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SECORDSESSION-PART1 -AGEECYSEDIMERTATIONPRoQlAMs 

Gail A. Hathaway,* Presiding 

SEDJI@XTAMONPR~aFTEECORPSOFENGIEEERS 

by H. K. Armstrong M 

Introdl.lcti.on 

The preceding papers on this program have been devoted principally to statements comerning 
the scope and importance of the sed3nmntation problem. A natural question arises, 'What steps 
are being t&n to improve the situation and what is the plan of aotion?" The complete auswer 
to tpis question would be as broad as the field of interest. Apartialanswerwascontainedin 
the action of the Federal Inter-A@ncy River Basin Comittee when that body established. the sub- 
cozimrittee on sedimentation. A mans of exchange of ideas 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 
comittee when it sponsored this conference. Eachofthe foregoingsmomplishments has a single 
distinction - cooperative action. Through cooperative action, all concerned have undertaken an 
approach to a solution of the problem. 

In view of the diversity of responsibilities and intereats of the various agenoies, a 
problemthat tivolves suchxnnmmm ramifications canbe successfully engaged andeliminated, 
or at least oonfined, only through a progmn of associated and mutual effort. 

Since first charSed with the responsibility of developing and maintaining rivers aud 
harbors for flood oontrol and natigation purposes, the Corps of E-era has been actively 
engaged in cozibating the sedimentation problem. A few items included in the present progrsm of 
the Corps of Engineers will be briefly mentioned in this paper. For the purpose of establishing 
geographical orientation, areas of activities are identified by Division Offices of the Corps of 
Fagbeers. 

Proepgm of Actitities 

New England Division 

The New Englaud Division has completed a sedimentation observation system on l?mM.in Falls 
Reservoir, and work ie 50 peroent coz@.eted on the system for Blackwater Reservoir. Plans have 
beencoqpletedfor siiaihr systema atgnightville,Surry~~euzdBlrchHillReservoFrs. 

Regulatory work has been authorized and initiated on the Connecticut River to reduce sedi- 
ment deposition in this stream. On Press Barn Bar, where dikes werebuilt In 1939, the annual 
volume of maintenance dredging in the channelhas droppedfromabout40,OOO cubic yards to about 
10,000 cubic yards. As additional works are construoted, the value of such means of control 
ehouldbeclommre conolusive. A series of ei@ diktes was constructed at the Glastonbury bend 
in 1945, and a series of eight is proposed to be constructed at the Wethersfleld bend this year. 

* Speoisl Assistant, Office of Chief of Engineers, Department of the Arng, WashLn&on, D. C. 
~HydraulicEngineer, Office of Chief ofEngineers,Departmntof theArq,Washington,D.C. 
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canlpt%ratiVB dataavailable frolllthis additionrit. rS@.ELtiOA Within the AextfeWyears should 
indioate the effective value of the method. 

worthy Of -AtiOn iA COAlleCtiOn with the SedimentatiOA prO@?sJQ iA the New England Division 
am the annual minteaanoe drsdging operations that involve an estimated average quantity of 
1,300,OOO oubio yards of material. 

North Atlantio DITL-s~oA 

IA ocgmeotion with the design of three flood-oontrol~rseervoir projects authorized for 
coAstmotion IA the North AtlaAtio Division, an average annual rate of 50 acre-feet per,100 
square miles of drains@ area was used ia estimating the effect of silting. This oomlusio~ 
was drawA from a few surveys OR reeervoirs in the Piedmont Plateau made by the U. S. Department 
of Agrioulture, turbidity records of water plants, and experience inthe dredgiag of the Jam0 
River below Rlcbnw~d, Va, Although the anticipated silting in these reservoirs will be mall 
in relation to reservoir oapaoities, plane will be made for obtaining regular sedimentation 
surveye. 

The ourrent program of the North Atlantio Divls10~ will also imlude: 

a. Periodic oross-motioning of exietiAg 0hsmel.s to determiAe the quantity and 
looation of debris; 

b. %%110Vfa Of Sediment frCmr OhaAIlelS Of eX%Bti~ flood PI-Ot%OtiOA pZ2OjdX3; 

0. Observation of SedimeAtatioA obmges at existing and authorized projeote; aAd 

d. MoAmbsAtatioA and cross-seeotioning of ranges in the reservoir area of the three 
oonpleted flood ooAtro1 reservoire. 

South AtlaAtlc Division 

The South Atlantic Division is preparing plays for a comprehensive suspended load sampling 
progrem for the AllatooAa Reservoir project for the purpose of determining as fear as possible 
the aAAlaalsAouAtof siltiAglikelyto ooour. It is expectedthatprelimimryfieldworki~ 
oonueotion with that program will be initiated in the fear future. OR the assumption that 
silting will occur at the ralie of 50 acre-feet per 100 square mile0 of dral~age area per year, 
serioue results are not antioipated during the ecoAomi0 life of the Allatooaa projeot due to 
the lsxge oapacity of the reservoir. 

As there is little hfOznb?atiOA available OR reservoir sedim3AtatioA for this general area, 
the ~toom study will provide valuable data for future studies in connection with the oompre- 
hensive develomnt of river systems presently authorized by Congress in this area. 

Mississippi River Commission 

IA OOAAeOtiOA with reservoir SedtiAtatioA surveys, ths pdississippi River Commission has 
completed plans for the observation and reporting of sedimsntation in Enid, Grenada+ Lake 
Wallace and Wappapello Reservoirs, and plans are in process for surveys of the Narrowa and 
Blakely Mou~ta3.n Reservoirs. Sedimentation ranges were established in Sardis Reservoir in 
1939 and in Arkabutla Reservoir in l&l. A resurvey of the Sardis rsz@s in1943 showed ho 
appreoiable SedimeAtatiOA in the reservoir area, with deposit6 largely coAfined to the old 
river ohe~nel. 

The Waterways lbprinmnt Station is AOW engaged in a study of existin& data to determine 
what conclusions can bs drawn therefrom and what furthsr investigations, both ia the laboratory 
and in the field, are desirable and practicable for a better understanding of the followlr@ 
pheAomeAa: 

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

b. The aotion of sediment in .suspsn~io~ in the Mississippi, Arkansas, and Red Rivers; 
aAd 

0. The oharaoteristios of bed load. 
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This study has been hempered by limitation of funds, but it is expected that it will be resI.&ed 
in 1947. 

Southwestern Division 

An extensive sedimentation program currently underway in the Southwestern Division includes 
the eetablishment of eedzimentation survey syetems on numerous retsemira, and the eetablisbment 
and periodic observation of retrogreeaion ranges downstream from reservoir projeo$a. Borings 
will be obtained at ohennel range locations, and~detexminationa made as to the pbyslo& proper- 
ties of the bed materla3.6. Special studies and inveatigatione will be undertaken for the Purpose 
of providing~information and data concerning ohannel aggradation and degradation, reservoir 
sedivmntation, and density deposits in reservoirs. In addition, a compreheaaive pro- of 
sedirmsntsampllngthatis nowunderway tithe analy13ie and interpretationof se@pling data 
till be oontinued. 

South Pacifio Dlvielon 

A program ie ourrently underway in the South Paoific Division, consisting of period23 
8urvey and analysis of sediment inflow of existing reeervoire aud continuing etudy of degmda- 
tion in down-stream channele. In addition a survey ia being made of San Carloe Reservoir on 
the Gila River in cooperation with the Soil Conservation Servioe, Bureau of Reclamationi and 
Glla Water Campaiesion. 

AS a part of the administration of the Debris A& of 1893 and of the operation of two 
exietingdebrie dama inthe SierraEevada,aprogremofweekLy aamplingof suapendedloadat 
am twenty reguLar points, with occasional check emupUnS at other key points, has been oarried 
on sinoe the oonstruotion of the debris dams. This programhasbeen inactive for the last year 
butwillbereaumtdwhsnneedarisfts. 

Earth Pacific Division 

While sedbmtatlon Is relatively less eerioue in the I?orth Pacific Dlvieion than in other 
Westernareas, the iqtortance andneed forbetterfactualdata onthis problembavelongbeen 
?.WCOgUiZed. 

A oonte@.ated program oonsiete of determining the ratea of silting in Cottage Grove and 
FernRidge Reservoirs and conducting suspended sediment determinations on all &reams on which 
atorege projects are proposed for early construction, The data obtained from these etudlee 
ehould prove of ooneiderable value in the planning of proposed dama and reservoire, and the need 
for suoh data has frequently been a matter of intereet in oonuection with questions raised as to 
the useful life of flood oontrol projects 3n the Columbia Ba&n. 

The aedlmentation problem in the Columbia River Basin will be ooneidered and etatement 
regarding It wLU be made in the forthcoming “308” Co&n&da River Review Report. 

Ohio River Division 

Sedimentation 8urvey~ of reservoirs in the Ohio River Basin are proceeding acaording to 
&m+dule, Surveys on four reeervoirs have been coegleted.~ Survey work on one reeerpoir is 
nearingcompletionandworkwillbe initiatedonanothsr inthe near future. The eedlnmnt 
eampling program in this Division is at present in an inactive status. Upon resumption of this 
program It is pLanned to ooncentrate activities on the coU.ection of data for use in investiga- 
tion8 and atudiee of aggradation and degradation probleme in rectified chennele. 

Great Lakea Division 

To the present time the program of the Great Lakes Division of the Corps of Engineers haa 
been Large4 in oonnecrtion with shoaling of improved harbors and navigation channel0 of the 
Great Labs and the IllinoisWaterway. Over a period of years annual dredging of a quantity 
ine~cess Of OIB and three quartermillionyarde ofmaterialhae.beenrequiredtoma5.ntain 
project diumleions. 

The Em%iJlmntation program of the Mvision with regard to aa in harbor8 and navigation 
0haMele will Consist of required maintenence of authorized projeots and detew the 
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quantities of material accumulated and removed from within project depths. In conjunction with 
pertinent reports, studies will be made as to the feasibility 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 preeently under study and the comprehensive 
plan under consideration includes a number of reservoirs on tributary streams, Upon authoriza- 
tion of the plan, surveys will be made to determine rates of sedimentation in reservoirs, and 
studies initiated tc determine project requirement8 considered necessary as a result of antici- 
pated sedimsntation. 

Upper Mississippi Valley Division 

The cooperative investigations and studies in connection with the design and developplent 
of sampling equipment have been stepped up in the Upper Missiseippi Valley Division in keeping 
with an accelerated post-war program. Activities in the Division will. include the operation 
of sampling stations, the collection and analysis of pertinent data, silt range observations, 
and special studies as required, in addition to dredging operations necessary for the r~~inte- 
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 Studies were being made. Following a period 
of reduced activities, the sampling program has been recently expanded and at present 4C ata- 
tions are being operated regularly. Investigations have included the regular systematic collec- 
tion of semples, laboratory analyses using standard methods of determination of sediment concen- 
trations and grain sizes, and in most cases preliminary computations of suspended sediment loads 
by approximate "rating curve" methods. Bed material samples have been regularly secured at many 
of the sampling stations, and size analyses made. Activities have also included the development 
and testing of sampling equipment and techniques, and special analytical studies of potential 1 
sediment problems to be expected as the result of reservoir construction. '~ 

I 
Sedimentation ranges were installed in Fort Peck Reservoir prior to the time it was placed 

in operation, and have since been resurveyed, and retrogression surveys and bed material sampling _ ; 
have been carried on systematically below the Fort Peck Dam. I 

The future urogram proposes the ultimate establishment and operation of additional suspend- 
ed sediment and bed material sampling stations; ‘special field and office investigation programs 
aimed at better knowledge of actual movewnt and deposition of bed-load and suspended sedimen- 
tary materials; and fun&mm&al research aimed at better quantitative as well as qualitative 
evaluation of sediment problems. 

The items contained in this resunm of activities have been selected on a basis of importance 
and variety of interest. Stated in a few words, the over-all sedinmntation program of the Corps \ 
of Engineers will. involve the collection end analyses of basic data, special studies, investiga- 
tions and research projects, to be undertaken for the purpose of obtaining factual knowledge for 
use in effeoting a solution of some of the many problems. 
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by Whitney M. Borland * 

Previous to the planuing of Hoover Dam, the Bureau of Re&amation had considered its 
eedinmntation problem &B a part of an individual project, but beginuing with this dam snd its 
a56OCiat5d developmx&s, sedimentation was recognized as both a drains@ basin problem and a 
river control problem. The different phases of the problem were studied and analyzed with this 

wider andmre comprehensive understanding of its influence onthe complete developmantof the 
whole basin. Whils World War II interrupted zany inrportant and essential progrsms, yet the 
surveys and records of ohanging sediment and river aonditionB after the closure of &over pam 
in 1935 have been published annually. 

After the War, attention was again more smly focused on 80155 of the essential snd per- 
petual problems of the nation's econ&io welfare. One of these problems ia the development of 
the nation's water resources by comprehensive basin planning. With the complete utilization 
of stream flow, sll. available head, snd storage capacity, sedimentation must be given a great 
deal of consideration. It is recognized that there is no absolute solution for many of the 
sedimentation problems, yet it seems logical that certain methods.of flow regulations, c~z%- 
fully plsnued developmsnt, and land managemsnt would often eliminate serious condition5 accom- 
panying sedizmntation problems. To mset this large phase of development, the Commissioner of 
Reclamation outlined a broad snd aggressive sedimentation program of field and laboratory in- 
vestigations to secure faots neceessry to complement the economics, planning, 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 elevation5 required so as to provide the proper 
storage space for irrigation power and flood control requirerwnts as set forth in state and 
national water compacts and agreements. Under ths new program, a permanent reservoir survey 
party will map all Bureau reservoirs where sediment deposition is w problem. The crew has 
been equipped with a new supersonic echo-depth sounder snd recorder to speed up their hydro- 
graphic survey work. It is planned to make full use of modern photo-trio m&hods in 
establishing the neoesesry horizontal control. 

Special attention will be given to the survey of the upstream end of the delta, for many 
of our present problems in sedimentation originate there. Vegetal cover over the upper delta 
region caused much of ths coarser sediment transported by the stream to be deposited above the 
maximum water surfaoe elevation in the reservoir. Such deposition of sedim&nt does not decrease 
the storage capacity, but-thers are two detrimental effects. First, early deposition of sedi- 
ment will increase the region of backwater which may damage property upstream, snd also the 
deposits themselves may damage agricultural or pastural lands. Second, the vegetal cover will 
have a high consumptive use of water so that while storage spaoe is conserved, the water losses 
from the reservoir and river will be increased. Reservoir surveys provide a positive volumetric 
measure of the sedimsnt yield of a drainage basin snd serve to psrtisJ.ly check sedimsnt sampling 
stations. By msans of such measurements, studies can be made of the geological, hydrological, 
and botanicsLl factors influencing sedizmnt production. Such surveys serve as a basis for plan- 
ning the amount snd distribution of sedinmnt capacity in future reservoirs. !cheyal5oprovid5 
data for determining the current rate of 1055 of storage capacity and for estimating future 
ohangee in rate. 

A 2' x 2' x 130' drsg flume bae been construoted and prellminarg teets have beenmade in 
the Bureau's new hydraulic laboratory located at the Denver FederalCenter. This flw is 
equipped with apparatus for feeding sand into the upstream end snd a ss.u@ing device at ths 
downstreamendwill indicate the mu&of sediment that is transportedthroughthe flume. Ths 
oonteqlated programproposes to study the degradation and aggradation of a river ohsnnel and 
the factors which cause this action. All factors will be held as constant as possible ex.cept 

* ABBiB-&UIt Read, Sedimentation Se&ion, Rydxology Division, Branch of Projeot Planning, 
Bureau of Reolamation, 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 studied are: 

1. Concentration of sediment - the smount 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 flow - how does the sedimentcarryingpower of a streemvarywith 
discharge? 

3. The slops of energy gradient. 

4. Size and gradation of bed material. 

3. The flow variability - assuming the total emount of water passed through the flums is 
the same, will degradation or aggradation be larger with an average flow or with the flow 
being 500 percent of the average for 14 percent of the time, and for the remainder of the 
time being only 35 percent of t;he normal flow? 

6. Structures such as diversion dams, oanal headworks, wasteways, and tiain outleta - 
what effect do such atrueturea have on the degradation and aggradation of the river 
chaMel? 

7. The availability of fine particles in a stream bed composed of well graded material - 
when a stream is degrading, normal discharges will pick up all available material mnaller 
than a certain size, thus a sorting of material and a shingling of the streambed with 
coarser partioles is aocomplished. How does thia a&ion effect retrogres0ion at discharges 
above nomnal. flow? Will fins size particles becoms available above normal flows and poa- 
aibly to flows equal to or below norsml? 

An outdoor hydraulic laboratory has been planned and deesigns are complete for a portion of 
the installation. A basin 20 feet wide and 250 feet long will provide space for the studying of 
oertain reaches of the Rio Grande Valley, and later for other studies of a fluvial morphological 
qatwe. Specifio problems on the Rio Grande include practical methods for bank protection and 
river training structures, narrowing of the river ohannel 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 and further degrade the river bed. General 
problems are the relationship between the tendency of a river to beaome crooked or to form a 
braided stream pattern and the smount of sediment it carries; the old problem of horizontal and 
vertical scale diatortion and correlation between model and prototype, so as to obtain qusntita- 
tive rather than 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 Chama River has inoreased flood hazards, caused poor drainage of ir- 
rigable lands, and excessive waste of water through the consumptive use of uncontrolled vegeta- 
tion. By use of debris barriers, channel improvemnt and flow regulation, it is hoped that the 
river aan be induced to degrade its channel. To estimate the amount and rate of degradation, 
both the snalytioal rind 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 oomparative 
studies. Mr. E. W. Lane and Dr, H. A. Einstein are msking a series of studies to investigate 
the reliability of the various formulae for computing the contact and suspended sediment load 
of the river. Questions and problems growing out of such studies may add to the laboratory 
teat progrsm for the drag flume, so that it will include experiments on turbulence and sediment 
conoentration. The zone jltrst above the bed of the stream and below the truly suspended material 
stU.lchaUengesthe hydraulic expex9.nMker andthemathema4~ioian. A aon@ete investigation and 
thorough analysis of this 201~ should go far in perfecting a formula or method of computation to 
determine the total sediment load transported by a stream. Certain cotilicting observations have 
been noted concerning the effect of water temperature on the transportation of sedimsnta in 
streams. It in hoped that both laboratory experiments end careful analysis of field data wdU. 
O&.rify and explain these observations. 

The Bureau expects to set up a sedimentation laboratory to make additional studies on the 
P&'SiOd characteristics of sedirmnt, such aa settILing velocities in water, shape, size end 
density. Suoh a laboratory is necessary to analyze samples taken from the drsg flume expermnts 
and will Prove useful in making an analysis of field samples which are taken in connection with 
speoial sedimentation problems. 
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All problems cannot be solved in the laboratory, for the prototype rivers and canals must 
be measured, observed, and appraised, so that there can bs a correlation between laboratory and 
existing full sized phenonma. The extensive survey and sampling program that has been carried 
out below Hoover Dam since 1935 is a good example of such field measurement and should prove to 
be of inestimable value in solving many future problems. Much csn be lesxned about the ability 
and capacity of a stream to transport sedtint by determining its form and aligament and the 
shape of it8 priam. Measurenmmts must also be made of its discharge depth, width, and slope. 
In addition, sonma other faotors such as velooity distribution, turbulence, tqperature, sediment 
concentration, variability of discharge, and vegetal growth mu& also be determined. Such data 
gathered from all parts of the.country and covering all types of streams will form a basis for 
valley and stream morphological studies with the view of anticipating aSgradation or degradation 
of stream ohm-me1 and valley floors. The changes in~roundwaterlevelswhichalways accomp~ 
such ohanges in stream slope could be predicted and provision could be made for corrective 
action. These studies wI.ll provide a basis for the design and developmnt of adequate flood 
protection, river training nmsures, intake or d5version structures and adequate drainage systems. 

