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SECOND SESSION - PART I - AGENCY SEDIMENTATION PROGRAMS

Gail A. Hatheway,* Presiding

SEDIMENTATION PROGRAM OF THE CORPS OF ENGINEERS

by H. K. Armstrong **

Introduction

The preceding papers on this program have been devoted principally to statements concerning
the scope and importence of the sedimentation problem., A natural guestion arises, "What steps
are being taken to improve the situation and what is the plan of action?"” The complete answer
to this question would be as broad as the fleld of interest. A partial enswer was contained in
the action of the Federal Inter-Agency River Basin Committee when that body esteblished the sub-
committee on sedimentation. A means of exchange of ldeas and interests was established upon
effecting the distribution of minutes of the sub-committee, and through the publication and dis-
tribution of the sub~-committee's newsletter supplement. Further action was taken by the parent
committee when it sponsored this conference. Each of the foregoing accomplishments has a single
distinction - cooperative action. Through cooperative action, all concerned have undertaken an
epproach to a solution of the problem.

In view of the diversity of responsibilities and interests of the various agencies, a
problem that involves such numerous ramifications can be successfully engaged and eliminated,
or at least confined, only through a progrem of associated and mutual effort.

Since first charged with the responsibility of developing and maintaining rivers and
harbors for flood control and navigation purposes, the Corps of Engineers has been actively
ongaged in combatling the sedimsntation problem. A few items included in the present program of
the Corps of Engineers will be briefly mentioned in this paper. For the purpose of establishing
geographical orientation, areas of activitlies are identified by Division Offices of the Corps of
Enginsers.

Program of Act{ivities
New England Division

The New England Division has completed a sedimentation observation system on Franklin Falls
Reservoir, and work is 50 percent completed on the system for Blackwater Reservoir. Plans have
been completed for similar systems at Xnightville, Swrry Mountain and Birch Hill Reservoirs.

Reguletory work has been authorized and initiated on the Commecticut River to reduce sedi-
ment deposition in this stream. On Press Barn Bar, where dikes were built 1n 1939, the annual
volume of maintenance dredging in the channel has dropped from about 40,000 cubic yards to about
10,000 cublc yards. As additlional works are constructed, the value of such means of control
should become more conclusive, A series of eight dikes was constructed at the Glastonbury bend
in 1945, and a series of eight is proposed to be constructed at the Wethersfield bend this year.

* Speclal Assistant, Office of Chief of Engineers, Department of the Army, Washington, D, C.
** Hydraulic Engineer, Office of Chief of Engineers, Department of the Army, Washington, D. C.
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Comparative data avallable from this additional regulation within the next few years should
indicate the effective value of the method.

Worthy of mention in connection with the sedimentation program in the New England Division

are the annual maintenance dredging operations that involve an estimated average quantity of
1,300,000 oubic yards of material.

North Atlantic Division

In connection with the design of three flood-control -reservolr projects authorlzed for
construction in the North Atlantic Division, an average annual rate of 50 acre-feet per: 100
aquare miles of drainage area was used in estimating the effect of silting. This conclusion
was drawn from a few surveys on reservoirs in the Piedmont Plateau made by the U. S. Department
of Agriculture, turbidity records of water plants, and experience in the dredging of the James
River below Richmond, Va., Although the anticipated silting in these reservoirs will be small

in relation to reservoir capacities, plans will be made for obtalning regular sedimentation
surveys.,

The current program of the North Atlentic Diviéion will also include:

a. Periodic cross-sectioning of existing chamnels to determine the quantity and
location of debris;

b. Removal of sediment from channels of existing flood protection projects;

¢. Observation of sedimentatlon changes at exlsting and authorized projects; and

d. Monumentation and croas-sactioning of ranges in the reservoir area of the three
completed flood control reservoirs.

South Atlantic Division

The South Atlantic Division 1s preparing plans for & comprehenslve suspended load sampling
progrem for the Alletoona Reservoir project for the purpose of determining as near as possible
the annual amount of silting likely to ocour. It is expected that preliminary field work in
connsection with that program will be initiated in the near future. On the assumption that
s1lting will occur at the rate of 50 acre-feet per 100 square miles of drainage area per year,

serious results are not anticipated during the economic life of the Allatoona project due to
the large capacity of the reservoir. '

As there 1s little information avallable on reservoir sedimentation for this gensral area,
the Alletoona study wlll provide valuasble data for future studles in connection with the compre-
hensive development of river systems presently authorized by Congress in this area.

Mississippl River Commission

In connection with reservoir sedimentatlon surveys, the Mississippi River Commiesion has
completed plaens for the obeervation and reporting of sedimentstion in Enid, Grenade, Lake
Wallace and Wappapello Reservoirs, and plans are in process for surveys of the Narrows and
Blakely Mountaln Reservoirs. Sedimsntation ranges were established in Sardis Reservoir in
1939 and in Arkebutla Reservoir in 194l. A resurvey of the Sardils ranges in 1943 showed no

appreciable sedimentation in the reservoir arss, with deposite largely confined to the old
river chennel.

The Waterways Experiment Station is now engaged in a study of existing dats to determine
what conclusions can be drawn therefrom and what further investigations, both 1n the laboratory

and in the field, are desirable and practiceble for a better understanding of the following
phencmena.

a. The action of sediment in suspension in salt or brackish water, with special
reference to the outlets of the Mlsslssippi River and the Calcasieu channel;

b. The action of sediment in suspension in the Mississippi, Arkensas, and Red Rivers;
and

¢. The charecteristics of bed load.
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This study bas been hampered by limitations of funds, but it . 1s expected that it will be resumed.
in 10L7,

~—n -]

Southwestem Division

An extensive sedimentation program currently underway in the Southwestern Division includes
the establisiment of sedimentation survey systems on numerous reservoirs, and the establisment
and periodic observation of retrogression renges downstream from reservoir projects. Borings
will be obtained at chammel range locations, and determinations made as to the physical proper-
ties of the bed materials. Special studles and investigations will be underteken for the purpose
of providing information and data concerning channel aggradation and degradation, reservoir
sedimentation, and density deposits in reservoirs. In addition, a comprehensive program of
sediment sampling that is now under wa.y and the analysis and interpretation of sampling date
will be continued.

South Pacific Division

A program is currently underway in the South Pacific Division, consisting of periodic
purvey and anslysis of sediment inflow of existing reservoirs end continuing study of degrada-

“tion in down-stream chamnels. In addition a survey is being maede of San Cerlos Reservoir on

the Gila River in cooperation with the Soil Conpervation Service, Bureau of Reclamation; and
Gila Water Commission.

As a part of the administration of the Debris Act of 1893 and of the operation of two
existing debris dems in the Sierra Nevada, & program of weekly sampling of suspended load at
some twenty regu.'l.ar points, with occasional check sampling at other key points, has been carried
on since the construction of the debris dams. This program has been inactive for the last year
but will be resumed when need arises.

Rorth Pacific Division

While sedimentatlion is relatively less serious in the North Paclfic Divisioﬁ than in other
Western areas, the importance and need for better factual data on this problem have long been
recognized., :

A contemplated program consists of determining the rates of silting in Cottage Grove and
Fern Ridge Reservoirs end conducting suspended sediment determinations on all streams on which
gtorage projects are proposed for early construction. The data obtained from these studies
should prove of considerabls value in the planning of proposed dems and reservoirs , and the need
for such data has frequently been a matter of interest in connection with questions raised as to
the useful life of flood control projects in the Columbia Basin. .

The sedimentation problem in the Columbia River Basin will be considered and statement
regarding 1t will be made in the forthcoming "308" Colwumbia River Review Report.

Ohio River Division

Sedimentation surveys of reservoirs in the Ohio River Basin are proceeding according to
schedule. . Surveys on four reservolrs have been completed.. Survey work on one reservolr is
nearing completion and work will be initiated on another in the near future. The sediment
sampling program in this Division is at present in an inactive status. Upon resumption of this
program it is planned to concentrate activities on the collection of data for use in investiga-
tions and studlies of aggradation and degradation problems in rectified channels.

Great Lales Division

To the present time the program of the Great Lakes Division of the Corps of Engineers has
been largely in connection with shoaling of improved harbors and navigation channels of the
Great Lakes and the Illinols Waterway. Over a period of years annual dredging of a quantity
in excess of one and three quarter million yards of material has been required. to maintein
project dimensions.

The sedimentation program of the Division with regard to shoaling in harbors and navigation
channels will consist of required maintenance of authorized projects and determining the
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quentities of materisl accumnlated end removed from within project depths. In conjunction with
pertinent reports, studies will be made as to the feasibllity of constructing sedimentation
basins, reservoirs or channels that will concentrate sediment deposition in pre-determined
locations and if possible reduce maintenance dredging requirements.

Flood control for the Illinois River Basin is presently under study and the coﬁprehansive
plan under consideration includes a number of reservolrs on tributary streams. Upon suthoriza-
tion of the plen, surveys will be made to determine rates of sedimentation in reservoirs, and

studies initiated to determine project requirements considered necessary as & result of antici~-
pated sedimentation.

Upper Mississippl Valley Division

The cooperative investigations and studies ln connection with the design and development
of sampling equipment have been stepped up I1n the Upper Mississippl Valley Division in keeping
with an accelerated post-wer program. Activities in the Division will include the operation
of sampling stations, the collection and analysis of pertinent data, silt range observations,
and speclal studies as required, in addition to dredging operations necessary for the mainte-
nance of proper depth in navigation channels.

Missouri River Division

Extensive sediment investigations in the Missouri River Basin were first undertaken in

1929-1932, when the Missouri River "308" Report Studles were bsing mede. Following & period

of reduced activitles, the sampling program has been recently expanded and at present 40 sta-
tions are being operated regularly. Investligations have included the regular systematic collec~
tion of samples, laboratory analyses using standard methods of determination of sediment concen-
trations and grein sizes, and in most cases preliminery computations of suspended sediment loads
by approximate "rating curve" methods. Bed material samples have been regulerly secured at meny
of the sampling stations, and size analyses made. Activities have also included the development
and testing of sempling equipment end techniques, and special analytical studies of potentlal
sediment problems to be expected as the result of reservoir consiruction.

Sedimentation ranges were instelled in Fort Peck Reservoir prior to the time 1t was placed
in operation, and have since been resurveyed, and rétrogression surveys and bed material sampling
have been carried on systematically below the Fort Peck Dam.

The future vprogram proposes the ultimate establislment and operation of additional suspend-
ed sediment and bed material sampling stations; special fleld and office investigation programs
aimed at better knowledge of actual movement and deposition of bed-load and suspended sedimen-

tary materiels; and fundamental research almed at better quantitative as well as qualitative
evaluation of sediment problems.

Sumary

The items conteined in this resume of activities have been selected on a basis of lmportance
and varlety of interest. Stated in a few words, the over-all sedimentation program of the Corps
of Engineers will involve the collection and analyses of basic data, special studies, investiga-
tions and research projects, to be underteken for the purpose of obtaining factual knowledge for
use in effecting & solution of some of the many problems. '
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SEDIMENTATION PROGRAM OF THE BUREAU OF RECLAMATION

by Whitney M. Borland *

Previous to the plamning of Hoover Dam, the Bureau of Reclamation had considered itas
pedimentation problem as a part of an individual project, but begimning with this dem and its
assoclated developments, sedimentation was recognized as both a drainage basin problem and a
river control problem. The different phases of the problem were studied and analyzed with this
wider and more comprehensive understanding of its influence on the -complete development of the
whole basin, While World War II interrupted many important and essential programs, yet the
surveys and records of changing sediment and river conditions after the closure of Hoover Dam
in 1935 have been published a.nnua.lly

After the War, attention was a.gain more sharply focused on some of the essential and per-
petual problems of the nation's econdiilc welfere. One of these problems is the development of
the nation's weter resources by comprehensive basin planning, With the complete utilization
of stream flow, all available head, and storage cepacity, sedimentation must be glven a great
desl of consideration, It is recognized that there is no absolute solution for meny of the
sedimentation problems, yet it seems logical that certain methods of flow regulations, care~
fully plenned development, and land menagement would often eliminate serious conditions accom-
penying sedimentation problems. To meet this large phase of development, the Commissioner of
Reclamation outlined a broad and aggressive sedimentation program of field and laboratory in-
vestigations to secure facts necessary to complement the eoonomics, pla.nning design and
operation of present and future projects.

Reservoir surveys have been made in the past by -the Bureau to anticipate the useful life
of the reservoir and to determine the storage elevations required so as to provide the proper
storage space for ilrrigetion power and flood. ‘control requirements as set forth in sta.te and.
netlonal water compacts and agreements. Under the new program, a permsnent reservolr survey
party will map all Bureau reservoirs where sediment depositlon is any problem. The crew hes
been equipped with a new supersonic echo-depth sounder end recorder to speed wp their hydro-
graphic survey work, It is planned to meke full use of moderm photogrammntric methods in
establishing the necessary horizontal control.

Special attention will be given to the survey of the upstreeam end of the delte, for many
of our present problems in sedimentation originate there. Vegetal cover over the upper delta
region caused much of the coarser sediment transported by the stream to be deposited above the
maximum water surface elevation in the reservoir., Such deposition of sediment does not decrease
the storage capacity, but there are two detrimental effects. Firsi, early deposition of sedl-
ment will increase the region of backwater which may damage property upstreem, end also the
deposits themselves may damage agricultural or pastural lsnds. Second, the vegetal cover will
have a high consumptive use of water so that while storage space is conserved, the water losses
fron the reservolr and river will be increased. Reservoir surveys provide a positive volumetric
measure of the sediment yield of a drainage basin and serve to partially check sediment sampling
stations, By means of such measurements, studies can be made of the geological, hydrological,
and botanical factors influencing sediment production. Such surveys serve as & basis for plan-
ning the amount and distribution of sediment capacity in fubture reservolrs. They also provide
data for determining the current ra,te of loss of storage capacity and for estimating future -
changes in rate.

“A 2% x 2% x 130" drag flume has been constructed and preliminary tests have been made in
the Bureau's new hydraulic laboratory located.at the Denver Federal Center. This flume is
equipped with epparatus for feeding sand into the upstream end and a sampling device at the
downstream end will indicate the amount of sediment that is transported through the flume. The
contemplated program proposes to study the degradation and asggradation of a river channel and
the factors which cause this action., All factors will be held as constant as possible except

* Agsistent Head, Sedimentation Section, Hydrology Division, Branch of ProJeot Plamning,
Bureau of Reclamation, Denver, Colo.
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one factor, which will be varied throughout its complete range of variation. The seven factors
which will thus be studled are:

1. Concentrstion of sediment - the amount of material moved by the flow of water either as
traction or suspended load and what relationship it bears to aggradation or degradation.

2. The amount: of flovw - how does the sediment carrying power of a stream vary with
dischargse?

3. The slope of enefw gra.die’nt.
4, Size and gradation of bed. material.

5, The flow variability - assuming the total smount of water passed through the flu.me is
the sams, will degradation or aggradation be larger with an average flow or with the flow
being 500 percent of the average for 1k percent of the time, and for the remainder of the
time being only 35 percent of the normal flow?

6. -Structures such as diversion dams, canal headworks, wasteways, and dsain outlets -
what effect do such structures have on the dégradation and aggradation of the river
channel?

7. The avallability of fine particles 1n a stream bed composed of well graded material -
when a stream is dégrading, normal discharges will pick up all available material smaller
than a certaln size, thus a sorting of material and & shingling of the stream bed with
coarser particles is accomplished. How does this action effect rétrogression at discharges
above normal flow? Will fine size particles become available above normal flows and pos-
sibly to flows equal to or below normel?

An outdoor hydraulic laboratory has been planned and designs are complete for a portion of
the instellation. A basin 20 feet wide and 250 feet long will provide space for the studying of
certain reaches of the Rio Grande Valley, and later for other studies of a fluvial morphological
nature. Specific problems on the Rio Grande include practical methods for bank protection and
river training structures, narrowing of the river chennel to promote degradation; also an attempt
to work out a practical plan for depositing and storing sediment outside the river channel, al-
lowing sediment-free water to return to the channel snd further degrade the river bed. Genersl
problens are the relationship between the tendency of a river to become crooked or to form a
braided stream pattern and the amount of sediment it carries; the old problem of horizontal and
voertical scale distortlon and correlation between model and prototype, so as to obtain quantita-
tive rather then qualitative solution to problems of aggradation and degradation.

The rapid aggradation of the Rio Grande River from the head of Elephant Butte Reservoir to
its confluence with the Chams River has increased flood hazards, caused poor drainage of ir-
rigeble lands, and excessive waste of water through the consumptive use of uncontrolled vegeta-
tion. By use of debris barriers, channel improvement and flow regulation, it is hoped thet the
river can be induced to degrade ite channel. To estimate the amount and rate of degradation,
both the analytical and inductive process of study will be used. Past records of the retrogres-
sion of the Colorado River below Hoover Dam should provide useful information for comparsative
studies. Mr. E. W. Lene and Dr, H, A. Einstein are making a series of studles to investigate
the reliebility of the various formilae for computing the contact and suspended sediment losd
of the river. Questions and problems growing out of such studies may add to the laboratory
test program for the drag flume, so that it will include experiments on turbulence and sediment
concentration. The zorie Just above the bed of the stream and below the truly suspended material
st111 challenges the hydraulic experimenter and the mathematicisn. A complete investigation and
thorough enalysis of this zone should go far in perfecting & formila or method of computation to
determine the total sedimerit load transported by & stream. Certain conflicting observations have
been noted concerning tlie effect of water temperature on the transportation of sediments in

streams, Xt is hoped that both laboratory experiments and careful anslysis of field data will
clerify and explain these observations.

The Bureesu expects to set up a sedimentation leboratory to make additional studies on the
Physical characteristlcs of sediment, such as setiling velocities in water, shape, size and
density. Such a laboratory is necessary to analyze samples taken from the drag flume experiments

and will prove useful in making an enalysis of field samples which are taken in comnectlon with
special sedimentation problems,
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All problems cemnot be solved in the laboratory, for the prototype rivers and cansls must
be measured, observed, and appralsed, so that there can be a correlation between laboratory and
existing full sized phenomena. The extensive survey and sampling program that has been carried
out below Hoover Dam since 1935 is a good exemple of such field measurement and should prove to
be of inestimable value in solving many future problems., Much can be learned about the ability
and capacity of a stream to transport sediment by determining its form and alignment and the
shape of its prism., Measurements must also be made of 1ts discharge depth, width, and slope.

In additlon, some other factors such as velocity distribution, turbulence, temperature, sediment
concentration, variability of discherge, and vegetal growth must also be determined. Such data
gathered from all parts of the country and covering all types of streams will form & basis for
valley and stream morphological studies with the view of anticipating aggradation or degradation
of stream chamnel and valley floors. The changes in ground water levels which always accompany
such changes in stream slope could be predicted and provision could be made for corrective :
action. These studies will provide a basis for the design and development of adequate flood
protection, river training measures, intake or diversiocn structures and adequate drainage systems.

There are many unsolved sediment problems to be found in the procedire of diverting the
water from the stream and delivering it to the farmer, but more progress seems to have been made
in this field than in those previously discussed. The Bureau's progrem includes & search for the
answer to old vexing problems, sulh as (1) The best location for intake and diversion structures, -
(2) Economical design and efficlent operation of desilting works, (3) Proper design of canals so
as to have non-silting and non~scouring velocitles, yet allowlng the sediment to provide a bene~
ficial seal on the canal's wetter surface, and (4) Effects of sediment on carrying cepacity of
canals and on vegetel growth both in the cenals and on the irrigated lands.

No dlscussion of the Bureau's program will be complete without mention of cooperative
studies with other govermmental agencies and of the Federal Inter-Agency Subcommittee on Sedi-~
mentation, whose function is to disseminate information, to coordinate and prevent duplication
of effort in research and planning work, and to act as a clearing house for ideas of various
agencies. All suspended sediment sampling of a general and routine nature is performed by the
Geological Survey, and also a cooperative geomorphological study is being made to evaluate the
effects of various erosion control measures on soil erosion and sediment production with a view
of planning development of water and land resources and assigning priorities for future develop-
ment. A Joint program on erosion evaluation of the Rio Grande drainsge basin is being carried
on with the Soil Conservation Service, and data for degradation studles of the Rio Grande River
previously mentioned are being supplied by the Corps of Engineers, Soil Conservation Service,
and the Bureau. Several surveys of reservoirs are being made in cooperation with the Corps of
Engineers. )
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SEDIMENTATION PROGRAM OF THE GEOLOGICAL SURVEY

by S. K. Love *

The btransportetion of sediment by flowing water 1is part of a geologic process that has been
taking place ever since land masses have existed above sea level, As the land rises, forces of
" erosion act to wear it down. The presence of sediment in streams is but one phase of the ero-
sion process which has as its ultimate objective the reduction of all land masses to sea level.

When considered in the light of geologic history, the rate of denudation of land masses can
be altered but very little by reason of human activities. In a narrover sense, however, when
considered in terms of decades and in conmection with specific land areas, it 1s obvious that
sediment production in streams can be accelerated or retarded to a measurable degree depending
on disregard or recognition of natural forces and laws controlling the erosion process.

The Geological Survey has long been interested in the rate of denudation of the land area
in the United States and has been actively engaged in studles of the laws and the rates of sedi-
ment transportation by streams. Among the earliest contributions by the Survey to the funda-
mental knowledge governing the movement of sediment in streams was the treatise by G. K. Gilbert
entitled, "The Transportation of Debris by Running Water,"” published in 1914 as Professional
Paper 86. Other papers on this subject have been written in more recent years.

