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Synopsis | ]

SYNOPSIS

In this report is presented an analysis of some of the sampling
methods commonly used in determining the magnitude' of suspended sediment
loads of streams. A study of the farious sampling methods has been made
to determine their inherent errors when used in a stream where the sedi-
ment concentration and veldtity vary. between the surface and the bed of
the stream. The analysis is based upon the assumption that the samples
collected represent the true average value of the sediment concentration
at every point of observation and that the gsediment distribution conforms
to the turbulence theory.

A method is presented also whereby the mean sediment coﬁcentrafion
at a vertical in a at:éam can be deteimined from the concentration and

size composition obsgerved at any given point in the vertical.
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Section 1

ANALYTICAL STUDY OF METHODS OF SAMPLING SUSPENDED SEDIMENT

I. INTRODUCTION

1. Nature and scope of project--This 1s the third in a series:of

five reports covering various phases of a study inaugurated in an effort

to improve the methods and equipment used in the measurement and analysis

of the sediment loads of streams.

Inthis report 1s presented an analysis

and evaluetion of errors 1in the various methods of sampling wused to

determine the average concentration in a vertical from the surface to

the bad of a atream. The titles and hrief descripticons ™ of the contents

of the four other reports of this series are as follows:

aver,

Report No. 1--"Field Practice and Equipment Used huSampling
Suspended Sediment;"™ a detailed review of past and present
equipment and methods, including = history of their development,
the methods of locating the points at which samples are taken,
the frequency of sampling, the requirements of an ideal sampling
instrument and the adverse features of existing types. The
large number of instruments which have been used are also
described and classified.

Report No. 2--"Equipment used for Sampling Bed-Load and
Bed Material;" areview and classification of the various types
of equipment.

Report No., 4--"Methods of Analyzing OSediment Samples;" a
presentation and study of the numerous laboratory methods of
analyzing sediment samples for particle size and total solids
concentration with a view to obtalning the method most suitable
for sediment studles.

Report No. 5--"Laboratory Investlgatlons of Suspended Sed-
iment Samplers;" presents the results of an experimental study
of the effect of sampler action upon sediment concentration
determinations, and of the filling characteristics of a number
of slow-filling samplers.

These five reports cover the work completed in 1939 and 1940.

since a continuation of the project has been authorized,

expected that additional reports will be issued.

How-

it is
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One objective of the study aa a whole has been to investigate and,
wherever possible, to evaluate quantitatively sources of error inhereht
in the methods and equipment used to measure suspended sediment. The
comprehensive review of field practice and sampling equipment, presented
in Report No. 1, indicated that the principal sources of errors occur in:
the frequency of sampling, the intake action of the eampler, and the

.method of determining the average sediment concentration at any poiﬁt
between the surface and the bed of the stream.

In Report No. 1 was pointed out the importance of taking fregqueat
samples of sediment, especially during floods on flashy streams, if accu-
rate estimates of the total quantity of sediment carried by a stream is
desired. A laboratory study of the effect of sampling action upon
sedimert concentratior and composition, and a quantitative evaluation of
errors for various particle sizes and sampler Intake conditlons at widely
varying'velocitias, are presented in Report No. 5. These studies were
made primarily on the intake action of slow filling samplers. The
instantaneous trap type of sampler, in which the primary consideration is
the number of samples necessary to secure a satlsfactory average due to
the magnitude and frequency of fluctuations in sediment concentration,

will be studied ag one phase of the future investigation.

2. Methods of invegtigating the accuracy of sediment measurement—-

Thers are two approaches available for investigating the accuracy of the
various methods used in determining the average concentration of sediment
in a stream. One is an analytical method and the other is based upon the
results of analysis of a large number of sediment samples taken under a wide

variety of conditions. Each approach has disadvantages and limitations;
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nelither alone will solve the problem completely. The analytical method
can be applied to evaluate only that part of the error which arises
due to variation in the eediment distribution from the surface to the
bottom of a stream. This method is based on the turbulence-suspension
theory of sediment distribution which;ia unfamiliar tomost engineers and,
although experimental evtdﬁnce'indicakes that it is substantially accurate
under ideal conditions, the experimental verification of the theory does
not cover a wide énough range of cdnditions to establish definitely the
fact that it always applles, The analytical apprdach is limited to ma-
terial carfied in suspension and does not take into account that carried
by saltation, because the theorles covering the movement of material by
saltation are not sufficiently developed for analysis, but samplers for
suspended load sample the saltation load also when it 1is present.

A study based upon field measurements also has a number of disadvan-
tages. Gonaidgrable time and expense are required to collect and to
analyze the Jlarge number of samples necessary. The data thus obtained
would be subject to errors from several possible sources such as those re-
sulting from iﬁproper intake conditions in the sampler and from varigﬁiona
in sediment distribution, Without a fundamental framework with which to
classify the results, the collecting of numerous field samples would yield
only a mass of unrelated data, Consequently, a comprehenaive study of
the accuracy of sampling methods would require both qualitative and quan-
titative analyses.

In this research program it was planned - to first make a laboratory
study and analysis of the preblem in order to develop the fundamental re-

lationships with which to classify future field work, These studies
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would then be augmented by an extensive field program in which other
phases of the problem could be determined. This report is a quantitative
analytical study of the problem and has been fully developed as far as
present knowledge of the principles involved permit. However, since it
is based upon thel agssumption that & perfect sample is collected under
conditions in which there exists a vertical distribution of sediment ac-
cording to the turbulence-suspension theory, and since it does not include
the saltation load, the results will be valid only for those conditions.
This analysis cannot be applied directly to determine the accuracy of

measurements made in the past, because, in most cases, sufficient data are

not available.

This study will be of considerable value as it provides a general
view of the relations involved and will serve as a basis for classifica-
tion of future work. It also points out conditions under which sediment
measurements are likely to be erronecus and thus serves as a criterion
for future use. In many cases this report will aid in the proper selec-
tion of equipment to best fit any situation. Where conditions closely
approximate those assumed in the analysis, the methods herein described
should give reasonably accurate quantitative measures‘of the errors in-
volved. This report also Indicates a need for determining the basic con-
ditions at all important sediment measureﬁent stations in order t¢ reduce

the sources of error to a minimum.

Z. Authority and personnel--The cooperative project in the inves-

tigation of the methods and equipment used in the measurement of sediment
loads in streams, of which this study is a part, was planned and conducted

jointly by the following agencies of the United States Government: Corps
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of Engineers, War Department; Geological Survey, Bureau of Reclamation,
and Indian Service, Department of Interior; Flood Control Coordinating
Committee, Department of Agriculture; and the Tennessee Valley Authority,
and also the Iowa Institute of Hydraulic Research. The studies were con-
ducted at the Hydraulic Laboratory of the Iowa Institute of Hydraulic Re-
search, State University of Iowa, under the supervision of Professor E.
W. Lane. The representatives of the collaborating agencies, engaged in
the preparation of this report, are Victor A. Koelzer, U. S. Geological
Survey; Clarence A. Boyll, Tennessee Valley Authority; Cleveland R. Horme,
Jr., U. S. Engineer Department; and Vernon J. Palmer, U. 5. Soil Conser-

vation Service.

4. Acknowledgments--Professor A. A. Kalinske of the Iowa Institute

of Hydraulic Research has been consulted extensively with regard to the
theory upon which the analytical study of the sampling methods was based.
He reviewed Chapter III of this report and checked the general computa-
tion procedure.

