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THIRD SESSION - RESERVOIR SEDIMENTATION

E. N. Munns* Presiding

RESERVOIR SEDIMENTATION SURVEYS - OBJECTIVES AND METHODS
by Albert S. Fry**

Investigations with respect to reservoir sedimentation are of signiﬁca.nt importance where-
ever storage reservoirs are an integral pe:ct of water comservation and utilization proaects.
This 1s true whether the reservoirs be for domestic water supply, flood control, irrigation,
hydro-power development, navigation improvement, or other related or corollary uses.

The importance of reservoir sedimentation in the economic 1life of any project obviously
varies according to those factors which influence the rate of silting. These factors vary
throughout the world. Where conditions are favorsble to silting, reservoir sedimentation is of
much greater importence than where silting is comparatively light. However, under any condi-
tions, in small reservoirs where the ratio of reservoir capacity to drainage area is small, the
useful life of the reservoir may be so restricted by sedimentation as to affect the economics of
the . project.

But irrespective of the economic or operational significance of reservoir sedimentetion, it
is important in any region to determine the facts with regard to sedimentatlon progressively
throughout the life of a reservoir. For example, within the Tennessee Valley area, the TVA has
a system of 26 water storage reservoirs. The gross storage capacities of these reservoirs vary
from 14,000 to 6,000,000 acre-feet. The water-shed of the Tennessee Valley is slightly more than
50 percent forested a.nd., although the average rainfall varies from 40 to 85 inches, the reglon as
a whole is not ons where heevy silting occurs. However, even under these conditions which exlst
in the Tennessee Vellsy, it is essential to have concrete date with regard to reservoir sedi-
mention so that the true situation may be known and so that inaccuraste staetements lacking factual
basls may be answered and disproved. It 1s, therefore, as nscessary in this reglon of relatively
light silting to make reservoir sedimentetlon investigations as 1t is in the more heavily silting
regions such as those of watersheds in the western United States.

Objectives

The bProad objective of any reservolir sedimentation survey is to provide positive informa-
tion upon which to bese estimates of the number of yeers that will be required, first, to cause
silting sufficlent to interfere with operations and second, to £ill each reservoir to an eleva-
tion where ite useful life will be ended. The most obvious direct objective 1s the measurement
of the volume of material filled into any reservoir. It is also important to know where the
deposits occur within a reservoir and particularly whether in live or dead storage. It is of
interest to study the movement of silt from the place of original deposition as 1t is redistri-
buted within a reservoir to its ultimate resting place and to study the effect of the operation
cycle of water levels upon the deposition and movemsnt of silt., Volumetric measurements further
furnish a check on computations of reservoir silting made from suspended sediment investigations
prior to the creetion of a reservoir,

* Chief, Division of Forest Influences, Forest Service, Washington, D. C.
*% Chief, Hydraullc Data Division, Temnessee Valley Authority, Knoxville, Tenn.

115.




The determination of the demsity of the deposited materisl mey or msy not be & part of the
sedimentation survey. This, however, is importent in the conversion of volumes of materlal into

welght end in determining the state of consolidatlon of deposits in terms of ultimate consollda-
tion.

Considering the large number and importence of reservoirs both large and small throughout
the country, the over-all magnitude of reservoir sedimentation determinations is sufficient to

Justify the development and use of methods which will give desired results both accurately and
economically.

Methods for sediment measurement in reservoirs ere necessarily predicated upon soundings.
In reservoirs of considersble capacity and extent, soundings are made along predetermined ranges.
In small ressrvoirs, ranges may be spaced sufficiently close so that bottom contours may be
drawn, In some small reservoirs, ranges may be dispensed with and independent sounding surveys
made whenever desired to develop bottom contours. The reservoirs with which this paper is .
chiefly concerned are relatively large where the most feasible and practicel method for sediment

surveys is by renges. The methods and equipment described are those which the Tennessee Valley
Authority has found best for this work,

Layout of Ranges

After the plans for a reservoir have been completed and before the reservoir is filled, a
paper location of silt ranges is made in sufficient number and in proper locations so that sub-
sequent soundings on these ranges will furnish the necessary date for computation of silt vol-
umes. The ranges should be located glving consideration to important local tributaries and the
drainage areas of these tributaries and their probable sediment characteristics. A closer
spacing of renges is usuelly desirable in the upper and shallower end of the reservoir than in -
the lower and deeper portion, The width of reservoir should be given consideration. 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
tributary reservolrs subject to considerable draw-down, closer spacing of renges within the draw-
down reach is deslrable as the deposition and movement of silt throughout this range 1s greater
than in other parts of the reservolr. For exampls, in Douglas Reservolr which 1s subject to

draew-down, renges are spaced two miles apart in the lower and extreme upper ends of the reservoir
end 1 to 1.5 miles in between.

Since the locatlon of deposited material camnnot usually be completely forecest, it is de-
sirable to 1lnclude more ranges in the initial base survey than are actually needed. This permits
more accurate data to be obtained on resurveys which cen be gulded with respect to which ranges
are sounded by the location of deposited materials as developed during the survey.

Survey of Ranges

Following the paper location of ranges, elevations mst be teken along each range. The ends
of the proposed ranges are first monumented in the field with a permanent type of monument which
also may be a part of the horizontal and vertical control network established around a reservoir,
The monuments should be adequately referenced so that they can be found several years later with-
out too mach difficulty. Experience indicates that finding silt monuments in the field after
vogetation has overgrown them is a costly time consumer.

In canyon type reservoirs such as those of Norris and Hiwassee Reservolrs in the Ternessee
Valley where the sides of the valley are steep and the water depth 1is great, an accurate profile
should be taken by surveying along each rangs prior to the £illing of the reservoir, This base
profile along a rangs before reservoir filling is preferable to a profile by echo sounding im-
mediately after filling. Ground surveying develops the sides of the section where echo equipment
might not prove feasible, However, in certein reservolrs of very rugged topography, echo sound-
ing might be the only feasible method for obtaining the original section., If there is timber
along the line of the silt range, this should be cleared if it is intended to sound with a lead
line in the future. This has been donme on TVA reservoirs because at the time of eatablishing
8ilt ranges echo sounding methods had not been seriously considered. Where echo sounding equip-
ment is to.,be used, the clearing is probably not essential but it would still seem desirable that
large timber not be left directly along the silt range. TVA practice has been to clear a width
of 50 feet slong the sllt range free of timber. This has beeon reduced to 25 feet in reservoirs
now under construction where it is known that echo sounding equipment will be used for resurveys.

Range monuments should not be located on the point of & sharp hill or abrupt change in reservoir
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divection. At such places the elevation of the ground mey show & variation within a relatively
Pew Peot of the center line of the range so that the resounding, which may very a few feet off
the center line, may lead to erromsous results with regard to deposition.

In the comparatively shallow reservoirs with depths usually less than 100 feet, such as
those on the main Temmessee River, ranges are longer than those on the tributary regervoirs and
may be two or three miles wide. The topography is also less steep and the depth less than in
the canyon type reservoirs. In these cases, it is much more economical to wailt until the reser-
voir 1s filled and then determine the profile along the silt range by soundings then it is to do
80 by ground survey work prior to f£illing. In the Kentucky Reservoilr, for exsmple, which in-
cludes 225 river miles of mein river and tributaries, a very appreclable economy wes accomplished
by this method. It may be necessary in these cases to supplement the sounding surveys by bank
work along the ends of the range to develop the section above the existing stage of water when
the sounding is done.

Subsequent Reservolr Surveys

The surveys elther prior to or immediately after the filling of a reservoir furnish the base
for future determination of the volume of reservoir sedimentation and the manner in which the
sediment is deposited and moves through the reservoir. Resurveys are made after an appropriate
interval of years following closure of the reservoir. In the Tennessee Valley, surveys are made
at intervals of 5 to 10 years.

The methods used in such resurveys embrace one form or another of sounding. For very
shallow water depths, e sounding pole equipped with a base plate may be used. Beyond 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 may be used directly or a piano wire may be
used on a sounding wheel of the type developed by the Corps of Enginsers. Although the lead
line will still be useful for surveys of reservoirs where more modern methods are not avallable
or justified economically, on large projects or reservoirs, future soundings will probably be
made by supersonic equipment.

Supersonic Sounding Equipment

The development of echo sounding equipment represents an important forward step in reser-
voir sedimentation surveying. The gensral principle of thie equipment 1s not particularly new
as fathometers have been in use for more than 25 years. However, this type of equipment was im-
proved and developed during World War IT so that it is now the most practical and economical
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 tranamit the sound pressure waves to the reservoir bottom and to receive the reflect-
ed waves. The second unit is a recorder electrically comnected with the projector which, by
electronic and mechanical meens, gives a permanent and continuous record on & callbrated chart
of the depths of water through which the sound waves are sent. A l2-volt storage battery powers
the equipment. Totel power consumption epproximates 120 watts.

There are three principal menufacturers of echo sounding equipment and the recording chart
and detailed operation varies scmewhat with each manufacturer. The equipment may be obtained
either non-porteble or portable. The latter is the better adepted to reservoir surveys. The
basic principles are the same for both types of equipment.

With this equipment, rapid, asutomatic determination of depths of water and observations of

_ the configuration of the bottom of the reservoir are obtained. In operation, the power switch

ig turned on, sending electrical impulses at a frequency in the supersonic range to the trans-
mitting projector where esch impulse is converted to a sound pressure wave. This is projected
downward through the water to the bed of the reservoir, from where it is reflected upward to the
receiving projector. The reflected sound pressure wave is converted in the recelving projector
to an electrical impulse, which in turn records on the chart. The wave 1s very accurately timed
in units of depths for the round trip. The elapsed time Iinterval is converted into feet or
fathoms on the basis of the velocity of sound in water for direct recording of depths of water
on the charts. The chart speed is one inch per minute. For the type of equipment 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 change in scale of the equipment. Soundings in feet are recorded at
the rate of 200 per minube and in fathoms at the rate of 33-1/3 per minute. Soundings are -

recorded on rectilinear or curvilinear charts, depending on the design of the equipment. Both
types of charts have their advantages.
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On reservoir investigations, the echo sounding equipment is operated from a boat suitable
for carrying the equipment and operating personnel.

Hydrographic Party

The hydrographic party for reservoir sedimentation investigations consists of four to five
men specially trained for their duties on this particular kind of work. These are a chief hydrog-.
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 men in the party to have scme
knowledge of radio and electronic circuits.

Equipment

Equipment is designed to provide complete mobility and permit the entire outfit to move
readily from a reservoir in ons part of an area to that in another perhaps a hundred or more
miles distant. Automobile equipment consists of one sedan, & 3/4-ton covered truck with k-
wheel drive, and a boat trailer. The boat which carries the equipment 1s 20 feet long with a
beam of 5 feet and a draft when loaded of about one foot. The boat is especially fitted with
& well in the center through which the sound wave. projector operates, Three outboard motors
are used, two of 16 H. P. each and one of 10 H. P. The latter has a long shaft and is rever-
sible. The two large motors are used during travel between ranges and whenever moving but not
sounding. The 10 H. P. motoxr is excellent for maneuvering and is used in sounding up to 1,000
feet. The motor 1s speeded up by the operator as the distance increases until full power is
developed at 1,000 feet. Beyond that distance one 16 H. P. motor is used in addition to the 10
H, P. On long ranges where the distence 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 are included in the boat's equipment.

