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Synopsis

SYNOPS IS

In order to determine the rate at which reservoirs will f£ill with
sediment it is often necessary to estimate the weight per unit volume of
the deposived sediment, because the quantity of sediment carried by a
stream 1is usually expressed in termg of weight rather than volume. A
thorough study of this subject has never been undertaken and conseqguently
the esvimated densities used cover a wide and indiscrimate range of val-
ues . All available data have been compiled in this report. The results
and conclusions drawn from an analysis of the data are summarized 1in a
form applicable to the neeas of organizations or individuéls interested

iu reservoir desigu
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DENSITY OF SEDIMENTS DEPOSITED IN RESERVOIRS
B, . Lane and Victor A. Xoelzer*

I.  INTRODUCTION

1. Scope of project--The measurement of the quantity and character

of sediment transported by streams is an important activity common to
river maintenance and development, stream discharge measurement, erosion
control, irrigation and hydro-electric development. Considerable work in
sediment measurement and analysis has been done, but the methods and
apparatus used have varied widely and the quality of +the results ranges
from very good to very poor. In an effort to improve and to standardize
the methods and equipment a cooperative project has Deen undertaken Dby
the federal agencies having problems in this field. §ix reports covering
the results of these studies, have been issued as follows:
Report No. l--M"Field Practice and Equipment used in Sam-
pling Suspended Sediment®, is a detailed review of the equip-
ment and methods used in suspended sediment sampling from the
earliest investigation to the present. with discussions of the
advantages and disadvantages of the various methods and instru-

ments., The requirements of a sampler which would meet all
field conditions satisfactorily are set forth.

Report No. 2--"Hquipment Used for Sampling Bed-Load and
Bed Material", deals with equipment for sampling bed-load and
bed material in a manner similar to that in which Report No. 1
covers suspended load.

Report No. %--"Analytical Study of Methods of Sampling
Suspended Sediment", covers an investigationof the accuracy of
various methods of sampling suspended sediment in a vertical
section of a stream, based on the latest developments in the
application of turbulence theories to sediment transportation.

*Professor of Hydraulic ZEngineering, State University of lowa and
Assistant Engineer, U. 8. Bngineer 0ffice, louisville, Kentucky, formerly
Junior Engineer, U, §. Geological Survey, respectively.
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Report No. 4 "iethods of Analyzing Sediment Samples", de-
scribes and discusses many methods developed for determining
the size of small particles in sediment analyses. Detailed in
structions are given for many of the common methods in use for
determining the particle size and the total concentration of
sediment in samples as developed by agencies doing extensive
work in these fields.

Report No, B "Laboratory Investigationsof Suspended Sedi-~
ment Samplers!, describes investigations of the effect of vari-
ous intake conditionson the representativeness of sediment sam-
ples and the filling characteristics of slow filling samplers
under various conditions,

Report No. [--"A Study of New Methods for Size Analysis of
Suspended gediment Samples" gives account of a study to develop
methods of size analysis more suitable to the conditions usu-
ally met in suspended sediment studies. It describes a simple
form of apparatus developed and gives detailed procedures for
its use,

Two additional reports now in preparation will be issued shortly on
the following subjects:

Report No., 6 - "The Design of Improved Types of Suspended
Sediment Samplers" describes the development of various types
of time integrating samplers suitable for taking vertically in-
tegrated samples in flowing streams and others for taking time-
integrated samples at a fixed point. Detalls of the best forms
developed are given.

Report No. &--"Measurement of the Sediment Discharge of
Streams”. describes the most efficient methods and equipment to
be wused in making sediment measurements under various con-
ditions encountered in natural streams.

The scope of the project has been broadened somewhat in order to
embrace the study of sediment density described in this report, as the
subject covered was of considerable importance to the agencies involved

and the material was available without further effort.

2. Purpose of this investigation.--In determining the econonic

feasibility of a reservoir project in a sediment bearing stream, one of

the most Jmportant problems is to make an estimate of the life of the
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reserveir, or the length of the period between its construction and the
time when 1t will become so nearly filled with sediment that it will be
no longer useful. To a large extent the accuracy of such an estimate de
pends upon how accurately the weight of a wnit volume of sediment as de
posited in the vreservoir can be predicted  The weight of sediment which
the stream carries can Be determined by observations of sediment concen
tration and stream flow. and the weight of a unit volume of deposited
sediment may be estimated by comparison with the results of observations
of gsediment density made for similar conditions in other reservoirs.

Iv the past uwnit welights varying from 30 vo 125 lbs  per cu. ft
have been used by various engineers but comparatively few guantitative
data have been available wupoun which an engineer could base a reliable
estimate for any particular situatiou under consideration It was the
purpose of this investigation report to assemble all available data bear
ing on this subject aud analyze it with a view to providing engineers
with information upon which more accurate estlmates can be made The
original data are given in cousiderable devail 1n order that they may be

available for further resgearch, if desired

3. Scope of this report -This report consists of three phases, the

first of which is a compreheusive review of information ou this subject
found in previously published literature with a bibliography of refer
ences to the original sources. The second phase consists of a study of
this litervature and all availlable unpublished quantitative data with a
view t0 summarizing them 1in a form which will be readily available for

application to engineering problems. The third phase is the presen
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tation in detail of a large amount of hitherto unpublished data on sedi-
ment densities and size composition, which should Dbe useful in any fur-
ther studles which may be nade of this subject.

After the original draft of this study was completed, considerable
more original detalled data collected by the Soil Conservation Service
became available, but, unfortunately, it was impossible to digest these
data and compare them with the conclusions reached from the exanination
of the earlier data. In the time available it was possible only to pre-
pare these date in detail in tabular form, where they will be available

for future studies, as given in Tables 11 and 12.

L. Authority and personnel--The Federal agencies participating in

the general study of "Methods Used in Measurement and Analysis of Sedi-
ment Loads in Streams," are: the Corps of HEngineers, the Geological Sur-
vey, the Buresu of Heclamation, the Office of Indian Affairs, the Flood
Control Coordinating Committee of the Department of Agriculture, and the
Tennessee Valley Authority. The work was largely carried on by personnel
furnished by these agencies under the direction of Prof. B. W. Lane of
the Iows Institute of Hydraulic Research assisted by the staff of the
lowa City Sub-0ffice of the Corps of Engineers. Among those engaged on
thisz work were: P, C. Benedict, €. A. Boyll, M. D. Dubrow, C. R. Horne,
V. &. Boslzer, P. M. Noble., V. J. Palmer, F., W. Parker, D. E. Rhinehart,
and J. W, Stanley. The present report was first assembled as a personal
nroject by the authors, but as the material was of great impertance to
the agencies involved and, since publication with these studies would

preserve a great part of the value of the report by enabling the detailed

S
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data to be published in full, it was decided to incorporate this study as

a part of the major investigation.

