the first row, placed with their upstream faces about
two baffle heights downstream fromthe upstream faces of the first row and
staggered with respect to the baffles in the first row Reference item2 of
Appendi x A for determining forces on baffle blocks. |In cases where foundation
requirenents dictate a deep basin (>d,), baffle blocks nay not be required.

(5) Gate Pier Extensions. Gate pier extensions are required to ex-
tend into the basin to a position five feet upstreamof the baffles to prevent
return flow from inoperative bays. The pier extension can be extended farther
downstream if required for stability. These extensions are required to ensure
adequate stilling basin performance for the single gate half- and fully opened
criteria given in paragraphs 5-9c(2) and 5-9c(3), respectively. The pier
extensi ons should be at |east one foot higher than the tailwater used for the
single gate half- or fully opened criteria. Pier extension width can be |ess
than the main spillway piers.

(6) End Sill. An end sill slope of 1V on 5H was effective in
spreading the flow for single gate operation. The higher the end sill, the
nore effective it will be in spreading the jet during single gate operation
but there are limtations. The higher end sill results in shallower depths in
the exit channel and possibly higher velocities over the riprap. O course,
the top of the end sill should not be appreciably above the exit channel
Also, the end sill should not be so high that it causes flow to drop through
critical depth and form_ a secondary junp downstream To prevent this, the
Froude nunber F =V//gd at the top of the end sill, calculated as described
bel ow, should not exceed 0.86 for singl e gate guidance given in paragraph 5-
9¢c. In this calculation, V is difficult to determine because of spreading
of the flow for single gate operation. A reasonable estimate for V is
80 percent of the velocity over the end sill wthout spreading based on bay
wi dth, discharge, and depth over end sill. The terms d and g represent
depth of tailwater over the end sill and the acceleration due to gravity,
respectively. Experinments in a rectangular channel indicated that tranqui
fl ow becomes unstable when F exceeds 0.86; thus this linmting val ue
Excessive spreading will cause attack of boundaries in outside bays. Based on
items 10, and 13-16 of Appendix A the end-sill height varied considerably for
basi ns designed for either fully or half-opened gate criteria. A value of
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0.15 to 0.20d, is recommended for basins designed for either a fully or half-
opened gate

(7) Training Walls. The elevation of the top of the training walls
is nornally selected to prevent overtopping at all but the highest discharges.
This is not a strict requirenent for |ow head navigation dans and training
wal | tops have been placed as |ow as two feet above the downstream nornmal poo
elevation. This reduction in height should be nodel tested. Training walls
are normal |y extended at a constant top elevation to the end of the stilling
basin as shown in Figure 5-16a. This, too, is not a strict requirement. The
Red River design is shown in Figure 5-16b. Adjacent project features and
t opography have a significant inpact on training wall design. Reference
EM 1110-2-1603 for determining hydraulic forces (static and dynamic) on
stilling basin training walls

a. CONVENTI ONAL TRAI NI NG WALL

NN /‘T‘*‘”

b. RED RIVER # 3 TRAINING WALL
Figure 5-16. Training walls
(8) Abrasion. Abrasion of concrete can be caused by the presence of
gravel or other hard particles. Rock, gravel, scrap nmetal, and other hard

material may find their way into the energy dissipator by various neans. Rock
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may be carried into a stilling basin over the top of Iow nmonoliths during con-
struction, by rollers or eddies bringing debris in from downstream or by
cobbles noving as bed load. Protection stone in the vicinity of the end sil
shoul d not contain stone sizes that can be transported by underrollers into
the stilling basin. In sone cases, the contractor nmay fail to clean out al
hard, |oose material after construction. During operation, rocks may be
thrown in fromthe sidewall by the public, or fishermen using rocks for
anchors may |eave them behind. The elimnation of such material may require
specification of construction practices or proper restriction of the public
during operation. In cases where it is believed that rock and gravel are
being transported into the basin by rollers, all gates should discharge an
equal amount of water.

(9) Cavitation is the successive formation and col |l apse of vapor
pockets in |ow pressure areas associated with high-velocity flow Cavitation

danmage can occur on the sides of baffle blocks, on the floor of a stilling
basin just downstream from baffle blocks, and at construction joints near the
upstream end of the stilling basin. Any surface discontinuity of the boundary

into or away from high-velocity flow can cause cavitation. Relative novenent
of two concrete nonoliths or slabs with a lateral construction joint so that
t he downstream slab comes to rest higher than the upstream slab produces a
situation where cavitation may result. In any case where high-velocity flow
tends to separate from the solid boundary, cavitation may be expected to
exist. Cavitation is not normally a problem at |ow head navigation dans
because of the relatively low velocities. There is reason to believe that
both abrasion and cavitation are responsible for damage at sone structures.

If a sizable depression in the concrete surface is eroded by abrasion, cavi-
tation may then form and augnment the danmge. Likew se abrasion can nask

cavitation where both are occurring. In general, concrete danaged by cavita-
tion has a ragged angul ar appearance as though material had been broken out of
the mass. In contrast, damage caused by abrasion has a snoother or rounded

appearance, such as would be caused by grinding. Reference EM 1110-2-1602 for
additional guidance relative to cavitation.

5-10. Approach Area.

a. Configuration. The approach to the spillway shoul d be greater than
three feet below the crest of the spillway. An approach depth of five feet is
recommended because nost discharge calibration data were taken with this
depth. Approaches with depths less than three feet can result in greater
tendency for novenent of the riprap in front of the structure for a single
gate fully opened. Approaches having a deep tranch in front of the structure
can result in instabilities of the flow over the crest and may sinmply fil
with sedinent. The approach should be horizontal for a minimmof 50 feet and
then sloped to the streanbed at a rate not to exceed 1V on 20H

h. Upstream Channel Protection. To prevent scour upstream of the
structure, protection is required, particularly for single gate operation. An
estimate of the required riprap size upstream of a navigation dam can be
obtai ned by determi ning the approach velocity by taking the unit discharge
(di scharge/w dth of bay) and dividing by the depth (difference in elevation
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bet ween the upper pool and the approach channel to the spillway). This pro-
vi des an average velocity and depth that can be used in the follow ng relation
to deternmine the stone size required

1/2 2.5

D Y
Z V
deptn - © - (5-13)
p s = Ty Vg depth

The followi ng coefficients are recomended for riprap design in |ow turbul ence
open channel flow

Dz Safe Design, C Gradation Thickness

The safe design Cis equal to 1.25 tines the C determined for incipient
failure. See item 11 for additional information. Placenent underwater re-
quires an increase in thickness of 50 percent. Single gate operation wll
general ly be the nost severe with respect to design of upstreamriprap but

hi nged pool operation (as described in paragraph 7-3(c)) shoul d be eval uat ed.
Concrete aprons have been used in place of riprap when riprap size becones
excessive. The riprap or concrete apron should be extended upstream a m ni mum
di stance equal to the head on the crest. If protection must be provided for
the effects of sunken barges in front of the structure, the concrete apron
shoul d be used.

5-11. Exit Area.

a. Configuration. For the condition of only a single gate dis-
charging, configuration of the exit area has a mgjor influence on stilling
action. Abrupt side contractions and areas of unequal elevation across the
channel cause side eddies to be intensified and thus hanmper jet spreading.
There is little agreenent on the effectiveness of a preformed scour hole.

Many projects have been designed with a deepened area downstreamto |essen
attack on the riprap. A relatively small anmount of expansion, preferably both
vertically and horizontally, wll reduce the severity of attack of the channe
boundary. However, there is a tendency for this deepened exit channel to
exhi bit stronger side eddies which tends to reduce spreading for single gate
operation and can lead to a decrease in riprap stability. Final riprap con-
figurations downstream from spillways should be nodel -tested and adjusted as
necessary to ensure the adequacy of the protection. Based on the above field
and nodel experiences the followi ng guides for prelimnary |ayout are sug-
gest ed. Begin the riprap with the top of the blanket 1 to 2 feet bel ow the
top of the basin end sill, If possible, extend the riprap section horizon-
tally. \Were the streanbed is higher than the end sill, slope the riprap
upward on a 1V-on-20H slope. \Were |ocks or other structures do not abut the
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spillway the riprap section is extended up the bank-line slope. The toe of
this slope should be set back 5 to 10 feet fromthe face of the spillway
training wall. These guides are illustrated in Plates 5-4 to 5-6 (exanple at
end of this chapter).

bh. Downstream Channel Protection. The size and extent of the riprap
required in the exit area depend upon the effectiveness of the stilling basin,
tailwater depth in the exit, and configuration of the exit area. The size of
riprap required is al nost always governed by either the fully or half-opened
gate criteria or diversion conditions. As flow |eaves the single gate bay,
spreadi ng occurs and the average velocity decreases in the downstreamdirec-
tion. At the end sill the average velocity over the end sill can be 75 to
90 percent of the velocity without spreading. Results fromitens 10 and 13-16
of Appendix A show a wide variation in required riprap size. Use of 80
percent of the velocity over the riprap without spreading in the relation

1/2
Y. — Y
V=112 [2g<LY__w> } 1350(MIN)V2 (5-14)

W

provides riprap size for use imediately downstream of the end sill. This
equation is restricted to basins designed using the guidance presented in this
chapter. This equation is the same formas the Isbash relation given in

HOG  712-1. A conparison of the results given in Table 5-1 and Equation 5-14
is given in the follow ng

Velocity over Riprap

; : : : Dgn Model, Dz Computed,

ridee” "Rsln Withouk, Beed1ne Oreet, ?9 feet
L&D 26 16 29.9 3.8 4.3
Aliceville 6 19.4 2.2 1.8
Columbus 5 17.6 2.0 1.5
RR 1 16 30.2 1.5 .y
RR 2 13 31.1 2.5 4.7
RR 3 2 25.8 2.6 3.2
L&D 26 30 14.7 2.6 1.0
Columbus uy 13.4 1.7 0.9

RR 1 17 16.8 1.5 1.4
RR 2 7 23.4 1.1 2.7
The large differences between nodel and conmputed results are largely due to
difference in stilling basin performance, particularly the effects of a wde
variation in end-sill height. These values should be used in prelimnary
design and verified in a physical nmobdel. Riprap gradations are given in

Table 5-3 for placement in the dry. Thickness for placenent in the dry should
be 1.5D,( MAX) or 2.0D;( MAX), whichever is greater. Thickness for placenent
underwat er should be increased 50 percent. The top of the riprap should be

pl aced one to two feet below the top of the end sill. Total length of riprap

protection on the channel invert downstream of the end sill ranged from4d, to
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27d, in items 10 and 13-16 of Appendix A. A mininmum length of 10d, downstream
of the end sill is recommended for fully or hal f-opened gate design. The
change in riprap size in the downstreamdirection should be as foll ows:

Di st ance Riprap Size
3d, X = thickness imediately downstream of end sill
Next 3d, 0. 8x
Next 2d, 0. 6x
Next 2d, 0. 4x
TABLE 5-2

G adations for Riprap Placement in the Dry, Low Turbul ence Zones

Pgrcent Limts of Limts of Limts of Limts of
Lighter Stone Wi ght, St one Wi ght, Stone Wi ght, Stone Wi ght,
by Wi ght pounds pounds pounds pounds

Specific Weight = 155 I b/cu ft

Thi ckness = 12 I nches 15 I nches 18 I nches 21 I nches
100 81 32 159 63 274 110 435 174
50 24 16 47 32 81 55 129 87
15 12 5 23 10 41 17 64 27
Thi ckness = 24 | nches 27 | nches 30 Inches 33 Inches
100 649 260 924 370 1, 268 507 1,688 675
50 192 130 274 185 376 254 500 338
15 96 41 137 58 188 79 250 105
Thi ckness = 36 | nches 42 | nches 48 | nches 54 |nches
100 2,191 877 3, 480 1,392 5, 194 2,078 7, 396 2,958
50 649 438 1,031 696 1,539 1,039 2,191 1,479
15 325 137 516 217 769 325 1, 096 462
( Conti nued)
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TABLE 5-2 (Concl uded)

Per cent Limts of Limts of Limts of Limts of

Li ght er St one Wi ght, Stone Wi ght, Stone Wi ght, Stone Wi ght,
by Wi ght pounds pounds pounds pounds
Specific Weight = 165 I b/cu ft

Thi ckness = 12 I nches 15 | nches 18 I nches 21 Inches
100 86 35 169 67 292 117 463 185
50 26 17 50 34 86 58 137 93
15 13 5 25 11 43 18 69 29

Thi ckness = 24 | nches 27 | nches 30 I nches 33 Inches
100 691 276 984 394 1, 350 540 1, 797 719
50 205 138 292 197 400 270 532 359
15 102 43 146 62 200 84 266 112

Thi ckness = 36 Inches 42 | nches 48 | nches 54 | nches
100 2,331 933 3, 704 1,482 5, 529 2,212 7,873 3, 149
50 691 467 1,098 741 1,638 1, 106 2,335 1,575
15 346 146 549 232 819 346 1,168 492

Specific Weight = 175 Ib/cu ft

Thi ckness = 12 I nches 15 | nches 18 | nches 21 Inches
100 92 37 179 12 309 124 491 196
50 27 18 53 36 92 62 146 98
15 14 5 27 11 46 19 73 31

Thi ckness = 24 | nches 27 Inches 30 Inches 33 Inches
100 733 293 1,044 417 1,432 573 1, 906 762
50 217 147 309 209 424 286 565 381
15 109 46 155 65 212 89 282 119

Thi ckness = 36 Inches 42 | nches 48 | nches 54 | nches
100 2,474 990 3,929 1,571 5, 864 2,346 8,350 3, 340
50 733 495 1,164 786 1,738 1,173 2,474 1,670
15 367 155 582 246 869 367 1,237 522
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TABLE 5-3
Gradations for Riprap Placenent in the Dry, H gh Turbul ence Zones

Per cent Limts of Limts of Limts of Limts of

Li ghter St one Wi ght, Stone Wi ght, St one Wi ght, Stone Wi ght,
by Wéi ght pounds pounds pounds pounds
Specific Weight = 155 Ib/cu ft

Thi ckness = 12 |nches 15 I nches 18 | nches 21 | nches
100 24 10 47 19 81 32 129 52
50 7 5 14 9 24 16 38 26
15 4 2 7 3 12 5 19 8

Thi ckness = 24 | nches 27 |l nches 30 | nches 33 Inches
100 192 77 274 110 376 150 500 200
50 57 38 81 55 111 75 148 100
15 28 12 41 17 56 23 74 31

Thi ckness = 36 | nches 42 | nches 48 | nches 54 | nches
100 649 260 1, 031 412 1,539 616 2,191 877
50 192 130 305 206 456 308 649 438
15 96 41 153 64 228 96 325 137

Thi ckness = 60 | nches 66 | nches 72 | nches 78 | nches
100 3, 006 1, 202 4,001 1, 600 5,194 2,078 6, 604 2, 642
50 890 601 1,185 800 1,539 1,039 1,957 1,321
15 445 188 593 250 770 325 978 413

Thi ckness = 84 Inches 90 Inches 96 | nches 102 I nches
100 8, 248 3, 299 10, 145 4, 058 12,312 4,925 14, 768 5, 907
50 2,444 1, 650 3,006 2,029 3,648 2,462 4,376 2,954
15 1,222 516 1, 503 634 1, 824 770 2,188 023

Specific Weight = 165 | b/cu ft

Thi ckness = 12 I nches 15 Inches 18 | nches 21 Inches
100 26 10 50 20 86 35 137 55
50 11 5 21 10 36 17 58 27
15 5 2 11 3 18 5 29 9

Thi ckness = 24 |1 nches 27 I nches 30 I nches 33 Inches
100 205 82 292 117 400 160 532 213
50 86 41 123 58 169 80 225 106
15 43 13 62 18 84 25 112 33