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

Figure 1. RESERVOIR ECHO-SOUNDING INVESTIGATIONS BOAT

Later improvements moved the projector unit to & well in the center of
the boat and changed the type of distance wheel as shown in Figure 3.
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Figure 2. ECHO-SOUNDING RECORDER

The echo sounding equipment includes
the sounding recorder, projector, storage
vbatteries, and depth checking bar. The pro-
Jector is of the outboard type, which is
designed to be operated by being swung over
the side 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-
eble from the standpoint of the most satis-
factory and safest loading of the boat to
operate the projector from a well centered
in the hull. A simple lowering device
positions the projector at the operating
depth of one foot below the water surface.
The heavy storege batteries, weighing about
165 pounds, are charged in place on the
boat by a small motor generator.

One of the chief pieces of equipment
is the dlstance 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 Engineers. The distance measuring ap-
peratus consists of the drum cf a Ford
automobile wheel upon which is wound 2,500
feet of piano wire 0.039 inch in diamester.

Figure 3. INTERIOR OF BOAT SHOWING PLACEMENT OF EQUIPMENT

The projector operates from the center well. The improved distance wheel is shown.

Motor for rewinding is in metal box under drum. Motor generator set is at left of
projector well, batteries are to right. Echo recorder is beyond the cross board.
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The wire leads from the drum over two sheaves to & fixed pivot point on the bank from which
measurements are taken. The second sheave is made of case-hardened steel to maintain a fixed
rim diameter and operates s 3~digit counber which indicates the distance that the boat is from
the pivot point. The rim of this sheave is accurately machined so that the circumference through
+the center of the encircling pieno wire is exactly onme foot. Two horizontal guide sheaves coun-
tersunk into top and bottom plates maintein the wire in position on ths counter sheaves as the
boat turns or moves about. The drum 1s 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 gemerator set, which 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

gized rolls. An iron ba.r bent in a loop over the rear end of the voat prevents the distance wire
from fouling the outboard motors.

The party is equipped with transit, plane table, 200 feet steel chain, chainman's plumb bobs,
signal flags, Abney level or clinometer, machete, hand axes, and iron pins.

One of the most useful pieces of equipment has proven to be a Walkie-Talkie radio which en-
gbles the boat party and the instrumentman on the bank to maintein conversational contact with
one another, thereby eliminating hand signals and misunderstanding. The equipment used is for-
mer Army Signal Corps "Radio Receiver and Trensmitter BG-611 F" and operates on a frequency band
of 3,885 kilocycles. Four of these are carried as essemtlal party equipment For satisfactory
use on long ranges, the voltage for these units was increased to use & li-volt standard dry cell
A-battery and 112 volts in B-batteries. These additional batteries are housed in an auxiliery
box which may be placed on the ground or in the boat near where the radio unit 1s 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 overcome by keeping the set a
few feoet away from the recorder.

Sounding Range
The operatioﬁ of sounding a range using the equipment described 1is essentially.,as follows.

The ranges which are 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 daxrk as seen from the water. An additionsl flag
should be set up near the water's edge when the monument flag is some distance away and cen not
be readily seen from the boat. Flagging the ranges ahesd of the main party saves the time of
the sounding party and materlally 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 & point on the shore is measured with the steel tape and the angle
teken from that point to the range monument by the hand clinometer. The transit is set up over
the point so located. The boat with the other members of the party then cross to the opposite
bank in order that, during sounding, the boat operator will be facing the instrumentmen. Here a
point is set on range about 5 to 8 feet above the water where an iron pin 1s driven into the
ground. The distance from this pin to the range monument on that bank is meesured and the angle
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
pin to the wbeel. The projector is lowered, the chart operator turns on the sounding recorder
and the boat moves across 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 distance is
taped from the boat to the instrument.

_The recorder 1s equipped with a fix button which, when pressed by the operator, prints a
line on the moving chart. At intervals of approximetely 25 or 50 feet, the distance wheel opera-
tor cells 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 immediately on the completion of
the range, thus serving as a check on the fix merkings and distances. With these known distances
indicated by fix markers on the chart, interpolation for other distances can be done accurately
because the speed of the boat for any distance of 50 feet 1s likely to be uniform. If the move-
ment of the boat were entirely uniform acroses the rangs, it would be possible to eliminate the
measuring of distance and the noting of fixes. However, the operation of keeping on range ac-
curately and the effect of current in the main chammel where this exists are significant enough
so that distances based on & straight line interpolation from one end of the renge to the other
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are not sufficiently accurate.

Upon the completion of the sounding of a range, the instrumentman boerds the boat and the
boat retraces the range in order to rewind the piano wire. The rewinding is done by the small
motor at 400 feet per minute. At the bank, the end of the wire is released, the iron pin 1s
pulled, end the party heads for the next range.

The temperature of the water must be taken into consideration in the operation of echo
sounding equipment. The speed of the motor in the echo sounder can be adjusted to give correct
depths where a constant temperature of water exists. Thls condition is seldom found in deep res-
ervoirs which stratify with temperatures ranging from possibly 50 to 80 degrees Fahrenheit.

Hence it is not practical to adjust the sounder to read correct depths. At the begimming of a
day's run and at other periods if there is mmch change in depths of the reservolr, a check is
mede with the sounding recorder by submerging & steel bar hung from chains on either end to
known depths below the water surface and recording the echoes therefrom. Successively lowering
the bar by known intervals of 10 feet gives the depths which are recorded on the chart and the
corrections which must be made to reduce the chart depths to true depths. The bar check is con-
sidered accurate to a depth of about 100 feet. For greater depths, corrections are made based
on water temperatures. For exsmple, in a survey of Hiwassee Reservoir, temperatures at 100 feet
of depth were 42 degrees Fahrenheit and soundings were corrected for this condition. Corrections
for salinity must be made where this exists.

It is desirable on reservoir work to use echo sounding equipment on which base llne correc-
tions may be automatically made on the recording chart for the depth of the projector below the
water. This saves office work in making such corrections later. .

In sedimentetion surveys the accuracy of echo sounding equipment is considerably better
than that formerly experienced with the best lead line methods and expert leadsmen. In water
100 feet deep, lead lines can not be considered to have en accuracy greater than one or two feet
depending on whether a wire or a rope is used for sounding. If there is a current, the error may
be more due to bowing of the lead line by the moving water. With echo sounding equipment of the
type such as the TVA has used, an accuracy of one-half foot is accomplished at the same depth of
100 feet. The echo sounding method is much faster and hence more economical than lead line.
Soundings are made in deep water as readily as in shallow water and in practically the sams time.
Echo sounding is obviously a labor saver as sounding with a lead is hard work.

In surveying Norrls Reservoir last summer, an excellent check on the equipment was found on
parts of ranges where there had been no silting. In numerous cases, the echo soundings checked
the ground topography determined before the reservoir was f£illed practically flat.

As in any type of sounding, there is the problem of what is the character of the surface of
the bottom where the soundings are teken. The poasible unconsolidated nature of relatively new
deposition introduces difficulties of interpretation and application of the soundings. The solu-
tion for this problem lies in methods for determination of density of materials in deep water
which are separate from the soundings themselves.

Echo somnding equipment does not work satisfactorily close to the vertical face of & dam or
cliff or very steep hillside which provides an opportunity for a reflecting echo. This effect
is most evident in water greater than 100 feet deep.

The operation of the distance wheel requires a degree of skill but can be acquired by any
one who has the feel for the job. The piano wire requires cereful handling in order to avoid
breeking and kinking.

Determining Position on Range

For ranges up to a length of 4,000 feet, position on rangs is determined with the McCain
distance wheel. For ranges longer than 2,000 feet, the party works first from one bank and then
the other up to a distance of about 2,000 feet. In establishing ranges initislly where the :
length exceeds 2,000 feet and on resurveys for ranges longer than 4,000 feet, location on range
is determined by outting angles with a plane table from the bank.

Some of the reservoirs on the main Temmessee Rilver have wide expanses of water of as much as
two to three miles. These are beyond the limit of the distance wheel for position measurement.
For ranges of this long length, two instruments are used on the bank. Ons 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 is located as far from the end of the range as the range 1s wide
or maybe on an island in the lake if there is an available lisland. Plane table points for a
day's sounding are always chosen before begimning the day's work. For this type of work, the
Walkie-Talklie radio instrument has proven itself invalusble to increase efficlency of the party
and speed up the work. Both men on the bank sve equipped with Walkie-Talkles and a third in-
strument is used on the boat. Since the distance wheel is not used on long ranges, the wheel
operator becomes the radio men on the boat. To obtain best radio conditions, he takes a position
on the bow of the boat removed from the recorder mechaniesm and motors. The transitman uses hie
Walkie-Talkie to keep the party on range. The pleane table man follows the sounding boat through
the alidade and cuts in position at each sounding by horizontal engle on the plane table sheet
vhenever the sounding operator indicates a fix by the waving of a flag. Flags are alternmated,
using four white flags end one red, which provides a check for the plane table man in observing
position and plotting these on his sheet. After ths boat has completed its run to the opposite
bank, contact with the plane table man by Walkie-Talkie mekes sure that he has obtained all the
necesgary data., The plane table man in this case has a meparate small boat and proceeds inde-
pendently to the plene table point from which he will cut in sounding positions for the next
range. Meanwhile the main party also proceeds to that range. Contact 1s again established on
the Walkie-Talkie before starting the new renge. It is possible to carry on work in this way

porhaps for a whole day without the main sounding party even catching more than a glimpse of the
plane teble man,

Surveys of Deltas or Other Areas

In some detalled surveys in reservoirs where it is deslred 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 immedlately above or below & dam, a detailed survey of such areas is
best made by a radial sounding method. An expert boatman is essentiael on this type of work as
the boat must be held closely in position and must be handled skillfully in order not to break
the distance wire. In this case a pivot point 1s located on the bank adjacent to the area to be
surveyed and a plane table is set up over this polnt. 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
boet reeches the bank 50 feet distant from the starting point. The distance wire is then ex-
tended another 25 feet to & totel of 50 feet from the pivot point and a reverse arc is run if
operating in still water. If souniing where there is appreciable current, the soundings must
all be made in ercs swinging with the current. As the boat proceeds along each arc, the chart
operator presses the fix button and at the same time indicates to the plane table man his posi-
tion by dropping a flag, using the red and white flag system previously described. By succes-
sively increasing the radial distance, the desired area is covered completely and accurately.
The plane table man preperes the plane table sheet before setting up by drawing arcs at 25 feet
intervals. As he follows the sounding boat around each arc, he marks the position on each arc
on the plane table sheet where a sounding fix is indicated.

Prior to the advent of the present echo sounder, radial sounding surveys have been made with
equipment developed by the Corps of Engineers. This uses a large sounding wheel with plano wire
passing around the calibrated circumference to a lead sounding weight. Excellent results have
been obtained with this eduipment but echo sounding is superior.

Degep Reservoirs

In the experience which we have had so far in the Tennessee Valley, the meximum depth
sounded has been asbout 200 feet in Norris Reservoir. However, depths in Fontans Reservoir will
reach & maximm of about 450 feet. The soundings in such reservoirs where there is a seasonal
draw-down should be made whenever possible at the time of maximum draw-down in order that the
maximum length of reservoir may be sounded using the chart operating on a foot scale. Where

depths greater than 200 feet mmst be sounded, the equipment is operated so that the chart reads
fathoms.

Possible Succeeding Equipment Developments
The advences which have been made in the utilization of electronic principles in engineeﬁng
equipment during World War II have opened up meny possibilities in the way of future improvements
in engineering equipment for engineers. The echo sounding equipment is an 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 in length is an advance in technigques. So also is the use of the Walkie-Talkie radlo.
However, there is still a fertile field for the development of better methods for determining
positions of reservoir soundings. Radar immediately suggests itself but equipment that might be
used is bulky and costly at the present time. If research is made with a specific objective in
mind, however, radar should offer an excellent possibility for providing position determining
equipment with satisfactory accuracy and an over-all cost that would make the equipment feasible
for practical use. Enginsers should not be satisfied that the ultimate has been reached but
should be ever alert to the possibilities of further edvances either through electronics or
otherwise.