5. Acknowledgments—-Much of the quantitative dataon deposited sedl-

ment which have been used in this report were obtained from unpublished
records of the U. §. Geological Survey, consisting of the results of wnit
weights and particle size analysesof numerous samples taken from deposits
along the Colorado River and its tributaries by W. D. Collins, C. §.
Howard, and 8§, X. love. Considerable data were furnished also by the
Missouri River Division of the Corps of Engineers which had been compiled
by Dr. L. G. Straub. An article by Dexlel@}), translated for this study
by the U. §., Waterways Hxperiment Station Research Centers, gave a great
deal of data from HBuropean studies on this subject. A number of samples
were collected from the lowa and Cedar Rivers by the lowa Institute of
Hydraulic Research, These were analyzed by J. C. Kennedy, of the U. §.
¥ngineer Department, who also made a preliminary review of the previous
literature on this subject. Samples of the deposits in the Znglewood and
Germantown retar@ing basing of the Miami Conservancy District were fur-
nished by €. H. Biffert, Chief Engineer, and C. §. Bennett, Zngineer, of
that organization. A large collection of unpublished data was also fur-
nished by the Soil Conservation Service of the U. §. Department of Agri-
culture. Other data were obtained from the publications of the Seoil Con-
pervation Service, and the U. §. Bureauof Reclamation, and from Mr., A. D.
Lewis, Director of Irrigation, Union of South Africa. Many valuable sug-
gestions were made by Carl B. Brown, Head of the Reservoir Section, Sedl-

mentation Division of the Soil Conservation Service. The generous cooper-
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all these agenciesand individuals in making these data avallable

is greatly appreciated.,

2
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I1. A REVIEW OF PUBLISHED LITERATURE

6. Previously published literature--The first phase in the study

consisted of a thorough review of the previously published information
dealing with this subject. References were found scattered in engineer-
ing literature, and to aid fubture investigators a bibliography is added
at the end of this report. It was found that unit weights varying from
30 to 125 1lbs. per cu. ft. have been used by various engineers in esti-
mating rates of reservoir filling. In the following paragraphs the im-

portant information from these articles is summarized.

7. Humphreys and Abboti~-The earliest record found of any estimate

of the density of deposited sediment was made in 1861 by Humphreys and
Abbott who, used a value of 120 1lbs. per cu. ft. for the unit weight of

material deposited by the Mississippi'River.

8. IBlephant Butte Reservoir--The ZHlephant Butte Reservoir,which

was constructed between 1910 and 1916 on the Rio Grande River in New
Mexico, probably has received more study from the standpoint of sedimen-
tation than any other reservoir. 3Because the sediment load of this
stream is extremely heavy, amounting to as much as 22 per cent by weight,
it was recognized early that extensive deposition would occur in the
reservoir, and studies of sedimentation were therefore part of the in-
vestigation and design of the project. The first study séems to have
been made by W. W. Follett of the U. §. Geological Survey55)a On  the

basis of a single sample consisting ofa,BQins cube taken under carefully -

selected conditions, he concluded that the unit weight of deposited ma-
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terial in the proposed ﬁlephant Butte Reservoir would be 53 lbs. per cu.
ft. and that an average of 19,739 acre ft. of sediment would be deposited
annually.

It is interesting to note that a later survey of the silting of the
Elephant Butte Reservoir indicatedig),that it was filling at the rate of
20,000 acre ft. per year. Concerning these results, Hemphill{g) says,
"ollett made no estimate of the silt rolled along the bottom of the
atream, bubt stated his belief that it might possibly amount to as much as
&5 per éent of that suspended. Accepting this ratio as a maximum, the
results of the survey gave a unit value of 65 lbs., of dry silt per cu.
£t. of deposit., It is believed that they (the Rio Grande sediment rec~
ords) were accurate enough to indicate fairly that suspended silt in the
Rio Grande will form deposits containing from 55 to 65 lbs. per cu. ft.
of silt.®

A study of the sediment deposited in the basin was made by R. R.
Goughlan and V., X, 1eibtH0) in 1916, who measured the density of three
samples of sediment and found dry weights of &8 to 101 1bs. per cu. ft.
with an aversge of 92 lbs, per cu. ft. Sieve analyses of these samples
show sizes ranging from 76 to 88 per cent (average 81 per cent) passing
the 200 mesh sieve and practically all passing the 100-mesh sieve.,

The water inflow into the Elephant Butte Reservoir has been measured
abt San Marcial, a short distance sbove the reservoir since before storage
was started in the basin. Continuous sediment observations were made in
1919 and from 1925 to date. Based on the inflow and sediment records,
estimates of the density of the sediment were made Dby the International

Boundary Commission from 1925 to 1935 and by the Sedimentation Division

&
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of the Soil Conservation Service for the period 1915 to 1935. So far as
known, these are the only comparisons of measured sediment volume in a
reservoir and sediment inflow measurements, and give the only values for
the average density in a reservoir. From the difference of storage space
aveilable in the reservoir as shown by surveys in 1925 and 1935 and the
weight of sediment inflow computed from the stream discharge and frequent
sediment samples taken during the period, the International Boundary Com-
mission found a deposit of 122,075 acre ft. from 186,506,000 tons of
sediment, which give a unit weight of deposited sediment of 70.2 1lbs. per
cu, ft., The estimate of the Soil Conservation Service was based on the
difference of storage space available in the reservoir as shown by the
surveys before storage started in 1915 and in 1935, with a sediment in-
flow weight determined from frequent samples for 12 of the 21 years and
from sediment rating ecurves for the remaining 9 years. A deposit of
379,509 acre ft., was found for this period (including the storage above
the spillway level but below the gaging sta£ion), and a sediment inflow
at the gaging station of 428,385,000 tons, giving a sediment denéity of
1.8 1lbs. per cu. ft. Neither of these estimates take into account the
inflow of sediment as bed-load, nor that coming into the reservoir below
the gaging station, nor the outflow of sediment through the dam (esti-
mated at 5,000 acre ft. for the total period). The first two of these
omissions cannot be estimated accurately but tend to produce a computed
density less than the true value, and the third tends to give a density
greater than the true value. There is good reason to believe that both
of the first two omissions cause small errors, and that therefore an

assumption that they are offset by the error of about 7.6 per cent from
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the third omission is probably valid. The International Boundary Com-
mission estimate neglects the storage of sediment above spillway level,
estimated by the Soil Conservation Service at 14,323 acre ft. This is
%.8 per cent of the storage used for the +total period and 11.8 per cent
of the storage used for the 1925 to 1935 period. The error is therefore
between 3.8 and 11.8 per cent. It is reasonable to assume that most of
the sediment above spillway level was deposited in the latter part of the
period, sincs during much of the early part of the period the reservoir
was £illing up, and therefore at a low level. Assuming that 10,000 of
the 14,%23% acre ft. were deposited in the 1925 to 1935 period, the in-
clugion of this volume in the 1925 to 1935 estimate would lower the sedi-
ment density from 70,2 to 64.5 1bs. per cu. ft. Another part of the dif-

ence in the densities computed by the two organizations is probably

due  to the shrinkage in the sediment with time. The assumption 1is made
that the difference 1n  the sediment volume in 1925 and 1935 is the space

seoupled by the sediment which came in during this period. Actually the

sdiment occupies not only this space but also the space made available

ey

by shrinkage of the sediment deposited before 1925 which took place dur-
ing the 1925 to 19%% period. The true volume of the 1925 to 1935 sedi~
ment is therefore greater than that estimated and the true density is
therefore less than estimated. Xnowledge of the rate of compaction in
reservoirs ig insufficient 1o estimate closely how much difference in
density the compaction would make, but 1t might amount to several 1bs.

ner cu, fi.