(Conti nued)
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TABLE 5-3 (Concl uded)
Per cent Limts of Limts of Limts of Limts of
Li ghter St one Wi ght, Stone Wei ght, St one Wéi ght, St one Wi ght,
by Wi ght pounds pounds pounds pounds
Specific Wight =165 Ib/cu ft (continued)
Thi ckness = 36 | nches 42 | nches 48 | nches 54 | nches
100 691 276 1, 098 439 1, 638 655 2,333 933
50 292 138 463 220 691 328 984 467
15 146 43 232 69 346 102 492 146
Thi ckness = 60 | nches 66 | nches 72 1 nches 78 | nches
100 3, 200 1, 280 4,259 1,704 5,529 2,212 7,030 2,812
50 948 640 1, 262 852 1,638 1,106 2,083 1, 406
15 474 200 631 266 819 346 1,041 439
Thi ckness = 84 Inches 90 | nches 96 | nches 102 I nches
100 8, 780 3,512 10, 799 4, 320 13, 106 5, 243 15, 720 6, 288
50 2,602 1, 756 3,200 2,160 3,883 2,621 4,658 3,144
15 1,301 549 1, 600 675 1,942 819 2,329 983
Specific Wight = 175 |b/cu ft
Thi ckness = 12 Inches 15 | nches 18 | nches 21 | nches
100 27 11 53 21 92 37 146 58
50 11 5 22 11 39 18 61 29
15 6 2 11 3 19 6 31 9
Thi ckness = 24 | nches 27 |l nches 30 Inches 33 Inches
100 217 87 309 124 424 170 536 226
50 92 43 130 62 179 85 238 113
15 46 14 65 19 89 27 119 35
Thi ckness = 36 | nches 42 | nches 48 | nches 54 | nches
100 733 293 1,164 466 1,738 695 2,474 990
50 309 147 491 233 733 348 1,044 495
15 155 46 246 73 367 109 522 155
Thi ckness = 60 | nches 66 | nches 72 | nches 78 | nches
100 3, 394 1, 357 4,517 1, 807 5,864 2, 346 7,456 2,982
50 1,006 679 1,338 903 1,738 1,173 2,204 1,491
15 503 212 669 282 869 367 1,105 466
Thi ckness = 84 | nches 90 | nches 96 | nches 102 | nches
100 9, 312 3,725 11, 454 4,581 13,901 5, 560 16,673 6, 669
50 2,759 1, 862 3,394 2,291 4,119 2,780 4,940 3,335
15 1, 380 582 1, 697 716 2,059 869 2,470 1,042
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Riprap creates locally high boundary turbul ence that |eads to |ocal scour at
the downstream end of the riprap blanket. This requires that the downstream
end of the riprap be “keyed in” as shown in Figure 5-17. Method A requires
extending the riprap to a depth equal to or greater than the antici pated
scour. Method B provides sufficient riprap in a trench to launch as |oca
scour occurs, EM 1110-2-1601 provides gui dance for designing riprap end pro-
tection. The need to “key in” the riprap is nbst apparent at projects where
the downstreamriprap protection does not extend 10d, below the end sill. In
some cases, adjacent vertical walls inhibit spreading of the jet during single
gate operation and increase the size of riprap required. In cases where the
riprap size becomes excessive, concrete aprons or grout-filled bags have been
used. Side-slope riprap is normally the sane size as the invert. If re-
quired, riprap downstream of the 10d, limt should be designed according to
EM 1110-2-1601. Ganular filters are recommended for riprap placenent adja-
cent to structures. EM 1110-2-1901 presents guidance for filter design.

LOWER NORMAL POOL v/

DEPTH OF ANTICIPATED
LOCAL SCOUR _

a. METHOD A - EXTEND TO ANTICIPATED SCOUR DEPTH

LOWER NORMAL POCL A4

FLOW

b. METHOD B - PROVIDE ROCK-FILLED TRENCH

Figure 5-17. Methods for transitioning fromriprap to the
unpr ot ect ed downstream channe

5-12. Spillway Gates. Various types of gates have been used as contro
devices at Corps of Engineers navigation projects. Exanples are tainter
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gates, roller gates, vertical-lift gates, etc. The current nost commonly used
and reconmended control is the tainter gate

5-13. Gate Types and Selection. The types of gates used at Corps of Engi-
neers navigation dans and factors considered in the selection of type of gate
at a specific project are described in the foll owi ng paragraphs.

a. Roller Gates. Aroller gate is a long netal cylinder with “ring
gears” at each end that mesh with inclined netal racks supported by the
piers. The cylinder is braced internally to act as a beamto transnit the
water load into the piers. The effective damm ng height of the structura
cylinder can be increased by neans of a projecting apron that rotates into
contact with the sill as the gate rolls down the inclined racks. The gate is
rai sed and | owered by neans of a chain wapped around one end of the cylinder
and operated by a hoist permanently mounted in the pier. The rolling novenent
of the gate and the limted amount of frictional contact at the sealing points
permt conparatively fast operation with a small expenditure of power. Roller
gates have been built with a damm ng height of 30 feet, with lengths up to
125 feet on pile foundations and 150 feet on rock foundations.

h. Tainter Gates. A tainter gate inits sinplest formis a segnent of
a cylinder mounted on radial arns that rotate on trunnions enbedded in the
piers. The tainter gate is considered the nost economical, and usually the
nost suitable, type of gate for controlled spillways because of its sinplic-
ity, light weight, and low hoist-capacity requirements. The use of side seals
elimnates the need for gate slots that are conducive to |ocal |ow pressure
areas and possible cavitation damage. The damming surface consists of a skin
plate and a series of beans that transmt the water load into the radial sup-
porting arms. The tainter gate is raised and | owered by chains or wire rope
attached at both ends, since the tainter type is |less capable of resisting
torsional stress than the roller gate. Gates may be manipulated by a travel -
ing hoist, or by individual hoists, depending upon the desired speed of opera-
tion and consideration of costs. Tainter gates require nore power for opera-
tion than roller gates of simlar size, since nearly all the weight of the
gate is suspended fromthe hoisting chains while the weight of a roller gate
is about equally divided between the chain and the pier. Counterweights wll
reduce power required, but will add to the total weight of the structure
Tainter gates built to heights of 75 feet and |engths of 110 feet have been

used for navigation dans. It is desirable but not mandatory that the trun-
nions of tainter gates be placed above high water, and essential that the gate
itself be capable of being raised above high water. I[tem 3 of Appendix A

identifies three types of tainter gate nounting arrangenents and descri bes,
with pertinent geometrical data, the gate design and nounting arrangenent at
176 Corps of Engineers projects.

c. Vertical-Lift Gates. The vertical-lift gate noves vertically in
slots formed in the piers and consists of a skin plate and horizontal girders
that transmt the water load into the piers. For the |larger heads, the gate
must be nounted on rollers to pernmt novenent under water load. The vertical-
lift gate, like the tainter gate, nust be hoisted at both ends, and the entire
wei ght is suspended from the hoisting chains. Piers must be extended to a
consi der abl e hei ght above high water in order to provide guide slots for the
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gate in the fully raised position. Vertical-lift gates have been designed for
spans in excess of 100 feet. Hgh vertical-lift gates are sometimes split
into two or nore sections in order to reduce hoist capacity, reduce danmage to
fingerlings passing downstream or ease passing ice and debris. However, this
does increase operating difficulties, because the top leaf or |eaves have to
be renoved and placed in another gate slot.

d OQher Types. Various other types of damm ng surfaces have been
used for navigation dans. These usually have been relatively slowacting
adapt ati ons of stop-1og bul kheads or needl e dans for operation by hand or
limted amounts of mechanical power. The stop-log type of dam consists of
piers with vertical slots in which tinbers or built-up sections of skin plate
and girders are stacked to the desired height. The needl e dam consists of a

sill and piers that support a girder designed for horizontal |oading. Needles
or shutters of conparatively narrow width are placed vertically or inclined
downstreamto rest against the girder and sill and are held in place by the

water |oad. Oher navigation dam types such as w cket (Chanoine and Bebout),
bear trap, and Boul e’ dam (see Figure 5-18) are novable dans that are no |onger
being constructed but are still being used.

e. Selection of Gates. Gates that best neet the operational require-
ments of the proposed spillway should be provided. Were two or nmore types of
gates appear equally efficient, from a functional standpoint, the decision
should be made upon an econonic basis. Tainter gates have been used in nost
recently constructed navigation dams. The follow ng advantages nay be
ascribed to tainter gate installations:

(1) Lighter lifting weight with smaller hoist requirenments.

(2) Adaptable to fixed individual hoists and push-button operation.
I ndi vi dual hoists may have a |ower first cost than gantry cranes and require
fewer operating personnel.

(3) Less tine required for gate operation (nore than one gate can
be operated at the same tine.

(4) Favorable discharge characteristics.
D sadvantages of tainter gate installations are:
(1) Encroachment of radial arm on the water passage.

(2) The necessity for excessively long radial arns where the flood
level, to be cleared, is extrenely high.

The advantages of a vertical-lift gate installation are:

(1) Provision of a clear gate opening with no encroachnment, when
raised, of any part of the gate structure on the water passage.

(2) Mre adaptable to extrene pool fluctuations in that it is
lifted bodily out of the water.
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Figure 5-18. Typical novable dams (Sheet 1 of 2)
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Chanoi ne W cket

Boul e Dam
Figure 5-18. (Sheet 2 of 2)
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Sone of the disadvantages encountered in the use of vertical-lift gates are:

(1) Heavier lifting load which requires greater hoist capacity and
often necessitates a “split-gate.” The split-gate increases operation
difficulties

(2) Not favorable for adaption to fixed individual hoist operation
The nmost common met hod of operation is by gantry crane which may have a greater
first cost than do fixed hoists and al so requires nore operating personnel

(3) Geater time required for gate operation because nornally only
one crane is provided. Tinme element may be especially significant at sites
subject to flash floods.

(4) Gate slots lead to potential cavitation and debris collection.

5-14. Tainter Gate Design. Reference is made to EM 1110-2-2702 and
EM 1110-2-1603 for design guidance for tainter gates. Additional design
gui dance is given in the follow ng paragraphs.

a. (Gate Seal Design and Vibration. Many |laboratory and field studies
have been concerned with instabilities (gate vibration and oscillation) at CE
proj ects. Reports given in items 4, 7, 8, 17, 19-21, 23, and 24 of Appendix A
are representative of problens encountered and their solution. The follow ng
gui dance is recomended for gate seal design:

(1) The configuration of the tainter gate lip and bottomseal is a
major factor in setting up flow conditions that cause gate vibrations.
Ideally, tainter gate lips should provide as sharp and clean a fl ow breakoff
point as possible. Supporting structural menbers downstream fromthe lip
should be kept as high and narrow as possible. The Type C gate lip design
(Figure 5-19), as used on Arkansas River Locks and Dans 8, 9, 13, and 14
gates, adequately meets these criteria. Severe vibrations adequate to even-
tually destroy the gates were experienced with Types A and B (see item 21

Appendi x A).

(2) Rubber seals should not be used on the gate bottom unl ess water
conservation requirenments cannot tolerate the normal |eakage. If required, a
narrow rubber bar seal attached rigidly to the back side of the gate lip, as in
type D design (Figure 5-19), is recomended. However, even mnor variations
fromthis seal design can result in vibrations. Consideration should also be
given to providing a rubber seal in the gate-sill bearing plate. However,
such seals are normally nore difficult to maintain than gate-nounted seals.

(3) In wider tainter gates with high trunnion anchorages, the
hydrostatic force of the pool against the skin plate tends to bow up the lip
at the center of the gate. The Type D seal designs are too inflexible to
prevent |eakage under these conditions. The Type A designs are very flexible
but also vibration prone. Figure 5-20 shows an untested |ip design devel oped
to prevent this |eakage problem The notch in the gate sill may be subject to
cavitation damage and shoul d be tested under proposed operation conditions
before being adopted.
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Figure 5-19. Gate lip design

(4) Structurally, the gate menbers should be rigidly designed to
limt possible gate flexing under hydraulic loads. Rigid rib-to-girder welded
connections and stiffener braces between the bottom girders and the canti-
| evered portion of the skin plate provided the necessary rigidity on the
Arkansas gate designs.

(5) Gate side seals should be designed with sufficient flexibility
to remain in contact with the side seal plates at all gate openings and for
al | probable gap openings as mght be caused by construction inaccuracies,
gate skews, gate tenperature shrinkage and expansion, and nornal structura
settlenents. The side seals should initially be set with a slight deflection
forcing the seal against the seal plate. Debris that becones wedged between
the seal and seal plate should be cleaned out at regular intervals. The
normal J-bulb gate side seal is shown in Figure 5-21. Also shown is a
nodi fied rubber seal shape that was designed to maintain a seal over w de gap
variations between the gate and the pier. This design should be tested on a
prototype gate before extensive use on proposed projects.
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/h/ﬁlli SECTION

Figure 5-20. Bottom seal design for tainter gates, design
proposed for vibration-free, |eakage-free operation

BEY

(6) Unusual gate designs or features should be tested in npbdel
facilities or, if practical, on existing spillway gates that have simlar
geonetric and hydraulic conditions to ensure against cavitation tendencies.

(7) No spillway tainter gate design or feature should be predicated,
or made contingent, on the use of any specific gate operating scheme or plan.

h. Surging of Flow. Design criteria have been devel oped to prevent
periodic surging of flow on spillway tainter gates. Mdel tests have
indicated that the nost effective means of elininating the periodic surge on
the tainter gates is to decrease the length of crest piers upstreamfromthe
gates or to increase the width of gate bays, or both. For |owoverflow spill-
ways, the gate-bay width should be equal to or greater than:

(1) 1.1 times the nmaxi num head on the weir crest for which the
gates control the discharge when the length of crest piers is less than 0.3
times the gate-bay w dth.

(2) 1.25 tinmes the naxi num head on the weir crest for which the
gates control the discharge when the length of crest piers is between 0.3 and
0.4 tines the gate-bay width. The maxi num gate opening for which tainter
gates will control the discharge should be taken as 0.625 tines the head on
the weir crest. By utilizing the spillway discharge curves for various gate
openi ngs, the maxi mum head on the weir crest for which the gates will control
the discharge can be deterni ned.

c. Gate Seat Location. The gate seat should be |ocated at the
begi nning of the parabolic drop or within two feet upstream of that point for
| ow- head navigation structures. This location will help the jet adhere to the

downstream face of the crest.
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d. Tainter Gate Trunnion Elevation. Trunnion elevation is set above

most floods. Typical submergence allowed is a maximum of five to ten percent
of the tine.

e. Top of Gates, Cosed Position. Vhen in the closed position, the
gates should have at |east one foot of freeboard above the nornal upstream
pool. On large pools where fetch for wave setup is large and water conser-
vation is inportant nore than one foot may be required.

f. Bottom of Tainter Gates, Raised Position. Gates should be designed
to clear the highest flood with allowance for floating debris. Typical clear-
ance is one to five feet above the PMF.  Special consideration nay be appro-
priate for projects with najor flood |evees along the overbanks. Oten the
maxi mum stage will occur just before the | evees are overtopped. Subsequent
di scharge increases would result in |owered stages because of |evee failure
and dispersion of flows through the protected areas. For spillways in such
| ocations, the naxinum gate-opening height would be set at one foot above the
adj acent levee crown elevation. Another consideration is raising the bottom
of the gates to allow accidental passage of barges through the gate bays
without dammge to the tainter gates.

g. Gate Radius. Skin plate radius ranges from1l.0 to 1.2 tines the
danmi ng height of the gate. The radius of the gate is affected by the
vertical distance between the bottom of the gate in the |owered position and
| ow steel of the gate in the raised position. Spillway bridge clearance nay
also be a factor in determning the gate radius and the trunnion |ocation.

h. Subnergible Tainter Gates. Subrergible tainter gates were de-
vel oped to allow passage of ice without having to use |arge gate openings.
Case histories of various types of subnergible gates are presented in item 30
of Appendix A. Two types have evolved, the type in which the top of the gate
can be | owered below the normal upper pool elevation and the piggyback gate.
Both types are shown in Figure 5-3. A shaped lip on the top of the gate can
be used to keep the flow off the back of the gate. A listing of projects
havi ng subnergible tainter gates is given in Table 5-4 and a definition sketch
is shown in Figure 5-22. Sone of these projects have experienced scour and/or
vibration problenms. Lifting chain or cable |oads are much greater in deep
submerged positions and nust be considered in machinery costs. At Lock 24,
Upper M ssissippi, subnerged tainter gates have only been effective for
passing light floating ice.