Probably the first systematic computatlions of the rate of denudation of the larger drainage
basins of the United States were those made by Dole and Stabler which were published in 1909 in
Geologlcal Survey Water-Supply Paper 234, Although these records were in many instances based
on meager and not too reliable data, they were, nevertheless, the only records of this kind

avallable and they were widely accepted for many years as the best measure of the rates of
denudation throughout the country.

The Geological Survey has been engeged in comprehensive programs for messuring the sediment
loads in streams since 1925, In that year a sediment station was established on the Colorado
River at Grand Canyon, Arizona, which, except for a brief period of a few months, has been in
continuous operation until the present time. The sampling equipment used at this statlon and
later at other stations in the Colorado River Basin became known as the Colorado River sampler.
Constructed of an inexpensive brass frame designed to hold a standexd pint milk bottle, the

Colorado River sampler was among the first to be used for the collection of integrated seamples
in connection with continuous sempling programs.

The data collected at several stations in the Colorado River Basin over a period of from
10 to 22 years have been of great value in connection with large scale development projects,
both completed and projected. The Geological Survey is cwrrently operating four sediment
measuring stations in the Colorado River Basin and ome or two more will probably be in operation
before the end of the 1947 fiscal year. The U, S. D-43 sampler developed at the University of
Tows under the auspices of the Federal Interdepartmental Committee was adopted for use in the
Basin Just as soon ag it became available and 1s now being used at all stations.

Early in 1934 the Geological Survey in cooperation with the Soil Erosion Service (later
the Soil Conservation Service) began a program for the measurement of sediment loads carried
past 34 gaging stetions on streams on eight demonstration projects. These measuremsnts were
made over a period of from 3 to 6 yeers on emall drainage basins which ranged from less thsn
20 to about 200 square miles in area. The runoff was flashy and the sediment concentration
ranged between wide limits, Concentrations of 50,000 to 100,000 parts per million were not
uncommon for some stresms on which measurements were made.

Because of the large and sudden changes in both water diacharge and sediment concentra-
tions, samples hed to be collected at frequent intervals 1f reliable records were to be obtalned.
It was found that up to 90 percent of the annual sediment loads were carried in less than 5

* Chlef, Quality of Water Division, Geological Survey, Washington, D. C.

- 46 -



percent of the time in some streams. This made 1t mandatory to give the closest supervision to
.tn- Pt 1 WP I Lt NPT prp-L ey wioht +3ma +a adamrodale daPliaa +ha Ann_

ne - GoLLesuLion of the Propor Luives of SalpLes at the Ti8NT Tils TO atsquave.y Geiine Tas Con-
centration curves,

Late in 1938, at the request of the Flood Control Coordineting Committee of the Department
of Agriculbure, the Geological Survey engaged in a program for measuring the sediment loads
carried past 13 streem flow gaging stations on streams in the Boise River drainage basin in
Idaho. Becauge of the large proportion of coarse sediment transported by some of the small
streams in steep mountainous terrein, it was necessary to construct special weir structures in
the stroams and special sampling equipment to measure the total sediment load, including bed
load.

In 1945 the Survey began sediment measurement progrems in the Missouri River Basin as a
part of a comprehensive investigation of the natural resources. The selection of stations on
streams for sediment measurements was based largely on the immediate needs of other Federal
sgencies in commsction with construction and development programs. Some of the astations are
at key locations which, if mmintained over a long enough period of time, will give reliable
data on the rate of sediment movement out of major drainage basins, Other stations will prob-
ebly be maintained in their present locetions only long enough to furnish s basis for compubting
en approximate estimate of the rate of sediment movement.

At the present time sediment loads are being measured at 43 stations on streams in seven
States in the Missouri Rilver Basin. The sampling equipment used at all astations for routine
operation is the depth integrating D-43 sampler developed at the University of Iowa. At some
stations the seampler is mounted in & fixed position on a bridge rail and at others portable
bridge cranes are used, depending on conditions.

The sed.:l.ment Samples are processed in four laboratories at strategic locations in the
Basin. The main laboratory and administrative offlce is in .u.um,u.ux, Nebr., which is also

equipped to make complete chemicel analyses of water samples. Field laboratories designed for
sediment enslysis only are located in Wyoming, North Dakota, and Kensas,

In July 1946 the Geologlcal Survey took over ths responsibility for measuring sediment
loads on the Rio Grande at San Marcial which was formerly operated by the International Boundary
and Water Commission. This statlon is belng operated in commection with the statlon at San
Acacia, about 25 miles up stream, in an attempt to correlate the records at the two stations.

Arrengements were mede in April 1947 by the Bureau of Reclemation for the Geclogical Survey
to install and operate four sediment stations on streams in the Washita River Basin in south-
western Oklshoma.,

For the past three years the Geological Swurvey has operated three sediment stations on
streems in Iowa in cooperation with the State of Towa. The excessive soll losses caused by
mejor floods in Tows have led interested agencies in the State to enter into a cooperative
program with the Geological Survey to measure the quantities of sediment washed away in some
of the larger streams.

At the present time the only sediment station being operated by the Survey east of the
Mississippl River is located on a small streem in Delaware. Interest in the conservation of
natural resources in a amell drainage basin in a ferming region led to & cooperative program
with the Survey for measuring the amount of sediment being washed away into the Delawasre River.

There 1s & major pollution problem in an eastern Stete involving sediments consisting
largely of finely dlvided coal. Preliminary plans have already been made for the Geological
Survey to measure the amount of this coal transported in a small river basin in which the pol-
lution problem is particularly acute.

In connec¢tion with measurements of sediment loads & great deal of work is being dons to
determine the sizes of the sediment particles. A systematic study has been mede in our
Albuquerque laboratory of the bottom withdrawel tube method of size analysis using the results

of analysls of meny hundreds of samples. Detailed results of this study will be presented in
another paper.

The relation of geologlc features to recent floods in the Commecticut River Valley in

Massachusetts, in which sediment plays a dominant role, is discussed in a comprehensive report
issued recently as Water-Supply Paper 996.
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The Geological Survey is also engaged in a study of the physical processes of erosion and
sedimentation in uwpland portions of the public domein., The study is aimed at a determination of
the climate, vegetation, geomorphology and soils during deposition of the sediments and an eval-
uation of the physical conditions leading to their erosion, The comparison, or perhaps the con-
trast if discernible, should permlt drawing some conclusions regarding the causes of the present

eplcycle of erosion, and Jjudging the value of methods of arresting or ameliorating its adverse
offects. :

Because of 1ts interest in the collsction and interpretation of basic sediment data, in-
cluding the source of the sediment, the physlcael processes of erosion, the transportation of
sediment by streams, and the deposition of sediment in stresm channels, ‘reservoirs, canals, end
witimately the sea, it is belleved that ths Geological Survey has made effective contridbutions

to the scilence of sedimentation and plans are being formulated to continue and expand thase
investigations.
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SEDIMENTATION PROGRAM OF THE DEPARTMERT OF AGRICULTURE
by Bernard Frank *

The Depertment of Agriculture's interest in sedimentation is twofold. TFirst, large agri-
cultural end other land ¥alues are at stake. The fertile bottom lands and valleys of the na-
tion's major and minor sitreams have been subjected to repeated heavy damsges by flood-borne.
sediments. In the May 1943 floods of the Central Mississippi Valley, in which more than
3,700,000 acres of agricultural lands were inundated, land dameges by sedimentatlion and scour
were estimated to amount to over half the total losses. Furthermore, the Department is concerned
over the serious social and economic effects of sedimentation 6n the millions of acres of agri-
cultural land in irrigation and drainage projects and on recreational lands exposed to the flood
hazard. Second, a significant part of the production of harmful sediments originates direcily
or indirectly on agricultural, range, brush or forested uplands subjected to verying degrees of

misuse.

The national scope of the problem, the growing concern over its cumlative effects and the
tangible contribution that upstream corrective and preventive measures can make towards its
solution have long been recognized. For example, the Organic Act of 1897 provided for the ad-
ministration and protection of the forest reserves primerily in the interest of watershed pro-
tection; the Weeks Law of 1911 provided for national forest scquisition on hesdwater aress "for
.the purpose of conserving the navigability of navigable rivers;” the McNary-McSweeney Forest
Research Act and the Clarke-McNexy Law authorizing forest acquisition, fire ‘control, and forest
planting stressed watérshed reseerch and improvement in the interest of navigation and conserva-
tion of domestic and irrigation weter supplies; Public Law No. 46 in 1935 established the Soil
Conservation Service "to provide permansntly for the control and prevention of soil erosion and
thereby to preserve natural resources, control floods, prevent impalrment of reservoirs, and
maintain the navigability of rivers and harbors;” and the Omnibus Flood Control Act of 1936 and
its amendments authorized "measures for run-off and waterflow retardation and soil erosion pre-
vention on watersheds." These legislative acts have provided the authority and impetus for the
research, survey, and sctlon programs currently being undertaken by this Department through the
Soil Conservation Service and the Forest Service.

The primary objectives in the field of sedimentation control are being achieved ‘by means of
four closely related activities: basic and applied research, removal of the causes of sedlmenta-
tion, lend management, and the application of remedial and preventive measures on the watersheds
and “in minor waterways. A corollary objective is that the measures must not only be sound tech-
nically on their own merits, but must also be inbtegrated with other measures spplied on an over-
all watershed basis for the maintenance of soil, water, timber, grass, and other natural re-
sources. Furthermore, they must be designed to operate at a continuing level of effectivensss.

These obJjectives place strong emphasis upon the maximm possible degree of continuing
physical protection of the land in headwater areas, which is the primery source of sediment in
most watersheds. They fully tele into account, however, the necessity for correction of un-
stable conditions in and along channels and other drainageways regardless of the originsl causes.

The sedimentation activities of the Soll Conservatlon Service and the Forest Service are
along roughly parallsl lines, with meximm coordination of the work in order to avoid duplica-
tion of effort. The work of both Services has the same broad objectives - investigation and
control of sedimentation in waterways end on the land respectively. The work of the Soil Con-
‘servation Service relates primarily to ocultivated, pasture or range lands, mainly in private
ownership, whereas the work of the Forest Service relates primarily to forest and brush lands

and to range land mainly in public ownsrship.

The Soil Conservation Service activities are organized into two parts: (1) research and
(2) surveys and operations. Ons of the administrative units of the Office of Research is a
sedimentation section which conducts field investigations for developing methods of sediment
* Apsistant Chief, Division of Forest Influences, U.S. Forest Service, Washington, D. C. (read
by Leon Lagsen, Forest Service).

- b9 -

—— e



control in reservoirs, streem chammels, floodways, harbors, drainage canals, and on valley agri-
cultural lands. It maintains s sedimentation leboratory in cooperation with the Californie
Ingtitute of Technology at Pasadens, Calif., for basic research in the mechanics of sediment
transportation - in suspension and in channel flow, as bed load and as density currents in reser-
voirs. This laboratory also plans the application of the findings to practical field problems.
The Office of Research also maintains & number of comservation research stations and watersheds

where investigetions are made on the types and retes of soll losses which are the primary source
of sediments,

The Ferm Irrigation Divislion of the Office of Research hes carried on suspended-load sam-
pling on Texas streams in cooperation wlth the Texas Board of Water Engineers since 1924, It is
conducting other types of sediment research relating to irrigation such as the design of sand
traps for removing coarse material from irrigetion canals.

To date sedimentation surveys have been made én about 450 reservoirs in 36 States, includ-
ing detailed surveys on 150 reservolrs end reconnailssance surveys on about 300 others. The re-
sults have encouraged many municipalities to support soll conservation programs on municlpally

owned lands above their reservoirs and to cooperate with soll conservation districts throughout
the dralinage areas concerned.

Considerable attention has been paid to the development of methods for more effective
channel stabilization and strsam-~bank erosion control, including intensive studies of bed-load
movement. ' Anslyticel studies of existing sediment-load data have been mede in order to develop
sediment-production indices on & reglonal basis for drainage basins of various sizes. Soils of
different characteristics have been classified as to thelr potential contribution to sediment
on the basis'of texturs, structure, and other features. Land-use planning work has been aided
by the development of techniques for evaluating sediment demege, as for example, to valley agri-
cultural lands. Such techniques have been extensively used in connection with flood-control
surveys, water-conservation swrveys, and for other purposes.

Survey and operations are carried out administratively through seven regional offices.
Surveys and planning activitlies related to flood control, irrigation, and drainsge are under
the technical supervision of the Wabter Conservetion Division in the Washington office and the .
seven regional offices. A conslderable body of experience is being built up in the development
of more effective stream~bank stabilization methods, wa.ter-disposal systems, and other devices
for controlling the movement of harmful sediments.

The Forest Service's sedimentation activitles have essentially the same objectives ss those
of the Soll Conservation Service. Strong emphasis is being placed on stopping sediment at its
original sources by means of better forest and forest-renge land practices and by the restora-
tion of the plant cover on damsged end eroding areas. Investigations have reveeled specific
causes of silt, mud, and rock flows and debris damages to reservoirs, water-spreading grounds,
and valley lends. These ceuses vary in different parts of the country. In mountain aress,
particulerly, sediment and debris movements originate on road and highway cuts, f£ills, and over-
cagt material. Improperly logged, overgrazed, or burned asreas constitute other sources of
soriocus sedimentation, In the waterwsy phase of the Forest Service program particular attention
is given to the stabilization of mountain torrents above valusble areas of high hezard, such as
intengively developed urban, agricultural, residential, and recreationsl land and irrigation
water~-supply reservolrs, Tests are being made of various types of channel barriers for debris
catchment and channel stabilization., Experiments are under way with verious types of slope
stabilization and chamnel-training structures in order to prevent further slope unraveling and
1o prevent or minimize downwsrd cutting. Work of this kind is now being undertaken on the upper
tributeries of the Ios Angeles River along with the installation of erosion-control msesures on
the slope themselves. Highly satisfactory results in stopping soil erosion at the source have
been achieved by the successful airplene sowing of mustard seed.

As part of its basic objectives the Forest Service is constantly trying to develop better
methods of forest land mansgement and protection, inscluding revegetation and reseeding, timber
harvesting, grazing prectices, and road and trail comstructlion in order to minimize the loss of
sediment-producing soil from the alopes. Studies based on these objectives are currently under
way on a national basis at nine Forest Service research centers. Emphasls varies, howsver, ac-
cording to the nature and geverity of the problem in the region served by each center.

The national forests were established primerily to prevent or reduce unfavorable conditions
of stream flow and to minimize haymful sedimentation. To en increasing degree, and as the
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results of research become aveilable, the menagement plans are fulfilling these objectives. In
some areas, as in Davis Counby, Utah, the Forest Service has gone a considerable distance in

effectively stabilizing sediment-source areas.

One of the lessons derived from the sediment investigations thus far underteken is that the
succesaful solution to this problem depends upon the close integration of the land and waterway
investigations and operations. An outstanding example of this type of epproach is represented
both by the watershed flood control surveys and the specific studies of watersned areas which
contribute sediment to reservoirs. In both cases, solution to the sediment problem is bound up
with conservation and control of soil and runoff on the land as well as the rehabilitation or
stabilizatlion of already disturbed streem channels.
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THE SILT INVESTIGATIONS PROGRAM
OF THE TENNESSEE VALLEY AUTHORITY

by M. A, Churchill *

ObJectives

The Tennessee Velley Authority, realizing the need for information on silt carried in the
streams within the Temnessee River watershed, instituted investigations early in 1934 to deter-
- mine the amount of sediment transported by the Tennessee River and its major tributaries.

The primary objJective of this program was to dotermine ths probable rates at which the
reservoirs in the TVA system will f1)l1 with sediment. This system includes nine reservoirs
on the main Tennesses River, totalling 650 miles in length with one reservoir directly down-
stroam from the one next above, together with eleven large storage reservoirs and a number of
smaller ones located on the major tributary streams. Other objectives include determining prob-
able silting in navigation chammels and probable clarity of pooled waters near potentiel indus-

trial and recreational sites in comnection with development of lands end public parks along the
reservoirs.

The Tennessee River and Its Basin

The Tennessee River drains 40,910 square miles ranging in elevation from over 6,000 feet
above mean sea level along the eastern edge of the basin to ebout 300 feet at the mouth of the
Ternessee River. Some 40 percent, or sbout 16,000 squere miles, is mountainous. The soils of

the area are fine ftextured, sbsorb water slowly and erode freely unless protected by adequate
vegetal cover. Ths Tennessee Basin as a whole 1s 52 percent forested.

Mean amnual rainfall veries from 40 to 85 inches. Average rainfall for the entire basin is

approximately 52 inches. Mean annual runoff for the basin as a whole is approximately 40 per-
cent of the rainfall or ebout 21 inches,

511t Investigations Progrem of the Tennessee Valley Authority

The silt investigations program of the Authority divides into three components: (1) Sue-
pended sediment in streams, (2) Deposited sediment in reservoirs, and (3) Speciel studies.

Suspended Sediment Studies

Fileld Procedure -~ During 1934 and 1935 a total of 49 suspended silt sampling stations were
established. - These are at or near the sites of major projlects ‘and on the larger tributaries to
proposed. reservoirs and are at or near Geological Survey stream gaging stations where discharge
date are avalleble. The majority of the stations were maintained in operation for a period of
three to four years during the interval from 1934 to 1938, Eleven key stations were maintained
for approximately eight years. Each station was operated long enough so that a measure of the
total silt passing that location was obtained. The regular suspended sediment investigations

program, as such, was terminated in 1942, mainly because of curtallments in personnel and car
mileage resulting from the entry of this country into World War II.

At the beginning of the sampling progrem, the research project on silt samplers had not been
carried out at the University of Iows and a horizontal tube sampler of original design was de-

veloped by engimeers of the Authority. This sempler wes designed to collect an instantensous
sample from eny desired point in the river cross section.

* Hydraulic Engineer, Hydreulic Deta Division, Tennedsee Valley Authority, Kmoxville, Temn.



In order to determine the silt concentration in the river cross section at any particular
time, Ingtantaneous samples were collected from three points in each of three to five river
verticels, The three points in the vertical at which samples were collected were (1) one-half
foot below the water surface, (2) at mid-depth, end (3) ome-half foot abave the river bed, On
small streams sometimes less than three verticals were used, and on large rivers occasionally

more then five verticals were sampled.

The frequency of sampling at any one station varied depending upon the size of the stream
and upon stream-flow conditions. During periods when the river discharge is composed principally
of ground-water flow, one set of samples per week was taken. During periods of both small and
large floods, samples were teken at frequent time intervals because during such periods silt
concentrations change rapidly. It was realized early in the program that more silt may be trans-
ported by a river during one majJor flood then by an entire year of streem flow during which no

major rise in flow ococurs.

Laboratory Procedure ~ At the laboratory, the silt concentration in parts per million by
weight in each semple was determined separately by using the filter paper process.

Results of Suspended Sediment Investigations - From the suspended silt lnvestigations pro-
gram it has been determined that the total guantity of silt carriled into the sireams of the
Tennessee River Basin averages 14,000 acre-feet per year. At Johnsonville, near the mouth of
the Tennessee River, the mean concentration prior to constructlion of Plckwlck Reservoir was 110
parts per million. The maximm concentration found at this station was 1,190 parts per million.
The maximum silt concentration found, 84,700 parts per million, occurred on Potato Creek in a
locel =smell area denwded by copper mining operations.

One of the principal results of the suspended sedimentation progrem was the determination
of the sedimentation efficiency of two mainstream reservoirs. Sampling stations were maintained
both ebove and below Bales Bar and Wilson Reservolrs,from which determinations were made of the
quantity of sediment being deposited in both reservoirs under varying stream flow conditions.
The information on reservoir sedimentation efficiency thus obtained 1s being used in conjunction
with data on suspended silt loads and on silt volumes determined by reservoir surveys, to esti-
mate future rates of sllting to be expected in all TVA reservolrs.

Deposited Sediment Studies

Reservoir Sedimentatlon Surveys - Concurrently with the suspended sediment program, & pro-
grem for determining actual volumes of deposited sediment in reservoirs was also carried on.
Base surveys have been made In all reservolrs prior to or Just after filling. One or more re-
surveys to determine the quantity of deposited sediment have been made on many of the reservoirs,
Surveys have also been made on relatively smell privately owned reservoirs in the Tennessee

Valloy.

Future Silting of Reservoirs - Estimates have been prepared of the rates of silting of TVA
reservoirs. These rates are all low. For example, it is estimated that 1t will require approxi-
mately 800 years for the 624,000 acre-feet of storege below minimum operating level in Norris
Reservoir to be filled with sediment. At Fontens it will require some 700 years to fill the
287,000 acre-feet of unused storage. In the case of the largest main river reservoir, Kentucky,
it is estimated that only four percent of the 6,000,000 acre-feet of total storage in this pool
will be f£illed within the first 100 years of the :ueservoir's existence. ]

Specific Welght of Deposited Sediment - The speciflc weight of deposited sediment has been
determined in several reservoirs by means of a speclal volumetric sampler designed for this pur-
pose. This operates under water as well as in the dry and hes been used successfully under as

mich as 40 feet of water.