The facilities of the U. 5. Engineer Sub-0ffice at Jowa City, the
Towa City District Office of the U. S. Geological Survey, and the Iowa
Institute of Hydraulic Research were used for the administrative details
and in the preparation of this report. This report was edited by Mr.

Martin E. Nelson, Engineer in charge of the U. 5. Engineer Sub-Office.
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II. STREAM FLOW AND SEDIMENT SUSPENSION

5. Methods of sediment transporfation—~Sediment moved by flowlng

water may be classified as bed-load, suspended load, and saltation load,
Bed-load 1s defined as that part of the sedimentary load of the stream
which is moving in almost continuous contact with the stream bed, being
rolled or pushed along the bottom by the tractive force of the moving
water, Suspended load is defined as sediment which remalns in suspension
for a considerable period of time without contact with the bottom. It
may also be-defined as sediment which is being transported by a stream
out of contact with the bed and banks, supported by the upward components
of the turbulent flow whille being carried forward by the horizontal com-
ponents. Saltation load may be defined as sediment which is intermittently
out of contact with the bed and banks of the stresam, being bounced or
lifted into the stream by the action of forces other than the vertical
components of flow and being carried forward by the horizontal components
before settling back to the bottom.

Experiments indicate that the laws governing these three types of
sediment transportation differ. The laws for bed-load and suspended load
movement have been developed partially, but very ":=tle has been done to
quantitatively evaluate the movement of saltation load in water; although
some work has been done on saltatlon movement of sand in air. When
measuring the sediment 1load carrled by a stream, 1t 1s not possible to
separate suspended load and séltation load as they are intimately mixed
togéther. If the bed-load is composed of coarse material, it may be
measured separately, but if 1t is fine, it is diff-~ult to separate the

bed-load from the saltation and suspended loads. Ordinarily, ' measuring
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bed-load, +the material moving in a given width ofithe river in a known
time, is sampled, and the quantity moving is expressed as weight of sedi-
ment per unit of time per unit of stream width. Suspended sediment is
measured ordinarily in units of weight of solid sediment per unit of
weight of the water-sediment mixture. To obtain the amount carried in a
unit time, it is necessary to multiply this value by the weight of the
water-sediment mixture flowing in a unit of time. Saltation load in water
has never been measured separately. Sampling instruments and methods are,
therefore, divided into two classes: bed-load samplers, which collect a
sample of the sediment discharge of a known width of the.stream, and sus-
pended load samplers, which obtain a certain volume or weight of the water-
sediment mixture. This report covers problems involved only in suspendgd
gsediment sampling.

Unfortunately, the physical laws which govern the transportation of
sediment in water have not been fully developed, and therefore only a
partial analysis of this phenomenon is possible. The present analysis
will be limited to the vertical distribution of sediment in a stream, for
which the théory has been fairly well substantiated. However, the con-
centration at a point may vary with time due to turbulence, change in
discharge, or variations in the character of watershed, none of which can
be evaluated analytically at present. Consequently, this report is con-
fined to a treatmentl of the errors which arise in the various sampling
methods due to those conditions which influence the vertical distribution
of suspended sediment. Since the various types of sampler intakes in use
will cause'varying degrees of error in the sample collected, that vari-

able is eliminated from this analysis by assuming thatrthe‘sampler obtains
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& true average sample of the water-sediment mixture at the sampling point.

6. Vertical distribution of sediment--For many years it has been
known that the oconcentration of suspended sediment in a stream increases
from the surface to the bottom; A correlation between the sediment con-
centration and turbulence was first advanced by 0'Brien in 1933 (7) and
has been partria.lljr checked by observations in certain streams and channels
by Christiansen (2) and Richardson (8). Rouse (9) checked the correlation
in the laboratory using artificial turbulence.

The theory of this correlation has been reduced to a mathematical
expression by Lane and Kalinske (6) which allows prediction of the sedi-
ment distribution curve that will exist for individual sizes of sediment
under specific conditions of stream depth, slops, and roughness. If the
stream conditions and the concentrations at any point in the vertical are
known, it is posaible'to calculate with this expression, the concentra-
tion at évery other point in the vertical and the sediment discharge
represented by the vertical. This method of analysis, which for simplic-
ity, incerporates a number of assumptions, will be used in this report in
corparing various sampling methods.

In the determination of the sediment distribution curves it was first
necessary to establish the vertical velocity curve that would exist under
given stream conditions of depth, slope, and roughness. Von Karman's
equation for wvelccity distribution in rowgh conduits, which appears to
conform rea;onably well to the average velocity distributions observed in
several typicesl streams, was used 1in this analysis. The equs.ion, and

its application in the development of the basic relation of st ir curdl-

tions to sediment distribution, are presented in Section 10.
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7. Analysis of accuracy of sampling methods--In determining the

aecuracy of any method of sampling a stream vertical, the turbulence-
suspension ﬁheory is used to establish the vertical sediment distribution
for given stream conditions. The sediment distribution curve is com-
bined with the corresponding vertical veloeity curve to determine the
rate of sediment transportation and the true mean sediment concentration
in the vertical. The éoncentration of sediment in representative samples
taken at the points used in the particular sampling method under study
is determined also by use of the turbulence-suspension theory. If more
then one sample is collected in & vertical, the samples are eombined and
the combosite gample is analyzed. The error attributed to the sampling
method in ddeation is the per cent difference between the concentration
indicated by the composite sample &nd the true mean concentration in the
veftical.

The equations which express the distribution and the mean concentra-
tion ef gsediment in a vertical are developed in terms of the concentration
at some reference point in the vertical. The computations in this analy-
‘ais were simplified by choosing the bottom as the reference polnt. Equa-
tiong 1 and 2,'there£ore, appl& only to tﬁis study or to a study in which
& simllar comparison is made.

The equation for determining ‘the sediment concentration of a given

particle size at any specific point in the vertical is

ﬁ = ﬁoeﬂletz - * . L . » . L] . L] . . L3 . L] - . - - -‘ . . . l

ratio of height of any point above the bottom to the
total depth of stream.:

where oz
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L
L]

The index

mean sediment concentration of a given particle size at
point 2 .

mean zediment concentration of the same particle size at
the ' .tom.

£.718

L

dimenglonless parameter denoting a particular ssdiment
distribution.

1 1is a function of the fall velocity of the particle and

the mean velocity, dépth, and roughness of the stream. The exact relation

expreésed in common units 1s

where e =

In Fig. 1

0.2619 ¢ . or 0.1746 c C ., ., 2
n/D1/8v,, n '

fall velocity of particle, ft./sec. (If ¢ 18 expressed
‘em./sec. the constants in equation 2 should be 0.0086: and
0.0057, respeetively.)

Manning roughness coefficient.

depth of stream, ft. (Replaces hydraulic radius R for
simplicity. Use R if D 13 appreciably different.)

mean velocity in the vertical, ft./sec.

Chezy friction coefficient _ 1.5
n/Dl_;6

are shown sediment distribution curves for wvarious values

of % . The quantity n[D]-/6 y inversely proportional to the Chezy fric-

tion coefficlent, may be considered an index of relative roughness. For

convenience, it will be termed m in this report. The effect of relative

rdughnaas upon

the vertical distribution of velocity, determined from the

Von Karman veloclity equation presented in Section 10, 1s illustrated in

Fig. 2

A nomograph which facilitates computation of 4+ from given stream



20 Section 7

and sediment conditions is presented in Fig. 3. In using this nomograph
it should be observed that certsin factors are expressed in English units
and others in metric ﬁnits.