There are many unsolved sedimnt problems to be found in the procedure of diverting the 
water from the stream and delivering it to the farmr, but more progress seems to have been made 
inthis fieldthan inthose previously discussed. The Bureau's progrm includes a search for the 
answer to old vexing problems, au&h as (1) The best location for intake and diversion stmmtures, 
(2) Eaonomical design and efficient operation of desilting works, (3) Proper desifpl of canals so 
as to have non-silting a&l non+vcouring velocities, yet allowing the sediment to provide a bene- 
ficial seal on the oanal*s wetter surface, and (4) Effects of seddmnt on carrying oapaoity of 
canals and on vegetal growth both in the canals and opthe irrigated lauds. 

Ro discussion of the Bureau's program will be camplets without mention of cooperative 
studies with other governmntal agencies a& of the Federal Inter-Agency Subcomnittee on Sedi- 
mentation, whose function is to disseminate infomgmtion, to coordinate and prevent duplication 
of effort in research and plauning work, and to act as a clearing house for ideas of various 
agencies. All suspended sedimentsantplingof a &eneralsndroutiue natu.reisperPormedby the 
Geological Survey, and also a cooperative geonmphological study is beixq made to evaluate the 
effects of various erosion control measures on soil erosion and sediment production with a view 
of planning developnt of water aud land resources and assigning priorities for future develop- 
nkmt. A joint program on erosion evaluation of the Rio Grsnde drainage basin is being carried 
on with the Soil Conservation Service, and data for degradation studies of the Rio Grande River 
previously mentioned are being supplied by the Corps of Engineers, Soil Conservation Service, 
and the Bureau. Several surveys of reservo3m arebeingmade incooperationwiththe Corps of 
Engineers. 
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by S. K. Love * 

The transportation of sediment by flowing water is 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 sedlmentin streams is but one phase of the ero- 
sion process which has as its ultimate objective the reduction of all lsnd ma8888 to sea level. 

When considered in the light of geologic histozy, the.rate of denudation of land masses can 
be altered but very little by reason of human activities. In a narrower sense, however, when 
considered in terms of decades and in connection with specific land areas, it is obvious that 
sediment production in streams can be aooelerated or retarded to a measurable degree depending 
On disregard Or IYK?O@itiOn Of IX&XL& form4 and k3wS Contend the erOSiOn proceSf3. 

The Geolo@cal Survey has long been interested in the rate of denudation of the land area 
in the United States and has been actively engaged in studies of the laws and the rates of sedi- 
ment transportation by streams. Amng the earliest contributions by the Survey to the funda- 
nm-&al. lamwledge governing the movement of sedimnt in streams was the treatise by G. K. Gilbert 
entitled, 
Paper 86. 

"The Transportation of Debris by Running Water," published in 1914 as Professional 
Other papers on this subject have been written in mre recent years. 

Probably the first systematic coqutations df the rate of denudation of the larger drainage 
basins of theUnitedStateswerethosemadgbyDole andStablerwhichwerepublished in1909 in 
Geological Survey Water-Supply Paper 234. Althou@ these records were in many instances based 
onmeageraudnottooreliable data,theywere,nevertheless, the onlyrecords of this hind 
available snd they were widely accepted for many years as the best measure of the rates of 
denudation throughout the country. 

The GeologicalSurveyhas beenengaged inc~rehem$m programs for meesuringthe sediment 
loads instreame sincelg2j. In thatyear a sediment station was established on the Colorado 
River at Grand Canyon, Arizona, which, except for a brief period of a few wontha, has been in 
continuous operation until the present time. The mnpling equipment used at this station am3 
later at other stations in the Colorado River Basin becams lmown aa the Colorado River sampler. 
Constructed of an ineqensive brass fraum designed to hold a etmdmd pint milk bottle, the 
Color,ado River sampler was among the first to be used for the collection of integrated sawplea 
in oonneotion with continuous sampling programs. 

The data oollected 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 laxge scale developnmnt projects, 
both completed and projected. The GeOlOgiCal Survey is currently operating four sedimnt 
measurinid stations in the Colorado River Basin and one or two more will probably be in operation 
before the end of the 1947 fiscal year. The U. S. D-43 ampler developed at the University of 
Iowaunderthe auspices oftbsFederalInterdepartslentalConrmitteewaa adoptedforuse inthe 
Basin just as soon as it beoaum available and is how 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 
paat 34 gaging stations on streamf3 on eight demonstration projects. These nmaslrrements were 
made over a period of from 3 to 6 years on mall drainage b&ins which ranged fmn less than 
20 to about 200 square milee in area. The runoff was flashy and the sediment concentration 
raugedbetweenwidelimits. Concentrations of 50,000 to 100,000 part8 per million were not 
uncommon for some stream on which masuremmts were made. 

Because of the large and sudden changes in both water dischaqe and sediment concentra- 
tions, seqples had to be collected at frequent intervals if reliable records were to be obtained. 
It was found that up to 9Opercentofthe amualsedimntloadswere carried inlessthau 5 

* Chief, Quality of Water Division, Geological Survey, Washington, D. C. 
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percent of the time In some streams. This made it mandatory to give the closest supervision to 
the collection of the proper number of samples at the right time to adequately define the con- 
centration curves. 

Late in 1938, at the request of the Flood Control Coordinating Committee of the Department 
of Agriculture, the Geological Survey engaged in a program for measuring the sediment loads 
carried past 13 stream flow gaging stations on streams in the Boise River drainage baain in 
Idaho. Because of the large proportion of coarse sediment transported by some of the small 
streams in steep mountainous terrain, it was necessary to construct sDecialw8ir structures in 
the streams and special sampling equipment to measure the total sediment load, including bed 
load. 

In 1945 the Survey began sediment measurement programs 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 
agencies in cornmotion with construction end developm8nt programs. Some of the stations ar8 
at key locations which, if maintained over a long enough period of tinm, will give reliable 
data on the rate of sediment movement out of major drainage basins. Other stations will prob- 
ably be maintainsa in their present locations only long enough to furnish a basis for computing 
an approximate estimate of the rate of sediment movement. 

At the present time aedimsnt loads are being losasured at 43 stations on streams in seven 
Statea in the Missouri River Basin. The sampling equipment used at all stations for routine 
operation is th8 depth integrating D-43 sampler develop& at the University of Iowa. At some 
stations the sampler is mounted in a fixed position on a bridgle rail and at others portable 
bridge cranes sse used, depending on conditions. 

The sediment samples are processed in four laboratories at strategic locations in the 
Basin. The main laboratory and administrative office is in Lincoln, Nebr., which is also 
equipped to make complete chemical. analyses of water samples. Field laboratories designed for 
sediment enalysis only are looated in Wyoming, North Dakota, and Kansas, 

In July 194.6 the Geological Survey took over the responsibility for measuring sediment 
loads on the Rio Grsnde at SanMarcial which was form&ly operated by the International Boundsry 
and Water Commission. This station is being operated in connection with the station at San 
Acacia, about 25 miles up stream, in an attempt to correlate the reoonis at the two stations. 

Arrangements were mad.8 in April 1947 by the Bureau of Reclamation for the Geological Survey 
to install and. operate four sediment stations on streams in the Washita River Basin in south- 
western Oklabnua. 

For th8 past three years the Geological Survey has operated three sedimsnt stations on 
streams in Iowa in cooperation with the State of Iowa. The exoessive soil losses caused by 
major floods in Iowa have led interested agencies in the Stat8 to enter into a cooperative 
program with the Geological Survey to measure the quantities of sedimnt washed away in soms 
of the larger streams. 

At the present time the only sediment station being operated by the Survey east of the 
Mississippi River is located on a small stream in Delaware. Interest in the conservation of 
natural r8souroes in a small drainage basin in a farming region led to a cooperative program 
with the Survey for measuring the szount of sediment being washed away into the Delaware River. 

There is a major pollution problem in an eastern Stat8 involving sediments consisting 
largely of finely divid.ed coal. Preliminary plans have already been made for the Geological 
Survey to measure the amunt of this coal transported in a small river basin in which the pol- 
lution problem is particularly acute. 

In oonneetion with msasurertmnts of sediment loads a great deal of work is being done to 
determine the sizes of the sediment particles. A aystematio study has been made in our 
Albuquerque laboratory of the bottom withdrawal tube msthod of size analysis using the results 
of analysis of many hundreds of samples. Detailed. results of this study will. be presented in 
another paper. 

The relation of geologic features to recent floods in the Collneoticut River VsJl8y in 
Massaohusetts, in which sedimvnt plays a dominant role, is disonssed in a comprehensive r8pOrt 
issued recently as,Water-Supply Paper 996. 
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The Geological Survey is.also engaged in a study of the physical prowesses of erosion and 
sedimntation in upland portions of the public domxki. The study is aimed at a determination of 
the climate, vegetation, geonorphology and soils during deposition of the sediments and an eval- 
uation of the physical conditions leading to their erosion. The ccnqarison, or perhaps the con- 
trast if discernible, should permit drawing some conclusions regarding the causes of ths present 
epicycle of erosion, and &dging the value of methods of arresting or smsliorating its adverse 
effects. 

Because of its interest in the collection and interpretation of basic sediment data, in- 
cluding the source of the sedimmt, the physical processes of erosion, the transportation of 
seclimmt by streams, and the deposition of sedirmnt in stream ohannsls, reservoirs, canals, an& 
ultimately the sea, it is believed that the Geological Survey has made effective contributions 
to the science of sedimentation and plans are being formulated to continue and expand these 
investigations. 
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by Bernard Frank* 

The Deuartmsnt of Amioulturele interest in sedinentation is twofold. First, large agrl- 
culturalandotherlandGalues are at stake. The fertile bottom lands and valleys of the na- 
tion'a major and minor streams have been subjected to repeated heavy damages by flood-borne 
sedimmts. In the May 1943 floods of the Central Mississippi Valley, in which more than 
3,700,OOO acres of sgrioultural landa were 'inuudated, land dama&ee by sedimentation and scour 
were estimatedto smouutto overhalfthe totallosses. Further&me, theDepartmsnti8 comermd 
over the serious socrial aud eoormmio effect0 of sedimentation on the millions of acres of a@- 
cultural land in irri&ion and drainage projects and on recreational lands exposed to the flood 
hazard. Second, a signifioant part of the production of hsmfuL sediments originates directly 
or indirectly on a&cu3xral, ran@, brush or forested uplands subjected to varyiag degrees of 
misuse. 

The national scope of ths problem, the growing concern over its cumulative effeots and the 
tangible aontrlbution that upstream oorreative a& preventive meaeures can make towards it6 
solution have long been reoognized. For exsz@e, the Or&m& Act of 1897 provided for the ad- 
ministration and protection of the forest reserves primarily in the interest of watershed gro- 
teotion; the Weeke Law of l$U. provided for national forest aoquisition oz headwater areas "for 
the purpose of oonserpingthe naviSabil.ity of navigable rivers;"the McRary%oSweenegForest 
Research Act aud the Clarke-BkRazy,Law authorizing forest acquisition, fire control, and forest 
plauting stressed watershed reseecroh snd @provement in the interest of navigation snd oonserva- 
tion of dometio and irri&ion water supplies; Public Law Ro. 16 In 1935 established the Soil 
Conservation Servioe %o provide permauently for the control and prevention of soil erosion and 
therebytopreserve naturalresowxes, controlfloods, p~~ntimpairmentofreeerpoirs, aud 
maintain the nav-Qability of rivers and harbors;" and the Omuibus Flood Control Aot of 1936 and 
its amendments authorized "measures for mu-off and waterflow retardation aud soil erosion pre- 
vention on watersheds." These legislative ants have provided the authority and impetus for the 
researoh, survey, aud action program oufientlsbeinerImde~nbyWsI)ep~ntthroughthe 
Soil Conservation Service and the Forest Service. 

The primary objeatives in the field of sedizmntation control are being aahieved^by means of 
fouroloselyrelatedaotivltie8: basio aud ap@ied research, remval of the causes of sedimbnta- 
tlon, land managemnt, and the ap@ioatlon of remdial and preventive measures on tbs watersheds 
ant-In minor waterways. A oorollary objeotive is that ths measures must not only be sound teoh- 
nioalJy on their own merits, but must also be integrated with other zmasures applied on an over- 
all watershed basis for the malntenauce of soil, water, timber, grass, and other natural re- 
80llrcse8. B'ur$erzwre, theymustbe deeignsd to operate at a contirminglevelof effectiveness. 

These objeotives place strong ez@asis upon the mazizmpossible degree of oontinuing 
p~sloal protection of the laud in headwater areas, whioh is the primary source of eedizmt in 
nolast watersheds. They fully take into aocount, however, the necessity for correction of un- 
stable oondltions in and aIonS ohanoele and other drainagaweys reSaxdles8 of the origInal oauses. 

The aedimbntation activities of the Soil Conservation Service and the Forest Servioe are 
alo~rou@lygarallel~s,vlthmax3zmm ooordination of the work in order to avoid duplioa- 
tion of effort. The work of both Serv-ioes has the sazm broad objectives - investi@ion and 
oontrolof sedInm&ationinwaterways aadonthe la&respectively. The workofthe SoilCon- 
servatlon Servloe relates p&mrilytooultivated,pasture orrange lands,nainly inprivate 
owmership,whereas thsworkoftheForestServioe relateaprImarilytoforestandbrushlauds 
andtorangela&xaadnlylnpubllcownership. 

The Soil Conservation Servioe aotivitfes are orSaxx%zed into two parts: 
(2) eurveys and operatl~. 

(1) reaeamh and 
One of the admIndstrative uuits of the Offioe of Research is a 

sedlmntatlon seotion whioh oonduots field investigations for dewlopi~ methods of sedizmnt 
* Assistant Chief, Ditision of Forest Iafluenues, U.S. Forest Servloe, Washington, D. C. (read 

by Leon Lamen, Forest Servioe). 
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control in reservoirs, stream ohamels, floodways, harbors, drainags oanals, and on valley a&- 
cultural lsnds. It maintains a sediumntation laboratory in cooperation with the California 
Institute of Technology at Pass&ma, Calif., for basic research in the mechanics of sedimsnt 
trsnsportation - in suspension and in chsmel flow, as bed load and as density currents in reser- 
voirs. This laboratory also plaus the application of ths findings to practical field problems. 
The Office of Research also maintains a number of conservation researoh stations and watersheds 
where investigations s.re made on the types aud ratea of soil losses which sxe the primary souroe 
of sediments. 

The Fsm Irrigation Division of the Offioe of Research has aarrled on suspended-load ssm- 
pling on-Texas stresms in cooperation with the Texas l3osxd of Water Engineers since 1924. It is 
conducting other types of sediment reeearoh relating to irrigation such as the design of sand 
trap5 for remming cosrse material from irr*tion oanals. 

To date sedimentation surveys have been made on about 450 reservoirs in 36 States, includ- 
ing detailed surveys on 150 reservoirs and reconnaissance surveys on about 300 others. The re- 
sults have encouraged many muioipalities to support soil conservation programs on atuniaipally 
owned lands above their reservoir5 and to cooperate with soil oonservation distriots throughout 
the drainage areas conoemed. 

Considerable attention has been paid to the development of mthods for more effective 
channel stabilization snd stream-bank erosion control, inoluding intensive studies of bed-load 
movement. Anslyticsl studies of existing sediment-load data have been made In order to develop 
sediment-production indices on a regional basis for drainage basins of various sizes. Soils of 
different charaoteristios have been olassified as to their potential aontribution to sediment 
on the basis'of texture, structure, and other features. Land-u5eplsmLngworkhasbeenaided 
by the dmelopmnt of teohniquss for evaluating aedizmn.w, e43 foreza@e,tovalleyagri- 
cultural lands. SuohtechnLques have beenexteneivelyuesdinconnectionwithflood-conk-o1 
surveys, water-conservation surveys, and for other purposes. 

Survey and operation5 sre carried out administratively through seven reeponal offices. 
Surveye andplarming aotitities related tofloodcontrol, irrigation, snd drainage sre under 
the technicml supervision of the Water Conservation Division in the Washingtou office and the 
5ewnregion5loffioe5. A considerable body of experience is beingbuiltup inthe development 
of more effective stream-bank stabilization methods, water-disposal systems, and other devices 
for controlling the movewnt of hsrmfuk sediments. 

The Forest Servioels eedimntation activities have essentially the ssatm ob.iectives as these 
of the Soil Conservation Servioe. Strong emphasis is being placed-on stopping sedimsnt at its 
original sources by rm.ns of better forest and forest-range land praotlces and by the restora- 
tion of the plant oover on dsmsged and eroding sreas. ~vestigationshaoe revealed specific 
oaums of silt, zsxd, and rock flows and debris damages to reservoirs, water-spreading grounds, 
tXldPBJJ.eylands. These causes vary tidifferentparts of the country, Inmuutalnareas, 
partioula,rly, Bedimant ad debris mvemnts originate on road and highway cuts, fills, and over- 
cast material. Improperly logged, overgrazed, or burned areas constitute other souroes of 
serious sedimentation. In the waterway phase of the Forest Service program partQxal.ar attention 
Is given to the stabilization of mountain torrents above valuable areas of high hazard, such as 
lntensivelydevelopedurbau~ aerionltural,residential,andrecreational landand Lrrigation 
water-supply reservdrs. Tests fm being made of various types of ohsnnel barriers for debris 
catchmnt and ohanasl stabilization. Experiments are under way with various types of slope 
stabibilization and &anuel-trs,ining structures in order to prevent further slope unraveling and 
topreventormix&&ze downwsxd outtiag. Work of this k4.nd 1s now being undertaken on the upper 
tributsxies of the Los Angeles River along with the installation of erosion-controlimasures on 
the slopa them3elve5. Hlgbly satisfactory results in stopping soil erosion at the soume have 
beenacbievedbythe suooes~f'ulairp~ s~ingofrrmetardeeed. 

As part of its basis objectives the Forest Service is constantly trying to develop better 
m5thod5offorestland mansgemntaudproteotion, inaludlngrevegetationandre5eeding,timber 
harvesting, grazing prs,ctioes, and road snd trail constmotion in order to z&nimlze the lose of 
sediment-produoing soil from the slopes. Studies based on these objective5 are currently under 
way on a national. basis at nine Forest Servioe resesmh oenters. Zhphasis varlee, however, ao- 
oordlngtothe nature and severityof theprobleminths reglonserwdbyeachoenter. 

The national forests were established primarily to prevent or reduoe unfavorable conditions 
of 5tre5mflowandtomZn%mAzehmDmil eedQmntation. To sn lnoreasing degree, and as the 



results of research become available, the management plans exe fulfilling these objectives. In 
some areas, as in Davis County, Utah, the Forest Service has gone a considerable distance in 
effectively stabilizirg sediment-source areas. 