Specific weights of deposited sedimsnt vary widely in every reservolr as anyone experienced
in this field well knows. However, the bulk of the sediment deposited in the larger reservoirs
in the Tennessee Velley has a specific weight of about 60 pounds per cubic foot. As more silt
accunmlates in the pools, the underlying materiasl will be compressed. In making estimetes of
future silting of reservoirs, a specific welght of 70 pounds per cubic foot has been used as &
mean value,

Grain Size of Deposited Sediment - Grain size a.na.b‘ses are. made on samples of deposited
soediment and in some cases on suspended. sediment., -
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Analysis of a number of deposited sediment samples from Wilson Reservoir by the sieve and
hydrometer method shows over 95 percent of all particles have diameters less than 0. O7h milli-
moter, the size openings in a 200-mesh sieve. On the tributery streams, reservoir deposits are
naturally coarser grained than those found in reservoirs on the flatter main river. TFor example,
the sediment in a reservoir on the Nolichucky River is composed of material TO percent of which
is emaller than 0.074 millimeter. On the whole, the silt carried by streeams in the Tennessee
Valley reflects thé fine texture of the soils and is fine grained. Such material is kept in
suspension by low degrees of turbulence, which gives many streams the appearsntce of carrying
a much greater sedlment load than they really are.

DISCUSSION

COLONEL C. L. HALL*, I am a retired officer - retired for age from active duty. I have been
congidering this subject all my life, although I cannot pretend to have ever studied it as most
of you gentlemen have. After a career of 40 years I confess that I am a complete pessimist, and
I am even more of a pessimist, after listening to the remarks this morning, thean I was when I
started. It has recently been stated, in a professional paper with wide circulation, that if

wo adopted the best possible erosion practices we couldn't cut down the amount of soil entering
our streams more than 10 percent. In other words, we can only cut our casualty rate 10 percent.
I hope that the discussions for the rest of the day and tomorrow will bring that point out and
decide whether that is correct, Because here we are, fighting a battle in which the best we

can do is to cut down the casualties 10 percent. If this is true we have what the doctors might
call & very unfavorable prognosis. I just want to leave the thought that, just as none of us can
prevent winding up in a cemetery, except by Jumping overboard, so the heat we can do will not

be good enough. If we are on the wrong track in our attempts to control this water supply by

reservoirs destined to a fatal end, maybe the best thing we can do for the taxpayers is to find
that out in advance.

* The Beach Erosion Board, Corps of Engineers, Department of the Army, Washington, D. C.




SECOND SESSIOR - PART II ~ DETERMINATION AND INTERPRETATION OF SEDIMENT LOAD

DETERMINATION OF THE SUSPENDED SEDIMERT DISCEARGE OF STREAMS
by Paul C. Benedict *

For the past century the suspended sediment ‘discharge of certain streams in the United
States has been measured on an intermittent basis, using uncertain methods and varying proce-
dures. This situation was recognized in 1939 by Federal and State agencles and a cooperative
project was established at the HydraulicsLaboratory of the University of Iowa to investigate
sediment sempling equipment and techniques. Results of studies mesde by representatives of the
several agencies have been published as a part of the cooperative project 1/ together with a
supmary report 2/which wes prepared for presentation to the American Soclety of Civil Engineers
Joint Committee on Sedimentation in Reservolrs.

This paper is intended to supplement the information presented in the previously mentioned
reports and 1s largely based upon the experlence gained by personnel engaged in sediment and
stream flow investigations for the Géongical Survey and cooperating agencies. The concurrent
investigations have led to the conclusion that the procedures now in general use by Federal and
State agencies to determine the suspended sediment discharge of streams are based on local office
policies, available funds, and technical procedures developed or established during the past 20
years. Furthermore the suggestions made in the series of reports published as a part of the
cooperative project have only been followed in part. A reluctance to change from arbitrary and
empirical methods to rational practices based on present comcepts of the theory governing the
transportation of suspended sediments ie still evident.

Suspended Sediment Sampling. - The suspended: mediment discharge of any stream can be readily
determined for any period of time if the observatf®ns are adequate in number to delineate the
change in sediment concentration during the same interval of time, assuming that the water dis-
charge has been measured or can be computed from stage-discharge rating curves based on the re-
sults of current meter or weir measurements. For identical conditions of flow the number of
samples required dependsson the type of sampler used, the change in sediment concentretion with
stage, and the fluctuation of the concentration with time. For purposes of compearison it will be
assumed that measuring conditions are such that any of three types of samplers can be used;
namely, depth-integrating,” point-integrating, or instentaneous. One sample collected with the
depth integrating sampler is equivalent to about four samples collected with the point-integrat-
ing or instantaneous samplers. Assuming a normal sediment-distribution curve with the samples
representing equal volumes of discharge in the vertical section, the accuracy of the results cob-
tained with the point-integrating sampler probably exceeds that of the depth-integrating or in-
stantaneous samplers owing to the length of the filament of fluld collected. It will, of course,
be necessary to determine the concentration of each point-integrated sample unless the volume of
fluid collected is controlledby using the same sempling interval for all samples.

Under average conditions of flow the suspended sediment discharge can be determined at less
cost with the depth-integrating sampler than with the point-integrating or instantaneous ssmplers.
The D-43 depth-integrating sampler developed at Towa City 18 used at all Geologlcal Survey sedi-
mont stations at which this type of instrument can be employed. For streams with depths beyond
the range of the depth-integrating sempler, 1t 18 necessary to use the point-integrating sampler.
In 1ts present state of development the instantaneous sempler is not considered by the writer to
be a satisfactory field instrument except possibly for special studies. In addition, 1t is not
easily adapted to general fleld use, and furthermore, computation procedures require velocity

* District Engineer, Quality of Water Divieion, Geological Survey, Lincoln, Nebr.
1/ 2/ See "References” at close of comments.
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measurements in the vertical section at the pointe sa.mpled if the concentration is to be welghted

with velocity.

The depth-integration method of sampling will give accurate average sediment concentrations
in the vertical section as well as average size distribution of the sediment load. The point-
integration method of sampling provides necessary information for defining the shape of the sed-
iment concentration curve and the size of sediment particles at predetermined depths and related
velocities. The data obtained by means of the point-integrating sampler sre of major importance
in that pertinent field information is provided for further study of the theory governing the

movement of fluvial sediments. This sampler has a broad application in experimental work and its
use should not be restricted to deep streams,

Sampling Tnstallations. - Sediment sampling installationsutilizing the D-%3 sampler may be
clessified as moveble and non-movable or fixed., In the first classification the sampler is op-
erated from a cable car or from a bridge using a 4-wheel stream-gaging crane or other equiprment.

In the second classification the installation is attached to the side of a bridge and is con-
sidered semi-permsnent.

The selection of the type of installation depends upon the characteristics of the stream and
related watershed and the personnel available for collecting samples. In streams having semi-
stable stage-discharge relationships, the non-movable installation gives satisfactory results
particularly where it is possible to make concurrent measurements of the water and sediment dis-
charge. In streams having easily erodible channels and an unstable low-water section, the movable
inatallation provides a more flexible arrangement which permite the collection of samples at any
stream vertical in the croes section.

The non-movable installation requires less effort on the part of the observer to operate and
is less hazardous. Many observers are reluctant to work from cable cars and equally reluctant

to operate & 4-wheel crane on a narrow highwey bridge if no walkway is provided. The two kinds
of installations are illustrated in Figures 1 and 2, respectively.

Frequency of Sempling and Location of Sampling Verticals.- The frequency and number of sam-
rles required to define adequately the suspended sediment concentration in a stream are func-
tions of the runoff characteristics of the stream and of the size of sediment particles in sus-
pension. On some research projects it has been possible to collect a sufficient number of sap-
ples to define accurately the concentration graph. Such a procedure is not possible in any
extended program similar to that now in effect on tridutary streams in the Missouri River Basin,
For practical reasons the number of observationsduring any one day is limited to a maximum of
from 5 to 10 at one or more points in the cross section. The minimum is limited to one daily
observation during the non~ice period to insure that the observer will visit the station. This
procedure is necessary so that "rises" resulting from rain in upstream areas will be covered.

If full-time persommnel are employed to collect the samples 1t may not be necessary to mske daily
observations for certaln conditions of flow, particularly in large rivers.

In addition to the samples collected by the observer at non-movable sasfpling installations,
periodic determination of the concentration in three to five vertical sections representing .
points of equal water discharge is required. These sediment discharge measurements should be
made at least twice monthly and more often during floods to determine as accurately as possible
the average concentration in the cross section. In streams having unstable channels, overflow
sect.ons, and a wide range of concentration in the cross section, it is desirable to obltain

samples at three to five verticals on the same schedule as previously mentioned for the non-
movable sampling installation.

The lecation of the sampling verticals is determined from current meter measurements. At
river stations where the stage-discharge relation is quite stable, the location of verticales can
be ascertained for all stages as outlined in the previously mentioned series of reports. At
stations having an unstable stage-discharge relationship, which usually obtains on streams trans-
porting heavy sediment loads, the location of the verticals 1s checked after each current meter
measurement and corrections made accordingly.
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of the streem and related characteristics.

Suspended Sediment Concentration. - The sediment-suspension phenomenon has been discussed
in the previously mentioned reports and related engineering literature. Therefore, only the’
factors governing the collection of a sufficient number of samples for computing the average
daily concentration and related suspended sediment discharge are discussed in this paper.

The concentration of suspended sediment in any stream has no constant relatlonship to stage
or to changes in stege. It may be affected by (1) intensity of precipitation or rate of snow
melt, (2) vegetal cover, (3) season of the year, (4) condition and kind of surface soil, (5)
topography, (6) size of stream, (7) stability of channel, (8) return flow from irrigation
tracts, (9) shape of drainage basin of main stream and tributaries above measuring station, and
(10) storage in reservoirs and retarding basins. The sediment concentration usually incresses
with an increase In stage, and, generally but not always, precedss the peak of the water dis-
charge. The maximum concentration in large streams may occur either several days in advance
or a day after the peak of the water discharge. The rising side of the concentration curve is
usually quite steep and sharp changes often occur as the major part of the inflow from each
tributary reaches the measuring station. The commingling of flow from the tributaries usually
produces a more uniform curve on the recession side.

The concentration of suspended sediment at any river station is affected by the type of
stream bed at and above the station. For purposes of discussion, water courses may be divided
into two groups: those having semi-stable channels with rough cobblestone or rock bottoms which
change infrequently or only with major floods, and those having unstable channels composed of
sand or fine sediments. In the former group, an increase in water discharge merely means &
related increase in stage, whereas in the latter group an increase in water discharge ralses
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In erodible channels the velocity relationships are unstable and are interrelated with changes
in the shape and elevation of the stream bed. These changes may include the formation of sand
bars end dunes, and degradation and aggradation of the stream bed. Streems having unstable
channels usually exhibit the meximum fluctuation in concentration at all stages. In both types
of streams the concentration of the suspended sediment at any point is affected by pulsating
flow and boils, the latter being formed at random intervals. In snow-fed streams some change
in the sediment concentration results from diwrnel fluctuation of the water discharge, the
amourit depending on the size of the streanm,

Typical examples of "rises" for several streams are shown in Figures 3 and 4. A study of
these examples indicates that the peak sediment concentration may occur simultaneously with the
vpeak of the water discharge (Medicine Creek at Cembridge, Nebr.) or as mmch as nearly four days
in advance of the peak stage (Iowa River-at Iowa City, Iowa). This and other informstion in-
dicate that the time-of-lead concept introduced by Professor Johnson 3/respect1ng the occurrence

streams, is not generally applicable to all streams.

Under ideal conditions the suspended sediment load is in equilibrium with the bed material.
In natural streams this condition seldom exists. Under certain conditions of flow the sediment
concentration appears to fluctuate about a mean value but in other instances the fluctuatioms
appear to be neither momentary nor periodic but vary at random. The sampling time required to
obtain an average value of the sediment concentrat{on for certain conditions of flow has been
discussed by Professor Kalinske lt/ For practical purposes it may be determined in the field
by the collection of consecutive samples at any point or in any vertical section. The varia-
tion of the concentration in a stream vertical for several streams based on samples collected
consecutively with a D-43 sampler is illustrated in Figure 5. :

3/ 4/ See "References" at close of comments.
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FIGURE 5 FLUGTUATION OF SUSPENDED SEDIMENT CONCENTRATION IN A STREAM VERTICAL

To the present time it has not been practicable to carry on a simulteneous sampling program
in several stream verticals to obtain information respecting the fluctuation of the sediment
soncentration in the horizontal section. The distribution of the suspended sediment in the
horizontal section for several small rivers is illustrated in Figure 6. The sampling stations
for the Iowa River at Iowe City and Cedar River at Cedar Rapids are about 3/1# mile below low
storage dams, The station on the Des Moines River is about one mile below a large tributary,
the Raccoon River, which enters from the right bank and just above a low dam., The other two
streams, Bighorn River at Kane, Wyoming, and Powder River at Arvada, Wyo., have only small ephem-
eral streams entering above the respective messuring stations.

Computation of Suspended Sediment Discharge. - The methods used to compute the suspended
sediment discharge of streams vary with each organization now engaged in investigation of fluv-
ial sediments. No attempt will be made to describe each for comparative purposes. Rather this
discussion will be confined to present practices now being used by the Geological Survey in the
Missouri River Basin. ’

The present procedure depends upon the type of sampling installation in use. In the non-
movable type the results of the sediment discharge measurements are tabulated and the relation-
shlp between the dally sampling station and that for the entire cross section is determined,.
This procedure 1s similar to that now used in tabuleting water discharge measurements, except
the relationship is shown as a ratio instead of a "percent difference."” If the study indicetes
that the sediment concentrations obtained at the daily sampling station approximate the average
found in the cross section within 10 percent, end the average variation 18 equal to unity, no
corrections are made unless the error is consistently in one direction. If the variation. is
greater than 10 percent and consistently larger or smaller, eppropriate corrections are made to
the concentration in a manner similar to that used in making "shift corrections" to water dis-
charge measurements. Typical studies are shown graphically in Figure 7.

At stations equipped with moveble installations the results of sediment discharge measure-
ments are used to verify the data cobtained by the resident observer particulerly during floods
and to obtain adequate information about the variation of the concentration in the cross section.

The sediment concentration for sach observation, which may consist of one or more samples,
is plotted on the gage-height chart for each day. These points are connected or averaged by a
smooth graph as previously illustraeted in Figures 3 and L, the pattern of which is similar to
the gage-height graph.
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The mean daily sediment concentration
is obtained from this graph by "hend inte-

avsUST PrRm— gration” or by means of a planimeter. For
- |l 2o 1o 30 some periods the variation in the concentra-
5 e — — tion may be quite small in which event 1t is
g ﬂ:j.é‘* ——— not necessary to plot the data,
. _J;‘_;_,,‘_,L._‘A‘ .
’*’*‘;jﬁ‘ﬁ‘ The sediment discharge in tons per day
= _DiscarRae /?'. i is computed from the mean daily water dis-
¥ = — 1, charge and mean dally sediment concentration
£ e — except on days when the concentration and
. AV RN R water discharge are changing rapldly. Dur-
% ing these periods each day is subdivided in
3 accordance. . with accepted practice if the er-
g ! o000 ror introduced by not “"subdividing" would be
£ ] from two to five percent or greater. Further
T 000 studies and compsrison of the sediment and
‘ water discharge are made for each station or
o ‘ group of stations in the same drainage basin
000 as shown in Figure 8.

- ———————{ro0

. i N D Particle Size Data. - The determination
I of the suspended sediment discharge of s

T - i stream is not complete without information
ES o % T B 1

respecting the size of sediment particles in
suspension., Size analyses should be made
for both depth- and point-integrating sam-
ples, the number and frequency of which de-
pending upon the information needed. On the

FIGURE 8 WATER AND SEDIMENT DISCHARGE HYDROGRAPH
MIDDLE LOUP RIVER AT 5T PAUL, NEBRASKA
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assumption that i1t will require a number of years to obtain a mea

e sure of the sediment transported
by a stream, sufficient particle-size data should be obtained to defins the range in water dis-

charge experienced.

ummary. - The methoda now in current use to determine the suspended sediment discharge of
strea.ms are governed to some degree by previously esteblished procedures in each office or regiom,
and by the sampling equipment available for use. In connection therewith it must be pointed out
that although the methods used to ascertain the location of the sampling points and frequency of
sampling are those outlined, the accuracy of the data obtained is still dependent on the sampling
equipment used. The standardization of sampling equipment will therefore eliminate one major
source of error in investigations of suspended sediment.

The sampling and computing procedures discussed in this paper are those (1) outlined in the
series of reports issued in comnection with the Joint investigation of sediment sampling and
technique conducted at the Hydraulics Laboratory at the University of Iowa, and (2) certain
tecimiques developed by the Geological Survey. These procedures and techniques appear to have
advantages not only of increasing the accuracy of results but also of simplifying the field,
lsboratory, and office work.
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DISCUSSION

R, J. PAF¥FORD, JR.* - The Corps of Engineers has been actively engaged in the cbservation of
sediment discharges in the Missouri River Baein, and in the evaluation and analyses of various
types of sediment problems assoclated with Corps of Engineers projects, for meny years. A
systematic suspended sediment observation program, which now includes some 40 regular stations,
has been in operation continuously since 1937. In recent years, particularly since 1942, a great
deal of attention has been focused on improvement of sediment records through improvement of
field, laboratory and office techniques, The Omaha District of the Corps of Englneers has been
particularly active in this regard, both in cooperation with personnel of the former Interdepart-
mental Committee and on its own initiative. This discussion, therefore, is a review of the in-
formation presented by Mr. Benedict, based on independent experience galned by personnel of an
active fleld agency, aggressively interested in the accumulation of the most useful possible
records of sediment discharges for use by that agency in evaluating and solving importa.nt sedi-
mentation problems.

. So far as the determination of total suspended sediment discharges are concerned, the main
opinions expressed and practices described in Mr. Benedict's paper are in good general agreement
with ideas which have been developed and conclusions which have been reached during evolution
and development of the Corps of Engineers sediment observation program in the Missouri Basin.

Of course, there is some disagreement concerning details, but this generzlly is minor.

Mr. Benedict's paper places considerable emphasis on the desirability of a general change
by all field agencles to the use of modern practices for determining the suspended sediment dis-
charge of streams, and particularly on the desirability of standerdization of sampling equip-
ment. For the past four years we of the Corps of Engineers /in. the Missouri River Basin have
been dissatisfied with the equipment and some of the practices being used in conducting our sus-
pended sediment observation program; first, because of the belief that better equipment and
practices would result in improved accuracy of results and second, because only by the use of

* Corps of Engineers, Department of the Army, Missouri River Division, Omaha, Nebr.
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standardized equipment can suspended sediment data collected by the various operating field

agencies throughout the country be truly comparative. It appears that this latter point may be
even more important tharn the former.

Although we became dissatisfied with our sampling equipment and practices four years ago,
no suspended sediment sampling equipment of proven superiority was evailable. Also we were
faced with the necessity of continuing collection of sediment data to meet our current needs,
and for the sake of consistent continuity of records were reluctant to make any general change
until there was ‘reasonable assurance that the change would be (1) to ‘equipment of proven super-
iority to that in use, and (2) to equiyment which it was reasonebly assured might be standard-
i1zed and placed in general use. Therefore, the existing sampling program was continued without
any general change, and a semi-~independent program was undertaken of assisting in development
of new equipment and intensively testing the adaptability of this new equipment to our needs.
Based on independent experience and tests, as well as on the work of the Interdepartmental Com-
mittee group, we became convinced by 1946 that a change-over was warranted to the P-46 type
point integrating sempler for Missouri River and certain tributary work as soon as final mechan-
ical complications of this sampler can be overcome, to the D-%3 type depth integrating sampler
for certain types of tributary work, end to an econumical standard-type, simple operating, depth
integrating sampler for certain types of work on the Missouri River and deep tributaries as soon
es it can be developed. This change-over 1s now scheduled for Corps of Engineers work in the. -
Missourl Basin at the earliest date when equipment can be obtained. It is believed that other
fleld agencies will find it advantageous to change over to similar standardized equipment, and

1t is hoped that all fleld agencies will be using standardized suspended sediment sampling equip-
ment in the very near future.

It i1s felt that there is a general tendency to underemphasize the importance of determina~
tion of suspended sediment load particle size gradation. To the engineer using suspended sedi-
ment discharge data in analyses of spscific sediment problems associated with reservoirs and
other river improvement works, accurate knowledge of the kind of sediment, and the amounts of
sediments of various particle sizes i1s vitally important as well as reliable data on the total
suspended sediment load involved. In fact, in certain problems, accurate ¥nowledge of the
amount of suspended sediment in a specific size range (for instance, fine suspended sands) may
be found more important than accurate knowledge of the total discharge of all other sizes of
suspended sediments. Experience gained from the Corps of Engineers sediment program in the
Missourd Basin indicates unwarranted optimism by any implication that an adequate amount of
particle-size data can be secured more-or-less as convenience permits during the number of years
assumed to be required to obtaln a meesure of the total suspended sediment load transported by
a stream, Data we have collected, while not completely conclusive, indicate that in many cases )
particle size gradation veries from a conmsistent relationship with stage or discharge in much
the same manner ss total suspended sediment concentration varies from such consistent relation-
ships. Apparently the variation is not quite@‘so severe in the case of very fine materials, and
more severe in the case of fine suspended sands. Also, in some cases at least, this variation
in particle eize gradation does not appear to be directly related to or associated with the var-
jations in sediment concentrations. Based on experience and data obtained to date, there appears
to be a real need for agencles engaged in suspended sediment load determinations to place more )
emphasis on carefully systematized estimating of quantities of suspended materials in various g

particle size ranges, as well as on increasing accuracy of determination of total suspended sedi-
ment loads. ’

Limitations on the length of this discussion preclude extensive comments based on data and
experience of the Corps of Engineers in the Missouri Basin on several interesting and important

detalls presented in Mr. Benedict's paper. It seems pertinent, however, to bdriefly mention
certain items.

