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THlRD SESSION - FIESWTOIR SIDIIGNMTION 

E. N. Munn~* Presiding 

RESERVOIRSH) -ON -S - 0BJlEcTIvEs AND METHODS 

by Albert S. Fry 

%lVeBti&iOIls with 3%jpeCt to ??eBelTOir EedimentatiOll aI3 Of Bi&llifiOctnt impOrtanOe W+IWe- 

ever storage reservoirs are an integral part of water conservation and utilization projecte. 
This is true whether the reservoirs be foi? domestic water supply, flood control, irrigation, 
hydro-power developmnt, navigation improvement, or other related or corollary uses. 

I The inrpoz+tanoe of resemoir sedimantation in the economic life of any project obviously 
varies aocording to those faators which influence the rate of silting. These factors vary 
throughout the world. Where conditions are favorable to silting, reservoir Bedimntatlon is of 
much greater iZ@ortxmce than where Silting iB comparatively light. parewtr, under w COndb 
tione, in mall reservoirs where the ratio of reservoir capaaity to drainage area is small, the 
ueeful life of the reservoir mfg be BO restricted by BedimentatiOn as to affect the economzks of 
the projeot. 

But irrespective of the economic or operational Bignifioame of res&voir sedimentation, it 
is 3nrportaut in w region to determine the facts with regard to sedimmtation pro@essively 
throughout the life of a reservoir. For example, within the Tennessee Valley area, the TVA has 
a syetem of 26 water etorage reservoirs. The gross storage capacities of these reservoirs vary 
from 14,000 to ~,OOO,OOO awe-feet. The water-shed of the Teimeesee valley is slightly more than 
~percentforestedand, althoughthe average rainfallvaries from4oto 85 inches, the regionas 
awholels notonewhereheavg silting occurs. However, even under these conditions which exist 
in the Tenneseee Valley, it is essential to have concrete data with regard to reservoir sedi- 
mention so that the true situation may be known and so that inaccurate statements lacking factual 
basis may be snswered and disproved. It is, the-fore, as necessary in this region of relatively 
light silting to make reservoir sedimentation investigations as it is in the lllore heavily silting 
regione suehas those ofwatersheds inthewesternUtited States. 

6bjeOtiveB. 

The broad objecrtive of any reservoir sedinmntation survey is to provide positive Morma- 
tlon upon whioh to baee estlmtes of the number of years that till be required, first, to o&u88 
silting mffioient to interfere with operations and seoond, to fill each reservoir to an eleva- 
tion where its useful life will be ended. The met obvious direct objective is the mmmuremnt 
of the volume ofmaterialfilledinto ~reservoir. It iB ahO important to kUOW Where the 

deposits oocur within a reeervoir and partioularly whether in live or dead storage. It is of 
interest to study the movement of silt from the place of original deposition as it ie redietrl- 

buted within a reservoir to its ultimate resting plaoe aud to study the effect of the operation 
oyole of water levels upon the depoeition aud mvemept of silt. Volumetrio nmmurem nts further 
furnish a oheek on oonqn&atlons of reservoir silting made from suspended Bedinmmt investigations 
&or to the areation of a reservoir. 

+ Chief, Diviaiin of Forest lkcfluenoes, Poreet Servioe, Washington, D. C. 
* Chief, mulio Data Division, TennesBee Valley Authority, Knox&lle, Ten& 



The determination of the density of the deposited material. may or may nOt be a psrt of the 
sedimentation survey. This, however, is important in the oonversion of volumes of material into 
weight and In determ'lniag ths state of consolidation of deposits in terms of ultimate oonsolida- 
Mon. 

Consideringthe large number and. importance of reservoirsbothlarge and smaU.thr~ughOut 
the country, ths over-all magnitude of reservoir sedimentation determinations is suffioient to 
justify the developmentanduse ofmsthodswhiohwillgive deslredresultsbothaccuratelyand 
economically. 

Methods for sectlment measuremnt in reservoirs are necessarily predicated upon soundings. 
Inreservoirs ofconsiderable capaoitysndextent, soundings aremade alongpredeterminedraages. 
In small reservoirs, ranges may be spaoed suffioiently close so that bottom contours avsy be 
drawn. Insoms smallreservvirs, ranges maybe dispensedwlthand independentsoundlngsurveys 
madewheneverdesiredto devel~pbott~moont~urs. The reservoirswlthwhichthispaperis 
chiefly oonoerned sre relatively large where the most feasible end praotioal msth~d for sedluY& 
surveys is by ranges. The methods snd equipment described are those whioh the Tennessee Valley 
Authority has found best for this work. 

Layout of Ranges 

Aftertheplans for areservoirhave beencompletedandbeforethe reservoirisfilled, a 
paper location of silt ranges is made in sufficient number and in proper looations so that sub- 
sequent soundings on these ranges will furnish the necessary data for oomputation of silt vol.- 
UIWS. The ranges should be located giving consideration to important local tributaries and the 
drainage areas of these tributaries snd their probable sediment charsoteristios. A closer 
spacing of ranges is usually desirable in the upper and shallower end of the reservoir than in 
the lower anddeeperportion. The width of reservoir should be given Oonsideration, If there 
is a system of reservoirs on one stream such as those on the Tennessee River, the location in 
the system with respect to protection from upstream reservoirs may also be significant. In 
tributsry reservoirs subject to considerable draw-down, closer apaoing of ranges within the draw- 
dam reaoh is desirable as the deposition and mount of silt throughout this range is greater 
than in other parts of the reservoir. For example, in Dou@as Reservoir whioh is subjeot to 
draw-down,ranges are spscedtwOmiles apart inthelower and extreme upper ends of the reservoir 
and 1 to 1.5 milea in between. 

Sinae the looation of deposited material cannot usually be completely forecast, it is de- 
sirableto inoludemore ranges inthe initialbase surveythansre sotuallyneeded. This permits 
more acourate data to be obtained on resurveys which can be guided with respect to whioh ranges 
are sounded by the location of deposited materials as developed during the survey. 

SurveyofRanges 

Following the paper looation of ranges, elevations must be taksn along each range. The ends 
of the proposed rsmges are first monumented in the field with a permsnent type of monmnt wh@h 
ALSO may be a part of the horizontal and vertical control network established around a reseFvolr. 
The mxnunents shouldbe adequatelyreferenoed sothattheyoanbe found several years laterwith- 
out too much difficulty. Experience indicates that finding silt monuments in the field after 
vegetation has overgrown them is a costly time 00nsumer. 

In canyon type reservoirs such as those of Norris and Riwassee Reservoirs in the Tennessee 
Valleywhere the sides of the valley are steep andthewaterdepthis great,anaocurateprofile 
sh~uldbe takenby surveyingalo~'~Seaohrangeprior to the fillingofthe reservoir. This base 
profile along a range before reservoir filling is preferable to a profile by echo sounding im- 
msdiatelyafterfilling. Ground surveying develops the sides of the section where echo equimnt 
mi&t not prove feasible. IIowemr, lncertainreservoirs of very rmggedtopagraphy, echo sound- 
ing might be the only feasible method for obtaining the original section. If there is timber 
alongtheline of the ailtrange,this shouldbe ol.eared if it is intendedto soundwitha lead 
1ineinthefutLIre. This has been done on TVA reservoirs beoause at the time of establishing 
silt ranges eoh0 sounding methods had not been seriously considered. Where echo sounding equip- 
ment ik tO,be used, the olesring is probably not essential but It would still seem desirable that 
lsrgetimbernotbe leftdireotlyalongthe siltrange. TVA praOCioe has been to clear a width 
of 50 feetalongthe silt range free of timber. This has been reduced to 25 feet in reservoirs 
now under oonstruotion where it is known that echo sounding equipsent till be used for resurveys. 
Rsn~e mDnuuunts should laot be located on the point of a sharp hill or abrupt ohapge in reservoir 
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direction. At such places the elevation of the ground may show a variation within a relatively 
few feet of the center line of the range so that the re~ouuding, which may vary a few feet off 
the center line, may lead to erroneous results with regard to deposition. 

In the oomparatively shallow reservoirs with depths usually less than 100 feet, such as 
those on the main Tennessee River, ranges are longer than those on the tributary reservoirs and 
maybetwoorthreend.l.estide. The topography is also less steep and.the depth less than in 
the canyon type reservoirs. In these cases, it is much more eoonomical to wait until the reser- 
voir is filled and then detemiue the profile along the silt range by soundings than it Is to do 
so by ground survey work prior to fillin& IntheKentucky Reservoir, for exa@.e, whioh in- 
cludes 225 river miles of main river and tributaries, a very appreciable economy was accon@ished 
bythismethod. It racy be necessary in these oases to supplenent the sounding surveys by bank 
work alonS the ends of the range to develop the section above the existing stage of water when 
the soundi~is done. 

Subsequent Reservoir Surveys 

The surveys either prior to or immediately after the filling of a reservoir furnish the base 
for future determination of the volwne of reservoir sedimentation snd the natmer in which the 
sediment is deposited and moves through the reservoir. Resurveys are made after an appropriate 
interval of years followin&closure of the reservoir. In the Temeseee Valley, surveys are made 
at intervals of 5 to 10 years. 

The r&hods used in swh resurveys embrace one form or another of sounding. For very 
shallow water depths, a sounding pole equipped with a base plate nay be used. Reyond the range 
of a sounding pole, the general practice until the past few years has been to make soundings by 
conventional lead line methods. A rope lead line nay be used directly or a piano wire nay be 
used on a sounding wheel of the type developed by the Corps of Engineers. Although the lead 
line will stfll be useful for surveys 04 reservoirs where more modern methods are not available 
or justified econonically, on large projects or reservoirs, future soundings will probably be 
made by supersonic equipment. 

Supersonic Soundin& Equipnt 

The development of echo sounding equipnrtnt represents an important forward step in reser- 
voir sedinxmtation surveying. The generalprinciple of this equimntis notpartioularly new 
as fathometers have been in use for n&e than 25 years. However, this type of equipment was im- 
proved anddeve1opedduringWorldWarI.I sothatitis nowthen~~tpraoticalandecononical 
equipment for use in making soundings in reservoirs or other bodies of water. This equipment 
determines water depths by utilizing supersonic sound pressure waves and precision timing. There 
are two principal units and essential accessories. One unit is a projector, the function of 
which is to transmit the sound pressure waves to the reservoir bottom snd to receive the reflect- 
ed waves. The second unit is a recorder electrically connected with the projector which, by 
eleotronio andlpsohanicalmeans,gLves apermaKtntandcontinuousrecordonacalibratedchart 
of the depths of water through which the sound waves are sent. A l2-volt storage battery power6 
the equipment. Total power consuplption approximates UC watts. 

There are three Principal manufacturers of echo sounding equipment and the recording chsrt 
and detailed operation varies samewhat with each nanufaoturer. The equimnt may be obtained 
either non-portable or portable. The latter is the better adapted to reservoir surveys. The 
basic principles are the ssze for both types of equipsBnt. 

With this equilmmnt, rapid, automatic determination of depths of water and observations of 
the configuration of the bottom of the reservoir are obtained. In operation, the power switoh 
iaturned on, sending electrical impulses at a frequencry in the supersonic range to the trans- 
mitting projeotor where each impulse is oonverted to a sound preesure wave. This is projected 
downward tbrou& the water to the bed of the reservoir, fromwhere it is refleotedupwardtothe 
receivinggrojector. The reflected sound pressure wave is converted In the repelving projector 
to an electrical Q&pulse, which in turn records on the chart. The wave Is very accuratelytimsd 
in units of depths for the round trip. The elapsed time interval is converted into feet or 
fathoms on the basis of the velocity of sound in water for direct recording of deplb of water 
onthe charta. The chart speed is one inchper minute. For the type of eqtipnt being used in 
the Tennessee Valley, depths of water are recorded In feet up to 200 feet and beyond that depth 
in fathoms up to 200 by a chsn&e in scale of the eqtipnwtnt. Soundings in feet are recorded at 
the rate of 200 per minute and in fathoms at the rate of 33-l/3 per minute. Soundings are 
recorded on reotilinear or curvilinear charte, deRe~@ing on the design of the equiplllent. Roth 
typ@3 of oharts have thelr advantages. _I 



On reservoir investigations, the echo sounding equipment is operated from a boat suitable 
for carrying the equipment and operating personnel. 

Eydrographic Party 

The hydrographic party for reservoir sedimentation investigations consists of four to five 
men speoially trained for their duties on this particular kind of work.These sre a chief hydrog-n 
rapher, an instrumentman, a boat operator, a sounding recorder operator, and a distance wheel 
operator. It is desirable for the recorder operator or some other man in the party to have acme 
knowledge of radio andelectronic circuits. 

Equipmsnt 

Equipnt is designed to provide complete mobility and permit the entire outfit to move 
readilyfromareservoir inone partof anareatothatinanotherperhaps ahundredormore 
miles distant. AutnmDbile equipment consists of one sedan, a 3/b-ton covered truck with 4 
wheel drive, and a boat trailer. The boat which carries the equipment is 20 feet long with a 
beam of >'feet and a draft when loaded of about one foot. The boat is especially fitted with 
a well in the center through whioh the sound wave.projector operatest Three outboard motors 
are used, two of 16 H. P. each end one of 10 Et. P. The latter has a long shaft and is rever- 
sible. The two large motors are used during travel between ranges end whenever moving but not 
sounding. The 10 Ii. P. motor is excellent for maneuvering and is used in sounding up to 1,000 
feet. The motor is speeded up by the operator as the distance increases until full power is 
developed at 1,000 feet. Beyond that disteaoe one 16 H. P. n&or is used in addition to the 10 
H. P. On long ranges where the distance wire is not used, the 10 H. P. motor is used with a 
trolling plate to reduce speed to about 3 miles per hour. Fire extinguisher, life preserver 
jackets, and miscellaneous tools ere included in the boat's equimnt. 

An auxiliary small boat is used on long range surveys but is obtained where needed and is 
not carried as regular party equiprment. 

Figure 1. BESERvOIRlKXuMOuNB~IEvEsT1GAT10BsBOAT 

Later improvements moved the projector unit to 8 well in the center of 
the boat and changedthetype of distance wheelas shown in figure 3. 



Figme 2. ECHO-SOUNDINGRECORBER 

The echo sounding equi&mmnt include8 
the sounding recorder, projector, storage 
batteries, and depth checking bar. The pro- 
jector is of the outbow type, which ie 
designed to be operated by being muug over 
the aide of the boat and positioned below 
the water line for observations. However, 
with a boat of the size used for purposes 
of mobility, it has been found to be desir- 
able from the standpoint of the moat satis- 
factory and safest loading of the boat to 
operate the projector from a well centered 
inthe hull. A simple lowering device 
positionf3 the projector at the operating 
depth of one foot below the water surface. 
The heavy storage batteries, weighing about 
165pounds,are charSed inplace onthe 
boat by a emall motor generator. 

One of the chief pieces of equipment 
ie the distance measuring wheel devised by 
chief hydrographer E. H. McCain. This is 
an improved modification of the circum- 
ferential type wheel developed by the Corps 
of En@neers. The distance measuring ap- 
paratus consisto of the drumof a Ford 
automobile wheel upon which is wound 2,500 
feet of piano wire 0.039 inch in diameter. 