One of the lessons derived from the sediment investigations thus far undertaken is that the 
successful solution to this problem depends upon the close integration of the land. and waterway 
investigations and operations. An outstanding example of this type of approach 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 snd. control of soil and runoff on the land as well as the rehabilitation or 
stabilization of already disturbed stream channels. 
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by M. A. Churchill * 

Objective8 

The Tenneeeee Valley Authority, realizing the need for information on silt carried in the 
streams within the Tenueesee 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 objectiveof this pro~rsm was to determine the probable rates at which the 
reservoirs in the TVA system will fill with sediment. This system includes nine reservoirs 
onthemainTennesseeRiver, totaIling 650 miles inlengthwithone reservoirdirectlydown- 
stream from the one next above, together with eleven l.srSe storage reservoirs and a number of 
smaller ones looated on the major tributary streams. Other objectives inolude determining prob- 
able eilti.nS in navi&&ion channels and probable olarity of pooled waters near potential indus- 
trial and recreational sites in connecltion with developnt of lands and public parks along the 
.reeervoire. 

The Tennessee River and Its Basin 

The Tennessee River drains 40,910 square miles rax@n~ in elevation from over 6,000 feet 
above mean sea level along ths eastern edge of the basin to about 300 feet at the mouth of the 
Tenneeeee River. Some 40 percent, or about 16,000 mpare milea, is muntainous. The soils of 
the wea are fine textured, absorb water slowly and erode freely unless protected by adequate 
vegetal oover. The Tennessee Radn aa a whole is 52 percent forested. 

Mean annual rainfall varies fmu 40 to a5 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 about 21 inches. 

Silt Investiejations Program of the Tennessee Valley Authority 

The silt investitigations program of the Authority divides into three comnents: (1) Sus- 
pended sediment in &rem, (2) Deposited sediment in reservoirs, and (3) Special studies. 

Suspended Sediment Studies 

Field Prooedure - During 1934 and 1935 a total of 49 suspended silt satupliag stations were 
established. 'These are at or near the sites of major projeots and on the larger tributaries to 
proposed reeervoirs and are at or neer Geological Survey stream ge&iq stations where discharge 
data are available. The majority of the stations were maintained in operation for a period of 
three to fouryearsduringthe intervalfrom to 1938, Elevenkey stationswere maintained 
for approximately eight yeare. Each stationwas operated long enough so that a-measure of the 
total silt passing that location was obtained. The regular suspended sediment investi@,ions 
program, as suah, was terminated in 1942, mainly because of q&ailments in personnel and oar 
mileage resultinS from the entry of this country into World War II. 

At the beginning of the sampling program, the resemh projeot on silt samplers had not been 
cerried out at the University of Iowa and a horizontal tube smupler of original design was de- 
veloped by engineers of the Authority. This samplerxaedeei~dtocolleotan~~~ous 
sau@e from any desired point inthe river oross se&ion. 

* Rydraulia lbgineer, &drauli~ Data Division, Twesee Valley Authority, Knoxville~, Term. 



In order to determine the silt concentration in the river cross se&ion at any psrtiGL&X 
t3am, instantaneous sax@eswere oollectedfromthree points ineaohofthreetofive river 
verticals. The three points in the vertical at which samples were collected were (l),pn+half 
foot below the water surfaoe, (2) at mid-depth, aud (3) one-half foot above the river bed. On 
imall streams eometinm less than three verticale were used, and on large rivers ocoasionally 
more than five verticals were sampled. 

The frequency of sapling at any one station varied depending upon the size of the stream 
and upon stream-flow oonditions. During periods when the river diechex~ is composed prinoipally 
of ground-water flow, one set of samples perweekwastaken. Duriq periods of both mall and 
large floods, samples were taken at frequent tim intervals because during such periods silt 
concentrations change rapidly. It was realizedearly inthe progmnthatmore silt maybe trans- 
ported by a river durinS one major flood than by sn entire year of stream flow during which no 
major rise in flow occurs. 

Laboratory Procedure - At the laboratory, the silt concentration in parts per million by 
weight in each sample was determined separately by using the filter paper prooess. 

Results of Suspended &dim& Investigations - From the suspended silt investi&ions pro- 
mam it has been detemined that the total auautity of silt oarried into the etreaum of the a 
%mnessee River Basin avera&es 14,000 acre-feet per year. At Johnsonville, near the mouth of 
the Tennessee River, the man ooncentration prior to construction ef Pi&wick Reservoir was IlO 
parts per million. The maximum aoncentration found at this station was 1,190 parts per million. 
The msximum silt ooncentration found, 84,700 parte per million, occurred on Potato Creek in a 
local small area denuded by copper mining operations. 

One of the principal results of the suspended sedimentation program was the determination 
of the sedinmntation efficiency of two mainstream reservoire. Sampling stationsweremaintained 
both above and below Bales Bar aud Wilson Reservoirs,fromwhich detemiuations were made of the 
quantity of sediment being deposited in both reservoirs under varying stream flow conditions. 
The information on reservoir sedinmtation efficiency thue obtained ie being used in oonjunotion 
with data on suspended silt loads and OX-I silt volumes determined by reservoi& surveys, to eeti- 
mate future rates of silting to ba expected in all TVA reservoirs. 

Deposited Sediment Studies 

Reservoir Secumentation Survey6 - Conmrrently with the suspended sedimnt program, a pro- 
gram for determining actual volumes of deposited sediment in reservoirs was also carried on. 
Base surveys have been made in all reservoirs prior to or just after filling. One or more re- 
surveys to detez7nine the quantity of deposited sediment have been made on many of the reservoirs. 
Surveys have also been made on relatively small privately owned reservoirs ia the Tennessee 
vauey. 

Future SiltSuS of Reservoirs - Estimates have been prepared of the rates of silting of TVA 
reaervoire . These rates are all low. For exsmple, it ie estimated that it will require approxi- 
mat&y 800 yeam for the 624,000 aore-feet of storage below minimum operating level in I?orris 

Reservoir to be filled with sediment. At Fontana it will require some 7OO yeare to fill the 
287,000 aore-feet of unused storage. In the case of the lar@st main river reservoir, Kentucky, 
it ie e&mated that only four percent of the ~,OOO,OOO aore-feet of total storage in this pool 
will be filled within the first 100 yeers of the meservoir's existenoe. 

Specific Weight of Deposited Sediment - The epecifio weight of deposited sediment has been 
determined inseveralreservoirabynumxzs of a apecialvolumetric smplerdesitylsdforthis pur- 
pose. This operates under water as well a6 in the dry and has been used successfully under as 
much as k, feet of water. 

Speoifio weights of deposited eed~ntvaryxidelyinevergreservoirae anyone experienoed 
in thie field well lmows. Eowever, the bulk of the eedimmt deposited in the larger reeervoire 
in the Tennessee Valley has a specifio weight of about 60 pounds per cubio foot. As nmre silt 
acmmulatee inth~poola,the uuderlyixgmateria3willbe oompreaeed. Inmakin~eatimates of 
future eilting of reservoirs, aspeoificweightof 70pounaeper cubic foothasbeenuseaaea 
man value. 

Grain Size of Deposited Sediment - &9in size analyees are made on earglee of depodt9a 
sedimntandiu some oases on m0pd.ea 6dim3nt. 
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Analysis of a number of deposited sedimsnt samplea from Wilson Reservoir by the sieve and 
hydromter method ahows over 95 percent of all particles have diameters less than 0.074 milli- 
meter, the size openings in a 200~mesh sieve. On the tributary streams, reservoir deposits are 
naturally coarser grained than those found in reservoirs on the flatter main river. For example, 
the sedimsnt in a reservoir on the Iiolichucky RXver is composed of material 70 percent of which 
is smaller than 0.074 tillimeter. On the whole, the silt carried by streams in the Tennessee 
Valley reflects the fine texture of the soils and is fine grained. Such material is kept in 
suspensionby low degrees of turbulence, which gives many streams the appearance of carrying 
amuchgreater sedimsntloadthanthey really are. 

DISCUSSXON 

COLONEL C. L. HALL% , I am a retired officer - retired for age from active duty. I have been 
considering this subject all ~gy 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 smevenmcre of apessimist,afterlisteningtothe remarksthismorningthanIwaswhen1 
fhartea. It has reaently been 8tatf3a, in a professional paper with wide circulation, that if 

. we adopted the best possible erosion practices we couldn't cut down the amount of soil entering 
our streams more than10 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. Ifthisietruewe havewhatthe doctorsmight 
call a very unfavorable prognosis. I just want to leave the thought that, just ae none of us can 
prevent winding up in a cemetery, except by jumping overboard, so the best we can do will not 
be goodenough. 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 ReachErosion Board, Corps of En&neers, Department of the Army, Washington, D. C. 
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SECOND SESSIOR - PART II - DEl'EFNXATIOlV AND I- ATION OF SEDIMENT LOAD 

DPZERMIMATIOIOOFTEESIKSP~EDSED~ DISCEARGEOFS~ 
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 basia, using uncertain methods and varying proce- 
dures. This situation was recognized In 1939 by Federal and State agencies and a cooperative 
project was established at theEydraUllcsLaboratory of the University of Iowa to investigate 
sediment sampling equipment and techniques. Results of studiea made by representatives of the 
several agencies have been published as a part of the cooperative project l./ together with a 
summary report g/which was prepared for presentation to the American Society of Civil Engineers 
Joint Committee on Sedimentation in Reservoirs. 

This paper is intend8d to supp18ment the infOnTE&tion presented in the previous1y mentioned 
reports and is largely based upon the experience gained by personnel engaged in sediment and 
stream flow inV8StigatiOiM for the G8ol$&cal SUrV8y and COOp8I'ating agencies. Th8 cOncurr8nt 
Investigations have led to the conclusion that the procedures now in general Use by Federal and 
State agencies to determine the suepended sediment discharge of streams are based on local office 
policies, available fUnds, and technical procedures developed or established during the paat x) 
yeara. FUrth8rmor8 the auggeetions made in the series of r&ports published ae a part of the 
COOp8ZXtiVt3 PrOjeCt hsV8 OdJ been fOllOWed in part. A r8lUci&IX8 t0 change from arbitrary and 
8mpirical methods to rational practices based on present concepts of the theory governing the 
transportation of suspended sediments ie still evident. 

Suspended Sediment Sampling. - The suspended mdimsnt diecharge of any etreaa can be readily 
determined for any period of time if the observatmns 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 m8a8ur8d or can be computed from stage-discharge rating curves based on the re- 
sults of current meter or w8lr measurements. For identical conditions of flow the number of 
samp18S required depends-n the tSp8 of samp18r Used, th8 Chang8 in.sedilWnt COnCentratiOn with 
stage, and the fluctuation of the concentigtion with time. For purposes of comparison it will be 
assumed that measuring conditions are such th+\T any of three type6 of ekmplera can be used; 
nam+y, depth-integrating,'point-integrating, or-inetantaneoua. &be e~UBp18 COlleCted with the 
depth-integrating sampler Is equivalent to about four samples collected with the polnt-integrat- 
lng or instantaneous samplers. Assuming a normal sediment-distribution curve tith the samples 
representing equal VOlwe of discharge in the vertical section, the accuracy of the results ob- 
tained with the point-integrating esmpler probably exceeds that of the depth-integrating or ln- 
stantaneous ssmplera owing to the length of the fllam8nt of fluid collected. It will, of course, 
be neceeeary to detetine the concentration of each point-integrated eample unlese the volume of 
fluid collected ls'controlledby usIn& the came eampling Interval for all samples. 

Under average conditions of flow the euspended sedlm8nt,discharge can be determined at less 
cost with the depth-integrating sampler than tith the point-integrating or instantan8oua samplers.. 
The D-43 depth-integrating sampler developed at Iowa City is ueed at all Geological Survey sedl- 
merit stations at which this type of Instrument can be employed. For streams with depths beyond 
the range of the depth-integrating eempler, It Is neceeeary to use the point-integrating sampler. 
In its present state of development the Instantaneous sampler Is n?t considered by the writer to 
be a satisfactory field instrwnent except possibly for special studies. In addition, it Is not 
easily adapted to general field use, and furthermore, computation procedures require velocity 

+ District Engineer, Quality of Water Division, Geological Survey, Lincoln, Ilebr. 
r/ 2/ Se8 "Refer8nC8s" at Close Of Comments. 



measurements in the vertical section at the points sampled if the concentration is to be weighted 
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 are 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 Installations. - Sediment sampling installationslutilizlng the D-43 sampler may be 
classified ae movable and non-movable or fixed. In the first classification the sampler is op; 
erated from a cable car or from a bridge using a k-wheel stream-gaging crane or other equipment,. 
In the second classification the installation is attached to the side of a bridge and is con- 
sidered semi-permanent. 

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 seml- 
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 erodlble channels and an unstable low-water section, the'movable 
installation provides a more flexible arrangement which permits the collection of samples at any 
stream vertical in the cross 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 a k-wheel crane on a narrow highway bridge If no walkway is provided. The two kinda 
of installations are illustrated in Figures 1 and 2, respectively. 

Frequency of Ssmpling and Location of Sampling Verticals.- The frequency and number of sam- 
ples required to define adequately the suepended 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 scene research projects it has been possible to collect a sufficient number of sapl- 
ples to define accurately the concentration graph. Such a procedure Is not possible in any 
extended program similar to that now in effect on tributary streams In the Missouri River Basin. 
For practical reasons the number ofobservat$onsduring 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 personnel are employed to collect the samples it may not be necessary to make daily 
observations for certain conditions of flow, particularly in large rivers. 

In addition to the samples collected by the observer at non-movable se&ling 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 determlne as accurately as possible 
the average concentrati‘on in the cross section. In streams having unstable channela, overflow 
sectLone, and a wide range of concentration in the cross section, it is desirable to obtain 
samples at three to five verticals on the same schedule as previously mentloned for the non- 
movable sampling installation. 

The lecatlon of the sampling verticals Is determined from current meter measurements. At 
river stations where the stage-discharge relation is quite stable, the location of verticals can 
be ascertained for all stages as outlined in the previously mentioned series of reports. At 
stations having an unstable stage-discharge relationship, ivhlch usually obtains on streams trans- 
porting heavy sediment loads, the location of the verticals is checked after each current laeter 
measurement and corrections made accordingly. 
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MEDICrn CREEK A!r cm, mm. 



NORTH ICUP RIVER NEAR ST. PAUL, NEEJR. 

MIDDLE LOUPRIVER NEAR ST. PAUL, NKBR; 

IFigure 2. 
. 

- Movable sediment sampling installations - four-w&eel 
stream-gaging crane equipped with D-43 sampler. 
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The sampling in three to five verticals is somewhat empirical and should be checked occa- 
sionally by collecting samples at ten or more verticals, the number depending upon the width 
of the stream 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 semplee 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 relationship to stage 
or to changes in atage. 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 increases 
with an increase in stage, and, generally but not always, precedes the peak of the water dis- 
charge. The meximum 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 dlscuseion, water courses may be divided 
Into two groups: those having semi-stable channels with rough cobblestone or rock bottama which 
change infrequently or only with major floods, and those having unstable channels composed of 
sand or fine sedimenta. In the former group, an increase in water discharge merely means a 
related increase in stage, whereae In the latter group en Increase in water discharge raises 
the stage but not in a fixed relation to the discharge owing to changes In the stream bed. 
In erodlble 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 send 
bars and dunes, and degradation and aggradation of the stream bed. Streems having unstable 
channels ueually exhibit the maximum fluctuation In concentration at all stages. In both types 
of streams the concentration of the euepended sediment at any point is affected by pulsating 
flow and boils, the latter being formed at random intervals. In snow-fed streame some change 
in the sediment concentration results frcm diurnal fluctuation of the water discharge, the 
amount depending on the size of the stream. 

Typical examples of "rises" for several streams are uhown in Figurea 3 and 4. A study of 
these examples indioates that the peak sediment concentration may ooour simultaneously with the 
peak of the water discharge (Medicine Creek at Cambridge, Uebr.) or as muoh as nearly four daye 
in advance of the peak stage (Iowa River.at Iowa City, Iowa). This ani other infonastion in- 
dicate that the time-of-lead concept Introduced by Professor Johnson 3/respecting the occurrence 
of the peak sediment concentration and peak water discharge, while apslioable to certain small 
streams, ie not generally applicable to all streams. 

Under ideal conditions the euspended 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 instancee the fluctuations 
appear to be neither momentary nor periodic but vary at random. The eampling time required to 
obtain an average value of the sediment concentration for certain condition8 of flow has been 
discussed by Professor I@linake &/. For practical purposes It may be detellnined In the field 
by the collectionof 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 illuetrated in Figure 5. 

3/ k/ See "References" at close of connnents. 
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FlQURE 3. TYPICAL STAGE AND CONCENTRAT1Ot4 GRAPHS, BIGHORN RIVER AT MANDERSON, WYOMING 
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FIGURE 5 FLUCTUATION OF SUSPENDED SEDIMENT CONCENTRATION IN A STREAM VERTICAL 

To the present time it has not been practicable to carry on a elmultaneoue sampling program 
in several &ream verticals to obtain information respecting the fluctuation of the sediment 
concentration in the horizontal eection. The distribution of the euepended sediment in the 
horizontal section for several anal1 rivers Is illustrated in Figure 6. The sampling stations 
for the Iowa River at Iowa City and Cedar River at Cedar Rapids are about 3/b mile below low 
storage dama. The station on the Des Moines River 18 about one mile below a large tributary, 
theRaccoonRiver, which enters from the right bank end Just above a low dam. The other two 
streams, Bighorn River at Kane, Wyoming, and Powder River at Arvada, Wyo., have only small ephean- 
era1 streams entering above the respective measuring stations. 

Computation of Suspended Sediment Discharge. - The method8 used to compute the suspended 
sediment discharge of streams vary with each organization now engaged in investigation of fluv- 
la1 sediments. Ro attempt will be made to describe each for comparative purposee. Rather this 
discussion till be confined to present practices now being used by the Geological Survey in the 
Missouri River Basin. 

The preaent procedure dependa upon the type of sampling inatallatlon in use. In the non- 
movable type the results of the sediment discharge measurements are tabulated and the relation- 
ship between the daily sampling station and that for the entire cross section is determined. 
This procedure is similar to that now used in tabulating water discharge meaaurBmenta, except 
the relationship $8 shown as a ratio instead of a "percent difference." If the study indicates 
that the sediment concentrations obtained at the daily eampling etation approximate the average 
found In the cro88 section tithln 10 percent, and the average variation le equal to unity, no 
corrections are made unlees the error is consistently in one direction. If the varlatlon.le 
greater then 10 percent and consistently larger or smaller, appropriate corrections are made to 
the concentration in a manner eimilar to that used in making "shift correctiona" to water dis- 
charge measurements. Typical etudlee are shown graphically in Figure 7. 

At stations equipped with movable Installation8 the results of sediment discharge meaeure- 
mente are used to verify the data obtained by the resident observer particularly during floods 
and to obtain adequate information about the variation of the concentration in the croaa section. 

The sediment concentration for each observation, which may coneiet of one or more eemplee, 
ie plotted on the gage-height chart for each day. These points are connected or averaged by a 
mnooth graph as previously Illustrated in Figures 3 a-d 4, the pattern of which is similar to 
the gage-height graph. 
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FIGURE 7. STUDY OF THE RELATIONSHIP BETWEEN AVERAGE CONOENTRATlON AT THE DAK, 

SAMPLING STATION AND TliE AVERAGE DONCENTRATlON FOR THE CROSS SECTION 

The mean daily sediment concentration 
is obtained from this graph by "hand inte- 
gration" or by means of a planimeter. For 
some periods the variation in the concentra- 
tion may be quite small in which event it is 
not necessary to plot the data. 
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The sediment discharge in tons per day 
is computed from the mean daily water die- 
charge and mean daily sediment concentration 
except on days when the concentration and 
water dlsoharge are changing rapidly. Dur- 
ing these periods each day ie subdivided in 
aCC0rdanCe.tit.h accepted practice if the er- 
ror introduced by not "subdividing" would be 
from two to five percent or greater. Further 
studies and comparison of the sediment and 
water discharge are made for each et&ion or 
group of stationa in the came drainage basin 
as shown in Figure 8. 