To begin with, it 1s agreed that the suspended sediment discharge of any stream can be
readlly determined at any gaging station if an adequate number. of observations are made to de-.
lineate the changes in condentration for any specific period for which the sediment discherge 1s
desired. However, this could become embarrassingly expensive. It has been found that to keep
suspended sediment operations on a practical basis there must be a very careful balancing between
field and offlce operations, and a careful welghing of operation costs against the usefullness
and accuracy of sediment deta which may be obtained. Attempts to operate on too limited a budget
can result in such serious deficiencies in the data collected as to make it worthless. On the
other hand, rashly undertaken attempts for perfection of records cen easily betray us into great
increases in operation costs for certain tempting refinements, which are entirely unjustified by
the quite minor Increases in accuracy of over-all results which may be secured.
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Corps of Engineers experience in the Missouri River Basin results in general agreement with
practices at the tributary stations the Geological Survey is opereting in the Missouri River
Basin. However, 1t appears that the frequency of observations, and selection of number and loca-
tions of sampling verticals, at other stations, particularly on larger sireams, should not arbi-
trarily be patterned after this progrem without careful analysis of the many factors which may be
pertinent at various individual stations.

Mr. Benedict presents'severe.l interesting examples of variation of sediment concentrations
from any “characteristic" or "normal" pattern for variocus rises at several stations, of marked
variation of sediment concentrations between different verticals in stream cross sections, and
of substantial fluctuations of sediment concentrations in a vertical in short time periods. All
of these phenomena, to quite comparable degrees, have been observed during routine sampling or
in special tests in the Missouri River which have been conducted by the Omahs District during

extensive experimental investigations,

In closing, I would like to reemphasize the importance of obtaining good records of the
quantities of suspended sediments of various specific particle size ranges, as well as good
records of total suspended sediment loads such as are being collected by the methods outlined
in Mr. Benedict's paper.  Also, I would llke to repeat the full concurrence of personnel, as
individuale, engaged on the Corps of Engineers sediment program in the Missouri Basin, with the
desirabllity of prompt adoption and general use of modern standerdized suspended sediment samp-
1ling equipment by all agencies involved in sediment data collection.
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SEDIMENT ENGINEERING AS A QUANTITATIVE SCIENCE

by E. W. Lane*

In the past two decades a branch of hydraulic engineering has veen rapidly developing which
may be called Sediment Engineering. It deals with the problems arising from the fact that prac-
*ically all natural streams carry more or less sediment. In hydraulic engineering projects, the
principal interest has been in handling the water, and in the past the plans and structures have
often been developed considering only the water, neglecting the sediment carried with it. This
has led to a great deal of trouble, in many cases involving large monetary losses., Sediment
engineering 1s concerned with the anticipation of trouble from sediment, and the planning of
hydraulic engineering works to avoid or minimize these difficulties. In the case of trouble
with works already in service, it is used to work out the remedy in as far as possible.

Many of the general principles of sediment engineering have been known for years, but this
¥nowledge is not very helpful unlees it can be expressed in quantitative terms. For example, it
is known that a stream carrying sediment into a reservoir will gradually £ill up the reservoir.
Whether or not the useful life of this basin 1s seriously affected by this fact depends largely
upon the rate at which the sediment is carried in, and the capacity available to store it. Under
some conditions the reservoir may fill up in 10 years, and under other conditions it may f1ll in
1,000 years., If the 1ife 1s going to be 10 years, it may not be worth while to build it, dut

if 1t will not f£111 for 1,000 years, the sediment difficulties may, of course, be entirely
ignored.

Since sediment engineering is so vitally concerned with quantities, the development of
this branch of engineering had to aweit the discovery of quantitative relations. The first
steps seem to have been made over a century ago, when the amount of sediment carried in a river
wag Tirst determined from samples taken in the streem. Since that time, the sclence advanced
gradually along with the development of hydraulic engineering works, but the greatest expansion

of knowledge was made in the past two decades as a result of the rapid utilization of the re-
sources of the streeams of this and other countries.

The purpose of this paper is to report on the present status of sediment engineering, and
to show that 1t has now developed to a point where we can make quantitative solutions of many
of the problems relating to sediment with which engineers are confronted. Those of us who are
most actively engaged in this work kmow only too well how far this knowledge is from being com-
plete, and 1n many cases even from belng adequate. When we compare the present knowledge with
that of 20 years ago, however, it 1is evident that much progress has been made in this period,
and there 1s reason to believe that the next few years will continue to show rapid advance.

This paper will present the state of the science and practice by briefly reviewing the condition

in the principal phases of the subJect and by giving, by way of illustration of sediment engi-
neering processes, an explanation of how some problems are attached.

Standard Terminology

An important aid to real progress in any branch of englneering 1s a standard terminology.
In the early stages of development the terminoclogy is bound to be inexact and nonuniform, and
gediment science is no exception to this rule. The American Geophysical Union has been making
an effort to correct the difficulty in the sediment field, and a committee of this soclety has
recently suggested s number of definitions to clear up the uncertainty which arises when the
same turm 1s used with several meanings. This work was carried on by experienced sediment men,

both geologists and englneera, several commedted with “the Governmental egencies having important
sediment problems.

¥ Consulting Hydrauiic Engineer, Branch of Design and Congtruction, Bureau of Reclamation,
Denver, Colo., (read by D. J. Hebert, Bureau of Reclemation).




Present Status of Development

In recent years a great deal of attention has been given to determining the physical prop-
erties of sediment. The way sediment acts in any situation usually depends on its settling rate.
A knowledge of this rate or of the particle size, which is closely related to it, 1s very impor-
tant in the solution of most problems. A standard classification of particle size has been
worked out by this American Geophysical Union commitiee, The development of these size classifi-
cations is largely the work of the geologist. Quantitative expressions for particle shape have
also been developed by the geologists, and the sediment engineer 1s very much indebted to these
men for this work, which will assume more importance as the sediment engineering processes be-
come more exact. At present there 1s a gap in ouwr knowledge in relating particle size and shape
to settling rate, but this will no doubt be filled before long. Another area in which consider-
able knowledge has been geined In recent years is the denslity of sediment deposits in reservoirs.
It is now possible to make reasonably exact predictions of the density which will result under a
wide range of conditionms.

Among the most important tools of the sediment engineer are the laws of sediment transpor-
tation ‘in flowing water. Many problems involve a determination of the amount of sedimentary
material which a stream can transport. Considerable progress has been mede during the last
decade, but much remains to be done before these laws become a commonly used tool in solving
sediment problems. As previously stated, the first quantitative step in sediment englneering
was the measurement of sediment in streams. From the stendpoint of time and money expended,
this 1s the most important part of sediment engineering. Here also considerable progress has
been made in recent years. An extensive study of the methods and apparatus for sediment dis-
charge determination has been made by the cooperation of the Govermment agencies and Iowa Univer-
sity. The design of earth cansls that will not '£ill up or scour is one of the difficult prob-
lems often encountered, especially if the water to be carried in the canal has a high sediment
content. Thils problem has been extensively studied in Indle and much progress has been made
there, but considerably more study is needed to obtain a completely satisfactory answer. A
great deal of quantitative work on the filling of reservoirs by sediment has been done, which
w1ll enable much more accurate estimates of filling rates in many cases than was possible scme
years ago. These studies also give a more thorough understanding of where in the reservolr «
these deposits will take place. The control of reservoir silting has also been extensively
Investigated. Still another problem which the sediment engineer meets is the design of devices
for removing the sediment from the water to prevent the filling of canals or demage to hydraulic

machinery by the sediment carried in the water. Some work in this field has been done, but much
remains to be accomplished,

One of the most ugeful aids in the development of sediment engineering science and 1in solv-
ing specific problems ig the hydraulic laboratory. It has been extensively used in developing
and checking the laws of sediment transport, in determining the stream channel forms produced
by various water flows and sediment conditions, and in the perfection of instrumentation for
sediment measurement. It can also be used to work out and demonstrate river control procedures.
Although the quantitative relations between model and prototype are not completely understood,
progresa along this line is beilng made and the future will no doubt see conslderably better re-
sults than the past. In general, it may be said that = hydraulic laboratory is an indispensable
part of the equipment of any large group engaged in sediment studiles.

Sediment Engineering Practice

The foregoing discussion has dealt largely with what might be considered to be sediment
englneering science. The application of this sclence to actual engineering problems constitutes
sediment engineering practice. One of the most interssting examples of the application of sedi-
ment engineering is on the Middle Rio Grande River Valley in New Mexico, where as a result of
increesed sediment production due to overgrazing, and decreesed streem flow due to irrigationm,
the bed of the river has been steadily rising end the continued prosperity of this valley has
been seriously threatened by floods and waterlogging. Engineering plens have been proposed to
remedy this situation and are under active study by several of the Government agencies acting
individually and in cooperation. The prediction of the results which will follow the consiruc-
tion of such works presents a difficult problem to the sediment engineer,

One of the earliest examples in this country of the application of sediment engineering to
determining in advance the resulis of a progrem of engineering construction was the prediction
of the conditions in the lower end of the Colorado River which would be caused by the deposition
of the sediment carried by that river in Lake Mead. Another paper presented to this conference
tells of these effects, but it may be saild here that most of them were predicted and thelr
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magnitudes estimated by sediment engineering methods, Considering the entire lack of precedent
for these predictions, they worked out quite well.

Prediction of the Location of Deposits in Reservoirs

One of the problems frequently met by the sediment engineer is the prediction of the posi-
tion of sediment deposits in reservolrs and the rate at which the reservolr will f£ill., The
method of attack of this problem is typical of the techniques which are being developed in sedi-

ment engineering practice. To understand this process it is necessary to understand the process
of reservolr sedimentation,

In many respscts the deposits in a reservoir resemble those made by a stresm where it enters
8 lake or the ocean. Geologlsts have classified the deposits which are formed in three parts:
bottom-set beds, fore-set beds, and top-set beds. Figure 1 shows a longitudinal cross-section
through a reservoir and the position which each of these deposits take. The bottom-set beds
ere formed of the fine sediment brought down by the stream, which settles slowly and is carried
long distances out into the reservoir, depositing over much of the bottom in a thin layer. The
fore-set beds are composed of the coarse meterial transported by the stream and are deposited
vwhere the velocity of the stream is retarded as 1t reaches the lake level. These beds are
steeply inclined. As more and more material is brought into the reservoir, the point where the
fore-set beds are being formed moves further and further out into the reservoir, covering the
upstream ends of the bottom-set beds previously deposited. As the fore-set beds move out, the
current In the river upstream is retarded because its slope 1s reduced and the stream deposits
part of its coarse material, not only on top of the fore-set beds previously laid down, but also
on the bed of the stream above the water level in the reservolr. These devnoatts. which sare
slightly sloping layers, are called top-set beds.

_—Top-set Beds
\ fFore-s,et Beds

—Bottom-set Beds

Density Current Beds)

Figure 1. Longltudinal Cross-section through a Reservoir, Showing Various Types of Deposits.

There 1is also a fourth kind of deposit found in meny reservoirs which has recently aroused
considerable interest, namely that due to density currents. When a flow coming into a reservolr
18 composed in large part of colloidal or other very fine particles, the action of the water con-~
taining the sediment may be like that of a demse fluid., When it reaches a reservoir of clearer
water, because of its greater demsity, the muddy water sinks to the bottom .and flows down the-
bottom of the reservolr beneath the level water surface of the clear water above, until it is
stopped by the dam. It then spreads out, filling up the lower part of the reservoir and very
slowly deposits nearly level beds as shown in Figure 1. Such density currents will move many
miles down a reservoir without visible indication on the surface. In the Elephant Butte Reser-
voir in New Mexico they have been known to flow 30 to 40 miles, and in Lake Mead above Hoover
Dam it was observed at the dam when the reservolr was T0 to 90 miles long.

Trom the shape of the reservoir, if the amount of coarse and fine material drought in per
year is known, the position which each will take can be roughly determined. The sediment brought
in the first year will somewhat change the shape of the reservoir and cause the deposits brought
in the second year to occur in a slightly different place. Those deposits in twrn will influence
the position of the deposits the third year and so on. The sediment engineer estimates the posi-
tion of the deposits step by step, using periods of a length depending on the degree of accuracy
he desires in his results. Knowing the amount of coarse and fine material brought down on the
average for the period used, he determines where the cosrse material would deposit and where the
fine material would settle, and how much space it would occupy. For exsmple, on Figure 1 the
material deposited in the first period could be represented by the area numbered 1. The volumes
in the top and fore-set beds would be equal to the average load of coarse sediment brought down
by the stream during that period. The volume on the profile represented by the bottom-set and
density current beds for the first period would be the average loads for the period of these
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materials. During the second period the materiels would be deposited in the position represented
by the area marked 2. Again the volumes added would be those occupied by the average sediment
load of the respective classes for the period. These deposits would again change the position
of deposition and in the third period that represented by area 3 would be deposited. Space is
not available to go into all of the steps in detail. One of the important factors is the demsity
of the deposited sediment. This depends upon fineness of the material and on the exposure of

the beds to drying. Another is the shape of the top-set beds. This“cannot be determined with
great exactness, eapecially where the reservolr 1s broad, as the stream tends to form natural
levees along its banks and build up the bed higher than the adjacent area, In a flood it may
break through these naturally formed levees and flow into the low land, changing its course en-
tirely. It is doubtful if we yet have sufficient kmowledge on the material and conditions which
glve rise to demsity currents to differentiate between bottom-set and density current beds, bdut
as additional knowledge is gained, it i1s hoped that we will be able to do so.

Deposite in Retarding Basins on Streams with Heavy Sediment Loads

Another exsmple which can be used to illustrate the type of approach which the sediment
engineer employs is the method developed for predicting the deposits which would occur in a
flood-retarding basin on streams carrying heavy sediment loads. Two such basins were planned
and about to be constructed before the war on the Yung Ting River in northern China. This
stream carries & very heavy sediment load, and considerable deposit in the reservoirs was expect-
ed, but no method was avallable for estimating how much this would be. By breaking the problem
down into steps and by making certain simplifying assumptions, which are probably quite close to
the truth, it is possible to compute the deposits which would occur in the basins in any flood
if the data on stream discharge and sediment concentration and composition are avallable through-
out that period. o

VWhen the water of a flood first starts
to store in a retarding basin it rises
above the cutlet, as shown in Figure 2.
Most of the water flows directly through
the outlet, but the remainder begins to
£111 up the bottom of the dasin, occupying
the space Al with a water surface at 1. As
time goes on more water is stored until
Level 2 is reached, and for a reason.which
will be explained later, the water which
occupied the space A] moves up to the space
A2, and the bottom of the reservoir is oc-
cupied by the water Bj. After another peri-

CHANGING POSITION OF INFLOW OF VARIOUS od of time the reservoir has been filled
PERIODS IN A RESERVOIR to a Level 3, and the A water has moved up
WITH HEAVY SEDIMENT CONCENTRATION to A3 > the B water moved to 32, and cl water
FIGURE 2 occupies the bottom of the reservoir. After

another perlod, the reservoir has filled to
Level 4, the A water occupying the positionA), the position B3, the C water the position C2,
and D water occupying the remainder of the reservoir.

The sediment particles in the water, however, do not rise at the same rate as the water
since each particle of sediment settles down at a definite rate with respect to the water sur-
rounding it, the larger particles settling faster thean the finer ones. If the particles settle
down through the water at a faster rate than the water surrounding them rises, they will settls
toward the bottom of the reservolr. The A water, for example, in a glven time has risen from
the bottom to the. top of the reservolr, but a particle of sediment which would settle faster
then this water rose would have settled down rather than risen up. As considerable time has
elapsed between the time the A water entered and the time the reservoir reached Level k, and
all during this time the sediment particles brought in with the A water were settling, all par-
ticles except those which sink very slowly would have settled out of the A water and 1t would
be relatively clear. The B water would have been in the reservoir a shorter time and less sedi-
ment would have settled out of 1t. It would therefore be denser than the A water, and because
of this higher density the lighter A water would tend to stay on top of it and not mix with it.
We would thus have a gradually increasing demslty from the surfaceto the bottom of thé reservoir,
which would oppose the mixing of the water and tend to maintain the vertical distribution of
the water in the order that it entered the reservoir, The inflowing water, having a greater
sediment content, would flow down the bottom of the reservoir to the dam as a demsity current
and the portion which could not pass out would rise in the reservoir beneath the water which
previously entered.
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By breaking this process down into steps and following through the position of the water
entering at various times and also of the particles of various settling rates and their concen-
trations, it is possible to compute the amount which would settle to the bottom of the reservolr
before the reservoir empties itself after the flood subsides. This would be & very long, tedi-
ous process, but the use of a slide rule invented for flood routing in reservoirs wes found to
be capable of transformation into a tool for tracing the sediment movement, and the process wes
thereby greatly speeded up. In the above discussion for simplicity the density of the concen-
tration of sediment in the iInflowing water has been assumed to be constant, dbut a varying con-
centration can alsc be handled.

Conclusion

In concluding it may be repeated that the purpose of this paper 1s to point out that a
branch of hydraulic engineering has been developing with a quantitative science behind it which
will be of great assistance in enabling engineers to cope with the problems which are arising
because of the transportation and deposition of sediment in streams. As this is a new develop-
ment, too much must not be expected of 1t in its present form, but rapid advances in this fleld
are being made and we can expect that much better results will be possible as time goes on,
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DISCUSSION

S. K. LOVE,* As pointed out by Mr. Lane, sediment engineering has been assuming the proportions
of a quantitative sclience only during the past two decades.Prior thereto the importance of
obtaining reliable informaticon about the detrital load of streams was realized by relatively
few far-sighted investigators. The presence of sediment in streams was largely ignored even by
scientifically trained persons charged with the responsibility of design, construction, and op-
eration of hydraulic etructures. One has only to loock at a fairly large number of dams con~
structed 20 or more yeers ago to find that all too many are either filled with sediment or that
the live storage has been so greatly reduced that the operation of them has become an economic
1liability. It is recognized that the paucity of quantitative data about the sediment production
of stresms on which some of the dems were constructed made it practically impossible to make
proper allowance for sediment storage. On the other hand it appeara that too little thought

wvas given to the possibility of loss of reservoir capacity through the deposition of detrital
loads above the dams.

Because of the increasing emphasis on the need for reliable and comprehensive Information
about the sediment transported by streams, it is doubtful if a large or even a medium-sized dam
would be constructed today without making the best possible use of existing sediment date and
without allocatling dead storage to provide for sediment accumulations.

It may be pertinent to inquire sbout the future useful life of dems and reservoirs in this
country resulting from the gradusl filling up of the large reservoirs recently constructed or
now under construction in regions where the sediment production of streams is relatively large.
To what extent wlll the quantitative science of sediment engineering be employed to assure &
useful life of 50, 100, or 200 years or even longer for these reservoirs?

The deposition of sediment in Lake Mead has already reached serious proportions and it is
underatood that plans are being made for a comprehensive sediment survey to determine the depth
and distribution of deposited sediment above Hoover Dam. The allocation of a storage pocket of
about 8 million acre-feet for sediment deposition was undoubtedly a wise provision. However,
when it is recalled that spproximately 1.7 billion tons of sediment as measured at the Grand
Canyon gaging station have already entered the Lake since storage began in 1935, and that the

* Chief, Quality of Water Division, Geological Survey, Washington, D. C.
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sediment probably occupies at least 1.5 million acre-feet of storage cepacity (assuming 50
pounds per cubic feet on & dry weight basis), it is resdily realized that nearly one-fifth of the
8 million acre-feet allocated tc sediment storage has already been filled. Some of the sediment
has been deposited in the delta area at the head of the Lake which may not be included in the 8
million acre~feet allocated for sediment storage. Furthermore, ultimate consolidation of these
sedimente will tend to decrease the volume occupied. Nevertheless, unless upstream reservolrs
are constructed for sediment retention it may be that the useful life of Lake Mead will be con-

siderably less than originally expected.

What is true for Lake Mead is also true for other reservoirs except that the time of filling
sufficient to impair their useful 1ife will depend on the size of the reservoirs and the rates
of sediment production.

It cennot be urged too strongly that quantitative measurements of detrital materials should
be obtained and utilized in connection with all major hydraulic developments on streams in which
sediment is or may become a menace. Although a great deal remeins to be learned about the laws
of sediment transportation and effectlve means of measuring the sediment discharge of streams,
the kmowledge and tools now available are sufficient to provide much of the information needed
for the solution of present~dey problems relating to the construction and operation of hydraulic

structures.

VICTOR H. JONES .* The diagram illustrating sediment in reservoirs was very interesting to me.

I think it showed the general relationships very well. And yet I would like to emphasize the
fact that the relationships between the bottom set beds and the density current heds are not
very clear. For instence, in many reservoir surveys which we have made in the Soll Conservation
Service, especially in those reservoiys where the shape of the basin is rather wide and where
the reservoir is very shallow, we find a rather equable distribution of sediment over broad parts
of that basin. The depth of that sediment over a period of years is not apprecilably greater in
most cases.near the dem. In some cases it may be, in other cases the distribution may be affect-
ed by restrictions in the basin itself in which we get a concentration above that constriction.
In most reservoirs of this type, however, I doubt if it is practicable or possible to distinguish
between such effects as regular bottom set beds and density current beds. It will not be easy
to distingulsh them by texture., Practically all such sediments in large flat reservoirs are
predominantly clay with some intermixture of silt. Generally we have found no sands or sandy
sediment in such a basin below the extreme heesdvater portion.