9, (Colorado River Basin- -Considerable data have been collected in
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the valley of the Colorado ZRiver in Arizona and California. The U. 8.
Bureau of HReclamation used(7) a unit weight of 100 1bg. per cu. ft. in
studying the deposited material i1n the Imperial Canals. Fortier and
Blaney<6> thought +this value was too high for material carried in sus-
pension as the material sampled and analyzed in determining this figure
was largely transported as bed-losad.

Table 1 is a summary proposed by Stevens(16) of a number of samples
of sediment deposits taken in the region of the Colorade River by Fortier
and Blaney.

TABLE 1

DENSITY OF SEDIMENT DEPOSITS FROM VICINITY OF COLORADO RIVER

Number of | Density lbs.

Location Samples | per cu. ft.
Yuma, Arizona 20 85.4
Laguns Dam 10 81.6
Bed 8ilts, Imperial Canals, 1925 17 102

Bed Silts, Imperial Canals, 1917-18 12 97

Gila River silt bars 15 .2

Settlingbasins of following Imperial
Valley monicipal water systems:

Bl Centro, Californis 12 Ug, 2
Imperial, California 12 37.0
Calexico, California 10 37.7
Bxperimental basin at Parker City 5 57.5

A large number of samples have been taken from the Colorado River region
by the U. 8. Geological Survey, the data for which are given in Tables &

and 9,

10. Texas reservoirs--Table 2 gives data taken from surveys of

numerous veservoirs in TGX&S<478) in 1929 by the U. S. Department of
Agriculture. This table gives the dry unit weight of the deposited sedi-

ment and also the percentage of moisture in the samples as taken. The
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TABLE 2

DERSITY OF SEDIMENTS DEPOSITHED IN TEXAS RESERVOIRS
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LAKE AUSTIN, AUSTIN, TBXAS

Bxposed deposit 9 £t. below high water merk. Surface craclked.
Sample from 6 in, below top of deposit. Surface cracked,
Sample from 6 in, below top of deposit., Surface cracked.
Sample from 6 in. below top of deposit, Surface cracked.
Probably deposited before dam was built. Surface cracked.

Sample from 9 ft. below high water mark and 8 in, above water surface,

Sample from 20 f£t., of silt and 35 ft. under high water mark,
Sample fyom 20 £%, of silt and 35 f4. under high water mark.
Sample from 20 £%. of silt and 35 £t. under high water mark.
2.5 £%. below top of deposit and 2 ft. below high water mark,

2 £t. below top of deposit and ) £%. below high water mark,

300 £t. above dam and under 10 ff. water. All materlal less than
200-mo8h screen,

Fresh deposit,

MEDINA BESHRVOIR

300 £, above dam at bottom of channel, All less than 300-mesh,

3-1/2 mi, sbove dam at bottom of channel, All less than 300-mash,

7 ni, above dam at bottom of channel, All lees than 300-mesh.

In 8ilt cobbles from bar above backwater. High weight believed
%0 be due te rolling while in plastic state,

A% point of inflow 1 fi, above water surface.
From bank exposed for long period.

Bxposed bank deposit. Surfave cracked.
Bxposed benk deposit. Surface cracked.

TAKE WORTH, YORT WORTH, TEXAS

1/% mi. above dem at middle of veservoir, under 30 to U0 £4. of
water, ALl material less than 300-mssh,

From reservolr bottom in old channel, All less than 300-mssh,

4.3/% mi, sbove dam in old channel, AlL less than 300-mesh.

6 mi., sbove dem in old chennel., All less than 300-mesh.

8 mi. above dam under & in., of water, Exposed during low stages.

8 wi, above dam under 8 in. of water, Bxposed during low stages.
& wi, above dam under & in. of water. Xxposed during low stagss,
9.5 mi, above dam in eld channel.

014 exposed deposit on bank, T3 per cent sand.

Bend bar 1 £t. above water surface. All sand,

LAXKE XiMp, SEYMOUR, TRXAS
300 £%. sbove dam,

300 £t, above danm,

01d dry deposit,

LAXH CISCO, CISCO, THXAS

Intermittently exposed deposit.
Bxpossd dry deposlt.

@
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report on this study gives a great deal of valuable data, of which the
following paragraphs summarize the more important findings.

"It should be kept in mind tha. the average ultimate
weight of the dry material per cubic foot of deposit depends
on the function and operation of the reservoir. In a reser-
voir used for flood control »nly. the water 1s stored tempo-
rarily, and the deposited material, subjected to shrinkage
during long periods of time, has .m average ultimate weight of
dry material per cubic foot of deposit approximating 90 1bs.;
in the average reservoir for storage of water for future use,
dry periods and increased demand for water result in lowering
of the water surface and the exposure of the sily deposit for
periods of time resulting in an average ultimate weight of dry
material per cubic foot of deposit approximating 70 lbs.; and
in a power reservoir, where the head is maintained practically
constant, exposure and the resulting shrinkage do not take
place, and the average ultimate weight of the dry material per
cubic foot of deposit approximaves 30 lbs,

"he wriver, after caretuily considering the  volume-
weight ratios of silt samples and the measurements of exposed
and submerged deposits in reservoirs, has selected 70 lbs. as
the average uliimate weighv of dry material per cubic foot of
deposit, for converting units by weight infto units by volume.
This selection was made with a knowledge of the indeferminable
volume of vegetable matver in the form of logs and brush which
moves down the streams during rising stages. Since much of
this material is waterlogged and travels unobserved downstream
below the water surface, it is impossible %o estimate the
volume., Such material will be deposited where it will be pre-
served indefinitely if kept submerged with water.m

Regarding the results of these studies on Texas reservoirs, Hemp-
ni111(8) gaia:

"Exposed bars of coarse silt, such as 1is found at the
head of reservoivs, averaged 92 lbs. of dry material to 1 cu.
ft. of deposit, while finer silt in much the same location
averaged 82 1lbs. Samples from the surface of deposits near
the middle of reservoirs averaged 55 lbs. of dry material to
each cu. ft. Samples of the finest material taken from the
gubmerged deposites 1in o¢ld river channels 1in reservoirs aver-
aged 31 1lbs. of dry material to 1 cu. ft.