The mean concentration in the vertical indicated by this particular
method of saﬁpling in question was referred to and expreﬁsed as a decimal
fraction of the concentration of suspended sediment at the bottom of the
verticals. This ratio was related to another ratio P (See Fig. 4)
which expresses the true mean concentration in the vertical as a decimal

fraction of this same bottom concentration.
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111. THEORY OF VERTICAL DISTRIBUTION OF SUSPERDED SEDIMENT

8. Definitions--The theory upon which is based the correlation of
the characteristics of a stream and its suspended sediment load, as used
in this report, has been presented in published enginéering literature (6).
This chapter will be devoted to & brief review of the turbulence-suspension
theory and a presentation of the fundamental mathematical relationshipse
involved. . In this review the following dsfinitions of terms will be
- pertinent:

Turbulence is the state at any point within a fluild where the direc-
tion and magnitude of the #elocity vary irregularly with time. in true
turﬁulence, such fluctuations are not periodic but occcur entirely at
raasdom, their frequency of occurrence following the normel error law.

Turbulence exchange iskthe exchange of momantum or materlal betwsen
two layers of a fluid due to veloaity fluctuatioms csused Ly turbulence.

True mean ggg;mgnt.goﬁgentration in & wvertical 18 a quantity such
that when multiplied by the mean welocity in the vertioml, the valug of
the ectual suspended sediment discharge in a unit widbth of the stream is
- obtained.

The obarscters listed and defined below will bs used In the mathe-
matical derivations which follow. No units are shown inasmuch as the
equationg apply under any system of units used conslatently.

¢, = fall velocity of sediment particle in atill water.

C = Chezy roughness cosfficient, l.% .
n/pt/®
D = total depth of strean.

€ = momentum transfer coefficient.
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£ = Prendtl mixing length.

m = a relative roughness factor, n/Dl/6 .

n = Manning roughness coefficient.

N = sediment concentration ata point inweight per unit volume
' of water sediment mixture.

P = ratio of true mean sediment concentratlon in the vertical

to sediment concentration in suspension at the bottom.

¢ = unit density of fluid.

8 = slope of water surface or énergy gradient.

t = a dimensionless parameter denoting a particular sedimsnt
distribution, c/A/To/p

T = unit shear between two layers of a fluid.

To = uﬁit shear at boﬁndary.

u = vertical compohent of fluctuating velocity, u = 0.

V = mean velocity inthe direction of stream flow (a bar above

a symbol denotes the mean of fluctuating values).

w = unit weight of fluid.

W = total load of suspended partiéles having a fall veloclty
¢ , per unit width of stream.

x = ratlo of velocity at a point to the mean in the vertical,
V/Vm (3

y = height of a given point above the stream bed.

s = ratio of height ofany point above the bottom to the total
depth of stream, y/D .

9. Genersl equation for vertlical distribution of suspended sedi-

ment--The instentanecous sediment concentration at a point is equal to the

averageiconcentration at that point plus or minus the fluctuation in

concentration.



Section 9

4.3

PERCENT OF DEPTH FROM SURFACE

¢

10

ERTICAL

ON

AND

DISCHARGE SUMMATION

EFFECT OF ROUGHNESS d
)
5

VELOCITY CURVE i

m:l%k

[/

CURVES B - __|

*

'--‘--_.]-—.__ im::.oo
\.-
"-\.

50 . {/
eol 951
//// ‘ CURVES A

o / 7
o 1]

o"’qto// ’ﬁ

4, SO

PRI

! [0} 20 40 60 80 100 120

VELOCITY" IN PERCEN

T OF MEAN VELOCITY (CURVES A)
AND

PERCENT OF DISCHARGE BELOW INDICATED DEPTH (CURVES B)

FIG. 2



24 Section 9
10 a0l SOLUTION OF EQUATION
5 - +=£0885 - DOSIC
6] /6‘ Vi Vin s
PE GUEN' Y =a.0FTAEC, N
] xa 020 A
.31: oot € = odyIcmBEC, L
i *© o7 24 TO_DETERMINE L,
2] o ¥ pos oraw Lng connecTig Igzozo witk ran, |
1- Z|E . 008 4 nne INTERSELTING REFERENCT LINE, B, AT A, EXTEND |
1t i % 500 LINE FROM c®.038 THROUGH A, READING L = 0037 |
h E " DIo 08 10
104 3 (g 10 [
: % E
08 3
i : ;
06 -
s ¥ S £ p2 U Fis
it % 3 e -
.04-:' g a ot i g -_
] 005 é . b3 g H ;
i 04 el 20
K j']" 3 ¥l
i q o4 N g
[ 4 4 z [y
u Y opee T, wloas
" g v zf
§ R d JE
7} - 10 >- :' 3
105 |
3 ;.04 T = __vl'_!l_ - 3
g . . . J .
2 E
o5 r43
s g SE
] 5 pe 3 2ps
003 4 L
3 ZmE4 g s
w o [ r
002 Q ne -] [
] P 7
" & 10 i‘B
D010 § 10 §_°
o008 3 § E o
1
9008 ] 15 s
005 F B
m- 2 N
m.i 3 s
3 3 4
D002 4 -
¢
sk, NOMOGRAPH
000 i FOR DETERMINING PARAMETER t

FROM
STREAM AND SEDIMENT CONDITIONS

FIG. 5



Section 9 25

Fele)

[
o

'f'l'!'lglnl TTT1

'p'l'l'l"al'l'l'l'

S
BEREERAREE LELEEBLEREE
S
]

S50
o \\\\
\
- \
; \
: I\
2oJ; %\
: WA
oF RELATION OF MEAN SEDIMENT CONCENTRATION ?’}\\\
- AS EXPRESSED BY FACTOR P T0 INDEX OF | NN\
- VERTICAL SEDIMENT DISTRIBUTION t NN
-~
L N
oLl LU d o L LT
001 002 004 007 .0l 02 04 07 aQl 2 4 6 810

VALUES OF P - RATIO OF MEAN CONCENTRATION IN VERTICAL TO CONCENTRATION OF SUSPE.DED MATERIAL AT THE BOTTOM

VALUES OF % - INDEX OF VERTICAL SEDIMENT DISTRIBUTION
FIG. 4



26

Sectlon 9

Sediment 1n suspension is in a constant state of motion in a vertical

direction due to two factors (a) fluctuations of the vertical components

of velocity and (b) the tendency for particles to settle due to the force

of gravity.

where

and

Nut

ut

u+

In equation form this may be stated as

= Nut + Ne

* * & & & v 8 "8 b @ " P ¥ P 8 & ¥ 8 = * 4

instantaneous vertical velocity upward

ingtantaneous vertical velocity downward

If algns are taken into account, this equation may be expressed as

Combining equations § and §

and.*.