Another point which I think well worth emphasis is the fact that 1in large reservoirs in
vhich sediment storage pools ere planned, these pocls are not pools which have tops parallel to
the water surface. They are more nearly parallel to the bottom of the reservoir and will occupy

e segment of the reservoir bottom,

PARKER D. TRASK.¥¥ Mr. Lane's paper is very stimulating and focuses attention on the very impor-
tant problem of control of density currents in reservoirs, Density cwrrents, as Mr. Lane points
out, are influenced by the distribution of salinity and temperature of the water in the reser-

voir. In order for a density layer to be effective in flushing sediment out of a reservoir, it
should be underlain by heavier water, which will buoy the layer up so that sediment-laden water
can flow through the reservoir. It seems to me that if the density layer extends to the bottom
of the reservoir, friction on the bottom would impede the flow of‘ water and thus tend to cause

sediment to settle out.

As the density of fresh water reaches its maximum at 39° Fahrenheit, and as heavier water
tends to sink through lighter water, density layers in reservoirs will be influenced by the
variations in temperature in the surface water and in the river water entering the reservoir.
In reservoirs such as the Hoover Dam, where the winters are not severe, demsity layers should

persist in a more stable state than in reservoirs in the upper Missouri River where the surface
water cools to its maximum density at 39° as winter approaches, thus tending to cause a turnover
of the warmer bottom water and a disturbing effect on density layers. Any study of density

* Sedimentation Specialist, Water Conservation Division, Regional Office, Soll Conservation
Service, Fort Worth, Tex.
*% Geological Survey, Weshington, D. C,.
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layers should include a careful investigation of the distribution of temperature throughout the
reservolr from one season to another durlng the year.

With respect to Mr. Leane's illustration of topset, foreset and bottomset beds in reservoirs,
it seems to me that the bottom configuration of the reservoir neasr the inflow of the master
stream has considerable effect upon the sngle of inclination of the layers of sediment. For
example, 1f the floor of the master stream has a gradient of a few feet per mile near the head-
waters of the reservoir, the initial sgediments that are laild down can hardly have s greater in-
clination. Not until the delta hes been pushed & considerable distance forward can the incli-
nation of* deposited sediments become great and then only if the size-distribution of the sedi- -
ment load is such that a sort of a wall is formed at the front of the delta down which sediments
can fall as the delta is pushed forward. It seems to me that unless the coarser particles are
deposited at a materially more rapid rate than the finer particles, steep foreset beds cannot
develop. If steep slopes do not develop, then the difference between topset, foreset and
bottomset beds may not be very great. The criticel question is the relative rates of deposition
of coarse and fine perticles with respect to distence from the head of the reservoir. ZLongltu-

dinal profiles taken at the heads of reservoirs on a few master streams could settle this prob-
lem very simply.

THOMAS MADDOCK, JR. * For Dr. Trask's information I would like to point out that Mr. Lane in
his paper mekes specific reference to high concentration of sediments entering the reservolr
and therefore he realizes that you do have differences due to temperature. Furihermore Mr.
Lene's method of approach was limited to dams with temporary storage where temperature differ-
encea are not important. Thus there are two limits to this method which disregard temperature
effects, high concentrations of sediment in the inflowing water and short period of storage.

ALBERT S, FRY.** I would like to emphasize the point that Dr. Trask made. In the TVA reser-
voirs, different conditions occur than those discussed by Mr. Lans. We are much concernmed
with density currents which we have found to greatly affect the flow of water through a reser-
volr. These currents in our reservoirs are csused by tempersture differences and not by silt
load. It is Important that no one should get the impression that deposition willl occur in any
reservoir according to Mr., Lane's dlagram, as this will take place only in those cases where the

sodiment load is so heavy that it overbalances the effect of water temperatures in setting up -
density currents.

*Bureau of Reclamation, Denver, Colo.
*# Chief, Hydraulic Data Division, Tennessee Valley Authority, Knoxville, Temn,
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DETERMINATION OF RATES OF BED-IOAD MOVEMENT

by Hens A. Einstein *

The retes of bed~load movemeni in streems can usually be determined by two entirely differ-
ent methods: either by direct measurement or analytically from the way the stream and its load
have shaped the channel. ' The method of direct measurement will be described first, together
with some comments on the instruments used, and then the analytical method will be dlscusszed.

A critical comparison will finally show the advantages and disadvantages of each method and will

suggest their filelds of application.
Direct Measurement of Bed-Load

Before we can orgenlze the measurement of any physical veriasble like the rate of bed-load
transport, we must first define this variable. Quoting the recommendations of the A,G.U, Com-
mittee on Sediment Terminology, bed-load may be defjined as "coarse material moving on or near
the bed.” This definition is not very precise, but in a gensral way it conveys the two ideas
that the large grains of the load should be. included and that these lerger grains are supposed
to move near or on the bed. We all know that the largest grains transported by a stream have
a tendency to move nsar the bed and in this general way the qualification "coarse material" in
the definition of bed-load is synonymous with the second one saying that 1t moves near the bed.
However, only too often we find the coarsest grains of the load all the way up to the surface
while the finest particles are always as plentiful at the bed as in the rest of the cross sec-
tion, Because of this complication and because of ths extreme variability of conditions from
stream to stream, 1t is customary for each investigator to draw his own line of demarcation
between bed-load and the rest of the moving solids in order to fit the special conditions of a
particular streem and of the instrument used. For this reason, the ebove mentioned Committee
allows the alternate definition of bed-load as "the material collected in or computed from sam-

ples collected in & bed-load sampler or trap."

This brings us to the conclusion that bed-load is that part of the load which is meesured
with a bed-load sampler and a bed-load sempler is an instrument used to sample bed-loasd. It
seems doubtful whether this definition has any real value. A more usable definition of & bed-
load sampler, however, resulis from the problem of determining the total load in & stresm. Be-
ginning at the water surface, we can measure all suspended load in the upper layers with the
help of suspended load samplers, l.e., lnstruments which teke water samples from different
points of the flow. 'These water samples are used to determine the concentration of sediment
in the water, and the rate of transport of such particles can then be obtained by multiplying
the measured sedimsnt concentration by the corresponding water discharge. Implicitly, the
assumption is made that the average horizontal speed of sediment particles is the same as that

of the surrounding water.

This assumption is permissible in all parts of the flow except in the immediate proximity
of the bed. There the integration of the product of concentration times flow breaks down for

several reasons:

1. The velocity gradient becomes too large.
2. The concentration gradlent becomes too large.
3. The solid particles cease to have the same welocity as the surrounding water.

A different type of measuring instrument, which measures directly the rate at which sedi-
ment passes thls part of the section, must be used to measure the sediment transport in thia
bottom layer. From this we can define a bed-load sampler as an Instrument which measures di-
rectly the rate at which sediment moves in & given layer adjacent to the bed. The thickmess

* Hydraulic Engineer, Cooperative Laeboratory, Soil Conservatlon Service, and California
Institute of Technology, Pasadena, Calif.
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of this layer must be chosen individually for different streams. It must at least equal the
diemeter of the largest grain and must include all the flow up to the lowest possible level at

Figure 1. 1:2.5 model of the bed-load sampler
used by Nesper in measuring the transport in

the Rhine River. The photograph was taken at

the end of a sampling period. Kote sediment
accumulated in front of entrance due to hy-
draulic resistance of sampler.

which the suspended load sampler may be used
to complete the measurement. On the other
hand, ease of handling makes it lmperative
not to choose the bed-load layer any thicker
than absolutely necessary. The layer thick-
ness chosen in measuring the bed-load in the
Aare, for instance, was 12 inches because
particles up to this size are moved by that
mountain stream. The Dutch engineers, on the
other hend, who measured sand transport in
the lower Rhine River, where the maximum
grain is about 1 mm., developed a sampler
with only 2 inches vertical opening.

Box-type Samplers

All bed-load samplers, or traps of the
so-called box type, are built according to
the following principle: the water and sedi-
ment together enter the sampler through a
rectangular entrance frame. Inside the body
of the trap the flow velocity is reduced and
by this velocity reduction alones, or with the
ald of a screen, the sediment is depomited in
the trap, while the water is allowed to flow

~out at the rear end. In normsl operation,

the sampler ia brought down to the bed as
fest as possible and left there for a given
period of time, during which time water flows
through the sampler while the sediment is
deposited. At the end of the measuring per-
iod, the sempler is lifted again from the bed
and out of the water, The catch is removed
and measured.

The main sources of error in using such
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Figure 2. Continuous sampling by Nespsr in a section of the Rhine at constant stage shows the ex-

tremely high fluctuations of the rate of movement.

Alternmately, different sampling durations

were used. Diagrams to the right give average rate in terms of sampling duration. Top diagram
gives results of sampling with elastic horlzontal cable support; bottom diagram is obtained with
stiff horizontal support. Note difference between rate-time relationships at the right.
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Figure 3. Laboratory calibration of Nespers
sampler shows efficiencies for individual grain
sizes. Curves 9 t 12 represent a high rate of
transport; the others a medium rate., The sys-
tematic change of these curves with the rate of
transport is characteristic for all box-type

samplers.

Figure 4. Bed-load sampler of the Swises Amt

fur Wasserwirtechaft and its 1:2.5 model. Note

flexible bottom which prevents by-passing of
sediment under the sampler.

Little contact feet

visible on model, dismounted on prototype, give

electric signals when sampler reaches the ground.
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sampling devices are the following:

Sampling Period. - If the particles of
which the bed-load consists are moving in
part in suspension, 1t 18 poseible that such
particles are collected during the lowering
and raising periods. They tend to increase
the measured rate.

An ingenious device has been used on some
very heavy samplers. The front end is sup~
ported by two little foot plates which close
electrical contacts as soon as the weight of
the trap rests on them. These contacts are
connected to little signal lights at the
bridge from which the sampler is guided. The
operator can see from the behavior of the
lights whether or not the sampler is in solid
contact with the bed and can thus easily
measure the exact duration of the sampling
period with a etop watch.

Velocity Reduction at the Entrance. - In
working position the sampler offers a sireable
resigtance to the flow under all conditions.
In general this resistance will cause & pres-
sure increase in the entrance, which again
reduces the velocity of water inflow. Any
such local pressure increase is felt espec-
1ally by the slow-flowing bottom layers which
carry most of the bed-load. Thue, an average
velocity.reduction at the entrance of 10 per-
cent may cause a reduction of the measured
bed-load rates of 50 percent, as was learned
from the performasnce of such samplers in cal-
ibration tests., Scme designers of bed-load
samplers tried, therefore, to move the effect
of the resistance away from the entrance
either up into the free flow (see Ehrenber-
ger's fin) or behind the entrance (see the
elongated entrance of the Arnhem sampler).
These measures are very effective in bringing
the average efficiency of the instrument up
to 100 percent, but this efficlency may still
vary with the velocity distribution around the
sampler, which changes with the character of
the bed and with the ratio betwesen the samp-
ler size and the water depth. This means that
sny such sampler should be calibrated for the
type of bed and flow for which it is intended
to be used.

When it became known that samplers had
to be calidbrated individually for different
applications, later designers such as Nesper
and the Schwelz. Amt fur Wasserwirtschaft
did not think it was important to have an ef-
ficiency near 100 percent, and they developed
their instruments from Ehrenberger's sampler
rather for convenience of handling, leaving
out the fins. Thelr instruments have an ef-
ficiency of 30 to 60 percent, but have a much
larger capacity per unit of weight. Calibra-
tion tests on these samplers in different
scales showed that thelr performance is con-
sistent 1f they are properly used.



Figure 5.; Swiss sampler ready to be emptied
after sampling in the Aare., All box samplers
must be supported in such a way that the tail
end hangs down low and reaches the bed first.
Otherwise, the sampler digs into the bed.
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- Scour under the Sempler. - One of the
greatest difficulties in the development of.
bed-load samplers is to make them sit flat
on a naturally rough and irregular bed. If
any pessage is left open between the bed and
the sampler entrance, water will flow through
this opening and will wash through under the
sampler some of the finer constituents of the
load, seriously bilasing the result. The most
effective solution in preventing this mistake
has been used by the Schweiz. Amt fur Wasser-
wirtschaft in their sampler for measurements
in the Hasli-Aare. They built the entire
bottom of the sempler, including the bottom
part of the entrance section extremely pli-
able and sufficiently heavy so it would al-
ways fit the bed snugly. For material they
used a loose sheet of chain link mail fasten-
ed to the frame with wire. By this measure
certain inconsistencies common to all other
samplers were eliminated.

Excessive Filling. ~ Up to a filling of
about 30 percent of the total sampler volume,
most instruments show no change of the effi-
clency with the degree of filling. For high-
er degrees of filling, the efficiency ususlly
drope considerably. It is preferable not to
use the semplers in this range as results be-
come incomnsistent. '

Elastic Support. - Bed-load samplers
are usually handled from a bridge. Fspec-
ially for the heavier models (Schweiz.Amt,
fur Wasserwirtschaft model weighs sbout 300

1bs), this is the only possibility outside of

the use of boats in large rivers. Whenever
the current is swift as is usually the case
where the bed-load 18 coarse, the sampler ex-
periences a considerable drag in the water.
They are then usually braced horizontally by
a system of cables that are elastic to some
degree. The drag varies roughly as the
square of the water velocity. As the sampler
1e lowered through the water towerds the bed
it moves first through layers of high veloc-
ity. The flow velocity, and simultaneously,
the drag, diminish as the sempler approaches
the bed. There they are a minimum. As the
drag is reduced, the elastic cable suspen-
slon pulls the sampler upstream. If the last
foot or two approaching the bed are travelled
rather fast, the elastic suspension does no%
find time to adjust its dieplacement and when
the sampler reaches the bed, 1t is located
further downstream than would correspond to
the average drag there. The elastic suspen-
slon aided by irregularities of the drag
force due to turbulence, gradually pulls the
sampler upstream during the sampling period >
shovelling bed material into ite entrance,
vhich otherwise would not have moved during
this perlod. From this action a systematic
increase of the samples results, which is
known to have amounted to 100 percent of the
average sample under normal conditions. By
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all means this error must be eliminated if usable and reliable results are to be expected. Elim-

ination of this shovelling action is possidle by elimination of the elasticity of the horizontal
suspension.

Irregularity of the Sediment Movement. - The greatest difficulty encountered in the task of
measuring the bed-load in a stream is caused dy the irregularity of the transport itself. Not
only does the rate of transport fluctuate continuously in any one spot with all frequencies and
vith amplitudes of the same order as the average transport, but also these same variations are
found from point to point in a cross section. This makes it necessary to repeat all measurements

a great number of times. With normal equipment, it thus takes about a full day to measure the
average load in one cross section.

From this we can conclude that box-type bed-load samplers can be used only to measure the
rates of bed-load movement in streams in which the flow does not change drastically during an 8

to l1l2-hour period. In streams with flash floods with a total peak of only a day or =0, bed-load
samplers of this type are therefore not usable.

Figure 9. The Arnhem-type sampler was developed
by Dutch govermment engineers and the Delft Hyw

Figure 10. The original Dutch sampler with the

entrance section supported by a 2-inch footing,
draulic Laboratory for 100 percent efficiency. in order to sample the second two inches from
The model shown in the picture was built in the bed, whers suspended load sampling appeared
this country according to Dutch specifications to give unsatisfactory results. .
and was found to be unugable in socuthern streams
because the fine screens almost immediately
clogged with fine, floating vegetal fibres. A
screenless model (mounted in frame) was develop-
ed and found to be reasonably satisfactory.

Figure 11. This sampler must also be supported in
such a way that it reaches the bed first with its
tail. The entrance section is supported separately
and 18 the last part of the structure to touch the
ground. The drag on this sampler is relatively.
small. Its own weight will hold it in place during
the sampling operation.
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Figure 1. The calibration curves for this
sampler and for different grain sizes is given
for two different rates. The solid line gives
the rates caught in the first two inches above
the bed. The dashed line gives the amount
caught in the first four inches. The dot-dash
line shows the ratic between amounts caught in

first and in second position. Again, the shape
of the efficlency curve ¢ 8 with the rate of

transport.

Figure 13. The catch is removed from the

sampler through an opening in the rear end by
flughing water through its body.

Pan-type Samplers

For small rates of bed-load movement, it seems especially important te eliminate the influ-
ences which tend to reduce the efficiency of the sampler. For these streams, which usually are
characterized by moderate flow velocities, there often exists a very marked division between bed-
load and suspended load. In fact, a size limit can be chosen so that all coarser particles move
exclusively as bed-load, while all finer particles move almost exclusively in suspension and may
be neglected in the bed-load. With these flows in mind, the pan-type bed-load samplers have been
developed. They may be described as a pan having a bottom and two side walls. They include us-
uvally some containers or baffles which are open at the top and have the double purpose of de-
flecting the water slightly and of storing the deposited bed-load. The construction must be such
that the entire deposition of bed-load occurs in the boxes. This type has two great advantages
over the box-type sampler: (1) the velocity reduction at the entrance can be reduced almost te
zero because the water does not pass any screens and is only very slightly deflected, and (2) the
drag on the instrument is reduced so much that a horizontal support becomes unnecessary, thus
eliminating the dangers of an elastic horizontal support. From this one is led to conclude that
pan-type samplers should be used wherever the flow is favorable for their application. However,
since the writer never has had occasion to test this type of sampler, he does not know whether or
not these samplers have some additional "bugs" which are not mentioned here. For descriptions of
such samplers and a list of publications on the subject, the reader is referred to Report No. 2
on "Equipment Used for Sampling Bed-Load and Bed Material," written jointly by a number of govern-
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ment agencies and the Iowa Institute of Hydraulic Research. The report was published by the St.

Paul Engineer District Sub-Ofﬂce, HydraulicLaboratory, University of Iowa, Iowa City, Iowe,:
Sevtember 1940.

Siot-type Samplers

While the pan-type sampler is a solution for flows of long duration and low rates of trans-
port, an entirely different approach must be used for streams with fast~changing flow. Here an at-
_tempt must be made to sample a larger percentage of the transport, or in extreme cases, to measure
the entire load. A solution for this approach was found, based on the observation that a suffi-
ciently large hole or slot dug into the bed will catch all bed-load transport until it is filled.
The width of such a slot seems to be sufficient i1f it measures 100 to 200 grain diameters. Wooden
slots of this sort built into the bed are easily recognized later and have been used often in
order to obtain samples of the material moving at the bottom of stresms,

The next step in the development of this type of sampler was the addition of a mechanical
device which continuously movee the sediment that settles in the slot up to the stream bank.
There it can be measured, analyzed for size, and then returned to the river below the slot. The
Soil Conservation Service of the U,S. Department of Agriculture has developed two sets of equip-
ment of this kind. One is stationary and is located at the Greenville, S.C., Bed-Load Station;
the other 1s movable and wae bdbuilt for use in small streams. In both cases the bed-load consist-
ed of sand and could be pumped from the slot to the banks, The movable sampler was especially
successful, and 1s described extensively in Technical Report SCS-TP-55, August 194k, of the Soil .
Conservatlion Service. Neither plece of equipment is any longer in use.

Figure 15. Movable slot-sampling equipment Figure 16. Permanent slot-type bed-load
mounted at Mountain Creek near Greenville, measuring device in Enoree River near Green-~
S. C. A metal hopper is lowered into the ville, S. C. The sediment can he pumped sep-
stream bed and all sediment pumped out of it arately from the.slois between the short walls
continuously as 1t settles inside the hopper. into the large tank for measurement.

The tank to the right separates the sand from
the water and continuously welghs it.

This type of sampling equipment gives us a continuous record of all bed-load transport
reaching the slot section. It has the disadvantage that it involves the construction of the
slot and of the mechanicel moving device. It also has the disadvantage of all slot and pan-type
samplers that the thickness of the layer in which the sampled sediment was moving is not known.
This implies that we do not kmow how much of the measured sediment moved as bed-load and how
mch actually was suspended load. But this uncertainty is much less serious than the errors due
to the integration of spot samples as they occur with other pleces of equipment. It 1s possible,
furthermore, to get some information about this point by means of special calibration runs where
either the results are compared with those of other samplers, or where the sedimentisartificial-
1y introduced at certain points in the cross section.

Another method of determining the bed-load in streams is to survey delia growth, where such
rivers happen to deposit their bed-load in & lake or reservoir. This method gives & reasonable
estimate of the total bed-load for long periods. The instantaneous rates cannot be determined;:
on the other hand, the method does not involve the use of new instruments which must be develop-
ed and calibrated. Good records of the average annual load in streams may be cobtained by this
method. Unfortunately, it is restricted to locations with natural lakes or artificial reservoirs.
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In some instances vhere the entire bed-load of streams consists of fine-grained material,
the rates could be determined by means of suspended samplers. This becomes possible below
rapids or in other places where, due to locally-increased turbulence, the entire load goes into.
suspension. The bed-load rate may be determined in such streams as the difference between the
total load as measured in these places of high turbulence and the suspended load as measured
by sampling in a normal section.

Anslytical Detemina.tion ‘of Bed-Load

So far we have geen how the bed-load rates can be measured, but nothing has been said about
the significance of the results that we may obtain. Let 1s assume that we have been able to
measure continuously during a year or more the rates at which the different grain sizes of the
bed-load moved through a given river section. This knowledge alone will help us very little.