5-15. Vertical-Lift Gate Design. Reference is made to EM 1110-2-2701 and
EM 1110-2- 1603 for design of vertical-lift gates.

5-16. Spillway Piers. The hydraulic performance and di scharge capacity of
spillways are affected by the pier designs. The following factors need to be
consi der ed.

a. Thickness. Pier thickness is dependent upon structural require-
ments and is generally a function of the bay width and pier height. Pier
widths for the spillways of item 10 and 13-16 projects, Appendix A, vary from
8 to 15 feet.
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g UPPER POOL ELEV

Subg AH

GATE LOWERED ELEV_{

G \"4 LOWER POOL ELEV

—

Ca

CREST ELEV

ROSONAS

N\

T
AH = HEAD DIFFERENTIAL = UPPER POOL ELEV - LOWER POOL ELEV
SubG = GATE SUBMERGENCE = UPPER POOL ELEV - GATE LOWERED ELEV
CG = GATE CLOSURE = GATE LOWERED ELEV - CREST ELEV
DG = DROP CONTROL = GATE LOWERED ELEV - LOWER POOL ELEV

Figure 5-22. Definition sketch for variables used in Table 5-4

b. Supplenental Cosure Facilities. Bulkheads are provided on al
gated navigation spillways to permt gate nmintenance without draining the
pool . Bul khead slots are located in the piers and have their upstream side
about one pier thickness downstreamfromthe pier nose. The slots nust be
upstream far enough to ensure that the bul kheads will clear the gate raising
mechani sms while being placed. Cccasionally, bul khead slots are provided on
the downstream ends of piers also. These bul kheads would pernit dewatering
and inspection of the spillway gate sill. \Wen |ower pool |evels are higher
than the gate sill, inspections nust be nade by divers if these bul kheads are
not provided

c. Pier Nose Shape. A semicircular pier nose shape is the npbst comobn
and generally satisfactory design. An ogival shape (Type 3, HDC 111-5) was
found to be only slightly nmore efficient than the senmicircul ar shape (see
item 6, Appendix A). Al the Arkansas River navigation spillways have a
curved nose leading to a 90-degree point (simlar to ogival). A structura
angle is enmbedded in the point. The angle has helped to protect the piers
from bei ng damaged by colliding barges and other objects. This shape is very
efficient when the gates on both sides of the pier are set at equal openings.
However, when gate settings are very different, the sharp pier nose causes a
flow separation fromthe pier on the larger gate opening side causing a reduc-
tion in efficiency.

d. Barge Hitches. If floating plant is used for spillway or spillway
gate mai ntenance, tie-up posts should be added to both the upstream and down-
stream end of the piers. By recessing the posts back fromthe pier face, they
will cause mniml flow disturbances.

5-17. Abutnents. Long-radius abutnents are used infrequently at |ow head
navi gati on dans because the spillway is normally |ocated for straight approach
flow which minimzes need for |arge abutments, and operation of adjacent

| ocks, overflow sections, powerhouses, etc., would be hindered by |arge abut-
ments. Abutnent radius used on projects in items 10 and 13-16 of Appendix A
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were the same as the interior piers that equal ed one-half of the pier wdth.
Section Il. Design of Oher Appurtenances

5-18. Navigable Passes. Navigable passes pernmit the passage of tows over |ow
head dams without the requirement for locking. These may be appropriate at
sone dans if certain conditions obtain. These include stages high enough to
permt open-river navigation for a significant portion of the year, individua
hi gh-wat er periods usually of considerable duration, and a gate regul ating
system commensurate with the rate of river rise and fall. The benefits of a
navi gabl e pass may include Iower lock wall heights and | ower tow operating
costs when |ockage is unnecessary. This may be offset by higher naintenance
costs for locks that sustain relatively frequent overtopping. In addition to
dans for which a navigable pass is included as an elenent in their configura-
tion, many other dans have hi gh-water navigation over a weir section. This

i ncludes both dans with gated and weir sections as well as dans entirely con-
structed as fixed-crest structures. These dans also nay require |ess |ock-
wal | height. The design of a navigable pass nust provide for sufficient clear
width for safe passage of tow traffic, including poorly aligned tows. At some
| ocations this may include two-way traffic. In addition, the pass nust have
sufficient depth for tows of the authorized draft, including a buffer to
account for overdraft, tow squat, etc. Model studies have shown that a navi -
gabl e pass shoul d have a m ni mum cross-sectional area 2-1/2 times the area

bl ocked by a loaded tow. Current direction should be aligned normal to the
axis of the navigable pass and velocity through the pass nust be | ow enough
for upbound | oaded tows of the horsepower range that operates on the waterway.
A model study shoul d be considered in the design of a navigable pass. At the
present tine, the Corps is operating dams with navigable passes on the Chio
and Quachita Rivers. Pass widths vary from 200 feet on the Quachita to 932
and 1,248 feet on the Chio River. In addition, the Corps operates dams on the
Illinois Waterway at which tows transit the regulating w cket section during
hi gher stages. Gate types for navigabl e passes include Chanoi ne wickets
(Figure 5-18) and hydraulically operated bottom hinged gates. Fabridam has

al so been used but has experienced considerable problens with vandal s and
debris punctures. Drum gates are under consideration for a replacenent struc-
ture on the Chio River (Figure 7-3).

5-19. LowFlow and Water Quality Releases. Provision for sluices as part of
the main spillway or a separate outlet works to acconplish lowflow or nulti-
| evel releases should be designed according to EM 1110-2-1602.

5-20. Fish Passage Facilities. Mst fish passage facilities are |ocated on
rivers in the North Pacific Division (NPD). Engineers in NPD should be con-
tacted for design infornmation.

5-21. lce Control Methods. It is desirable and often essential to continue
operation of navigation dans and spillways during winter. Traffic may be cur-
tailed or even stopped on the waterway but provision nmust be nade to pass
winter flows and to handle ice during winter and at breakup. Designers nust
consi der ice passage procedures, possible ice retention, ice forces on the
structures, and icing problens |eading to blocking of noving parts or sinply
excess weight (Figure 5-23). Provisions to nove ice past or through dans have
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Figure 5-23. lce on control gate

5-48



EM 1110- 2- 1605
12 May 87

been many and varied and none have net with perfect success. At sone

| ocations, it is preferable to retain the ice in the upstream pool, while at
others an ice-passing capability is necessary. Spillway gates should be as

wi de as practicable to nminimze arching across the openings. The primary fac-
tor controlling ice passage appears to be the velocity of the approaching ice.
When the velocity is great enough, the flows are broken and pass through
spillway bays. Passage of ice through a submerged outlet requires sufficient
velocity to entrain the ice into the flow Therefore, to maintain pool during
periods of low flow, it is preferable to pass ice over the top of gates in a
skimming type node. At low flows ice can be passed with one or nore gates
open at a time and arching broken by alternating gate openings. Physical
nodel s of ice control nmethods for specific projects can be made in the Ice
Engi neering Laboratory at the Corps of Engineers Cold Region Research and

Engi neering Laboratory in Hanover, N. H  EM 1110-2-1612 provi des additiona
information on ice control methods.

Section Ill. Model Studies
5-22. General
a. In the design of navigation dam spillways for major structures, a
conbination of analytical, laboratory, and field studies is usually needed

The | aboratory studies can be physical or numerical nodels of flow conditions
which are usually conducted at WES or ice studies for danms in cold regions

whi ch can be nodeled at the Ice Engineering Laboratory at CRREL.  Numerous
problens in the design of spillways cannot always be solved satisfactorily
without the use of nodel studies. Experience has shown that a nodel often can
i ndi cate nore economcal treatnent of certain features which may reduce con-

struction costs by many times the cost of the nmodel. A nodel nmay revea
i nadequacies in the basic design that would linit discharge capacity, result
in costly maintenance, or even cause hazardous operation. It may be desirable

to use hydraulic nodels for a specific project or for a typical case of a
nunber of small structures. By using mbdel studies, alternate plans and nodi-
fications can be tested within a relatively short time with all flow condi-
tions that can be expected. Al so, the design and operating engineers can
observe conditions resulting with a particular arrangenment and satisfy them
selves as to the adequacy of the plan in addition to the advantages given
above.

h. Exanples of previous hydraulic models at VES used to solve spillway
design problenms are numerous. Anong the nost common usages is the verifica-
tion of general spillway adequacy and performance. Generally, undistorted
nodel s of various linear scale ratios are used (commnly 1:12 to 1:60) depend-
ing upon the problens involved, and practical space and discharge limtations.
A general model is nornally used when approach conditions, flow over the
spillway, and exit channel hydraulics are to be studied. A section node
simulating one or nore spillway gate bays is extrenely effective for inproving
various details of spillway design at l|arger scales than the general nodel
If only a section nodel is to be used to sinmulate a structure, careful con-
sideration should be given to the nodel limts since a two-di mensional node
may not introduce flow patterns that can be addressed in a three-dinensional

nodel .

5-49



EM 1110- 2- 1605
12 May 87

c. The effect of approach conditions on discharge of a navigation dam
spillway and required excavation can be studied to advantage in a nodel
Abut ment configuration may seriously affect the discharge of a spillway, and
the nodel can indicate the nost cost-effective design. The effect of waves
fromthe ends of piers upon the height of sidewalls can best be studied in a
model .

d. Determnation of the performance of stilling basins is an inportant
objective in hydraulic nodel studies. The length and width of stilling basins
and the arrangenent of baffles and end sills can be tested. The scour ten-
dency and protective neasures downstream from stilling basins can al so be
studied in a nodel

e. A typical exanple of nodel study benefits is found in item 13 of
Appendi x A, where tests of a spillway as originally designed indicated that
several nodifications could inprove performance and reduce project cost.
Stilling basin tests denonstrated that the apron could be raised two feet to
el 87.0 and still maintain an adequate junmp under the nmpbst critical operating
condition of one gate fully opened with the normal pool and mninmumtail water
el evation expected. Two rows of baffles, eight feet high, seven feet wide,
and eight feet apart, were found to be nore beneficial than the origina
single row in dissipating energy and maintaining the hydraulic junmp. Pier ex-
tensions 37 feet long and 23 feet high were essential for the elimnation of
return flows and eddi es experienced during single-gate operations. A |ower
termnal apron elevation and riprap on a 1V-on-20H upsl ope were required down-
stream of the stilling basin to prevent the formation of a secondary junp over
the horizontal downstreamriprap protection. Miltiple- or single-gate
openi ngs greater than six feet created a secondary junp with the origina
design basin and low tailwaters. The reconmended design stilling basin elim-
nated the secondary junp and provi ded satisfactory energy dissipation for both
normal and energency operating conditions. Oher changes fromthe origina
design included elimnating the approach trench upstream of the spillway,

elimnating the go-degree curved endwal | downstream of the left stilling basin
training wall, and shortening the right training wall between the gated and
ungated spillways from 115 to 40 feet. The approach trench was renoved to

prevent irregular flow conditions. The go-degree curved endwall tended to
magni fy wave action on the left bank. Reducing the length of the right train-
ing wall was econonically beneficial since any length beyond 40 feet did not
inprove hydraulic performance. A considerable reduction in the excavation
requirenents along the right downstream bank was recommended to inprove flow
patterns and decrease construction costs. This recommended reduction in wdth
decreased eddy action, elimnated nuch of the return flow along the right

bank, and produced better flow patterns for both single- and nmultiple-gate
oper ati ons.

Section |V. Exanple Design

5-23. Known Information. From optinization study (see Appendix D for
exanple), a six-gated structure is required having the follow ng di nensions:

Nor mal Upper Pool Elevation = 140
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Normal Lower Pool Elevation = 110

Crest Elevation = 100

Maxi mum Hi gh Water Elevation = 165

Tai | wat er Stage Exceeded 10 Percent of the Tine = 139
Tai lwater Buildup Is Slow

Channel Invert Elevation = 100

Left Side of Spillway Adjacent to Lock Wall

Ri ght Side of Spillway Has 1V-on-3H Side Slope

Use Standard, Nonsubnergible Tainter Gate

Gate Wdth = 60 feet = (Wdth of Mnolith - Pier Wdth)

Pier Wdth 10 feet

Unit Weight of Available Stone = 165 Ib/ft?®
Riprap to be Placed in the Dry

5-24. Devel opnent of Design.

a. Upstream Face and Radius - Use vertical upstreamface with a five-
foot radius (due to 40-foot head) connecting the upstream face and horizontal
crest.

h. Structural requirenments usually dictate length of horizontal crest
from upstream face to begi nning of downstream face. Past projects have used
approxi mately 110 percent of the head on the crest. Distance = 1.10(40) =
44 feet.

c. Downst ream Face:

H = Normal Pool - Crest Elevation = 40 feet

V, (for parabolic drop) = v2g(1/3)H = 29.3 ft/sec

2
2v4y 2
2 2(29.3)%Y -
X° = z - (3303) = 53.3Y (5-1 bis)

This is the steepest slope recommended for a head of 40 feet; use X q 55Y.
The downstream face shaped according to this equation will not experience
severely negative pressures and the jet will adhere to the downstream face of
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the crest. Point at which slope equals 1V on 1H

dy 2X
Slope = aX = 55

For slope¥1 = % , X =227.5, Y = 13.75

d. Discharge Rating - Free uncontrolled flow is needed for input into

stilling basin design. Some of the other three flow regines require the
stilling basin apron elevation and will not be computed in this step.
Q = cpLu3/2 (5-2 bis)

Using Figure 5-9, and using an abutment contraction coefficient since the
adj acent bays are not operating, the following table results for discharge
through a single bay.

Upper Pool .