= Ne

(N +ANJu

Nu + ANu

+a

Nu =

Ne

L] - a - - - - - - L[] L] - - L[] L] - L[] L[] - » L] L] L] . 5

but u

f
o

If AN and u are considered as always being of like sign, eilther (+)

or {-),

$.5"

then

N

= = ® ® & * ® * ® ® & ® B & ® & & € T @ @ LI ) 6

The accompanying sketch shows a typical
vertical ¢1stributionof suspsnded sediment.
From this curve

AN = §

- L] L - - a L] - - 7

&gl

where y is the distance from the stream bed

to a point on the curve and £ 1s the Prandtl "mixing length," which may
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be thought of as the distance an eddy travels before it loses its iden-

tity. Combining equations € and 7

uﬂ ﬂ = Nc . . - - - L] L] . L] - L] L] L] L L] - - - L] L] L L4 - a 8

In this equation the quantity uf , commonly designated by € , is known
as the "momentum transfer coefficient," and is a measure of the diffusion
‘power of the turbulence. If equation 8 is integrated it becomes

- y
1089 N/Na - -cj dy/e * & 8 & & & B P =B B 4 ° @8 & ®' w = 9
a ' :

This is the general equntion for sediment distribution in the vertical in
terme of & known concentration at some point, & . If € can be expressed
or evaluated in temn of some lcnown quantity, this equation can be used
to represent the shape of the sedimeht distribution cnrire. Prandtl used
this term in expressing the relationship of the

unit shear I between twn layers of a fluid at any point, the

unit density, P , and the slope of the vertical velocity

curve di’_[dx .
I : P E dv/dy » L] - , - - L ] - L ] L] L] L ] L ] L] - L ] - L] L] L ] L] L] L] - 10

The shear I , and the slope of the vertical velocity curve d4V/dy ,
can now be evaluated. The shear at the stream bed may be expressed as
" the coynpdnen't: of wéight in the direction of stream slope. If the shear
is ‘assumed to vary linearly with depth, as it probably does in wide rivers

where side effects are negligible, it may be expressed as

r = (D - y) ws L] . - - . » . L] L] L L] » . L] Ll L] L] L L » L] 11
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By combining equations 10 and 11 -

= _{D - y) w8
f;dV/dy

* ® ® § & ® ® ® " 9 @ W T E ° v ® v € @ 12

When the shape of the vertical velocity curve has been determined

this value of € can be substituted in equation 9.

10, Vertical velocity distribution and its relation to roughnesgs--An

evaluation of gﬁ[gx , characterizing the'shape of the vertical velceilty
curve, 1ls necessary both in solving equation 9 and later ln computing the
mean sediment conéentration in a vertical section of the‘stream. Mény
useful theoretical equations are avallable for expressing the vertical
distribution of velocity. The following equation developed by Von Karman
for velocity distribﬁtion in rough condults is used in this analysis be-
cause of its physical significance:

x=‘1'+m(1+l°ge-z)nso...-..c¢-- 15
: 0.4V

where the factor 0.4 is a universal constant determined experimentally by

Von Karman, equation 13 may also be written
Vg = 1+ YEZ8 (14 2oge /D) « v o v v v v v v v . 14
/Vn 1 0.4V, ( gey/ )

By subsfituting equation 11 for Te , and the Manning or Chezy equa-
tion for ¥V, , assuming the hydraulic radius to be equal to the depth,

equation 13 may be simplified to

x 1+ 9.50 n/D /8 (1 + logez )

l+l4.2/C (l+loge2)....-...‘.—..... 15
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Curves A of Pig. 2 show vertical velocities computed by equation
15 for various values of gﬂ + These curves donot turn batk near the
water surface as has often been found to be  the case in actual streams,
because the theory of turbulence exchange is not applicable to a negative
slope. Equation 15 gives & zero velocity slightly above the bed, and
negative velocities below that peoint. In this study the equation is
applied only to the point at which the velocity is zero, all negative
velocities being considered zero. The point at which the velocity equalled
zero wag practically at the bottom for the smallest relative roughness
value used, 0.010, and was about one per cent of the‘depth above the
bottom for the largest relative roughness valus, 0.030. A computation
was made also for a relative roughness factor of 0.025 to determine the
errér introduced due this deviation from the theoretical curve. 1In
Fig. 5 1is shown an adjusted vertical wvelocity curve, for a relative
roughness value of 0.025 (¢ = 60), which hasAbeen arbitrarily adjusted
8o that it turns back near the water surface -and so that the velocity
equals zero at the stream bed. However, the area under the adjusted
curve is equal to that under the theoretical curve. This adjusted curve
approaches the actual vertical veiocity distribution found in most
streams. The theoretical sediment distribution curve was combined graph-
ically witﬁ the adjusted velocity distribution curve for various values
of t , then the mean sediment concentration was obtained by determining
the area under this cembined sediment-velocity curve. A comparison be-
tween these and similar valués obtained by Lsing the theoretical velocity
curve revealed less than one per cent deviation for all values of 1t ,

which indicates that the effect of the adjustment of the theoretical
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veloclity curve is negligible.

Further analysis revealed that the theoretical verticai velocity
curves agreed fairly well with an average curve which had been developed
from velocity observations in streams. The 0.6 depth velocity or the
mean of the velocities at the 0.2 and 0.8 depths, either of which in
ordinary discharge measurements, 1s assumed to be the mean velocity in

the vertical, checked the mean for all the curves within one per cent.

11, Simplified equation for vertical distribution of suspended sed-
iment--By differentiating equation 14, the value of dV(c_lx_ is found to

equal v7Zo/f . ‘Substituting this value of dV/dy in equation 12 it becomes
04 y

€=0-4D~T°;i(1"‘2)30------.q--0-000;16

When this value for € is substituted in equation 9 the following ex-

preseion for vertical distribution of suspended sediment is obtained:

loge N/Na = WIZ A2/2 (1-2) + « o o o o o o 17
' a

z , .
Plotting the expression, f dz/2 (1-z) , with respect to depth givee a°
J a

curve which,” fér all practical purposes, may be tremted as a straight
line. This procedure simplifies equation 17 in which may now be written

-N- = -Ea e -lst(z. a). L] L] - . L] L) L - - - L] L] - - L d L] L » - 18

where t = c/A/To/P
Substituting for JTe¢ its equivalent value wDS and multiplying the mem-

bers in the above equation for t by the respective members of the
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Manning formula for mean velocity, this expression may be simplified to

t = 0.0086 ¢ or 0.0057 ¢ C PN |-

- ) . v'
(n/Dl/e) Vm "

where ¢ = fall velocity of particle, cm./sec.
(If this term is expressed in ft./sec. the constants in equation 19 be-
come 0.2619 and 0.1746, respectively.)

n = Manning roughneas coefficient

D = Depth of stream, ft.

Vp = mean velocity in vertical ft./sec.

C = Chezy roughness coefficient (1.5 3/51/6)

A nomograph for solution of equatidn 19 for various stream and sediment
conditions has been presented in Fig. 3.

Equation 18 plots on semi-logarithmic paper as a straight line. If
the sediment concentration at one point is known, the sediment distribu-~
tion curve for the vertical can be constructed on this type of paper by
8imply drawing & straight 1line with a slope of -16t through the known
point. Seversl sediment distribution curves for different values of t

are shown on rectangular coordinates in Fig. 1,

12, Determination of true mean sediment concentration in the verti-

cal--The true mean sediment concentration ‘in a vertical is a quantity
such that when multiplied by the mean velocity in the vertical, the valus
of the actual suspended sediment discharge in a unit width .of the stream

is obtained. Such quantities were determined in this analysis by dividing
the total suspended load in a unit width by the total water discharge in
the corresponding unit width of stream. The total suspended load can be
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computad by combining the concentrations obtained for individual points
using equation 18, with the velocity at the corresponding points as ex-

pressed by equation 15. Integrating with respect to depth gives
wzF-v_mD-ﬁa-eleta.-us-.-'------so‘-ro--- 20

where W

total load of suspended particles having a fall velocity
¢ per unit width of stream.

P = ratio of true mean concentration in the vertical to sedi-
ment concentration in suspension at the bottom.

o
L

1 _igt 1 _16t2
[(1.+ 9.50 n/D]'/6 J e i dz} + [9.50 n/Dl/ej e Iogezdz]

] 0 ‘

- [(1 +‘14.2/0Jje‘16“dz]+ |:14.2/(§l R T d{l. 2 ]
Q

0

t and the relative roughness, 'N/D%/5.