It alone will not tell us anything about the transport in another section of the same stream,
much less will it help us to determine the load of a different stream or the load that might
occur in the same location at a different time. We would be in about the same position if we

had the discharge record of a stream section for a given length of time. We could not read any-
thing from those records except the flow of water that took place in this section during the

time of observation. Again we would not be able to draw any conclusions on the flow in janother
section or at another time unless we were able to find some relationship that linked our measured
variable with something else. Assuming that we also know the precipitation in the watershed and
that we are able to find a relationship between flow and precipitation during the period of dis-
charge measurement, then we may assume with some reason that this relationship will hold after
the end of the observation period. This would allow the determination of the discharge for later
years from the precipitation pattern without direct discharge messurement. After having studled
a number of such relationships between precipitation and runoff in different watersheds, we may
find that it is possible to predict the character of this relationship from & pertinent descrip- ‘
tion of the watershed. In that case we could go into any new watershed and predict the runoff
for any year for which we know the precipitations. We all know that direct runoff measuremsnt
during a given storm is much more relisble than its derivation from the rain pattern. But what
1f the storm had not yet occurred and we could only conjecture the rain pattern that might create
the maximum probable atorm? Do we have to sit back and walt until this storm.occurs before we
are able to measure the maximum flow for which the structures salong the stream are to be design-
ed? Definitely not. The analytical method may not be very accurate, but it has the great ad-
vantage that it allows us to predict a result which must be expected under conditions that are
not yet realized.

For the same reason, engineers have tried to find relationships involving the rate of sedi-
ment movement. They knew that such relationships wherever they exist enable them to predict
the behavior of bed-load-carrying channels. If we know why and where such relationships exist,
the first big step in this direction is made. It is then a second but infinitely more involved
step to find the exact form of those relationships and to apply them. D

Let us pick up the bed-loaed problem now where wo left it before we diverged into the hydro-
logic anslogy. We assumed that we were able to measure continuously for a year or more the
rates at which the grailns of different sizes are moved as bed-losd through a given river section.
In trying to find and formulate all the relationships in which this rate 1s involved, it 1s very
important to think of it in two different ways. First, we must think of these rates as of the
sediment which is eroded and removed from the watershed. Second, we may interpret them as the
rates at which the stream in the vicinity of the measuring section is moving sediment under the
existing flow conditions. This double interpretation implies that there may be elther a rela-
tionship of the transport in the measuring section with the erosion conditions in the watershed,
or with the local flow conditlions or both, If we analyze the data obtained in our hypothetical
measuring section we shall find (unless we were very unfortunate in selecting the measuring
section) that at least for the coarser grain sizes the rates will follow closely a single curve
if plotted against the discharges., Such a relationship is definitely one of the second type be-
cause it holds, no matter from which part of the water shed the specific discharge originates,
Let us try to explain now why and where such a relationship, which may be called the bed-load
function of the stream, exists. We all know that a stream which 1s flowing over a deposit of
loose granular material has a tendency to scour into this material, removing part of it if its
flow is sufficiently fast. We also know that a stream which is carrying sediment will deposit
on its bed whatever part it 1s not able to move. It has been found by experiment that these two
actions of scour and deposition occur continuously over such a deposit of loose sediment. An
eguilibrium results from their interaction which determines the rate at which sediment is moved
over this deposit by & given flow. This equilibrium rate is the rate which all the kmown bed-
load formulas try to describe. It isialso responsibleé for the existence of the bed-load function
wvhich we have found in our hypothetical bed-load measurement. This explanation lets us defline
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the stream sectlons where such a bed-load function exists. They are sectiocns which are preceded
by a channel reach containing a bed of loose sediment of the same type as the bed-load. We call
such a reach alluvial. In an alluvial reach, the stream is able to move any grain size only ac-
cording to 1ts bed-load function, and if the stream happens to enter the alluvial reach with a
load different from that function, the load will be adjusted to conform with it by scour or
deposition in the bed. Naturally, this scour and deposition change not only the load, but also
the bed and it is understandeble that unless the deviations of the incoming load from the bed-
load functions are random and short in duration, a permanent change of the alluvial bed will oc-
cur and with it a permenent change of the bed-load function itself. The time necessary to change
this function by systematic deviations of the incoming load depends mainly on the ratio of the
total amount of sediment available in the alluvial bed and the deviation in the sediment rate.

This time must be longer than a few years if an alluvial stretch may be used for reliable load
determinations.
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Figure 17. Measurements in Mountain Greek showed that tramsport of bed-load plot-
ted sagainst discharge gave a pronounced relationship. It showed, further, that
deviations from this relationship resulted when the regime of the stream was
changed artifically. The curves give the bed-load function as i1t was found analy-
tically for this channel, using an idealized section.

So 1ar we have discussed the relstion-
ship between the bed-load.rates and the flow
in the alluvial reach. But by implication
we have already hinted that the flow condi-
tions in the alluvial reach are not absolute-
ly constant but may, during a period of years
or of decades, slowly changeby scour or sedi-
ment deposition. Thus the bed-load function
of the reach gradually adjusts itself to the
long-time average rate at which sediment en-
ters the reach. This fact must alwayse be
kept in mind if predictions of any kind are
made. It also suggests that there is a re-
lationship between the average annusl rate at

Figure 18. Rio Grande near Albuquergue. This which the watershed yields sediment and the
channel has an alluvial bed, has no dams, ellls flow condition in the reach. We are tempted
or other obstructions preventing scour. It is, to essume that 1t might be possible to make
therefore, a true alluvial reach. It is to be some sort of an erosion survey covering the

expected that_a bed-load function exists for this  ©ontire area of the watershed in order to find
stream section. it must be possible to find this  ‘“his average annual yleld. Such a procedure
Function analytically or by messurement. seems possible for the fine-grain sediment,
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Figure 19. West Goose Creek near Oxford, Miss,

Figure 20. Smith Creek near Greenvilile, S, C.

Transportation in this channel was measured
and the existence of a bed-load function was

The existence of a bed-load function was es-
tablished for this stream by measurement. It

established, The same function was later

must be expected, however, that such a func-

found analytically. Despite ite smaller

tion does not exist for the very highest

size, the character of this stream 1s the

flood stages because this section of the

same as that of the Rio Grande in Figure 10.

stream is very near to the upper end of the

alluvial valley.

Figure 21. No bed-load function may be de-
rived from this channel. Upon diggl
one will find that the alluvial deposit is
only 1 foot deep and that it is underlined
by basically different sediment. The sedi-
ment must be classed as a casual deposit.
The channel is not an alluvial reach.

i

Figure 22. Channel on the upper part of a de- Figure 23. George Creek, Saluda County, S. C.
bris cone. A temporary bed-load function Although flowing to a large on sz 2""&1’
may exist for low flows, but thig function alluvial sediment, thie stream is not to
will be different after the next flood. The classed as an alluvial reach and does not
section cannot be 'cl_as-s_e-d._—a.s- -a.—-truln—z al -l—uv_- have a bed-load. function because its flow 1is

12l reach. essentlally governed by numerous rock sills.
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the clays end silts, which are only temporerily and Yo a very small amount deposited along the
stream channel; for the larger grains which essentially constitute the bed-load, this method is
not usable because of the extremely high modification which the bed-load rates experience by de-
position and scour along the channel, as the following example shows.

In the Greenville Sediment Load Laboratory, the total load in the Enoree River at the lab-
oratory was measuped during 4 1/2 consecutive years. It was found that the average annual bed-
load in the sand sizes was 14,700 cublc feet. Distributgd over a drainage ares of 64 square
miles, the erosion of sediment In the sand sizes would be 230 cubic feet per annum per square
mile. Simultaneously,the bed-load yield from one of the tributaries of the Enoree, Mountain
Creek, which Joins the Enoree several miles upstream from the measuring section, was measured
and determined to be 70,000 cubic feet per annum, or considerably more than the main stream in-
cluding Mountain Creek. With a drainage area of 11.4 square miles, Mountain Creek yields 6,400
cubic feet per annum per square mile, or about 28 times the average rate for the entire water-
shed. In order to appreclate the significence of these figures, it is necessary to know that a
great part of the Mountain Creek watershed is part of & State park and ss such is wooded and
therefore contributes less gediment per unit aree than some of the other tributaries. The ex-
planation of these seemingly contradictory figures lies in the excessive deposition of sand along
the main channel which is almost entirely choked by vegetation in some places between Mountain
Creek and the measuring section. This may show that an erosion survey, which might allow an es-

timate of the silt and clay supply of a watershed, cannot be used to estimate the supply of bed
material.

This fundementally different behavior of the fine and the coarse particles was in the minds
of the authors of the article, "A Distinction between Bed-load and Suspended Load in Natural
Streams," g._/ when they proposed the division of the load according to the relstionships deter-
mining their rates of transport in a particular section. According to the proposal advanced in
that article, all the fine particles, the smount of which 1s essentially determined by erosion
in the watershed, should be called "wash-load" (it is merely washed through the channel), while
the coarser particles which follow & bed-load function are called "bed-load," or more specifi-
cally, "bed-meterial losd." . '

Here we encounter a very significant difference between the determination of bed-load by
direct measurement and by analytical methods. While a bed-load sampler ssmples the particles
coarser than a limiting grain size, as given by the sampler, which move in a bottow layer, the
thickness of which is given by the samples, the bed-load function, whether this function is
found analytically or by measurement, describes the motion of all particles coarser than a lim-
iting size which 1s defined by the river itself. It includes the movement of these particles in
8ll parts of the cross section, whether they are moving near the bed as bed-loed, or in higher
layers, as suspended load. The analytical method which is based on the exlstence of relation-

ships between flow and transport, covers all movement within the limitations of this relation-
ship.

Although conslderable space was devoted in thie paper to the discussion of the devices and
methods of direct measurement of bed-load rates, it does not seem possible to describe appro-
pristely the purely analytical method of the determination of bed-load rates. It should be men-
tioned, however, that considerabls progress has been made in recent years in the solution of
this problem. By the use of rather fine sediment (diameters of about 1/10 mm.) 1t became pos-
aible to realize In flume experiments such intensitles of bed-load movement as occur in large
streams. The interpretation of the resulte was made possible by a combination of the theories
of suspension and of bed~-load movement and by the introduction of a "bed layer” inside which the

bed-load movement takes place and which is defined as the layer in which particles are unable to
move in suspension. 2/

The mathematical treatment of the solution ie based on the concepts of probability as they
‘were advanced in 1942 _3/ . A strict and logical extension of the mein ideas of that paper end the
application of same reésults of modern turbulence research allowed the replacement of the empiri-
cal function between the parameters ¢ (intensity of the transport) and %~ (intensity of the
flow) by a theoretically sound relationship, which seems to be valid in the entire known range
of bed-load rates and for all sediment mixtures that behave essentially as if they were of uni-
form grain size. Most needed 1s more research in the fielde of the sediment mixture and of the
bed roughness. The problem of sediment mixture, which includes all influences of the presence
of one grain size on the ability of the others to move, becomes especially important at lower
rates of sediment movement and in the study of scour phenomena. The problem of the bed rough-
ness seems to be intimately connected with the development of bars, ripples, and other types of

1/ 2/ 3/ See "References” at close of comments.
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sand waveée, and with the presence of trash and other foreign matter in and on the bed and with
the shape and regularity of the stream channel. The solutions of these problems are not mneeded
for the expression of the basic transportation laws, but they are very necessary for s reasonable
application of those lawe to natural rivers.

There seems t0 be scarcely sufficient room in this paper to outline the exact procedure of
the analytical determination of the bed-load function for a given reach, but 1t may be appro-
priate to describe here the conditions under which such a determination is possible. We already
know the basic condition which requires the presence of an slluvial reach upstreem from the sec-
tion for which we try to find the bed-load function. It is importent to note that such an allu-
vial reach becomes effective only as long as the entire discharge which crosses our section also
fiows through the alluvial reach. If part of the discharge 1s by-passed through an artificial
or natural side chamnel, such as an irrigation or power development, this part of the flow must
be treated separately because we calculate the bed-load rates from the capacity of the alluvial
reach to move sediment and only the water which flows through the reach can move sediment there.
For the same reason, it is impossible to find a bed-load function for a section 1f a sizeable
tributary joins the stream between the section and the alluvial reach. This can best be under-
stood if we assume that there is an alluvial reach in both the main stream and the tributary
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immediately above the junction. ZEach reach will develop a bed-load function, accoraing to the
long range average sediment output of its own watershed. These two curves will never be identi-
cal. Below the junction the tramsport will consist in part of the load of one reach and in part
of the load of the other, and therefore, the bed-load function will vary somewhere between the
functions of the two reaches according to the relative stages in the two contributing streams.
Here a bed-load function does not exist and therefore cannot be determined. The load of each of
the contributing streams can be determined separately in the form of two bed-load functions for
sections immediately above the Junction. Below the junction the combined flow must first pass
through another alluvial reach of sufficient length to permit a new bed-load function to develop.
Similar conditions hold for sections below points where the flow is divided into two parts, such
as below the inlet to irrigation and power canals.

Another very useful quasi-analytical method has been used to determine the relative contri-
bution of Joining streams. It is the heavy mineral method .li/ wvhich is baged on the 1dea that
the relative contribution of two jJoining streems could very easily be determined if it were pos-
sible to dye all sediment in one stream with some characteristic dye and if the percentage of the
dyed sediment in the combined flow could be determined later. Naturally, artificiasl dye cannot
be used for this process, but it 1s usually possible to find some natural characteristic of the
sediments in the two streams which differ sufficiently to allow the identification of their
origin, :

This method was used in the past for fine sands only, for which most grains consist of
single minerals. Besides the great number of grains with normsl specific gravity around 2.6,
such as quartz and the different feldspars, each sand contalns a number of heavy minerals which
can be separated easlily from the rest by floteation on e heavy liquid., The contamination with
these heavy grains can be used in the same way to identify the origin of a mixture as the dye
would identify a single graln. The difficulty that heavier grains move less resdily than the
light greins was very cleverly solved by studying quartz grains of a given size together with a
contamination censisting of smaller grains of heavier minerals., We all know that light grains
move more easlily than heavy ones and that small grains move more easily than large ones. The
assumption was then made in the development of the heavy mineral method that a smaller heavy
grain can always be found which is equivalent in all respects of movement to some larger light
grain, We know today that this sssumption is not accurately fulfilled, beceuse the size reduc-
tion must be chosen differently if the graln moves as bed-load or if it moves in suspension. But
the method as worked out by Rittenhouse allows one to determine the most probable size reduction
from the semples themselves, a size reduction which already takes care of the combined movement.,
This method is about as expensive as the direct analytical method, but much less expensive than
direct measurement, It has the great advantage that- it is not restricted to sections below an
alluvial stretch, but it has the big drawback that it gives only total loads and never individusl
rates and that it only gives ratios between the loads and never absolute values. It may be used
to good advantage, therefore, to supplement and check the other methods.

We have just a few more words about the alluvial reach which seems to be such an important
factor in the bed-load economy of a stream. The rate of transport on a movable bed is a function
of the bed composition and of the lotal velocity distribution. We can, therefore, only expect
to find a constant bed-load function or relationship between discharge and bed-load rate if the
velocity distribution in an alluvial reach is always the same for a given discharge. This is
definitely not fulfilled in a channel with artificial or nstural grade-stabllizing cross-sills.
In such a channel a very small deposition of sediment is able to increase the slope between sills
considerably, simultaneously reducing the local head loss at the sills. Thus the average veloc-
ity between sills is Increased and so ies the ability to transport bed-load. Although such a
channel has en alluvial bed, it is not gqualified to act as an alluviel reach because its capacity
to store and to furnish sediment 1s extremely small., Any other grade-stabilizing device has the
same effect.

Summary and Comparison of the Methods

1. Direct sediment measurement allows only the determination of the load in existing stream
chennels under existing flow conditlions. The average annual sediment supply from a given water-
shed may be determined by this method, whether or not a bed-load function exists., Wherever a
bed-load function does exist, it may be determined by this method.

2. Direct bed-load measurement can be performed with the help of a number of different in-
struments. The box-type samplers are useful especially for large-size sediment and flows of

4/ See "References" at close of comments.




long duration, The pan-type ssmplers may be used for fine sediment moving at lower rates, and

the slot-type may be applied in ald cases, but is most expensive to build end to operate. All
bed-load samplers must be calibrated.

3. The analytical determination of bed-load rates is based on the existence of a bed-load
function, 1.e., of a unique relationship betwsen discharge and bed-load rate in a given cross
section. Such a relationship exists below an alluvial river reach of sufficient length. The
bed-load function may be determined elther by direct measurement in the cross section or by an
analysis of the stream's tranaporting cepacity in the alluviel reach.

4., No predictions of future sediment rates may be made from direct measurement alone. How-
ever, if either the average sediment supply or the bed-load function for a section have been de-
termined by direct measurement, these functions may be used for the prediction of future loads.
The analytical determination of the load in a chammel is entirely independent from the occurrence
of the flows causing the transport. Only the analytical method can be used in the design of new
stream channels and in the prediction of their stability.

5. None of the methods described in this paper cen solve all problems. Each method can
solve some problems. The river engineer in working with sediment-laden rivers must use them all
in their proper place in determining the rates of bed-load transport.
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DISCUSSION

H. K. ARMSTRONG.* - Doctor Einstein is to be commended on his excellent description and treatment
of the methods involved in bed-load measurement. Of the many factors associated with the phenom-
‘enon of sediment movement, the bed-load function of the stream, to use the author’'s terminology,
is a complete measure of the ability of local flow conditions to transport sediment, providing
all of the pertinent varisbles that make up the bed-load function have been considered, It fol-
lows that a function involving pertinent characteristic variables of the sediment is of equal
importance. The author states that the bed-load function describes the ".....motion of all par-
ticles coarser than a limiting size, whereby the size is defined by the river itself......" and
includes the ".....movement of these particles in all parts of the croas-section, whether they
are moving near the bed as bed-load or in higher layers as suspended load." The ability of the
bed-load function to contain this implicit quality, relating to the characteristics of the sedi-
ment, is quite acceptable. However, it is often considered desirable as demonstrated by the
author in the phi-psi theorem to express a sediment function as an independent argument that con-
teins only qualitative and quantitative variables that reflect the characteristics of the solild
particles.

For particles that are uniform in size, grading, shape, and density, no particular diffi-
culty is encountered in deriving a functional expression. In the case of size distributions and
shape factor combinations that extent over wide ranges, we run into troudle., For that matter,
experimental data on the transport of such sediment, even when obtained under controlled labora-
tory conditions, often require manipulatiocn in order to establish satisfactory and acceptable
correlation, and then, in many cases, results are not applicable for general or practical use.

Several methods have been proposed for dealing with size distribution and grading. Often
the diameter of particles is simply defined by 50 percent of the sample passing & glven screen.
Mean diemeter is sometimes obtained by weighing s sample, counting the number of grains, and
computing the diaemeter of an average sphere. XKramer's "uniformity modulus” is an example of &
method for dealing with grading. The author's limiting size method has also been successfully
employed. Methods described by Rouse involving the use of size frequency disgrams and cumulative
probability plots of mechanical analysis, together with the geometric mean diameter and the
standard deviation from this diameter, offer a promising method for handling size and grading.

In addition to the demand for a characteristic parameter describing the quality of the sed-
iment, a quantity parameter concerming the amount of sediment involved is equally essential in
the development of a particle function for general application. Quite a few formulae have been
proposed that allege to express the transport of sediment without specific reference to the a-
mount of sediment. Such formulae usually deal with competent velocities. The conditions under
which sediment transport first occurs are often described by a "critical value,” of some flow
function, at which movement of an “"appreciable quantity" of material takes place. Such terms
are descriptive in themselves, but do not afford a quantitative measure.

A critical examination of data on sediment transport suggests the use of a density that
concerns the mass rate of sediment discharge per volume rate of bulk discherge. A modification
of such variable was used by Shields in his work on transport. As the solid particles are sub-
merged, the buoyancy effect of the fluid medium is also considered, which allowe a simplification
of the pseudo-density expression.

The utilization of this pseudo-density variable in the analysis of transport data hes been
instrumental in obtaining an acceptable degree of correlation for most of the data examined,
In a majority of cases, deviations from correlation standards can usually be attributed to grad-
ing. The pseudo-density involves the dimensionless factor--the specific gravity of the bulk
discharge minus unity--and this simple expression is of significant importence. For a bulk
specific gravity of 1.00001 the mass of sediment in a cublic foot of discharge is 0.001 of a
pound, and this specific gravity represents 86 pounds mass of solid particles per day-second
foot. A channel discharging an average volume of 1,000 cubic feet per second would be carrying
approximately 46 tons of sediment per day. For a specific gravity of 1.1 and a bulk discharge
of 50 cubic feet per second, a dredge pipe will discharge approximately 500 pounds of solids per
second. These flgures are given as some indication of the range through which the pseudo-density

# Hydraulic Engineer, Office of the Chief of Engineers, Department of the Army, Washington,
D. C.
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may be employed, both for open channels and for closed conduits. VWhen plotted againet the stream
function on log-log paper, a straight line relatiomship is usually obtained.

¥When dealing with sediment tramsport in pipes varying in size through 1, l%, 2, 3and h
inches and including 28-inch diameter, the boundary roughness could, to all indications, be dis-
regarded in view of the influence of the size and the amount of solid materials in transport.
Vhen the stream function or the bed-load function, which in the case of pipes is essentially the
local Reynolds number, attains a sufficient value (depending on the size and the quantity of the
sollds), rational methods may be employed to determine the energy gradient. However, in the

case of open channels the boundary roughness plays a more predominant role, and a solution to
the problem of transport in open channels has yet to be found.

The author has stated the need for more research in the fields of the sediment mixture and
of the bed roughness. This need can not be over-emphasized--for the grading and the roughness

factors are probably of major order of importance in any rational expression describing the
phenomenon of sediment traneport.