DISCUSSION

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 phencmena. The accompanying illustra-
tions were obtained from fathogram records of the U. 8. Coast and Geodetic Survey.

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 gquite rigid but does not
detract from the overall accuracy, efficiency and practicability of echo sounding.

Superimposed echoes. A fathogram 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 pess-
ing near a sunken rock, shoal, or near the foundation of a bridge pier.
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Figure 1. Type NJ3-Fathogram showing & 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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Strays. Intermittent recordings resulting from fish swimming under the vessel, plankton,
flotsam, oscillation in the amplifying unit, or to other temporary causes. Strays resulting from
electrical oscillation are the most amnoying but can usually be eliminated by proper fathometer
operation (Fig. 2).

gt

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 lmproper fathometer operation. Examples are momentary increese or decrease in the
speed or gain of the fathometer (Fig. 3), vertical motion or roll of the sounding vessel caused
by weves or swells (Fig. 4), and change in course of the sounding vessel (Figs. L and 5).

Figure 3. Type 808-fathogrem showing pseudo-shosals oauséd.A ‘
by a temporary slowing of the fathometer speed.
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Type 808-fathogram showing pseudo-send wave patterns caused
by & ground swell raising and lowering the sounding vessel.

Figure 5. Type 808-fathogrem ‘showing an apparent submarine valley caused by a sound-
ing vessel reversing its course while sounding over a descending slope.
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Referring to the pseudo-sand wave patterns in Figure k4, 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
recembles a non-existent sand wave bottom, In addition, the patterns recorded are Just the
reverse of the actuael 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 fathogrems 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 psendo-features are made, scundings should be sceled from the means of
the crests and valleys. This can best be accomplished by sketching a continuous pencil line along
the mean and 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 fathogrem (Fig. 4)
are contrasting. In the latter portion, the patterns resemble the sharp teeth of a carpenter's
saw becauge 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 same direction. Consequently, the periods of the pseudo-wave pat-
terns are approximately double the periods shown in the right half of the illustration.

The valley pattern in Figure 5, 1s termed a pseudo-valley because, at first glance, it mis-
takenly resembles a submarine valley. This fathogram was obbained 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 ls
caused by the vessel momentarily running at right angles to the descending slope vwhile 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 formed. It is evident, therefore, that the resemblances to shoal and valley patterns in
this illustration are purely superficial, The fathogram, however, portrays 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 /cos@

in which h represents the depth under the vessel, e 1s the echo depth received from the slops,
and 8 is the angle between the slope and the horizontal.

Measuring sediment. One of the advantages of supersonlc equipment is its ability to pene-
trate and measure deposits of soft mud bottom (Fig. 6). Thasg deposits very as to content and
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Figure 6. Type 808-fatbogram showing soft mud bottom in the Choptank
River, Maryland. The maximum thickness of the sediment is
about 14 feet. Soundings are read on the 0O-to 55-foot scale.
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range from material in suspension to material with a high degree of compaction. The maximum
thickness of such deposits measured by the U, S. Coast and Geodetic Survey is about 90 feet.

The velocity of sound in areas of sedimentation has not been determined and will vary with
the nature of the particles comprising the sediment. Because of the increased density of the
sediment, the velocity is assumed to be greater than in sea wa'ber, end, therefore the sediment
'bhiclmsss will be slightly greater than that recorded. )

JOEN A. MORRISON.* I would like to preface my remarks with two clarifying statements.. In the
first place I lay no claim to being a sedimentation man, noram I & civil enginser or a topo-
graphic or hydrogrephic surveyor, so that I am but ill prepared to discuss the general scope of .
Mr. Fry's excellent paper. However; I am an electrical engineer and my carser in that field has -
included many years both in commerciel organizations and in the Govermment service in the design
of electrical instruments. In the second place I want to meke it perfectly clear that while I

‘heve, as a Goverrment employee, worked with all of the commsrcial concerns which are currently

engaged in the production of sounding machines, and have had no small pert in the design of nearly
all models now in service, including that used by Mr. Fry, I hold no brief whatever for any manu-
facturer. Therefore, if I indicate a preference for the product of one manufacturer, that pref-
erence is based upon merit and upon the aebility of the machine to out-perform all others for the .
application under conslderation., The preference 1s based upon extensive design and fleld experl-
ence, and the facts are presented to you in order that all of you may be spared the expense and
the growing pains which are ever the lot of the ploneer.

The use of sound in either the audible or inaudible ranges, or as they are technically
termed, the sonic or supersonic ranges, in the measurement of depths of water, when reduced to
its fundamentals becomes simply g mgpter of measuring time |intervaels. The fact that these meas-
urements  mmst be quite precise 1s: necessitated by two factors, namely the rapidity with which
sound travels imn water, and the relatively short distances involved in river, harbor and reser-
voir surveys. _

Both factors lead to split seconds in terms of time. There are several reasons for employ--
4ing supersonic frequencies rather than those in the sonic range, but sound velocity is not one of
them, for the velocity does not vary with frequency. However, sound velocity does vary measur-
ably with water temperature, to some ‘extent with dissolved solids in the water {often. termed.
salinity), and slightly with pressure. Extremsé variations may amount to as much as 200 rt/sec
between warm fresh water and cold sea water (roughly b, 750 to 4,950 ft/sec)

Assuming a velocity of h,BOO ft/sec, then in one-hundredth of a second a distance of 48 feet
will be covered, so that time errors of that magnitude may not be tolerated. Therefore, an ac- '
curacy of 6 inches when converted to time units represents a time interval of 1/10,000 of a
second. This is really splitting a second, and yei in sounding for dredging operations and for
sedimentation surveys, accuracy and precision are of vital 1m_portanco if a rellable picture of
sonditions is to be presented.

In the larger harbors, where great volumes of water are involved, perhaps the water temper-
ature may not vary widely, but 1ln reservolrs, especlally where depths are shallow and water vel-
ocities are low, the temperature factor may loom large, indeed it may exceed the allowebls acou-
racy. For this reason alone an accurate means of temperature compensation is imperative.

The Corps of Engineers has since 1938 spent much time upon the investigation of the various
phencmena connected with supersonic methods as applied to hydrography. Considerable time and
effort have been applied to the design of recording instruments for shoal water applications,
which fall into the same category as those of reservoirs. These applications are quite different
from those of navigation, of the fisheries, and others of the deep seas where the greater accu- .
racies are not required. The deep sea market i1s muoh larger and therefore more attractive to the
manufacturer, but the limited shoal water market is the one to test his skill and ingenuity.

The three portable recorders kmown as RK-2, ES-11h and ES-123, manufactured by Bludworth
Marine of New York, have been designed, in cooperation with Corps of Engineers personnel, specif--
ically for the survey field, involving rivers, harbors and reservoirs, and they meet the exacting
requirements of that service. An accuracy of plus or minus six inches in depths to 50 feet is

* Philadelphia District, Corps of Enginsers, Department of the Army, Philsdelphia, Pa.

;
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guaranteed. Models NE-2 and. ES-114 are no longer avallable, but the ES-123 is currently avail-
able from stock. The use of a pointer type of tachometer, rather than one of the vibrating reed
type, has much to do with the superior accuracy of this recorder, for not only has this tachom-
eter considerably greater sensitivity, but it positively will not react to extranseous vibra-

tlons, such as those of the propulsion motor. The six inch acouracy guarantee is twice that of
any model which is currently available.

In conclusion, the Corps of Enginsers continues a lively interest in the design of super-
sonic equipment in the field of shoal water hydrography, and constant liaison is maintalned with

every manufacturer in the’ industry. Advice, cooperation and assistance in this type of hydro-
graphy are always available upon request.

~ CHARLES W. THOMAS.* The objectives of reservoir sedimentation eurveys have been presented in -
an excellent manner by the author, and he hes very ably described the method currently employed

by his sgency in the conduct of the surveys. Mr. Murrsy and Mr. Morrison have contributed great-

1y to the subject by describing other methods with particular reference to echo-sounding equip-
ment.

Considerable thought should be devoted to ons paragraph in the original paper, particularly,
by individuals who are concerned with conducting reservoir sedimentation surveys.

"Considering the large number and importance of reservoirs both large and small throughout
the country, the over-all magnitude of reservoir sedimentation determinations is sufficient to

Justify the development and use of methods which wlll give desired results both accurately and
economicelly.”

In other words, the problem is of such magnitude that it merits the oconcerted cooperative ef-
fort of all concermed, even to the extent of Joint purchase of equipment.

Further development of presently employed methods is dependent upon improvement of present

equipment, production of new equipment, and the possibility of edapting to the problem equipment
designed for other uses.

Hydrographic surveys are three dimensional. A sounding represents a vertical dimension
vhich might' be located in the horlzontel plene by two coordinates. Hence, in addition to the
sounding, there must also be positlon finding, or horizontal control of ths survey. In recent
yoars, depth measurements have been made with supersonic equipment. The operation of this equip-
ment bas been described previously. The conbinuous graphical recording of depth by elsctronic
sounders has greatly increased the need for some means of automatically determining position,How-

ever, the development of such equipment has not been consistent with the development of sounding
devices.

Borizontal control for hydrographic surveys now being generally employed may be divided into
two categories: (1) established methods utilizing mechanical survey and navigation instruments,
and (2) experimental methods employing electronic equipment. The positioning of soundings is
ordinarily accomplished by a direct, or indirect measurement of angles and distances, using in-

struments normally employed in topogrephic surveyé s or navigation, The methods of application
have necessarily been modified. .

The elsctronic methods of horizontal: control now being used to a limited extent in hydro-
graphic survey work were designed principally for war or asronautical use, but the basic prin-
ciples upon which they operate permit conversion to civil use, Since spplications to war effort
differ from peace-~time applications, new proocedures must be established for securing and inter-

preting the data. These procedures have been established to & limited extent, and preliminary
applications indicate greater accurasy may result than that attained by purely mechanical means.

Methods of posi’sion finding, depending on visual means are not operational dwring inclement
weather and periods of poor visibility. This causea considerable loss of time to survey parties
working in coastal areas, but should be & scmowhat lesser problem on reservoirs located inland.
One particular adventage of the electronic devices is that they will remain operational in fog
and during other periods of low visibility.

¥ Hydraulic Engineer, Hydraulics Laboratory, Branch of Design and Construction, Bureau of
Reclamation, Denver, Colo.
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Essentially, all of the electronic position finders now applied to hydrographic surveys are
still in the development stage, although Shoran and search-type radar are being employed exten-
sively by the major oil companies on underwater geologlc surveys. The cost of such equipment,
although justifiable on large surveys, would probably be out of proportion for our ordinary
reservoir sedimentation surveys.