Figure 3. IKLERIOR OFBOATSHCWIEGI'LA~ OFE&~MEFiT 

The projector operates from the center well. The improved dietanoe wheel is shown. 
Motor for rewinding is in mtal box Under drum. Motor generator set is at left of 
projector well, batteries are to right. Echo recorder is beyond the crows board. 
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The wire leads from the drum over two sheaves to a fixed pivot point on the bank from which 
measurements axe taken. The second sheave is made of case-hardened steel to maintain a fixed 
rim diameter and operates a j-digit counter which indicates the distance that the boat is from 
the pivot point. The rimofthis sheaveisaccurately machined 8othatthe circumferencet~ough 
the center of the encircling piano tire is exactly one foot. Two horizontal guide sheaves coun- 
tersunk into top and bottom plates maintain the wire in position on the couuter sheaves ae the 
boat turns or moves about. The drum ie fitted with a brake which the operator uses during the 
sounding process in order to control the reeling out of the piano wire. The apparatus includes 
a one-sixth H. P. motor to rewind the piano wire after a range has been sounded. The motor is 
operated by the motor generator set, whioh also is used to charge the storage batteries. The 
wire is purchased in 2,500 feet lengths as it is difficult to unreel piano wire from larger 
sizdd roll0. An iron bar bent in a loop over the rear end of the boat preventa the distanoe wire 
from fouling the outbosrd motors. 

The party is equipped with transit, plane table, 200 feet steel chain, chainmanls plumb bobs, 
signal flags, Abney level or clinomster, machete, hand axes, end iron pins. 

One of the most useful pieces of equipment has proven to be a Walkie-Talkie radio which en- 
ables the boat party and the instrumentman~on the be& to maintain conversational contact with 
one another, thereby eliminating hand signals end misunderstanding. The equipnt used is for- 
mer Army Signal Corps "Radio Receiver and Transmitter BC-6~ F" and operates on a frequency band 
of 3,885 kiloogol6Js. Four of these are carried as essential party equipment. For satiafaotory 
use on long.raages, the voltage for these unit6 was increased to use a l&volt standard dry cell 
A-battery and a volts in B-batteries. These additional batteries are housed in an auxiliary 
box which may be placed on the groti or in the boat near where the radio unit is being used. 
Head phones are provided for the use of the boat operator. Some interference has been experi- 
enced when operating the radio set near the recorder but this is overcame by keeping the set a 
few feet away from the recorder. 

SoundingRange 

The operation of sounding a range using the equipment described is essentiaUy,as follows. 

The ranges which exe to be sounded should have been previously located and marked by a red 
or white flag about 2 feet square on a stick behind. the silt range monument. Red is used where 
the background is Light, white where it is dark as seen from the water. An additional flag 
should be set up near the water18 edge when the monument flag is some distance away and can not 
be readily seen from the boat. Flaggin& the ranges aheadofthemainparty savesthetime of 
the sounding party and materially reduces the over-all cost. 

Assuming that the party moves up to a range in the boat, the boat lands on one bank. The 
distance from the monument to a point on the shore is measured with the steel tape and the angle 
t&en from that point to the range monument by the hand. clinometer. The transit is set up over 
the point 80 looated. The boat with the other nrembere of the party then crosa to the opposite 
bsnk in order that, during sounding, the boat operator will be facing the Instrumentman. Here a 
point is set on range about 5 to 8 feet above the water where an iron pin is driven into the 
ground. The distance fromthis pinto the rangemonumentonthatbankis~asured and the an@e 
taken. The distance from the pin to the distance wheel on the boat is then measured. The end 
of the distance wire is secured to the iron pin and the counter set to read the distance from the 
pinto the wheel. The projeotor is lowered, the chart operator turns on the sounding reoorder 
e.nd the boat moves aorosa the river on the range at a speed of about 3 miles per hour. The tran- 
sitman keeps the boat on range by giving directions over the Walkie-Talkie to the boat operator, 
who wears head phones connected to the radio on the boat. At the end of the run, the distanoe is 
taped from the boat to the instrument. 

The recorder is equipped with a fix button whioh, when pressed by the operator, prints a 
line onthemcdngohart. At interval.8 of approximately 25 or 50 feet, the distance wheel opera- 
tor calls out the distance, the chart operator pushes the fix button and notes the distance on a 
sheet of paper. These distances are transferred to the chart imuw3~iately on the ocaxpletlon of 
the range, thus serving a8 a check on the fix markinge and distances. With these known distances 
indicated by fix markers on the chart, interpolation for other distances can be done aocurately 
because the speed of the boat for any dietance of 50 feet ie likely to be uniform. If the mve- 
spent of the boat were entirely uniform across the range, it would be possible to eliminate the 
nmaeuringof dietanoe an&the not-of fixes. Rowever, the operation of keeping on range ac- 
curately end the effect of current in the main ohannelwhere this exists are significant enough 
so that distanoes based on a straight line Interpolation from one end of the range to the other 
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are not sufficiently acaurate. 

Upon the oompletion of the sounding of a range, the instmanentman boards the boat and the 
boat retraces the range in order to rewind the piano tire. TherewindlngisdonebythesmaU. 
motor at 4OC feet per minute. Atthebank, the endofthewire ie released,the ironpin is 
pu3led,andthepartyhsadsforthenertrange. 

The temperature of the water must be taken into consideration in the operation of eoho 
sounding equiplent. The speed of the motor in the echo sounder can be adjusted to give correct 
depths where a constant temperature of water exists. ThiB condition is seldom found in deep ree- 
ervoirs which stratify with temperatures ranging from possibly 50 to 80 degrees Fahrenheit. 
Hence it is not practical to adjust the sounder to read oorreot depths. At the beginning of a 
day's run and at other periods if there is muoh change in depths of the reservoir, a check i8 
msdewiththe soundingrecorderby submerging a steelbarhungfrcmchalns oneitherendto 
knowndepthsbelowthe water 5~uTace andrecordingthe echoes therefrom. Successively lowering 
thebarbyknown intervals of lOfeetgives the depthswhichare recordedonthe chart andthe 
corrections which must be made to reduce the ohart depths to true depths. The bar ohsok is con- 
sidered aoourate to a depth of about 100 feet. For greater depths, corrections are made based 
on water temperaturea. For example, in a survey of Hiwassee Reservoir, temperatures at 100 feet 
of depth were 42 degrees Fahrenheit and soundings were corrected for th3.e condition. Corrections 
for salinity must be made where Ws exists. 

It is desirable on reservoir work to use echo sounding equipment on which base line correc- 
tions may be automatioally made on the recording chart for the depth of the projeotor below the 
water. Thie savea office work in making such corrections later. . 

In sedimentation surveys the accuracy of echo sounding equipment is considerably better 
than that formerly experienaed Hththe best lead line methods and expert leadsnmn. Inwater 
100 feet deep, lead lines can not be considered to have an accuracy greater than one or two feet 
dependingonwhether awire or arope is usedfor sounding. Ifthereie acurrent,the errormay 
be more due to bowing of the leadline by the movingwater. With echo sounding eqtipnmnt of the 
type suchastheTPAhasueed,anaocuraoyof one-halffootisacacnnpllshedatthe same depthof 
100 feet. The eoho soundingmethodiemuohfsaterandhs~emore eoonomioalthanleadline. 
Soundings are n&e fndeepwateras readily as in shallowwater and inpractioallythe same time. 
Echo sounding is obviously a labor saver as sounding with a lead is hard work. 

In surveying Norris Reservoir last summer, an excellent check on the equipmrnt wan found on 
parts of ranges where theYyre had been no silting. In numeroue casee, the echo soundings checked 
the ground topography determined before the reservoir was filled practically flat. 

Aa inanytype of sounding, thereistheproblemofwhatisthe characterofthe surface of 
the bottom where the soundings are taken. The possible unconsolidated nature of relatively new 
deposition introduoes difficulties of interpretation and application of the soundings. The solu- 
tion for this problem lles in methods for determination of density of materials in deep water 
whioh are separate from the soundings themselves. 

Echo sounding eg.tipmnt does not work satisfactorily close to the vertical face of a dam or 
oliff or very steep hillside which provides an opportu?lity for a reflecting echo. This effect 
is most evident In water greater than 100 feet deep. 

The operation of the distenoe wheel requires a degree of skill but can be acquired by any 
one who has the feel for the job. The piano wire requires careful handling in order to avoid 
breakingaudkinkm. 

DetezmlMng Position on Range 

For ranges up to a length of 4,000 feet, position on range is detezmlned with the M&ain 
dietance wheel. For rauges longer then 2,000 feet, the party works first from one bar& and then 
the other up to a distanoe of about 2,000 feet. Inestabllshj.ng ranges lnitiallywherethe 
length exceeds 2,000 feet and on resurveys for ranges longer than 4,000 feet, location on range 
is determinedby outtlngangles withaplauetable fromthe bank. 

Some of the reservoirs on the main Tennessee River have wide expansesof water of as muoh as 
twotothreemiles. These are beyond the limit of the distance wheel for position measurement. 
For ranges of this long length, two instrwmnte are used on the bank. One is a transit to keep 
the boat On range and the other is a plane table to locate the soundings by cutting in horizontal 
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angles. The plane table point 18 located as far from the end of the range as the range is wide 
or maybe on au island in the lake if there is an available island. Plane table points for a 
day's sounding are always chosen before beginuing the day's work. For this type of work, the 
Walkie-Talkie radio instrument has proven itself invaluable to increase efficiency of the party 
and speed up the work. Both men on the bank me equipped with Walkie-Talkies and a third in- 
strument is used on the boat. Sincethedistancewheelis notueed onlongranges, the wheel 
operator becomes the radio man on the boat. To obtain best radio conditions, he ix&es a position 
on the bow of the boat removed fmuthe recorder meohaniem aud m&ore. Thetransitmanuses his 
Walkie-Talkie to keep the party on range. The plane table man follows the sounding boat through 
the alidade and cute in position at each sounding by horizontal angle on the plane table sheet 
whenever the sounding operator indicates a fix by the waving of a flag. Flags are altermted, 
using four white flags and one red, which provides a check for the plane table man in observing 
position end plotting these on his sheet. After the boat has completed its run to the opposite 
bank, contact with the plane table man by Walkie-Talkie makes sure that he has obtained all the 
necessary data. The plane table man in this case has a separate small boat a2id proceeds inde- 
pendently to the plane table point from which he will cut in sounding positions for the neXt 
range. Me4eanwhilethemainparty alsoproceedstothatrange. Contact is again eatabliehed on 
the Walkie-Talkie before startingthe new range. It is possible to carry on work in this way 
perhaps for a whole day without the main sounding party even catching more than a glimpse of the 
plane table man. 

Surveys of Deltas or Other Areas 

In some detailed surveys in reservoirs where it is desired to study the deposition of mate- 
rial brought in by tributaries and deposited as a delta, or to determine accurate bottom contours 
for several hundred feet immediately above or below a dam, a detailed survey of such areas is 
best made by a radial sounding method. An expert boatman is essential on this type of work as 
the boat muet be held closely in position and must be handled skillfully in order not to break 
the distance wire. In this case a pivot point is located OF, the bank adjacent to the area to be 
surveyed and a plane table is set up over this point. The distance wheel is initially set at a 
fixed distance from the pivot point of 25 feet. The pivot point is placed high enough above the 
water to keep the wire out of the water and for distances up to 300 feet, correction for the in- 
clination of the wire is set on the distance wheel. 

Starting at the bank, the boat swings in an arc, keeping the distance wire taut until the 
boat reaches the bank 50 feet distant from the starting point. The distance wire is then ex- 
tended another 25 feet to a total of 50 feet from the pivot point and a reverse &TC is run if 
operating in still water. If sounding where there is appreciable current, the soundings must 
all be made in excs swinging with the current. As the boat proceeds along each arc, the chart 
Operator presses the fix button and at the sam t&e indicate8 to the pti table m8.n his pOSi- 
tion by dropping a flag, us- the red and white flag ayetern previously described. By succea- 
sively increasing the radial distance, the desired area is covered completely and accurately, 
The plane table m8.n prepares the plans table sheet before setting up by drawing 8.rcs at 25 feet 
intervals. As he follows the sounding boat around each arc, he marks the position on each are 
on the plane table sheet where a sounding fix i8 indicated. 

Prior to the advent of the present echo sounder, radial sounding surveys have been made with 
equipmnt developed by the Corps of Engineers. This use8 alarge soundingwheelwithpianowire 
passing around the calibrated circumference to a lead sound- weight. Excellent results have 
been obtained with thie ec@pmmt but echo sounding is superior. 

Beep Reservoirs 

In the experience which we have had 80 far in the Tennessee valley, the maximm depth 
sounded has been about 200 feet in Eorria Reservoir. 
reach a maximum of about 450 feet. 

However, depths in Fontana Reservoir will 
The soundings insuchreservoirs wherethereis a seasonal 

draw-down should be made whenever p8sibh at the time of m8ximmdraw-dominorderthatthe 
rmximm lengthof reservoir may be sounded using the chart operating on a foot scale. Where 
depths greater thau 200 feet mast be sounded, the equipmnt is operated so that the chart reads 
fathoms. 

Possible Succeeding EquiIppent Developments 

The advvmcee which have been made in the utilization of electronic principle8 in engineering 
epuipmsnt during World War II have opened up raany possibilities in the way of future improveztwnts 
in engineering equipment for engineers. The eoho souudizg equipment is au excellent example of 
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something that has been accomplished. The utilization of the distance wheel for ranges up to 
4,000 feet fn length is an advance in techniques. So also is the use of the Walkie-Talkie radio. 
However, there is still a fertile field for the development of better methods for determining 
positions of reservoir soundings. Radar inmediately suggests itself but equipment that might be 
used is bulky and costly at the present time. If research is made wfth a specific objective in 
mind, however, radar should offer an excellent possibility for providing position determining 
equipnt with satisfactory accuracy and an over-all cost that would make the equipment feasible 
for practical use. Engineers should not be satisfied that the ultimate has been reached but 
should be ever alert to the possibilities of further advances either through electronics or 
otherwise. 

DISCUSSIOX 

Harold W. Murray.* Mr. Fry has requested me to expand his remarks on the nature of echo sound- 
ings. For the purpose of this meeting, consideration will be given briefly to a few definitions 
and appropriate illustrations depicting graphic recorder phenomena. The accompanying illustra- 
tions were obtained from fathogram records of the U. S. Coast and Geodetic S~ey. 

True depth. A true vertical depth is obtained only when the reflecting surface under the 
sounding vessel is parallel to the water's surface. This definition is quite rigid but does not 
detract from the overall accuracy, efficiency and practicability of echo sounding. 

Superimposed echoes. A fathogrsm recording of two or more reflecting surfaces usually pro- 
vides a trace of the bottom under the sounding vessel and a distinct superimposed trace received 
from a secondary feature lying off to one side of the vessel (Fig. 1). Examples occur when pass- 
ing near a sunken rock, shoal, or near the foundation of a bridge pier. 

Figure 1. Type NJ3-Fathogram showing a distinct superimposed side echo received from a 
shoal lying off to one side of the sounding vessel. All indicated shoals in 
this illustration were received from the same feature. 