Particle Size Data. - The determination 
of the suspended sediment discharge of a 
stream is not complete without information 
respecting the size of sediment particles in 
auepension. 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 



assumption that It till require a number of years to obtain a measure of the sediment transported 
by a stream, sufficient particle-size data should be obtained to define the rsnge in water dis- 
charge experienced. 

SUmmarY. - The methods now in current use to determine the suspended sediment discharge of 
streams are governed to some degree by previously established procedures in each office or region, 
and by the sampling equipment avallsble for use. In connection the&with it must be pointed out 
that although the methods used to ascertain the location of the sampling points and frequency of 
ssmpling 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 sempllng and computing procedures dlscussed in this paper are those (1) outlined in the 
series of reports issued in connection with the joint Investigation of sediment sampling and 
technique conducted at the Hydraulics Laboratory at the University of Iowa, and (2) certain 
techniques 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, 
bboratOry, and office work. 
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DISCUSSIOR 

R. J. PAFFGRD, JR.* - The Corps of Engineers has been actively engaged in the observation of 
sediment discharges in the Missouri River Basin, and in the evaluation and analyses of various 
types of sediment probl- associated with Corps of Engineers projects, for many years. A 
systematic euspended sediment observation program, which now includes some k0 regular stations, 
has been In operation continuously since 1937. In recent yeare, 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 Bnglneers has been 
.partlcularly active in this regard, both in cooperation with personnel of the former Interdepart- 
mental CommIttee aa on its own initiative. This discussion, therefore, Is a review of the ln- 
formation presented by Mr. Benedict, based on independent experience gained by personnel of an 
active field agency, aggressively interested in the accumulation of the most useful possible 
records of sedimentdischarges for use by that agency in evaluating and solving important sedi- 
mentation problams. 

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 Corpe of Engineers sediment observation program in the Missouri Basin. 
Of course, there is some disagreement concerning details, but this generally is minor. 

Mr. Benedict's paper places considerable emphasis on the desirability of a general change 
by all field agencies to the use of modern practices for determining the suspended sediment dis- 
charge of stresms, and particularly on the desirability of standardization of sampling equip- 
ment. For the past four years we of the Corps of Bnglneers /In the Missouri River Basin have 
been dissatisfied with the equipment and some of the practices being used in conducting our eus- 
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 mineera, Department of the Army, Missouri River Division, Omaha, Bebr. 
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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 than the former. 

Although we became dissatisfied with our sampling equipent and practices four years ago, 
no suspended sediment sampltng equipment of proven superiority was available. 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%asonable assurance that the change would be (1) to equipment of proven super- 
iority to that in use, and (2) to equipment which It was reasonably assured might be standard- 
ized and placed in general use. Therefore, the exieting eampling program was continued without 
any general change, and a semi-independent program was undertaken of-assisting in developnt 
of new equipent and interuvively 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 sampler for Missouri River and certain tributary work ae soon ae final mechan- 
ical complications of this sampler can be overcome, to the D-43 type depth integrating sampler 
for certain type5 of tributary work, and to an econcrmical standard-type, eimple operating, depth 
integrating sampler for certain typea of work on the Missouri River and deep tributaries as Boon 
as it can be developed. This change-over is now scheduled for Corps of Engineers work in the 
Missouri Basin at the earliest date when equipment can be obtained. It is believed that other 
field agencies till find it advantageous to change over to similar standardized equipment, and 
it Is hoped that all field agencies will be using standardized euapended sediment aempling equip- 
ment in the very near future. 

It 15 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 sedl- 
ment discharge data in analyses of specific 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 is vitally important as well as reliable data on the total 
suspended sediment load involvea. In fact, In certain problems, accurate knowledge of the 
amount of suspended sediment in a specific size range (for instance, fine euspended 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 
Mlesourl-Basin indicatea unwarranted optimism by any mllcation that an adequate amount of 
particle-size data can be secured more-or-less as convenience permits durWg the number of years 
assumed to be required to obtain a measure of the total suspended sediment load transported by 
aspeam. Data we have collected, while not completely conclusive, indicate that in many cases 
particle size gradation varies from a consistent relationship with stage or discharge in much 
the same manner as total suspended sediment concentration varies from such consistent relation- 
ships. Apparently the variation is not quiteRso severe in the case of very fine materials, and 
more eevere in the case of fine suspended sands. Also, in some cases at lea&, this variation 
in particle size gradation does not appear to be directly related to or associated with the var- 
iations in sediment concentrations. Based on experience and data obtained to date, there appears 
to be a real need for agencies engaged in suspended sedtient load determlnations to place more 
emphasis on carefully systematized eetimating of quantities of suspended materials in vario-us /j 
particle size ranges, as well as on increasing accuracy of deter&nation of total suspended sedl- 
ment has. 

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 
details presented in Mr. Benedict's paper. It seems pertinent, however, to briefly mention 
certain Items. 

To begin with, it Is agreed that the suspended sediment diecharge of any stream can be 
readily determined at any gaging station if an adequate number of observations are made to de-. 
lineate the changes in oonCentration for any specific period for-which the sediment diecharge Is 
desired. However, this could become embarraaslngly expensive. It has been found that to keep 
suspended sediment operations on a practical basis there must be a very aarsful balancing between 
field and office operations, and a careful weighing of operation costs against the usefullnees 
and accuracy of sediment data which may be obtained. Attempt5 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 can easily betray us Into great 
increases in operation costs for certain tempting refinements, which are entirely unjustified by 
the quite minor increase5 In accuracy of over-all reeults which may be secured. Gl 
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Corpe of Engineers experience in the Mlereouri River Baeln results in general agreement with 
practices et the tributary stations the Geological Survey Is operating in the Missouri River 
Basin. However, it appears that the frequency of observations, and selection of number and loca- 
tions of sampling verticals, at other stations, particularly on larger streems, should not arbi- 
trarily be patterned after this program without careful analysis of the many factors which may be 
pertinent at various individual stations. 

Mr. Benedict presents'several interesting exemples of variation of sediment concentrations 
from any "characteristic" or "nonsal" pattern for various 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 ccmtparable degrees, have been observed during routine sampling or 
in special tests in the Missouri River which have been conducted by the Omaha 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 like to repeat the full concurrence of personnel, as 
Individuals, engaged on the Corpe of Engineers sediment progrsm in the Miesouri Baeln, with the 

desirability of prompt adoption and general use of modern standardized suspended sediment ssmp- 
ling equipolent by all agencies involved in sediment data collection. 
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SEDIMETT EEGIBEEBIEG AS A QIJAETITATIVE SCIENCE 

by E. W. Lane*  

In the past two decades a branch of hydraulic engineering ha8 eeen rapidly developing which 
may be oalled Sediment Engineering. It deals,wlth the problems arising from the fact that prac- 
tically all natural streams carry more or lee6 sediment. In hyd.raul>c 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 tith it. This 
has led to a great deal of trouble, in many cases involving large monetary losses. Sediment 
engineering is concerned with the anticipation of trouble from sediment, and the planuing 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 

lmowledge is not very helpful unlees It can be expressed In quantitative terms. For example, it 
is known that a etream carrying sediment into a reservofr will padually fill up the reservoir. 
Whether or not the useful life of this basin is seriously affected by thie fact depends largely 
upon therate atwhich the sediment is carried In, and the capacity available to store it. Under 
some conditions the reservoir may fill up In 10 yeam, and uuder other conditions it may fill in 
1,000 years. If the life is going to be 10 years, It may not be worth while to build it, but 
if it will not fill for 1,000 years, the sediment difficulties slay, of course, be entirely 
ignored. 

Since sediment engineering is so vitally concerned with quantities, the development of 
this branch of engineering had to await 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 
was first determined from samples taken in the stream. Since that time, the science 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 streams of this and other countries. 

The purpose of this paper is to report on the present status of sediment engineering, and 
to show that it has now developed to a point where we oan 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 know only too well how far this knowledge Is from being can- 
plete, and in many cases even Pram being adequate. When we compare the present knowledge with 
that of 20 years ago, however, it is evident that much progress has been made in this period, 
and there is reason to believe.that the next few years will oontinue to show'rapld advance. 
This paper will present the state of the science and practice by briefly reviewing the condition 
in the prlnclpal phases of the subject and by giving, by way of illustration of sediment engl- 
neerlng processes, an explanation of how same problems are attached. 

Standard Terminology 

An important aid to real progress in any branch of engineering is a standard termtnology'. 
In the early stages of development the terminology is bound to be Inexact and nonuniform, and 
sediment 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 society has 
recently suggested a number of definitions to cleax up the uncertainty which arises when the 
same tam is used with several manlngs. This work was carried on by experienced sediment men, 
both geologista and engineera, several corn&ted, withthe Governmental agencies havlug important 
sediment problems. 

* Consulting &hdic Engineer, Branch of Design and Construction, Bureau of Reclamation, 
Denver, Colo., (read by D. J. Hebert, Bureau of Reclamation]. 
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Present Status of Development 

In recent years a great deal of attention has been given to determining the physical prop- 
ertiea 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, Is very impor- 
tant in the solution of most problems. A standard classification of particle size has been 
worked out by this American Geophysical Union committee. 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 is 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 is a gap In our 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 gained in recent years is the density 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 conditions. 

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 made 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 engineering 
was the measurement of sediment in streams. From the standpoint of time and money expended, 
this is 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 Government agencies and Iowa Univer- 
sity. The design of earth canals that will notfill up or scour is one of the'dlfficult prob- 
lems often encountered, especially if the water to be carried in the canal has a high sediment 
content. This problem has been extensively studied in India 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 
will enable much more accurate estimates oP filling rates in many cases than w&s possible some 
years ago. These studies also give a more thorough understanding of where in the reservoir" 
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 Prom the water to prevent the filling of canals or damage 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 useful aids in the development of sediment engineering science and in solv- 
ing specific problems is the hydraulic laboratory. It has been extensively used in developing 
and checking the laws of sediment transport, in determining the stream chanuel 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, 
progress along this, line is being made and the future will no doubt see considerably better re- 
sults than the past. In general, it may be said that a hydraulic laboratory is an indispensable 
part of the equipment of any large group engaged in sediment studies. 

Sediment Engineering practice 

The foregoing discussion has dealt largely with what might be considered to be sediment 
engineering science. The application of this science to actual engineering problems constitutes 
sediment engineering practice. One of the most Interesting examples of the application of sedi- 
ment engineering is on the Middle Rio Grande River Valley in New Mexico, where as a result of 
increased sediment production due to overgrazing, and decreased stream flow due to irrigation, 
the bed of the river has been steadily rising and the continued prosperity of this valley has 

been seriously threatened by floods and waterlogging. Engineering plans 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 conat?.%- 
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 results of a program 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 had. Another paper presented to this conference 
tells of these effects, but it may be said here that most of them were predicted and their 
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magnitudee 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 ia the prediction of the poei- 
tion of sediment deposits in reservoirs and the rate at which the reservoir will fill. 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 reservoir sedimentation. 

In many respects the deposits in a reservoir resemble those made by a stream where'it enters 
a lake or the ocean. Geologists 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 
are formed of the fine sediment brought down by the stream, which settles slowly and is ~arrled 
long distances out into the reservoir, depositing over much of the bottom in a thin layer. The 
fore-set bede are composed of the coarse material transported by the streamand are deposited 
where the velocity of the stream is retarded as it 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 is reduced and the stream deposits 
part of Its ooarse 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 reservoir. These deneaita _ vh4 c.h SIT-FL 
slightly sloping layers, are called top-set beds. 

Fore-set Beds 

Figure 1. Longitudinal Cross-section t&ox@ a Reservoir, Showing Various Types of Deposits. 

There Is also a fourth kind of deposit found In many reservoirs which has recently aroused 
considerable interest, namely that due to density currents. When a flow coming into a reaervolr 
is composed in large part of colloidal or other very fine particles, the action of the wter con- 
taining the sediment may be like that of a dense fluid. When it reaches a reservoir'of clearer 
water, because of its greater density, the nuddy water sinks to the bottom land flows down the- 
bottom of the reservoir 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 reservoir was 70 to 90 miles long. 

loom the &ape of the reservoir, If the amount of coerse and fine niaterial brought la per 
year is known, the position which each till take can be roughly determined. The sediment brought 
in the first year till somewhat change the shape of the reservoir and cause the deposits brought 
in the second year to occur ln a slightly different place. Those deposits in turn till influence 
the position of the deposits the third year and so on. The sediment engineer eetlmatee the poei- 
tion of the deposits step by step, using periods of a length depending on the degree of accuracs 
he desires in his results. Knowi% the amount of coarse and fine mater~albrou&t dam on the 
average for the period used, he determines where the coarse material would deposit end where the 
fine material would settle, and how much space it would occupy. For example, 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 &ream 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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materlale. During the second period the materials 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 density 
of the deposited sediment. This depends upon fineness of the material and on the exposure of 
the beds to drylug. Another is the shape of the top-set beds. This~cauuot be determined with 
great exactness, especially where the reservoir is broad, as the stream tends to form uatural 
levees along its banks and build up the bed higher thau the adjacent area. In a flood it may 
break through these naturally formed levees and flow into the low laud, changing its course en- 
tirely. It Is doubtful if we yet have sufflcietit knowledge on the material and conditions which 
give rise to density currents to differentiate between bottom-set and density current beds, but 
as additional knowledge le gained, It Is hoped that we will be able to do 60. 

Deposits in Retarding Baslns on Streams with Heavy Sediment Loads 

Another exaarple 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 
aud about to be constructed before the war on the Yuug Tiug River in uorthern,Chlua. This 
stream carries a very heavy eedjment load, and considerable deposit in the reservoirs was expect- 
ed, but no method was available for estimating how much this would be. By breaking the problem 
down Into ateRa and by making certain simplifying assumptions, which are probably quite close to 
the truth, it Is possible to ccenpute the deposits which would occur in the basins in any flood 
if the data on stream discharge and sediment concentration and composition are available through- 
out that periofl. 

CHANGING POSITION OF INFLOW OF VARIOUS 
PERIODS IN A RESERVOIR 

WITH HEAVY SEDIMENT CONCENTRATION 

When.the water of a flood first starts 
to store in a retarding basin It rise8 
above the outlet, as shown in Figure 2. 
Most of the water flows directly through 
the outlet, but the remainder begins to 
fill up the bottom of the basin, occupying 
the space Al with a water surface at 1. As 
time goes on more water is stored until 
Level 2 ie reached, end for a mason which 
will be explained later, the water which 
occupied the space Al moves up to the space 
A2, and the bottcm of the reservoir is oc- 
cupied by the water Bl. After anotherperl- 
od of time the reservoir has been filled 
to a Level 3, and the A water has moved up 

FIGURE 2 
toA3, the B water moved to B2, and Cl water 
occupies the bottom of the reservoir. After 
another period, the reservoir has filled to 

Level 4, the A water occupying the positionAh, the position B3, the C water the position C2, 
and D water occupylug the reminder of the reservoir. 

C 

The sediment particles in the water, however, do not rise at the seme 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 than the finer ones. If the particles settle 
down through the water at a faster rate than the water surrouuding them rises, they will settle 
toward the bottom of the reservoir. The A water, for mple; in a' givqn time has risen from 
the bottm to the.top of the reservoir, but a particle of sediment which would settle faster 
than 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 4, and 
all during this time the sediment particles brought In with the A water were settling, all par- 
ticles except those whmich sink very slowly would have settled out of the A water and It would 
be relatively clear. The B water would have been in the reservoir a shorter time and less sedl- 
merit would have settled out of It. It would therefore be denser than the A water, and because 
of thie 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 density from the surfaceto the bottom of the 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 reeervolr to the dam as a density current 
and the portion which could not pass out would rise l.n the reservoir beneath the water uhhich 
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 reservoir 
before the reservoir empties itself after the flood subsides. This would be a vary long, tedi- 
ous process, but the use of a slide rule invented for flood routing in reservoirs was found to 
be capable of transformation into a tool for tracing the sediment movement, and the process was 
thereby greatly speeded up. In the above discussion for simplicity the density of the ooncen- 
tration of sediment in the inflowing water has been assumed to be constant, but a varying con- 
centration can also be handled. 

Conclusion 

In concluding it may be repeated that the purpose of this paper la 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 it in its present form, but rapid advances in this field 
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 science only during the past two decades.Prior thereto the importance of 
obtaining reiiable information about the detrital load of streams was realized by relatively 
few far-sighted investigators. The presence of sediment in streams was largely ignored evenby 
scientifically trained persons charged with the responslbillty.of design, construction, and op- 
eration of hydraulic structures. One has only to look at a fairly large number of dams con- 
structed 20 or more years 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 
liability. It Is recognized that the paucity of quantitative data about the sediment production 
of streams on which some of the dams were constructed made it practically impossible to make 
proper allowance for sediment storage. On the other hand it appears that too little thought 
was 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 data and 
without allocating dead storage to provide.for sediment accumulations. 

It may be pertinent to inquire-about the future useful life of dams and reservoirs in this 
country resulting from the gradual 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 will the quantitative science of sediment engineering be employed to assure a 
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 
understood that plans are being made for a comprehensive sediment sur@ey to determine the depth 
and distribution of deposited sediment above Hoover Dam. The allocation,of a atorage pocket of 
about 8 million acre-feet for sediment deposition was undoubtedly a wise provision, However, 
when It is recalled that approximately 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 capacity (assuming 50 
pounds per cubic feet on a dry weight basis), it is readily realized that nearly one-fifth of the 
8 million acre-feet allocated to 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 
sediments will tend to decrease the volume occupied. Nevertheless, unless upstream reservoirs 
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 life will depend on the size of the reservoirs and the rates 
of sediment production. 

It cannot 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 remains to be learned about the laws 
of sediment transportation and effective means of measuring the sediment discharge of streams, 
the knowledge and tools now available are sufficient to provide much of the information needed 
for the solution of present-day problems relating to the construction and operation of hydraulic 
structures. 

VICTOR H. JONES .* The diagram illustrating sediment in reservoir8 was very interesting to me. 
I think it showed the general relatfonships very well. And yet I would like to emphasize the 
fact that the relationships between the bottom set beds and the d8nSity current beds are not 
very clear. For instance, in many reservoir surveys which we have made in the Soil Conservation 
Service, especially in those reservoirs 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 appreciably greater in 
most casesnear the dam. 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 a8 regular bottom set beds and density current beds. It will not be easy 
to distinguish them by t'XttW8. Practically all such sediments in large flat reservoirs ar8 
predominantly clay with eaue intermixture of silt. Generally we have found no sands or sandy 
sediment In such a basin below the extreme headwater portion. 

Another point which I think well worth emphasis Is the fact that in large reservoirs in 
which Sediment storage pools are planned, these pools 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 
a seeplent Of the r8S8rvOir bottom. 

PARKER D. TRASK..*Mr. Lane's paper is very stimulating and focuses attention on the very lmpor- 
tant problem of control of density currents in reservoirs. Density currents, 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 
CM flOW through the r8s8rvOir. 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 thuue tend to cause 
Sedb8nt t0 Settle Out. 