Among the electronic systems being used at present is the SCR-584 radar developed by the
Army for detecting and tracking hostile aircraft. This equipment has a certain degree of mobil-
1ty but is mounted on trucks and trailers; hence, 1s heavy and bulky and-not adaptable to move~
ment over rough terrain. It was used on the hydrographic surveys in Galveston Harbor very )
suvcessfully and accurate results were obtained. The system employes ultra-high frequencies end,
therefore, uperates on "line-of-sight.” Tne buik of the equipment 1s located on shore and a
target, or radar beacon, is mounted on the survey boat. The cost of the equipment is approxi-
mately $150,000. The availability is guestionable, since all radar equipment has been frozen
for the needs of ths Army. However, it may be possible for Federal agencies to arrange for a
loan of the necessary apparatus for experimental purposes. Trained crews are prerequisite for
successful operation. i

Another type of equipment that has been used on off-shore surveys conducted for oil explora-
tion, is the S08 Navy rader. This equipment is mounted on the survey vessel. The location of
the vessel is accomplished by resection from previously located points as vliewed on the PPI
scope. The accuracy is somewhat less than the shore-based radar, but the equipment is not bulky
and is easily instelled. This epparatus is availsble only from Navy surplus or War Shipping
Administration, and the cost varies considerably, depending on the condition of the equipment.
Highly trained’ operators are not required. ‘

Shoran, & war development for the control of airborne alrcraft, is being used for off~shore
surveys and other similar work where relatively long distances are involved. ' This equipment con-
sists of two or more fixed stations and one mobile station normally located on the airplane or
ship. It employs radar frequencies and accomplished measurement of distance by timing the signal
for the round trip over the course from craft to ground station. The equipment is very compact
and well designed. The accuracy is excellent for long distances. The percentage of error is*
greater when measuring short distances being in the order of 15 yards. The cost of,the egulip-
ment, two ground stations and one ai{borne station, is approximetely $30,000.

The British Decca system 1s, genbra.lly- speaking, suitable only for large bodles of water.
The fixed stations are more of & permenent nature, but the modbile station is quite simple end
reedily moved about. The cost, including duty, is approximately $160,000. »

Other methods employed to a lesser degree are varlatlons of the radio direction finding
principle. This type of equipment was not designed to give a high degree of accuracy, but fur-
ther development might permlt adaptation to reservoir surveys.

Photogrammetric methods of position finding are undergoing rapid development, and some s8yse
tem based on this principle may be avallable in the future. L -

Probably the most promising equipment for use on reservolr surveys is a recently developed
eloctronic device known as "Raeydist." Thie equipment was developed for determining ground speed
of aircraft in flight. It is a highly accurate and sensitive elecironic distance msasuring sys-
tem and 1s applicable to many problems requiring precise determination of position. The system
messures relatively short distances accurately and is capable of detecting a l-inch movement of
a gmall transmitter. It is also capable of measuring the longer distances and is not limited to
line-of-sight measurements. -

The method accomplishes the equivalent of setting up stending radio waves in space and en-
ables the number of these waves Bet up within a given distance to be counted. In setting up for
the measuremsnt of linear distence between any two points, equipment is placed at two stations
located conveniéntly adjacent to the distance to be measured. A continuous wave transmitter is
then moved over any convenlent path from a point at one end of the distanse to be measured to a
point at the other end. A second trensmitter heterodynes the moving transmitter and 1s held at
a fixed point in such a way that the heterodyned signals can be received at both ends of the
distance to be measured., The signal received at one receiver is then retransmitted to the other
point so that the two signals can be mixed. Bach beat between these two signals represents a
distance traveled by the moving transmitter equal to one-half wave length of its transmitted
frequency.




For sedimentation surveys, the pure range system of Reydist may be utilized. In this system,
two instruments are required and & continmous indication of distance between the two sets is ob-
tained. If one instrument were located on the end of the range line and the recording instrument
carried in the craft, continuous indication of distance along the line could be had.

The contemplated accuracy of this system is 1 inch-in a mile, a little better than one part
in 50,000. Actual measurements have been made where the error was consistently less than 1 foot
in a mile,.

The equipment is completely housed in suitcase-type cabinets. The heaviest single unit
weighs 32 pounds. The cost of the presently developed Raydist 1s approximately $20,000, but this
should be somewhat less after exact needs are known and production increases.

In closing, 1 wish to agaln point out that there is & definite need for an accurate continu-
ous meens of position finding. I have reviewed briefly some of the methods of effecting this
poeition finding by electronic. devices.

HAROLD W. MURRAY. With respect to horizontal control of surveys by electronic means, the U. S.
Coast and Geodetic Survey is using two Shoran installations for control of offshore hydrography.
The localities are in the Gulf of Maine and near the western end of the Aleutian Islands,
Aleska. The results obtained are most gratifying.

J. W. JOHNSON.* It may be worth mentioning at this time thet, in many reservoir surveys, the use
of photography in establishing a horizontal control may be more convenient and less expensive
{+han the more conventional methods of trmiengulation, This method proved extremely veluable in
the atomic bomb tests at Bikini in that it permitted the accurate determination of the various
ship locations at the moment that the bomb was exploded. Conventlional means of locating the vest
number of ships was not possible duwe to the fact that the ships were continuously swinging on
their enchor chains. Aerial cameras, of 4O-inch focel length, were mounted on towers on the
various islends of the atoll and almed in & horizontal direction towards the approximate center
of the explosion. Although the cameras were intended for other purposes than for determining
ship location, they proved extremely valusble for this purpose; in fact, :an error was discovered.
in the survey for horizontal control that was made by conventionsl triangulation methods. It wes
estimated that this method of surveying is accurate to within 1 in 8,000, which is accurate
enough for many ‘reservolr surveys.

COLONEL C, L. HALL.** In the Corps of Engineers we have done quite a lot of work on beach sur-
veys, which is of course a branch of hydrographic surveying, and we have had some experience in
the use of "ducks." The whole matter will be reporited upon in & report when we finish our experi+

ments, I don't want to go any further now than to say that we think we will produce something on
the subject which will be interesting,

(QUESTION) Ies that equipment capable of being moved on the highway?

Yes, we moved 1t from Washington to Pensacola end put it in the water -and then went back to
Washington with 1t. It was the same type duck that I saw in the Philippines. We moved it on the
highways all right. It was not too wide. We even took the precaution of writing to the State
Highway Commissioners of the States we were golng through, asking if they wanted an escort on it
to carry 1t through. No escorts were required. and we went right along.

* University of Cslifornie, Berkeley, Calif.
*% The Beach Erosion Board, Corps of Engineers, Department of the Army, Washington, D. C.
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ANALYSIS AND USE OF RESERVOIR SEDIMENTATION DATA

by L. C. Gottschalk *

Introduction

Prior to 193k 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 scll erosion on reservoir sedimentetion.  To date detailed
sedimentation surveys have been made on about 200 representative resexrvoirs and reconnaissance-
type surveys on approximately 300 more.. In addition, results from nearly 100 surveys made by
other Federal, State, and local agencies are availeble. 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.

Factors Consldered in Analysis of Data

Since the begimning 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
retes of sediment transportation and deposition; and, secondly, to develop procedures for useful
application of the data to determine sedimentation demages and methods of control of sedimenta-
tion in existjing and proposed reservoirs. Much work still remains to be done. Different methods
of analysis are still being tested. From the results so far obtalned, however, certain conclu-
gions 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 capacity, the quantity and nature of
sediment delivered to it, and its ability to retain sediment. Some wetersheds 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-
way. In others, it may be deposited almost immediately near the head of the reservoir. Some
sediment deposite compact reddily whereas others compact slowly. Reservoirs of equal size but of
different use mey trap sediment at different rates.

In anslyzing reservoir sedimentation data, such factors as period of record, nature of reser-
volr operation, occurrence of density flows, watershed characteristics, ceapacity-watershed ratio
of the reservoir, nature and specific weight of sediment, and precipitation and runoff should be
considered. It is desirable, of course, to have long periods of records. Estimated long-term
rates from sedimentation records of less than ten years generally are not dependable unless ade-
quate inflow or precipltation records are available for making adjustments.

It is essential that the period of record be continumous. If gates in a dam have been kept
open for long periods of tims or if the deam has been breached so that conslderable sediment has
been sluiced out of the reservoir, the sediment that remains will not give a reliable measure of
the total emount of sediment brought into the reservoir. Some operators mske it a practice to
open bottom slulces during periods of heavy sediment inflow. Plans are being made at present to
develop operating schedules at some reservoirs to vent the meximum quantity of density flows in
order to reduce the rate of sediment accumulation. Some operators draw down their reservoirs
completely in attempts to desilt them. This not only sluices sediment from the reservoir but
also increases the specific weight of remaining sedimsnt by exposing it to seration. Normal
reservoir operation and seasonsl draw-down cause minor redistribution and exposure of sediment
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 dam are not comparable to results
from surveys of reservoirs where no sediment has been removed other than by normel spillway
losses, and cannot be considered on the same basis unless a.d.Justment can be made for the quantity
of sediment removed.

* Head, Sedimentation Section, Office of Research, Soil Conservation Service, Washington, D. C.
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Density flows have been observed in a number of reservoirs in the United States, particu-
larly in the Southwest. It is suspected that they occur in many reservolrs. Usually they are
not taken into account in analyses because of lack of gquantitative data. In some reservoirs the
amount of sediment transferred out by density flows may represent a significant 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 streem system to transport eroded materisl to
the reservoir. The rate of gross erosion depends on climatic conditions, nature of the solls,
slopes, topography, and land use. The ability of a stream system to transport eroded meterial
to a reservoir depends on the hydrophysical conditions of its watershed. Not all of the material
eroded from upland areas in a watershed is delivered to the reservoir. Part of it comes to rest
at the base of slopes, on the stream flood plains, in upstream reservoirs, in stream channels,
and as above-crest deposits within the reservoir aree itself. In the analysis of reservoir
sedimentation data only the net erosion, or quantity delivsered to the reservoir, is considered.
This 1s determined by measuring the volume of sediment in the reservoir and measuring or esti-
mating the amount lost over the spillwey. 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 data are grouped accord-
ing to & problem area., This 1s done in an effort to keep soil, slope, and topogrephy, which are
difficult to measure, more or less constant. Generally it has been found that on this basis the
two measurable factors, net dralnage area and land use, are the most important watershed factors
affecting rates of sediment production. ‘

The net drainage area is the sediment-contributing area. A‘Exclud.ed. are areas above upsiream
reservoirs that intercept the sediment loed and the main reservoir area, which does not contri-
bute sediment to the reservoir.
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Figure 1.--Sediment-production rates in the Western Gulf Drainage Region.

Rates of sediment production per unit of ares vary with the size of the net drainage area., As a
general rule, the average rate of sediment production decréases as the size of the drainage area
increases (See Figure 1).Also, the larger the watershed, the less is the variation between rates.
The mean rate of sediment production decreases in much the ssme menner as runoff per unit of
area decreases with increase in size of watershed. Also the larger the watershed, the greater
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 generelly on very small watersheds.
This 1s because a shorter distance of transportation gives lesser opportunity for deposition
above the reservolr and because land use becomes increasingly important the smeller the water-
shed. A very small watershed may be entirely in forest or as mmch ss 80 to nearly 100 percent
in cultivation. The forested watersheds may produce extremely low rates of sediment produbtion
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while the cultivated watersheds may produce extremely high rates. In larger watersheds land use
tends toward greater uniformity with less variation between rates of sediment production.

Not much study has been given to the effects of land use on sediment production from areas
larger than plot size. Effects of land use on rates of silting show up in reservoir sedimenta-
tion data but ere 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 land use
ad justments have been made in the watersheds since the original sedimentation surveys were made.

The ratio between the capacity of a reservoir and the size of drainage area has an important
bearing on the rate of silting of a reservoir. It is obvious that with a given sediment volume,
a reservolr 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 conditions belng equal, .

The cepacity-watershed ratio also provides a clue to the trap efflciency of the reservoir.
The trap efficiency, or effectiveness of a reservoir to retain sediment, has been found to be one

of the moet important factors involved in sedimentation.
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Figure 2,~--Relation of reservolr trap efficiency to the capacity-watershed ratio.

By plotting all the measured soll-loss data in various watersheds against rate of sllting of
reservoirs in these seme watersheds and by analyzing sediment-outflow records of various reser-
volrs, a genmeral 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 _l_/ .