Ergvati on H/ R Kal 2 I‘effect ive' feet H B, _C Q _cfs/bay
100 0 -- 60. 0 0 - - 0
105 1 0.015 59. 85 0.11 3.00 2,007
110 2 0.021 59.6 0.23 3.04 5,730
115 3 0. 027 59. 2 0.34 3.07 10, 557
120 4 0.036 58.6 0.45 3.09 16, 196
125 5 0.04 58.0 0.57 3.11 22,548
130 6 0. 042 57.5 0.68 3.15 29, 762
135 7 0. 044 56.9 0.80 3.19 37,584
140 8 0. 046 56. 3 0.91 3.24 46, 163

*R =1/2 pier width for use in HDC 111-3/1
** See paragraph 5-7c¢
e. Stilling Basin Apron Elevation - Use a single gate fully opened,

nornal upper pool, and mininumtailwater (which equals the normal |ower pool
since there is a slow tailwater buildup) to determne the apron el evation.
The unit discharge into the basin is
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Assunme Stilling basin apron elevation = 75

Solve Equation 5-8 by trial and error for V; and d, using no energy |oss
bet ween upper pool and stilling basin apron

we are actually sol ving

140 = 75 +

The solution is d; = 13.35 feet

and
. 169.4
v, = 13.35 ° 57.6 ft/sec
L
FI =z —— = 2.78
/ed,
d
d—z- : 0.5 <V1 . 81-*? - 1) = 3.U6
1
d2 = 3.46(13.35) = 46.2 feet
Check assuned stilling basin elevation using tailwater equal to 85%l,

(Factor = 0.85 in Equation 5-11)
110 - 75 #0.85(46.2)
35 £ 39.3
A new stilling basin apron elevation nmust be assuned until the above equation
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is satisfied. The correct solution is an apron elevation = 69.0

d, = 12.55 feet

_769.4
V1 = 1555 - 61.31 ft/sec
F, - 61.31 5 = 3.05
[(32.2)(12.55)]

d, = 48.25 feet

f. Basin Length - Distance from beginning of basin to 1V-on-5H upsl ope
L, = 2d,FR"°= 133.7 ft.

g. Baffles - Height = 0.25d, = 12.06, use 12 feet. Distance to first
row = 1.3d, = 62.7 feet. Distance between upstream faces of baffle = 2(12) =
24 feet.

h. Pier Extensions - Extend 57.7 feet into basin. Use five feet wide
beyond nain piers and use top el evation of 112 (two feet above | ower norma
pool ).

i. BEnd Sill - Use end-sill height = 0.15d, = 7.2 feet, use 7.0.

j. Training Wall - Extend right training wall to end of basin at a top
el evation of 112.

k. Approach Area Configuration - Use approach five feet below crest,
horizontal for 50 feet, and slope up to streambed for 100 feet at 1V on 20H

|. Approach Area Riprap - Average velocity = 769.4/(140 - 95)
= 17.1 ft/sec. Using Equation 5-13, we have the follow ng choices

Thi ckness . -
. Gradation Thi ckness
C I N DlOO Tabl e DSO( M N) ’ feet Wo( M N) ' I bS | nCheS
0. 44 1.0 Dy max) 5-2 1.4 258 30
0.30 1.5 Dy max) 5-3 1.0 86 33

G adations other than those given in Tables 5-2 and 5-3 could be used by
determning Dy, in Equation 5-13 with a blanket thickness of 1.0 Dy MAX).

m Exit Channel Configuration - The top of the end sill wll be at 69
+ 7 =76.0. Place top of riprap 1.0 foot below top of end sill. Slope exit
channel up to streambed for 500 feet at 1V on 20H
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Exit Channel Riprap - Velocity over end sill w o spreading
= (769.G 110 - 76) = 22.6 ft/sec, use 0.80(22.6) = 18.1 ft/sec in Equa-
tion 5-14.

D;o(MN) = 2.5 feet
Wo(MN = 1,302 pounds

Using gradation Table 5-3 for high turbulence, use thickness = 78 inches
i mediately below end sill.

Di st ance, feet Thi ckness, inches
3d, = 150 78
3d, = 150 66
2d, = 100 48
2d, = 100 33
Adj acent to the lock wall, spreading of the single gate fully opened will be

inhibited and rock size cannot be decreased as rapidly as given in the above
table. Use 78-inch thickness for the first 300 feet then 66-inch thickness
for the remaining 200 feet. Provide trench of riprap at downstream end to

protect toe.

0. Tainter Gate Design - For this exanple design, a gate radius of
1.25 times the damm ng height of the gate will be used. In reality, this
radi us can depend on other factors not considered in this example. The
trunnion elevation will be placed one foot above the stage that is exceeded
10 percent of the tine.

R = 1.25(40) = 50 feet
Trunnion elevation = 139 + 1 = 140 feet
The gate seat location will be at the beginning of the parabolic drop.

p. Pier Design - Use semicircular pier noses located in the same plane
as the upstream face of the structure.

g. Abutnents - Abutrment radius should be one-half the pier width or
five feet.

r. Discharge Rating -

(1) Subnmerged Uncontrolled - Use the d Aubuisson equation (5-5)
with K= 0.90 since bay width = 60 ft. An iterative solution is required.
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H,
12

.5
11.
10.
10.
25.
22.
21.
20.
37.
34.
31.
30.

f eet

43
53
15
0

86
05
30
50
29
58
46

h,

10
10
10
10
20
20
20
20
30
30
30
30

f eet

Appr oach

6, 409
5,991
5, 642
5, 495

11, 550

10, 637
9, 875
9, 562

17, 159

15, 674

14, 444

13,942

Area, ft?2

=

SCoocoocooooooo
O O O O OWWOWWOWWOWWOWWOWwWwW0

Q cfs
AH, feet Al Gates
2.5 37, 750
1.43 29, 007
0.53 17,954
0.15 9,629
5.0 109, 550
2.86 85, 009
1.05 53, 004
0.30 28, 743
7.50 201, 805
4.29 157, 164
1.58 98, 623
0. 46 54,132

Results are plotted in Plate 5-1 along with the values for free uncontrolled
flow.

ure 5-11

(2)

Free Controlled Flow -

H, feet

30
30
30
20
20
10
10

1
6

Ok, o k&~

Using the coefficients presented in Fig-

G, feet

G

.0
. 69
.58
.90
. 65
. 82
.54

O OO OO O

Q cfs/bay
2,636
10, 912
21, 401
1,937
8, 393
1, 248
4,930

Results are plotted in Plate 5-2 along with the curve for free uncontrolled

flow
HDC 320-4 to 320-7 nust
This results in the ratio

40 feet.

heads greater than 30 feet or gate openings greater than 14 feet,

be used

The trunnion height above crest
= 0.8 which requires

alR = 40/50

a

equal s

interpolation between HDC 320-5 and HDC 320-6. Determine L/P = 44/5 8.8
and find adjustment factor C2 = 1.03 .
g G G/R . C/(a/R=0.5) C.(a/R=-0.9) C,(a/R = 0.8) Cfg;bay
30 20 0.0 0.60 0.4G5 0.528 0.520 28,230
4o 20 0.40 0.80 0.517 0.555 0.546 34,230
40 14 0.28 0.80 0.545 0.605 0.590 25,138
40 6 0.12 0.80 0.622 0.723 0.698 13,130
(3) Subrerged Controlled Flow - This type of flow requires a dif-
ferent
= 31 feet:

rating curve for

each gate opening
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Gor € 4, ft  h, £t h/G,
1 30 10 10
1 25 10 10
1 20 10 10
1 15 10 10
1 30 20 20
1 25 20 20
6 30 10 1.67
6 25 10 1.67
6 20 10 1.67
6 15 10 1.67
6 30 20 3.33
6 25 20 3.33
14 30 20 1.43
14 25 20 1.43

EM 1110-2-1605
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c
gs AH, ft Q, cfs/bay
0.076 20 1,636
0.076 15 1,416
0.076 10 1,156
0.076 5 818
0.037 10 1,126
0.037 5 796
0.47 20 10,114
0.47 15 8,759
0.47 10 7,152
0.47 5 5,057
0.23 10 7,000
0.23 5 4,950
0.58 10 17,652
0.58 5 12,482

Results are presented in Plate 5-3 along with the curves for free controlled

flow

s. Plan and profiles of

Plates 5-4 to 5-6.

the conpleted structure are given in
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o FIGURE 5-11
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CHAPTER 6
PROQIECT CONSTRUCTI ON
Section |. Gener al

6-1. Flow Diversion Schenmes. Lock and dam construction normally requires a
dry construction site. As these structures are usually located across or near
streams, cofferdams are required for site dewatering and a reasonabl e degree
of flood protection. The construction cofferdam usually creates a restriction
in the river cross section. Usually several alternate diversion schemes are
investigated before the nost feasible and economical solution is found.  Sev-
eral factors need to be considered in devel oping a diversion schene.

a. Flooding. \Wen designing a cofferdam scheme, an inportant design
consideration is to limt upstream flooding to acceptable levels. A though
the flooding is only for the duration of construction, increased flooding may
cause dammge to agricultural, commercial, or other interests. An "acceptable"
| evel depends on the general features and type of devel opnents upstream from
the construction site, cost of diversion structures, and cost of flooding the
construction site

h. Erosion. Another consideration is scour in erodible bed streans.
Scour must not endanger the stability and/or constructibility of temporary
structures (cofferdans) or create conditions that would differ substantially
from design assunptions at the permanent structure. Deflector cells are
sonetinmes constructed adjoining the upper armof the cofferdamto direct flow
away and thereby protect the main cofferdam  Scouring increases the cross-
sectional area of the restriction and thus decreases the anount of induced
upstream flooding. This nmay be taken into consideration during the cofferdam
design. The stability of the riverbank at the restricted section nmust be
anal yzed. Tenporary protection nmay have to be provided agai nst induced
erosive velocities.

6-2. Maintenance of-Navigation. D version schemes should take into account
that during construction, navigation may have to be maintained on the river.
The restriction caused by the construction cofferdam nust not create condi -
tions hazardous to navigation by introducing currents that tows cannot nego-
tiate. Tenporary locks may be needed. A value of 4 nph (6 ft/sec) has been
used to approxi mate velocities that tows can generally negotiate, although
this depends to a great extent on the power of the towboat. Hel per boats may
be considered in sone situations to assist underpowered tows. In addition to
currents, towboats nust be able to enter and | eave the restricted section
safely wi thout damage to the structure. It is preferable to naintain an open
navi gation section as long as possible to minimze traffic delays. However

at sonme construction sites this may not prove to be feasible, since the inclu-
sion even of a relatively small portion of the damin the first stage of the

work may result in unacceptable navigation conditions. In this case, the con-
struction sequence nust usually begin with the lock so that it will be avail-
able for the passage of river traffic as soon as possible. In either case

special measures (reduced speed, helper boats, etc.) may have to be taken to
ensure navigation safety. Alternatives of a navigation bypass channel
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tenmporary lock, or portage system may be considered. In some cases navigation
i mprovenents can be constructed without interference to existing river traf-
fic, by using a cut across a bendway. In this case, no special provisions for

flow diversion are necessary. General hydraulic nodels with nmodel towboats or
navigation sinulators are usually recommended for major navigation structures
to evaluate various diversion schenes.

6-3. Construction Phases. Since an opening nust be provided to divert
riverflows and in sone cases to maintain existing navigation, projects nmust be
constructed in two, three, or nore stages. In general, econony dictates as
few construction stages as possible, because of the cost and tinme delay asso-
ciated with renoval and replacing of earth enbanknments or sheet piling for
cof f erdam cel | s. However, the nunber of stages nust be consistent with vel oc-
ity limtations to prevent excessive scour and to nmmintain navigation. Also,
savings in initial costs sonetines offset the disadvantage of tinme del ay
provided the project can be constructed within the generally adopted schedul e.
As an exanple, in an analysis performed by the Little Rock District for the
proposed Dardanell e Lock and Dam project on the Arkansas River, it was deter-
mned that a four-stage diversion plan was the nobst econonical (Figure 6-1).
This plan required the construction of 62-foot-diameter cofferdamcells to a
maxi mum hei ght of 59 feet, requiring 7,400 tons of piling with a total esti-
mated cost of $6 mllion. Another alternative was a three-stage plan with a
stabilizing beaminside the cofferdamthat required the construction of
52.5-foot-dianeter cells to a maxinum height of 66 feet above bedrock. This
alternative required 10,200 tons of piling with a cost of $6.8 mllion. Thus
the four-stage plan required | ess sheet piling because of a smaller increase
in upstream stages and it was therefore recommended for construction. It also
had the advantage of the reduced headwater flooding. Navigation structures
can be constructed in a single phase cofferdam schene, resulting in signifi-
cant time and cost savings. Dam 2 Spillway on the Arkansas River is an
example. The existing river was not disturbed; the spillway was |ocated on
the alignment of a proposed river channel cutoff; the spillway was con-
structed; and finally the river was diverted to flow through the conpl eted
structure. Once diverted, an additional phase was required to construct the
closure structure across the old river channel. The time for raising of the
pool and the rate of rise nust be carefully chosen. From a project operation
standpoint, it is preferable to raise the pool as soon as conditions pernit;
however, environmental, commercial, recreational, and social considerations
must be taken into account also. In addition, adequate flow nust be main-
tained during the pool rise to prevent degradation of river water quality.
CGenerally, on rivers with existing open-river navigation, |ocks nust be
constructed while maintaining navigation at the sane time. To supplenent flow
capacity lost during later construction phases, the conpleted |ock can be used
as a floodway to reduce the effect of induced flooding, but only after careful
anal ysis of hydraulic and structural consequences of such action.

Section II. Cof f er dans

6-4. CGeneral Schenes. Cofferdans are tenporary structures in the river pro-
viding an enclosure to permit the construction of the entire or a part of the
navi gation dam In the following, a few typical cofferdam |ayout schemes are
presented as illustrations of possible solutions. However, this does not

6-2



EM 1110- 2- 1605
12 May 87

w340 \ CUT-OFF 210 =
w
25 320 Sl STAGE STAGED STAGE I m g
s |+ EL320 " EL 319 v 320 zz
Sw 300 7OP OF RIVERBED o 300 Sw
<8 20 | 5 ]
g< ! TOP OF ROCK | %0 >3
o 280 l . 260 o
PROFILE
STAGEIT STAGEI
{*Tor oF UPSTREAM CELLS l j
STAGE Iy |_TOP OF URSTRE, LS STAGED !'TOP OF UPSTREAMCELLS EL 319
1 ToPOF | TOP OF UPSTREAM CELLS
RIGHT UPSTREAM CELLS EL 320 f
BANK EL 324 |
1
j“

e
3= @<
ve | ke
NOTE: o g3
TOP OF ALL DOWNSTREAM 9] Xz
CELLS IS AT EL 318 »1 o|Q
ha wix
v 1S
LEGEND ;"-l ~
I
@ STAGEICELLS Vx{ '
i
© STAGEICELLS g I
t ’
@ sTAcEmCELLS ‘I‘ﬁ, ¢ OF LOCK
-t
@ sTAGE@CELLs )
@ CELLS TO BE DRIVEN IN STAGE 1 ot
AND REMAIN FOR STAGE O ]
CELLS TO BE DRIVEN IN STAGE II It
AND REMAIN FOR STAGE IT te?
® CELLS TO BE DRIVEN IN STAGE I ;
AND REMAIN FOR STAGE I¥ =
‘:} COMPLETION-OF-LOCK CELLS AAN

B TIMBER CRIB CONNECTION TO AL B A e
PERMANANT STRUCTURE oo i

N T T-‘J
o
Ab_.

Figure 6-1. Four-stage diversion plan
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inply that these are the only possible alternatives; the design should be
tailored for specific local conditions. O interest to the hydraulic engineer
is the nethod of establishing the top el evation of the cofferdam based on the
di scharge and/or stage frequency-durationships of the river. This subject
frequency relationships will be nore fully discussed later in this chapter. A
typical cofferdamlayout for the construction of Greenup Lock and Dam on the
Chio River is shown in Figure 6-2. In this case, two- and three-stage coffer-
dam | ayouts were studied, and the three-stage |ayout was selected to avoid
high currents adversely affecting navigation. Another possibility is shown in
Figure 6-3 which indicates the construction plan for the replacement of Lock
and Dam 26 on the Mssissippi River. As shown, 6-1/2 gatebays were constructed
during the first stage. River traffic used the opening between the first

stage and the Illinois bank during this phase. The second stage involves the
construction of the lock, and the remnining one-half gatebay, during which
phase the river traffic uses the opening between the second stage cof ferdam

and the Illinois bank. Riverflows pass through the navigation opening between
t he second stage cofferdamand the Illinois bank and that portion of the
spillway conpleted during the first stage. In the third stage, the remaining

gatebays are constructed and the lock is available for river traffic. Another
exanpl e of a typical cofferdamscheme is shown in Figure 6-4, which is the
recommended | ayout for the Newburgh Lock and Dam project on the Chio River.

In this case, two alternatives were studied: a three-stage plan involving
partial construction of the dam and a two-stage plan which involves the con-
struction of all 10 gatebays in a single cofferdam It was found that the
recommended two-stage construction was nore econonical, in terns of initia
construction cost and resulted in a shorter construction period for the project.
River traffic used the opening between the first stage cofferdamand the |eft
riverbank during the first stage construction, and was directed to the | ocks
upon completion of the first stage. In the second stage, the fixed-weir section
of the project was constructed providing nine gatebays for flow passage.