* Chief, Hydrographic Surveys Section, U. S. Coast and Geodetic Survey, Washington, D. C. 
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Intermittent recordings resulting from fish sw3.mming under the vessel, plankton, Strays. 
flotsam, oscillation in the amplifying unit, or to other temporary causes. Strays resulting from 
electrical oscillation are the most annoying but can usually be eliminated by proper fathometer 
operation (Fig. 2). 

Figure 2. Type 808-fathogram showing several strays. The prominent stray 
marked by a leader was disproved by a special investigation. 

Peeudo-features. Unusual shapes not formed by nature but caused by movement of the sounding 
vessel or improper fathometer operation. Examples are momentary increase or decrease in the 
speed or gain of the fathometer (Fig. 3), vertical motion or roll of the sounding vessel caused 
by waves or swells (Fig. 4), and change in course of the sounding vessel (Figs. 4 and 5). 

Figure 3. Type 808-fathogram showing pseudo-shoals caused' 
by a temporary slowing of the fathometer speed. 
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'Figure 4. Type 808-fathogram showing pseudo-sand wave patterns cautled 1 
by a ground swell raising and 1OW8ri@3 the SOUndiX3g ~8~881. 

??i$lZT8 5. !Qpe 808-fathogmm showing an apparent submarine valley caused by a soti- 
ing V8SS81 r6VersiIIg its GOwT80 While SOUX'ding Over 8. d8SC8Xdk~ Slope. 



Referring to the pseudo-sand wave patterns in Figure 4, the waves of a rolling sea consist 
of a series of alternate crests and valleys. However, neither the crests nor the valleys of the 
waves represent the mean water level. When sounding under such conditions, the fathogram profile 
resembles a non-existent sand wave bottom. In addition, the patterns recorded are just the 
reverse of the actual wave patterns raising or lowering the sounding vessel. It can be apprecia- 
ted that when the sounding vessel is momentarily riding the crest of a wave, the vessel has risen 
above the mean water level. Consequently, the echo returns received during this brief period are 
too long and are recorded on the fathogrsms as the bottom of the valley shapes. Conversely, when 
the vessel lies in the trough of a wave, the vessel is below the mean water level. In this in- 
stance, the echo returns are too short and are recorded as the crests of the waves shapes. When 
recordings of the above pseudo-features are made, sowLdings should be scaled from the means of 
the crests and valleys. This cm best be accomplished by sketching a continuous pencil line along 
the mean end then scaling soundings directly from the pencil line at the desired time intervals. 

The shapes of the pseudo-features on the left and right portions of the fathogram (Fig. 4) 
are contrasting. In the latter portion, the patterns resemble the sharp teeth of a carpenter's 
saw because the vessel is heading directly into the oncoming waves. In other words, the direction 
and velocity of both the waves and the vessel are opposed. Consequently, the period of the re- 
corded pseudo-wave with respect to the movement of the vessel is at the minimum. In the left 
portion of the illustration, the patterns are gently undulating because both the vessel and the 
waves are traveling in the sssne direction. Consequently, the periods of the pseudo-wave pat- 
terns are approximately double the periods shown Pn the right half of the illustration. 

The valley pattern in Figure 5, is termed a pseudo-valley because, at first glance, it mis- 
takenly resembles a submarine valley. This fathogrsm was obtained in a locality where the ves- 
sel's sounding courses consisted of a pattern of parallel lines laid normal to and over a sloping 
bottom area. When the vessel reverses its course while over the lower portion of the slope, the 
apex of the bottom of the valley pattern is formed. The flat portion of the valley pattern is 
caused by the vesselmomzntarily running at right angles to the descending slope while making a 
U-shaped turn to obtain position on the next parallel sounding line. Similarily, while reversing 
the course of the vessel when over the upper portion of the bottom slope, an apparent shoal pat- 
tern is f0ma. It is evident, therefore, that the resemblances to shoal and valley patterns in 
this illustration are purely superficial. The fathogram, however, portraya a correct echo pro- 
file of the bottom with respect to the course of the sounding vessel. 

Conversion to true depth. When the slope of the bottom is determined with sufficient ac- 
curacy, echo soundings received from the bottom slope can be converted to true depth by use of 
the formula: 

h = e / COB 0 

in which h represents the depth under the vessel, e is the echo depth received from the slope, 
and 8 is the angle between the slope and the horizontal. 

Measuring sediment. One of the advantages of supersonic equipmsnt is its ability to pene- 
trate sod measure deposits of soft mud bottom (Fig. 6). These dewsits vary as to content and 

Figure 6. Type 808-fathogrsm showing soft mud bottom in the Choptank 
River, MeqlanL The maximum thickness of the sediment is 
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about 14 feet. Soundings are read on the O-to 55-foot scale. / 



range from material in su0pension to material with a high degree of ampaction. The nnximm 
thickuess of such deposits measured by the U. S. Coast aud Geodetic Survey is about 90 feet. 

The velocity of sound in areas of sedimentation has not been detezmined and till vary with 
the nature of the particles comprising the sedimmt. Because 'of the lncreased'deusity of the 
sediment, the velocity Is assumed tabe @eater than in sea w&r, and therefore the sediment 
thickness will be slightly greater thau that recorded. 

JOHN  A. MORRISON?.* I would like to preface my remarks with two clarlfyiag statements. Iu the 
first place I lay no claim to being a sedimentation man, nor&m I a civil engizxier or a topo- 
grsphic or hydrographic surveyor, so that I am but ill prepared to discuss the general scope of 
Mr. Pry's excellent paper. However,1 amanel.eotrioalecgLneeraudnly oareerinthatfieldhas 
imluded mmy years both in commercial orgaulzatious aud.in the Government service in the deeigu 
of electrical inslmmkents. Inthe secondplace I wax&ton&e it perfectly olsarthatwhile I 
have, as aGovernmnt~loyee,worlcedwithall of the oammercialooncerns whiohare currently 
engagedintheproductionof souudin~machines,audhavehadno smallpart inthe deslgaofneaz+l3 
all models now in service, Including that used by Mr. Pry, I hold no brief whatever for any manu- 
facturer. Therefore, If I indicate aprefereuce for theproductof onemauufacturer,thatpref- 
ereuce is based upon mer+t aud upon the ability of the machine to out-perfozvn all others for the 
applloatlon uuder consideration. The preference is based upon extensive design aud field e-z-i- 
enee, andtb facts arepresentedtoyouinorderthatallofyoumeybe sparedthe expense aud 
the growiu~painswhiohare ever the lotoftheploneer. 

The 1,188 of sound ineither theaudible or audible ranges, or as they are teohnloally 
termd, the sonic or supersonic r-6, inthemsasurenmntof depths ofwater,wheureducedto 
its fuudsm0ntalf5 beoonm3 ainqly a mapr of meaaurlng time linterv~. The fact that theee,meas- 
-ntS' mu& be quite precise Is zreceesitated by two factors, nmely the rapidity xi'ch which 
eoundtravele inwater, and the relatively short distaucee involved inriver, harbor audreser- 
voir survwys. 

Bothfactors le.&to splitseoouds%nterme of time.' There are sevWx4lreasonsforemploy- 
Ing super~onlo frequencdee ratherthanthoae bathe sotic range,buteoundvelocityie notoue of 
them, for tl~ velocitydcesnot.vargwithfrequency. However, souudvelocitydces varymsasur- 
ablywithwater temperature,tc samre:extentwithd&esolved sollds intheirater (oftentermed 
ssallnity),andsli&lt~wlthpreesure. Ertmms variatio-ii mey awuut to as mmh aa 200 ft/sec 
between warm fresh water and cold sea water (rou&ly$,7~ to 4,950 ft/sec); 

Aeerrminga velocity of )@OOft/sec, theninone-hundredth of a secondadistauceof 48feet 
willbe covered, so that time emors cf thatmsSaltude~notbetol.erated. Therefore, auac- 
curaoy of 6 %ntdtes when oonverted tc tlm units represents a tims interval of l/10,000 of a 
8OOOIld. This ie really eplltthg a second, and yet in eoundin~ for ~d&n~ operatlous aud for 
sedimentation surveya, accuracy aud preoielon are of vital lvgm&me if 8 reliable ploture of 
conditions is to be presented. 

Inthe largerharbors,where great volume ofwaterare invclved,perhape thewaterlmger- 
aturr,maynotvaryvidely,butinreeervoire,e~speolallyvZlere depthsare ehallowandwatervel- 
oaities are low, the temperature factor my loom large, Indeed it may exceed the allowable accu- 
raoy. For thla reason alone au acourate mans of teugerature ccmpeusation la imperative. 

ohs corps of E&.ueere has slnce 1938 spent muchtlm upon the investigation of the various 
phe~naoollllsotedwlthsuperscu.iomethods as applledto~phy. Considerable tinm ami 
effort have been applied to the design Of reoording lnstmnte for fahoal water applloatious, 
wbioh fall into the EBBY) oategcry as thoee of reeervoirs. These applloations are qaite different 
fromthose of navigation, of the fieheriee, andothers of the deep seaswheretbe greateracou- 
raalee are not required. The deep sea market la much larger and therefore more attractive to the 
mxmfacturer,butthe limltedshoalwatermarketie the one to teathls sgill.and~uity. 

~~epo~b~~cor(l6raknrnm~~-2,~-~~ard~-123,manufen~dbyBl~~ 
Merlne of Blew Perk, have been deslgmd, in oooperatlon with Corps of EngLneers person&l, speoif- 
icallyforthe eurveyfield, invclvingriwm3,harborsaudreservolrs, and theylneetthe exacting 
requlrenmtsofthatserv%ce. Anaamraoy of plus or&mu3 eixiuches indepths to 50 feet is 

* Philadelphia Dietriot, Corps of Euglneers, Departslent of the Am&v, Philadelphia, Pa. 



guaranteed. Models m-2 and ES-ll4 are no longer available,butthe ES-l23 1s currently avail- 
able from stock. Abe use of apointertype of tactiter, rathe? thanone of the vibratingreed 
type, has niueh to do with the superior accuracy of this reoorder, for not only has this tacha- 
eter considerably greater sensitivity, but It positively till not reaot to eXtrf%neou~ vibra- 
tions, suoh as those of the propulsion a&or. The six inchaoouracyguarantee is twice that of 
anymdelwhiehhs currently available. 

In oondbion, ths Corps of Engineers contiuues a lively interest in the design of super- 
.mnio equlpnt in ths field of shoal water hydrography, and ooustaut llalson Is maintained with 
every tuanufacturer in the' tndustry. Advice, cooperation aud assistance In this type of hydra- 
grapbyare always available uponrequest. 

_ Charles W. THOMAS.+ !l!he objectives of reservoir sedimentation surveys have been presented iu 
an excellent mauuer by the author, aud he has very ably described the method cumently employed 
by his wnoy in the oouduct of the surveys. Mr. Murrsy aud Mr. Morrison have contributed great- 
4 to the subjeot by desoriblng other mwthoda with gartioular referenoe to echo-soundlug equip- 
ment. 

Considerable thoughtshouldbf, devoted to one waph tithe originalpaper, partioularly, 
by IndividusLs who are coucerned with condwM.ng reaeFlr sedlzmntation surveys. 

"Considering the loge number aud wrtance of reservoirs both large snd small throughout 
the country, the over-all magnitude of reservoir sedinmntatlon determinatious is suffiaient to 
justuythe developmmt anduse ofmsthodswhlchtillgive desirearesultsbothaeouratelyand 
eoonomi~0Sly. n 

Inotherwords, the problemis of suchmagnitudethat itmsritsthe oo&ertsdcoogerative ef- 
fort of all concerned, even to the extent of joint purchase of equipment. 

Further developzmnt of presently employed methods is dependent upon improvenmnt of present 
equlpmnt, produotion of new equipment, aud the possibility of adapting to the problem equipmen% 
dmigned for other uset3. 

hydrographio surveys arethreedimeusioual. A souuding represents a vertical dimension 
whloh ~zi@tbe loeated in the horizontal plane by two coordinates. Eenoe, in addition to the 
souuding, there must also be position finding, or horizontal control of the survey. In recent 
years, depth zmasuremnts have been made with supersonic equipmnt. The operation of this equlp- 
merit has been described previously. The coptiuuous Braphical reoordiu@of depth by eleotrouic 
soundem hae greatly increased the neea for soms mesns of autmzati&lly detemiiud@poaition,Eow- 
ever, the developmeat of such equip&at has not been cousietent with the develodunent of sounding 
devices. 

Horizontal oontrol for hydrographio surveys uow beiug generally employed may be divided into 
two oategorlee: (1) established m&hods utlliziag mschauioal survey aud navigation instrumnts, 
and (2) experimental methods employing eleotroulc equdpmsnt. The posltionlng of souuddugs ia 
ordiua?5ly'a0oonrplishedby a direct, or indirectmeasuremntof angles and distances, using in- 
struinents no?zlla~ employed in topographia survey8, or navigation. The z&hods of application 
have nscessarl4 beenmodified. 

Theele~troni~z&hods 0fhorizontal.controlnowbeingusedto alimited extent hhydro- 
graphic surveyworkwere designedprinoipa.UyfOrwar oraeronautlcaluse,butthebasio prim 
olples upon whioh they operate permit oouversion to civil use. Since applications to war effort 
differ from peace-time applioations, .imw prooedures must be established for securiug and inter- 
pretlllgthe data, Theseprooedureshavebeenestabliahedtoa Llnmeaertent, audpreUminary 
appJ,ioatlons iudic%ate greater aoc~ymayresultthanthatatta~by pur+4meoWmlnmaaa. 

Methods of position finding, depeudiug on visual maus are not operational during Qmwut 
weather audperiob of poor visibility. This oauses cousiderabls loss of tlms to survey parties 
workluginaoastalareas,butshouldbe aeomwhatlesserprobl.emon~se~~s loosted i&mnd. 
O~bpwti~ulmadvantsge of the eleotroti~ device0 isthattheywillre~~ainoperati~,nalInfog 
and deotherperlods oflowvlsibillty. 

*QdraulioEn@lneer, ~~ceLabo~~~,~~hofDeslgnaadConstmurtion,Btlreauof 
Reolamation, Denver, Cola. 
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Essentially, all of the electronio position finders now applied to hydrographio surveys are 
still inths development stage, althouShShoranand searoh-type radar are being employedefien- 
eivsly by the major oil cmpauiee on uuderwater geologic surveys. The cost of suoh equipment, 
although justifiable onlarSe surveys, would probably be out of proportion for our ordinary 
reservoir sedimentation mrveye. 

Amng the eleotronio eyetemsbeingusedatpmsentis the SSR-5@tradardewlopedbythe 
AmyfordeteotingaudtraokinShoatile aircraft. This equipment has a certain degree of mobil- 
ity but is mxmted on trucks md trailers; henoe, is heavyandbulkyandmotadaptabletomve- 
merit over rough terrain. It was used on the bydrographio surveys in Galveetou harbor very 
sUboeaafullya& a~~urate'rmrults were obtained. The system eu@.oyes ultra-high frequencies a& 
therefore, dp6ratea on 'line-of-sight." The bu.& of the equipmsnt is looated on shore and a 
target, or radar beaoon, is nmnted on the survey boat. The cost of the equigmisnt is approxi- 
mate4 $wL~. The availability is questionable, since all radar equipment has been frozen 
for the needs of the w. However, it may be possible for Federal ageuoles to arrange for a 
loan of the neosesary apparatus for experinmxtal pwpoees. Trainedurewn are prerequisite for 
successful operation. 