As the density Of fresh water reach86 its maximum at 39' Fahrenheit, and as heavier water 
tends to sink throw lighter water, density layers in reservoirs will be influenced by the 
variations In kmperature 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,,denslty layers should 
persist in a more stable state than in reservoirs in the upper Missouri River where the surface 
water cools to its maXimUll deneity at 39O a0 winter approaches, thus tending t0 cause a turnover 
of the warmer bottom water and a disturbing effect on density layers. Any study of density 

* Sedimentation Specialist, Water Conservation Divleion, Regional Office, Soil Conservation 
Service, Fort Worth, Tex. 

* Geological Survey, Washington, D. C. 
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layers should include a careful Investigation of the distribution of temperature throughout the 
reservoir from one season to another during the year. 

With respect to Mr. Lanels illustration of topset) foreset and bottoms& beds in reservoirs, 
it seems to me that the bottom configurationof the reservoir near the inflow of themaster 
stream has considerable effect upon the angle of inclination of the layers of sediment. For 
example, if the floor of the master stream has a Sradient of a few feet per mile near the head- 
waters of the reservoir, the initial sediments that are laid down can hardly have a greater ln- 
clination. lot until the delta has been pushed a 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 Ctmrlot 

develop. If steep slopes do not develop, then the difference between topset, foreset and 
bottomset beds may not be very great. The critical question is the relative rates of deposition 
of coarse and fine particles with respect to distance from the head of the reservoir. LongitAa- 
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. Traak's information 1,would like to point out that Mr. Lane in 
his paper makes specific reference to high concentration of sediments entering the reservoir 
and thereforehe realizes that you do have differences due to temperature. Furthermore Mr. 
Lane's method of approach waa.llmited to dams with temporary storage where temperature differ- 
ences 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. 

ALRERT S. FRY.* I would like to emphasize the point that Dr. Track made. In the !PVA reaer- 
voirs, different conditions occur than those discussed by Mr. Lane. We are much concerned 
with density currents which we have found to greatly affect the flow of water through a reser- 
voir. These currents in our reservoirs are caused by temperature .differences.ami not by silt 
load. It is important that no one should get the impression that deposition will occur in any 
reservoir according to Mr. Lane's diagram, as this will take place only in those cases where the 
sediment load is so heavy that it overbalances the effect of water temperatures in setting up 
density currents. 

*Bureau of Reclamation, Denver, Colo. 
+It Chief, Hydraulic Data Divisien, Tennessee Valley Authority, bexvillt, Term. 

74 



VIOEOF BATES OFBED-LOADl#NEMEEr 

by Hans A. Einstein * 

The rates of bed-load movement in streams can usually be determined by two entirely differ- 
ent methods: either by direct measurement or analytically from the wsy the stream and its'load 
have shaped the channel. 'The method of dire& measurement will be described first, together 
with some conments on the instruments used, and then the analytical method will be discussed. 
A critical comparison will finally show the advantages and disadvantages of each method and will 
suggest their fields of application. 

Direct Measurement of Bed-Load 

Before KB can organize the measurement of w physical variable like the rate of bed-load 
transport, we must first define this variable. Quoting the redcmun8ndations of the A.G.U. Oom-. 
mittee on Sedtint Terminology, bed-load may be defJn8d as "coarse material moving on or near 
the bed." This definition is not very precise, but in a general way it conveys the two ideas 
that the large grain8 of the load should be.included and that these larger 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 near the bed and in this general way the qualification "coame material" in 
the definition of bed-load is synonymous with the second one saying that it 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 SAC- 
tion, Because of this oomplioation and because of the extreme variability of oonditions from 
stream to stream, it is customary for each investigator to draw his own lin8 of demarcation 
between bed-load and the rest of the moving solids in order to fit the special conditions of a 
particular stream and of the instnrmsnt used. For this reason, the ‘above mentioned Comnrlttee 
allows the alternate definition of bed-load as "the material collected in or computed from sam- 
plers collected in a bed-load sampler or trap." 

This brings us to the conclusion that bed-load is that part of the load which is treasured 
with a bed-load sampler and a bed-load sampler is an instrument used to ssmple bed-load. It 
seems doubtful whether this definition has any real value. A more usable definition of a bed- 
load sampler, however, results from the problem of determining the total load in a stream. Be- 
ginning at the water surface, we can masure all suspended load in the upper layers with the 
help of suspended load samplers, i.e., instruznents which tahe 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 
th+s measured sediment ooneentratian by the corresponding water discharge. Duplicitly, the 
assumption is made that the average horizontal speed of sediment particles is the sszm as that 
of the surroundingxater. 

This asswrption is permissible in all parts of the flow except in the imm8diate proximity 
of the bed. There the integration of the product of concentration timss flow breaks down for 
several rsasons: 

1. The velooity gradient becomes too Urge. 
2. The concentration gradient becomes too large. 
3. The solid particles cease to have the seme velocity as the surrounding water. 

A different type of measuring instrument, which measures directly the rate at which sedi- 
ment passes this part of the section, must be used to measure the sediment trensport in this 
bottom layer, From this we can define a bed-load sempler as an instrwrsnt which measures di- 
rect* the rate at which sediment moves in a given layer adjacent to the bed. The thiCkn8se 

* Bydraulio Engineer, Cooperative Laboratory, Soil Conservation 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 
diameter of the largest grain and must include all the flow up to the lowest possible level at 

which the suspended load sampler may be used 
to complete the measurement. On the other 
hand, ease of handling makes it imperative 
not to choose the bed-l&d 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 hand, who measured sand transport In 
the lower Rhine River, where the maximum 
grain is about lmm., 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 eedi- 
merit 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 alone, or with the 
aid of a screen, the sediment Is deposited in 
the trap, while the water is allowed to flow 
out at the rear end. In normal operation, 
the sampler Is brought down to the bed as 
fast a&possible and left there for a given 
period of time, during which time water flows 
through the sampler while the sediment is 

F@ure 1. l:2.5 model of the bed-load sampler deposited. At the end of the measurw per- 
used by Reaper in measuring the transport in iod, the sampler is lifted again from the bed 
the Rhine River. The photograph was taken at and out of the water. The catch Is removed 
the end'of a ssmplln~ period. Rote sediment and measured, 
accumulated in front of entrance due to hy- 
draulic resistance of sampler. The main sources of error in using such 

Figure 2. Continuous sampling by Resper in a section of the Rhine at constant stage shows the ex- 
tremely high fluctuations of the rate of movement. Alternately, different sampling durat&ons 
were used. Diagrsaus to the right give average rate In terms of sampling duration. Top diagram 
gives results of sampling with elastic horizontal cable support; bottom diagram is obtained vlth 
stiff horizontal support. Rote difference between rate-time relationships at the right. 
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Figure 3. Laboratory calibratlou of Reepers 
aampler chows efficiencies for individual grain 
eizes. Curves 9 i 12 represent a high rate of 
traneport; the other6 a medium rate. The sys- 
tematic chauge of theee curves with the rate of 
transport is characteristic for all box-type 
samplers. 

Figure 4. Bed-load sampler of the Swiss Awt 
fur Wasserwirtschaft and its 1~2.5 model. Rote 
flexible bottom which prevents by-passing of 
sediment under the aampler. Little contact feet 
visible on model, dismounted on prototype, give 
electric eiguals when sampler reaches th~grouud 

sampling devices are the following: 

Sempliug Period. - If the particles of 
which the bed-load couelete are'moving in 
part in 8uapeU8iOn, it 18 po88ible that each 
p8.rtiC168 ai?0 COllbCted dUriUg the lOw8riug 
and l'ai8iIJg perlode. They tend to increaee 
the meaeurea rata. 

An ingenioU8 d0Vi~8 ha8 been USed on sm.8 
V827 heavy 88lU'@er8. The front end 18 8Up- 
ported by two little foot plate8 which cl089 
electrical contact8 a8 8oou as the weight of 
the trap re8t8 On them. These CO&%Ct8 are 
connected to little signal lights at the 
bridge frcm which the 8ampler 18 guided. The 
operator can 888 ti th8 behavior of ths 
light8 whether or sot the sampler is in eolid 
contact with the bed and can thu8 eaeilp 
mea8ure the exact duration of the eampling 
period with a stop watch. 

Velocity Reduction at the Rhtrauce. - In 
workiug poeition the sampler offer8 a 8izeabl.e 
reelstame to theYflow under all conditioua. 
In general this reeiatance will cau8e a pree- 
sure increase in the entrance, which again 
reducee the velocity of water inflow. AUK 
euch local pressure increaee is felt eepec- 
ially by the alow-flowing bottom layer8 which 
carry meet of the bed-load. Thus, an average 
velocity.reductlon at the entrauce of 10 per- 
cent may cause a reduction of the meaeumd 

- bed-load rate8 of 50 percent, as MB learned 
from the perfomauce of such &unpler8 in oal- 
ibration te8t8. Scmede8ignere of bed-load 
aauplers tried, therefore, to move the effect 
of the reeistauce away from the entrauce 
either up into the free flow (see Rhrenber- 
ger'a fin) or behind the entrance (see the 
elongated entrance of the Arnhem 8ampler). 
Theee ma8ure8 are very effective in bringing 
the average efficiency of the instrument up 
to 100 percent, but thie efficiency may atill 
vary with the velocity distribution arouud the 
sampler, which chauge8 with the character of 
the bed and with the ratio between the semp; 
ler size aud the water depth. This mean8 that 
any such sampler should be calibrated for the 
type of bed and flow for which it la intended 
to be used. 

whea it became known that emuplers had 
to be calibrated individually for different 
applications, later deeigner8 euch a8 Beeper 
end the Sohweiz. &Qt fur Wa888rwirt8Chsf-t 
did not think it wae important to have an ef- 
ficiency near 100 percent, and they developed 

. 

their instrument8 from Ehreaib8rg8r'e sSrpl8r 
rather for convenience of haudllng, leaving 
out the fins. Their in8truments have en ef- 
ficiency of 30 to 60 pergent, but have a much 
larger capacity per unit of weight. Calibra- 
tion teets on the88 sampler8 in differenh 
ecalee 8howed that their perfonuanoe 18 con- 
8i8tent if they are prOp8rly ueed. . 

77 



Figure 5.: Swim sampler ready to be emptied ' 
after sampling in the Aare. All box sampler8 
must be supported in such a way that the tail 
end hangs down low and reaches the bed fir&. 
Otherwise, the sampler digs into the bed. 

EFFICIENCIES OF THE BED-LOAD SAMPLERS IN I:2,5 REDUCED SCALE 
Q, = 0.258 Ibs/ft/sec 

t : I.18 m (2 95m) , vm = 1.97 m/s (3.1 m/s) 

EFFICIENCIES OF THE BED-LOAD SAMPLERS IN l:2,5 REDUCED SCALE 

9,=0.965 Ibs/ft/sac 
t = l,IBm(2,95m) i v, = I,97 m/s (3.1 m/s) 

v svms 0°C tlyd. trap III 1:*,5. 1,5<d~l00rnrn , = 30.0% 
-r--- A”l+rlo” trap I 1:e,5 1,5<d<100mm.q~41,3% 

'Figure 6; Ccmperieon of the efficiencies of 
the Reaper sampler (0) and of the Swlee sampler 
I+) at two rate8 of tran6port. The two samplsP6 
Bbehave very similarly, both are calibrated on 
the Aare eedlment. 

Scour under the Sampler. - One of the 
greatest difficulties in the developent of 
bed-load samplers is to make them ait flat 
on a naturally rough and irregular bed. If 
any passage ia left open between the bed and 
the sampler entrance, water till flow through 
this opening and will wash through under the 
sampler come of the finer constituents of the 
load, seriously biasing the result. The most 
effective solution in preventing this mistake 
hae been used by the Schweiz. Amt fur Waeser- 
wirtschaft in their sampler for measurementa 
in the Hasli-Aare. They built the entire 
bottom of the aampler, 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 
ueed a loose sheet of chain link mail fasten- 
ed to the frame with wire. By this measure 
certain inconsistenciee common to all other 
semplere were eliminated. 

Excessive Filling. - Up to a filling of 
about 30 percent of the total sampler volume, 
most instruments ehow no change of the effi- 
ciency with the degree of filling. For high- 
er degrees of filling, the efficiency usually 
drops considerably. It is preferable not to 
use the samplers in thle range es results be- 
come Inconsistent. 

Elastic Support. - Bed-load samplers 
are usually handled from a bridge. Eapec- 
lally for the heavier models (Schwelz.Amt. 
fur Waseerwlrtschaft model weighs about 300 
lbe), this is the only poeelbility outelde of 
the use of boate in large rivers. Whenever 
the current is swift as is usually the case 
where the bed-load is coarse, the sampler ex- 
periences a coneiderable drag in the water. 
They are then usually braced horizontally by 
a eye$e~ of ceblee that are elastic to scene 
degree. The dreg vexiee roughly ae the 
square of the water velocity. As the sampler 
la lowered through the water towerde the bed 
it move8 first through layer6 of high veloc- 
ity. The flow velocity, and simultaneouely, 
the drag, d.$uinlsh a8 the sampler approaches 
the bed. There they are a minimum. As the 
drag is reduced, the elastic cable euspen- 
sion pulle the sampler upetreem. If the last 
foot or two approaching the bed are travelled 
rather fast, the elaatlc auspenaion does no'; 
find time to adjust Its dlaplacment and when 
the eampler reachee the bed, it is located 
further downstream than would correepond to 
the average drag there. The eh8ttG auepsn- 
elon aided by lrregularltlee of the drag 
force due to turbulence, gradually pulls the 
sampler upstream during the eampllng period, 
shovelling bed material into ite entrance, 
which otherwise would not have moved during 
thle period. From this ection a syet-tic 
increase of the eamplee reeulte, which is 
known to have amounted to 100 percent of the 
average sample under normal conditions. By 



Distribution 
of bed load over the 

cross section 

Legend 
.u.“..Meo~“remanf Of 12.vIY.1936 
-- * . 23.VH1.1936 
-- * 1.11.1936 
-.- . XIX:1936 
-...- - . 7/9.vr. 1937 
m-w- . . 15/16.Vl1.l937 

Verticals used 22 25 27 30 32 

Figure 7. Measured distribution of the transport over the Aare croee'eectlon at differ& al&e; 
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stage, bed elevation, rate of transport and mechanical analysis of ' 
load. The stage changes significantly during the period due to water 
releases from hydroelectric power plant. Bed-load rates follow that 
change. Bed elevation stays constant. The only significant chang6 of 
the mechanical analysis of the load ia in the coarsest sizes. 
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all means this error must be ellmlnated If usable and reliable result8 are to be expected. Elia- 
inatlon of this shovelling action is possible by ellmlnatlon 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 strbsa Is caused by the Irregularity of the transport itself. Hot 
only does the rate of transport fluctuate continuously in any one spot with all frequenclee and 
with amplitudes of the same order ae the average transport, but also these same variations are 
found fron point to point in a cross section. This makes it necessary to repeat all measurementa 
a great number of times. With normal equiment, It thus takes about a full day to meaeure 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 12-hour period. In atreams with flash floods tith a total peak of only a day or so, bed-load 
samplers of thle type are therefore not usable. 

Figure 9. The Arnhem-type sampler was developed 
by Dutch government engineers and the Delft Bye 
draullc Laboratory for 100 percent efficiency. 
The model shown in the picture was built In 
this country according to Dutch specifications 
and was found to be unusable in southern streams 
because the fine screens almost lmmedlately 
clogged with fine, floating vegetal fibres. A 
screenless model. (mounted In frame) was develop- 
ed and found to be reasonably satisfactory. 

Fiuu.re 10. The orlulnal Dutch aampler with the 
entrance section suuuorted by a 2-inch footing, 
in order to sample the second two inches from 
the bed, where suswnded load eam~li~l~ auueared 
to give unsatisfactory results. 

Fiuure 11. This sampler must aleo be supported in 
such a uay that It reaches the bed first with its 
tail. The entrance section is SUDUOrbd EteDtU-atel~ 

and is the last Part of the structure to touch the 
pround. The drag on this sampler is relatively 
SlW3ll. Its own weight will hold it in place during 
the sampling operation. 
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Fimu=e 12. This sampler may be used easils froq 
boats. The cables across the channel provide 
anchoreue for the boat; the sampler is not 
directly eupported for thrust. The aamplinFf 
station in this picture is immediately upstream 
the slot-eamplincl. Installation at Greenville, 
S.C.. allowinu com~arlaon of the two methods. 

Figure 13. The catch is removed from the 
sampler throwh an opening In the rear end bg 
flushinu water through its body. 

Fiuure 14. The callbrstion curves for this 
sampler and for different grain sizes is Riven 
for two different rates. The solid line gives 
the rates cau&t in the first two Inches above 
the bed. The dashed line gives the amount 
ca@t In the first four inches. The dot-dash 
line shows the ratio between amounts cau&t in 
first and in second nosition. A-in, the shape 
of the efficiency curve chsn@ss with the rate of 
transport. 

Pan-type Samplers 
Fer Smau. rates of bed-load movement, it sems 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 betneen 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. lfflith these flows in mind, the pan-type bed-load samplers have been 
dtveleped. They may be described as a pan having a bottom and two side walls. They include US- 

ually 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: (lj 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. Frem 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 ltbugsn 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 Raterial,n written jointly by a number of govern- 
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merit agencies ana the Icwa Institute of Rydraulic Research. The report was published by the St. 
Paul Engineer Ristr$ct Sub-Office, Rydraullc,Laboratory, UnivePsitv df Iowa, I&m City, Iowa, 
Sectember 1940. 

Sot-type Sampler0 

While the pan-type sampler is a solution for flows of long duration and low rate6 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 thie 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 tidthorsuch a slot Gems to be sufficient if, it measures iO0 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 streams. 

The next step in the development of this type of sampler was the addition of a mechanical 
device which contlnuouely moves 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 is movable and was built for use in ~~a11 streams. In both cases the bed-load consist- 
ed of sand and could be pumped frcm the slot to the banks. The movable sampler was especially 
successful, and is described extensively in Technical Report SCS-TP-55, August 194.4, of the Soil 
Conservation Service. Neither piece of equlFnt 11s any longer in use. 

Figure 15. Movable slot-sampling equipment 
mounted at Mountain Creek near Greenville, 
s. c. A metal hopper is lowered into the 
stream bed and all sedimsnt pumped out of it 
continuously as It settles inside the hopper. 
The tank to the right separates the sand from 
the water and continuously weighs it. 

Figure 16. Permanent slot-type bed-load 
measuring device in Rnoree River near Green- 
ville, S. C. The sediment can be pumped sep- 
arately from the-slots between the short wallq 
into the large tank for measurement. 

This type of sampling equiment 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 
elot and of the mechanical moving device. It also has the disadvantage of all slot and pan-type 
samplers that the thiclmese of the layer in which the sampled sediment was moving la not known. 
This implies that we do not know how much of the measured sediment moved as bed-load and how 
much 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 pieces of equipment. It is 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 sedimentisarti.fici&l- 
ly introduced at certain points in the cross section. 