6-5. Cofferdam Heights. Cofferdam | ayout and establishnment of the cofferdam
height are primarily oriented toward an economical plan to nininize hazards to
construction activity, minimze costs of flooding on adjacent properties, and
mnimze costs of cofferdam construction. An econonic analysis nust be done
for a range of cofferdam heights to find an optimum elevation. Factors which
i nfl uence the decision include cofferdam cost for various heights, damage
costs due to overtopping of the cofferdamby floods, costs due to delay in
construction when the cofferdam is overtopped, risk of flooding during the
anticipated construction period, cofferdam maintenance costs, construction and
diversion plan that is selected, and anticipated length of time required to
conpl ete construction. The determination of the probability of occurrence for
the various frequency floods may be based on the following formula:

ol (N-i
P=N'p (1 p)

it(N - i)t
Were P is the probability of obtaining, in N trials, exactly i events
having a probability of p of occurring in a single trial. For the special
case where i =0 , the fornula becones:
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P=(1-p"

the probability of a flood event of magnitude p occurring zero times in N
trials. Therefore the probability of event p occurring one or nore tines
in Ntrials is:

P=1-(1-p"

For exanple, in a project with a three-year construction period, N =3 . To
anal yze the flooding for a lo-year flood, p = 0.1 . Therefore

P=1-(1-0.1)3%=0.271

or, a 27.1 percent chance that a lo-year flood will occur one or nore tines in
a given three-year period. The total probable flooding cost for each height
of cofferdam can be conputed by the formula

C = PI(D(G) + C]

wher e
G = probable total flooding cost
P = probability of flooding

D = nunber of days construction area is flooded before cl eanup operation
can begin

C, = investnent |osses per day while area is inaccessible

C, = fixed cost of cleanup

6-6. Cofferdam Preflooding Facilities. Wen developing floods are so severe
that cofferdam overtopping is predicted, scour damage and subsequent cleanup
within the cofferdam can be minimzed by preflooding the site. This can be
acconpl i shed by providing gated culverts or weir facilities with adequate
capacity to raise the interior water level to near the river level prior to
the time the river overtops the cofferdam

6-7. Exanple Determ nation of Cofferdam Heights. The follow ng exanple is
simlar to a design of the cofferdam height at the Col unbus Lock and Dam on
the Tennessee- Tonbi gbee Waterway. The estimated fl ooding costs, the flood
damage costs, the conparative cofferdam construction costs, the nethod of
duration analysis, and the high discharge duration curve are shown in Fig-
ures 6-5 to 6-9, respectively. In Figure 6-10, the estimated probable
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FI XED COST PER FLOODI NG
Downtime e 10 days @ $10, 500/ day = $105, 000
Punping and Cleanup ------------------- 10 days @$ 7,000/ day = $ 70, 000
Damage Cost ~ ctmmmemmssmmes---e- Lump sum = $ 50,000
Investment Cost ~  s----eeiiiio-aa--- 10 days @ $ 3,000/ day = $ 30,000
Li qui dated Damages  =----- - ---cc------ 10 days @$ 500/day = $ 5,000

$260, 000

TOTAL COST PER FLOODI NG

$260,000 + [(D) x ($10,500 + $3,000 + $500)]

$260, 000 + (D x $14,000)

where D = Duration of flood in days before punping and cleanup can start

NOTES :  Experience and professional judgment were used in estimating the cost
for each of the itens used in determining a realistic total cost for flooding
of the cofferdam The equi pment downtinme cost was based on the assunption
that the cofferdam flooding woul d occur during peak concrete placenent at
which time the maxi mum anount of equi pment would be on the job site. Punpi ng
and cl eanup cost was based on an average tine of 10 days to punp out and clean
up the protected area. This cost includes extra equipment for the punping and
cleanup crews. Danmage cost was estimated considering equi pnent |oss, duplica-
tion of work effort caused by berm and sl ope sloughing, wod form | oss, and
damage to prepared foundations. Investnent cost is the estinated daily
interest cost to the Federal Governnment during construction. Since the
construction is on the critical path, downtime during the work phase wl|
extend the total project conpletion tinme. This cost was derived by dividing
the present estinmated value for interest during construction by the con-
struction period to get a one-day cost. The |iquidated damages cost is the
extra cost incurred by the Corps of Engineers for each day past the schedule
conpl etion date.

Figure 6-5. Estimated flooding costs
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TOP OF COFFERDAM COVPACTED TOTAL COST OF
ELEVATI ON, FEET FILL STRI PPI NG VARI ABLES
UPSTREAM  DOWNSTREAM § $ $

169.5 168.5 406, 100 15, 400 421, 500
171.5 170.5 510, 500 17, 200 527, 700
173.5 172.5 626, 500 19, 000 645, 500
175.5 174.5 754, 400 20, 900 775, 300
177.5 176.5 893, 800 22, 700 916, 500
179.5 178.5 1,047, 200 24, 500 1,071, 700

Figure 6-7. Conparative cofferdam construction costs
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flooding cost is conpared with the total additional cofferdam cost required to
provide protection above the three-year frequency flood |evel. Visual inspec-
tion of the curves indicates that the nost econonmical cofferdam elevation will

be near the 10-year flood level. It should be noted that the intersection of
the two curves in Figure 6-10 has no significance because the beginning ordi-
nate of the cofferdam cost curve is arbitrary. In Figure 6-11, the probable

flooding cost reduction and the additional cofferdam costs were established by
determining the slope of the total cost curves at increnmental cofferdam
heights.  The curves show the rate of change in probable flooding cost reduc-
tion and the additional cofferdamcost for various cofferdamtop el evations.
The upper intersection between the two cost curves in Figure 6-11 represents
the point of dimnishing returns. In this exanple, the point is at elevation
172.9 which was arbitrarily rounded to 173.0. The design flood frequency was
therefore set at 12 years.

6-8. Scour Protection. Each construction scheme nust be carefully analyzed
to ensure that scour protection is provided where necessary. Successfu
protection has consisted of tinber mattresses or riprap both with and without
filter blankets, depending upon the soil types and flow conditions. Physical
and nunerical nodels have been useful to assist in devel opment of scour
protection designs. The upstreamriverward corner of the cofferdamis usually
the critical point of scour potential. Wng extensions are sonetinmes added to
the cofferdamto reduce velocity concentrations at this point.

6-15



EM 1110-2- 1605

12 May 87

s e e I T R B TR L T
R T IRRENREEL
R \ ,\\N IR ,l,*l, ka,T ! 11 T ARE T T T - KIT.\ 1
e e R e T
Tl ] 4 ]AL\‘A;iT{ T T 1 nERs } ITTJ 111@\ HEN
A aN N » Hiun Hfﬁ‘i N SRSEEREEEE
wL\AILLrv_ %J I - -W - H N - R T
el T Tmﬁ aneE > 5 %x ERmEN n AT
B R REeamsmmEEmA E A | T A mﬁquJJm
u Juwwﬂ jREEAE s IJHmLm HHH A
inuw ENESERENEEE _ EEuRN R T
T =) N sulb P2y I
- ! 1) || + H
HEN =1 ] EEERE
< ) o T
Py \A .
RSN . uE BEENEENE
MRREENES = REREE mERREEES
T t EEREKS]
BESRREEESmEE s - BEE EEEN B
] EEESEEE FaauSRaRSRARE:
EREEEEEN g ] L_ N
A 3 ] Wmuﬁif
: i : + ﬂ
3 ] HM‘T ‘W TTXI
ulu v 1T EREEN
= 1] IEERANEREE RS
| i S i
T ] R u%% T
Pl I
N ﬁ x‘wrx T 1 Lmuuwfﬁﬁ: mE ﬂ_}
EENE : T AT NREacasas
— . - - 4 T‘H ‘[ ‘\m[r
HETHHH ; [ E ) Srrbrrbet TR
@ ~ ~ N ~ g 8 ©

14 “Wvay34409 40 dOL ‘NOILYA3T3

Cof f erdam and fl oodi ng cost change curves

Figure 6-11

6- 16



EM 1110- 2- 1605
12 May 87

CHAPTER 7
PROJECT OPERATI ON
Section I. Normal Spillway Qperations
7-1.  Maintenance of Navigation Pool Levels. The purpose of maintaining a

navi gation pool on a river navigation project is to assure that the authorized
navi gabl e depth is available all the tinme at every point in the river con-

trolled by the project. In general, the point farthest upstreamfromthe
project, which would be the next navigation dam upstreamin a system or the
“head of navigation” for a single dam will be critical in this respect. The

m ni num pool el evation at which the above purpose is net is usually defined as
the “normal pool."

a. Uncontrolled Spillways. These structures consist basically of a
fixed-crest weir; a typical exanple is shown in Figure 7-1. The normal poo
is defined as the upstream extension of the weir crest elevation for zero flow
condition. The advantage of uncontrolled spillways is their sinplicity of
bot h operation and nmi ntenance since the structure contains no noving parts
(except for the locks) or equiprment that could be subject to malfunctioning.
The toe of the weir is subject to high-velocity, turbulent flows and therefore
requires relatively frequent inspection to preserve the integrity of the foun-
dation. An operational disadvantage of navigation projects with uncontrolled
spillways is the increased possibility of pleasure boat accidents. Since the
drop in water surface at the weir is difficult to recognize from upstream
boats unfamliar with the conditions may ramthe weir instead of |ocking
through. As riverflows increase, a pool elevation is reached where project
navi gation is suspended. In order to mtigate the effect of upstream fl ooding
at uncontrolled spillways, |ocks are frequently used as floodways. Details of
this special operation are described in EM 1110-2-1604.

h. CGated Spillways. The normal pool elevation, consistent with its
definition in paragraph 7-1, is maintained by the operation of dam gates. It
should be noted that in case of multipurpose projects operated not only for
navi gation, other pool levels such as “minimum power pool” or “flood-contro
pool” may exist. These project operations are nore conplex than dams with
navigation as their sole purpose. In the latter case, gates are operated as
necessary to control all flows and to maintain a constant upper pool elevation
(normal pool). At |ow dams (see paragraph 7-3b), a normal pool is naintained
until the tailwater reaches the normal pool elevation at which tine the gates
are raised to maxi mum height and no further control. of the pool level is pos-
si bl e. If the river level rises still farther, an elevation may be reached at
whi ch navigation is suspended and the project will be prepared for flooding.

A gate operation schedule should be prepared during the design stage. An
exanpl e of Pittsburgh District's gate operation schedule for the Maxwell Lock
and Dam on the Mnongahela River is shown in Figure 7-2. The schedul e shoul d
be consistent with the design and should reflect any operational constraint

i nposed on the structure by the design. A frequent problemis scour below the
spillway apron induced by misoperation of gates, especially at |ow tailwater

| evels. The operation schedul e should minimnmze adverse inpact on navigation
at the upper and |ower |ock approaches. In general, this concept requires the
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ACMETONIA

POOL 3 EL 7345

POOL 2 EL. 721.0

DERRICK STONE

1435.75"

TO
TO MOUTH HEAD OF SLACKWATER
14.5 MILES 57.5 MILES
ALLEGHENY RIVER o <
O n
& o)
5 $ <
5 b S S
o r >y Q
g 5

ALLEGHENY €O
PENNSYLVANIA : .

POOL 2 EL. 721.0

TYPICAL SECTION
OF DAM

Figure 7-1. Uncontrolled spillway
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NORVAL UPPER POOL EL. 763 (GAGE 9.0)
M N MM LONER POOL EL. 743.5 (GAGE 9.0)
Losr Pool Gate Nurbers and Types Total | Upper Gage
Discharge Flev Cae | Dowble | Sirgle | Sirgle | Dowble | Double Feet in Feet
ofs ft. mel fr leaf 1 | leaf2 | Leaf 3 | Leaf 4 | Leaf 5 Opan Dam No. 7
0 T43.5 9.0 GATES CLOSED 9.0
2,900 743.8 9.3 1 1 10.3
5,30 T44.0 9.5 2 11.0
8,150 THU.5 10.0 9 3 1.6
10,800 T44.9 10.4 [ 1 4 12.0
16,100 76.8 1.3 1 1 6 12,9
2,20 7.1 12.6 [ 9 9 9 13.6
27,400 783 | 13.8 2 2 12 1.2
3,700 719.6 15.1 , 4 4 ;6) 1;3
3,30 0.8 | 16.3 4 .
15,500 2.1 17.6 _4_I__f 6 L ] A 16.0
50,900 3.3 | 18.8 6 6 8 16.4
%, 40 TH4 | 19.8 6 6 2 16.8
9,400 5.1 0.6 8 8 ¥ 171
63,000 7%.8 21.3 8 8 0y 17.4
66,800 6.4 21.9 __8—1___F10 ] 1y 17.8
69,500 757.1 2.6 10 10 8 18.1
72,000 7.6 2.1 10 10 5 18.3
74,100 T80 | 235 0 12 12 2 122
76,000 8.4 3.9 12 .
78,100 T9.0 4.5 12 14 l 64 19.0
80,100 759.4 1.9t 14 68 19.2
83,800 760.2 3.7 14 | 14 T8¢ 19.6
87,400 761.0 5.5 14 86* D.1
8,70 1.5 1.0 | GATES gL .4
92,400 T62.0 a5 RAISED CLEAR UO* .7
OF WATER

No. 1 gate is next to lock. Gate openings are shown bel ow the gate nunbers;

these openings are in feet fromcrest of damto the bottomof gates. Any

operation step may be made in parts for closer control. Two feet is the

maxi num desirable difference in opening of adjacent gates.

* Effective opening raised clear of water assuned to be 22 feet. (age
readi ngs at Dam 7 (upper) correspond to di scharges shown at Maxwel | .

t Desirable minimumtailwater for 1 gate fully open.

Figure 7-2. Gate operation schedule for Maxwell Lock and Dam
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uni formdistribution of gate openings across the structure to prevent the
formati on of dangerous eddies downstream Finally, the attainment of |ow
operation costs and enhancenent of water quality at low flows are al so
important operating objectives. In summary, fromthe operation standpoint,
the gated structure offers greater flexibility to attain project objectives;
however, the operation is more conplex and requires a higher degree of

mai ntenance to mnimze equi pment nal function than projects with uncontrolled
spillways. Also, the consequences of navigation accidents on project
operation are likely to be nore severe (loss of pool due to barges |odged

under gates).

c. Mvable Dans. At sonme locations, natural river discharges are
sufficient during a portion of the navigation season (which could be continual
t hroughout the calendar year, or extend over part of the cal endar year only)
to obtain the authorized navigation depth. This is an advantage fromthe
operational standpoint since |ocking delays are elininated. However, during
periods of |ow discharges, the dam nust be raised to assure sufficient depth
for navigation. Movable dans are structures that acconplish this objective.
An early version of novable dans were the wicket dans on the Chio River, the
majority of which are now replaced by gated structures. The wicket is a
narrow wooden |eaf that when raised, is supported in an inclined position by a

prop and when lowered, lies flat on the foundation just downstream of the
sill. A large nunber of wickets side by side constitute a novable dam  The
Wi ckets are raised and | owered froma maneuver boat. A typical wcket damis

shown in Figure 5-18. The operation of the wicket dans in their original form
is rather tine-consunming and hazardous, especially during w nter periods.
Therefore this type of operation can be considered obsolete. An inproved ver-
sion of the wicket dam concept, utilizing renmotely controlled hydraulic cylin-
ders, has been built recently on the Seine River in France. A nore nodern
type of novable dam has been proposed for the navigable pass portion of the
single dam repl acenent structure at A nsted on the lower Chio River (Figure 7-
3). For the prelimnary design, a drumgate that is raised or |owered by the
upstream hydraulic pressure was considered for the novable portion of the

dam The control is renote to elininate any hazardous manual operation.