—

g is a function only of
Although equation 21 1s complicated, once the integrals have been evalu-
ated for the range of conditions to be studied, they need not be computed
“again. 1In Fig.‘4 are drawn curves which will facilitate evaluation of E
for various values of &t . The curves shown cover a range of relative
roughness from 0.010 to 0.030 and should be found adequate for nearly all

practical conditions of natural streamg and channels.

It should be remembered that egquation 20 determines thé sediment
- load for one pafticular size only. In order to determine the total load
:transported*in suspension it will be necessary to calculate from the known
sediment concentration and the size distribution at a single point, the
quantity of materials of each individual size, considering that each of

these values applies to a narrow gradetion of material. The total load
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can be found by summing the amounts in these narrow gradations.

The true mean concentration of a‘cerfain particle size can be deter-
mined by dividing the total load for that size by the water discharge,
VEE s in the vertical section of unit width. This results in the squa-
tion

Em Piael,stalo.oulccooloccca-cuou 22

true mean concentration in'a vertical of unit width.

where Nm
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IV. CONDITIONS OF ANALYSIS OF SAMPLING METHODS

13, Computation procedure--The various methods of éampling sus-
pended sediment in a vertical were analyzed by comparing'&w mean Bediment
concentration as detefmined by each method with the true mean concentra-
tion in the vertical section. The sediment concentration at a point or
combination of points, as defined by the particular method analyzed, was
determined from the equation N = ‘ﬁoe-IGtz , where N and Eo repre-
gent the mean sediment-concentrations of a given particle size range at
the point 2 and at the bottom, respectively. The true mean sediment
concentration was determined from Eﬁ = EQP y P being determined for
various values of t as shown in Fig. 4. The difference between the
© mean obtained by any method studied and this true mean is considered as a

measure of the error in that method and is expressed in per cent of the

true mean concentration.

14. Particle.sizes and stream conditions considered--The errors in
sampling due to gradation of particle size are of fundamental importance.
These errors were calculated for individual particle sizes ranging from
0.010 to 0.65 mm. The particles were treated as quartz spheres and their
fall velocities in water at 20° C., were used in all calculations. The
particle sizes and corresponding fall velocities considered in this anal-

ysis are as follows:

Particle Diameter Fall Veloelty
 mm. em./sec.
0.0l10 . 0.0089
0.025 0.056
0.050 0.215
0.115 1.00
0.35 5.00

0.65 10.00
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To illustrate the errors of the various sampling methods upon total
concentration where a gradation of particle size exists, as in natural
streams, three size clasggsifications, fine, medium, and coarse, were
analyzed, The classifications used and the assumed conditions for analy;
sis are presented in Section 27.

The errors due to particle gize wvariations which would occur in
sampling were determined by the turbulence;suspension theory of sediment

distribution for the following conditions:-

a. Mean velocity in vertical, Vp, | 0.5 to 15 ft./sec.
b. Relative roughness M 0.010 to 0.030

or corresponding Cheiy (4] 150 to 50
c. Particle gize 0.010 to Q.65 mm.

15. Validity of results--In evaluating the errors in any individual

method it was assumed that the sample collected is a true average of the
fluctuating eediment concentretion at the sampling point. However, a

study of sampler entrance conditions, presented in Report No. 5 of this
series, revealed that a sampler does not always collect a true sample,
and also disclosed that as the size of the sediment increases the oppor-
tunity for error increases. In this analysis of sampling methods errors
inherent in the sampler itself are not taken into account. Such errors
will be superimposed and will either increase or decrease the total
sampling error according to thelr algebraic signs. The effect of errone-
ous sampler action upon the wvalidity of calculated aahpling error is
demenstrated by the depth-integratién method of sampling a vertical when

performed by copening the sampler at the hottom and allowing it to £ill as

1t 18 raised at a uniform rate. The theoretical analysils indicates that
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a high positive error will result because a relatively large portion of
the sample 1s collected near the bed due to the pressure differential.
However, the initial inrush would result in a significant 1loss in the
larger sizes of sediment and a lower unit concentration than that repre-
sentative of the true sediment concentration of the stream at that point.

If the inaccuracy of the sampler itself is insignificent, the errors
in sampling methods determined in this analysis are comparable for the
sediment and velocity variations assumed. Thus, for any case where the
vertical velocity and sediment distributions are the same as those assumed,
the comparlsons will be valld, regardless of whether the sediment distri-:
bution is due tc suspensicn, saltation, or other causes. The vertical
velocity and suspended sediment distributions assumed in this analysis
closely approximate those usually found in streams and 1t is believed,
therefore, that, in the majority of cases, the results indicated are
reasonably accurate.

As more data on the vertical distribution of sediment in streams is
accumulated, and the physical laws governing sediment transportation are
more completely understood, the conditions for which this method of anal-
ysls applies will become more evident. There is already some evidencs
that it does not apply where the stream bed or banks are covered with
large rocks or other immovable objects, because, 1in such cases, the
gediment distribution apparently is more uniform than the turbulence-

suspension theory would indicate.

16. Manner of presenting resultg--In Figs. 6 tc 8 are shown graph-

ically the per cent deviation from the true mean concentration, or the

errcr8 in individual particle size determination in relation to the
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sediment distribution as expressed in the index it for all point sample
methods and for one depth-integration method. As previously emphasized,
the validity of the results presented in this manner is dependent upom
the existence of the sediment distribution expressed by t and upon the
accuracy of the sampler. The auxiliary ordinate scales in these figures
showing the ratio of particle fall wvelocity to mean stream velocity in
the vertical, EZEE , are conditioned upon the reliability of the sedi-
ment distribution theory for the particular stream conditions being
analyzed. If the actual sediment distributions conform to the theoreti-
cal, the EZ.Y..“! scale can be used in estimating errors in sampling msthods
for a rather wide range of sediment and stream conditions.

The valués of the errors ‘arising in using the point sample methods
over representative ranges of particle size, stream roughness, and veloc-
ity are given in Tablell. In the interpretation of these results it
should be recalled that they are dependent wupon the conformity of the
actual with the theoretical velocity and sediment distributions. Fig. 9
illustrates the relation of the errors in the various methods to the mean
stream velocify in the vertical for various sizes of particles and an
average relative roughness.

The errors which would occur in using the various depth-integration
methods with varibus particle sizes and different types of sediment dis-
tributions, as determined by the stream conditions, are presented in
Figs. 10, 11, and 14 for an avefage relative roughness condition. Tables
2 to 5 show the same results in terms of stream and sediment conditions
for all depth-integration methods analyzed in this study.

The results of an analysis of methods used in determining total
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concentiration of graded materials, approximating gradations of particle
size that exist in natural streams, are presented in relation to stream
velocity in Figs. 16 and 17 for point Qample and depth-integration
methods, respectively.
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V. ANALYSIS OF POINT SAMPLE METHODS

17, Single point methods--Only the two single poiht methods of

sampling that are commoﬂly empiojéd in routine sediment investigations,
the surface and 0.6 depth methods, will be analjbed in this study. In
the analysis of the surface method the sediment concentration at the sur-
face wés compared directly with the true mean éediment concentration
without the application of a coefficient., Under all conditions the
analysis in#icates negative deviations from the true mean concentration
that increase, &s the curvature of the sediment distribution curve in-
creases. The errors are appreciahle for all particle sizes'except the
extremely fine mpterial.