Auother type of equipmsnt that has been used on off-shore surveys conducted for oilerplora- 
tion, is the ~08 navy radar. Thie equipnmnt is nmnted on the survey veesel. The location of 
the vessel is ao&npliehed by resection from previously looated point8 as viewed on the PPI 
scope. The aoouracyis sonmrhatlees thanthe shore~basedrsdar,butths equigmsmtis not bulky 
and is ead.ly instsXlsd. This apparatus Is availabls~onlyfrcml?avysurplus orWarShippln8 
Admin?stration~ and the cost varies oonsiderably, depending on the condition of the equlpsrmt. 
Ei&iLytra+doperators are not required. 

Shorm, a war devslopnt for the control of airborne aircrsft, is beinS used for off-shore 
mrveys and other similar work whsre relatively long distances are involved., This equipmsnt con- 
sists'of two or more fixed stations aud 06e mobile station normally located on the airplans or 
ship. It employs radar frequencies and aooonpliahed measurement of distance by timing the signal 
for the roundtripovsrthe course frcsncrafttoground station. The equipslent is very compact 
audwelldeeigned. The accuraoy is excellent for long distsnmss. The percentage of erz%r is 
greater when r~~aauring short distances being In the order of 15 yards. The cost of,the eqtip- 
merit, two ground stations aud one ai;borne station, is approximately $30,000. 

Ths British Deoca system is, @suerally speaking, suitable only for large bodies of water. 
The fixed stations are mre of a permanent nature, but the Ilrobile etation Is qtite eimple and 
readily roved about. The coat, inoludiu~ duty, is approximtely $160,000. 

Other nmthods employed to a lesser de-e are variations of the radio direction finding 
principle. This type of equipmntwasnotdesi.@sdtogive ahighdedegree of aomraoy,butfur- 
thsr develo~nt mQht permit adaptation to reservoir surveys. 

PhotoSrammtric x&hods of poeltion finding are undergoinS rapid developmnt, a& sow sys- 
tem based on this principle may be avaILable in the future. 

Probably the most promising eqtipnmnt for use on reservoir surveys is a recently developed 
electronio device known as "Raydiet." This equipmnt was developed for determining grouud speed 
of aircraft in flight. It is a hi&y accurate and sensitive electronlo dietame measuring sys- 
tem aud is applioable to ma3ly problems requiring precise determination of position. The system 
n~asurw relatively short distances accurately and is oapable of detecting a l-inch movement of 
a small transmitter. It is also capable of measurin& the longer distaucee and Is not limited to 
line-of-sight measuremsnte. 

The method aooamrplishes the equivalent of setting up etsndln~ radio waves in space aud en- 
ables the number of these waves set up within a given dietame to be counted. In setting up for 
the mafmwm nt of limar dletame between any two points, equipnmnt Is placed at two stationa 
located oonvetiently adjaoent to the distanoe to be measured. A continuous wave trsnsmitter is 
thenmvedovsrany convenientpathfromapointatoneendofthe distwetobemasuredtoa 
point at the otherend. A eeoondtransmitterheterodynes themovinStrausmitter and is heldat 
afixedpointinawhawaythatthe heterodyned signals oanbe receivedatbotheude of the 
dietanoe to be msasured. The signal reoeived at one reeelver is then retransmitted to the other 
point so that the two sQnala canbemlxed. Each beat between these two signals represents a 
dia~traveledbythemovlsgtranamittereqnsltoons-halfwave lengthof itstransmZtted 
frequemy. 
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For sedimntation sumeye, the pure range system of Raydist may be utilized. In this eyetern, 
two instrumnts are required and a continuoue indication of diotance between the two eets is ob- 
tained. If one instrwmntwere locatedonthe endofthe range line audthe reoordin~ instrumnt 
carried in the craft, oontinuous indication of dieten~e along the line could be had. 

The contemplated accuracy of this eystem ie 1 imh -in a mile, a little better than one part 
in 50,~. Actual measurexmnta have been made where the error was consistently lees than 1 foot 
inamile. 

The equlpmnt ie completely housed in suitoaee-type cabinets. The heaviest ein&e unit 
~0igh~ 32 pounds. The oost of the presently developed Raydiet ie approximately $20,000, but this 
should be somewhat lees after exact needs are lamwn end production increaees. 

In oloeing, I wish to again point out that there ie a definite need for an accurate aontinu- 
ous means of poeltion finding. I have reviewed briefly sonm of the methods of effecting this 
position fina- by eleotronic devices. 

HAROLD W. MURRAY. With reapeot to horizontal control of surveys by eleotroniu mm, the U. S. 
Coast and Geodet;Lo Survey is using two Shoran ln&allationf3 for control of offahore hgdrowaphy. . 
The looalitiee are in the Gulf of Maine and near the western end of the Aleutian IeLands, 
Ala&a. The results obtaineclaremoetgratifyiag. 

J. W. JOHNSON.*  It may be worth mentioning at this tima that, in w reservoir marveye, the use 
of photographs in establishing a horizontal control may be more convenient and less expemive 
than the xuore oonventional method8 of tsiangulation. Thle'mthodproved- extrems4 valuable in 
the atomic bomb teats at Bikini in that It permitted the accurate deternination of the varloue 
ship locations atthemmentthatthe bombwas exploded. Conventional,meana of locat* the vast 
number of ehlpswaa not possible due to the factthatthe ehipe were continuously swinging on 
thelranchorchaine. Aerialoemeras,of 4.0~inchfocallen&h,were mouutedontowere onthe 
varioue island& of the atoll and aimed in a horizontal dire&ion towarde the approximate center 
of the erploelon. Al.thoughthe oamsraswere intendedforotherpurpoeeathaufordetermining 
ship location, they proved exbrexw4 valuable for thie purpose; in fact, 'an ~FZ%~~.~ disoovered 
in the survey for horizontal control that was made by conventional triangulation methods. It was 
estimatedthatthismethodof mrveyingls acouratetowithinlin8,000, whiohis accurate 
enough for maog reservoir mrveys. 

COLONEL C. L. HALL.** In the Corps of Ru@neers we have done qtite a lot of work on beaoh'sur- 
veys,whichis of course abranchofhydrographlo surveylng,andwe have had acme experience in 
the use of "ducks ' . Thewholemstterwillbereporteduponinarepo~w~n~finishoourexperit 
merits. I don'twantto goanyfurthernowthanto saythatwethlnkwewlllproduce somthingon 
the ivubjeot which will be interesting. 

(QUESPIOR) Is that equipment capable of being rimed on the highvay? 

Yee, WB noved it from Washington to Pensacola aud put it in the water-and then went back to 
Washington with It. It was the same type duck that I eaw in the Philippines. We moved It on the 
hi&ways all right. It was not too wide. We even took the precaution of writing to the State 
Highway Conrmiesionere of the States we were Soin~ through, asking if they wanted au escort on it 
to carry It through. No es~ortswere required and.wewentrightalonS. 

* University of California, Berkeley, Calif. 
+y The Beach ErosionBoard, Corps of Bngineere, Departnient of the Amy, Waehington, D. C. 



ANAIXSIS AND USE OF RESFRVOIR SEDIMRFl!ATION DATA 

by L. C. Gottschalk * 

Introduction 

Prior to 1934 about 40 reservoirs in the United States had been surveyed to determine rates 
of sedimentation. In that year the Soil Conservation Service began a nation-wide survey to 
evaluate the effects of accelerated soil erosion on reservoir sedimentation. To date detailed 
sedimentation surveys have been made on about 200 representative reservoirs and reconnaissance- 
type surveys on approximately 300 more. In addition, results from nearly 100 surveys made by 
other Federal, State, and local agencies are available. Thus, sedimentation data now exist on 
nearly 600 reservoirs in 36 States, more than 5 percent of the total number of larger reservoirs 
in the country. 

Faotors Considered in Analysis of Data 

Since the beginning of its program, the Soil Conservation Service has been concerned with 
analyzing these data: First, to obtain a better understanding of the basic factors controlling 
rates of sediment transportation and deposition; and, secondly, to develop procedures for useful 
application of the data to determine sedimentation demagee and methods of control of sedlmenta- 
tion in exist$ng and proposed reservoirs. Much work still remains to be done. Different methods 
of analysis are still being tested. From the results so far obtained, however, certain conclu- 
sions can be drawn. It is the purpose of this paper to point, out the relative effects of some 
of the more important factors that need to be considered in the analysis and interpretation of 
reservoir sedimentation data and to outline briefly methods for applying the results. 

The rate of silting of a reservoir depends upon Its oapaeity, the quantity and nature of 
sediment delivered to it, and its ability to retain sediment. Some watersheds produce an abund- 
ance of sediment, while others of equal size do not. In some cases, sediment remains in suspen- 
sion for long periods of time and is carried entirely through the reservoir and over the spill- 
my. In others, it may be deposited almost immediately near the head of the reservoir. Some 
sediment deposits compact readily whereas others compact slowly. Reservoirs of equal size but of 
different use may trap sediment at different rates. 

In analyzing reservoir sedimentation data, such factors as period of record, nature of reser- 
voir operation, occurrenoe of density flows, watershed characteristics, oapaoity-watershed ratio 
of the reservoir, nature and specrffic weight of sediment, and precipitation and runoff should be 
considered. It is desirable, of aourse, to have long periods of records; Estimated long-term 
rates from sedimsntation records of less than ten years generally are not, dependable unless ade- 
quate inflow or preoipitation records are available for making adjustments. 

It Is essential that the period of record be continuous. If gates in a dam have been kept 
open for long periods of tims or if the dam has been breached so that considerable sedant has 
been sluiced out of the reservoir, the sediment that remains will not give a reliable measure of 
the total smount of sediment'brought into ths reservoir. Som3 operators make it a practice to 
open bottom sluices during periods of heavy sediment inflow. Plans are being made at present to 
develop operating schedules at some reservoirs to vent the maximum quautity of density flows in 
order to reduce the rate of sediment acoumulation. Sonm operators draw down their reservoirs 
completely in attempts to desilt them. This not only sluices sedimsnt from the reservoir but 
also increases the specific weight of remaining sediment by exposing it to aeration. Normal 
reservoir operation and seasonal draw-down cause minor redistribution and exposure of sedant 
to aeration. This, however, does not appreciably increase the density of sediment except in 
delta areas. The results of sedimentation surveys of reservoirs from which sediment has been 
partially removed by desilting practices or breaching of the dsm are not comparable to results 
from surveys of reservoirs where no sediment has been removed other then by normal spillway 
losses, and oannot be considered on the same basis unless adjustmsnt can be made for the quantity 
of sedimsnt revved. 
* Read, SedWntation Section, Office of Research, Soil Conservation Service, Washington, D. C. 



Density flows have been observed in a number of reservoirs in the United States, partiou- 
lady in the southwest. It is suspected that they occur in many reservoirs. Usually they are 
not taken into account in analyses because of lack of quantitative data. In 801318 reservoirs the 
amount of sediment trsnsferzwd out by density flows mey represent a si@ifioant proportion of 
the incoming load. 

The quantity of sediment delivered to a reservoir depends on the rate of gross or absolute 
erosion in the watershed and the ability of the stream system to transport eroded material to 
the reservoir. The rate of gross erosion depends on climatic conditions, nature of the soils, 
slopes, topography, and lsnd use. The ability of a stream eystem to transport eroded material 
to a reservoir depends on the hydrophysioal conditions of its watershed. Rot all of the material 
eroded from upland areas in a watershed is delivered to the reservoir. Part of it comas to reet 
at the base of slopes, on the stream flood plains, in upstream reservoirs, in stresm channels, 
and as above-crest deposits within the reservoir area itself. In the analysis of reservoir 
sedimentation data only the net erosion, or quantity delivared to the reservoir, is considered. 
This is determined by measuring the volume of sediment in the reservoir and nmasuring or esti- 
mating the amount lost over the spillway. The annual net erosion is popularly referred to as 
the rate of sediment production. 

In most of the analyses made by the Soil Conservation Service, the dataare groupedaceord- 
ing to a problemarea. This is done in an effort to keep soil, slope, snd topography, which are 
difficult to measure, mire or less constant. Generally it has been found that on this baeis the 
two measurable factors, net drainage area and land use, are the most iqortant watershed f-tore 
affecting rates of sediment production. 

The net drainage area is the sediment-contributing area. Rxcluded are areas above upstream 
reservoirs that intercept the sediment load and. the main reeervoir area, which does not contri- 
bute sediment to the reseerwir. 
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Figure 1. --Sediment-production ratea in the Western Gulf Drainage Region. 

Rates of sediment production per unit of area vary with the size of the net drainage area. As a 
general rule, the average r&e of sediment Production decreasea ae the size of the drainaSe area 
increases (See Figure l).Also, .the lkr8er the waterabed,' the lees is the v&.ation between-tes. 
The ~3an rate of sediment produotion decreases in much the same manner as runoff per unit-of 
-a bomases with inorease in size of watershed. Also the Largerthewatershed, the mater 
the opportunity for deposition between the point of origin and the reservoir. Very high and 
very low rates of Sediment production per unit area are found ~eneral3.y on very small watersheds. 
This ie because a shorter distauoe Of transportation gives leeser opportunity for deposition 
abovethereservoiraadbeCause~landusebeC~s increasingly important the sr&J,erthewaterc J 
ehed. A very small watershed mey be entirely in forest or as muoh as 80 to newly lCC percent 
in cmltivation. The for'estedwatershedsmaygroduce extremely lowrates of sedimsntprodwtion 
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while the cultivated watershedsmagproduoe eXtreme4highrates. In larger watersheds land use 
tends toward greater uniformity with less variation between rates of aedimnt production. 

I?ot much study has been given to the effects of land use on sediment production from area6 
larger thasl plot size. Effeots of laud use on rates of silting show up in reservoir sedimnta- 
tion data but are often masked by other factors and have not yet been critically evaluated. In 
order to evaluate these effects, resurveys are needed on a number of reservoirs where laud use 
adjustments have been made in the watersheds since the original sedimntation surveys were made. 

The ratio between the capacity of a reservoir and the size of drainage area has au important 
bearing on the rate of silting of a reservoir. It is obvious that with a given sedinumt voluum, 
a reservoir having twice the capacity of another will have only half the rate of capacity loss 
due to sedimentation. The smaller the capacity-watershed ratio, the greater the rate of silting, 
all other oonditions being equal. 

The capacity-watershed ratio also provides a clue to the trap efficiency of the reservoir. 
The trap efficiency, or effectiveness of a reservoir to retain sediment, has been found to be one 
of the ?mSt important factors involved in sedimentation. 
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Figure 2. --Relation of reservoir trap efficienoy to the capacity-watershed ratio. 

By plotting all the measured soil-loss data In various watersheds against rate of silting of 
reaervoire in these sam watersheds and by analyzing sediment-outflow records of var3.0~~ reser- 
voir0, a general trap-efficiency curve has been developed which is useful for estimating the per- 
centage of total sediment trapped in a reservoir, depending on its capacity-watershed ratio I-/. 
In general, a reservoir with a capacity-watershed ratio of lOO‘adre-feet or more per square mile 
will trap 96 percent or more of the imxzzing load. The trap efficiency gradually decreases in the 
range of 100 down to about 30 acre-feet per square mile, and from this ioint it diminishes rapid- 
4 to zero. On the average, a reservoir with ouly 30 acre-feet of storage per square mile will 
trap about 75 percent of the incoming load; one with 13 acre-feet per square mile till trap about 
60 percent; and one with 5 acre-feet will trap only about 30 percent of the total incoming load. 