7-2.  LowFlow Periods. The operation of novable dans to ensure navigation
depth during | owflow periods has been described in the previous paragraph.

No special operation procedures can be inplemented at fixed-crest dans during
| owfl ow periods; however, projects with gated spillways can be operated to
improve water quality during these periods. A study conducted on the Chio

Ri ver found that dissolved oxygen content downstream of navigation dans during
critical lowflow periods can be increased by concentrated gate openings. An
exanpl e of this operation is shown in Figure 7-4. Before inplenmenting such an
operation, a careful check nmust be nmade to ensure that concentrated gate
openings will not result in downstream scour, eddy action, etc. A very
special problem can arise in areas where during extrenmely |owflow periods
sufficient water is not available for |ockages. Provisions nust be made for
adequate storage under these conditions.

7-3. Fl ood Fl ow Peri ods.

a. High Dans. Navigation projects with high dans are usually
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FLOATING DRUM
GATE
100" 4 | UPPER POOL
V' MAINTENANCE EL 300

SECTION THRU DRUM GATES

Figure 7-3. Movabl e dam
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81,600
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92,400
94,200
98,300
00,400

Note: Gate openings in feet.

Figure 7-4.

Gate operating schedule for inproved reaeration,
Raci ne Locks and Dam
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constructed in areas where the topography and | ack of dense devel opnent in the
river valley permt the utilization of greater |lift heights, sonetines in
excess of 100 feet. An inportant distinguishing feature of these projects
fromthe low dans is that the tailwater has no effect on the operation of nost
high dans. Usually the project is authorized to operate to satisfy the de-
mands of navigation, hydropower, and possibly flood control. Flood control is
nornmal |y achieved by spillway gate operation. However, the gates only contro
that portion of the flow which is not used for hydropower generation. An
exanpl e of a multipurpose high navigation damis the Weeler project on the
Tennessee River operated by TVA (Figure 7-5). During flood periods, spillway
gates are operated to pass flood flows until extrenely high discharges are
reached that the gates no longer control. At this project, the lock walls are
above the maxi mum high-water elevation, theoretically rendering navigation
possible at all times. As shown in Figure 7-6, the project is also operated
for flood control by drawing the pool down to el 549 in anticipation of spring
floods. The minimum pool is established by providing for authorized naviga-
tion depth.

h. Low Dans. The operation of |ow danms during flood periods is con-
trolled by both the tailwater and headwater. Spillway gates are raised for
increasing spillway flows by maintaining the upper normal pool until the tail-
water reaches that elevation. At this discharge, essentially open-river con-
ditions exist and further increase in the riverflows cannot be controlled by
project operation. |f hydropower is part of the devel opment, in contrast to
hi gh dans, power generation will be possible only during part of the year.
Periods of flood flows are excluded due to insufficient head to operate the
t ur bi nes.

¢c. H nged Pool Operation. Under normal spillway operations, the gates
are adjusted to maintain the established normal pool level at all times except
when flood stages exceed the pool level at the dam Then the gates are fully
opened. Hi nged pool operations, which are limted to flood flow periods, in-
vol ve opening the gates in excess of that required to maintain the pool. Thus

NOR MAX HW EL 556.0
MAX HW EL 558.3
(687,000 CFS)
— -

CREST EL 541.3

EL 564.05 S [
TOP OF GATES EL 556.3~ !

40’ x15° GATE

END TRAINING WALLS,
MAX TW EL 510.8 EL 5173

FS v [ .
(687,000 CFS) INTERMEDIATE TRAININGE: -

MIN TW EL 504'55_/-;,.— WALLS EL 505.3

Figure 7-5. Miltipurpose navigation project, \Weeler Dam Tennessee
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the | ower reach of the navigation pool in the vicinity of the dam would be
drawn down to below normal pool elevation. The amobunt of drawdown or “hinge”
at the damis controlled by the criterion of ensuring adequate navigation
depth throughout the entire length of the pool. Three purposes for hinging
pools and the consequences of doing so are described.

(1) Stage Control.

(a) Purpose. The purpose is to provide navigation channel depth in
the pool reach of the river for flows |ower than a specified maxi mum dis-
charge, at which the authorized navigation depth would exist naturally. Addi-
tionally , control stage linits exist at certain point or points within the
pool that nust not be exceeded for these range of flows. Thus, as discharges
i ncrease, approaching that specified maxi mum di scharge, the pool at the dam
nmust be | owered so stages at control point(s) upstreamof the dam do not ex-
ceed the limting stage.

(b) Example. In the pool of Dam No. 26 on the M ssissippi River, a
ni ne-f oot - deep navi gati on channel must be maintained during flow periods of
210,000 cfs or less. Additionally, stages at Gafton, Ill., approxinately
15 mles upstream of Dam No. 26 must not exceed 420.0 feet NGVD. During
mnimum flows, the pool level at the damis nmintained at 419.0 feet NG/D. As
di scharges increase, dam gates are opened further and the pool is drawn down
so as not to exceed the limting stage at Gafton, I[lIl. \Wen approaching a
di scharge of 210,000 cfs, the pool at the dam nust be lowered to 414.0 feet
NGVD to acconplish the above purpose. Wen flows exceed 210,000 cfs, all
gates are opened fully and open-river conditions exist. [t can be seen that
a “hinge” of five feet exists at the dam (419.0 to 414.0 feet NGVD) as dis-
charges increase frommnimumflows to those providing uncontrolled navigation
dept h.

(2) Real Estate Acquisition.

(a) Purpose. For sonme projects, hinging the pool can reduce the
requi red amount of flowage easenent acquisition because of |owered post-
project flowline profiles throughout the pool.

(b) Exanple. For Pool No. 3 on the Red River Waterway Project, the
criteria for real estate acquisition were the ordinary high-water |ine (CHM)
or the relationship of preproject versus postproject flow lines for any given
discharge. Fl owage easenents were required where postproject flow lines were
rai sed above both the OHW. and preproject flow lines for a given discharge.

By hinging the pool, postproject flowlines can be depressed and the | ength of
reach having flow |lines above the CHA can be reduced. Figure 7-7 illustrates
the flowline reductions that can be realized by hinging this pool.

(3) Pool Dredging Quantities.

(a) Purpose. During the recession period of flood flows, sedinents
tend to deposit in the mddle portions of some pools. This occurs where the
wat er -surface slope decreases because of the pool inpoundnent effects, and
flow velocities are reduced. By hinging the pool, these deposits are carried
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farther downstreamin the pool where postflooding depths are adequate for
navi gation w thout dredging.

(b) Exanple. Pool hinging to reduce dredging quantities has been
tested in several pools on the Arkansas River navigation system These tests
indicated a potential for significant dredging reductions in some pools. Mx-
imzing benefits requires a determnation of the optimumtine to initiate and
to termnate the hinging process for each pool. Additional prototype testing
in each pool would be required to optinize potential benefits.

(4) Hinged Pool Consequences. I f hinged pool operations are
anticipated on a navigation pool, several factors nmust be considered in the
proj ect design.

(a) The upper gate sill to the navigation |ock nust be set |ow
enough so that navigation depths are provided while operating in the hinged
pool node

(b) Velocities and crosscurrents in the upper |ock approach will be
nore severe than under normal navigation pool conditions.

(c) Tie-up facilities along the |ock guide and guard walls must be
usable at the | owered pool |evels.

(d) Port, docking, and other facilities located within the affected
portion of the pool need to be designed to avoid serious grounding problens
fromthe | owered pool levels. Water withdrawal intake structures along the
pool would al so need to be designed to operate properly under |owered poo
| evel s.

(e) Sudden pool drawdowns can result in bank instabilities.

(f) The increased conplexity of operating the spillway gates for the
hi nged pool |levels can lead to m soperations.

7-4. I ce and Debris Passage.

a. Ceneral. A project operation plan needs to include nethods of
passing ice and debris. These methods can include both structural nethods and
operational procedures. See EM 1110-2-1612 for additional information

b. Dam Gates. Regul ating gates on a dam structure can be used to pass
ice and debris either by underflow or overflow In the first case, the gates
are opened sufficiently wide to create enough flow that accunul ated ice and
debris are pulled fromthe upper pool to the |ower pool, to be carried from
the structure by the current. The nmagnitude of opening for successful oper-
ation depends on local condition and experience; it is usually one-third to
fully opened gate depending on tailwater level (see itens 15 and 18). Hydrau-
lic nodel tests give sone indication of the required opening for new struc-
tures. One of the dangers of this operation is that scour hol es downstream
are often caused by this type of operation. To prevent occurrence of scour
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during ice or debris passage, the operation of the gates should not be in
conflict with limtations established during the design phase. Floating ice
and debris can also be renoved by creating an overflow condition, whereby
gates are |lowered below the normal pool thus pernmitting the flowto carry the
debris over the gate. Naturally, this “skimmng” type of operation can only
be acconplished on projects equipped with submergible gates. Also, this
operation is ineffective against frozen-over ice conditions since it does not
create enough drawdown to elimnate support for sheet ice as opposed to the
net hod of opening gates described above. At sone projects on the Chio and

M ssi ssippi Rivers, the use of submergible gates has been discontinued due to
vibration problens. Both subrmergible tainter gates and roller gates are used

in the North Central Division on the Illinois Waterways and the M ssissipp
River, respectively. Subnergible tainter gates are proposed for several proj-
ects on the Illinois River and nodel studies will be conducted to ensure

vibration-free operation

¢c. Bulkheads. Some of the newer navigation structures are equipped
with emergency gates or sectionalized emergency bul kheads. The primary design
function of these structures is to protect against |oss of the pool in ener-
gency conditions caused by inoperative dam or lock mter gates. However, they
can al so be used for routine and nonroutine naintenance and to pass ice and
debris. Usually, at |east one of the bul khead sections should be designed for
overflow. This unit is placed second fromthe top in the assenbled closure
structure, which is then lowered to the closed position with the dam or |ock
gates closed. \Wen the emergency closure is in place, the dam gates are
opened, the top unit of the energency closure is lifted, and ice and/or debris
is “skimed” through the partially open energency closure. As with the use of
the gates, it is inmportant to prevent scouring downstream of the structure

d.  Oher Qperations. In areas experiencing ice problenms, common prac-
tice is to operate damand | ock gates to keep elenments from freezing, even
when not needed for river traffic or normal pool regulation. Seals on tainter
gates are especially vulnerable to freezing. However, oil-heated seal plates
have worked successfully at some projects. Ice also builds up between | ower
chord nenbers of tainter gates and piers due to stilling basin turbul ence.
Oten this is a greater problemthan the seals.

Section Il. Special Spillway Operations

7-5.  Purpose. Special spillway operations can be either intended or unin-

t ended. I ntended operations may be due to such things as project repair, con-
struction at the project or downstream or grounded barges; unintended
operation may be due to operator error, equiprment failure, or tow inmpact with
a dam

7-6. Loss of Scour Protection. Failure of downstream stone protection bel ow
a stilling basin is an exanple of a condition that may require special opera-
tion. If the failure is localized below a linited section of spillway,
reduci ng the opening of the spillway gates in that section or conplete closing
may be required until repair can be effected. Raising the tailwater elevation
by operation of a downstream dam al so nay be effective in reducing the turbu-
lence in the damaged areas. A conbination may be required. Decreasing the
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flowin one part of a spillway will increase the unit discharge in other
sections of a run-of-river project without storage available to adjust the
spillway discharge. This can cause increased stress to undamaged sections of
the stone protection. The responsible individual will be required to decide
on spillway operations that are in the best overall interest of the project,
consi dering project protection, navigation needs, and safety.

7-7. Qperator Error. Msoperation of spillway gates has the potential to
create various problens with different degrees of seriousness. CQutdrafts or
adverse currents for navigation, or scour, can be created by the incorrect
gate settings. Stone protection can be damaged or destroyed, as discussed in
Section 7-6. M soperation can cause abrupt changes in upper pool and tail -
wat er el evations. It may al so cause problens at adjacent |ocks or hydro-
electric plants, such as inability to open lock |ower nmiter gates due to a
head differential across the miter gates. The changes in flows may cause
probl ens, or require special operations, at upstream and downstream projects.
The responsible individual will need to have the gate settings corrected as
soon as possible after the misoperation is discovered. The recovery operation
nmust be executed so that abrupt changes in stage that coul d cause problens are
not created. A survey for damage should be conducted as soon as practicable
after the recovery.

7-8.  Equi pment Malfunction. Many types of equiprment mal functions may require
special operations in order to recover nornmal capability. Sone exanples are

covered below. In any case, the responsible individuals will need to analyze
the particularities of each case, and plan and execute necessary operations
and repair, in order to return the facility to nornmal operational status while

mnimzing the inmpact on project functions during the recovery period.

a. Jammed Gates. As in all cases, appropriate recovery procedures will
depend on conditions and constraints existing at each given site. This nay
i nclude placenent of energency closure in order to take the gate out of
operation and adjustnent of the remaining gate settings in order to conpensate

for the lost gate capacity. In general, it is inportant to correct the prob-
| em expeditiously in order to regain full operational capability and flex-
ibility . It will be necessary for the energency closure to be operable in

flowing water.

h. Hoisting Machinery Breakdown. Appropriate recovery procedures in
this case may begin with the attenpt to close the crippled gate, if possible.
If this can be acconplished, placenent of emergency closure may not be neces-

sary . The responsible individual will need to know if the gate load is
equal |y distributed on each side of the gate. If not, the operator runs the
risk of causing additional danage when attenpting to |ower the gate. If the

gate cannot be lowered, it may be necessary to install the energency closure.
Additional steps, as in paragraph a. above, may be required

¢c. Equipnment Vibrations. Flowinduced vibrations have the potentia
for causing considerable damage to gates and other equipnment. Vibrations are
di scussed in Chapter 5. Vibrations can vary fromthe nuisance level to a
maj or, structurally damaging problem Regardl ess of the perceived seriousness
of the problem vibrations observed by operating personnel should be brought
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to the attention of higher authority for evaluation. Appropriate imediate
action may be to check the seals or sill for |oose or jamed materials.
Serious vibrations may require closing of spillway gates or other appropriate
operational change in order to stop the vibrations until there is opportunity
for evaluation and correction. This may require additional gate changes, as
in paragraph a. above, or other operational nodifications appropriate to the
instant circunstances.

7-9. Spillway Maintenance. Limted gate availability operation occurs when
one or nore gate bays are closed for maintenance or repair work on the gates.
The nost inportant consideration in this operation is that the renmining gate
capacity should be sufficient to handle anticipated high flows w thout causing
increased upstream stages exceeding that predicted in the design. If fea-
sible, repair and/or maintenance work should be schedul ed during | owflow

peri ods. On sone projects, |ocks could be used as floodways should an ener-
gency devel op during repair work if they have been designed for this purpose.