Wit is interesting v0 note that if the average silt
yield, in tons per square mile, from the area above this
reservoir (Lake Worth) is comparable to that of the nearby
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Brazos drainage, as shown by the records at Glenrose, the de-
posit in the reservoir contains less than 60 1bs. per cu. £t."

q, G. Vickleilé) states that the density of deposits in the Medina
Reservoir after 1% years of operation averaged 30 lbs. per cu., ft., but §
years later, owing to exposure to the sun and atmosphere in this period,
had in@r@ased to 63.6 1bs. per cu. ft., He estimates that an average val-
ue of 70 1lbs. per cu. ft. should be used in reservoirs in which the sedi-

ment deposits are subject to alternate wetting and drying.

11, Missouri River -Dr. L. G, Straub made a thorough study of the

density of sediment carried by the Missouri River for the Missouri River
Division of the U. §. Engineer Department. A combination of samples
gathered in  the course of field operations were separated into various
grades ranging from clay to pebble gravel and each grade was allowed to
setble in gt1ll water under idealized conditions. The following table
gives the unit welghte and other pertinent data from these studies.
TABLE 3
DENSITY OF DEPOSITS FORMED UNDER

LABORATORY CONDITIONS

Size Range. mnm,

0-1/25611/256.1/16]1/16-1/8/1/8-%| 4% | &1 | 1.2 | 2-h|46l

Densgity,1bs

per cu. Tt.] 37.9 80.9 89.6 199.0 |104.9|104,0]104 .4 102 | 102
Yolds,
Par cent 6.5 50,2 bs.6 |39.4 | 35.71 35.7| 36.737.6|38.2

A number of ssmples were taken from the settling basins of the Kan-
sas City, Kansas, waterworks and analyzed for unit weights and per cent
of volds. The water was pumped from the Missouri River and hence the

sediment was definitely suspended. The results are given in the follow-

L]
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ing table.
TABLE L
CHARACTER OF MISSOURI RIVER SUSPENDED SEDIMENT
DEPOSITED IN SETTLING BASINS
Density | Voids Per centin Classification
Sample | Location |[lbs.per | Per | Specific Sand Clay
Number | of Sample |cu. ft. | cent | Gravity| 1/16-1 mm, | O-~1/16 mm.
lst Basin
1 upper end| 116.0 26.9 2.5 9%.5 6.5
2 center 70.0 57.2 2.6l 65.7 .3
3 center 66.7 60.0 2.67 65.4 3.6
It lower end| 34.7% 79.6 2.68 17.0 83.0
5 lower end| 35.7 /8.3 2.6% 24,0 76.0
end Basin
6 upper end| 33.8 8.4 2.50 11.6 88,4
7 center 2.7 g5 .4 2.50 6.8 93.2
8 lower end| ©25.8 gh,2 2.6% 11.6 88 .4
jrd Basin
9 center 25,2 83,3 2.U3 4.9 95.1

Regarding the results of these determinations the report states:

"he weight per unit volume varies inversely with the
fineness of material.

"A dry weight per unit volume of deposit as low as 22.7
pounds per cubic foot was observed. A corresponding amount of
voids was SBUM per cent, thus indicating the fine mud (silt
and clay) to be in a state of what might be considered "semi-
suspension',

"he average dry weight per unit volume of deposit ma-
terial was U47.8 pounds per cubic foot with a corresponding
amount of voids of 70.4 per cent of the bulk volume!,

A number of samples were taken from natural deposits in the Mis-
gsouri River in the vicinity of Kansas City. Data on unit weight, size
snalysis and per cent of moisture of these samples are givenin Tables &

and 9.

12. Miami Conservancy District retarding basins.--In order to de-

termine the densities reached by sediments in retarding basins where the
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are covered with water only at rare intervals, two samples each
were taken by the engineering department of the Miami Conservancy Dis-
trict from the finglewcod and Germantown basins near the dams at the
points of deepest deposits. and were analyzed at the Jowa Institute of
Hydraulic Research The deposites from the Englewood Basin were finer
than those from the CGermantown Basin, probably because the detention
period in the former 1is longer, ranging from % to 12 days as compared
with 2 1/2 to 4 days in the latter. The two samples from the Englewood
basin showed dry weights of 70 and 85 lbs. per cu. ft.. and those from
the Germartown  basin showed 79 and 80 1bs. per cu. ft. From the infor-
mation available it 1s not possible to explain the difference in the

density of the two samples from the HEnglewood basin. The size analyses

of the Miaml samples are shown in Table 8.

. s . ) . Lol ; .
1%  Huropean investigations Qexle\“u/ has given & very extensive

iew of Huropean literature on this subject, together with the results

a thorough investigation of his own The following is a summary of

; , ; ; . . . {
the pertinent parts of his review of previous literature: Baumgarten\g5)
gives 92 1bs per cu ft. as the density of suspended material deposited

in the Caronne River ard Spring and Prost\26> found 81 1bs. per cu. ft.
for the Meuse  Heim -2/) found a value of 79 1bs. per cu. ft. at a depth
of 200 m. in Lake Urn where a depth of 15 mm. of sediment was deposited
in a year and in the Nuotta basin, at a depth of 100 m., a value of 99
1bs, per cu. £t. where 80 mm. were deposited per year. $inger<25> was of
the opinion that a value of 100 1lbs. per cu, ft. should be used and in

certain cases 125 1bs. per cu. ft. These values probably applied to bed-
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load which was composed of sand or coarser material., Deposits in the

Drance were found to have values between 89 and 104 1lbs. per cu. ft.
Reisingerigg) gives some interesting data on the variation of densi--

ty with depth within the marl sediment in Leke Niedersoutholfen in

Bavaria, which are shown in Table 5.
TABLE 5
VARIATION OF DENSITY WITH DEPTH OF SEDIMENT
IN LAKE NIEDERSOUTHOLFEN

Depth, m, Upper Layer 1 2 3 Y 5 6 7
1bs. per cu. ft. 21.6 39.6] 41 5| 4.8 | 42,1 | 5.1 52.8| 53.9
Depth, m, 8 9 | 10 11 12 13 14 15
1bs, per cu. ft. 56.0 73 61 74.,0] 80.4| 85.2]97.7| 92.7| 84.0
Depth, m. 16 | 17 18 19 20

1bs. per cu. ft. 87.2 85.45] 92.8| 88.1| 9.6

In a later publicationi29> he gives other interesting data on the
variation of density with inereasing distance from the inflow +to the
lakes, PFive traps on the bottom of Lake Alp arranged progressively fur-
ther from the inflow, after & years gave values of 41, 32, 26, 26, and 25
1bs, per cu. ft. At the site éf the fourth trap in 4 years a value of
only 13.1 1lbs. per cu. ft. was observed. The average rate of deposit per
year was 0.84% 1b. per sq. ft. In a case at Lake Niedersoutholfen, seven
gediment traps similarly arranged, for a period of 3 years gave values of
29,4, 24k, 21,8, 21.8, 20.6. 20.0, and 13.7 1lbs. per cu. £ft. The de-
posits in this case averaged 1.25 lbs. per sq. ft. per year, but the rate
of settlement did not vary appreciably with time. In Lake Starnberg, at

its maximum depth {117 m,), a deposit of 0.104 1b, per sqokftg per year
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> 5 density of 10.1 lbs. per cu. £t., and the deposits on the lake bed

which were 7 m. deep, had a density of 83 lbs. per cu. ft. The flow in
Lake Starnberg is much slower than in Lake Alp., Mulhofer<30) found =
density of 92 1lba. per cu. ft. fora sample taken below a spur dike in the
Inn River.