The capacity-watershed ratio of a reservoir i's used in place of capacity-inflow ratio be- 
cause inflow data are usually available only for larger at&am and major reservoirs. The asstmp- 
tion that the two are comparable is not strictly valid. For e 3.e,areservoirinauarid or 
semi-arid region may have a low-capacity-watershed ratio yet not receive enoughiuflow in any one 
year to cause water to be discharged over the spillway. In contrast, the volume of msau aunual 

11 See "References" at close of cements . 
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flow from a wa%ershed of eqml size in a humid area may be equivalent to 25 t-s that of a 
reservoir having the same capacity-watershed ratio. In the drier region 100 percent of the in- 
coming sediment load is trapped, whereas in the humid area possibly only 70 percent is trapped. 

Geology, topography, soil, and climatic conditions affect the nature a8 well as the quantity 
of sediment delivered to a reservoir. Where parent materials are shales or limestone, sand con- 
tent of sediment is low. Where parentmaterialismainly sandstone, sand contentmaybe high. 
Son3 igneous and mstemorphic rocks produce fine sediment under some dlimatic conditions and 
coarse material under others. Sediments derived from Piedmont areas in the southeastern United 
States contain much clay and colloidal material. Sediments derived from loessal soil5 in the 
Midwest have a high silt aontent. The West Cross Timbers area of Ter%s, with sandy soils and 
poorly consolidated sandstone substrata, provides sediment with high sand content. Sand and 
silt settle out rapidly in reservoirs. Clay may settle out rapidly or be held in suspension 
for long periods because of the temperature or chemical nature of the water in which it is sus- 
pended. Its environmental origin has a definite bearing on the nature of the sedinrent trans- 
ported to a reservoir, and the nature of the sediment has a direct bearing on the pementage of 
total load deposited in the reservoir and on the ultimate volume of deposited material. 

The specific weight of sedimsnt is an important factor in estimating the life of an existing 
reservoir and in estimating rates of sediment production whioh are generally expressed on a 
weight basis. Laboratory analyses have been made by the Soil Conservation Service to determine 
the specific weight of sediment in numerous reservoirs throughout the country. These analyses 
show variations in the dry weight of sediment ranging from 20 to Xl.7 pounds per cubic foot, 
dependi% on the nature of the sediment and whether or not it had been exposed to aeration. 
Faotors sffecting the specific wei&A of sediment in a reservoir, including age, nature of sedi- 
ment, and reservoir operation, have been discussed in detail by Lane and Koelzer 2/. In previous 
studies of the specific weight of sed&mnt, sediment thiokness as a factor hae not been ade- 
quately evaluated because of laok of quantitative information. Thieis due mainly to lack of 
suitable equimnt for taking undisturbed core samples of more than the upper two or three feet 
of sediment in a reservoir. 

The relationship of the specific weight of sediment to depth is illustrated by an experiment 
conducted by the Soil Conservation Service at Greenville, S. Car., in 1939-1940. A measured 
quantity of sedinunt, about 2,700 grams, was allowed to settle in a 22&foot, transparent, cali- 
brated, water-filled Lucite tube 6 inches in diameter. Each second or third day an equal portion 
was added and each successivs layer separated from the preceding layer by 'a marker strata of fins 

' sand. Over a period of I26 days, 36 separate layers of sediment were added to the tube. result- 
ing in a total depth of sediment of 
near* 13$ feet. -By la%+ng the approx- 
imate dry weight of each layer of sedi- 
ment and tiaeuring the volms oocupied 
in the calibrated tube, the approximate 
speclfio weight of each lsyer could be 
determined. The relationship between 
specific weight and depth of sediment 
is shown in Bigure 3. This relation- 
ehip may be expressed by the empirioal 
formula: 

Fig. 3 .--Relationship between specific weight and 
depth of sediment in 6-inch Lucite tube, 
Greenville, S. Car. 

iZ/ See 'References" at close of comments. 

134 

*$: g;f;f,+cl;~&;$y~g;~s 2 
in pounds per cubic foot 

d = Depth of sediment, in feet 
8 2 Base of natural logarithms. 

If the vertical distribution of the 
specific weight of sedMnt in a reser- 
voir ia similar to that in a-Lucite 
tube, then determinations of the aver- 
ege specifio weight of sediment in a 
reservoir based on analyses of samples 
taken from the upper two or three feet 
are erroneous. 



An analysis of reservoir sedimentation data, particularly where the period of record ia 
short, should include an analysis of precipitation or discharge data to determine the adequacy 
of the sedimentation data for estimating long-term rates. If the period of record is short the 
results might be misleading, particularly if sedimentation occurred during a period when inflow 
was abnormal, either above or below average. Discharge records should be used when available. 
Accumulative-difference curves may be plotted to determine the position of the sedinaentation 
record in relation to cyclic c-es in discharge. Graphs showing departure of monthly dis- 
charge from the mean are helpful in estimating long-term rates since seasonal variations are 
readily apparent from these charts. Where discharge records are not available, it becomes neces- 
sary to use precipitation records instead. The use of either precipitation or discharge records 
for forecasting rates of sedinmntation is only approximate, but they are helpful in extrapolating 
data from short records. Considerable work remains to be done in development and refinement of 
methods for adjusting short-term sedimentation records in terms of the longer runoff and preoeip- 
itation records for a particular watershed or locale. Studies made to date indicate that sedi- 
mentation rates, in general, will be accelerated in the next 40 or 50 years. 

Presentation of Results of Analyses 

When an analysis of a mass of complex reservoir sedimentation data is completed the results 
should be presented in some simple usable form for practical application. This may be in the 
form of curves, -graphs, charts, or formulas. Because of the lack of refinement of data and 
the numerous variable factors involved iri' sedimentation, it is difficult to develop single curves 
or formulas to adequately express sedimentation on a watershed,or regional basis. Often envelope 
curves are *awn for this purpose. These show certain well-defined minimum and maximum expected 
rates for various watershed areas. From these the mean and design curves may be interpolated. 

Attempts have been made from time to tims to develop empirical formulas for expressing 
rates of silting of reservoirs on a watershed or regional basis. Reasoning indicates that the 
compound discount formula might be used to explain rates of sediment accumulation in reservoirs. 
Not enough work has yet been done, however, to evaluate the relative effects of such factors as 
density currents, capacity-watershed ratio, specific weight of sediment, and watershed character- 
istics in order to fit them into this type of formula. 

Some progress has been made in analyzing sedimentation data by multiple-linear and curvilin- 
ear regressions. The use of multiple regression to estimate rates of sedimentation in a number 
of Government-owned stock-water ponds and reservoirs in a 327~square-mile area near Pierre, 
s. Dds., showed very good results s/. In this study it was necessary to determine sedirmntation. 
damages to 43 Goverxnrmnt-owned stock ponds. In the time allotted for field investigation, de- 
tailed sewntation surveys could be made on only 18 ponds. A multiple regression was made to 
determine the fun&ion of various factors related directly or indirectly to sediment accumula- 
tion. Analysis of the results provided a formula whioh covered 93 percent of variability in 
sediment accumulation as expressed by the standard deviation. This formula was used for eati- 
mating the sedinmntation damages to the other ponds in the area. 

Use of Reservoir Sedinmntation Data 

The results obtained from a sedimentation survey'of a particular reservoir are used: (1) 
For determining the prevailing and probable future sedimentation damages to that reservoir, (2) 
for.determining the most effective and economical control measures needed to reduce the rate of 
Sedimentation of the reservoir, and (3) in combination with results from other reservoir sedi- 
mentation surveys end 6~uspermdea-i0ad measuremsnts, for preparing regional indices of sediment 
production. 

The measurenmnt of the volume of eediment in a partioular reservoir provides the basis for 
determining the rate of silting of that reservoir up to the date of survey. To project this rate 
into the future requires adjustmE& for changing trap efficiency and the specific weight of de- 
posits. Progressive deposition of sediment reduces the trap efficiency of the reservoir until 
it approaches zero when the capacity of the reservoir ia exhausted. On the other hand, progrea- 
sive increase in thickness of superincumbent depoaite increases the specific weight of underlying 
sediment, thus reducing the volume occupied by a given weight of sediment. I4or-e research on both 
trap efficiency and specific weight of sediment is needed to better enable us to approximate the 
expected rate of silting of an existing reservoir in say 10, 50, or 100 years. Heretofore it has 
been necessary to ass- that trap efficiency and changing specific weight counter-balance each 
other and, consequently, the rate of silting progresses at a oonstant rate until the storage 

J/ See "References" at close of comments. 
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oapacity is depleted. 

Maximum depletion of ths storage capacity of a reservoir varies fr30m one region to another 
in accordance with the relation of the original capacity to the ohsnnel volwne required to oarrg 
the normal base flow of the stream through the reservoir reach. When the original capacity is 
reduced to this volume, no further net 108s occurs and the capacity, in effect, is exhausted. 
Studies by the Soil Conservation Service indicate that ths residual volume ranges from1 or 2 
percent to about 20 percent of the original capacity exce@ for reservoirs of very low capacity- 
watershed ratio. Often a reservoir loses most or all of its usefulness 10% before maximum 
depletion of total storage ocours. 

Althou& it is of interest to know the approximate date of maxImum depletion of storage, it 
is more important, from the standpoint of evaluating sedimentation darnages, to determins when 
sedimentation begins to encroach on the dependable storage capacity. The dependable storage 
capacity of a reservoir ie that part of the usable capacity which is needed during periods of 
sustained low flow to offset consumption requiremsnts and seepage and evaporation Losses. De- 
termination of the dependable storage capacity requires an analysis of runoff, evaporation, and 
seepage data as well a8 an analys* of water-consumption records. An economic study of damage 
by sedimentation to reservoirs in the Trinity River Basin in Texas h/ showed that the depetiable 
storage capacity of 23 reservoirs, built mostly for water-supply purposes, ranged from 38 to 85 
percent of the total storage oapacity; 

Analysis of water-consumption records In many cities in the United States show6 progressively 
increaelng demands for water resulting from increase In area and population served and industrial 
expandon. To'mset these demands a progressively increasing dependable storage capacity is re- 
CpiIWL When sedimentation reduces the bapacity of a reservoir so that the dependable storage is 
not suffioient to supply primary se?XLces, then new sources must be developed to avert a serious 
water shortage. A recent analysis of water-aonsuqption reoords at Decatur, Ill. J/, for example, 
showed that, a8 of 1946, the dependable storage oapacity of the water-supply reservoir for that 
city amounted to about 48 percent of the original storage aapacity. At the 1936~1946 average 
rate of silting d&ermLned by a resent survey, loss.of ueable storage w3.l.l becoms critical by 
1956. After that date, the usable storage will become progressively lese than the dependable 
storage required. If no sedimentation h&t occur+, the present l&e would have been adequate 
to meet the needs of increased oon~mptiotl until the year 2000. This type of analysis has been 
used to determLne eedimentation damages to other water-supply reservoirs and to stock ponds and 
in principle can be applied to reservoirs designed for irrigation, power, and flood control 
storaae CLB well. 

The results of a sedtintation survey of a perticular reservoir may be used for &&emnining 
the controlmsasures justified for reducing the rate of sedimentation of the reservoir. Reduc- 
tion in the rate of sedimsntatlon of certain types of reservoirs can be effected solely by oon- 
servation practices. In others, because of the rapid rate of silting and delay in ?nstall.ing 
conservation progrm, by-pass channels, sl~iciag, dredging, eto., are required. In still others, 
where rates of silting are low, negligible benefits accrue, aocordiag to conventional economic 
thinking, from either conservation practices or other x&hods. Themethod.of determiningproper 
control measures has been d.iscussed by C. B. Brown $/ elswhere. It iIDhdM 8ll EUdJBiS of the 
following conditions: 

1. The rate, character, end sources of sedimeslt production from the watershed, 

2. The effeot of capacity-watershed ratio on rate of silting. 

3. The relative value of dam sites as determined by their abundance and demand for the ser- 
vices which their utilization can produce. 

4. The eoonamio pressure of the disoount rate in computing benefits fromsedimentation 
control. 

5. The time required for application of soil conservation praotioes, the costs involved, 
and results to be expeoted from watershed treatment. 

By proper analysis Of data and us- the criteria established by Brown, determination can 
be made of the proper type of measures to use for reduction in the rate of sedinmntation of a 
reeervoir . 

k/, JJ, 6J See "References" at close of comments. 
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Regional indices of sediment-production rates useful for estim8ting sedimentation damages to 
reservoirs, canals, ditches, etc ., can be developed by combining all known sedimantation data, 
including suspendad-load measurements, from a particular watershed or region. The importance of 
reservoir sedimentation surveys for determining regional indices has not been fully realized. 
Where investigations are made specifically to determine regional indices, emphasis is placed on 
selecting reservoirs for survey which provide representative s8zqling of the principal variants 
within the region. Reservoir surveys have an advantage over suspended-load measuremanta in that 
sedimentation data covering longer periods of reoord can be obtained. The average period of 
record for reservoirs on which the Soil Conservation Service has made detailed sedimentation sur- 
veys is about Sk years. It is not possible to measure past rates of sediment production with 
current suspended-load measurements. Except on a very few of the larger stream8 in this country, 
suspended-load measurements usually cover only a few years of record. 
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Fig. 4 .--Relation of rate of sedinmnt production to size of drainage area in the Southern 
Piedmont. 

IndiOS8 of rates of sedis#nt production are usually prepared in the form Of envelope curve8 
fromwhichthe m.ln.tlmllll,maximum~ andmeanrates andthe designcurve canbe determined(See 
Figure 4). Such cur-s have been widely used for eetimating extent of sedimentation damage in 
existing and proposed reservoir8 in connection with U. S. DepaStment of Agriculture flood-con- 
trol surveys. They have been supplied to other agencies and to private organizations for deter-m- 
ining silting factors in connection with the design and maintenance of flood chanrmls, drainage 
ditches, and other water-control developments. 

conclusions 

There is a definite need for additional. reservoir sedimentation data in m8ny parts of the 
country for determining rates of sediment production under different climatic, watershed, and 
reservoir conditions. Particularly there is a need for additional re8earOh on such factors as 
trap-efficiency, specific weight of sewnt, and 18nd use. By pmper analysis, interpretation, 
and correlation of reservoir sedimentation data with other determinable information, rates of 
sedimentation can be predicted for existing and proposed reservoirs, the effects of such eedi- 
mentation on dependent developments evaluated, and the best methods of control determined. 
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DISCUSSIOE 

M. G. BARCLAY.* Mr. Cottachalk has prese nted a very interesting and informative paper on the 
analysis and use of reservoir sedimmtation data. He has emphasized the need for additional 
studies, particularly of such factors as trap efficiency, specific wei@ of sediment, and land 
use. These are points upon which we can readily a&ree. 