7-10. Emer gency Operati on.

a. General. Al navigation projects need to devel op a contingency
plan for access to spillway gates so closure can be made in case of an acci-
dent. However, it wll not be possible to include all possible conditions
because each navigation accident will be different from others.

h. Navigation Equipnent Collision with Spillway Gates and Piers. Po-
tential for very serious damage to a navigation damexists due to the presence

of navigation traffic. Figure 7-8 illustrates an accident at Maxwel| Lock and
Dam on the Chio River that occurred in Decenmber 1985. In the case of colli-
sion, damage can vary fromthe inconsequential to najor danmage, including |oss
of the navigational pool. Serious accidents are nmore likely to occur during

hi gh-water periods than during low water. Designers and operators should be
aware of those conditions that are nore likely to cause serious danage to the
structure in case of collision. For spillway gates, the two positions pre-
senting the |least potential for damage at many projects are in the fully

rai sed position, particularly if this is higher than barges or tows passing
through gate bays, and in the fully closed position. A particularly wvul-
nerable position is with the gates slightly below or slightly above water
level. In a rising river situation, wth consequent increasing gate openings,
it should be required operating procedure, as well as a design criterion, that
the gates should be raised to a position above the highest expected water

| evel or above a potential danmaging |evel due to runaway tows or barges.
Designers may find it prudent to include renpte operating capability in order
to permit quick action on the part of operators during emergencies. In the
process of developing an operating plan, the responsible individuals nmay want
to require a staggered gate operation in order to reduce the potential for a
current concentration approaching the spillway (e.g., gates 2, 4, and 6 should
be raised one increnent followed by raising gates 1, 3, and 5).

c. Emergency Cosure. Two types of closure devices are common:

(1) Bul kheads. The mpst common type of emergency closure for
spillway gate bays is a bul khead consisting of one or nore sections and
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Figure 7-8. Accident at Maxwell Lock and Dam Ohio R ver

commonly constructed of welded, high-strength, lowalloy steel. [t contains
two or nore horizontal trusses with lateral and |ongitudinal cross bracing and
vertical tees between the chords of the trusses. A watertight skin plate
general Iy provided on the upstream side, top and bottom seals, side seals, and
roll er assenblies conplete the structure. The roller assenblies bear on
bearing plates constructed in pier recesses. The vertical height of the
structure may vary fromthree to twelve feet depending on design constraints
of a specific project. Usually, several individual units are required to
conpl ete dam cl osure; sonme of these nmay be equipped with an overflow plate
attached to the top truss. The purpose of such design is to utilize bul kheads
for flushing ice and debris, when necessary. The bul kheads should be designed
for placenent in flowing water. Local geonmetry may nake designs uncertain, so
hydraulic nodel tests may be required to verify success. Mst designs do not
permit water flow ng over and under the bul khead units during |owering. Also,
the stacking of more units may be required for successful placement on sone
projects. The units can be stored in a dogged position over the dam In the
latter case, an overhead gantry crane is used to transport the individua

units to the gate to be closed. The first unit is dogged over the bay and the
next unit is noved fromstorage, |latched on the first one, and then the
assenbly is | owered and dogged a second tinme. Additional bulkhead units are

| atched to the assenbly until conplete closure is achieved.

(2) stop Logs. Stop logs usually consist of wooden beans that can
be placed in the event of gate failure in recesses upstream of spillway
gates. Generally, however, operating heads on the dam must be reduced before
placement. Since this arrangenent would result in partial or total |oss of
pool , they cannot be considered a true emergency closure. It should be noted
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that the bul kheads described in the previous paragraph are sonetinmes desig-
nated as stop | ogs.

d. Drawdown. Requirenents for |owlevel discharge facilities for
drawdown of inpoundnents are given in EM 1110-2-50. Such facilities may al so
provide flexibility in future project operation for unanticipated needs, such
as major repairs of the structure, environnmental controls, or changes in
reservoir regulation
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CHAPTER 8
REPAI R AND REHABI LI TATI ON
8-1. Ceneral. Navigation danms will require major repairs, conplete rehabili-

tation, or replacenent when normal naintenance becomes excessive or structural
integrity is threatened. Repair or rehabilitation is generally |ess expensive
t han repl acement except where there are nmmjor structural stability problens.
Specific repair and rehabilitation nethods are presented in the REMR not ebook
(item27).

8-2. Design Life. The major rehabilitation goal is to extend the useful life
of the project for 50 years. \Wen a 50-year design life is not possible, a
shorter design life can be recommended with suitable justification. A though
the design life of nost projects is 50 years, the practical usable life is
much | onger.

8-3. Modernization Features. Mdernization items should be considered in any
rehabilitation plan. These itenms are intended to make the structure conpa-
rable to a state-of-the-art replacement. Mdernization items will be

eval uated based on faster operating tinme, safety, reliability, and reduced
manpower needs. Modernization itens can include the follow ng:

a. Mdern nachinery.

h. Modern electrical equipment.

c. Rempte controls.

d. Television surveillance systemincluding audio in sone instances.
e. Emergency closure.

f. Adding gates to ungated spillways.

8-4. Typical Repair and Rehabilitation Items. The following are common itens
for major navigation damrehabilitation projects:

a. Dam Stability.

(1) Replace upstream and downstream scour protection.
(2) Tendons through structure into foundation.
(3) Cutoff of dam underseepage.

b. Discharge Capacity.

(1) Additional gates.

(2) Overflow dikes.
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(3) Raise dam

c. Ice and Debris Control .

(1) Subrerged gates.
(2) Control boomns.
(3) Air screens.

(4) Gate heaters.

d. Replacenent in Kind.

(1) Resurface concrete surfaces.

(2) Repair or replace gates.

(3) Fix gate anchorages.

(4) Replace enbedded netal

(5) Electrical and nechanical equipment.

8-5. Scour Protection.

a. Background. Inspections of the Corps of Engineers navigation dams
(over 200) often show large scour holes downstream from the stilling basin.
At sone projects, the scour hole had undercut the stilling basin foundation to
a point where remedial work was necessary. These scour holes are often caused
by single gate operation to pass drift or ice during low tailwater conditions.
Single gate operation produces jet flowthat is constricted and intensified by
return eddy currents in the stilling basin. Cuidance for evaluation of major
rehabilitation of existing projects follows.

h. Existing Project Design. Repair of existing projects requires
eval uation of the same conditions listed in paragraph 8-4. However, renedia
work is usually directed to the downstream protection because of the high cost
of enlarging existing stilling basins. Design life of the renedial work can
be based on judgment of how the original project performed. Hydraulic node
studies are usually needed to verify the final design.

c. Consequence of Failure. An analysis of the consequences include
repair and replacenment costs and | ost navigation benefits as well as |oss of
life and property. Very conservative design conditions are usually selected
for a project on a busy waterway with sizable downstream popul ation.

d. Design Rationale. This guidance nust be site-adapted to specific
project conditions. The design engineer is responsible for developing a safe
efficient, reliable, and |least-cost plan with adequate consideration of envi-
ronnental and social inmpacts. Design innovations based upon sound judgment
that are well docunented are encouraged
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e. Fixed-Crest Dams. Scour downstream fromfixed-crest dans is often
caused by high velocity and excessive turbul ence exiting the spillway apron.
Modi fications to the existing damare often required before a suitable scour
protection plan can be inplenented. If there is evidence of piping of under-
lying materials through the stone protection, the cause nmay be fluctuating
pressures or excessive ground water pressure. The repair should consider
appropriate filters.

f. Gated Structures. Gated structures usually have a stilling basin
that dissipates energy adequately when the project operation schedule is not
violated. Scour downstream fromthese structures is usually caused when the
structure is msoperated due to ice or debris passage and occasionally navi-
gation accidents. A typical exanple would be a single gate that is raised
hi gher than the operation schedule allows in order to pass ice through the
structure. Generally during periods when ice passage is required, the tail-
water is very lowor at nmininumelevation. The increased discharge due to the
gate being raised higher than normal and the |ow tailwater cause significant
turbul ence in the downstream channel oftentimes resulting in severe scour and
failure of the stone protection. Another flow condition that causes scour
downstream from a gated structure is an undulating jet. This occurs when high
tailwaters force the flow entering the basin to undulate and ride the surface
of the tailwater through the basin and then plunge through the tailwater after
| eaving the basin. The plunging jet oftentines is strong enough to reach the
streanbed or the stone protection and cause scour.

g. Methods of Protection. Sone Corps districts have already begun to
repair the scoured areas bel ow navigation dams using graded stone protection
and grout-filled bags. Site-specific nmbdel studies are oftentinmes used to
sel ect an appropriate scour protection plan. Gaded stone protection has been
used by the St. Paul District on many of their navigation projects |ocated on
the upper Mssissippi River. Mddel studies on some of these projects reveal ed
that if the existing scour holes were arnored with a |arge graded stone the
structure could be protected. Gout-filled bags were used by the Pittsburgh
District at Emsworth Damon the Chio River. The bags were used as an enmer-
gency replacenent for large rock that probably failed during ice passage.
Sunken barges filled with grouted rock are being considered for scour repair
at Dam 2 on the Arkansas River. This repair nethod has the advantage of being
able to be placed in the wet.

8-6. Repair and Rehabilitation Mdel Studies. The follow ng nodel studies
for major rehabilitation have been conducted by WES to address repairs to
scour protection:

Pr o] ect Feat ure Probl em Recormendat i on
Arkansas River Spi I lway gates Gate vibrations Renove seal s on the bottom of
Dams gates. Projects requiring

bottom gate seal s shoul d
use Type Din Figure 5-19
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Proj ect Feature Probl em Recommendat i on
Cheat ham Dam Spillway gates Mdify partially Retain original gates and

Upper Mss. River
Locks No. 2-10

Mont gorery  Dam

Chio River

Emsworth Dam
Chio River

Al'l egheny, Chio,
and Mbnongahel a
Rivers

Dashi el ds

Pi ke 1sland,
Chio River

L&D No. 2
Arkansas River

Scour repair downstream
Stilling basin
Gated structures

Scow repair down-stream
Stilling basin
Gated structure

Scour repair downstream
Stilling basin
Gated structure

Scour downstream from
stilling hasin or
structure

Uncontrol | ed structures

Scour repair
Uncontrol | ed structure

Scour repair
Gated structure

Scour repair
Gated structure

submergi bl e
gates to lift

gates

Excessive scour
during past
forty years of
operation

Excessive scour

Excessive scour

Excessive scour

Excessive scour

Excessive saw

Excessive scour
due to barge
accident and | ow
tail wat er

8-4

nmodify the sill and trajec-
tory (Add 1.2 feet to sil
elevation and an x* = 26.8y
trajectcry over the

original 1-on-1 slope)

Provi de additional scour
protection by underwat er
pl acenent of quarrystone
and graded riprap as
determined in model tests

Provide better toe protection
and filter

Provide protection with large
riprap or grout-filled begs

Provide protection with large
riprap, grout-filled bags
sunken barges filled with
grouted riprap, and/or
nodi fy structure

Provide protection with large
riprap and modify stilling
basin

Provide protection with large

riprap

Sunken barges filled with
grouted riprap
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APPENDI X B
NOTATI ON
Synbol Term
A Cross-sectional area
B Crest elevation - stilling basin apron elevation
B Wdth of horizontal portion of broad-crested weir
C Di scharge coefficient (subscript denotes type)
| sbash coefficient
Cost or |osses (subscript denotes type)
Cs Top of gate elevation - crest elevation
d Dept h
d, Depth before hydraulic junp
d, Depth after hydraulic junp
D Nurmber of days construction area is flooded

bef ore cl eanup operations can begin

Dso( MAX) Riprap dianeter at which 50 percent is finer by

Dso(M'N)

DlOO

Dg

weight. MAX and MN refers to the upper and
lower limts for the allowable gradation.

Maxi mum riprap size

Drop control = top of gate elevation - |ower pool
el evati on.

Froude nunber = V/ygd (subscript denotes type)
Gavitational acceleration

Gate opening = vertical distance between gate
lip and spillway crest.

Energy head on spillway crest = upper pool
el evation + V?%/2g- crest elevation

Hei ght of tailwater above spillway crest
Head on gate q H- G/2
Hei ght of baffle blocks

B- |
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Units
ft?
ft

ft

ft
ft
ft

ft

ft

ft

ft

ft/sec?

ft

ft

ft
ft

ft
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Synbol Term
i Nurmber of event
K Spi | lway coefficient of contraction in
d' Aubui sson equation
L Length of spillway crest
Ly Di stance from begi nning of stilling basin
to upstreamface of the first row of baffles
L Di stance from beginning of stilling basin to
begi nning of end-sill upslope
N Nunber of trials
) Probability
P Probability, approach depth
Q Di schar ge
q Unit discharge
R Radi us
SUbg Gate subnergence = upper pool elevation - top of
gate elevation
T™W Tai lwater elevation
v Average velocity = QA (subscript denotes type)
V, Initial free jet velocity
W, Ri prap weight at which 50 percent is finer by weight
X Hori zontal or |ongitudinal coordinate or distance
Y Vertical or transverse coordinate or distance
AH Di fference between headwater and tail water
el evations = H- h
> Unit weight of water
Y Unit weight of stone (saturated surface dry)
T Constant = 3.1416

Units

ft

ft

ft

cfs
cfs/ft
ft

ft

ft, NGVD
ft/sec
ft/sec
I'b

ft

ft

ft

| b/ ft?3

| b/ ft3



EM 1110-2-1605

12 May 87
APPENDI X C
NAVI GATI ON DAM MODEL AND PROTOTYPE STUDY DATA
1. Introduction. The availability of data from Corps of Engineers hydraulic
nodel and prototype investigations of navigation dans is sunmmarized in
Table . This information was obtained froma detailed review of 120 reports

on nodel and prototype studies (1930 to 1984) by the St. Paul District, Bonne-
ville Hydraulic Laboratory, and \Waterways Experiment Station. These reports
are listed in the acconpanying bibliography. The organization and use of
Table C are described in the follow ng paragraphs. The data were not

anal yzed or evaluated with regard to quality, present design practice, etc.

2. Design and Q(perational Variables. A list of 221 hydraulic design and
operational variables or significant features of navigation dans was derived
froma review of such itens in various designs of danms used at CE | ocks. This
list is organized in an upstreamto-downstream order and has a nunbering
sequence for easier manipulation in a digital conputer. The major divisions
of the list include:

21000 UPSTREAM APPRCACH
22000 CONTROL SILL

23000 GATES AND BULKHEADS
24000 STILLING BASIN (APRON)
25000 DOMNSTREAM CHANNEL

A listing of operational variables is included with each major division in
Table O rather than in a separate division in order to group nore closely the
aspects of the damoperation with their related design features. The 20
“NOTED | TEMS" include special itens peculiar to the specific projects and are
identified in the notes at the end of Table C.

3. Test Reports. Each colum heading in Table C includes a very brief
identification of the project and a brief notation of the report nunber (ful
title in the Bibliography to this Appendix). Al of the 120 reports are
avai l able on loan fromthe WES Technical Library. The initial letter rather
t han number characters in the colum nunbers (A0l to B21) was used for easier
identification in a digital configuration for conputer file manipulation

4, Types of Data in Reports. The types of performance data available in each
report and pertaining specifically or generally to the various design and
operational features investigated are indicated by the following letter
synbols in Table O:

T- tine-related data
Q - discharge, including coefficients
U- stilling basin performance, flow regi me, appearance

H - hawser force on tow
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D - tow displacement, unrestrained by hawsers

V - local velocities (surface, internal, bottomn
C- surface currents, including vortices

N - effects on navigation

B - boils, or surface turbul ence

W - waves

Y - water-surface elevation profile

S - surges or oscillations

| - internal flow pattern or flow distribution
E - erosion pattern, profile or depth

R- riprap performance (scour, stability)

Z - local average piezonetric pressures
P - local transient or fluctuating pressures
L - losses or differences (head, pressures)

F - nmechanical forces or torque
A - vibration, bouncing
X - other data (see last line of NOTED | TEMS at end of Table d)

5. Comments. The following comments result from observations during the
conpilation of Table O and may be of interest and/or assistance to users
searching for available test data pertinent to their design problens.

a. Consideration of both the design and operational variables of the
feature under investigation, both nmore general and nore specific identifica-
tion of the variables, and related itens or systens in Table C may aid in
finding applicable data that mght otherwi se be mssed

h. The listing of operational variables at “division level” in Table d
and the conpilation process may have resulted in some inappropriate entries of
types of data relative to design variables. This would nost |ikely occur
where a report table or illustration includes several kinds of design and
operational variables.

¢c. Variables 24200 Apron, 25100 Channel, and 25121 Invert El were given
data references for nobst of the citations involving spillway performance.
Al though there may not have been any design variations in the apron or
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channel, they are locations of primary interest for nost aspects of spillway
operation

d. Studies of a few nonnavigation dans were included in the listings
because of those projects’ sinilarity to navigation dams in general design
and/or operation. Some data on fishways and construction cofferdams were
noted if such were included in the reports, but all available studies on these
items were not reviewed.