Size analyses and density dataon samples taken by Oexle are given in

Tables 8 and 9.

14, Investigation of coarse sediments in California-~A great deal of

dabta on the weight of very coarse sediments such as might be deposited by
a wountalin stream have been collected in Californis in connection with
ground-water studies, Sonderegger<22) gives the rollowing data on the per
sent of volds of coarse deposits in San Gabriel wash in southern (ali-
fornia from which the unit weights have been computed, assuming the spec-
ific gravity of the particles to be 2.65,

TABLE 6

DEMSITY AND POROSITY OF SAN GABRIEL WASH DEPOSITS

Voids Density
Classification ' Per cent lbs. per cu. ft.
Poulders, gravel and sand 12 146
Coarse gravel and sand 1y 137
Medion gravel and sand 20 132
Fine gravel and sand 28 119

These values indicate substantially higher unit weights for this sort
of material thean for sands, silte and clays.

& very thorough study of the voids and water retaining capacity of
coarge sediments was made by the Division of Water Resources of the §State

of GalifafniaKBl)@ To determine the underground water storage capacity of
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the south coastal Dasinsg in the vicinity of Los Angeles more than 200
samples were analyzed and their voids determinedol The amount of water
which would drain out of them was also determined. The voids (porosity)
and water retention (possible recovery) for coarse materialwere found to

vary with the particle size, as shown in Fig. 1.
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FIG.1 - POROSITY, DENSITY AND POSSIBLE WATER RECOVERY FOR SEDIMENTS
OF THE SOUTH COAST BASIN, CALIFORNIA

Assuming the solid particles to have a specific gravity of 2.65, the

densities of the deposits shown on this diagram were also computed. The
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own on the abscissa scale are the sizes at which the cumulative

total, beginning with the coarsest material, reaches 10 per cent, i.e,

the 10 per cent coarser size. It will be seen that the density ¢f the

ingcreased as the particle size increased, from 9% lbs. per cu.
4. for fine sand to 139 lbs. per cu., ft. for boulders. These data com-
pare reasonably well with the data given by Sonderegger<22) and check
exactly the value, for sand 9% 1bs. per ou. ft., obtained independently

2. Btudies of sediments in the Mokelumne area in California by

the 1., 8. CGeological Surveyizg) give similar results, The sediments
sbudied Dby the California Division of Water resources and the Geological
Survey were taken from pits and borings sunk into deposits of steep
streams snd in most cases were probably hundreds or thousands of years

1% is believed, however, that the settlement of coarse material

ot

&

h o time end  depth is very small, so that the results of these studies

be acecepted as being substantially correct.  Because the data on

these studles were based are very voluminous and are readily a-

le dn detail in the publications, and because of the fact that the

gtudied were not recent depositions and that reservoirs filling

material are relatively rare, the detailed data are not pre-

this report.

15, Studies of initial density by Traskw*TraSKKBM) studied the re-

* densgity to particle size of sediments when first deposited. He

ed  sedimenis into fractions composed of particles within a given

pize range and determined their density after a very short settlement

period. He found that the initial density increased with the particle

size, as shown in Table 7.
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TABLE 7
INITIAL DENSITY DETERMINED BY TRASK
Type Size Density Average Density
M lbs.per cu.ft. | 1bs. per cu.ft.
500 - . 250 &9
Sand 250 ~ . 125 &89 88
125 - 064 86
L0B4 - 016 79
8ilt ,016 - .00k 55 67
004 - 001 23
Clay 001 - 000 3 13

16. Other investigations- -A board of Army Engineers reportingon the
u‘;g.lo)

San Carlos Project, Arizona, in 191 used a unit weight of 70 1lbs.
per cu. £t. of deposit.

By studies and measurements on the Kaw River in Kansas, Herman Stab-
ler and H.N. Parkeril5) determined the unit weight of the deposited sedi-
ment to be 85 1lbs. per cu. ft.

Dabney(37) found a density of 60 lbs. per cu. ft. for samples of de-
posits of sediment from tributaries of the Yazoo River in Mississippi.

8§ilt in the Indus River, Indiagalu) was found to weigh approximately
95 1bs. per cu. ft.

Todd and Eliassen(lg) found that the weight of dried deposited sedi-
ment in the Yellow River, China, averaged 101.5 1bs. per cu, ft, Free-
man(19> found Yellow River deposits averaged 90 lbs, per cueift°

In estimates for the Martin Reservoir on  the Arkansas BRiver,the
senior author used unit weights of 95 1lbs. per cu. ft. for the coarse ma-
teriml which wouldbe deposited in and above the delta and 60 1bs. per cu.

ft. for the fine sediment which would be deposited more or less evenly
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bed of the reservoir.

{4y e .
Hepp® 77 stabtes that 318 samples have been studied by the Soil (on-

gervation Service, ranging in densitlies from 20.1 to 101.7 1bs. per cu.
£4, The average of all samples was 5L lbs. per cu. ft. For 210 samples
from the fine deposits which were continually submerged, the average was

Wi 1bs, per cu. £t., and for %5 samples of similar deposits which had

bean exposed and subject to drying and compaction the average was 67 1bs,

per o, £t. The average of the 7% samples from deltas was 75 lbs. per

e

&@ﬁ@hm<g®> made o number of experiments on the clayey sediment de-

in Bengal, India, rivers and found an average dry weight of 50

1hs. per cu, £, Col., W. M, Bllis took six samples from the margins of

Tistna Biver which had an average dry weight of 98 1bs. per cu. ft.

ference is probably due to the larger quantity of sand in the

the material sbtudied by Apjohn bein extremely fine mud. Par-
¥ apd g ¥

tates that values vanging from 140 to 80 lbs. per cu. ft. have

rved, presumsbly in India,

‘i,«z
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IIT. RESULTS OF STUDY OF AVAILABLE DATA

7. Pactors influencing sediment density - A determination of the

unit welght which should be used for reservoir sediment in any case is a
complicated problem inveolving a number of variables. Among them are the
manner in which the reservoir will be operatved, the size of the sediment
particles, the rate of compaction of the sediment, and perhaps other
factors,

Probably the most important of these is the manner in which the
reservolr is {6 be operated. As has already been pointed out in the re-
view of previous literature on this subject, whena reservoir is operated
in such & manner that the level is lowered from time to time, the de-
pogited sediment is exposed to the sun and air, and is dried out and be-
comes more dense. The most extreme case of this is in detention basins
used exclusively for flood consrol without conservation pools., Here the
gediment deposited in one flood usually has ample time to dry out before
the next flood comes and & high unit weight is therefore produced. Reser-
volrs that are frequently drawn down for irrigation supply or power stor-
age form an intermediate conditvion, and reservoirs which are Lkept full
have the lowest unit weight.