Today, most engineers and conservatiotists recognize the probable effects and dama@% that 
will result from reservoir construction on sediment laden streams. Depletion of effective reeer- 
voir capacity by sediment deposition is the outstanding example recognized by both laymen and 
engineers. Failure to recoeplize the importance of sediment depletion in the design of reservoirs 
has resulted in the construction of mauy with uneconomical life spans. This has reduced the con- 
fidence of the general public in reservoir projects as effective and desirable flood control and 
water conservation nmmaree. 

Recognizing the importance of sedimentation, it is paramount that adequate basic data be 
obtaiued. As has been pointed out by Mr. Gottschalk, reservoir sedimentation dstum is a basic 
step. 

The effect of soil couservation and lmd management measures upon the reduction of sediment 
burden of streams has been demonstrated to date on ouly small watershed areas, but has not been 
&efinitelyevaluatedfor largerwatersheds. Reliable information on this project is needed so 
that effects of watershed treatmnt can be recognized in the design of reservoirs in the future. 

Next tokuowinghowumch sedimentwill accmzalateina reservoir, it is important to know 
where it will be deposited.. It is important from the standpoint of location of recreational areas, 
and possible relocation of railrosds aud highways upstream from the reservoir. Also in irrigation 
and water supply projects, it is important to know if deposition of sediment in a reservoir is 
likely to change its area-capacity relationship over a period of years of operation. Since evap- 
oration is a function of the surface area of a reservoir, it is essential to be able to autici- 
pate suoh c-s 80 that reliable forecasts of reservoir yields can be made. 

It is only through intensive study of sediment deposition, based upon accurate surveys of 
-servoire aad upstream areas made at appropriate intervals, that such information can be obtain- 
ed. In this connection, it is hi@iLy essential that accurate maps on an appropriately large 
ecale be made of reservoir sites and upstream areas where sediment deposition may occur prior to 
or at the time of reservoir construction. Such surveys should be properly xefexenced by both 
vertical and horizontal control. Range lines at strategic points should also be established; 
Although considerable headway haa been made in this direction, mauy'reeervoirs in the paet were 
either lqroperly mapped or not mapped at all at the tim of construction. This nodoubt led to 
difficulty iuobtainiq reservoir sedimentation data, and has often resulted in such data being 
ncIm tee reliable. 

+ Ama Plannin&E@neer, Bureau of Reclamation, OJ&&cmm city, okla. 



Since accurate beeio date is fuudsmental, steps neoeasary for obtaining them should be 
recognized end cerr$ed out according to plan. This applies to reservoir sedimentation data as 
well as any others. 

M. A. CHURCHILL.* A oohsiderable portion of Mr. Gottschalkls excellent paper is comerned with 
the analyeie and use of sedinmntation date obtained from small reservoirs. As he has stated, 
stream flow data for these mall reservoirs are, in many cases, not available. In such ceses, 
Mr. Cottschalk has used the capacity-watershed ratio of a pool es au index to its trap effiGienQ' 
in as much es the laok of flow data prevents the use of the capacity-inflow ratio for this pur- 
pose. 

A somewhat different x&hod of analyzing reservoir sedimentation data has be& used by the 
Tennessee Valley Authority in arriving at a basis for estimating probable future rates of reser- 
voir silting. The majority of Authority reservoirs are relatively Large end stream-flow data 
sre rather complete in each case. In au attempt to add to the value of Mr. G&ts&&k'spqer, 
the approach used by the Authority will be outlined briefly. 

Two sizable reservoirs, Hales Bar and Wilson, were in existence on the Tennessee River for 
a nmber of years prior to the creation of the Authority in 1933. The trap efficiencies of these 
two pools under varying stream-flow conditions have been used es the principal basis for esti- 
mating trap efficiences of the other reservoirs in the Teunessee Valley. A certain mount of 
date on percentage depositions in several other relatively new reservoirs has also been included 
with the Hales Bar and Wilson information as supporting evidence. 

It is apparent that the greeter the period of retention in a given pool, and the lower the 
trsnsit velocity and turbulence, the higher will be the percentage deposition of incoming sedi- 
ment. The patio of these two reservoir characteristics, period of retention to transit velocity, 
has been used by the Authority es a measure of the sedimvntetion efficiency of a reservoir. This 
ratio is termsd the Sedimentation Index. l 

* Tennessee Vslley Authority, Knoxville, 'Penn. 
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It should be recognized that the Sedimentation Index of a pool is not the same as the cap- 
acity-inflow ratio but is this ratio divided by the mean velocity. The capacity-inflow ratio is 
nothing more or less than the period of retention. Regardless of the period of retention in a 
basin, if the velocity and resulting turbulence are too high, no sedimentation will take plaoe. 

Computed values of the Sedimentation Index for successive periods of time were limited 
against the measured percentage of inccrming silt that paesed through Hales Bar and Wilson reser- 
vairs for a nuder of years, as shoyn by the lower of the two linee on the accompanying diagram. 
The upper line on the diagram applies to that portion of the total incoming silt load which is 
disoharged from a main-river reservoir into the one next downstream. Any silt that passes one 
main-river dam is obviously finer grained that local silt from the some general area but which 
hasnotpassed througha desiltingbasin. The TVA systmn of main-river reservoirs is unique in 
the respect that the nine pools, one immediately below another, form a chain of lakes some 650 
miles In total length. In thie system the desilting action of the upstreaxa pools must be taken 
Into account in estimating silting rates for the downstream reservoirs. 

As a pool becomes filled with sediment, its Sedimentation Index value is reduced and a 
greater percent of the incoming load is passed on through. Thus a reservoir is filled with sedi- 
ment at a continually decreasing rate, assuming that incoming silt loads and stream flows remain 
UllOhWpd. 

there 
In view of the fact that inflows to the reservoir are included in the Sedimsntation Index, 

is no WOeSsitY for fbws to be normal during the period when the suspended loads above and 
below the pools under study for the establishment of the relationship shown on the diagram - 
being determined. 

The method of analysis outlined above has been used to estimate future silting rates for 
all TVA reservoirs. 

The relationship shown between the Sedimjntation Index and the peroentage of incoming silt 
that will pass through a reservoir has been established for the relatively fins-grained sediment 
found in the Tennessee Valley. While the method of analysis is of course applicable to any 
reservoir, coarser or finer silt will result in a different relationship between the Sedimenta- 
tion Index and the peroentage of silt oarried through a reservoir. 

GAIL A. HATHAWAY.* Mr. Chairman, Mr. Churchill touched on a question that I feel is somewhat 
oonfusingwhenhe mentionedthatMr.Gottschalk's very excellent paper conoernedprimarily small 
stock ponds. I would like to raise the question, when does a reservoir cease to be a reservoir 
and become a stock pond? I personally feel that perhaps the laws of sediment deposition in stock 
ponds and reservoirs may be somewhat different, and I think that question is something that the 
Inter-agency Sub-committee should establish a definition for, i.e., define a reservoir and de- 
fine a stock pond and try to draw a line between the two. Do you care to oomkmt on that, 
Mr. Gottsohalls? 

MR. GOTTSCHALK. I am  sorry if I implied that all of our data are on stock ponds. Aotu@.ly of 
the 600 reservoirs on which we have data not over 5 percent are stock ponds. We have made aur- 
veys on some very large reservoirs such as Elephant Butte, San Carlos, and a number of others. 
A stook pond is oonsidered to Sse a special type of reservoir just as a water sup@.y reservoir is 
a special type designed for a particular purpose. The laws of sediment deposition are the same 
for all types of reservoirs, including stock ponds, but the rates vary in accordance with method 
of operation and the relative effects of reservoir,.watershed and climatic conditions as pointed 
out in my paper. 

VICTOR H. JON!%.* I would like to add a brief oomment on this question of Mr. Hathaway's about 
the relationship between stock ponds and reservoirs. I think we oen look at this problem as an 
extension of the curve, or the relationship of variability in sedinrentation rates as shown on one 
of the diagrsns that Mr. Gottsohalk showed on the screen; namely, the one in whioh a @-eater 

+ Office, Chief of Engineers, Corps of Engineers, Department of the Army, Washington, D. C. 
+M Soil Conservation Service, Ft. Worth, Tex. 



variability of sedimentation range is shown for the smaller reservoirs. If w8 aisO0mt ths im- 
portant factor of capacity drainage-area relationship, assuming that may run uniformly in the 
smaller reservoirs, we should expect to find muoh greater variability on the 8s~~ scale as we 
find greater quantities of f30ad3nt production from smaller unit drainages. We are moving up 
towards the head of the smaller drainage areas and should include more sediment which has moved 
a relatively short distance. In the larger reservoirs, where the capacity-drainage-area rela- 
tionahip is favorable, we generally find that the range of the sediment contribution annually 
per square mile of drainage runs from a fraction of unity up to possibly ons or two acre-feet 
per square mile annually, which would be a fairly high rate. In the small reservoirs with a 
drainage area from a few acres up to a few hundred or thousand acres, we might expect to find, 
soms cases, four or five acre-feet of sedwnt contribution per square mile, or conversely, if 
the drainage area was under g00a control we would find a low rate. !Che main point I want to 
stress is that the smaller the reservoir and unit drainage area the greater variability we may 
expect. We may find under bad conditions very high rates, and under good conditions very low 
rates. 

in 
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EFFFCTS OF SlUDBNT ON DESIGN AND OPERATION OF 
DAhsANDFLEsERvolRs 

by Albert E. Coldwell * 

Introduction 

This discussion of effects of sediment on design and operation of dams and reservoirs is 
based primarily on eqerfence in the Tulsa District of the Corps of Engineers which oomprises 
portions of the drainage areas of the Arkansas and Red Rivers (Exhibit 1). This district in- 
cludes all the area draining into the Arkansas River between the mouth of Walnut Creek near Great 
Bend, rGa.ns., and the mouth of ths Poteau River at Fort Smith, Ark., except that it extends up the 
Canadian River only as far as the State boundery between Texae and New Mexico. St includes all 
the area draining into the Red River above Fulton, Ark. Virtually the entire State of Oklahoma, 
and portions of the States of Missouri, Arkansas, Texas, Kansas, New Mexico and Colorado are 
within its boundaries. Important existing projects are Pensacola Dam, constructed by the Grand 
River Dam Authority,anagency of the State of Oklahoma; Lugert-Altus Dam, under the supervision 
of the Bureau of Reclamation; and Denieon, Great Salt Plains and Fort Supply Dams, operated by 
the Corps of Eqineers. The construction of Canton Dam by the Corps of Engineers has progressed 
to the point where closure of the river is planned for this sumua3r. 

Reports prepared by the Corps of Engineers during the period 1932 to 1936, popularly known 
as the “308 reports," for the Arkansas and Red Rivers both make note of the sediment problem for 
these stresms. 

TheArkansasRiverreportl/ said: "The construction of channel reservoirs In the principle 
sand-bearing tributaries, the C-&s&an, Cimarron and Salt Fork Rivers should be approached with 
considerable caution. Ths sand and silt content lessens as one goes downstream, but at their 
mouths the solid load till probably average 2 percent of the total flows during flood periods.* 
InoidentaUy, though no special study has been made of conditions during flood periods for which 
the 2 percent estimate was made, the year-round average sediment content of these streams is now 
computedasbeing: Canadian, 0.9 percent; Cimarron, 0.6 percent; and Salt Fork, 0.8 percent. 

As another exsmple from these reports, it was predicted 2/ that Denison Reservoir would be 
half filled with sediment in 150 yeers. This agrees with prexent-day estimates indicating a life 
of almost.300 years for the reservoir actually constructed. It should be noted, however, that 
the ability of the rcJservoir to control the peak discharge of large floods will be impaired be- 
fore the reservoir is entirely full of sediment. 

Samples of suspended sediment were colleotsd J/ from the Arkansas and Red Rivers downstream 
from the present Tulsa District as early as 1879. The first intensive program within the present 
district boundsries was carried on in water year 1931 in oonjunction with the fz308tf reports. The 
collection of suspended sediment samples was resumed on an extensive scale when an expanded 
stream &agiw program was started about 1938. Data obtained from these samples, as well as in- 
formation about sedimentation In reservoirs on other watersheds, were used in the design of 
authorized reservoira. 

When preparation of the cmrehensivs survey report on the Arksnsas River was underway in 
1942 the question of the effect of Canadian River sedtint on navl&ation was considered important. 
Use of a dam at the Eufaula site was proposed as a solution, and as the investigations proceeded 
the advantages of this sits for a multiple-purpose flood-control, power and sediment control 
reservoir beoam, apparent. As a loSical extension of these inveetigations, the proportionate 
setint contribution from each tributary above the proposed Arkansas River navigation system was 
determined (Exhibit 2). ThzLs resulted in the consideration of sediment retention dams for the 
main stem of the Arkansas River, and they are included in the multiple,purpose plan authorized by 
congress. 
* Tulsa District, Corps of Engineers, Department of the Army, Tulsa, Okla. 
&/, d and A/ See "References" at close of comvmnts. 
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EXHIBIT 

Mr. E. W. Lane was retained aa a consultant on this problem, and he prepared as an exhibit 
for the Arkansas River Survey Report a thoroufth treatise on the subject. Aoknowledgement is ex- 
tended to Mr. Lsne for his assistance to the Tulsa District, 86peGiw to the extent that points 
discussed herein had their original beginuings with him. One of Mr. Lane's reconmndations was 
that certain future studies ehould be made to determine mre aocurately the sediment difficulties 
of the Arkansas River project. Acting upon this reGG?3m3ndation, the Division Engineer, South- 
western Division of the Corps of Engineers, obtain& the services of a oonsulting board to assist 
in the fonmlation of a coordinated program of sediment studies in the Division. Members of this 
board. of consultants were Mr. Lane, the late &. 0. R. Floyd and the late &4r. G. C. Dobson. 

In line with the suggestions of the board of se&imentation cousultants and the Division 
Office, the 'Tulsa Dlsbict established a program of sediment investigations which largely forms 
the basis for the present paper. This program GOVerB the fOlbWiI3g eight gOidS: 

1. Sediment deposits within and above reservoirs. 
2. Sediment variation within flow section. 
3. Bed material samples. 
4. Subsurface samples. 
5. Routine extensive suspended sediment sampling. 
6. Intensive suspended sedimnt ampling for daily flows. 
7* Degradation of river channels below dams. 
8. Bed-load xcovement. 

Some progress has been made on all these subjeats except, one, namely bed-load movement. 
However, the Little Rook District of the Southwestern Division has carried on some experimnts 
with bed load. 

In April of 1945, by urger of the Denison and Tulsa Mstricts , the coordination of theory 
and practice in the sawe district becam feasible. Operation of the Denison Dam, completed in 
194.4, and its reservoir, Lake Texoma, the fourth largest reservoir in the United States in terms 
of controllable capacity, could be observed in relation to their behavior in controlling one of 
the notable sediment carrying streams of the country--as witness its ntum, Red River. 
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In the presentation of this paper it will be noticed that there is no distinct line of 
clemaroation between the effects of sediment upon design and upon operation, This is because in- 
formation gained gradually from operation ia being used for design purposes and, similarly, the 
de&g of structures already in existence has its effect upon their operation. 