Another method of determInIng the bed-l&d in streams ia to survey delta growth, where such 
rivers happen to deposit their bed-load in a lake or reservoir. This method gives .a 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 obtained by this 
method. Unfortunately, it is restricted to locations with natural lakes or artificlai 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 streems as the difference between the 
total load aa measured in these places'of high turbulence and the suspended load as measured 
by sampling in a normal section. / 

Analytical Determination of Bed-Load 

So far we have seenhow the bed-load rates can be measured, but nothing has been said about 
the significance of the results that we may obtain. Let is aemme 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. Thia 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 iocation 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 '@other 
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 die- 
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 die&arge measurement. After having studied 
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 a 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 meaeurenent 
during a given storm is much more reliable than its derivation from the rain pattern. But what 
if the storm had not yet occurred and we could only conjecture the rain pattern that might create 
the maximum probable storm? Do we have to sit back and wait until this storm.occurs before we 
are able to measure the maximum flow for which the structures along 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 aedi- 
merit 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 reiationships.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. I 1 

Let ua pick up the bed-load problem now where we left it before we diverged into the hydro- 
logic analogy. We assumed that we were able to measure continuously for a year or more the 
rates at which the grains of different sizes are moved as bed-load through a given river section. 
In trying to find and formulate all the relationships in which this rate is involved, it is 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 either a rela- 
tionship of the transport in the measuring section with the erosion conditions in the watershed, 
or with the local flow conditions 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 is flowing over a deposit of 
loose granular material hae 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 ie 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 
equilibrium results fram their interaction which determines the rate at which sediment is moved 
over this deposit by a given flow. This equilibrium rate is the rate which all the known bed- 
load formulas try to describe. It isjalso responsible for the existence of the bed-load function 
which we have found in our hypothetical bed-load measurement. This explanation lets us define 
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the streem sections where such a bed-load function exists. They em sections which are preceded 
by a channel reach containing a bed of loose sediment of the same type es the bed-load. We call 
such e reach alluvial. In an alluvial reach, the stream is able to move any grain size only ec- 
cording to its 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 understandable that unless the deviations of the incaming load from the bed- 
load functions are random and short in duration, e permanent change of the alluvial bed will oc- 
cur end with it a permanent change of the bed-load function itself. The time necessary to change 
this function by systetic deviations of the incoming loerd depends mainly on the ratio of the 
total amount of sediment available in the elluvial 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. 

I 
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Measured valuer of bed-load tronrportotion and depth of flow compared with values colculoted for an idealized section. 

Mountain Cresk, Grmnvilb, S.C. 

Figure 17. Measurements in Mountain Greek showed that transport of bed-load plot- 
ted against discharge gave a pronounced relationship. It showed, further, that 
deviations from this relationship resulted when the regime of the stream was 
changed ertifically. The curves give the bed-load function es it was found analy- 
tically for this channel, using an idealized section. 

Figure 18. Rio Grande near Albuaueraue. This 
channel has en alluvial bed, has no dams, sills, 
or other obstructions preventing scour. It is. 
therefore, a true alluvial reach. It is to be 
expected that a bed-load function exists for this 
stream section. It must be wssible to find this 
function analytically or by measurement. 
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So 18s we have discussed the relatlon- 
ship between the bed-load.rat,es 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 sedtient en- 
ters the reach. This fact must always be 
kept in mind if predictions of any kind are 
made. It also suggests that there is a re- 
lationship between the average annual rats et 
which the watershed yields sediment and the 
flow condition In the reach. We are tmpted 
to assume that it might. be poesible to make 
some sort of an erosion survey covering the 
entire area of the watershed In order to find 
this average annual yield. Such e procedure 
seems possible for the fine-grain sediment, 



Figure 19. West Gooee Creek near Oxford, Mles. Figure 20. Smith Creek near Greenville, S, C.' 
Tranaportatlon in this channel ~88 meaeured The exietenoe of a bed-load functioq wae ee- 
and the existence of a bed-load function vas tabliehed for this atream by meamramnt. It 
eetabllehed. The came function me later must be expected, however, that auoh a f!mc- 
found analytically. Deepite ite mmller tlon doee not exist for the very hfgheet 
size, the oharacter of this atream is the flood etagee because thle section of the 
same aa that of the Rio Grsnde 'in Figure 18. etreaa ie very near to the upper end of the 

Fiwe22. Channel on the user Dart of a de- 
brie cone. A temoraxy bed-load function 
may exist for low flows, but thle function 
will be different after the next flood. The 
eeotioa cannot be classed ae a truly alluv- 
ial reach. 

alluvial valley. 

Flmre 21. No bed-load function may be de- 
rived from this chennel. &on digging, 
one will find that the alluvial demelt 16 
0nlslfootdeeD andthat it18 underlined 
by baeicalls different sediment. The eedi- 
ment must be classed ae a casual deposit. 
The channel is not an eJ.luvial reach. 

FiRure 23. George Creek, Saluda Counts, S. C. 
Althouuh flovinu to a 1~6s & on a bed of 
alluvial eediment. thie et:eam ie not to be 
Gla0Bed a8 an alluvial reach and does not 
have a bed-load function because its flow ie 
eeeentlally uoverned by numeroue rock,ellls. 



the clays and silts, which are only temporarily and to 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 measuaed during 4 l/2 consecutive years. It was found that the average annualbed- 
load in the sand sizes was 14,700 cubic feet. Distributad over a drainage area 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 appreciate the significance of these figurea, it is necessary to know that a 
great part of the Mountain Creek watershed is part of a State park and as such is wooded and 
therefore contributes less sediment per unit area than come 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 fundamentally 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," I/ when they propoaed the division of the load according to the relationships deter- 
mining their rates of transport in a particular section. According to the proposal advanced in 
that article, all the fine particles, the amount of which Is 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 a bed-load flrnctlon are called "bed-load," or more speoif'i- 
tally, "bed-material load." 

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 samples the particles 
coarser than a limiting grain size, as given by the sampler, which move in a bottom' layer, the 
thickness of which is given by the samples, the bed-load function, whether this function is 
found analytically or by measurement, describe6 the motion of all particles coarser than a llm- 
iting size which is defined by the river itself. It includes the movement of these particles in 
all parts of the cross section, whether they are moving near the bed as bed-load, or in higher 
layers, as suspended load. The analytical method which is based on the existence of relation- 
ships between flow and transport, covers all movement uithln the limitatione of this relation- 
ship. 

Although considerable space was devoted in this paper to the discussion of the devices and 
methods of direct measurement of bed-load rates, it does not seem possible to describe appro- 
priately the purely analytical method of the determination of bed-load rates. It should be men- 
tloned, however, that considerable progress has been made in recent years in the solution of 
this problem. By the use of rather fine sediment (diemeters of about l/l0 mm.) it became poe- 
sible to realize in flume experiment8 such intensities of bed-load movement as occur in large 
streame. The interpretation of the results 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 ia defined as the layer in which particles are unable to 
move in euspeneion. g/ 

The mathematical treatment of the solution is based on the concepts of probability ae they 
were advanced in 1942 J/. A etrict and logical exteneion of the main Ideas of that paper and the 
application of some reeulte of modern turbulence research allowed the replacement of the empiri- 
cal function between the parameters # (inteneity of the transport) and ~(inteneity of the 
flow) by a theoretically sound relationship, which seems to be valid in the entire known range 
of bed-load ratea and for all sediment mlxturee that behave essentially a8 if they were of uni- 
form grain size. Most needed is more research in the fields of the sediment mixture and of the 
bed roughness. The probla of sediment mixture, which includes all influencea 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- 
nese seeme to be Intimately connected with the development of bare, ripples, and other types of 

l./ 2/ a/ See "References" at close of comments. 
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sand waves, and with the presence of trash and other forelgu matter in and on the bed and with 
the shape and regularity of the stream chaunel. The Bolutlone of these problem are not needed 
for the expression of the basic transportation lawa, but they are very neceeeary for a reasonable 
application of those lawe to natural rivera. 

There Beema to be scarcely eufficient room ln thie paper to outline the ezaot procedure of 
the aualytlcal detenuination of the bed-load function for a given reach, but It may be appro- 
priate to describe here the condition6 Under which such a d8te&Zkation is poeeible. We almae 
know the basic condition which requires the presence of an alluvial reach upetream frcm the Bee- 
tion for which we try to find the bed-load function. It ie important to note that euch an allu- 
vial reach beccnaea effeCtfV8 only aa long aa the entire discharge which crosses our section aleo 
flows through the alluvial reach. If part of the diecharge 1s by-passed through an artlflcial 
or natural side chann81, such be au irrigation or power developmmt, thle part of the flow rust 
be treated separately became we calmlate the bed-load rat86 from the capacity of the alluvial 
reach to move sediment and only the water which flowe throu&l the reach can 1110~0 sediment there. 
For the same reason, It ia iapoaeible to find a bed-load function for a section if a elzeable 
tributary joins the atream between the section and the alluvial reach. This cau beet be under- 
stood if we aeswne that there ie an alluvial reach in both the main etr8am and the tributary 

figure 24. Wherever a bed-load 
function exists it must be pos- 
sible, theoretically, to deter- 
mine it by analytical methods. 
The analytical approach has a 
great advantage over the direct 
measurement because it allows 
one to 'determine the transpor- 
tation rates before .they occur. 
They can even be determined for 
a changed channel and can this 
way be used to predict the chang- 
es of a &ream channel reeulting 
from a changed sediment supply. 
From this diagram of transport 
in the Mountain Creek channel for 
different alopes we may read the 
change of the elope resulting 
from a changed s'ediment supply. 

$igu.re 25. Shows the averaim annual 
transport a8 derived from Fikure 24 in 
funct2on of the eloue. The dashed line 
&Ives the number of hours per 98ar dur- 
$ng which overbank flow must be embted. 
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jmmdle&ely above the Junction. Each reach will develop a bed-load function, accoralng to the 
long range average sediment output of its own watershed. These two curves will never be ldenti- 
cal. Below the Junction the transport 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 ~111 vary ecmewhere 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 ccnabined 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 k/ which is based on the idea that 
the relative contribution of two Joining streams could very easily be determined if it were poa- 
sib18 to dye all sediment in one stresm with some characteristic dye and if the percentage of the 
dyed sediment in the combined flow could be determined later. Haturally, artificial dye cannot 
be used for this process, but it is usually possible to find some natural characteristic of the 
eediments 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 graina conslet of 
single minerals. Besides the great number of grains with normal specific gravity around 2.6, 
such as quartz and the different feldspars, each sand contains a number of heavy minerals which 
can be separated easily from the rest by flotation on a 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 grain. The difficulty that heavier grains move less readily than the 
light grains was very cleverly solved by studying quartz grains of a given size together with a 
contamination consisting of smaller grains of heavier minerals. We all know that light grains 
move more easily 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 assumption is not accurately fulfilled, because the size reduc- 
tion must be chosen differently if the grain 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 ssmples 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 lese expensive than 
direct measursanent. It has the great advantage that it is not restricted to sections below an 
alluvial stretch, but it has the big drawback that itgives only total loads and never individual 
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 local 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 chsnnel with artificial or natural grade-stabilizing cross-sills. 
In such a channel a very emall deposition of sediment Is able to Increase the slope between sills 
considerably, simultaneously reducing the local head lose at the sills. Thus the average veloc- 
ity between sills is increased and so is the ability to transport bed-load. Although such a 
channel has an alluvial bed, it is not qualified to act as an alluvial reach because its capacity 
to store and to furnish sediment is 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 
channels under existing flow conditions. 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 eamplers are useful especially for large-size sediment and flows of 
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long duration, The pan-type eamplere may be used for fine sediment mov+g at lower rates, and 
the slot-type may be applied In alit cmee, but is most expensive to build and to operate. All 
bed-load aamplere must be calibrated. 

3. The analytical determinat+on of bed-load rates is baaed on the existence of a bed-load 
function, I.e., of a unique relationship between discharge and bed-load rate h.a given crone 
Bectlon. Suoh a relationship exists below an alluvial river reach of sufficient length. The 
bed-load function may be determLned either by direct measurement in the m-088 section or by an 
analysie of the etreaa*a tramporting capacity in the alluvial reach. 

4. Bo predictions of future sediment rates my '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- 
termlned by direct raeaeurement, these functions nvzy be used for the prediction of future loads. 
The analytical determdnatlon of the load in a channel 1s entirely independent f+rom the occurrence 
of the flowa causing the transport. Only the analytical method can be ueed in the deal@ of new 
stream ohannels and in the prediction of their stability. 

5. fone of the methods deeoribed in this paper can solve all problems. Bach method can 
solve mme problems. The river engineer In working with eediment-laden rivers must u8e them all 
in their proper place in determining the rates of bed-load transport. 
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DISCUSSIOR 

H. K. ARMSTRONG.* - Doctor Einste in Is to be commended on his excellent desorlptlon 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 variables 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 
Include8 the n . . . ..movement of these particles In all parts of the cross-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 charaoteristics of the sell- 
ment, is quite acceptable. However, it is often considered desirable as deauonstrated by the 
author in the phi-psi theor= to express a sediment function as an Independent argument that con- 
tains only qualitative and quantitative variables that reflect the characteristics of the eolld 
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 trouble. For that matter, 
experimental data on the transport of such sediment, even when obtained under controlled labora- 
tory conditions, often require manipulation in order to establish satisfactory and acceptable 
correlation, and then, in many casee, 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 slmply defined by 50 percent of the sample passing a given screen. 
Mean diameter is sometlmes obtained by weighing a sample, counting the number of grains, and 
computing the diameter of an average sphere. Kramer's "uniformity modulus" Is an example of a 
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 diagrsms and cumulative 
probability plots of mechanical analysis, together with the geometric mean diameter and the 
standard devfation 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 concerning the amount of sediment involved is equally essential in 
the develoment of a particle function for generalapplication. Quite a few formulae have been 
proposed that allege to express the transport of sediment without specific reference to the a- 
mount of sedtient. Such formulae usually deal with competent velocities. The conditions under 
which sediment transport first occura 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 I 
concerns the n~ss rate of sediment discharge per volume rate-of bulk discharge. 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 allows a slmpliflcatlon 
of the pseudo-density expression. 

The utilization of this peeudo-density variable in the analysis of transport data has been 
instrumental in obtaining an acceptable degree of aorrelation 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 ie of significant importance. For a bulk 
specific gravity of 1.00001 the mass of sedtient in a oubio foot bf 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 tona of sedtient 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 
eecond. These figures are given as scane indication of the range through which the pseudo-density 

+ Hydraulic Engineer, Office of the Chief of Engineers, Department of the Army, Waehlngton, 
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may be emplbysd, both for open chsnnels and for olosed conduits. When plotted againat the stream 
function on log-log paper, a etralght line relatlonehip is usually obtained. 

When dealing with sediment transport in pipes varying in size through 1, 13, 2, 3 and 4 
inches and including 28-inch diameter, the boundary roughness could, to all indications, be dis- 
regarded in view of the influence of the size snd the amount of 8olid material8 in transport. 
When the stream fmotlon or the bed-load function, which In the case of pipes is eesentially the 
local Reynolds number, attains a sufficient value (depending on the size and the quantity of the 
solids), ratiomlmethods may be employed to determine the energy gradlent. However, In the 
case of open channels the bouadary roughness play8 a more predominant role, and a solution to 
the problem of transport In open ohamels has yet to be found. 

The author ha8 stated the need for more reeearoh in the fields of the sediment mixture and 
of the bed roughUes8. This need cam not be over-emphasized--for the grsdlng and the roughnees 
factors are probably of major order of Importance in any rational expression describing the 
phemsuenon of sediment transport. 

BILLY T. MITCHELL.* Dr. Elnetein has presented a very Interesting snd infonimtlve paper on the 
determination of rates of bed-load movement. There are two or three poipta, however, that I 
would like to dlscues concerning bed-load eamplere. A year or 80 ago we in the Cmaha District 
Understood that SCBIC, 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 speclflcatlons from them and built one as nearly identical to theirs as possible. It 
18 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 Mlssourl 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 minutes, and brought it up, there wouldn't be anythm in It. When we put it down a&n and 
held it 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 euch conditions. We bw to wonder if it 
might not be porsible that this action was due to the lip of the sampler resting on the top of a 
s-a MVC). 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 it8 action. This mspler had a sort of lip 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 seme time, this rsmp in 
front would open down. Of coume the difficulty may be partially a fault In our reproduction 
of the deelepl the Little Reck Dlatrlct u8ed, but nevertheless in trying it in thle small &ream 
we found that no sandwould& into it. What happened? As 8oon as the lip touched the bed of 
the stream, and sand would start moving away leaving a gap in Front of it which the eand oouldn% 
Jmnp over -- it woUld 80 underneath instead. I can see where, for larder sediment particles as 
shown in one of thoee plcttmee of Dr. EiIBt8in'8, it might be that this type of sampler might be 
quite satisfactory, but I fall to see how you can depend on It for use in muall stream; and In 
the Mlsso~rl River where we can't 8ee what is going on when the sampler 18 camled downstream 
after it is dropped in, I don't know how we can be sure that i-t lii~gettl~~ anything even-like 
the representative bed-load movement. 

DR. EINSTEIN. The sampler that was developed by the Dutch was developed for a stream of compar- 
atively low rate8 of t~ausport and of slow flow, and there wae no trouble of that eort at all. 
Again, a question that cosm8 up on lnstrtments like we have diecussed here is that It depends 
very much cm the rates at which the sediPient Is transported. 

MR. MITCHELL. That probably 18 the answer to the queetion. I would like to brlw one more 
thing before the conference. It happens that we In the Cm&a District had a chame to develop 
a 8lQhtl.y different me for the sUp8r8Onic-eCh0 Sounding equi&vnent during April of this year 
when the Missouri River reached a peak flow of about 145,000 second feet at olpsha. The original 
intent of the study was to watch the movement of the atreambed at a aix@e point continuously 
for a period of 48 to 72 hours durlag a period of rapidly changing flow. Mr. Pafford, whom you 
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heard a while ago, suggested that a few crose-eections of the river be taken as en Indication of 
bed material inflow and outflow to the test reach, and for correlative purposes. The elaboration 
of this auggeetion as the etudy progreeeed, and the results thus obtained are described in a 
paper which I have just drafted snd is submitted for publication in the proceedings of thie con- 
ference as au extension of my extemporaueoue remarks. 

Rapid Chtmges of Hiasouri River Streambed 1/ 

Introduction 

One of the most presslug problems of the eediarent englueer ie the determination of bed load 
movement. Although there are a number of empirical formulas available to compute such movement 
from hydraulic and sediment charaoterietics, the opportunities to make even rough check measure- 
ments of bed movement on major river6 are infrequent Indeed, and most check8 must be made on a 
long-term basis, either as sedimentation of a reservoir or ae aggradatlon or degradation of a 
floodway. The mixture of suspended sediments with bed material in deltas and bara further toll- 
pllcatea the problem of checking bed movement quantitatively. 

One of the newer tools available to the profession for observing streambed changee ie the 
fathcaaeter, or echo-Bounding device, In its recently Improved fem. Its ueual role Is that of 
Indicating water depth during navigation. The inetrument is adaptable to other usee, however, 
as will be showu in this paper. A BludwoFth Model IFI ll4 was obtained by the Omaha District, 
Corps of Bnglneere, in May 1946 primarily for study of bed sedwent movement. It was not poe- 
slble to make maxImum use of it until the flood of April 1947. 

The origlnal intent of the,study during this flood was to follow the vertical change of 
the atreambed at one point continuously for many hour@. In connection with this objective, how- 
ever, It was decided to obtain a few exploratory repeat cross-section8 of the river upstream and 
downstream fKrmthie point for correlative purposes. Most of the material premnted herein re- 
sulted from this revision In objective during the flood, and for that reason ie not as complete 
in ame respects as might be desired. 

Basis of Study 

The study reach extended 1,800 feet upstream and 1,100 feet down&ream frapl the Ak-&r-Ben 
Bridge over the Mlsaourl River at Cmaha, Bebr. Eight cross-section ranges Were eelested as 
shown on Figure 1. The point for continuous observation was. selected fmm study of cram-sec- 
tions obtained through discharge measureaents , and was located about 50 feet upstream frcu the 
bridge near the center of the river. Section C, located 200 feet upstream from the bridge, was 
sounded twice each day, as nearly ae practicable, to provide correlation with the changee 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 etage after the 
peak. 