In the 0.6 dapth method as it 1s commonly used, it is assumed that a
sample collected é¢ the 0.6 depth point is representative of the mean
sediment concentration in the vertical. An analysis conducted on this
basis indicated that this method generally results in less error than the
surface method but the errors are less consistent. The deviations from
the true mean concentration are positive for distributions expressed by
values of about t = 0,3 or less, and are negative for distributions of
greater curvature.

In Figs. 68 to 8 are shown the plotted values of deviation from the
true mean'for various values of 1 for this method, along with that of
the other methods which will be described in the following sections of
thie chapter, for relative roughness factors of 0.010, 0.020, and 0.030,

regpectively.

18. BSurface, mid-depth, and bottom methods--In past sediment stud-

les it has been the practice to determine the mean sediment concentration



Section 18 ‘ 41

1.0 -‘ <
N N 1,0

f\:: ) %\ ) ‘, — 08
SRR R ARlgks
o SRS
3 ' A W T 193 § é
2 Y \ o.2 g3
: %[0 K% e g2
2, S\ A als
@ \ v VAW, o1 gl
P A" N Hows 52

) 7, y |
E'M I\ ! Y4 rlil / 006 Eg
. \ iﬂ‘ Y o 2
2 \ | [\ & / o 2
g~ \ § / owce )
; \ 1 e
5.0 . ) 3

f \ { I 1001 &

% o \ \ ' . 106008 "
: \ Ny | {02006 o,
004 TV 77 o.oal 3

‘l‘ l 10003 &
:ll — 0. 002
"
001
100 8 40 20 0 8 ! - 0 + ! 5 W 20 40 &0 100
PERCENT DEVIATION FROM TRUE MEAN CONCENTRATION
where ¢ = fall velocity of particle in om./sec,
t = 900008 ¢ V, = mean velocity in vertical in ft./sec.
Vo B 2 = Manning roughness coceffiolent.
pt/® D = depth of gtrean in ft,

For a relative roughness -#/5 = 0.010

ta 0,858 -5 or £ 1,166 ¢
vm Vm

Fig. 6 - Accuracy of methods of sempling suspended sedinent for various
types of sedixpent distribution and a relative roughness 0,010,



42 Section 18
10
/ 2
~8
8 f
)4
4 z —] 1.0
s ¥ Lo.s
: ) 7S
~l 4 9)9"/'

o -
1+ ]

o
4

)
w

8

o vo

VALUES OF ¢ (INM OF VERTICAL SEDIMENT DISTRIBUTI
g

-]
h

i/ —

I i

00 & 40 20 10 5 ! -0 + I 5 10 20 40 @80 100
PERCENT DEVIATION FROM TRUE MEAN CONCENTRATION

2

vhere ¢ = fall velocity of particle in om./sec.
t = 0.00858 ¢ . T, = mean veloeity in vertical in ft./sec.
Vo —’3-1-/6 n = Manning roughnese coefficlent.
D D = depth of stream in ft.

For a relative ronghness 2 6= 0.020
= 0. & —£_ = 2,37
t 0. 429 v, or T 2.3% ¢

Mg, 7 - Accuracy of methods of sanmpling suspended sediment for various
types of sediment dlstribution ahd & relative roughness 0,020,



Section 18
0
I. - 3
) 'h\ > 9{‘ 2
K.}
N N "'\\ r_
4 \‘\ 2
3 LN 2 1,0
- \‘\ — .
2 W\ \ . L'_O.B
h) "
. —] 0e6
‘ \\‘l\ / 5)4 % o
| \ AL / /- ) =[N
X 7 ;
A LY / —] 0e 3
08 /

.

VALUES OF L QNW OF VERTICAL SEDIMENT OQTR!WH

g 2
>
v
N
AR

/ 0.2

Mean wveloolity in vertioal in ft./sec.

m

/ %
03 ! —10.1
2 & / —{0008
'l, [
i °.dl ~
.0l 7 2
0 ) yail -
i
006 / /: / — 0,02 °|
004 /l / /} 3
-
003 L — 001 ,ﬂ
\ = OOM
00! 0.00l
TT0 60 40 20 0 9 [ -0 + | 8 10 20 40 60 100
PERCENT DEVIATION FROM TRUE MEAN CONCENTRATION
. where ¢ = fall veloclty of particle in om./sec.
t w 0.0085¢ ¢ ¥y, = meen veloclty in verticsl in £t,/sec.
7, : n = Henning roughness coefficient.
" —IB)I/ & D =

depth of stream in ft.
For a relative roughness _TLI./ 6= 0.930
)

t = 0,286 -8~ or & - 3,50¢
vm vm

Fig., 8 - Accurscy of methods of sampling suepended sediment for various
types of sediment distribution and a relative roughness 0.030.

48



3

44 Section 19

in a vertieal either by averaging the concentrations in samples of equal
volume which were collected at the surface, mid-depth, and bottom or by
giving the mid-depth concentratidn double weight before averaging it with
the concentrations in the other two samples. Although it is impossible to
collect a suspended.sediment sample exactly at the bottomof a stream, for.
purpose of this analysis the bottom sampling point was arbitrarily located
at 90, 95, 98, and 100 per cent of the stream depth at the vertical.

The errors, or deviations from +the. true mean, are positive for
practically all conditions because the bottom sample is taken at a point
which is below that of mean concentration for the section of discharge 1t
repregsents. Further analysis reveals that when double weight is given to
the concentration of the sahple from the mid-depth point, the error is
reduced for all values of 1t , index of vertical sediment distribution,
greater than 0.10. In considering the point at which the bottom sample
1s collected it appears that the concentration in a sample from the 0.9
depth approaches the true mean closer than does a sample collected at the
bottom, However, 1in any caese the error 1s insignificant for t wvalues
below 0.02. Generally, the errors are less for these methods than for

the surface or 0.6 depth methods for it values of 0.1 or less.

19. Straub method--Dr. Straub developed a method of sampling in

the Missouri River (11) wherein the sum of 5/8 of the concentration in
the sample from the 0.2 depth and 3/8 of the c§ncentration in the sample
from the 0.8 depth 1s considered to be the mean concentration in the ver-
tical sampled. The sediment distriﬁution in the v;rtical was considered
to be linear. In this analysis the concentration determined in this

manrer was compared with the true mean.
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The results indicate that this is one of the more accurate methods
adapted to routine use. For sediment distributions of 1less curvature
than expressed by- t = 0.05 the errors for the three stream conditions
shown are less than 3 per cent., For streams with relative roughness
factors of 0.0R0 or 0.030 this method appears to be more accurate for
a wider range of particle sizes and velocities than any other method ana-

lyzed, while for smooth channels, relative roughness of 0.010, it is not

much more accurate than the 0.8 depth method. It is probable, however,
that the favorable showing of +this method may be offset in the field
because scme methods 4in which meore sampleﬁ are collectea would probably
better represent the ‘actual sediment distribution In the vertlcal and
reduce errors which are introduced due to momentary: fluectuations of the

\

sediment concentration.

20. Luby method--In the Luby method of sampling, a vertical section
is divided into a number of increments of equal discharge and a sample is
taken at the midpoint of each increment. By taking samples in this man-
ner, each sample represents an equal discharge, therefore the cdncentra-
" tions at each point are properly weighted. This is accomplished by
dividing the vertical velocity curve into equal aréas and collecting a
sample at the centrold of each area. A more complete description of this
method is given in Report No. 1 of this series.