Reservoir Capacity. - In designing a reservoir the capacity allocation reserved for sediment 
depends upon the amount of sediment inflow, the suspended portion of which is usually measured at 
or upstresm from the dam site. For the portion of the total sediment inflow not measured in sus- 
pended samples, valley surveys or other methods of determining abnormal bed deposits may be used. 
In computing the average suspended sediment lo&i over a period of years the first step is prepa- 
ration of a rating curve of sediment concentration versus discharge (Exhibit 3). The resulting 
rating on logarithmic paper usually takes the form of a smooth curve rather than one or more 
straight linm. In general, a sediment rating curve has the following tendencies as the dis- 
charge inoreases: the concentration remains almost constant during base flow, increases rapidly 
during small to moderate rises, levels off before bankfull capacity is reached snd then decreases 
at.flows above bankf%Jl (in this case about 8,000 o.f.s.). It is to be noted that this refers to 
concentration rather than load. The sediment load usually appears to continue increasing even 
after bankfull capacity is exoeeded, thou& this is not always the case. 

The second step in computing average sediment load is plotting duration curves of water and 
sediment discharge and obtaining the area under the sediment duration curve (Exhibit 4). Four- 
cycle logerithmic probability paper is useful for this purpose. It allows close analysis of 
suspended sediment behavior du.rinS the first one percent of duration tizm - a period of high 
water flows during which a large part, sometimes even the major portion, of total sediment load 
is oarried. 

Sediment reserve storages in reservoirs are usually computed aa being available for 50 years. 
This means that the storage uses for which the reservoir is designed, such as flood-control, ir- 
rigation, water-supply, etc., will not begin to be depleted until the reservoir is 50 years old. 

In the humid and sub-humid regions the volume reserved for sediment is uauslly small in 
comparison to the volume needed to control floods. In fact, the sediment reserve storage is 
often leas than the desirable recreation pool. 

In contrast, in the arid and semi-arid regions the ssditnsnt reserve is a lsrge proportion of 
the storage, in some cases as much as half. One good effect is that it often provides large 
recreation pools in localities where such facilities are usually few in number. 

Upstream Delta Effecte. - Reservoirs which still remain economically feasible after pro- 
vision of adequate sediment reserve present no further difficulty if the deposits scour -in the 
portion of pool reserved for them. Actual deposits may oocur at the upper end of the reservoir, 
thus depleting storage which may be useful only between certain elevations. For instance, at 
DenisonReservoir ths power drawdown storage is between elevations 590 and 617. Any trading of 
storage space below elevation 590 for space above that would have a detrimantal effect on avail- 
ablepowerheadduring a drawdownperiod. It may be seen (Exhibits &1,5,6,7 and 8) that emme 
depletion of the Denison power pool is beginning to occur. 

In oases where it beoomes apparent during design studies that useful storage will be lost by 
sedlmsntation it is highly desirable to decide at that time which of the various allocations 
should absorb the loas. For instance, in the Tulsa District a step in this direction has been 
made at the Canton Reservoir on the North Canadian River, where, even before the construotion of 
of the dam has been completed, irrigation storage has been authorized by Congress &/ in the words 
of the following partial quotation It . . . . ..upon the oondition that when siltation of the reservoir 
shsll sncroaoh upon the flood-control allocation the irrig&ion storage will be reduced progres- 
sively unlees provision is made to raise the height of the dam or otherwise provide ocuugensatory 
storage.. . . . . .'I 

Besides the loss of useful storage in pla08 of waste apa0Sj the upstream depoeits may COm- 
plioate the problem of land acquisiton and relooatioirs. Usually, the to& of flood~oontrol pool 
la so high above the pernmne nt pool that land eoquisition is automatioally hi& enough, thou& 
not necessarily upstream far enough. Rslooations well down in the pool are ueually worked out 
by ne@&,ions. Sedantie so small involume comparedtothe poolthatbaokrater caussdby 
sediplentis ne&I.gible. 

41 See "Referenoss" at close of cwnts. 
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At the upper end of the pool, or even out 
of the pool, it is often questionable whether 
the reservoir would affect the facility. With- 
out sedirosnt the question is rather easily an- 
swered by backwater computations. With sedi- 
ment, such factors as eventual stream bed eleva- 
tion, new roughndss factor, scour conditions 
duriq pool dxawdown, vegetation, etc., must be 
considered. 

An example of a case where the affect of 
sediment is questionable is the Santa Fe Rail- 
road bridge crossiw of the Red River near 
Gainesville, Tex. (Exhibit 9). This is on the 
main line between Oklahoma City and Fort Worth, 
and the railroad officials have claimed that 
the presence of Denison Dam will adversely af- 
fect the safety of the bridge. There is no 
present indication of a hazardous condition at 
the bridge, and periodic surveys will reveal 
sedimentation, if it occurs, in sufficient time 

original and two repeat surveys of this kind show 
that there has been only slight change in cross-section at the bridge up to the present time. 
(Exhibit 10). 

&di.nmnt Movemnt Through Reservoirs. - In order to maintain useful reservoir capacity as 
long as possible, It is desirable for sediment to be deposited in the pool reserved for it at the 
bottom of the reservoir. In sozm cases, such as a reservoir which is not used as a sedinmnt de- 
tention reservoir and which does not have a hydroelectric power plant, it is even desirable to 
pass as much as possible of the inflowi= sediment entirely through the reservoir and into the 
river below the &am. 

Since it is not practicable to drain most reservoirs to keep &em empty, the movement of in- 
flowing sediment to the lowest pool or entirely throwh the dam must depend upon the flow of 
eediment-laden currents. Several rather thorough tests have been made to determine the nature 
of such currents in Denison Reservoir. UP to the present time these have been found to be ap- 
parently simple displacement currents, the muddy water pushing the clear water ahead of it through 
the reservoir. The concentration of suspended sediment in water during rises has decreased rather 
rapidly upon reach@ the main lake (Exhibits 11 and 12). Although there has been no flow of 
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definitely mddy water through Denison Dam, at Great Salt Plains Reservoir water containing as 
much as 0.14 percent sediment has passed through the outlet worhs. Its red color was visible on 
the surface of the lake during its passage through the reservoir. 

Density currents, as such, have not had any effect up to the present time on design or 
operation of existing and proposed reservoirs. Such low-level outlets as are in existing pro- 
jects are at sufficiently low elevation for any flushing which will ever be necessary, but their 
presence is largely incidental as part of the most desirable design from standpoints other than 
sedimentation. 

Inclusion of low-level or variable-level sluices in dems appears to be gaining increased 
support from the fish and wildlife agencies of the nation, and the definite identification of 
density currents, especially if they are found to carry worth-while loads of sediment, might 
strengthen the necessity for investigation of such design. 

Stream slopes may be too small, or the ratio of reservoir volunm to inflowing sediment vol- 
umes may be too large, to beconducive to density currents in the Tulsa District. It appears 
that both these factors are present at Denison. However, the subject of densityicurrents has 
received a considerable amount of research elsewhere, and tests will be continued to determine 
whether important density currents occur in,the Tulsa District. 

Tailwater Conditions below Dame. - For each dam reaching the design stage, minimum tail- 
water curves are computed and these serve as the basis for design of spillways, outlet works or 
power plants, as the case may be. 

Stream-bed profiles below Fort Supply and Great Salt Plains Dams have changed since the pro- 
jects were constructed (Exhibit 13 and Exhibit 14). Rotice the precarious conditions of the 
water-level gages at the stream gaging stations. In order to avoid negative readings the zero of 
the Fort Supply gage has been lowered 3 feet since construction of the dam. Ro change has been 
made in the zero of the Great Salt Plains gage, but it has been noted that this gage has recently 
been within one-half foot of its zero datum. In establishing water-level gages below dam sites 
on sediamnt-laden stresms it thus seems advisable to set the original zero of the gage low enough 
that the possible confusion resulting from future changes may be avoided. 
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The stream bed profile below Denison Dam (Exhibit 15) showa that in 8011~3 placea the surfe.ce - - of low water flow is now at a lower elevation than the lowest point in the original stream. It' 
willbe notedthatthe riverbedatthe first bridge below the dam(highwaybridge) has retained 
its original elevation. Minimumtailwater for the design of the Denison outlet worka aud power- 
house wae computed on the basis of the rock line at this bridge and this control appears to be 
holding up well. At the second bridge below the dam (railroad bridge) there has been slightly 
rime erosion, and a picture (Exhibit 16) shows etidenuee of rock outcropping, It is said that 
the wreckage which shows in the water in the left of the picture is the remins of a box car which 
had been placed on the bridge in a vain attempt to anchor it duriug the flood of 1915, and that 
the box car has now reappeared for the first time since then. Thethirdbridge below the damis 
the onewherethepresentgageislocated. Because of the fairly stable control for a short dis- 
tance downstream, lowwater ie still about five feet above the zeroof the Sage. 

Three typiaal degradation ~a below Dension Dam show (Exhibit 17) the bauk erosion and 
deepeuing caused close to the outlet works; the deepening oaused in a narrow portion of the 
river; and the shiftiugofthe &axmelfromone side of the river to the other exdthe severe 
bankcaving, instead of deepeniug, causedbythe channel shift. At this range om of the original 
-ma nxanumnts was lost by fallinS into the river. 

In the 17 river miles below Denison Dam it is estimated that about 2,900 w%w-feet, or about 
150 cubic ysxds per yard of river length, were removed in slightly mre than 3 yeare. 

Animportsn~preCtzcal aspect Ofthe degradationproblemis the imreasedheadavailable for 
power production at Deniaon. Tailwater (Exhibit..fi) for the range of flows used in making power, 
about 5,000 c.f.s. for the pre&lg installed one unit, has lowered about 5 feet since comtru+ 
tlon of the darn started. This represents almsta 5 percent increase iuavailableheadaudoon- 
sequentlyinp&errevenue. Under preeent conditious the extra 5 feet of head is worth roughly 
$4o,ooo anuually to the Denison pro~eut. 

Sumnary. - Water-borne sedimnthae au importantefPectuponthetotalcapacityrequired in 
multiple-purpose reservoirs. Byprovisionof adequate sediment eto~theproblemswhichremaln 
are s%tqMfied. Such problmns include flooding oaused at or upstreamfimm the debris-filled up- 
per ends of reservoirs; PPethod8 of tramporting i&lowiI@ sed*ut entirely tb7?OUgh'~SS?TVOirSj 
andthe changesuaueedinriverchannelebelcnr&euseoneedimeht-lad6nsfrsame. Dependingupor the 
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M.K. &T. RAILROAD BRIDGE ABOUT TWO MILES BELOW DENISON DAM 

EXHIBIT 16 
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extent to which increasing experience shows them to be significant, all these factors are given 
consideration in the design and operation of Corps of Engineers projects. 
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DISCUSSION 

LESTER C. WALKER.* Mr. Coldwell~s informative paper discusses two items which appear importapt 
from the standpoint of power development. They are: (1) Depletion of the storage capacity of 
the power pool by deposition of sediment in that pool instead of in the dead storage pool, and 
(2) degradation of the river ohann below the dam with'its consequent reduction in elevation of 
the tailwater and increase in power head. 

Mr. Coldwell's statenmmt that th8 storage uses "such as flood control, irrigation, water 
supply, etc., will. not begin to be depleted until the reservoir is 50 years," provided the sedi- 
ment reserve storage is computed as being available for 50 years, seems to require explanation 
in light of the record at Deniaon as illustrated by Exhibits 5 and 6. These Exhibits, which show 
the sediment aocumlation during the two years of reservoir operation at sediment ranges NOS. 16, 
17, 20, 49, and 9, indicate a pronounced accumulation of sadtint within th8 power pool. As he 
points out, power pool storage space occupied by sedzlmnt may not be traded for a like quantity 
of unoccupied space in a lower portion of the reservoir without serious loss in power head. . 

Th8 power pool at Denison, like that in many multiple-purpose reservoirs, occupies a central 
position vertically in the reservoir. The water surface is usually at som elsmation within the 
power pool at the beginning of a flood, and hence the first sediment laden wat8r deposits a large 
portion of its load within that pool. Thus it appears f&at the power pool may be expected to 
suffer from sedimsnt acc.umulation earlier and to a greater extent than other portions of the 
reservoir. Therefore, it becomes important, as Mr. Coldwell observes, to cietermins during the 
design stage how the depletion of storage by s8d3meut accumulation will affect the various 
storage allocations and to make proper allowances therefor. It has not come to our attention 
that original desie plans have provided reserve capacity for sediment in any except the low8r 
portion of the reservoir. With the present lmowledge of the behavior of sediment it should be 
possible to -rove upon design by allocating capacity between specified elevations in the upper 
portion of the reservoir in addition to the reserve at the lowest elevations. 

Accmmlation of sediment within the power pool has a continuing and increasing detrimental 
effect upon the power values of a project similar to Denison, an effect, too,.which is permanent. 
As an offset to such loss of power values, which may or may not have been accounted for in the 
original studies, there may be degradation below the dam with its consequent lowering of tail- 
water and increasing of net power head. Exhibit 18 indicates, as Mr. Coldwell states, that the 
Dsnison tailwater elevation has been lowered about 2 feet by degradation. This is between 3 and 
6 percent of the average power head ~IICL, inasmuch as the design and construction make possible 
full utilization of this increase in head, it improves the power output in kilowatt-hours ~llare 
than 5 percent and the capability of the generating units at mininaun head by about 11 percent. 
Mr. Coldwell has estimated that this extra head is worth about $40,000 mmalJy to the Denison 
project. However, his estimate is based upon the present installation which consists of only one 
generating unit. There is provision in the Dsmison design for additional. generating units and 
this extra head will be worth at least $75,000 annually when a second unit is installed and over 
$100,000 if a third unit is placed in operation. It should be noted that losses in power &or= 
capacity and. increase in head by degradation are time series variables. 

* Engineer, Ggional Office, Federal Power Commission, Chicago, Ill. 

157 

rr 



It is important that the rate and total extent of degradation below the power plant be ac- 
ourately estimated. If degradation is less than estimated there may have been an unnecessary 
expenditure in placing the turbine at too low an elevation and if degradation is greater than 
estimated it may be impossible to take full advantage of ths extra head created and it may be 
necessary to construct an expensive barrier to prevent lowering of the tailwater with the con- 
sequent breaking of the draft tube seal. Unless the rate at which degradation will take place 
is known, it is difficult to forecast the power which will be available and to schedule instal- 
lations to meet future loads. It is to be hoped that further studies and additional experience 
will permit more reliable estimates of degradation. 

OLIVER JOHNSON, CLARENCE PEDERSEN, AND H. 0. WESTBY.* In keeping with the views of specialists 
throughout the nation who realize that proper planning and design with relation to the problem 
of how to provide for sediment is an urgent necessity, representatives of the Portland and Seat- 
tle Districts and the North Pacific Division, Corps of Engineers, recognize that a definite prob- 
lem exists aad that well planned aotion to provide the beat possible answer must be taken. 

Quantitative,data on the amount of sediment carried in the streams of the area are quite 
limited, compared to data available on streams elsewhere in the United States, and this lack of 
data handicaps design personuel. to some extent. A sampling and survey progra has been planned 
to furnish the required data, and this program is expected to begin very soon. Almost all of the 
sedimentation problems sxe concerned with the space in storage reservoirs that will be occupied 
by silt at so?~ future date; machinery uear due to silt in flowing water has been ass-d to be 
negligible and no provision for extra wear from this sourae is being provided, 

The Pacific Northwest consists of several geographical areas with varying characteristics, 
and sedimentation problems differ in each area. Basins with streams having somewhat similar 
problems are (1) Upper Columbia east of the Cascade Mountains, exclusive of the Snake River; 
(2) Snake River; and (3) Lower Columbia, west of the Snake River Basin with Pacific Slope drain- 
ag;e. 