It was necessary to have good horizontal positioning, particularly for the cross-sectional 
work. It 18 physically impossible to maintain the craft at a speed sufficiently uniform to 
prevent dietortlon of the section on the recorder chart, particularly on a fast river. Bear the 
banks the current Is considerably slower than in midstream. Even with a fairly powerful boat, 
it la neceseary to change the angle of quartering into the stream to stay on the cross-section, 
which results In condensing or expanding the horizontal scale. If frequent "fires" can be mde, 
satiefactory adjustment of the horizontal scale can be obtained in the office. In this study, 
every fifth cross-member on the Ak-Ssr-Ben Bridge was used as a "fix," making an adJustme& pos- 
sible every 125 feet. All cross-sections were z&ade In duplicate by sounding both while going 
across and returning to the right bank. 

The sounding equipment was mounted on the aide of a steel ponton about halfway back frcm 
the bow. A ho-foot launch was used to push the pox&on. The mInimum crew consisted of the 
launch operator, the sounding operator, and two deck hands. Three complete crews were used dur- 
Pug the period of continuous sounding. 

Numerous difficulties were erperienced during the first part of the study, ~rtlcularly 
from floating debris. It was originally planned to use two bow end two stern anchors for the 
ponton. It wae found Immediately that this procedure was impracticable because there wae no 
way to dodge the drift, which was quite heavy. Two bow anchors were used for a part of the time 
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when the drift wae not too heavy, but even ISO, four anchors were loet during the etudy. The 
hazard was oonelderably greater at night, since the approaching drift could not be 88811 in time 
+o minelaYer. It wa8 neceeeary during certain periods to get bed eoundinga at this point lnter- 
rittently, when the ponton could be msneurered info potiltion and a "ii? oalled. 

It wae decided, @out the time of the peak, that &uch more useful infomatlon could be ob- 
tained during the flood by concentrating ors renQrvW of all eight croae-eectlom at faii?ly fre- 
quent lntewvalt3. Coueequently, 10 ccehplete &rvege of the eight eectloti and one par&al eurvey 
covering five eeotione were mnde durw a 734~01~ period be&lihni~ j&t a&& the p&& ikad paeai- 
ed. Ea6h complete eurvey of the ei@& eectiom v& -de wlthiil aii ela@edd the of &bout on6 mid 
one-half hours. 

In addition to the operatlone juk+ described, a detailed eoundiag of the etrebinbed waii con- 
ducted between Sections B and C at fifty-f&t i&tervkl@ a%roee the etrees. %h%rr wt of the 
study wae aooompliehed wlthln a one and one-half hour period on the la&t day df the study. 

Resulte 

The contlnuoue e-dlag operation at the mingle point ehoweh that bed change6 are very er- 
ratic and, at preeeakt, unpredictable (P'igure 2). The changssmay take placewlth@-eatrapldity 
(as much ae one foot within one-half' minute or two feet within two minutes) or very gradually. 
There appeara to be ixme tendency for the b& to flu&m&e about acme mean elevation for a 
given flow. 

The croee-sectional soundinge (Fl@re 3, nheet JA)g indicate that there ie a continuop 
ahlft of bed U&n&out the width of the stream, partlcUarly at high flows. There ie a tend- 
ency for the average eection to becare U-&aped at high flows, with the straar center shifting 
away fka the bank, and to revert to the pro-flood condltlone on receding &ages. This tend- 
ency, in term of change in woes-eectional area, below a reference plane, with @eohar@ IS 
shown in Figure 6. A loop cuPve) ehowlng the average of the total area for all croee-seatlone 
In the reach plotted againet the &age at the Ak-Sar-Ben Bridge, ia ahown in Figure 7. 
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It ia probable that the flow iti thie reach of the Miesouri.River ie helical bectruee of the 
long, regular curve immediately upstream from the reach. (Figure 1). The flow conditione at 
the lower end of the reach are somewhat different than at the bridge, but are eimilar to those 
at the upper end of the reach. It is not kuown why the flow should be divergent juet upetreem 
from the bridge, but it ie poeeible that a limitation of scour in the usual chaunel, due to rock 
or similar conditlone on the bottom, with a rise in stage caueee thle phencraenon. 

RAPID ORANGES OF MISSOURI RIV2R STR?J4EGD Al' UURA 

Period tAverag0 issct. A A :sect. ’ B tSoct. B Isect. . D :Sect. : E *sect. : F tbct. I 0 ~Avercge of 
1947 i Time :A.R.P,~B.B.P,iA.R.P.~B.R.P,:A.~~.:B.R.P.~A.R,P.:B.R,P.:A.R.P.;B.R.P.:A.R.P.~B,R.P.:A.R.P~:B.R.P.:A,R,P.:B.R,P.:~~~l Area 

Apr. 1 I 1x30 PM 4150 5685 440 28705 6580 4205 7050 4310 5'100 3930 6055 3730 7675 3790 73% 3790 8b70 10.685 
2 il0:OC A!.! $2 2175 7610 9,ao7 
2 i 5:15 PM 3250 29x1 7295 9,992 
i 

t grooAM 
:7:3oAM 7470 6560 

7885 5970 7600 6270 6860 56ga 6725 7085 13.526 

6 i 7r25AM 
;;;; ;;g 

6:3:3om 9410 6860 
7 illloo AM 9% 7105 
7 :1200 I?. 9145 
7i213QpH 9130 

411 flo 5 ~&II 6454; 9025 67~ 9~5 6925 S590 g710 8700 9745 8405 939 16.490 
59 G944 7160 9240 6620 7210 

;;g 9330 
0965 g45 9095 B'+a 6915 

7 i 4r45 PM 9140 6070 9440 6790 agao 7385 9105 7565 
t3 t 65 
6 75 7960 82go 8585 8185 10,160 9375 9780 

7 I 6130 PI.! 8760 6015 9115 6445 g730 7575 9165 7%' 8 :u:oo m 591.0 6320 6875 %a 6510 6645 6690 6700 6165 6940 5945 7215 5430 9210 6030 7665 13,260 
a 8 lrpo4 6660 5540 6570 6155 6455 6 5 

670 4;, 
6545 6810 6050 618'5 5845 75e5 6155 7925 a 5815 7120 12,gsg 

g I 4:10 m 6260 np 6~0 5945 6160 6zj'o 7265 5795 7365 5720 7960 !%a 785 5610 EM5 
. Y 9ro5 AM I 5470 65 E 5660 6855 53m 5545 G30 7455 4865 7~15 5045 8370 4!%x1 j%6o 

q : zr33 m 51% 63 54m 6560 5150 
7 r 0 
770 5205 &do 

$35 
65 7095 4525 7640 4775 g-l% 4750 7740 lo I 819 AN 5605 6940 5780 690 5445 7410 5650 6960 5130 7005 W65 7660 915 8870 5080 7935 12,SaJ 

lo t 1100 PM 5625 6545 5895 7015 5615 729 5655 6525 5220 69% 5025 7465 915 7925 51g5 7995 12.62~ 
14110127 w 4040 5715 4140 %% 4050 6135 4105 5~x40 3745 5985 36~ 6790 3680 7215 3705 6545 10.150 

A.R.P. = Above rafemnw plane. 
B.R.P. = Below J " 

Reference Plane = 5.0' abava zero of &sge. 
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RAPID CBAROES OF MSSSOURI BIV!dR STTt!MdBED 

- 4h9 
910s AM 
Apra 9 
2133 Py 
4rb 9 
2133 PM 

Apr. 10 
8x50 AM 

Apr. 10 
8150 Au 

4r* 10 
1100 Pn 177,000 

TP:P 
4h Ilr 
10127 Au 432,ooc 

TorAL 1,351,00o 
= 451,ooo 

52,C- 

63,~ 

228,ooc 

6,000 9,750 

215,500 

261&o 

107.250 

99.500 

288,500 

112,500 3ogmo 

216,000 

139,5oo 

115,500 

2,3&500 

4@*5w 1,117,500 

2,772,500 

205,5oo 

5ljd.w 205.450 

202,500 

5739,300 

Lo520500 683,250 1,506,O'JO l&Q,500 6,512,7oo 4,873,200 
3%@3 196,500 l&2,500 



One of the moat Important results of this etudy Is the demonstration that rapid eounding of 
a reach by thie procees allow8 a ccmputation of minimumbed load movement to be made. Table 1 
show8 the area8 at each croes-section for each sounding, and Table 2 glvee the manputed retro- 
gression or aggradatlon in each section of the reach and the entire reach during certain inter- 
vals. All sets of soundlnge were not used in this latter computation, since the tdme required 
to make a complete set of soundings for the reach wa8 of the same order of magultude as the 
elapsed time between the beglnnlug of one, resurvey and the beginning of the eucceediag one. 
Such short periods between surveys will require more careful consideration of the change8 in 
each f'raotfon of the reach than has been poselble up to this time. 

A tentative check of the observed bed movement during an B-hour period on 7 April wa8 made 
byuse of thestraubbedload formula 

o =Y 11.4 Q*” ( Q.&.6 ) 
Cl.2 ,*2 ( 1 # 

where 

ai the total qI&UItityOfbed 8ediwwt tiXn8pOrted 

Y 18 the 8ediaellt CharrrCteZ-iStiC 

1 18 the slope of the water surface 

C 18 the coefflcieut of roaghness in Mannl~g8 formula (C 8 1.466) 
n 

B is the width of the river 

Q is the water diecharge 

QCis the water diecharge at which sediment traneportatlon begins. 

The values forsand QC were obtained frax Appendix XV of the Mlesouri River "308" report 
(Hou8e Document RO. 238, 73d Congre88, 26 Se88lon) where the formula I!EZ8 developed. Because 
of the late decision to make the repeated crosc&sectional 8urveys, no &ages were available during 
the flood except at the bride. Coneequently, the high water mark8 on both bank8 were located 
and the water surface slope at the peak of the flood was obtained (Figure 8) for use in the 
formula. The theoretical movement from the formula was about 2,000,CCC cubic feet. The total 
retrogression in the reach as obtalxied from the sOUnding8, was 1,000,5CC cubic feet, which prob- 
ably is ow a portion ef the total bed load movement whioh,includes material which moved entlre- 
ly throt@ the reach during the obeervation period. The ccasparison is not strict, since the 
bed-load formula contemplate8 a change in transporting capacity with each change in slope, and 
the surveyed 1088 In volume 18 only a portion of that which should be transported with the given 
slope. The bed condition during the succeeding period 8howa considerable awdation, 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 
mede, even if helical flow were not present. 

The fathometer wa8 found quite ueeful for rapid streambed mapping. A repreeentative of the 
Geological Survey was interested in determining the streambed configuration in the vicinity of 
the discharge +easurlng section at the Ak-Sar-Ben Bridge. The profiles taken to make the nmp 
are shown on Figure 9 3/. The completed map is shown on Figure 10. Slnoe the data were collect- 
ed within one and one-half hours, the errors in determining contour lOCatiOn are probably &mat- 
er than those due to lapse of time. The map clearly shows the effects of bridge piers and of 
cross currents upstream and donnstream from the bridge. 

It should be mentioned that excessive turbulence abeorbs the transmitted impulse to such an 
extent that nochart record can be obtained under such conditions. The88 condition8 were ex- 
perienced a number of time8 near the right bank on Section F, due to the 8ewer discharge ln~ed- 
iately upstresm, and downstream fro8 the pier8 on Section B-l. The only solution now seen is to 

Jj Sheet8 2 and 3 not printed. 
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we a eoundlng pole or lead line in such areaa. 

Conclualone 

The eurvey and study reviewed in thle paper establish the usefuluess of the supersonic-echo 
depth recorder in m&kiug rapid quantitative measurements of bed changes in large alluvial 
et-. The techniques employed vlll no doubt be greatly modified as a result of further ex- 
perlance, and the intent of this paper Is not to present a perfected technique, but to describe 
the techuique used, evaluate the resultant data, and set forth the diffPculties e+ou#med for 
the guidance of others who may desire to conduct elmilar measurements. It Is hoped that this 
presentation may initiate au exchange of experiences which will lead to development of better 
techniques In the conduct of measuraaemte of bed ahauges and to accumulation of data which my 
be correlated tith and improve the usefulness of the empirical bed sediment fomulae. 
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D. V. C. BIRRRU.* - !l%e following paper A/ is presented ae being of interest to those engaged 
iureeearch and experirsntation inproblems oftmmsportatlonofsediaent. Thepaper represents 
the results of &forte by the Washlngto~bietrict Office, Corps of Engineers, to find m avail- 
able llterature, basic data for design of stable flood chaunele In order to mlulmdte mlntenauce 
czreagins. The homy fomal.88, uhichhavebeen&rivedmalnly fromobservatlons oncanale and 
rivers in Indta and Rgypt, are also in agreement with data on Ruropean and Rorth American rivers 
aud resolve these obeervatioos to basic concepts which luvolve sediment grain eize in addition 
to the usual hydraulic elements. Ro quantitative detexminatlous were developed. The Meyer- 
Peters formula was developed as the result of extensive experiepsnts 4n Switzerland ti,oaaiorms 
basically to the quantitative relationships of bed load transportation developed by other exper- 
Uenters in that field, as has hem Illustrated by Vanoni fn a subsequent paper. 

The Meyer-Peters fomula has been used to determIne channel bed-load transportation capac- 
ity by integration acmes any hydraulic section. It has been used in this paper to integrate 
the Lacey hydraulic channel sectlou on the assumption that rivers in flood vi11 determine, uu- 
leas restricted, their own stable section. The channel characteristics, which are a function 
of the silt factor according to the Lacey concept, may be detenrined by measuresmut of discharge 
and slope or by the measurmeut of the average iaiaaeter of the silt ccmposiug the charnel bed. 
Since the silt factor in many oases is not available, or Is difficult to determIne, except by 
extensive asapling, the discharge aud slope vhen 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 examples included in the paper have been ohecked against observed or calculated bed 
load movement uelng such limited data as was available, which leaves much to be desired. Ho+ 
ever, @IQ 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 illustrate relationships of 
scale and distortion In model tests, which seem to be of considerable value in the absence of 
any general agrement among the laboratories engaged in such experiments as to the basic laws 
involved. 

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

I./ Paper not reaa at Conference. 
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The following le a digeat and remme of a paper sntltled "Stable Channels In Alluvium," 
preS8Xltad by Gerald Lacey before the Inatltutlan of Civil Rn&neere, Lmdoq l!k&and, 28 January 
1930, sad printed in the Mnutee of Froceedlnge, Vol. 229. The author hae collated reliable data 
of atable chanuele Frau a variety of eomrcme and has deduOed general fomt&e which fit tith 
reasonable accuracy a very exteneive range of hydraulic conditione. siRC8 the artiC18 i8 Wt. 
gene- available to Axmrlcan en&mere and the subject ie of euch lmpohame with respect to 
the deei@ of &able channela for navi@tion, flood control and irrigation where low nai_ntenaac8 
cbargbe are eeeentidl, the eubetance of the peper hata been briefly presented with fomulae and 
explanatlone sufficient for a practical underetand~ thereof. This re~lew iaplles no lndoree- 
merit of the author’8 ~onclueione but le preeented ae a remarknble conciliation of wide- ieo- 
lated hydraullo phemcnena that le worthy of-*ial and test by practicing en&neern of thir 
COlUi*y. 

PrwiOUO OX$U!88SiOSlO Of th8 81iZUB8IXte Oi flOW ti etab18 ChkUUl8ht, tw* and fiowiag 
in.th& own silt hawe been generLQ written a8 

where Vo ie the re@mn or critical mean veloolty, D le the vertical depth with c and II empirloal 
oonetante of obeermtlon. The InabIlity to gsnerdlice thee8 expreeeione oovering a wide v 
of ohamml sire8 end ahare+er of rllt lead TV the author'6 general foxnula which eubetltuted 
thehydraullo ndlusR~,bandthe incluelonofa silt factor f. The flretgenem& foxmula 
18: 

Vo = l.l7‘R* f+ 

The ellt factor f is a scalar quantity &oh 18 dependent on the eize Of th8 eilt pe&iCl8 and 
hae been arbitrarily @van the value of one for,a etendard silt, defined in a later -ph. 

A eecond generdl formula 16 required involve the velocity-diecharge relatlonehip in order 
to 80108 th8 eilt tranepOrt&ion problem. Prom the firet expreeaion it ie evident that in two 
Channel0 haVine th8 aame mean v81oCity but different Silt faCtOre that 

Rf = R'f' 

The author aeeumee aleo that the wetted pe$lmeter hae the ~(~18 relationehip or 

Pwf = Pw'f' 

and titipuh& these two 8XpreeeiOne tOg8th8r th8r8 r8eUlte 

Af2 = A'f'2 

From an application of thla relatlonehip to data available to the author the following formula 
we obtained 

Af2 = 3.8 d (2) 

Multipl@q both sides of the equation by Vo 

~f2 = 3-8 vo6 (3) 

Frca (1) R = 0.7305 Vo2/f 

eca~ (2) A = 3.8 Vo5/f2 

HbIlC8 Rt t A/R = 3.8 v03/0.7305 f 

but fkom (3) Vo3- &f/3.& 



eubstitutlng in the equation for Pw 

PW = 2.668 Q+ (4) 
This somewhat rem&sable formula shows that, for a given discharge the wetted pertieter of 

a stable channel is constant and &ndependent of the fineness of the silt trensported, the silt 
merely controlling the shape. If cheumels with horizontal beds are considered, then by "shape" 
Is understood the ratio of bed-width to depth; if channels are vieualized as having aeml-ellip- 
tical cross sectious, 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 seaai-circle. 

When liprge rivers in alluvium are coneidered, the wetted perimeter approxlmatee 80 ClOselY to 
the width of water surface that for general purposes the difference is negligible end it is imp- 
material in this somewhat exceptional case what ehape the charmel assumes. The wetted perimeter 
equation therefore provides a useful approximate formule for the minimum width of a stable water- 
way of large rivers in alluvium, namely 

, 
We = 2.67 Q4 = 8 Q+ 

3 

The author has checked this fomtula with available data on very large rivers with a grat- 
ifying degree of conformance. 