In generel, & reservoir with a capacity~watershed ratio of 100 acre-feet or more per square mile
will trap 96 percent or more of the incoming load. The trap efficiency gradually decreeses in the
range of 100 down to about 30 acre-feet per square mile, and from this point it diminishes rapid-
ly to zero. On the average, a reservoir with only 30 acre-feet of storage per square mile will
trap about 75 percent of the incoming load; one with 15 acre-feet per square mile will trap about
60 percent; and one with 5 acre-feet will trap only about 30 percent of the total incoming load.

The capaclty-watershed ratio of a reservoir is used in place of capacity-inflow ratio be-
cause inflow date ave usually avallable only for larger streams and major reservoirs. The assump~
tion that the two are comparable is not strictly velid. For cxample, a reservolr in an arid or
seml-arid reglon may have a low-capacity-watershed ratio yet not receive enough inflow in any one
year to cause water to be dlscharged over the spillwey. In contrest, the volume of mean annual

lf See "References" at close of comments.
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flow from a watershed of equal size in a humid eresa may be equivalent to 25 times that of a
reservoir having the same capaclty-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 1s trapped.

Geology, topogrephy, soll, and climatic conditlons affect the nature as well as the gquantity
of sediment delivered to a reservoir. Where parent materials are shales or limestons, sand con-
tent of sediment is low. Where parent material is mainly sandstone, sand content may be high.
Some igneous and metamorphic rocks produce fine sediment under some climatic condltions and
coarse materlal under others. Sediments derived from Piedmont areas in the southeastern United
States contaln mch clay and colloldsal material. Sediments derived from loessal solls in the
Midwest have a high s8ilt content. The West Cross Timbers aree of Teras, with sandy soils and
poorly consollidated sandstone substrata, provides sediment with high sand content. Sand and
s8ilt settle out rapidly in reservoirs. Clay may settle out rapidly or be held in suspension
for long perlods because of the temperature or chemical nature of the water in which it is sus-~
pended. Its envirommental origin has a definite bearing on the nature of the sediment trans-
ported to a reservoir, and the nature of the sediment has a direct hearing on the percentage of
total load deposited in the reservolr and on the ultimate volume of deposited material.

The specific weight of sediment is an important factor in estimating the life of an existing
reservolr and in estimating rates of sediment production which are generally expressed on a
weight baslis. Laboratory analyses have been made by the Soil Conservation Service to determine
the specific welght of sediment in numerous reservoirs throughout the country. These analyses
show variations in the dry weight of sediment ranging from 20 to 117 pounds per cubic foot,
depending on the nature of the sediment and whether or not it had been exposed to aeration.
Factors affecting the specific weight 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
studlies of the specific weight of sediment, sediment thickness as a factor has not been ade-
quately evaluated because of lack of gquentitative informstion. This is due mainly to lack of

sultable equipment for teking undisturbed core samples of more than the upper two or three feet
of sediment in a reservolr.

The relationship of the specific welght 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 sediment, 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 successive layer separated from the preceding layer by a marker strata of fine

' sand. Over & period of 126 days, 36 separate layers of sediment were added to the tube, result-

ing in a total depth of sediment of
nearly 135 feet. By knowing the approx-
L imate dry weight of each layer of sedi-
[ B R B -~ ment and measuring the volume occupied
/ in the calibrated tube, the approximate

3
<

specific weight of each layer could be
determined. The relationship between

specific welght and depth of sediment

° is shown in Figure 3., This relation-

P ship may be expressed by the empirical
-~ Te formula: - '
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An analysis of reservoir sedimentation data, particularly where the period of record is
short, should include an anelysis of precipitation or discharge data to determine the adequacy
of the sedimentatlion 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 sedimentation
record in relation to cyclic changes in discharge. Graphs showing departure of monthly dis-
charge from the mean are helpful in estimaeting long-term rates since seasonal variations are
readily apparent from these charts. Where discharge records are not available, 1t becomes neces-
sary to use precipitation records instead. The use of either precipitation or discharge records
for forecasting rates of sedimentation 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 preceip-
itation records for a particular watershed or locale. Studies made to date indicate that sedi-
mentation rates, in gemeral, 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, nomographs, charts, or formulas. Because of the lack of refinement of data and
the numerous variable factors involved in sedimentation, it 1s difficult to develop single curves
or formulas to adequately express sedimentation on & watershsd or regional basls. Often envelope
curves are drawn 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 time to develop empirical formmlas for expressing
rates of silting of reservoirs on a watershed or regional basis. Reasoning indicates that the
compound discount formule 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, capacliy-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 Govermment-owned stock-water ponds and reservoirs in a 327-square-mile ares nsar Pierre,

S. Dak., showed very good results _3/ . In this study it was necessary to determine sedimentation.
damages to 43 Govermment-owned stock ponds. In the time allotted for field investigation, de-
tailed sedimentation surveys could be made on only 18 ponds. A multiple regression was made to
determine the function of various factors related directly or indirectly to sediment accumla-
tion. Analysis of the results provided a formmla which covered 93 percent of variability in
sediment accumulation as expressed by the standard deviation. This formmla was used for esti-
mating the sedimsntation damages to the other ponds in the area.

Use of Reservoir Sedimentation Data

The results obtained from a sedimentation survey'of a particular reservoir are used: (1)
For determining the prevailing and probeble future sedimentation damages to that reservoir, (2)
for determining the most effective and ecomomical control measures needed to reduce the rate of
sedimentation of the reservoir, and (3) in combination with results from other reservoir sedi-
mentatlon surveys and suspended-load mpasurements, for preparing regional indices of sediment
production. ’

The measurement of the volume of sediment in a particular reservoir provides the basis for
determining the rate of silting of that reservoir up to the date of survey. To projJect thia rate
into the future requires adjustment for changing trap efficiency and the specific weight of de-
posits. Progressive deposition of sediment reduces the trap efficlency of the reservoir until
it approaches zero when the cepacity of the reservoir is exhausted., On the other hand, progres-
sive increase in thickness of superincumbent deposits increases the specific weight of underlying
sediment, thus reducing the volume occupled by a given weight of sediment. More research on both
trap efficiency and specific weight of sediment is needed to better ensble us to approximate the
expected rate of silting of an existing reservoir in sey 10, 50, or 100 years. Heretofore it has
been necessary to assume that trap efficiency and changing specific weight counter-balance each
other and, consequently, the rate of silting progx-ésaea at a constant rate until the storage

3/ See "References” at close of comments.
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capacity is depleted.

Maximum depletion of the storage capacity of a reservoir varies from one reglon to another
in accordance with the relation of the original capacity to the channel volume required to carry
the normel base flow of the stream through the reservoir reach. When the originel cepacity 1s
reduced to this volums, no further net loss occurs and the capacity, in effect; is exhausted.
Studies by the Soil Conservation Service indicate tha% the residual volume ranges from 1 or 2
percent to about 20 percent of the original capacity except for reservoirs of very. low capaclty-
watershed ratio. Often a reservoir loses most or all of its usefulness long before maximm
depletion of total storage occurs.

Although it is of interest to know the approximate date of meximum depletion of storage, it
is more important, from the standpoint of evaluating sedimentation damages, to determine when
sedimentation begins to encroach on the dependable storage capacity. The dependable storage
capacity of a reservoir is that part of the usable capacity which is needed during periods of
sustalned low flow to offset consumption requirements and seepage and evaporation losses. De-
termination of the dependable storage capacity requires an analysis of rumoff, evaporation, and
seepage data as well as an analysis of water-consumption records. An economic study of damage
by sedimentetion to reservoirs in the Trinlty River Basin in Texas &/ showed that the dependable

storage capacity of 23 reservolrs, built mostly for water-supply purposes, ranged from 38 to 85
percent of the total storage capacity.

Analysis of water-consumption records in many cities in the United States shows progressively
increasing demands for water resulting from increase in area and population served and industrial
expansion, To meet these demends & progressively increasing dependable storage cepacity is re-
quired. When sedimentation reduces the capacity of a reservoir so that the dependable storage is
not sufficient to supply primery seérvices, then new sources must be developed to avert a serious
water shortege. A recent analysis of water-consumption records at Decatur, Ill, 5/, for example,
showed that, as of 1946, the dependable storage capacity of the water-supply reservoir for that
city amounted to about 48 percent of the original storage capacity. At the 1936-1946 average
rate of silting determined by & recent survey, loss of usable storage will becoms critical by
1956. After that dete, the usable storage will becoms. progressively less then the dependadle
storage required. If no sedimentetion had occurred, the present lske would have been adequate
to meet the needs of increased consumption until the year 2000. This type of analysis has been
used to determine sedimentation damages to other water-supply reservoirs and to stock ponds and

in principle can be epplied to reservoirs designed for irrigation, power, and flood control
storace as well.

The results of & sedimentation survey of a particular reservolr msy be used for determining
the control measures justified for reducing the rate of sedimentation of the reservoir. Reduc-’
tion in the rate of sedimentation of certain types of reservoirs can be effected solely by con-
servation practices. In others, because of the rapid rate of silting apd delay in installing
conservation programs, by-pass channels, slulcing, dredging, etc., are required. In still others,
where rates of silting are low, negligible benefits accrue, according to conventional economic
thinking, from either conservation practices or other methods. The method of determining proper

control measures has been discussed by C. B, Brown §/ elswhere., It includes an analysis of the
following conditions: ‘

1. The rate » character, and sources of sediment prod.uctioh from the watershed.
2. The effect of capacity-watershed ratio on rate of gilting.

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

4, The economic pressure of the discount rate in camputing benefits from sedimentation
control.

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

By proper analysis of data and using the criteris established by Brown, determination can

be made of the proper type of measures to use for reduction in the rate of sedimentation of a
reservolr.

4/, 5/, 6/ See "References" at close of comments.
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Regional indices of sediment-production rates useful for estimating sedimentation damages to
reservoirs, canals, ditches, etc., can be developed by combining all known sedimentation data,
including suspendad-load measurements, from a perticular 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 representetive sempling of the principal varisnts
within the region. Reservoir surveys have an advantage over suspended-load measurements in that
sedimentation data covering longer periods of record can be obtained. The average period of
record for reservoirs on which the Soil Conservation Service has made detalled sedimentation sur-
veys is about 14 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 streams in this country,
suspended-load measuvements usually cover only a few years of record.
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Indices of rates of sediment production are usually prepared in the form of envelope curves
from which the minimum, maximm, snd mesn rates and the design curve can be determined (See
Figure 4). Such curves have been widely used for estimating extent of sedimentation damage in
existing and proposed reservoirs in connection with U. S. Department of Agriculture flood-con-
trol surveys. They have been supplied to other agencies and to privete organizetions for determ-
ining silting factors in connection with the design and maintensnce of flood channels, dralnage
ditches, and other water-control developments.

Conclusions

_ There is & definite need for additional reservoir sedimentation data in many parts of the
country for determining rates of sediment production undsr different climatic, watershed, and
reservoir conditions. Particulerly there is & meed for additional research on such factors as
trap-efficiency, specific weight of sediment, and land use. By proper anslysis, 'mterpretation,
and correlation of reservolr sedimentation data with other determinable information, rates of
sedimentation can be predicted for exlsting and proposed reservoirs, the effects of such sedi-
mentation on dependent developments evaluated, and the best methods of comtrol determined.
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DISCUSSION

M. G. BARCLAY.* Mr., Gottschalk has presented & very interesting and informative paper on the
enalysis and use of reservoir sedimentation data., He has emphasized the need for additional
studies, particularly of such factors as trap efficiency, specific welght of sediment, and land
use. These are points upon which we can reedily agree.