BILLY T. MITCHELL.* Dr. Einstein has presented a very interesting and informative paper on the
determination of rates of bed-load movement. There are two or three points, however, that I
would like to discuss concerning bed-load samplers. A year or so ago we in the Omahsa District
understood that some work was being done by the Corps of Engineers in the Little Rock District
on developing a bed-load sampler along the same lines as the sampler Dr. Einstein showed you.

We got some specifications from them and duilt one as nearly identical to theirs as possidle. It
is considerably larger than the one he illustrated here, but it has to be that large in order to
be used in the depths and velocities of the Missourl River. We had some pretty poor luck with
it. In the first place, when we put it down to the bed of the stream, held it there for a couple
of minutea, and dbrought 1t up, there wouldn't be anything in it. When we put it down again and
held 1t there for a matter of five minutes or so, it might be brought up half full. There is
hardly a straight line relationship of filling under such conditions. We began to wonder if it
might not be possible that this action was due to the lip of the sampler resting on the top of a
sand wave. We don't know. We did try it out, though, in a small stream in western Nebraska
where the depth was relatively shallow, a matter of a foot or so, and had cause for further con-
sideration of its action. This sampler had a sort of 1ip that dropped down and made contact with
the bed - the sampler was lowered in an inclined position, the back end touching first and then
leveling up as the tension on the suspension cable was released. At the same time, this ramp in
front would open down. Of course the difficulty may be partially a fault in our reproduction

of the design the Little Rock District used, but nevertheless in trying it in this small stream
we found that no sand would get into 4t. What heppened? As soon as the 1lip touched the bed of
the stream, and sand would start moving away leaving a gap in front of it which the sand couldn't
Jump over -- it would go underneath instead. I can see where, for larger sediment particles as
shown in one of those pictures of Dr. Einstein's, it might be that this type of sampler might be
quite satisfactory, but I fail to see how you can depend on it for use in small streams; and in
the Missouri River where we can't see wvhat is going on when the sampler is carried downsitream
after it is dropped in, I don't know how we can be sure that it 18 getting anything even like -
the representative bed-load movement.

DR. EINSTEIN., The sampler that was developed by the Dutch was developed for a streem of compar-
atively low rates of transport and of slow flow, and there was no trouble of that sort at all.
Again, a question that comes up on instruments like we have discussed here is that it depends
very much on the rates at which the sediment is transported.

MR, MITCHELL. That probably is the answer to the question. I would like to bring one more
thing before the conference. It happens that we in the Omaha District had a chance to develop
a slightly different use for the supersonic-echo sounding equipment during April of this year
when ‘the Missouri River reached & peak flow of about 145,000 second feet at Omaha. The original
intent of the study was to watch the movement of the streambed at a slngle point continuously
for a period of 48 to 72 hours during a period of rapidly changing flow. Mr. Pafford, vhom you

*  Omaha District, Corps of Engineers, Department of the Army, Omaha, Nebr.
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heard a while ago, suggested that a few cross-sections of the river be taken as an indication of
bed material inflow and outflow to the test reach, and for correlative purposes. The elaboration:
of this suggestion as the study progressed, and the results thus obtained are described in a
paper which I have just drafted and is submitted for publication in the proceedings of this con-
ference as an extension of my extemporaneous remarks.,

Rapid Changes of Missouri River Streambed 1/

Introduction

One of the most pressing problems of the sediment engineer is the determination of bed load
movement. Although there are a number of empirical formulas awvaiiable to compute such movement
from hydraulic and sediment characteristics, the opportunities to make even rough check measure-
ments of bed movement on major rivers are infrequent indeed, and most checks must be made on a
long-term basis, either as sedimentetion of a reservoir or as aggradation or degradation of a
floodway. The mixture of suspended sediments with bed material in deltas and bars further com-
plicates the problem of checking bed movement quantitatively.

One of the newer tools available to the profession for observing streambed changes is the
fathometer, or echo-sounding device, in its recently improved form. Its usual role is that of
indicating water depth during navigation. The instrument is adaptable to other uses, however,
as will be shown in this paper. A Bludworth Model ES 114 was obtained by the Omaha District,
Corps of Engineers, in May 1946 primarily for study of bed sediment movement. It was not pos-
sible to make maximum use of it until the flood of April 1947. )

The original intent of the study during this flood was to follow the vertical change of
the streambed at one point continuously for many hours. In connection with this objective, how-
ever, it was decided to obtain a few exploratory repeat cross-sections of the river upstream and
downstream fromthis point for correlative purposes. Most of the material presented herein re-
suited from this revision in objective during the flood, and for that reason is not as complete
in some respects as might be desired.

Basis of Study

The study reach extended 1,800 feet upstream and 1,100 feet downstream from the Ak-Sar-Ben
Bridge over the Migsouri River at Omaha, Nebr. Eight crose-section ranges Were selected as
shown on Figure 1. The point for continuous observation was selected from study of cross-sec-
tions cobtained through discharge measurements, and was located about 50 feet upstream from the
bridge near the center of the river. Sectlon C, located 200 feet upstream from the bridge, was
sounded twice each day, as nearly as practicable, to provide correlation with the changes at the
single point. It was originally intended that Sections B, C, D, and G be sounded at a stage of
about 15 feet on the flood rise, at or Just after the peak, and at a moderate stage after the
peak. .

It was necessary to have good horizontal positioning, particularly for the cross-sectional
work. It is physically impossible to maintain the craft at a speed sufficiently uniform to
prevent distortion of the section on the recorder chart, particularly on a fast river. Near the
banks the current 1s considerably slower than in midstream. Even with a fairly powerful boat,
it is necessary to change the angle of gquartering into the stream to stay on the cross-section,
wvhich results in condensing or expanding the horizontal scale. If frequent "fixes" can be made,
satisfactory adjustment of the horizontal scale cen be obitained in the office. In this study,
every fifth cross-member on the Ak-Sar-Ben Bridge was used as a "fix," making an adjustment pos-
gible every 125 feet. All cross-sections were made in duplicatse by sounding both while golng
across and returning to the right bank.

The sounding equipment was mounted on the side of a steel ponton about halfway back from
the bow. A 40-foot launch was used to push the ponton. The minimum crew consisted of the
launch operator, the sounding operator, and two deck hands. Three complete crews were used dur-
ing the period of continuous socunding.

Numerous difficulties were experienced during the first part of the study, particularly
from floating debris. It was originally planned to use two bow and two stern anchors for the
ponton. It was found immediately that this procedure was impracticable because there was no
way to dodge the drift, which was quite heavy. Two bow anchors were used for a part of the time

1/ Not read at Conference.
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vhen the drift was not too heavy, but even so s Tour anchors were lost during thc etudy The
hazard was considerably greater at night, since the approaching drift could not be seen in time
4o maneuver. It was necessary during certain periods to get bed soundings at this point inter-
mittently, whem the ponton could be maneuvered into position and a "f£ix" called.

It was decided, about the time of the peak, that much more useful information could be ob-
tained during the flood by concentrating on resurvey of all eight cross-sections at fairly fre-
quent intervals. Conseguently, 10 complete surveys of the eight sections and one ps.rtia.l survey
covering five mections were made during a 73-hour period beginning just after the peak had pass-
ed. Each complete survey of the eight sections was made within ai élapsed time of about one and
one-half hours.

In addition to the operations Mist described, a detailed sounding of the streambed wes con-
ducted between Sections B and C at fi:l‘ty-foot ihtemle acrose the stream. This part of the
study was accomplished within a one and one-hal? hour period on the last day of the study.

Results

The continuous sounding operation at the single point showed that bed changes are very er-
ratic and, at present, unpredictable (Figure 2). The changes may take place with great rapidity
(as much as one foot within one-half minute or two feet within two minutes) or very gradua.lly.
There appears to be scme tendency for the bed to fluctuate about some mean elevation for a
given flow.

The cross-sectional soundings (Figure 3, sheet 14)2/ indicate that there is a continuous
shift of bed throughout the width of the stream, particularly at high flows. There is & tend-
ency for the average section to become U-shaped at high flows, with the stream center shifting
awvay from the bank, and to revert to the pre-flood conditions on receding steges. This tend-
ency, in terms of change in cross-sectional area, below a reference plane, with ¢ischarge is
shown in Figure 6. A loop curve, showing the average of the total area for all cross-sections
in the reach plotted against the stage at the Ak-Sar-Ben Bridge, is shown in Figure T.
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It 1s probable that the flow in this reach of the Missouri River is helical because of the
long, regular curve immediately upstream from the reach. (Figure 1). The flow conditions at
the lower end of the reach are somewhat different than at the bridge, but are similar to those
at the upper end of the reach. It is not known why the flow should be divergent Just upstream
from the bridge, but it is possible that a limitation of scour in the usual channel, due to rock
or similar conditions on the bottom, with a rise in stage causes this phencmenon.

TABLE 1
RAPID CHANGES OF MISSOURI RIVER STREDAMBED AT CMABA
CRUSS SECTIONAL ARZAS IN S(UARE FEET

Psriod sAverage :Sect, . A iSect, B $Sect, . BL i8ect. : O 3Sects : D _iSect, : B 3Sect, : F_3Secte @ @ _gAverage of
1947 3 Time  :A.R,P P,:A,R,P,18,R,F,tA B3P, 1B, R P, 1A, R, P, sB. R, P, 3A R P, 1B R, P, 34, R, P, :B, B, P 14, R, P P 1A,R, P, P,:Total Area
Epr, 1§ 1130 PM 5685 5 i 30 3790 70 10,885
2 §10:00 AM 2870 6880 2845 6560 2575 7115 217% 7610 9,807
2§ 5115 PY 3250 6880 3185 6355 2880 7205 220 7295 9,992
3 $ 9100 AM 6110 6170 -
2 73130 AM 470 6560
b §11§50 AM 7885 5970 7600 6270 6880 5630 . 6725 7085 13,526
4 § 6340 BM 7830 7165 i
5 $10:30 AM 8665 6375
5 ¢ hilo B 8765 7325
6 & Ti25 AM 9110 5020
63 3330 P 9llo 6860
7 #1100 AM g9ilio 7105
7 #12:00 ¥, 9145 hsgg 964 640 9025 6700 935 6925 8590 8710 8125 8330 E700 9745 8Ws5  93% 16,0
74230M 9130 59 Q405 6060 8340 7160 9240 6620 €365 7210 8120 5965 8W95 9005 84D 8915 16,235
7 uilspu oo Boto 9o 6790 8980 7385 9105 © 7565 85 7960 8280 8585 8185 10,160 83715 9780 16,785
71613 PM 8760 6015 9115 645 8730 7575 9165 7500 15,826
2 111300 AM 5010 6320 6875 5820 6510 6645 6690 6700 6165 690 . 59ls 7215 sU30 92100 6030 7665 13,260
83 1150 P G660 S5M0 6570 G155 GWs5 6455 65L5 6810 6050 6185  58W5 7585 6155 7925 5815 7120 12,985
g ¢ Uslo BM 6260 5730 6380 59l 6160 670 6270 7265 5785 7365 5120 7960 5220 7825 5610 8Lgs 13,165
9 1 9305 AM 570 6533 5680 6855 5380 7380 5545 H68O 3235 7455 Lgés 7815 5045 8370 Wg20 7860 12,615
9 ¢ 2333 P4 5Lh5 63 Bk2o 6560 K150 70 5205  68k0 55 7095 4525  76M0 L7rs gm0 W7o 7M. 12,285
10 & 8150 AM 5605 6940 5780 6990 SM45  THIO 5650 6960 5130 Enos 4365 7660 5115 8870 5080 7935 . 12,820

10 : 1100 PM 5625 6545 5895 7015 5615 7230 5655 6525 52200 6945 5025 UG5 515 7925 5185 7995 12,620
14310307 aM oo 5715 . lalio 5295 Doso 6135 Bio5  58M0 3745 5985 3620 679 3680 - 7215 3705 6545 10,150

ARP, & Above reference plane,
B,R.,P. » Bolow u "

Reforence Plane = 5,0! above zere of gage.
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TABLE 2
BAPID CHANGES OF MISSOURI RIVER STREAMBED

MINIMUM MOVEMENT OF BED MATERIAL IN CUBIC FEET
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One of the most important results of this study is the demonstration that rapid sounding of
a reach by this process allows a computation of minimum bed load movement to be made. Table 1
shows the areas at each cross-section for each sounding, and Table 2 gives the computed retro-
gression or aggradation in each section of the reach and the entire reach during certain inter-
vals, All sets of soundings were not used in this latter computetion, since the time required
to make a complete set of soundings for the reach was of the same order of magnitude as the
elapsed time betwsen the beginning of one resurvey and the beginning of the succeeding one.
Such short periods between surveys will require more careful consideration of the changes in
each fraction of the reach than has been possible up to this time.

A tentative check of the observed bed movement during an 8-hour period on 7 April was made
by use of the Straud bed load formula

@ 1tt Q8 (4.6 0.+6)
. 4 T2 g ( v

vhere
G is the total quantity of bed sediment transported
9’ 1s the sediment characteristic
i 1s the slope of the water surface

C is the coefficient of roughness in Manning's formula (C = 1.486)
n
B 18 the width of the river

Q 1s the water discharge

Qois the water discharge at which sediment transportation begins.

The values for ¥ and Qg were obtained from Appendix XV of the Missouri River "308" report
(House Document No. 238, 73d Congress, 24 Session) where the formula was developed. Because
of the late decision to make the repeated cross-sectional surveys, no gages were available during
the flood except at the bridge. Consequently, the high water marke on both banks were located
and the water surface slope at the peak of the flood was obtained (Figure 8) for use in the
formmla. The theoretical movement from the formula was about 2,000,000 cubic feet. The total
retrogression in the reach as obtained from the soundings, was 1,000,500 cubic feet, which prob-
ably is only a portion of the total bed load movement which.includes material which moved entire-
ly through the reach during the observation period. The comparison is not strict, since the
bed-load formula contemplates a change in transporting capacity with each chenge in slope, and
the surveyed loas in volume is only a portion of that which should be transported with the given
slope. The bed condition during the succeeding period shows considerable aggradation, which
could only occur with a major flattening of slope, according to the formula. Without a record of
the change in slope from section to section and from time to time, no true comparison could be
made, even if helical flow were not present.

The fathometer was found guite useful for rapid streembed mapping. A representative of the
Geological Survey was interested in determining the streambed configuration in the vicinity of
the discharge measuring section at the Ak-Sar-Ben Bridge. The profiles taken to make the map
are shown on Figure 9 _3_/ . The completed map is shown on Figure 10. Since the data were collect-
ed within one and one-half hours, the errors in determining contour locations are probably great-
er than those due to lapse of time. The map. clearly shows the effects of bridge piers and of
cross currents upstresm and downstream from the bridge.

It should be mentioned that excessive turbulence absorbs the transmitted impulse to such an
extent that no chart record can be obtained under such conditions. These conditions were ex-
perienced a number of times near the right bank on Section F, due to the sewer discharge immed-
iately upstream, and downstream from the piers on Section B-1. The only solution now seen is to

3/ Sheets 2 and 3 not printed.
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use a sounding pole or lead line in such areas.
Conclusions

The survey and study reviewed in this paper establish the usefulness of the supersonic-echo
depth recorder in making rapid quantitative measurements of bed changes in large alluvial
streams. The techniques employed will no doubt be greatly modified as a result of further ex-
perience, and the intent of this paper 1s not to present a perfected technigue, but to describe
the technique used, evaluate the resultant data, and set forth the difficulties encountered for
the guidance of others who may desire to conduct similar measurements. It is hoped that this
presentation may initiate an exchange of experiences which will lead to develomment of better
techniques in the conduct of measurements of bed changes and to accummlation of data which may
be correlated with and improve the usefulness of the empirical bed sediment formulae.
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D. V. C. BIRRELL.* - The following paper ;/ is presented as being of interest to those engaged
in research and experimentation in problems of transportation of sediment. The paper represents
the resultis of efforts by the Washington District Office, Corps of Engineers, to find from avail-
able literature, bamic data for design of stable flood channels in order to minimize maintenance
dredging. The Lacey formulas, which have been derived mainly from observations on canals and
rivers in India and Xgypt, are also in agreement with data on European and North American rivers
and resolve these observations to basic concepts which involve sediment grain size in addition
to the usual hydraulic elements. No quantitative determinations were developed. The Meysr-
Poeters formmla was developed as the result of extensive experiments in Switzerland and conforms
basically to the quantitative relationships of bed load transportation developed by other exper-
imenters in that field, as has bdeen illustrated dy Vanoni in a subsequent paper.

The Meyer-Peters formula has been used to determine chammel bed-load transportation capec-
ity by integration across any hydraulic section. It has been used in this paper to integrate
the Lacey hydraulic channel section on the assumption that rivers in flood will determine, un-
less restricted, thelr own stable section. The channel characteristics, which are a function
of the silt factor according to the Lacey concept, may be determined dy measurement of discharge
and slope or by the measurement of the average fiiameter of the silt composing the channel bed.
Since the sllt factor in many cases is not available, or is difficult to determine, except by
extensive sampling, the discharge and slope when measured over a long reach of the river in )
flood is perhaps a more reliable measure of its characteristics , and collection of such data is
already an established practice,

The exsmples included in the paper have been checked against observed or calculated bed
load movement using such limited data as was available, which leaves much to be desired. How-
over, the remarkably close agreement in each case would seem to be more than merely fortuitous,

and even agreements of the same general magnitude would be sufficient to warrant further exami- .
nation and trial.

The paper also includes a development of the Lacey formulas to i1llustrate relationships of
scale and distortion in model tests, which seem to be of considerable value in the absence of

any general agreement among the laboratories engaged in such experiments as to the basic laws
involved, -

* Chief, Flood Control and Power Branch, Washington District, Corps of Engineers, Department
of the Army, Washington, D. C..

. 1/ Paper not reaa at Conference.
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STABLE CHANNELS IN ALLUVIUM (A DIGEST)

~ The following 1s a digest and resume of & paper entitled "Stable Channels in Alluvium,"
presented by Gerald Lacey before the Institution of Civil Engineers, London, England, 28 January

1930, and printed in the Minutes of Proceedings, Vol. 229. The author has collated reljable data

of stable channels from a variety of sources and has deduced general forsmlas which fit with
reasonable accuracy a very extensive range of hydraulic conditions. Since the article is not
generally available to American engineers and the subject ie of such importance with respect to
the design of stable channels for navigation, flood control and irrigation where low maintenance
charges are essential, the substance of the paper has been briefly presented with formulas and
explanations sufficient for a practical understanding thereof. This review implies no indorse-
ment of the author's conclusions but ie presented as a remarkable conciliation of widely iso--

lated hydraulic phencmena that is worthy of trial and test by practicing engineers of this
country.

Previous upressions of the elements of flow in atable channels, transporting and flowing
in thoﬁ' own e1lt hmre been generslly written as

Vo = oD®

vhere Vo is the regime or critical mean velocity, D is the vertical depth with c and n empirical
constants of observation. The inadility to generalize these expressions covering a wide range
of channel sizes and charaster of silt lead to the author's general formula which substituted
the hydraulic nﬁiu R for D and the inclusion of a silt factor £. The first general formula

is:

Yo 1178 o _ (1)

The silt factor f is a scalar quantity which is dependent on the size of the silt particle and
has been arbitrarily given the value of one for a atandard silt, defined in a later paragraph.

A second general formula is required involving the velocity-discharge relationship in order
to solve the eilt tranmsportation problem. From the first expression it is evident that im two
chamnels having the same mean velocity but different silt factors that

Rf = R'P!
The iauthor assumes also that the wetted perimeter has the same relatiomship or
Pwf = Pw'f?
and multiplying these two expressione together there results
a2 = prp02

From an application of this relationship to data available to the author the following formula
was obtained

2z 3.8 voo (2)

Multiplying both sides of the squation by Vo
ar? = 3.8 vo6 (3)
From (1) R = 0.7305 Vo2/¢
From (2) A = 3.8 VoI/e2
Hence Pv = A/R = 3.8 V03/0.7305 ¢

but from (3) Vo3« qdr/3.8%
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.floods on rivers for which the author had date for consideration was 24 inches.

substituting in the equation for Pw .

= 2.668 qF ()

Thia somevwhat remarkable formula shova that for a given discharge the wetted permeter of
a stable channel 1s constant and independent of the fineness of the silt transported, the silt
merely controlling the shape. If channele with horizontal beds are considered, then by "shape"
is understood the ratio of bed-width to depth; if channels are visualized as having semi-ellip-
tical cross sections, then by shape is understood the ratio of the major axis to the semi-minor
axis. The coarser the silt, the flatter the semi-ellipse and the greater the width of water-
surface; the finer the silt the more nearly does the section approximate to a semi-circle.

When large rivers in alluvium are considered, the wetted perimeter approximates so closely to
the width of water surface that for general purposes the difference is negligible and it i1s im-
material in this somewhat exceptional case what shape the channel assumes. The wetted perimeter

equation therefore provides a useful approximate formula for the minimum width of a stable water-
wvay of large rivers in alluvium, namely '

we =267 = BgF (5)
3

The author has checked this formula with available data on very large rivers with a grat-
1fying degree of conformance.