The general formulas were checked against'available data for scour. It has been generally 
observed the&,chanuels carrying silt not of the same material 8s the banka have nearly horizon- 
tal beds. Chemels flowing not only on their own silt, but within banks cmosed of silt of the 
same kind as the bed, tend to assume a a&-elliptical cross section. If a section ie truly 
elliptical the maxlntum depth should be equal to the mean depth divided by 0.7854. Therefore in 
a river flowing through a stable reach the maximum depth'should spproxlmate the meau 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 beocme equal to twice the hydraulic mean depth. This rough rule was:confl~ frcne 
several sources. As a matter of convenient classification the following table could be adopted 
for different types of bend:' 

Dmu=cR 

Type of River Section Value of c 

Greatly constricted section 1.00 

Natural sections 

Class A - Streightreach 

Class B - Hodernte bend 

1.27 

1.50 

ChBf3 c - Severe bend 1.75 

ClaEie D - Right-angled bend 2.00 

Frau a consideration of the silt factor f end Manning's H the author has evolved the 
following relationship 

4 L .0225 d (6) 

Here I$, ia a new coefficient of absolute rugosity having nothing to do with ahock and ap- 
plicable to all 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 haa aseuemd a value for f of LO had an average 
diameter of 0.4 millimeters. The diameter of the average large boulders transported by hsevy 
floods on rivers for which the author had data for consfderetion was 24 inches, yrom this 
range of data the author has presented the following expreesion for the relationship of the 
silt factor f and the silt grain size in Inches: 

d = 12/64 (7) 



With the addition of form&z (6) it wae poaeible to expand the argument underlying the 
paper and to ccnzplete the theory of hydraulic flow in alluvial channels. An ideal ohanuel ae 
thus far ooneldered was also to be regarded as unifonz and free frcm shock. The slluvit~ in 
whioh it flowed wae coherent and uultiited. The discharge was constant, and ale0 were the ta- 
perature of the water,, its density, and its viscosity, the epeclfic gravity of the silt particle6 
and their average size and shape. Such a channel when stable would be uniquely determined, aud 
the silt-charge aleo would be con&ant. Abstraction of silt by an outside agency would lead to 
picking-up of fresh silt from the'bed, which would thus be lowered; au addition of silt could 
lead only to the depoeition of an equal 'increment and the raising of the bed. The basis of all 
hydraulic fomulaa wae 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 thle would be understood, and all scales would be hydraulic and not geo- 
metric tuilers specified as such. If any two chanuels III alluvium were taken with hydraulic data 
R, Pw, V, S, etc., aud R*, Pw', V', S' etc ., and these channels were designated for convenience 
the prototype and the model respectively, then it wa8 clear, if the silt factor in each channel 
was the aame,that 

and the depth soale of the model wae therefore RI/R. The relationship alao showed that stable 
channels in initial regims fulfilled the first requirement of dynamic similarity. The model, 
however, so far as its hydraulic development WEI concerned would not be eimilem to the prototype. 

The ratio of the hydraulic mean depth to the wetted perimeter would not be the same in the model 
and in the prototype but would increaee with diminution in size. The ratio of the two identi- 
ties &sve the exaggeration in the depth male, thus, since fmm (1) and (2) 

R = 0.7305 V2/f 

and A = 3.8 V5/f2 

PW = A/R = 3.8 V3/0.7305f 

%ratioR = 1 
F 7.1208~ 

and R'= 1 - 
PW* 7.1208~~ 

Therefore R'Rw z V -- 
RPW' V' 

(9) 

But the exaggeration In the depth scale in the model was aleo the exaggeration in the slope. 
Hence It was permitzsible to write 

jfJ*z v 
-5-v' 

(10) 

Thle zmde it possible to derive the value of the variable c in Chezy'e fomula V f C (RS)+ for 
any two ohamels of the seme abeolute rugosity. 

Thue vp = c (B&* (R'S')+ 

Subetituting for R and S the values given in equations (8) and (10) 

VP = (c/c') (V/v') wm4 

o/a' = (V/V+ (R/R+ 
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which la the general equation for alluvial chanuele, K beiw a true con&ant for all ohaunele 
of the ease rugoelty. 

It wa0 now necessary to evaluate K in term of a known coeffiioieut of rugoe.lty. The charao- 
terietlc of Kutter'e IV and that of Manning was that they were Identical wheu the hydmulio p(#n 
depth was one meter (3.2808 ft.). Giving the author'8 coefficient of abeolute rugoelty, Ha, 
the same elgniflcance and equating. 

v = (1.4858/'Ka) (3.2608)~/3 s+ = K (3.28& 3/4 $ 

and solving for IS, 

V = (1.3458/B,) R3/4 S+ 01) 

which the author suggested was the correct formula for the Slow OS uater In alluvial chauuele. 
The coefficient was one of absolute rugosltg equal to that of Kutter and Manning when the hy- 
draulic depth use 1 meter, but remaInlag a true constant so long aa the silt particles were 
coxlEtant. The need for varying the rugoelty factor with the elze of the channel was no lon@r 
neceesary. 

When the author's Somula for the aoefficlent of rugosity Ra = .0225d'was substituted in 
In the~formula Srom (1) and (11) 

V = 1.17 R* & = (1.3458/8,)~3P s* 

ite value In term of S the following relationship resulted 

v = 64.70 ~R/V&@ 

for all channels In alluvium, lrreepectlve of the type of ellt transported. 

Equation (12) could be written 

v= 16.116 R2/3 2913 (1W 

Equations (12) and (12a) represent the true Chezy concept of natural and emlar channel6 flow- 
ing In alluvium aud subject to natural laws. The application of such a formula to channela 
with rigid boundarlee Is manlfeetly -roper. The elmllarity criterion for-alluvial channels 16 
the ratio R/V and all channele which preserve the came ratio are eimilar. 

It is ocoaeionally convenient when the dlacharge of a channel Is known and also the rllt 
factor to calculate the uinimum stable elope that should be given to it to emure regime, whloh 
could be ocmtpared with tne sctual mund slopea available. Equating equation (11) with equation 
(3) glvlng the velocity in terms of dlepharge, the followlug expression resulted. 

S = S5/3 / 1788 Q li6 (13) 

Many practloal engineers have urged that such stream are never in regime, yet as a fact 
*enever they employ a fozmula such 88 Kt&ter*S they assume that the channel waB ia m&e; for 
were tt not it would have to be either actively scouring or silting wheu the discharge ww taken, 
sad that tmJd vitiate the diachargee oaloulated Srom the Seraula in which they placed *licit 
oonfldeuoe. The rugoeity of alluvial &ream wae implicit in the slopeaud the hydraulic ueau 
depth which they demanded at full stage or In flood, end that MB the baste of the new formula. 
A river that adopted a certain slope In flood and a corresponding hydraulic mean depth was as- 
serting In plain term what lte ru&elty was, and there was no necessity to have recourse to a 
formula in which the epglneer had to eetlmate a rugoaity coefficient that micJat not be strictly 
appropriate. 

The author has checked the equation for the size of silt particlea on a number of samplem 
ou different rlvere and Sound oloee agreement. He also demonstrated that the followlug rela- 
tiona ex1at: 

V2/a D V&!/d 

which relationship hae been deduced from theoretical consideration; and 
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-/a = p'w/d:l 

or in raspect to roiaghn888, eimilar chaunela prerserve a gearetric similarity. 

The author'0 g8n81-81 f0xmd.a~ have a limiting Velocity which 18 conauon t0 an type0 Of silt. 
It ie 8YidSllt that with a dbCrWNl8 iu di8Charge, the eilt factor b8iw kept COIUlt6lIt, th8 Cl-008 
section will approach to a aeml-circle aa a limit. Hence at the limit 

A = 2:vR2= 3.8 Vo5/f2 

eolvlng for f and aubetltutiug in equation (1) Vo I 0.882 foot per 68~. for any type of ailt. 
The author le inclined to accept this limiting velocity aa a physical constant of water. The 
actual velocity in contact with the channel boundary wou.Ld,ofcouree,be somewhat lees than the 
l$mltlng mean velocity. 

I The author's concluelone are mxmrlzed ae followa: 

1. For a givsn diecharge aud a given silt factor the Croat3 sectional area, wetted peri- 
meter, end.elope of a stable channel flowing in and tranaportiug its own silt are uniquely de- 
t8rPlined. 

2. The W8tted pertiter Of a &able Eilt tI?ZUiapOrtiXIg channel Bari as th8 square root of 
the discharge and 16 Independent of the type of silt transported, all stable channela of thesam 
diecharge haviw the mame wetted perisleter, and th8 ailt factor determining the Wahape." 

3. All stable alIt - tmiIlg ChaM81S Of the San8 !Stsbli IWaZl Y8lOCitJ' haY8 @¶OlWt- 
ricam aiailar ohapes, th8 silt factor det82laining the only difference, which la on8 of ecale. 

4. The ain- atable width of active waterway of large alluvial rivers ln'flooda Yariee 
approximately aa the square root of the dlacharge and le virtual4 independent of the silt 
factor. 

5. Th8 ru@elt.y coeff%cient in Manniligfe formula ia a eimple function of the eilt factor, 
and the silt fa&or la a fun&ion of the aYe- size of the silt particlea. 

6; At txwae Y8locity betveen'l.0 and 0.6 foot per seoond viscous strea-lln8 flow rsplaobe 
turbulent flow, and the trsneport of alit other than collolds ia rendered inpo8eibl8. 

For &mater detail in derivation of formulas and description of basic data the rsader is 
referred to the original paper. 

- OF lQUATIOX3 

(1) Vo = 1.17 R* f+ 

(la) R = 0.7305 vo 2/f 

Af2= 3.8 Vo5 

(3) qi2= 3.8 ~06 

(34 Vo = (~8/3.8)~1~ 

snd (38) 
To deternine the depth to which scour will take place under normal flow, frcnu (la) 

R = 0.7305 Vo2/f 

,’ 0.7305 (Q/3.8f)lh 

Ibar = c R (See table of Coefficients - c.) 

PW = 2.667.q+ 

We = $ Q* 
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The discharge per foot width of channel la given by 

In a channel where the waterway differs materially fr& the rmlnianr stable water-way given 
by (4) or (5) the depth of scour obtained by (3b) anti (3~) will apply only to that eection of 
the channel whose miit dlacharge equala that given by (3). Combining (3b) and (3) the rela- 
tlonahip between unit dlecharge and R = D, in a restricted eection in a etraight reach, results 

(6) 

(7) 

(74 

Q = (2.67q)+ 

R = 0.7305 w;r';;; IO.9 (q 2 /f)1/3 

xa = .022& 

d + fr /64 l 

f = 8a3 

w vo = 1.3458 R3/4 Si! 

=a 
v‘, = - R3/4 S+ 

ia 
vo : 64.70 flRJk)RSS ' 

vo = 16.116 R2/3 91/3 

(13) 

m4 

(14) 

S = 193 /17&3 Q1/6 

f 513: 1788 S Q@ J 

To determine R, given q and S: 

from (13) (5s) and (3b) 

R = .1885 qoe6 / soa 

(15) 

To aeteriine f given Q and A: 

fraa (3) 

f = 1.953 Q5/' / A3 

To detenxlne f given q and S: 

- (134 and (54 

066) f z lo ,0.6 qo.2 

Model Slailitudes 

(mote: 
by Lacey). 

The foXLowIng relationahlpe have been developed irom the baeic equatlone 

AD pointed out by Lacey, the ratio of the hydraulic mean depth to the vetted perlmeter 
would not be the oame in the model aa in the prototype but would lnareaee with diminution In 
6126. Thus all rode16 of stable channele In alluvium would neceeearily be diatorte& A vast 
range of ecales and exaggeration8 are permiaeible with limltatlone *posed by available woe, 
water suppler and cite of bed rrtsrlal. From the foregoing fonsulae the iatlos of the hydraulic 
elamente ray be expressed In accordance with column (1) of the attached Table 1. The derivation 
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is as follows, where subsoripte Indicate model and prototype,respectlvely, r 8 the horizontal 
scale ratio of the model to the prototype, n = the ratio of horizontal scale to vertical scale 
or the exaggeration, and K Is the ratio of size of silt particles in the model ,ti those in 
prototype. All other symbols are as previously Identified. 

From (13) 

Let 

From (4) = Horizontal Scale = r 

and (a) 

From (3) X fka2 = KxQ,m=q2 

Q fP c 

and 

Equating (e) to (b) 

Vlll = (93r)l/3 

VP 

Rm = S/3 = vertical scale 

R K'/6 
P 

Substituting (d) in (a) 

Also 

sm = d/6 0 1 116 = G/6/r 113 

SP P 

Am = 8nxvp * x +;,5/3 
-- 

VIB Q-P (K-+73 $/6 

The male exameratlon is equal to the ratio II and frcmx(c) and (f) 

P = r = rv3 KG 
r2"lg 116 

(e) 

(f) 

(6) 

(,h) 

(1) 

Solving for K, 
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Hence Pm = rP 
P 

vu =nV P 

Sm= n5 S 
- P 

r 

8r = r2 Qp 

Rxaggeration = n 

Table 1 includes values of the various hydraulic eleme~te for definite conditions; i.e., 
Column 2 for the same silt in both model and prototype or n /r2 - 1; Columu 3 for a geometrio- 
ally scaled silt In the model or u6/r2 8 r; Column 4 for model having the mme slope as the 
prototype or n5/r2 l 1; Colum 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 hori- 
zontal &ale 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 varlee as the exaggera- 
tion. The limiting factors will be the availability of suitable silt at ths required scale and 
the maintenance of turbulent flow. Column 2 determines the model proportions for the most con- 
venient representation of the silt where the prototype slit 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 same in model and prototype results In a less exaggeration than 
for the condition of Colmm 3 where the silt is at the same scale as the horizontal scale of the 
model. Columu 4 gives the ratios when it is desirable to maintain the same slope in model aud 
prototype. This arrangement it will be noted, affords a still smiler exaggeration and permits 
a larger size of ellt in the model. The cor$ition of Column 5 where both horizontal and verti- 
oal scales are the same imposes impossible oonditions as to the scale of the silt except for 
very large model scales. The relationships are nevertheless valid within the ecope of practica- 
bility as to the silt factor. 

TABLEl. MODELSIMILITUDBFORSTARLE -xNALLm 

: Rxaggeration = n 
'Geometrically 'Equal Slopes: 

%&me Silt Model'Soaled Sllt In: In Model & :Horiz.Scale in 
Hydraulic : 

Rlmmnnf : 
n = Hor. Soale 

-...-“a. ” Vert.Soale 
i andPrototype : Model 

i &/$ = r 

f Prototype : Model equals 

: 

: 
; &,2= 1 ; v*$s~l” 
: 

Cal. Ho. : 
pep : 
RQ/RP ; 
vnl~p : 
@/QP ; 
&/AP : 
Sm/sp : 
d+p ; 
fwfP : 

: 
Exagg. : 

: 

(1) : (2) : 
r : r : (31 j (3) : (5) 

r/n i r2/3 i ;* i 9.6 ; f. 
n : x-l/3 : x-4 : z-o.4 : 1.0 

: 9 : r2 : 9 : r2 
s/n ; $13 i r312 i $*6 i I+ 
d/,2 : 
l&/r2 : 

l/S/3 : 2-3 : 1.0 : w 
1.0 : : ,0.4 : 

: 
n3/r : 

: 
l/r2 

1.0 : :2 i roe2 i l/r 
: : 

n : d/3 : I-& i z-o.4 : 1.0 
: : : : 
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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 associates at the Federal Technical University, Zurich, Switzerland, and published in the 
Schwelzerlsche Bauzeitung lames for 31 March 1934 and 2 March 1935 and introduced in this 
country by John H&burg in Civil Engineering for March 1937. The experiments supplemented OX- 
tenslve studies by Grove'K. Gilbert of the Geological Survey and published in Professional 
Paper Ho. 86 of that agency in 1914. 

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

$/3s = a + b62/3 
d' d' 

Where 9 = 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 
temple of the bed load from which 35 percent of the 
finer material has been omltted. 

G= quality 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 deposit8 of mixed river debris. 

ThUS 8 = 0.253 

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

The size of bed load particles ueed in the experimants covered sizes from 118 Inch to 2 inches. 
Results for sizes below l/8 inch departed somewhat from the stated formula. 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 npplled 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 

may be resolved to find unit discharge to 

9 (%a) 

which may be substituted into the Meyer-Peters formula. The Laoey expression for d In inches 

d" = f2/64 (7) 

becomes d' = f2/64 x 1.2 (in feet) 

The Laoey expression for slope Is 
s = f5/3/1@8 Q@ (13) 



where f is the Lacey silt factor 
and 

f2 = &,OO 9.2 Q0.2 

Substituting these values in the Meyer-P&era formula 

$13 s = a + b G2/3 
d' d' 

or 
q2/3 s = d' a +b @/3 

(.375 Qh2/3x S = a f2/768 + b 0213 

,521 &l/3 S = a x 8000 G-2 Qoe2 + b &I3 
768 

but the total bed load, B* equals G times the width of river surface or 

B' = GWs -G x 8 Q* 
3 

and 

therefore 

G2/3 E ~'213 
1.923&1/3 

.521 Q1/3 S 'i 10.41 a S1.2 Q".2 + b Bq2/3 
1.923Qv3 

solving for B' 
B' z ~0.$3/2 (Q.1333 _ 20 a sO.2)3/2 

b3/2 

when a = 0.253 and b = 0.756 

B' = 1.53 QO.$l.? (Q-1333 _ 5.06 s0.2)1.5 

which la the expreeslon for total bed load movement in cubic feet per second In to- 
of the river discharge and the alope. 

Since, according to Lacey, the alope varies with diecharge it is met, convenient to exprees 
B' in terms of f which le a constant for any etream in regime. . 

Subetltutlng s = f5/3/l@8 Q1j6 

B' = 1.53 Q o*8(f5/3/1788 Q1/6)3/2 (Q*l333- 5.06 @h/l-@ &+0.2)3/2 

= Q*f5j2 (4.470 Q1i6 - 5.06 $h)312 (cubic feet per second) 
471000 

or expreeeed in cubic yarda per day 

B = -00678 Q+f5i2(k.470 Q@- 5.06 $13)312 

= -0641 Q+f5j2 (Q1i6- 1.133 f l/3)3/2 

Plate lb- 1 hms graphically the bed load mvemsnt in terms of f for values frca! 2 to 
12, and Q frcm 100 c-f-8. to 500,000 0-f-s. !I% curve8 include values within the limits of the 
orlgiasl experlmente for d between 118 inch and 2 inches, 
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The determination of d from a sample of bed load material Is made from a sieve analysis 
and a standard curve of grain-size distribution. The average diameter 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 rnnzber of particles in a unit volume (1 cubic foot), it 
being assumed that there are no voids. If the particles are assumed to be spheres of diameter 
d the volume of each sphere isrd3/6and in one solid cubic foot there are 28,317,000 cubic 
millimeters, approximately, then for example if the mean diameter Is one millimeter, 

P (bulk fineness) = -=z =54,100,000 

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 finsnesses 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 is the diameter of the sverage sphere whose volume is one cubic foot divided by the 
number of particles therein or lpave., and. 

d'=( 1 X 6 )1/3where d' is in feet 

F ave. TT 

For purposes of determining d' In the foregoing formulas, the 35 percent of the szmlleet 
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 movsanent on 
the Rappahannock River at Fredericksburg, for which data was readily available; The slope of 
the river during flood stage in 1937 was determined from surveyed highwater marks. The drop in 
water-surface In 9.1 miles was 46.1 feet in a reach above Fredericksburg not materially affected 
by obstructions, rapids or backwater from dams, etc. The slope was thus .000963 and the dis- 
charge approximately 120,000 c.f.s. From Lacey's formula 

f5/3= 1788 S x Q116 (1%) 

f f 4.5 

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,CCO 
cubic yards, or 81,500 cubic yards per year. As a check on this figure the dredging in the chin- 
nel of Fredericksburg for 32 years &can 1909 to 1941 was 2,58O,GOO cubic yards, or 80,600 cubic 
yards per year. 

It was also determined that the average daily bed load movement w&s 223 cubic yards per 
day and from the curves on Plate No. 1 the discharge moving this quantity with f = 4.5 is 
1,660 c.f.0. The average annual discharge for the period of record is 1.05 c.f.s. per square 
mile or with a drainage area at Fredericksburg of 1,600 square miles the average annual flow 
is 1680 c.f.s. . 

Similar computations made for the Pot&c River at Great Falls indioat~ 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.8. Records indicated that fraa 1908 to 1943 an annual 
average of 150,000 cubic yards of dredging has been done In the Virginia Channel at Washington. 
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