6. Detailed Test Data Listings. The LINE NOS correspond to those 221
numbers assigned to the design and operation variables. The TYPE OF DATA
synmbol s correspond to those given in paragraph 4 above. The FORMAT synbols
are :

T - nunbered tables
P - nunbered photographs
D - nunbered drawi ngs (plates)

F - nunbered figures (covers all illustrations in St. Paul District
reports)

W - text paragraphs (or pages if unnunbered paragraphs) containing
information not indicated by the tables, photographs, draw ngs, or
figures.

The LOCATION | N REPORT nunbers and letters are those of the pertinent tables,
phot ographs, drawings, figures, and/or paragraphs in that particular report.

7. In addition to the indicated tables, photographs, draw ngs, and/or figures
having data pertinent to a specific design and/or operational variable, the
user should refer to those parts of the text where these data items are dis-
cussed. The comment in subparagraph 5b above al so applies to the detailed
data listings. Also, variations in design and/or operational variables from
table to table, photograph to photograph, etc., rather than in individua
tables, photographs, etc., are covered by listings of all the related data
item location nunbers. The user should conpare variables fromitemto itemas
well as in a single item

8. Atotal of 20,067 location citations was derived froma total of 4,930
single- or conbined-itemreferences (tables, photographs, draw ngs, figures,
text) in the 120 reports. The item|location nunbers are referenced in the
Bi bl i ography to Appendix C (A01, BO0l1, etc.)
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TABLE 1
NAVIGATION DAM
MODEL AND PROTOTYPE STUDY DATA

PAGE SEQUENCE FOR TABLE 1

DESIGN AND TEST REPORT COLUMN NUMBERS
OPERATIONAL

VARIABLES A01 TO A20| A21 TO A45| A46 TO AB5 |A66 TO A90| A91 TOB11 | B12 TO B36

>

21000
TO
21990

d
14

22000
TO
22990

23000
TO
23990

24000
TO
24760

24900
TO
25400

25900 TO 25990
AND
"“NOTED ITEMS”

ONONONOHONO.
® 6NV
OHONONOIIONO,
R
®EOI® 6
OHONOHNOINONO,
gt

®® e

T SR

FACING PAGES FACING PAGES FACING PAGES

1. SELECT DESIGN AND/OR OPERATIONAL VARIABLE(S) OF INTEREST AND NOTE
LINE NUMBER(S) (21000 TO 25990).

2. TRACE SELECTED LINEE)K‘ ACROSS APPROPRIATE TABLES AND NOTE WHICH
Rﬁ%%%?l’ (COLUMNS) CONTAIN TYPES OF DATA (T,QU, ETC.) OF

3. SEE LAST PAGES OF TABLE 1 FOR DESCRIPTIONS OF NOTED
ITEMS AND X'S,

4. SEE BIBLIOGRAPHY FOR FULL TITLES OF REPORTS.
5. SEEWESMPHL _____ FOR DATA LOCATIONS WITHIN REPORTS.

C4




EM 1110- 2- 1605
12 May 87

DESI GN AND OPERATI ONAL VARI ABLES
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01 | AD2 | 03] Aok | A05 | A08 | A7 | A8 | aoo | A10 | ALL | A1 | Ai3 [ ATk | A15 | M6 [ A17 | AIB [ AL9
] [ « = 9 el Al 2 ] e diad o
8 Es5 F | 85 5|z & paspiipEl 2
[ = 2 o0 o m o o o - o [ 3 j— = [ Odl ~ Q4d & 0 = 5
j 23 c = = o pu 3 2 W o ~as oo o o
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¥ F iR v Fral ralBosE oledeE slifniaesd sl-zziislEssEislipslishs
mg S::g‘-:g::g mg—l‘gg_‘g :l’:lg f\'lﬂ o) [al CTd 3 ) A= T F =1 F OO X T E el
@ K | ) o) =N 5] e ~ g -1 f V(05 K L fpmi— Bl o 3 b
DESIGN AND 2 2o E-laE LIRS RR o TBE AR [ SBE AR [ S DA TAlT AEFATSdESAE STl ad
OFERATIONAL VARIABLES e R R R T CE A Y b ek e TS R e o b S e e e s
21000 UPSTREAM APFROACH
3 34 GVC QrL QVCB o
21 cn
100  Channel e vy ¢
Qv EEE
2 Dt
1110 rection 5 e
21120 Shape b v v
1121 Invert E1
b1122 wiatn
1123 Side Slopes
21120 Bottom Slope
i v©
1130 Dike
3 e B
21140 Hoted Items
3 Qv QveB B B [C
> 5
1200 Training Wells CBY WYEZ W WY
21300  Guide/Guard Walls e
214500  Riprap
21410 Bottom
1120 side
1430 Size
le14k0 Thickness
21450 Slope
lP1460 FNoted Items
21500 Hoted Items
215900 Operation
oror0 - c Vet L3 VoK QL W WE |C
BW Wt
c VoR CE
1520 w R
i Wt
L1930 Type Flow
1931 Free/Submerged
le1932 Gated/Uncontrolled
21933 Unit Discharge ¢ vex .
21560 Gate Schedule ve
21941 Single uc
21942 Multiple gﬁ
21943 Locations ue
le1950 Gate Opening VoK
o195 1 Uni form ¢
b1gs2 Variable
121960 Gate Submergence
1970 Gate Speed
lb1980 Other Factors
21981 Ice/Debris
121982 Loose Barges
1983 vaves
21984 Power Discharge
k1990 Noted Ttems
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21000 UPSTREAM APPROACH

Channel

21100

Direction

21110

Shape

21120

Invert E1

121121

wWidth

21122

Side Slopes

21123

Bottom Slope

21124

Dikee

21130

Hoted Items

21140

Training Walle

l21200

Guide/Guard wWalla

21300

Riprap

121400

Bottom

21410

Side

[21k20

Size

21430

Thickness

21440

Slope

21450

Noted Items

121460

Noted Items

|21500

Operation

21900

Pool El

21910

T El

21920

Type Flow

21930

Free/Submerged

21931

Gated/Uncontrolled

lo1932

Unit Diacharge
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Gate Schedule

21940

Single

21941

Multiple

219k2

Locations

21943

Gate Opening

(21950

Uni form
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Yariable
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Gate Speed
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Other Factors
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Ice/Debris
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APPENDI X D
TYPI CAL SPI LLWAY OPTI M ZATI ON STUDY
(Red River, Louisiana)
1. SCOPE. This appendi x summarizes the optimzation studies for selection of
spillway conponents. The goal is to select the opti mum nunber of spillway
gates and length of overflow dam The spillway alternatives studied are

tabulated in Table D-3.

2. DESI GN GUI DANCE FOR NAVI GATI ON DAM STRUCTURES.

a. Plans with Gates Only (No Overflow Dam}. These plans provide a
T-wal | dam extending fromlast gate pier to nonoverfl ow enbanknent dam
Length of T-wall damis governed by excavation slopes for |ast spillway gate
bay and by location of the riverward end of the nonoverflow enbankment dam
The | andward end of the T-wall dam nust be enbedded in the riverward end of
the nonoverflow enbankment dam  The tops of abutnents and T-wall dams nust be
above the headwater for the project design flood plus wave runup. Provi de
m ninumtraining wall downstream of |ast gate bay.

b. Overflow Dam Plans with Weir 300-, 600-, and 1, 200-foot Crest
Lengths.  These plans provide concrete overflow damfromthe |ast gate pier to
the overflow enbankment dam Length of concrete overflow damis governed by
excavation slopes for last spillway gate bay and by the riverward end of the
overflow enmbanknent dam  The overfl ow enbanknent dam was extended | andward so
that total length of concrete overflow plus enbanknent overflow is 300, 600,
1,200 feet, or other selected |engths. Easy vertical transition fromoverflow
enbanknent to nonoverfl ow enbanknment has been provided. For sone instances
with four, five, and six gate bays, stone will not resist the overflow
vel ocities on the downstream edge of the embankment crown, and a concrete
section nmust be provided. Mnimumtraining wall downstream of |ast gate bay
must be provided.

c. Spillway Gate Piers. The trunnion anchorage el evation can be the
sanme for all gate arrangenents since it is related to tailwater.

d. Rprap. Riprap that is needed for each dam arrangenent nust be pro-
vided. A conplete layout plan for each dam arrangenment nust be devel oped.

e. Top of Lock Walls. The top of lock walls will be eight feet above
the normal upper pool for all gate arrangenents. This elevation wll provide
substantially nmore than two-foot clearance above the headwater for a | O year
flood for all gate arrangenents.

f. Stilling Basins and Gated Weirs. The stilling basin will have the
sanme di mensions in an upstream downstream direction regardl ess of the nunber
of gates. The gated crests will also have the same di nensions regardl ess of
the nunber of bays.
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3.  FLOMGE EASEMENTS

a. Some of the spillways would raise flood hei ghts above preproject ele-
vations. Assume that flowage easenents are required on all |ands above the
ordi nary high-water |ine on which flood heights are increased.

b. The channel realignnents on this waterway would reduce the overal
river length fromthe nouth of the Black River (1967 mile 34.2) to Shreveport
(1967 mle 278) by 48 miles. This shortening will cause a reduction in flood
el evations, and the reduction at the Lock and Dam 3 site is estimted to be
2.2 feet. This postproject reduction of 2.2 feet was taken into account when
determ ning whether a given spillway arrangement would rai se postproject flood
| evel s above preproject |levels. For exanple, the six-gate, 315-foot-weir
spillway woul d cause a headwater elevation 2.2 feet above postproject tail-
wat er elevation for the project design flood (PDF). However, this spillway
woul d not raise flood heights since the postproject tailwater elevation is
estimated to be 2.2 feet below the preproject tailwater elevation.

c. Table D2 shows how rmuch various spillway arrangements woul d raise
the PDF (248,600 cfs) above preproject level at the dansite and the |and
acreages on which the PDF would be raised. The calcul ations showed that the
follow ng spillway arrangenents would not raise the PDF above preproject
condi tions.

Nunmber of Gates Length of Overfl ow Dam feet
4 1,510 and |onger
5 935 and | onger
6 315 and | onger
7 0 and |onger
8 0 and | onger
d It is proposed to acquire flowage easenments up to elevation 98, which

is three feet above the navigation pool elevation and one foot above the top
of the overflow dam  \en a postproject discharge reaches this headwater ele-
vation at the dansite, the water-surface profile upstreamw |l be higher than
the flowage easenent elevation 98 throughout Pool 3. The postproject dis-
charge will be 178,000 cfs when the headwater elevation at the dansite is 98,
and this discharge has an average recurrence interval of about 33 years.

e. The preproject profile for 178,000 cfs was cal cul ated and conpared
with the postproject profiles for this discharge for the various spillway
arrangenents. The postproject profiles for the six-, seven-, and eight-bay
spillways were equivalent to or |ower than the preproject profile. Since the
178, 000-cfs di scharge would be only about a foot above the top of the overfl ow
dam the length of overflow dam does not have a significant effect on the
headwat er elevation. Table DI shows how much various spillway arrangenents
woul d raise the 178, 000-cfs discharge above preproject |level at the damsite
and the land acreages on which this discharge would be raised

4. LEVEE RAISING The followi ng spillway arrangenents would raise the PDF by
a foot or nore above preproject and would require raising the flood-contro
| evees adjacent to Pool 3 to provide the preproject |evel of protection.
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Nunber of Bays Length of Overflow Dam feet
None
300
600
1,200
None
300
600
None

oo on AARDN N

The entire length of this | evee would be raised by the amount of height that
the postproject PDF is raised above preproject at the nouth of Saline Bayou.
The | evees would be raised to the same height above the postproject PDF as

t hey were above the preproject PDF

5.  COVPARATI VE COSTS. Detailed cost estimates were cal cul ated for each of
the alternative spillway arrangements using Cctober 1982 price |evels. These
estimates are summari zed in Table D 3.

6. CONCLUSI ONS AND RECOMVENDATI ONS

a. The alternative consisting of a six-bay spillway and 315-foot
overflow damis the least costly considering all costs and is the sel ected
spillway. The lock and dam structure costs for some of the alternatives were
less than for the selected plan, but their costs for additional flowage
easenents and | evee raising caused their total costs to be higher

h. The recommendations for this site-specific study is to proceed with

the alternative consisting of six-bay spillway and 315-foot overflow dam
desi gn.
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TABLE D-1
Spi | I way Arrangenents That Wuld Raise 178,000 cfs Above Preproject

Spi | | way Hei ght of Post-

Arrangenent proj ect 178,000 Fl owage Fl owage

cfs above Pre- Easenent s Easenent s
Length of project 178,000 Required on Required on
No. of Overfl ow cfs at Dansite Main Stem Tributaries

Bays Dam feet f eet acres Appr ox. acres
4 All 2.0 7,000 6,910
5 All 0.9 7,000 6,910
TABLE D2

Spi | lway Arrangenents That Woul d Rai se the PDF Above Preproject

Spi | | way Hei ght of Fl owage Fl owage
Arrangenent Post pr oj ect Easenent s Easenent s
Length of PDF above Pre- Required on Required on
No. of Overfl ow proj ect PDF at Main Stem Tributaries
Bays Dam feet Dansite, feet acres Approx acres
4 None 5.3 8,500 6, 910
4 300 2.8 8, 241 6,910
4 600 2.0 8, 147 6, 910
4 1,200 0.6 7,000 6,910
5 None 2.4 8,273 6, 910
5 300 1.2 7,000 6, 910
5 600 0.7 7,000 6, 910
6 None 1.0 3,328 3,075
6 300 0.2 - - --
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TABLE D-3
Conpar ati ve Costs
Spi | | way
Alternative Lock and Dam Addi ti onal Levee Tot al
Lengt h Structure Fl owage Rai si ng Conparative
No. of of Overflow costs Easenment cost cost
Bays Dam feet In Dollars Rounded to Nearest Tenth of a MIIlion
4 0 157.6 11.6 24.7 193.9
4 300 154. 8 11.4 12.1 178. 3
4 600 156. 5 11.3 8.0 175. 8
4 1,200 158.1 10. 4 M n 168.5
4 1, 510% 158. 9 10.4 M n 169. 3
5 0 163. 8 11. 4 10.8 186.0
5 300 162.0 10.4 4.9 177.3
5 600 162. 4 10.4 Mn 172. 8
5 935* * 163. 3 10.4 0 173.7
5 1, 200 164.5 10. 4 0 174.9
6 0 170.0 4.8 3.4 178.2
6 300 168.0 0 0 168.0
6 315t 168.0 0 0 168.0
6 600 168. 6 0 0 168. 6
6 1, 200 170.7 0 0 170.7
7 0 176. 3 0 0 176. 3
7 300 174.3 0 0 174. 3
7 600 175.9 0 0 175.9
7 1, 200 179. 3 0 0 179. 3
8 0 183. 8 0 0 183. 8
8 300 182. 3 0 0 182. 3
8 600 183. 8 0 0 183. 8
8 1, 200 187.6 0 0 187.6

* Structure costs were extrapolated. This alternative would not raise the
PDF.

** Structure costs were interpolated. This alternative would not raise the
PDF.

t This is the selected alternative. It would not raise the PDF. The six-
bay spillway and 315-foot overflow dam was sel ected over the six-bay
spillway and 300-foot overflow dam because the latter alternative would
rai se flood heights slightly above preproject conditions. No additiona
costs were shown in the table for additional flowage easenents and |evee
raising for this slight rise in flood heights because they would be of
questionable accuracy. However, the 315-foot overflow dam has the
advantage of not raising flood heights, while the 300-foot overflow dam
could be difficult to defend since it will raise flood heights to some
extent.
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