A case tending toward low unit weights is that of a reservoir used
for pondage dy a "run of river® hydro-electric plant, where the sediment
is submerged at frequent intervals and drying out is prevented. Multi-
purpose reservoirs offer complicated problems which can only be solved by
consideration of the way in which they will operate., Another case which
produces low unit weights is a storage reservoir which is drawn down only

at long intervals, with a rapid rate of drawdown and quick refill,
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As long  as all the deposits are below the lowest level that the
reservoir is drawn down, they have no adverse effects, butas soon as they
accunulate above this level they reduce the maximum effective capacity.
As soon as  they reach this level, however, in most cases they are dried
out to  some extent, and therefore the density increases. The amount of
drying, however, isnot large unless the deposits are uncovered for a con-
siderable period of time. Therefore, normally only the deposits which lie

nat above the usual drawdown level will be increased considerably in

densgity by drying. The dried sediment does not expand to its original
density when it is again covered with water. The growth of plants on the
sediment also probably tends to consolidate the sediments by using - up
molature in them,

The vate at which sediment deposits consolidate under water is of
importance, because if the consolidation is rapid, a higher wunit density

be used  than if it ie slow., Little information on this point is

jable and the subjeet is under study by the Sedimentation Division of

L Conservation Service., C(Considerable information along this line

the resulis of studies of the compaction of the more consolidated

iments used in soil mechanics apply to the conditions of low consoli-

dation usually met with in reservoir sediments. There is reason to he~
lieve, however, that coarse sediments, such as sands and gravels, reach
their final consolidation in & negligible length of time, and that the
rate of congolidation decreases with the fineness of the sediments.

The size of the sediment particles has an important effect on the

unit weight., Sand and gravel have a high unit weight, especially if the



Section 18 35

size of particles is non-uniform so that the voids between the larger
particles tend to be filled by the smaller ones, 8ilts have a lesser
weight and clays still less. Where deposits are of coarse material, a
higher unit weight should be used than if the deposits are fine,

Regervoirs in which there 1s a current of water flowing when the
sediment "is depositing tend to produce heavier sediments than those where
the water is not flowing, as the currents carry away more or less of the
fine material, thus producing a coarser sediment, and consequently a
greater density.

It hos been suggested that this condition of flococulation or nep—
floceulation under whieh the fine gilts or clays are deposited has con-
giderable effect on the density of the sedimentary formation produced.
Yery probably this is true, but verification could not be made due to
lack of pertinent data, It appears to open a fertile f£ield for further

shody.

18, Analysis of observed densities-~In Table 8 are given all a-

vallable deta on size composition of samples of which the density has
been measured., A& great many different separation points were used by the
various agencies in these analyses and in Table 9 they have been reduced,
a8 sscurately ap possidble, to o single basls, by dividing them into the
sand, s8ilt, and clay fractions, according to ihe U. §, Bureau of Soils
classification. In this classification clay includes all particles less
than 0,005 mm,, silt those between 0.005 and 0,05, and sand those between
0,05 and 1.0 mm, On Table 9 are also given brief notes on the locations

from which the samples were taken.,
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Most of the samples on which data were secured are fromthe Colorado
and Missouri Rivers, and therefore probably have more sand content than

the average reservoir deposit. Comparatively few data are available on

having a high clay content. The results show a distinet tenden-
cy for the weight to increase with increase in the proportion of coarser
material., An attempt was made to show this graphically on the basis of
the per cents in the three classes, sand, silt, and clay, but the dats on
densitiesat the higher clay contents were insufficient to permit a relia-
ble graph to be drawn., It was found however (Fig. 2) that the data could
sonvenlently be shown by plotting the dry weight in lbs. per cu. ft. a-
gainst the per cent of sand, dinecluding in sand all material larger than

0,05 mm. It is probable that very few of the samples contained an ap-

viable amount of material larger than 1.0 mm,, the upper limit of sand

5 in the U. §. Bureau of Soils classification.

Most of the samples follow a well defined band, showing a distinect

in weight with increasing sand content, but a number of them

sonsiderably from this general trend. A large number of those
o Aiffer widely were taken from the beds of shallow chutes through a

. bar in  the Missouri River, and were probably very recent deposits

in & dilated conditlon. Two were taken from the Iowas River,

conditions were similar. It is believed that these are not

esentative of deposits which have accumulated in sufficient quanti-~

ially reduce the capacity of reservoirs., The equation of

&

e
=1
&
pas
&
3
et
&

the line through the band representing most of the plotted results is
W= 51 (24 2)95 on Pig. 2 are drawn also the lines showing 5 and 10

» cent deviation from the equation. They show that 50 per cent of the
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g Section 19

results fall within 5 per cent of the general relation, and 75 per cent
within 10 per cent.

It is believed that the values of density shown graphically in Fig.
1, which were computed wusing the data on porosities collected by the
California Division of Water Resources and an assumed specific gravity of

2.65, is as good information on the density of coarse sediments as can be

obtained from the available data.

19. Values of density for use in design--In order to make this re-

port of value to the practicing engineer, it is desirable to summarize
the findings of the study in a form as readily applicable as possible to
the problem which the engineer has to meef, In the following paragraphs
an attempt is made to formulate a method of predetermining the sediment
density in a reservoir from the conditions met in each particular case.

As has been previously pointed out, the most important factors which
determine the density of sediment in a reservoir are, the method of
operation of the reservoir, the particle size of the sediment, the rate
of compaction of the sediment, and possibly the condition of flocculation.

The process developed consists of dividing the methods of operation
of the basins into four classes in which; (a) the sediment is always sub-
merged or nearly submerged, (b) normally there is a moderate reservoir
drawdown, (c¢) normally there is considerable reservoir drawdown, and (d)
the reservoir is normally empty.

The classification Y“sediment always submerged or nearly submerged"
covers the case of a reservoir normally kept full and emptied only at in-

freguent intervals, and then only for a short time. This class also in-

S
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cludes flood control reservoirs in which considerable conservation stor-
age is allowed. The case 'mormally a moderate reservoir drawdown" is in-
tended to cover the case where reservoirs store over long periods, with
small drawdewns in the normal years. It also covers "run of river" hy-
dro-electric plants, where the basin is used for pondage and the sedi-
ment, when deposited above the low water level, is frequently exposed by
the changes of water level, The next classification, "normally consider-
able reservolr drawdown," covers the case of a relatively large drawdown
in normal years. 'The classification '"reservoir normally empty" covers
retarding basing and reservoirs which are empty in normal years.