Today, most engineers and conservationiuscs recognize the probasble effects and damages that
will result from reservoir construction on sediment laden streams. Depletion of effective reser-
volr cepacity by sediment deposition is the outstanding example recognized by both laymen end
engineers. Fallure to recognize the importence of sediment depletion in the design of reservoirs
has resulted in the construction of many with uneconomicel life speans. This has reduced the con-
fidence of the general public in reservoir projJects as effective and desirable flood conbtrol and
water conservation measures.

Recognizing the importance of sedimentation, it 1s paramount that adequate basic data be

obtained. As has been pointed out by Mr. Gottschalk, reservolr sedimentation datum is a basic
step.

The effect of soll conservation and land management measures upon the reduction of sediment
burden of streams has been demonstrated to date on only amall watershed areas, but has not been
definitely evaluated for larger watersheds. Reliable information on thils project is needed so
that effects of watershed treatment can be recognized in the deslgn of reservoirs in the future.

Next to knowlng how much sediment will accumulete in & reservoir, it is lmportant to know
where it will be deposited. It 1s important from the standpoint of location of recreational areas,
and. possible relocation of railroads and highways upstream from the reservolr. Also in irrigation
and weter supply projects, it is important to know if deposition of sediment in a reservolr is
likely to change 1ts area-~capacity relationship over a period of years of operation. Since evap-
oretion is & function of the surface area of a reservoir, it 1s essential to be able to antici-
pate such changes so that reliable forecasts of reservoir yields can be made.

It is only through intensive study of sediment deposition, based upon acourate surveys of
reservoirs and upstream areas made at appropriate intervals, that such information can be obtain-
ed. In this comnection, it is highly essentlal that accurate maps on an appropriately large
scale be made of reservoir sites and upstream areas where sediment deposition may occur prior to
or at the time of reservolr construction. Such surveys should be properly referenced by both
vertical and horizontal control. Range lines at strategic points should also be established.
Although considerable headway has been made in this direction, many reservoirs in the past were
either improperly mapped or not mapped at all at the time of construction. Thie no doubt led to
difficulty in obtaining reservoir sodimntation data, and has often resulted in such data being
none too relieble. .

* Area Planning Engineer, Bureau of Reclamation, Oklehoma City, Okla.
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Since accurate basic date is fundamental, steps neceassary for obtaining them should be
recognized and carried out according to plan., Thls applies to reservoir sedimentation data as

well as any others.

M. A, CHURCHILL.* A considerable portion of Mr. Gottschalk's excellent paper is concermed with
the analysis and use of sedimentation data obtained from smell reservoirs. As he has stated,
stream flow date for these small reservoira are, in many ceses, not avallable. In such cases,
Mr. Gottschalk has used the capacity-watershed ratio of a pool as an index to its trap efficiency
in as much as the lack of flow data prevents the use of the capacity-inflow ratio for this pur-
pose. ,

A somewhat different method of analyzing reservoir sedimentation date has been used by the
Termessee Valley Authority in arriving at a basis for estimating probable future rates of reser-
voir silting. The majority of Authority reservoirs are relatively large and stream-flow data
are rathsr complete in each case. In an attempt to add to the value of Mr. Gottschalk's paper,
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
& number of years prior to the creation of the Authority in 1933. The trap efficlencies of these
two pools under varying stream-flow conditions have been used as the principal basis for esti-
mating trap efficlences of the other reservoirs in the Temnnessee Valley. A certain amount of
data on percentage depositions in several other relatively now reservoirs has also been included
with the Hales Bar and Wilson information as supporting evidence.

It is epparent thaet the greater the period of retention in a given pool, and the lower the
trensit velocity and turbulence, the higher will be the percentege deposition of incoming sedi-
ment. The ratio of these two reservoir characteristics, period of retention to transit velocity,
hes been used by the Authority as a measure of the sedimentation efficiency of a reservoir. This
ratio is termed the Sedimentation Index. °
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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 e
basin, if the velocity and resulting turbulence are too high, no sedimentation will take place.

Computed values of the Sedimentation Index for successive periods of time were limited
against the measured percentage of incoming silt that passed through Hales Ber and Wilson reser-
vairs for & number of years, as shown by the lower of the two lines on the accompanying diagram,
The upper line on the diagram applies to that portion of the total incoming silt load which is
discharged from a main-river reservoir into the one next downstream, Any silt that passes one
main-river dam is obviously finer grained that locel silt from the seme general ares but which
has not passed through a desilting basin. The TVA asystem of main-river reservoirs is unijue in
the respect that the nine pools, one immediately below emother, form a chain of lakes some 650
miles in total length, In this system the desilting action of the upstresm pools must be taken
into account in estimating silting rates for the downstream reservoirs.

As a pool becomss filled with sediment, its Sedimentation Index value is reduced and &
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
unchanged.

In view of the fact that inflows to the reservoir are included in the Sedimentation Index,
there is no necessity for flows 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 are
being determined.

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

The relationship shown between the Sedimentation Index and the percentage of incoming silt
that will pass through a reservoir has been established for the relatively fine-grained sediment
found in the Tennessee Valley. While the method of analysis is of course applicable to eny
reservoir, coarser or finer silt will result in a &ifferent relationship between the Sedimenta-
tion Index and the percentage of silt carried through a reservoir.

GAIL A, HATHAWAY.* Mr. Chairman, Mr. Churchill touched on a question that I feel is somewhat
confusing when he mentioned. that Mr. Gottschalk's very excellent paper concerned primarily 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 sedlment deposition in stock
ponds and reservoirs may be somewhat different, and I think that question is something that the
Inter-agency Sub-cormittee should establish a definition for, i.e., define & reservoir and de-

fine a stock pond and try to draw a line between the two. Do you cere to comment on thet,
Mr. Gottschalk?

MR. GOTTSCHALK., I am sorry if I implied that all of our data are on stock ponds. Actually of
the 600 reservoirs on which we have data not over 5 percent asre stock ponds. We have msde sur-
veys on some. very large reservoirs such as Elephant Butte, San Carlos, snd a number of others.
A stock pond is considered to Ve a special type of reservolr Just as a water supply reservoir ls
a special type designed for a perticular 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. JONES.¥* I would like to add a brief comment on this gquestion of Mr. Hathaway's about
the relationship betwsen stock ponds and reservoirs. I think we can look at this problem as an
extension of the curve, or the relationship of variability in sedimentation rates as shown on one
of the diagrams that Mr. Gottschalk showed on the screen; nemely, the one in which a greater

% Office, Chief of Engineers, Corps of Engineers, Department of the Army, Washington, D. C.
** Soil Conservation Service, Ft. Worth, Tex.
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variability of sedimentation range is shown for the smaller reservoirs. If we discount the im-
portent factor of capacity drainage-area relationship, assuming that may run uniformly in the
smaller reservoirs, we should expect to find much greater variability on the seme scale as we
find greater quantities of sediment production from smsller unit drainages. We are moving up
towards the head of the smaller drainage areas and should include more sediment which has moved
& relatively short distance. In the larger reservoirs, where the capacity-drainage-area rele-
tionship is favorable, we generally find that the range of the sediment contribution annually
per square mils of drainage runs from a fraction of unity up to possibly one or two acre-feet
per square mile annually, which would be a fairly high rate. In the small reservolrs with a

drainege area from a few acres up to a few hundred or thousand acres, we might expect to find, in

some cases, four or five acre-feet of sediment contridution per squere mile, or conversely, if
the drainage ares was under good control we would find a low rate. The main polint I want to
stress is that the smalier the reservolr 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. .

P




EFFECTS OF SEDIMENT ON DESIGN AND OPERATION OF
DAMS AND RESERVOIRS

by Albert E. Coldwell ¥

Introduction

This discussion of effects of sediment on deslign and operation of dams and reservoirs is
based primarily on experience in the Tulse District of the Corps of Engineers which comprises
portions of the dralnage areas of the Arkenses end Red Rivers (Exhibit 1). This district in-
cludes all the area draining into the Arkasnsas River between the mouth of Walnut Creek near Great
Bend, Kanas., and the mouth of the Poteau River at Fort Smith, Ark., except that it extends up the
Canadlian River only as far as the State boundary between Texas and New Mexico. It includes all
the area draining into the Red River above Fulton, Ark. Virtually the entire State of Oklahoma,
and portioms of the States of Missouri, Arkansas, Texas, Kansas, New Mexico and Coloradec are
within its boundaries. Important existing projects are Pensacola Dam, constructed by the Grand
River Dam Authority, an agency of the State of Oklahoma; Lugert-Altus Dam, under the supervision
of the Bureau of Reclamation; and Denison, Great Salt Plains and Fort Supply Dams, operated by
the Corps of Engineers. The construction of Canton Dem by the Corps of Engineers has progressed
to the point where closure of the river is planned for this summer.

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 meke note of the sediment problem for
these stresms.

The Arkensas River report 1/ said: "The construction of chemnel reservoirs in the principle
sand-bearing tributeries, the Cansdian, Cimarron and Selt Fork Rivers should be approached with
consliderable caution. The sand and silt content lessens as one goes downstreem, but at their
mouths the solid load will probably average 2 percent of the total flows during flood periods.™
Incidentally, 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 -
computed as being: Canadian, 0.9 percent; Cimarron, 0.6 percent; and Salt Fork, 0.8 percent.

As another example from these reports, it was predicted g/ that Denison Reservoir would be
half filled with sediment in 150 years. This agrees with present-day estimates indicating a life
of almost.300 years for the reservoir actually constructed. It should be noted, however, that

the abllity of the reservoir to control the peak discharge of large floods will be impaired be-
fore the reservoir is entirely full of sediment.

Semples of suspended sediment were collected 3/ from the Arkansas and Red Rivers downstream
from the present Tulsa District as early as 1879. The first intensive program within the present
district boundaries wes carried on in water year 1931 in conjunction with the "308" reports. The
collection of suspended sediment samples was resumed on an extensive scale when an expanded
stream gaging program wes started about 1938. Data obtained from these ssmples, &s well as in-

formation about sedimentation in reservoirs on other watersheds, were used in the design of
authorized reservoirs.

When preparation of the comprehensive survey report on the Arksnsas River was underway in
1942 the question of the effect of Canadian River sediment on navigation wes conzidered important.
Use of a dam at the Eufaula site was proposed as & solution, and as the investigatlons proceeded
the advantages of this site for a multliple-purpose flocod-control, power and sediment control
reservoir became apparent. As a logical extension of these investigations, the proportionate
sediment contribution from each tributary above the proposed Arksnsas River navigation system was
determined (Exhibit 2). This 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 fmimers » Department of the Army, Tulsa, Okla.
1/, 2/ end 3/ See "References" at close of comments.
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EXHIBIT 2

Mr. E. W, Lane was retalned as a consultant on this problem, and he prepared as an exhibilt
for the Arkansas River Survey Report a thorough treatlse on the subJect. Acknowledgement is ex-
‘tended to Mr, Lane for his assistance to the Tulse District, especially to the extent that points
discussed herein had their original beginnings with him. One of Mr. Lane's recommendations was
that certain future studies should be made to determine more accurately the sediment difficulties
of the Arkansas River project. Acting upon this recommendation, the Division Engineer, South-
western Division of the Corps of Enginsers, obtained the services of a consulting board to assist
in the formulation of a coordinated program of sediment studies in the Division. Members of this
board of consultants were Mr. Lane, the late Mr. O, N. Floyd and the late Mr. G. C. Dobson.

In line with the suggestions of the board of sedimentatlon consultants and the Divislon
Office, the Tulsa District established a progrem of sediment investigations vhich largely forms
the basis for the present peper. This program covers the following eight polints:

1. Sedliment deposits within and above reservoirs.

2. Sediment variation within flow sectlon.

3. Bed material samples.

. Subsurface semples.