The general formmlas were checked against avalleble data for scour. It has been generally
observed that, channels carrying silt not of the same materisl as the banke have nearly horizon-
tal beds. Channels flowing not only on their own silt, but within banks composed of silt of the
same kind as the bed, tend to assume a semi-elliptical cross section. If a section is truly
elliptical the maximm depth should be equal to the mean depth divided by 0.7854k. Therefore in
a river flowing through a stable reach the maximum depth®should approximate the mean depth mul-
tiplied by 1.273. On bends the depth is greatly increased with the severest type of bend or
"right-angled" it is rational to infer that the section becomes triangular. The maximum depth
would then become equal to twice the hydraulic mean depth. This rough rule was . confirmed from

several sources. As a matter of conveniant clagsification the following table could be adopted
for different types of bend:

Imax = c R
Type of River Sectlon Yalue of ¢
Greatly constricted section 1.00
Katural sections
Class A - Straight reach 1.27
Cless B ~ Moderate bend 1.50
Class C - Severe bend : V 1.75
Class D - Right-angled bend | 2,00

From a consideration of the silt factor f and Manning's N the author has evolved the
following relationship

Ny = .0225 £b (6)

Here N, is a new coefficient of absolute rugosity having nothing to do with shock and ap-~
plicable to a.ll sizes of channel in a uniform straight reach when the size of the silt is known.

The grain size of silt for which the author hae assumed a value for f of 1.0 had an average
diemeter of 0.4 millimeters. The diameter of the average large boulders transported by heavy

From this
range of data the author has presented the following expression for the relationship of the

silt factor f and the silt grain size in 1nches.

d = £2/6k (7
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With the addition of formuls (6) it was possible to expand the argument underlying the
paper and to complete the theory of hydraulic flow in alluvial channels. An ideal channel as
thus far considered was &lso to be regarded as uniform and free from shock, The alluvium in
which it flowed was coherent and unlimited. The discharge wes constant, and also were the tem-
perature of the water, its density, and its viscosity, the specific gravity of the silt particles
and their average size and shape. Such a channel when stable would be uniquely determined, and
the silt-charge also would be constant. Abstraction of silt by an outside agency would lead to
picking~up of fresh silt from the°bed, which would thus be lowered; an addition of silt could
lead only to the deposition of an equal increment and the raising of the bed. The basis of all
hydraulic formulas was the replacement of a closed geometric section by a hydraulic development
of the hydraulic mean depth elevated on the wetted perimeter as horizontal base. In the calcu-
lations that followed this would be understood, and all scales would be hydraulic and not geo~
metric unless specified as such. If any two channels in alluvium were taken with hydraulic dats
R, Pw, V¥, S5, etc., and R', , V', S etc., and these channels were designated for comvenience
the prototype and the nodel renpectively, then 1t was clear, 1f the silt fector in each channel

wag the same, that

R /R = voa /va (8)
and the depth scale of the model was therefore R'/R. The relationship also showed that stable
channels in initial regime fulfilled the first requirement of dynamic similarity. The model,
however, so far as its hydraulic development was concerned would not be similar to the prototype.
The ratio of the hydraulic mean depth to the wetted perimeter would not be the same in the model
eand in the prototype but would increase with diminution in size. The ratio of the two identi-
ties gave the exaggeration in the depth scale, thus, since from (1) and (2) :

R = 0.7305 V2/r

and A T 3.8 V32
Pv = A/R = 3.8 v3/0.7305¢

The ratio R = 1
Pw T.1208V

and R':=__1
Pw' T7.1208 v

Therefore R'Pw = V (9)
RPw* v ‘

But the exaggesration in the depth scale in the model was also the exaggeration in the slope.
Hence 1t was permissible to write

IERE (10)
S v

This made it possible to derive the value of the variable c in Chezy's formmla V = C (Rs)i for
any two channels of the same absolute rugosity. .

Thus V' = o (RS)Y/,,  (m'sn)E
Substituting for R and S the values given in equations (8) and (10)
V/V' = (5/0') vy (R
ofe' = (v} = (mmnt
VAN Y DAY DL (sfsn?

vz v g sz ok B/ st
8:37# s';
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which i1s the general equetion for alluvial channels, K being & true constant for all channels
of the same rugosity.

It wvas now necessary to evaluate K in terms of a known coefficlent of rugosity. The charac-

teristic of Kutter's N and that of Manning was that they were identical when the hydraulic mean
depth was one meter {3.2808 ft.). Giving the author's coefficient of absolute rugosity, N,,
the same significance and equating.

= (1.4858/ ) (3.2808)2/3 s% = x (3.2808) 3/% g}
and solving for K,

v = (1.3858/8,) R3/* ob _ (11)

which the author suggested was the correct formula for the flow of water in alluvial channels,
The coefficient was one of absolute rugosity equal to that of Kutter and Manning when the hy-
draulic depth was 1 meter, but remaining a true constant so long as the silt particles were

constant. The need for varying the rugosity factor with the size of the channel was no longer
necessary.

When the author's formula for the coefficient of rugosity Hg = .02251')‘} wes gubstituted in
in the formula from (1) and (11)

vIia7er 2 = (1.3u58/m,)R3/% st
its velue in terms of f the following relationehip resulted

v = 6470 [IRA)RSTE (12)
for all channels in alluvium, irrespective of the type of silt transported.

EBquation (12) could be written
v = 16.116 Rr2/351/3 (122)

Equations (12) and (12a) represent the true Chezy concept of natural and similar channels flow-
ing in alluvium and subject to natural laws. The application of such a forsmla to channels
with rigid boundaries is manifestly improper. The similarity criterion for-alluvial channels is
the ratio R/V and all chennels which preserve the same ratic ars similar,

It 18 occasionally convenient when the discharge of a channel 1s known and also the silt
factor to calculate the minimwm steble slope that should be given to it to ensure regime, which
could be compared with tae actual ground slopes available. Equeting equation (11) with equation
(3) giving the velocity in terms of discharge, the following expression resulted.

= £5/3 1788 q 1/6 - (13)

Many practical engineers have urged that such streams are never in regime, yet as a fact -
vwhenever they employ a Formula such as Kutter's they assume that the channel was in regime; for
were it not it would have to be either actively scouring or silting vhen the discharge was taken,
and that would vitiate the discharges calculated from the fermula in which they placed Implicit
confidence, The rugosity of alluvial streams was implicit 1n the slope and the hydraulic mean
depth which they demanded at full stage or in flood, and that was the basis of the new formula.
A river that adopted a certain slope in flood and a corresponding hydraullc mean depth was as-
gserting in plain terms what its rudosity was, and there was no necessity to have recourse to a

formula in which the engineer had to estimate a rugosity coefficient that might not be strictly
appropriate. '

The author has checked the equation for the size of silt particles on a number of samples

on different rivers and found close agreement. He also demonstrated that the following rela-
tions exist: }

va = v'2/ar

which relationship has been deduced from theoretical consideration; and
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Pv/d = Prujfar
or in respect to roughness, similar channels preserve a geometric similarity.

The author's general formulas have a limiting velocity which is common to all types of silt.
It is evident that with a decrease in discharge, the silt factor being kept constdnt, the cross
section will approach to a semi-circle as a limit. Hence at the limit i

A = 277R%: 3.8 Voo /12

solving for f and substituting in equation (1) Vo = 0,882 foot per sec. for any type of silt.
The author is inclined to accept this limiting velocity as a physical constant of water. The
actual velocity in contact with the channel boundary would,of course,be somewhat less than the

limiting mean velocity.
The author's conclusions are summarized as follows:

1. For a given diacharge and a given silt factor the croas sectional area, wetted peri-
meter, and slope of a stable chammel flowing in and transporting its own silt are uniquely de-

termined.
2. The wetted perimeter of a stable silt transporting channel varies as the square root of

the discharge and 1s independent of the type of silt transported, all stable channels of the same
discharge having the same wetted perimeter, and the silt factor determining the "shape.”

3. All stable silt - transporting channels of the same | stable mean velocity have geomet-
rically similar shapes, the silt factor determining the only difference, which is one of scale.

4k, The minimum stable width of active waterway of large alluvial rlivors in floods varies
approximately as the square root of the discharge and is virtuamlly independent of the silt

factor. .

5. The rugosity coefficient in Manning's formula ia a simple function of the silt factor,
and the silt factor is a function of ths average size of the silt particles.

6. At some velocity betweem 1.0 and 0.6 foot per second viscous stream-line flow replaces
turbulent flow, and the transport of silt other than colloids is remdered impossible.

For arbater detail in derivation of formulas and description of basic data the reader is
referred to the original paper.

SUMMARY OF PQUATIONS

(1) Vo z1.17R £
(1a) R = 0.7305 Vo 2/f
(2) Af2= 3.8 Vo5
(3 Qf2= 3.8 vob
(3a) Vo = (f?/3.8)1/6
it (3a) To determine the depth to which scour will teke place under normal flow, from (la)
a
R = 0,7305 Vo2/r
(3p) Z 0.7305 (9/3.8¢)1/3
(3c) Dmax = ¢ R (See table of Coefficients - ¢.)
(%) Pv © 2.667 ¢}
(5) ve s 3 o

107



| The discharge per foot width of channel is given by
|

| (52)

Q :3_: Q - Q’é‘
We 2.67 (Q)% 2.67

In a channel where the waterway differs materially from the minimum stable weter-way given
by (4) or (5) the depth of acour obtained by (3b) and (3¢) will apply only to that section of
the channel whose unit discharge equals that given by (5a). Combining (3b) and (5a) the rels-
tionship between unit discharge and R = D, in a restricted section in a straight reach, results

(6)
i (7
| (7a)
‘ (11)

(11a)
(12)
| (12a)

| (13)
‘i (13a)

(1)
(15)

| (16)

by Lacey).

(Note:

"

(2. 67q)%

0.7305 52.67:;22/3 < 0.9 (qa‘/:f)l/3
(3.81) 1/3

N, T .0225¢%

Q
R

d = 2 /6h

t = &b

Yo = 1.3458 R3/* st
N

a

Yo = —2;—;95— r3/% st

Vo = 64.70 [(R/V)R§_7%
Yo = 16.116 RB2/3 s§1/3
s = /3 1188 QL6

£5/3= 1188 s /6
To determine R, given q and S:
from (13) (5a) eand (3b)

‘ R = .1885 06 /g0:2
To determine f given Q and A:
from (3)

£ = 1.953 @2/ a3
To determine f given q and S:
from (13a) and (S5a)

t = 108 9.6 0.2

Model Similitudes

The following relationships have been developed fram the basic equations

As pointed out by Lacey, the ratio of the hydraulic mean depth to the wetted perimeter
would not be the same in the model as in the prototype but would increase with diminution in
size. Thus all models of stabls chammels in alluvium would necessarily be distorted. A vast
range of scales and exaggerations are permissible with limitatiorns imposed by available space,
water supply end size of bed material. From the forsgoing formulas the ratios of the hydrasulic
elements may be expressed in accordance with column (1) of the attached Table 1. The derivation
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is as follows, where subscripts indicate model and prototype respectively, r = the horizontal
scale ratio of the model to the prototype, = the ratio of horizontal scale to vertical scale

or the exaggeration, and X is the ratio of size of silt particles in the model to those in

prototype. All other symbols are ss previously identified.

From (13) ( )5/3 x _2_)1/6
fp

Let 4m = K , fm = 2
ap £,
sm = ©/6fep\/6 ()
Sp
Fram (1) - __;h_p__)% x (_f%% = &t (_RJ%} (®)
Vp Rp fp Rp
From (4) Pn_ = g%! = Horizontal Scale = r (c)
Pp (Qp '
and m = r2 ()
Qp
From (3) w¥ = om x m2 = EKxom =EKZP
(_ﬂ) 3 (fp %@
and m = (xkr)1/3 (o)
p
Equating (e) to (b)
K (Rm : (&2 r)i/3
Rp
Rm = r2/3 = vertical scale (£)
. P
Substituting (d) in (a)
| m = B ( i)1/6 = By 13 (8)
5p 2
Also Am  ®= Qm x Vp = 1 x r2=29/3 (k)
_;.;-’ m ;;- (K : r) 1/3 ;173
The scale exaggeration is equal to the ratio n and from(c) and (f)
n = r = rl/3 x1/6 (1)
2P g 21
Solving for K,
k = b/ 2 (J3)
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Pm = rpP Sm = n) 8§
Hence r ‘

P - P
Fm = _;__Rp dm = n6 dp
n Y-
= = 3
Vi n Vp fm o fp
r
R
m = _x2
n

Exsggeration = n

Table 1 includes values of the various hydra.uiic elemegts for definite conditions; 1i.e.,
Column 2 for the same s8ilt in both model and prototype or n 2 - 1 ; Column 3 for a geometric-

elly scaled si1lt in the model or n /r2 = r; Column 4 for model having the same slope as the

prototype or n5/r2 * 1; Column 5 for the hypothetical case where the model has an . undistorted

vertical scale or n = 1.

Column 1 determines the proportion of the hydraulic elements for the model for any horil-
zontal scale and any exaggeration of the vertical scale. It will be observed that in all cases
the discharge varies as the square of the scale ratio and the velocity varies as the exaggera-
tlon. The limiting fectors will be the availability of suitable gilt at the required scale and
the meintenance of turbulent flow. Column 2 determines the model proportions for the most con-
venlent representation of the silt where the prototype silt can be used in the model. The model
is then limited essentially only by the condition of turbulent flow. It is of interest to ob-
serve that the use of silt the seme in model and prototype results in = less exaggeration than
for the condition of Column 3 where the silt is at the same scale as the horizontal scale of the
model. Column 4 gives the ratios when it 18 desirable to maintain the same slope in model and
prototype. Thils arrangement it will be noted, affords a still smaller exaggeration and permits
8 larger size of gilt in the model, The condition of Column 5 where both horizontal and verti-
cal scales are the same imposes impossible conditions as to the scale of the silt except for
very large model scales. The relationships are nevertheless valid within the scope of practica-
bility as to the silt factor.

TABLE 1. MODEL SIMILITUDES FOR STABLE CHANNELS IN ALLUVIUM

‘Geometrically ‘Equal Slopes-
Same Silt Model’Scaled Silt in® in Model & ‘Horiz.Scale in

oo

Exaggeration = n

Hydraulic ! | - gon seale - and Prototype * Model ! Prototype * Model equals
Element Tort Scals : : ! Vert.Scale
Vert.Scale b2 =1 toh2 =y  ipdfrPm1l ! pz1
Col. Ro. ° (1) (2) : (3) ) K (5)
Pm/Pp : r : r : r r r
Rm/Rp r/fn r2/3 . 06 . r
Vm/Np : n : rl/3 % : 0.4 1.0
Qm/Qp r2 r2 r2 re : r2
mfap 2/ VLN 32 1 16 r2
omfsp o2+ apt3 > : 1.0 ¢ 1f2
dm/dp n6/r2 : 1.0 r : r0- 1/r?
fm/fp : adfr 1.0 : 3 02 i/r
Fxegg. ! n : /3 % : 0k 1 10
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Computations for Bed Load Movement

A formula for computing bed load movement has been developed by Professor Meyer-Peters and
his sssoclates at the Federal Technical University, Zurich, Switzerland, end published in the
Schwelzerische Bauzeitung issues for 31 March 1934 and 2 March 1935 and introduced in this
country by John Hedburg in Civil Engineering for March 1937. The experiments supplemented ex-
tensive studies by Grove K. Gilbert of the Geological Survey and published in Professional
Paper No. 86 of that agency in 191k,

A review of the original papers has been mede to determine the scope of the application
and basic units in the formula. The equation in English units may be written as follows:

92/35 = a 4 b G2/3
ar qa*

Where q = discharge per unit width of channel in cubic feet
per second.

S = friction slope of the channel.

d'= average diameter in feet of the silt particles in a
sample of the bed load from which 35 percent of the
finer material has been omitted.

G = quantity in cubic feet per second of the bed load
transported per unit width of channel. The experi-
ments determined the quantity of bed load by weight,
but the coefficients have been determined on the
basis of the volume of the bed load in place in
natural deposits of mixed river debris.

Thus a - 0.253

and b = 0.756 for bed load material having an average
specific gravity of 2.6.

The size of bed load particles used in the experiments covered sizes from 1/8 inch to 2 inches.
Results for sizes below 1/8 inch departed somewhat from the stated formmla., The range covered,
however, is found most generally in natural streams.

Professor Meyer-Peters utilized this formula for' computing the bed load of natural streams
by integrating the unit discharge across various type stream sections and then applied the re-
sulting expression to the varying stream flow and calculated the annual bed load.

A similar procedure is possible utilizing the formulas developed by Lacey for stable chan-
nels in alluvium. His expression for the width of water surface

1
Wy T 8 QF : (5)
3
may be resolved to find unit discharge to
i 1
e = 3 Q7 (58)
KB
which may be substituted into the Meyer-Peters formula. The Lacey expression for d in inches
a" = £2/6h (n
becomes , d' = £2/64 x 12 (in feet)
The Lacey expression for slope 1s
s = £5/3n788 Q1/6 (13)
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where f is the Lacey silt factor

and
f2 = 8000 31.2 Q0.2

Substituting these values in the Meyer-Peters formula

/38 = = + 623
4! 4!

or

238 = d'a ;Q-’b 62/3
(.3715 )2/3x 5 = & £2/768 + b G2/3

521 Q138 = a x 8000 §1:2 Q02 4 p g2/3
T

but the total bed load, B' equals G times the width of river surface or
B':GW TG x 8 af
3
and 6?/3 = 32/3
1-923QI; 3

therefore
5210 9/3s 3 1081 & s1-2g02 4 p pe2/3

1.923¢ 1/3

solving for B'

B! :QO.833/2 (1333 - 20 & 80'2)3/2
»3/2
When a = 0.253 and b = 0.756
B' = 1.53q0-81.5 (1333 . 5,06 g0-2)L.5

vhich is the expression for total bed load movement in cubic feet per second in tom
of the river discharge and the slope. ‘

Since, according to Lacey, the slope varies with discharge it is most convenient to express
B' in terms of f which is a constant for any stream in regime. .

Substituting s = £/3 /1788 Ql/6
B' T 1.53 @ 0-8(5/3/1788 Q1/6)3/2 (q-1333. 5,06 (f5/3/1788 Q1/6)0- 2)3/2
= gi{é/_? (4470 Q1/6 - 5.06 f']'/‘3)3/2 (cubic feet per second)

k71000
or expressed in cubic yards per day

00678 @#5/2(1 a0 Q16. 5.06 £2/3)3/2
L0641 Q§f5/2 (Ql/6- 1.133 ¢ 1/3)3/2

B

Plate No. 1 shows graphically the bed load movement in terms of f for values from 2 to
12, and Q from 100 c.f.s. to 500,000 c.f.s. The curves include values within the limits of the
original experiments for d between 1/8 inch and 2 inches.
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The determination of d from a sample of bed. load meterial 1is made from a sieve analysis
and a standard curve of grain-size distribution. The average dismeter of all grains is a linear
dimension and is the reciprocal of the linear fineness. Linear fineness is a derivation of bulk
fineness which is fundamentally the number of particles in a unit volume (1 cubic foot), 1t
being assumed that there are no voids. If the particles are assumed to be spheres of diameter
4 the volume of each sphere 1sTJ d>/6and in one solid cubic foot there are 28,317,000 cubic
millimeters, approximately, then for example if the mean diameter is one millimeter,

F (bulk fineness) = 2_8_.2LL9709 = 54,100,000
- ‘ Tx12 6

or the number of particles of average 1 mm. diameter in one cubic foot.

In a graded mixture the mean bulk fineness is the average of the mean finenesses of the
component parts. Thus we may take the gradation curve of the sieve analysis and for separate
percentages of the whole sample compute the number of particles in each. The mean bulk fine-
ness of the total is the average bulk fineness of the separate portions. The size of the average

particle 18 the diameter of the average sphere whose volume is one cubic foot divided by the
number of particles therein or 1 ave., and.

ar = ( i x 6 )/3unere a' 1e 1n feet
Fave. m

For purposes of determining d' in the foregoing formulas, the 35 percent of the smellest
sizes are eliminated on the assumption that this amount of material is held in suspension dur-

ing bed load movement and on coming to rest is trapped in the voids of the coarser material and
has no part in determining the effective size of the bed load material.

An example follows of the application of the formula for quantity of bed load movement on
the Rappahannock River at Fredericksburg, for which data was readily avallable. The slope of
the river during flood stage in 1937 was determined from surveyed highwater marks. The drop in
water-surfaece in 9.1 miles was 46.1 feet in a reach sbove Fredericksburg not materially affected
by obetructions, rapids or backwater from dems, etc. The slope was thus .000963 and the dis-
charge approximately 120,000 c.f.s. From Lacey's formula

/3= 17885 x ol/6 k (13a)
£ = k.5

From the daily duration curve covering a record of 12,901 days the bed load for each daily

flow was taken from Plate No. 1 for f = 4,5, The total bed load movement totalled 2,880,000

cubic yards, or 81,500 cubic yards per year. As a check on this figure the dredging in the chan-

nel of Fredericksburg for 32 years from 1909 to 1941 was 2,580,000 cubic yards, or 80,600 cubic
Yyards per year.

It was also determined that the average daily bed load movement was 223 cubic yards per
" day and from the curves on Plate No. 1 the discharge moving this quantity with £ = 4.5 is
1,660 c.f.8. The average annual discharge for the period of record is 1.05 c.f.s. per Bquare
mile6§g with a drainage area at Fredericksburg of 1,600 square miles the average annual flow
is N c.f.8,

Similar computations made for the Potomac River at Great Falls indicate a silt factor of
2.6 and an annual bed load movement of 157,000 cubic yards. The average daily bed load movement
was 430 cubic yards which would be moved by a discharge of 11,800 ¢c.f.s. The average annual
discharge is approximately 11,000 c.f.s. Records indicated that from 1908 to 1943 an annual
average of 150,000 cublic yards of dredging has been done in the Virginia Channel at Washington.
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