In reservoirs of each of these four classes the sediment deposited
nay consist of four grades -- clay, silt, sand, and sand and coarser ma-
terial, Of these materials clays, and to a lesser extent silts, are af-
fected by the rate of consolidation of deposits.

The unit weights of sediments composed of sands or finer materials
are given in Table 10 for deposits in each class and for each type of

reservolr operation.

TABLE 10 - DENSITY VALUES FOR USE IN DESIGN

Sand 8ilt Clay
Regervoir Operation LR X. Wy K. Wy K.

(a) Sediment always submerged or nearly

submerged 93 | O 65 | 5.7 130 | 16.0
(b) Normally a moderate reservoir drawdown| 93 | O 74 | 2.7146 | 10.7
(¢) Normally considerable reservoir draw-

dovm 9% | © 79 | 1.0 |60 6.0
(4) Reservolr normally empty 9% { O g2 | 0.0|78 0.0

The time of consolidation of the density values W3 in lbs. per cu.

£+, is taken as one year. A constant, K, 1s given for each sediment

class and operation condition which indicates the effect of sediment con-
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solidation with respect to time, The density is assumed to increase
logarithmically, the density after any period of years T being W= W1 + K
logio 7. Por sediment composed of mixtures of the various classes of ma
terial, the welght for each class should be combined in proportion to
their respective portions of the total sediment. For example, suppdse it
is desired to determine the average densityof the sediment in a reservoir
which will fill in 100 years with sediment composed of 20 per cent sand,
L0 per cent silt, and 4o per cent clay, if the sediment in the reservoir
is always submerged or nearly submerged. The densities of the three
classes of material for this method of reservoir operationat the end of a
100 year period would be: sand 93 » O = 93, 4ilt 65 4 5.7 x logypl00 =
76,4, and clay 30 + 16.0 x logypl00 = 62,0 1bs, i)er cu. ft. The wunit
weight of the composite material would then be 20 per cent of 93 4 40 per
cent of 76.4 » 4O per cent of 62.0 = 74,0 1bs. per cu. ft. For sediments
composed of sand or coarser material, Fig. 1 may be used to estimate the

densities, and no consideration need be given to the time factor.

The values in Table 10 have been derived from a study of the results
of the observations of other investigators in this field, as given in the
review of previous literature and from the data recorded in the tables.
The data were not of a nature which would permit a rigld mathematical so-
lution of the problem, and the values given were rather derived by a cut
and try synthesizing process, starting with sand at 93 lbs. per cu. ft. as
derived independently on Figs. 1 and 2 and obtaining values for the other
materials which best agreed with the available data and among themselves.

The logarithmic correction for compaction was used to give a rapid con-
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golidation in the first few years with rapidly dJdecreasing rate as time
continued. The constants for silt and clay for the first three classes
were chosed +to give the same density for a 1000 year period as would be
reached for that class of material when deposited under condition (d) of
"regservolr normally empty®, where it would have ample.opportunity to dry
out. A more exact mathematical form could possibly have been obtained by
using a curve which would be asymptotic to a final density value, similar
to that used by Krumbeinizg) in a study of the effect of abrasion on rock
fragments, but the mathematical form would have been more complex than
would sesm Justified by the data at hand. As given in this report the
bases for determinations in some case. are very meager, the results cannot
be considered as being exact, but are believed to represent the best esti

mate that can be made from the available data. The uncertainties are par-
ticularly great in estimating the rate of consolidation and the densities
of sediment in retarding basins, because of the small amount of data a-
yailable, It will be noted that for sand deposits and for the case of
reservoire normally dry, the time factor has no effect. 8ince in some
cases the time of filling can not be known until the density is also
known, a preliminary estimate of the density can be used to determine the
time, and the true values determined by successive approximations.

It should be noted that the deposits in the reservoir may not have
the same composition as the inflowing sediment since part of the sediment
may pass oul with the outflowing water. This is particularly true of the
pools of "run of river" hydro-electric plants and retarding basins
Reservoirs which are normally kept above the spillway level, such as ié

frequently the case in recreation reservoirs. usually pass a considerable
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part of the sediment over their spillways. The amount depends upon the
time the water remainsin the basin and the magnitude of the turbulence in
the stream as it passes through. The length of time the water remains in
storage before passing over the spillway depends upon the ratio of the
storage capacity of the basin to the inflow; when the storage capacity is
large with respect to the inflow, the storage period is long. Larger pro-
portions of clay than of silt, are carried through and most sand will ©be
deposited. Some data on this point have been collected for .retarding
b&sinSQEB) but further study would be desirable.

It will no doubt be found in many cases that the data on the size
compositionof the sediment carried by the streams on which reservoirs are
to be established are not sufficient to enable a density value to be
closely estimated. This is unfortunate, but cannot be avoided, since the
size composition is such an important factor in determining the density.
It serves to emphasize the necessityof obtaining data on particle size as
well as sediment concentration in observations on streams. Particle size
is also equally important in most other engineering problems dealing with
sediment. It is believed however, that in most cases it will be possible
to estimate sediment density in this manner more closely using the best
available information on sediment composition even though it be very in-
exnct, than can be done by any other method now available.

20. Supplementary Data--Data on density, porosity and mechanical

analysis of reservoir sediment deposits furnished by the U. §. Soil Con--
servation Service are given in Tables 11 and 12, These data, having been
received too late to be analysed. are not basic to any conclusions or re-

sults of this study.
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SUepLEMENTARY DA% JURNISHED BY S01L COUSERVARION SERVICH

DIVISION OF SEDIMENTATION
on Donsity and Porosity

Souyes

Dansity ~ 1be. per en. £t. (Porosity in poy cent if known, is showr
in parenthesss hofors the corrssponding value of density.)

Ardmore Club hLeke, Avduore, Oklahous
Bakey Hegorvoly, Baker, Hontens

Burliagton Beservoir, Burlington,

. G

Gastiowood Reservoly, Dz’anvex",
Golovaio

Glingen Clty Rewsvvoir, Clinton,
Ol ahone

Leks Dallas, Dsnton County, Texas

Doniphen Gounty Desiliing Basln,
Kangas

¥laorads Civy Heservolr, ¥ldorado,
Kanses

Franklingbon Ressivolyr,
Framklington, #. O,

Bayaes Lake, Heyes, §. D.
Hurley Lske, Gettysburg, §, D.
Barssl Stock Pond

Jobnson Stock Pond

Konwood Hegervolz®, Denver, Colo,

Lexington Reservoly, Lexiogbon, ¥. .
Pos Des Flood Control Survey.

Migslon Lake, Hozxton, Kansas

Hodina Laks, Tozap®

Towm Gvssn Counaty,

Leks Olathe, Olathe, Kansas

Pelingtown Hegorvolyr, located ab
Spring Grove, Pa., on Powdsr Croek
(Codorus Crsek Yatershad)

Pelhas Leks, Pelhsm, 8. C.