A description of the characteristics of each basin, and sedimentation measurements and eeti- 
mates pertaining to the area, are contained in the following paragraphs: 

Upper Columbia east of the Cascade Mountains, exclusive of the Snake River. The Upper Col- 
umbia drainage area generally has tierate to low annual precipitation and is not subject to the 
extensive and frequent convective storms of the southern States; most of the run-off is from snow 
melt from the higher mountainous areas that are well forested. These factors tend toward reduced 
rates of erosion snd make silting of reservoirs a minor problem in this region. A number of large 
lakes on the Upper Columbia River and tributaries are retaining a certain amount of silt, as it 
has been noted that during flood stages the streams enter quite turbid but have a clear discharge. 
Many of these lakes are very deep and much of the silt is, no doubt, being deposited in the deep 
portions, as visible changes are not generally noticeable in ths absence of accurate surveys. 

Probably because silting has not caused serious trouble on many existing projects, there has 
been little effort made to study this factor and as a result the available data in the form of 
actual measurements are very meager. Data available consist of suspended load-measurements on 
the Columbia River at Pasco and Northport, Wash., the Yakima River at CleElum and Prosser, Wash., 
the Naohes River at Naches, Wash., the Wenatchee River at Caskanme, Wash., the Okanogsn River at 
Okanogan, Wash., the Spokane River near Spokane, Wash., the North Fork, Coeur d'Alene at Enaville, 
Idaho, and on the South Fork, Coeur d'Alene at Enaville. Most of these observations covered a 
period of about one year and indicate that the annual sediment carried in suspension varied from 
0.009 to 0.035 acre-feet per square mile of drainage area, except for the South Fork, Coeur 
dIAlens, which was s-what higher, probably due to mine ,tailings. Reconnaissance surveys of 
several reservoirs, made by personnel of the Soil Conservation Service, indicated that the reser- 
voir having the highest sediment accumulation per unit of drainage (0.46 acre-feet per square 
mile) was the Tieton in the Yakima River Basin; due to the large ratio of storage to drainage area 
the annual rate of storage loss was only 0.04 percent, which ia very low. 

Based on the data available, it is estimated that sedimentationwill not reduce the gross 
storage of any one proposed storage project on the Clark Fork and tributaries more than two per- 
cent in 50 years. With the addition of other projects and increased storage per square mile, this 

* North Pacific Division, Portland District, and Seattle District, respectively, Corps of 
Engineers, Department of the Army. 



percentage will be even smaller, and it is apparent that the sedtintation factor is of minor 
significance in the economics of these developnzents. 

Although no comparative measurements are available, it is believed that the sedimwntation 
factor of the Kootenai River will be considerably greater. This belief is based on the fact that 
the Kootenai has at some time in the past deposited large quantities of silt on the Kootenai 
Flats, and at tim8s of flood stage it is very turbid in the vicinity of Banners Ferry. Since 
much of this turbidity is probably due to bank erosion, conclusive evidence as to the rate of 
silting of upstream reservoirs is not present, but it is believed that it will not be excessive. 

Information relative to the sediment being carried by the Walla Walla, John Day and Umatilla 
Rivers indicates that moderate emounts are being transported. Furnish Reservoir was built by 
private interests on the Umatilla River, below Pendleton, Oreg., in 19l.l; it had a total oap- 
acity of 5,000 acre-feet, or a capacity watershed ratio of about four acre-feet per square mile 
of drainage. By 1934, when the reservoir was abandoned, it had silted up so that only an eati- 
mated 1,000 acre-feet of its original capacity remained; the operators of the dam stated that 
most of this silt osms from a small tributary, White Horse Creek, with only a small amount from 
Umatilla River. This rate of silting corresponds to about .15 acre-foot per square mile per 
yea-f. The consultants on the project estimated that silt,would not become a problem for 50 
years, but this and other examples show that when a low capacity watershed area ratio is used in 
design, trouble and loss almost invariably follow. 

In the pools behind proposed dams in the Columbia River below Grand Coulee, the storage- 
drainage arwa ratio will be small, but with existing and proposed upstream storage reservoirs, 
most of the sediment will be intercepted. Furthermore, these run-of-the-river plants will have 
relatively short detention periods during flood stages and much of the material in suspension 
will be carried on downstream. It is believed safe to assume that less then one percent of the 
storage for pondage will be lost m 50 years. 

Snake River Basin. The Snake River drainage has moderate to exceesiv8 precipitation over 
the headwaters, most of which occurs as snow, end flows through a semi-arid region on its way 
to join the Columbia nsar Pasco, Wash. Part of the headwaters rise in the Gros Ventre, Wyoming 
and Salt Ranges, in areas which are chiefly folded sediment4 some of which are easily eroded and 
subject to landslides. In the Gros Ventre and Grays River Valleys, landelides are particularly 
noticeable. The sides of the Gros Ventre Valley are composed of deeply folded layers of lime-' 
stone, sandstone, cretaceous shales, and lava flows. when the shales are thoroughly saturated 
with water, landslides often occur. Evidence of 8011~3 30 or 4.0 of these slides has been found by 
geologists. The largest slide of record occurred on June 23, l925. It form8d a dam across the 
Gros Ventre, 180 feet high and about 3,600 feet long, and 30 to 50 million cubic yards of mate- 
rial were involved. As the valley filled, the slide spread downstream for a distance of l* miles 
When the river was in flood on May 18, 1927, the dam washed out. The release of the water im- 
pounded by the slide caused an unprecedented flood which carried about 10 million cubic yards of 
debris into t'ne laxer Groe Ventre and Snake River Valleys. 

Although th. upper reaches of th8 Snake River carry a fairly large emount of sedinrent, flow. 
ing through braided, shifting channels, this condition does not exist in the lower part of the 
stream. The silt problem is considered to be somewhat more severe then m the Upper Columbia 
Basin. 

Measurements of suspended silt in the Salmon, Malh8ur and Palouse Rivers, in 1905, and in 
the Payette River, in 1906, indicate that only smell amounts of sediment were being transported 
by those streams. Measurem8nts were made in 1905, 1906 and 1907 on the Boise River near Boise, 
Idaho, and on the Snake River near Weiser, Idaho, in lyll-1912. Samples were tsken on a number 
of streams in the Upper Snake Basin in 1939 and 1940; the records are short and definite esti- 
mates as to the rate of silting could not be drawn. 

The Geological Survey, in cooperation with the Soil Conservation Service, made sediment 
measurements on the South Fork of the Palouse River at several stations in the vicinity of Pull- 
man, Wash., during the period 1934-Z&C. The sediment production per 100 square miles of drain- 
ag8 area averaged about 23 E&Cl-e-f88t annually (assuming a dry Weight of 6C pounds per cubic foot), 
indicating that sediment production from this area is moderate compared to the United States as a 
whole, but probably higher than for most parts of the Northwest. 

In a report by the Soil Conservation Service on the Sedimentation survey of the Black Canyon 
Reservoir on Payette River, five miles northeast of Emmet, Idaho, the amount of silt deposited in 
3.~' years was estimated to be about 4,000 acre-feet, or -15 acw-foot per square mile Of drainage 
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area per annum. The loss in storage in the reservoir was 0.89 percent per year, which is con- 
sidered to be moderately high. This is due partly to over-grazing, and partly to the low cap- 
acity-watershed ratio of 14.63 acre-feet per square mile of drainage. 

In the Upper Snake Basin no complete sedimentation survey of an existing reservoir has beer: 
made. However, estimates by several agencies placed the annual silting rate of the Arrowrock 
Reservoir, on the Boise River, at 240 to 625 acre-feet, or .ll. to .2% acre-feet per square mile 
of drainage area per year. The original capacity was 291,500 acre-feet, and it had a moderately 
high capacity-watershed ratio of 131 acre-feet per square mile of drainage. Therefore, no 
trouble from sediment deposits should be experienced for sow time. Arrowrock Reservoir has been 
sluiced several times since its construction in 1915, but no information is available concerning 
the mount of sedinaent removed from the reservoir during these sluicing periods. The amount re- 
moved is probably rather small. 

Lower Columbia River west of the Snake River Basin, with Pacific Slope drainage. This area 
of t~~~Northwest has moderate to heavy precipitation but the areas of heaviest precipita- 
tion are generally in nK?ntainous terrain which is heavily forested and rocky in nature, so that 
sedimentation is a minor problem. The headwater streams are characteristically clear except dur- 
ing periods of flood when silt and bed loads are temporarily carriea. The main stems flow 
t~ughvalleys which have been built up by sedimentary deposition. Bank erosion, bed loed move- 
ment, and shifting channels present serious problems of control. On the navigable portions of 
the lower Willamette, Columbia, Puyallup and other coast streams, the bed load movement of sands, 
silts and gravels are such aa to necessitate a substantial annual program of dredging to main- 
tain adequate channel depths. 

Measurement of suspended silt in the Columbia River has been made at Cascade Locks for a 
two-year period in 1910, 19l.l and 1912, by the Corps of Engineers, in cooperation with the Geo- 
logical sL%$Vey. Suspended. matter averaged 40 parts per million, which indicates that only a 
small amout of sediment was being carried. Measurements for a period of about one year, 19l.L 
1912, were made on a number of streams in Oregon, including the Willamette, McKenzie, Santiam, 
umpqua, siletz and sand.y. These records indicatethatsuspendedmatter Inthis area is generally 
fairLy low. These measuremnts on the M&en&e River indicated a sediment rate of about .02 
acre-feet per square mile of drainage area per annum. Ssa@es were taken for a period of one 
year, April 1942 throughMarch 1943, of the water flowing over the spillwsy at Bonneville Dam, 
as part of en investigation of the excessive erosion of the baffle piers and. deck of that struc- 
ture. The program indicated that the average concentration of suspended matter (76 parts per 
million) was not large, showing that the Columbia is not a heavysilt carrier, and-that due to 
the presence of quartz in the suspended material, some abrasive action might be expected from 
the Columbia River water. 

No record of measurement of suspended matter in Washin&on streams are available, but in- 
dications are that these streams are very similar to those in Oregon in this respect. The silt- 
ing up of harbor navigation channels and tributary streems, as far upstream as the tidewater 
effect, is an ever present problem for western Washington rivers and harbors, the most satisfac- 
tory solution for which has been maintenance dredging. 

As shown by the above discussion, the sediment problem in the Pacific Northwest is not be- 
lieved to be as severe as In other parts of the United States. For this reason, only a small 
scale program of sediment measurement has been outlined for the North Pacific Division. 

The Seattle District has prepared a plan for measurement of silt deposit in Mud Mountain 
Reservoir, but it will probably be sm time before deposits thick enough to warrant measurement 
are experienced. This reservoir is to be used for flood control only, and doe8 not have a con- 
servation pool; the outlets till be open most of the time and low flows will tend to flush out 
sediment rather than bring in new deposits. No sediment ssmpling program on rivers in the Dis- 
trict has been planned. 

The Portland District expecte to make measurements of silt deposits in Cottage Grove and 
FernRidge Reservoirs in the fall of 1947. These are multi-purpose reservoira that have been 
in operation for several years, and definite indiaations of the extent of the silting problem 
should be obtained from these and succeeding masurements. In addition, a sediment sampler has’ 
been obtained and it is expected that a field party will be organized in the near future in order 
that data on seatint in several of the stresms in the Portland Distriot will become available 
for aid in the deeign and operation of future reservoirs. 
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GERARD H. MUTHES.* The object of this discussion is to cite one case where sedimentation in a 
reservoir was largely prevented at trifling cost. This is not offered as a solution to the 
problem of reservoir sedinrmtation in general - rather, its applicability elsewhere is restricted 
to mountain streams carrying chiefly bed load material. 

The case is that of Barker DamReservoir on Boulder Creek, Colorado, owned and operated by 
the Public Service Company of Colorado. The dam, located at an altitude of about 8,000 feet, is 
of the straight gravity (Wegman) type, 177 feet in height and 720 feet in length. The reservoir 
serves to regulate the flow of Boulder Creek for power production at a plant I.2 miles downstream, 
which operates under a head of 1,835 feet. Storage capacity is about 12,000 acre-feet. The d.am 
was built in 199 and has required no major repairs until 1946 when it was found that disinte- 
gration at the upstream face, due to severe frost action, called for an extensive refacing pro- 
ject . In the course of this work the reservoir was drawn down to a very low level. Thia re- 
vealed the extent to which sedtintation had progressed. 

Deposits at the base of the structure averaged in the neighborhood of thirty feet in depth, 
a surprisingly ~DEU. amount in vieti of the 36 years of continuous operation of the reservoir. 
The sedimsnt consists of fine clay-like materials brought in mstly by side-hill wash. All 
coarse bedload material brought down by Boulder Creek, which is the main feeder of the reservoir, 
had been intercepted by a weir at the up$er end of the reservoir. This weir was not built ori- 
gimdly to serve as a debris basin, but was designed by the writer in 1908 for the purpose of 
measuring the inflow from Boulder Creek, whose waters have to be accounted for, being covered by 
the prior rights of the irrigatora of the valley lands below the power plants. 

Since the weir had to be kept free from deposits upstream in order to maintain its rated 
capacities (the weir actually consists of three sections, a Cipoletti and two rectangular weirs 
placed at different elevations an& controlled by a recordin& gage), the writer at the time of its 
installation had req,iwtea periodical removal of debris accumulations. During the 36 years that: 
have clasped, the Company maintained the weir, an& exercised care to remove debris after each 
highwater period. When visited in 1946, the accumulation of debris that had been removed was 
found to consist mainly of gravel. It had. been piled up on grout-d out of the reach of high 
stages. As stated by the Chief Hydraulic Engineer of theOPublic Service Company of Colorado, 
the cost of removal of the gravel, year after year, has muntea to a small maintenance expense 
of which no separate book record has been kept. In volume, the writer's estimate xould place 
the total at less than 10,000 cubic yards. Sedimentation in the reservoir resulting from eiae 
hill wash probably amounts to several t-a this amunt. 

From the point of view of reservoir operation, the case here described is of interest in 
that it proves that the life of many reservoirs built at high altitudes in the Rot@ Mountains 
could have been similarly prolonged at small cost had such a plan been adopted. In the majority 
of cases that have come to the attention of the writer, no atteqpt has been me& to provide de- 
bris basins to intercept bed load materials. The plea usually made is to the effect that no 
adequate place for storage of the intercepted materials is available within the proximity of the 
point or points of inflow. 

MR. COLDWELL. I would like to comment that whereas the method described by Mr. Matthes has 
been effective for the reservoir mentioned, which is on a stream draining mountainous areas ard 
with a low suspended load, the expense of keepiw large multiple-purpose reservoirs free of sedi- 
ment in this mmer would be prohibitive unless an economic use for the dredged material could be 
found. 

* Consulting Engineer, New York, I'?. Y. (formerly Head Engineer, Mississippi River Commission). 
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