. Routine extensive suspended sediment sampling.

. Intensive suspended sediment sampling for deaily flows.
T. Degradation of river channels below dams.

8. Bed-loasd movement.

[N o

Some progress has been made on all these subjects except oné , namely bed-load movement.

However, the Little Rock. District of the Southwestern Division has carried on some experiments
with bed loed.

In April of 19%5, by merger of the Denison and Tulea Districts, the coordination of theory
end prectice in the same district became feaslble. Operation of the Denlson Dam, completed in
194k, and its reservoir, Lake Texoma, the fourth largest reservoir in the United States in terms
of controllaeble capacity, could be observed in relation to their behavior in controlling one of
the notable sediment carrying streams of the country--aes witness its name, Red River.

1k




In the presentation of this paper 1t will be noticed that there is no distinct line of
demarcation between the effects of sediment upon design and upon operation. - This is because in-
formation gained gradually from operation is being used for design purposes and, similarly, the
design of structures already in existence has its effect upon their operation.

Reservolr Capacity., - In designing a reservoir the capacity allocatlon reserved for sediment
depends upon the amount of sediment inflow, the suspended portion of which is usually measured at
or upstream from the dam site. For the portion of the total sediment inflow not measured in suas-
pended samples, valley surveys or other methods of determining sbnormal bed deposits may be used.
In computing the average suspended sediment loiad over & period of years the first atep 1s prepa-
ration of a rating curve of sediment concemntration versus discharge (Exhibit 3). The resulting
rating on logarithmic paper usually tekes the form of a smooth curve rather than one or more
straight lines. In general, a sediment rating curve has the following tendencies as the dis-
charge Increases: the concentration remains almost constant during base flow, increases rapidly
during small to moderate rises, levels off before bankfull capacity is reached and then decreases
at .flows above bankfull (in this case about 8,000 c.f.s.). It is to be noted that this refers to
concentration rather than load. The sediment load usually eppears to continue increasing even
after bankfull cepacity is exceeded, though 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 logarithmic probability paper is useful for this purpose. It allows close anslysis of
suspended sediment behavior during the first one percent of duration time - a period of high
water flows durlng which a large part, sometimes even the major portion, of total sediment load
is carried.

Sediment reserve storages in reservoirs are ususlly compu'ﬁed a8 being available for 50 years.,
This meens 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 1is 50 years old.

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

In contrast, in the arid and semi-arid regions the sediment reserve is a large proportion of
the storage, in some cases as much asg half. One good effect ls that 1t often providee large
recreation pools in localitlies where such facilities are usually few in mumber.

Upstream Delta Effects. . Reservoirs which still remain economically feasible after pro-
vislion of adequate sediment reserve present no fwrther difficulty if the deposits occur in the
portion of pool reserved for them. Actual deposits may occur at the upper end of the reservoir,
thus dspleting storage which may be useful only between certain elevations. For instance, at
Denison Reservoir the power drawdown storage is between elevations 590 and 617. Any trading of
storage spece below elevation 590 for space above that would have a detrimentel effect on avail-
eble pover head dwuring a drawdown period. It may be seen (Exhibits 44,5,6,7 and 8) that some
depletion of the Denison power pool is beginning to occur.

In cases where it becomes apparent during design studies that useful storage will be lost by
sedimentation it is highly desirable to decide at that time which of the various allocatlons
should absorb the loss., For instance, in the Tulsae District & step in this direction has been
made at the Canton Reservoir on the North Canadian River, where, even before the construction of
of the :dam has been completed, irrigation storage has been authorized by Congress &/ in the words
of the following partial quotation "......upon the condition that when siltation of the reservoir
sball encroach upon the flood-control allocation the irrigation storage will be reduced progres-
sively unless grovision is made to raise the height of the dam or otherwise provide compensatory
storagdecasscss . .

Besides the loss of useful storage in place of waste space; the upstream deposiis may com-
plicate the problem of lend acquisiton and relocations, Usually, the top of flood-control pool
is so high above the permanent pool that lend acquisition is automatically high enough, though
not necessarily upstream far enough. Relocations well down in the pool are usually worked out
by negotations. Sediment is so amall in volume compared to the pool that backwater caused by
sediment is negligible. : : @

y See "References" at close of comments.
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At the upper end of the pool, or even ocut
of the pool, 1t is often questionable whether
the reservoir would affect the facility. With-
out sediment the question is rather easily an~
swered by backwater compubations. With sedi-
ment, such factors as eventual stream bed eleva-
tion, new roughness factor, scour conditions
during pool drawdown, vegetation, etc., must be
considered.

An example of a case where the effect of
sediment is questionable is the Santa Fe Rail-
road bridge crossing of the Red River near
Gainesville, Tex. (Exhibit 9). This is on the
medn line between Oklahomas City and Fort Worth,
and the railroad officlals have claimed that
the presence of Denison Dem will adversely af-
fect the safety of the bridge. There is no
present indication of a hazardous condltion at

SANTA FE RAILROAD BRIDGE CROSSING RED RIVER ARM OF DENISON RESERVOIR NEAR GAINESVILLE, TEXAS the bridge, and perlodic surveys will reveal
exiierr o gedimentation, if it occurs, in sufficient time
to allow precautionary measures to be taken, An 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).
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Sediment Movement Through Reservoirs. - In order to maintain useful reservoir capacity as
long as possible, it is desireble for sediment to be deposited in the pool reserved for it at the
bottom of the reservoir. In some cases, such as & reservoir which is not used ass a sediment de-
tention reservoir end which does not have a hydroelectric power plant, it is even desirable to
pass as much as possible of the inflowing sediment entirely through the reservoir and into the
river below the dam.

Since 1t 1s not practicable to drain most reservoirs to keep them empty, the movement of in-
flowing sediment to the lowest pool or entirely through the dam wust depend upon the flow of
sediment-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 reaching the main lake (Exhibits 11 and 12). Although there has been no flow of
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definitely muddy water through Denison Dam, at Great Salt Plains Reservoir water contalning as
much as 0.1l porcent sediment has passed through the outlet works. 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 exieting and proposed reservoirs. Such low-level outlets as are in existing pro-
Jects are et sufficilently 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 dams 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 reservolr volume to inflowlng sediment vol-
umes may be too large, to be conducive to density currents in the Tulsa District. It appears
that both these factors are present at Denison. However, the subject of density icurrents has
received a considerable amount of research elsewhere, and tests will be continued to determine
whether important density currents occur in:the Tulsa District.

Tailweter Conditions below Dams. - For each dam reeching the design stage, minimum tail-
water curves are computed and these serve as the basis for design of epillwaeys, 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%). Notice the precarious conditions of the
water-lovel gages at the stream gaging stations. In order to avold negative readings the zero of
the Fort Supply gage has been lowered 3 feet since comstruction of the dam. No 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 sediment-laden streams it thus seems adviseble 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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EXHIBIT 14

The stream bed profile below Denison Dam (Exhibit 15) shows that in some places the surface
of low water flow is now at a lower elevation than the lowest point in the original stream. It’
will be noted that the river bed at the first bridge below the dem (highway bridge) has retained
its original elevation. Minimum tailwater for the design of the Denison outlet works and power-
house was computed on the basis of the rock line at thie bridge and this control appears to be
holding up well. At the second bridge below the dam (railroad bridge) there has been slightly
more erosion, and a picture (Exhibit 16) shows evidences of rock outcropping.: It is said that
the wreckege which shows in the water in the left of the picture 1s the remains of a box car which
had been placed on the bridge in a vain attempt to anchor it during the flood of 1915, and that
the box car has now reappeared for the first time since then. The third bridge below the dam is
the one where the present gage is located. Because of the fairly stable ¢ontrol for a short dis-
tance downstream, low water is still about five feet above the zero of the gege.

Three typical degradation ranges below Dension Dam show (Exhibit 17) the bank erosion and
deepening caused close to the outlet works; the deepening caused in a narrow portion of the
river; and the shifting of the channel from one side of the river to the other and the severe
bank caving, instead of deepening, caused by the channel shift. At this range one of the original
surveying monuments was lost by falling into the »iver.

In the 17 river miles below Denison Dam it is estimated that sbout 2,900 acre-feet, or aboul
150 cublc yards per yard of river length, were removed in slightly more than 3 years.

An irportant practical aspect of the degradation problem 1s the increased head available for
power production at Denison. Tailwater (Exhibit IB) for the range of flows used in making power,
about 5,000 c.f.s. for the presently installed omne unit, has lowered about 5 feet since construc-
tion of the dam started. Thls represents almost a 5 percent increase in available head and con-

sequently in power revenue. Under present conditions the extra 5 feet of head is worth roughly
$40,000 annually to the Denison project.

Sumary. - Water-borne sediment has an important effect upon the total capacity required in
mltiple-purpose reservoirs. By provision of adequate sediment storage the problems which remain
are simplified. Such problems include flooding caused at or upstream from the dekris-filled up-
per ends of reservolrs; methods of tramsporting inflowing sediment entirely through reservoirs;
and the changes caused in river channels below dams on sediment-laden streams. Depending upor the
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extent to which increasing experience shows them to be significant, all these factors are given
congideration in the design and operation of Corps of Englinesrs projects.
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DISCUSSION

LESTER C. WAIKER.* Mr. Coldwell's informative paper discusses two items which appear importgpt
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 chennel below the dam with its consequent reduction in elsvation of
the tailwater and increase in power head.

Mr, Coldwell's statement that the 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 avallable for 50 years, seems to require explanation
in light of the record at Denison as illustrated by Exhibits 5 and 6. These Exhibits, which show
the sediment accumulation during the two yeare of reservoir operation at sediment ranges Nos. 16,
17, 20, 49, and 58, indicate a pronounced accumulation of sediment within the power pool. As he
points out, power pool storage space occupied by sediment may not be traded for & like quantity
of unocoupied space 1n a lower portion of the reservoir without serious loss in power head.

The power pool at Denison, like that in many multiple-purpose reservoirs, occuples a central
position vertically in the reservoir. The water surface is usually at some elevation within the
povwer pool at the beginning of a flood, and hence the first sediment laden water deposits a large
portion of its load within that pool. Thus it appears that the power pool may be expected to
suffer from sediment accumulation earlier and to a greater extent than other portions of the
reservolr., Therefore, it becomes important, as Mr. Coldwell observes, to determine during the
design stage how the depletion of storage by sediment accumulation will affect the various
storage allocations and to make proper allowances therefor, It has not come to our attention
that original design plens have provided reserve capacity for sediment in any except the lower
portion of the reservoir. With the present kmowledge of the behavior of sediment it should be
possible to improve upon design by allocating capacity between specified elevations in the upper
portion of the reservoir in addition to the reserve at the lowest elevatlons.

Accumuletion 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 1s permanent.
As an offset to such loss of power values, which may or meay not have been accounted for in the
original studies, there may be degradation below the dam with its consequent lowering of teil-
water and increasing of net power head. Exhibit 18 indicates, as Mr. Coldwell states, that the
Denison tailwater elevation has been lowered about 5 feet by degradation. This is between 5 and
6 percent of the average power head and, inasmuch as the design and construction make possible
full utilization of this increase in head, it improves the power output in kilowatt-hours more
than 5 percent and the capability of the generating units at minimum head by about 11l percent.
Mr. Coldwell has estimated that this extra head 1s worth about $40,000 annually to the Denison
project. However, his estimate is based upon the present installetion which consists of only one
generating unit, There is provision in the Denison 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 storage
capacity and increase in head by degradation are time series variables.