Sants ¥ Rasevvolr, dpusta, Kansss

Hostherford Reservoir, Weatherford,
Yozas

Whise Mangensae Reservoly Ho. 6,
Cartoraville, laorgia

White Roclk Lake, Dallas, Texss

Laks Williams, near York, Pa.
{Codorns (vesk Watershad)

8%, 37, 42, 26, 24, 87, 34, 40.

66, 69, 29, 30, 20.

47, &5, B4, BO, 62 63, 5h, B8, 83% “Brpowsd to ssrablon end compaction.

83; bobton sety 95, delta and eandy; 90, &slte and sandy; 63, bottom sei.

411 zamples compacted by se.ation,

40, 86, 29, 57, 92, 68, 82.

(70) 80, (24) 86, {53) 78, (40) 99, (49) 83, {42) 95, (42) 96, (40) 99, (79) 35,
(88) az, {73) 45, (88) 56, (80) 32, (74) 43, (¥8) 37, {83) 28, (38) oz, (80) 33,
{79) #5, (82) 29, (78) v, (82) 29, (63) 28, (78) 41, (v7) 37, (89) 6o, (8O) 33,
(69) 61, (47) 88, (83) 28, (7?) &7,

46, 83, 84, 83, 83, 68.
5, B9, 64, 67.
66, 45, 58, 90,

47, old B31¢3 338, old siit; 41 old sils; 33, new silt,
46, 47, QQ, 48, 29,

56, 50, 8L.

B5, 86, 64,

68, fine=grained, bottom-wesi 74, coarss, delta; 72, fine=grained, bottoms
88, coarse, delts,
*Flood conbrol vegervolr--all samples probably compacted by seraetion.

(82) 29, vewy fine silt: (71) 47, very fine silt; (73) 45, very fine silt; (42) 96,
sandy sili.

53, 88, 72, 61, 49, 74. On basis of molsture determinations and an assumed aversgs
spocific gravity of 2,6 for dey sediment,

49, 46, B0, B4, 48, 65, &7, D&, 7, B3, 77, 5O, 79, 83, 48, 82, 7B, 46, 80, 52, 88,
49, 87, 48, 48, 48, Bl, 48, 48, 48, 47, 47, 47, 44, B3,

2hy Getermined from samplss ag vecelved in originel containers (essuming original
conteinesrs oxnebly £illed at time of sampling).

(66) 87, gray sil%, #ilt and sends (64) 60, grey silt and fine send; (69) 5O, gray
#11% and fine sand: (64) 60, grey #ilt and fins sands (57) 71, gray and red elld
and send; (38) 102, grey sud red sllt and sand; {51) 81; (62) 83, gray silt amd
sand} (43) 95, davk sily end sand; (86) 55, send, grit and clayt (85) 58, sand aud
si1ts (68) 58, gray sllt with red colovation,

B0, 67, 60, 66,
32, 28, 40.

37, 39, 29, 33, 24, 20, 53, 41, 41, 0, 29, 35, 39, 39, 49, 35, 31, 3.
69, 42, 54, 64, 61,

39, clay and sllt over sand ead gravel; 56, silt; 75, send, elay and gravel; 112,
roots in saxple; 115; 120, sand and gravel,

(69) 50, purs silt, reddish brown; (60) 66, half new silt, half compacted silis
(58) 72, heavy compacted silt; (66) 56, fine loome silt: (62) 63, heavy silt,
raddish browns (64) 69, light cozy silts (87) 71, heavy silted, compactad; (61) 64,
sony silt, from old lake bads (51) 80, heavy silt, little sand; (44) 93, firm ellt,
from valley £1l1 sbove lake; (46) 89, firm silt, in valley f£ill above lake:

(66) 73, firm silt, 1a old stresm once part of lake,

80, #il¢ and fing sand; 79, sllss 31, 8iles 29, olay: 33, clay: 42, clay: 44, lowar
adgs of deoltas B8, gray clay; 43.

89, B4, 45, 35, 47, 48, 53, 89, 38, 45,
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IV, RELATED CONSIDERATIONS

21 Sedimert storage capacity of a basin differs from the water

siorags capacity Although it is not a factor in the subject of this re

port but because 1t 1s  so often overloocked it is probably justifiable
hare 6 call attention to the fact that the capacity of a basiv to store

sediment 1s greater thac its capacity to store water. The water storage

pacity 1s usually measured up to the level plane of a comparatively
guist water surface. bub the capacity to hold sedimeut can be me;sured up
to a plane sloping upstream from the dam. the slope depending ou the
nature of the sediment deposived. veing steeper for coarse sediments. In
grder that the reservoir may fill down cokche dam, there must be a cur
rent from the upper end to the lower ena of the reservoir to carry the
gadiment through the reservoir to the dam. and. except for very {ine
sediment, this can exist only if there 1s a slope in the stream between
these points Yery little study seems t0 have been given to the magui-
rude of bhe slopes to which reservoirs 111l with sedimevwv. Iv will of
course. be less thar. vhat of the river in its uwuconfined portions. For
rivers which emerge from mountains aud spread over a plain, values suit-
able fur reservoirs just above the point of emergence can often be estvi--
mated oom oa slope of the river across the plain. Some ideas applicable
to rivers with heavy loads of fine sediment can be obtained from a study

of the deposits in the Blephant Butte Reservoiri3)o

22 Recovery of water from deposited sediments In some cases where

reservoirs are filled with very porous material it may be worth while to

consider the smount of water which could be recovered from the pores of
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the gédim@mfﬁ as the reservoir is emptied. Fig. 2 indicates that under
the most favorable conditions a water volume up to 36 per cent of the
volume of sediment could be recovered. Quite similar results were ob-
tained by the U. 8. Geological Survey<32>c This figure shows that the a
mount depends upon the size of the sediment particles, being greater for
coarser sand. The amount of recovery would also depend upon the magni-
tude and rapidity of the fluctuations of water level in the reservoir,
the steepness of the stream and the shape of the reservoir. 8Slow fluctu-
ations of water level are favorable to large recoveries as they give time
for the sediments to drain outbt. Large fluctuations of water level are
algo Tavorable as they tend to produc steeper ground water gradients
through the sediments. A narréw reservoir produces steeper gradients for
a given drawdown than a wide one. Considerable study has been glven, in
connection with underground water problﬁms(Bl) (32> (35>t0 the amount of
water which is avallable from deposits of various kinds of material, but
little seems 0 be available in readily usable form for determining the
rapidity with which the deposits would drain out. It is believed, how-
ever, that where conditions are favorable to recovery of considerable a-
mounts of water from deposits, studies based on the porosity, permeabili-
ty and available slopes would be justified to determine the probable a-
mounts available. The deposits in most reservoirs are predominately
silts or clays, In such cases the rate of outflow would be so slow that
it would probably be wused up by evaporation and producé iﬁsufficient

water to Justify consideration.
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