In these computations, o water-discharge summation curve for a unit
stream width computed from the vertical velécity curve facilitated in the
location of the sampling points. Curves B of Fig. 2 show the per cent of

total discharge below each depth for the velocity distributions used in
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this study. The cumulative per cent of total discharge from- the surface
to the midpoint of each increment of discharge indicates the location of
the sampling poipts. Computations wére made by using elther 3, 5, or 120
pointa; in each case the cqncentratiOns were averaged and the composite
sample thus obtained compared with the true mean,

Analysis revealed that the Luby methed, using eilther 3, 5, or 10
points, is reasonably accurate for all sediment distributions of t = 0,2
or less. As might be expected, the analysis also indicated that in using
the Luby method the deviations from the true mean, or error, decreased
wheh the number of sampling points was increased. The errors are always
negative because the samples are taken at the point of mean discharge in
each section, while the actual point of mean concentration occura at a
lower point which has a higher concentration than that of the sampling
point. Since the errors are consistently of one sign, and de not change
rapldly for different conditions of velocity and sediment distribution,
they could be reduced by applying a coefficient. However, if this is to
be done the size distribution of the sediment must be known.

In the Luby method the velgcity distribution at the time of sampling
must be known although an average velocity distribution determined from a
number of measurements can be used without introducing a large error.
_ Although this method is somewhat more complicated than others it can he
simplified by taking samples of‘equal volume. Then all the samples from
one vertical can be combined intc one composite sample for the analysis.
The Luby is probably the best of the present methods for use in streams
whoge depths exceed 20 ft., and it is satisfactory alsc for shallower

streams.
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21. Sampling errors incident to streem and sediment conditjons--

The errors introduced in point sample methods due to variations in the
vertical distribution of sediment have been discussed. Errors in sampling
by various methods due to variations in sediment size and stream velocity
with a relative roughness factor of 0.020 are shown graphfbally:haFig. 9.
The validity of these results is naturally dependent upon the existence
of a sediment distribution which conforms to that indicated by the
turbulence-suspension theory for each given stream conditioen. Therresulta
by &ll the methods studied with three dégrees of relative roughness and
‘various particle sizes and stream velocities are summarized in Table 1.
Concerning the individual methods, the following general conclusions can

be drawn:

&a. Single point method: The true mean concentration can-
not be determined from single point samples except for a few
limited casea, because the depth at which the mean sediment
concentration cccurs varles with particle size and with stream
conditions. The surface method gives large negative errors for
all except very small particle sizes. The results obtained in
the 0.8 depth method are hetter; however, this method also
gives large errors unless the particle size of the sediment 1s
small.

b. Surface, mid-depth, and bottom method: This methed is
reliable only for relatively fine particles or for high veloc-
ities. In most cases the error was positive for all stream
conditions and particle sizes, because the bottom sample is
collected &t a point which 1s lower than the point of mean
concentration of the section of discharge it represents. By
assigning double weight to the mid-depth concentration the error
is reduced somewhat; similarly, the error is usually less when
the sample 18 collected at a point some distance above the
bottom instead of at the bottom. However, the errors are still
excessive for the larger particle sizes.

¢. Straub method: This method is one of the more accurate
of those adapted for routine use. The errors are negative for
all particle sizes with relative roughness coefficients of 0.010
and 0.020, changing to positive for the larger particle sizes
with a relative roughness coefficlent of 0.050.  For relative.
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roughness values of 0.020 and 0.0350 this methoed is accurate for

'a wide range of particle sizes and velocities, while for a
relative roughness factor of 0.010 the errors increase indicat-
ing that the method is less accurate in this range.

d. Luby method: This method is accurate for a wide range
of particle sizes and stream conditions, and the degree of
accuracy increases with an increase in the number of sampling
point. However, the errors are excessive for very large particle
sizes at low velocities.

In general, the errors increase as the particle size increases and

they decrease as the velocity ahd relative roughness increase.
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VI. ANALYSIS OF DEPTH-INTEGRATION METHODS

22. Filling rate equal to stream velocity--A slow filling sampler
which will consistently draw a sample of inflowing water without dis-
turbing either the magnitude or the direction of the stream velocity
ahead of its mouth, will collect a trué integrated sample. If such a
sampler is held stationary, a time-integrated point sample will be ob-
tained, whereas, if the sampler fills while traversing some distance in a
vertical, it will take a so-called depth-integrated sample. In the dis-
cussion which follows this type of aﬁmpler will be described as filling
at a rate equal to the stream velocity.

Obviously none of fhe samplers investigated in the study were capable
of taking a true integrated sample in accordance with the above defini-
tion. Only the Rock Island sampler indicated a filling rate approximately
proportional to the stream velocity, but the filling rate was considerably
augmented, particularly at stream velocities below 2 ft./sec., by the
exchange of air and water as in the normal filling process in other
samplers. However, the analysis of the depth-integration method is made
on the assumption that the sampler does fill at a rate equal to the stream
velocity and that it does not disturb either the flow lines or velocity
ghead of iﬁs intake. Since it is impossible to sample immediately at the
stream bed, because of the physical shape of the sampler, and since such &

practice is undesirable, because of the probability of disturbing the bed
material, all computations were made assuming that the sampler traversed

80, 90, 95 and 98 per cent of the depth at the vertical.

The mean sediment concentration was determined from the area under
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the combined velocity and sediment distribution curve above the maximum

depth to which the sampler was lowered.

A comparison between the mean

concentration of this area and the mean concentration of the area under

the curve from the surface to the stream bed indicated the error,

viation from the true mean sediment concentration.

TABLE 2

ACCURACY OF DEPTH-INTEGRATION METHOD WHEN SAMPLING DIFFERENT PROPORTIONS OF

THE STREAM DEPTH AT A FILLING RATE EQUAL TO VELOCITY

or de-
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The results of this study are shown in Table 2 and Fié.'lo. Iri~all
cages the errors are negative, increasing with increasing values of 1
and decreasing with increasing values of rélative roughness. For the
0.010-mm. partlicle size sediment, +this method was extrémeiy accurate for
all depths sampled. The results were fairly good for the 0.025;mm.rsedi—
ment; the maximum error of 14 per cent occurred at the lowest velocity
and relative roughness ﬁalue and the shallowest depths sampled. ‘in gen-.
eral, the errors appear to decrease when greater percentages of the depth
are sampled and when the relative roughness coefficient increases but in-

crease with the larger particle sizes of sediment.

23. Filling rate constant--A number of slow filling samplers used

in the depth-integration method are not appreciably affected by stream
velocity because they do not face into the stream flow and they tend to

fill at a constant rate when lowered or ralsed at a rate of 1 to 2
ft./sec. The characteristics of slow filling samplers are discussed in
Chapter VI of Rebort No. § of this series. In analyzing the depth-
integration method it is agpsumed that the sambler fills at a constant rate
while being lowered or raised. Computations were made assuming that 80,
90, 95 and 98 per cent of the depth was sampled. Since the intake rate
was constant at all depths, the mean concentration in the sample was
equal to the mean of the area under the sediment distribution curve from
the surface to the maximum depth sampled. i
The deviations from the true mean sediment concentration indicated
for the various depths Sampied and for va;ious values of relative rough-
ness are shown in Table 3 and Fig. 11. This method 18 very accurate for

all percentages of stream depth sampled for the 0.010-mm. particle size
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Fig. 10 - Accuracy of depth-integration method when sampling different
portions of the stream depth at a filling rate equal to velocity.
sediment and is fairly accurate for the 0.025-mm. size, there being a de-
viation of 12 per cent at the minimum velocity for a relative roughness
value of 0.010. The errors decrease with an inérease in percentage of

stream depth sampled and as the velocity decreases.