* Engineer, Fugional Office, Federal Power Commission, Chicago, Ill.
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It is important that the rate and total extent of degradetion below the power plant be ac-
curately estimated. If degradatlion 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 the extra head created and it may be
necessary to construct an expenslve barrier to prevent lowering of the tailwater with the con-
sequent breaking of the draft tube seal. Unless the rate at which degradation will taeke place
is known, it is difficult to forecast the power which will be avallable 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. O, WESTBY.* In keeping with the views of speclalists
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-
lenm exists and that well plarned action to provide the best possible anawer must be taken.

Quantltative date on the amount of sediment caerried in the streams of the area are quite
limited, compared to date available on streams elsewhere in the United States, and this lack of
data handicaps design personnel to some extent. A sampling and survey program has been planned
to furnish the required data, and this program is expected to begin very soon. Almost all of the
sedimsntation problems are concerned with the space in storage reservoilrs that will be occupied
by sllt at some future date; machinery wear dvwe to silt in flowing water has been assumed to be
negligible and no provision for extra wear from this source 1s being provided.

The Pacific Northwest consists of several geographlcal areas with verying characteristics,
end sedimentation problems 4iffer in each area. Basinsg 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 Columbis, west of the Snake River Basin with Pacific Slope drain-
age.

A description of the characteristics of each besin, and sedimentation measurements and esti-
mates pertaining to the area, are contained in the following paragrephs:

Upper Columbie east of the Cascade Mountains, exclusive of the Snake River.  The Upper Col-
umbia drainage area generally has moderate 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 ercslon and meke silting of reservolrs a minor problem in this region. A number of lerge
lekes 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 lekes are very deep and much of the silt is, no doubt, being deposited in the deep
portions, as viaible changes are not gensrally noticeable in the absence of accurate surveys.

‘ Probably because silting has not caused serious trouble on many existing projects, there has
been little effort mede to study this factor and as & result the avallable date in the form of
actual measurements are very meager. Data avallable consist of suspended load measurements on
the Columbila River at Pasco and Northport, Wesh., the Yakime River at CleElum and Prosser, Wash.,
the Naches River at Naches, Wash., the Wenatchee River at Cashmsre, Wash,, the Okanogan River at
Okanogan, Wash., the Spokane River near Spokane, Wash,, the North Fork, Coeur d'Alens at Enaville,
Tdaho, 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
d'Alene, which was somewhat higher, probably due to mine tailings. Reconnaissance surveys of
several reservoirs, made by persomnsl of the Soil Conservation Service, indicated that the reser-
voir having the highest sediment accumulation per unit of drainage (0.46 acre-feet per squere
mile) was the Tleton in the Yakima River Basin; due to the large ratio of storage to dralnage area
the annual rate of storage loss was only 0.0k percent, which is very low.

Based on the date available, it 1is estimated that sedimentation will 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.
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percentage will be even smaller, and it is apparent that the sedimentation fector is of minor
significance in the economics of these developments.

Although no comparative measurements are available, it is belleved that the sedimentation
factor of the Kootenal 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 times of flood stage it 1s very turbid in the vicinity of Bonners Ferry. Since
much of this turbidity is probably due to bank erosion, conclusive evidence as to the rate of
gilting of upstream reservoirs 1ls not present, but it is belleved that it will not be excessive.

Information relative to the sediment being carried by the Walle Wallae, John Day and Umatille
Rivers indicates that moderate amounts are being transported. Furnish Reservoir was bullt by
private interests on the Umatilla River, helow Pendleton, Oreg., in 191l1; it had a total cap-~
aclty of 5,000 acre-feet, or a capacity watershed ratio of about four acre-feet per square mile
of drajinage. By 1934, when the reservoir was abandoned, it had silted up so that only an esti-
mated 1,000 acre-feet of its original capacity remained; the operators of the dam stated that
most of this silt came from a small tributary, White Horse Creek, with only a small amount from
Unatilla River. This rate of silting corresponds to about .15 acre-foot per square mile per
yeaxr. 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 area 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 than one percent of the
storage for pondage will be lost in 50 years.

Snake River Basin. The Snake River drainage has moderate to excessive precipitation over
the headwaters, most of which occurs as snow, and flows through a semi-arid region on its way
to join the Columbia near Pasco, Wash., Part of the headwaters rise in the Gros Ventre, Wyoming
and Selt Ranges, in areas which are chiefly folded sediment, some of which are easily eroded and
subject to landslides. In the Gros Ventre and Grays River Valleys, landslides are particularly
noticeable. The sides of the Gros Ventre Valley are composed of deeply folded layers of lime-
stone, sandstone, cretaceous shales, and lave flows., When the shales are thoroughly saturated
with water, landslides oftén occur. Evidence of same 30 or 40 of these slides has been found by
geologists. The largest slide of record occurred on June 23, 1925, It formed a dem 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 1i miles.
When the river was in flood on Mey 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 the lower Gros Ventre and Snake River Valleys.

Although th. upper reaches of the Snake River carry a fairly large amount of sedimerit, flow-
ing through braided, shifting channels, this condition does not exist in the lower part of the
stream. The silt problem is consnlered to be somewhat more severe than in the Upper Columbia
Basin.

Measurements of suspended silt in the Salmon, Malheur and Palouse Rivers, in 1905, and in
the Payette River, in 1906, indicate that only small emounts of sediment were being transported
by those streams. Measuremsnts were made in 1905, 1906 and 1907 on the Boise River near Boise,
Jdaho, and on the Snake River near Weiser, Idaho, in 1911-1912., Samples were taken 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 &t several stations in the vicinity of Pull-
man, Wash., during the period 1934-1940. The sediment production per 100 square miles of drain-
age area averaged about 23 acre-feet annually (aessuming a dry weight of 60 pounds per cubic foot),
indiceting that sediment production from this area is moderate compared to the United States as &
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
Reservolr on Payette River, five miles northeast of Fmmet, Idaho, the amount of silt deposited in
12 years was estimated to be about 4,000 acre-feet, or .15 acre-foot per square mile of drainage

159




ares per amwm, The loss in storage in the reservoir was 0.89 percent per year, which is con-
gidered to be moderately high. This is due partly to ovér-grazing, and partly to the low cap-
acity-watershed ratio of 14.83 acre-feet per square mile of drainage.

In the Upper Snake Basin no complete sedimentation survey of an existing reservoir has beer
mede. However, estimates by several agencies placed the annual silting rate of the Arrowrock
Reservolr, on the Boise River, at 240 to 625 acre-feet, or .1l to .28 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 squere mile of drainage. Therefore, no
trouble from sediment deposits should be experienced for some time. Arrowrock Reservoir has been
sluiced several times since its construction in 1915, but no information is aveilaeble concerning
the amount of sediment 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 the Pacific Northwest has moderate to heavy precipltation but the areas of heaviest precipita-
tion are generally in mountainous terrain which is heevily forested and rocky in nature, so that
sedimentation 1s a minor problem, The headwater streams are characteristically cleesr except dur-
ing periods of flood when silt and bed loeds are temporarily carried. The main stems flow
through vallsys which have been built up by sedimentary deposition, Bank erosion, hed load move-
ment, and shifting chaunels 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 as to necessitate a substantial annual program of dredging to main-
tain adequate channel depths,

Measurement of suspended silt in the Columbia River hes been made at Cascade Locks for a
two-year period in 1910, 1911 and 1912, by the Corps of Engineers, in cooperation with the Geo-
logical Survey. Suspended matter averaged 40 parts per million, which indicates that only a
small amount of sediment was being carried. Measurements for a period of about ome year, 1911-
1912, were mads on a number of streams in Oregon, including the Willamette, McKenzie, Santiam,
Umpque., Siletz and Sendy. These records indicate that suspended matier in this area is generally
fairly low. These measurements on the McKenzie River indicated a sediment rate of about .02
acre-feet per square mile of drainage area per anmum. Samples were taken for & period of one
year, April 1942 through March 1943, of the water flowing over the spillway at Bonneville Dam,
as part of an investlgation of the excessive erosion of the baffle plers and deck of that struc-
ture. The program indicated that the average concentration of suspended matiter (76 parts per
million) was not large, showing that the Columbilse i1s not s heavy silt 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 measuremsnt of suspended matter in Washington streeams are avalilable, but in-
dicatione are that these stresms are very simllar to those in Oregon in this respect. The silt-
ing up of harbor navigation chamnels and tributery streaems, as far upstream as the tidewater
effect, 1s an ever present problem for western Washington rivers eand 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 & 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
Reservolir, but it will probably be some time before deposits thick enough to warrant measurement
are experienced. This reservoir is to be used for flood control only, and does not have a con-
gervation pool; the outlets will be open most of the time and low flows will tend to flush out
sediment rather then bring in new deposits. No sediment sampling program on rivers in the Dis-
trict has been planned. : .

The Portland District expects to make measurements of silt deposits in Cottage Grove and
Fern Ridge Reservoirs in the fall of 1947. These are multi-purpose reservoirs that have been
in operation for several years, and definite indications of the extent of the silting problem
should be obtained from these and succeeding measurements. 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 sediment in several of the streams in the Portlend District will become available
for aid in the design and operetion of future reservoirs,
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GERARD H. MATTHES.* The object of thils discussion is to cite one case where gedimentation in a
reservoir was largely prevented at trifling cost. This is not offered as a solution to the
problem of reservoir sedimentation in genmeral - rather, ite applicability elsewhere is restricted
to mountain streams carrying chiefly bed load material.

The case is that of Barker Dam Reservoir 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 12 miles downstrean,
which operates under a head of 1,835 feet. Storage capacity is about 12,000 acre-feet. The dam
was built in 1909 end has required no majJor repalrs until 1946 when it was found that disinte-
gration at the upstreem 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. This re-
vealed the extent to which sedimentation had progressed. i '

Deposits at the base of the structure averaged in the neighborhood of thirty feet in depth,
a surprisingly small amount in view of the 36 years of continuous operation of the reservoir.
The sediment consists of fine clay-like materials brought in mostly by side-hill wash., All
coarse bedload material brought down by Boulder Creek, which is the main feeder of the reservoir,
hed been intercepted by a weir at the upper end of the reservoir. This weir was not built ori-
glnally 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 irrigators of the vallsy lands below the power plants.

Since the weir had to be kept free from deposits upstream in order to maintain 1ts rated
capacities (the weir actually consists of three sections, a Cipoletti and two rectangular weirs
placed at different elevations and controlled by a recording gage), the writer at the time of its
installation had requested periodical removal of debris accumulations. During the 36 years that
have elasped, the Company maintained the weir, and exercised care to remove debris after each
highwater period. When visited in 1946, the accumulation of debris thet had been removed was
found to consist mainly of gravel. It had been piled up on ground out of the reach of high
stages. As stated by the Chief Hydraulic Engineer of the “Public Service Company of Colorado,
the cost of removal of the gravel, year after year, has amounted to & small maintenance expense
-of which no separate book record has been kept. In volume, the writer's estimate would place
the total at less than 10,000 cubic yards. Sedimentation in the reservoir resulting from side
hill wash probably emounts to several times this amount.

From the point of view of reservoir operation, the case here described is of interest in
thet it proves that the life of many reservoirs built at high altitudes in the Rocky Mountains
could have been similarly prolonged at small cost had such & plan been adopted. In the majority
of cases that have come to the attention of the writer, no attempt has been made to provide de-
bris basins to intercept bed load materials. The plea usually made 1s to the effect that no
adequate place for storage of the intercepted materials 1d 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 reservolr mentioned, which is on a stream draining mountainous areas and
with a low suspended load, the expense of keeping large multiple-purpose reservolrs free of sedi-
ment in this manner would be prohibitive unless an economic use for the dredged material could be
found.

* Consulting ﬁngineer, New York, N. Y. (formerly Head Engineer, Mississippi River Commission).
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