For a limited range of depth and for some of the relative roughness
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AOCURACY OF DPTH-IETEGRATIOE METHOD WEEN SAMPLING DIFFIRENT PROPCRTIONS OF
THE STRRIN TEPTE WITH FILLING RATE CONSTANT
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| depth  [6.010 0.0 0.08 [0.118 | 0.35 ] 0.88 o.oxoﬁi‘£ 0.08 [0.1187 0.38] 0.65
80 1.8 (=12 |88 |—mee| o= ~e— | = 0.7 |~ 4.3 |-2¢ |-80 — | -
0.5 80 =0.8|=41|=M |memme | comm | e | =01 |-0.8|=8 |~48 O —
. o8 “0.1 =022 |aom| worm| v [+ 0T (e 28 |¢ 8 =32 | -
% *0d [+ 2B[¢B || =] e | # 0.4 |+ 2.8 |+24 |[+B82 —— | ——
80 - 0.9 |=B8.8]|-z0 |89 wen | wern [ = 0.4]= 21 |=20 [=B5 —_—| —-—
1.0 90 -0.8|-2.0|-13 |83 — ——— 0 [=0.2|=1.8|-22 — ——-
. 98 -0.1| 0 (-3¢0 |-m e | e |+ 0.2+ 0.8 |+ B2 |+ 2.3 | ——
98 *0.2(¢11(¢ 4.2 «08| —=| ~— [+01]|e¢1.8[+7 [¢30 — | ———
80 - 0.8 |= 2.7 =13 |-61 —— | = 0,2 [=1.0 |« 4.8 |27 ——| ——
80 0.3 = 1,0 = 4,8 |=328 —] —— 0 |=0/1 [= 0,8 |=? —| ————
2 9 |(=01| 0 |-0.3]|-13 e | wmae | % 0.1 |4 0.4 |+ 1.7 [+ 8 | ——
) 0 + 0.8 |+ 28 |+5 e | —— 0 * 0,7 [+ 3,4 |+15 e | —
80 -0.4 |=1.8|~8 |42 o [ e | @ 0.2~ 0.7 [~ 3.0 =17 [~ ——
3 %0 - 0.2 (= 0.8 = 2.8 (-2 — ——- 0 |=0.1|-0.3|=33|-3 —
98 -01| o 0 -7 — 0 |+ 0.2+ 1.1 |+ 458|=1.3| ——-
98 0 [+04(+1.7|+8B —— | | 0 |+ 0.4+ 2.2 410 |+48 -—-
] -0u4 [=1,3|=8 |-33 ——| —— | = 0.2|~ 0.8 |-2.3 |12 |-84 _—
4 90 - 0.2 [~ 0.8 |~ 2.2 |-14 —_—| —— 0 0 |-0.2|=1.9]|-29 —
] “~0.1 =01 0 |=40| mon | =m 0 |+ 0.2+ 0.8 [¢ 3.5+ 0,3 ——-
%8 0 [+0.Z(+1.3¢ 48| —-=| == 0 |+03|+1.6|+8 [+38 ——
80 -0,3|=0.8]|=4.0|=21 |[=-88 dome [ =01 [~ 0ud |= 1.4 =7 |48 =74
. 90 -0, [-0,8|=-1.8|-8 [-88 -— 0 0 |=0.1(=-1.0]-17 |-2
o8 o |-01]| 0 |-1.3]|-28 — 0 |+01 (+0.85(+2.8/+85 |-1.3
9% 0 * 0.2 |+ 0.8 |+ 3.8 |+ 01| = 0 4+ 0,2 |+ 1.0+ 8 +35 +45
80 |-0.1|-0.8|=22|-12 [-62 [=88 |-0.1|-0.2[-0.0|=4.0[-27 |85
10 80 - 0.1 = 0.3|=0.8|=4.0 (=38 |[-63 0 0 |=01 (-0.8[|=-7 |=2
] 0 [(=01| 0 |=~0.1 |13 |-} 0 0 |+0.2|+l4(+6 [+ 2.2
7] 0 {+01|+08|+3.4(+8 |~o08 0 |+ 0.1 [+ 0.8 |+ 31 [|+18 |+30
80 ~0.1 |=0.8|=21.8|-7 |[-42 |[-77 - 0.1 |=0.2|=0.8 |~2.8(-17 |[-28
18 80 0 |=0.3(-0.8]|=23.6|=22 |-48 0 0 0 |=0.3|=3.3|-12
85 0 |~01f o0 o |=7 |18 0 0 [+0.2 |+ 1.0+ 4B es
9 0 0 |+03(+1.5(|+8 [+ 1.8 0 [+ 0.1+ 0.3+ 204020 |+

factors which were assumed, 1t appears +that a sampler which fills at &
uniform rate 1is more efficient, 1.e., shows less deviation from the true
mean, than does_ a sampler that fills at a rate equal to the velocity.
However, a more detailed examination of Fig. 11 reveals that for all
other depths sampled and other relative rbughness values, the deviations

are greater in this method. For example, from Fig. 11, when 98 per cent

of the depth 1ie sampled and the relative roughness m 1is 0.020, the
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Fig. 11 - Accuracy of depth-integration method when sampling different
portions of the stream depth at a constant filling rate and accuracy when
sampler is opened at different depths.
error varles Dbetween 1 per cent for a value of 1t of 0.02 and 60 per
cent for a value of t , of 1.0, whereas, from Fig. 10 for the same
range of depth and for a relative roughness factor of 0.030, the maximum

deviation for all values of t was less than 7 per cent.

Although it appears that sampling at a uniform rate would in certain
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limited cases be better than the method in which the sampler is filled at
a rate equal to the velocity, it may be further said that field experi-
ence and detailed laboratory analysis of the problem indicates that it is
impossible for a sampler to fill at a uniform rate and at the same time
collect a sample of a true composition. Consequently, the inherent error
resulting from this type of filling action 1s necessarily superimposed
upon these results and tﬁereby greatly reduces the accuracy. A detailed

analysis of this problem is presented in Report No. 5 of this series.

?4. Sampler opened near stream bed--It has been a common practice
to open a slow filling, rigld container sampler at the stream bed and to
rai;e the sampler at a uniform rate, such that 1t will reach the surface
before the container is filled completely. In such a procedure, part of
hthe sample will be collected almost instaﬁtaneously fréh the initial
rapid filling which is due to a necessary pressure equalization, and the
remainder of the sample will be collected as the sampler is raised. The
amount of the initial .inruah to equelize the pressureé is a function of
the hydrostatic pressure and the volume of the sample contalner. 1In the
various types of samples tested, this pressure equalization was shown,in
the experimental study of sampler filling characteristics presented in
Report No; 5 of this series, +to occur within 1 sec. The theoretical re-
lationship between degth at which the sampler is opened and the volume
entering due to initial inrush is shown in Fig. 12. The results obtained
with the samplers tested checked +this theoretical relationship very

€

closely.

After the initial infush,' the filling rate was considered constant

since the error introduced by the volume of initial inrush is so large



58 Section 24

Depth at which sampler is opemed in ft.
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Fig. 12 - Relation of depth to per cent of sampler capacity filled in
initial pressure equalization.
that the variations in the normal filling rates for the different types
of slow filling samplers is insignificant. |
For purposes of this analfsis, it was also assumed that 90 per cenf
of the sampler capscity wouldrbe filled when it reached the water surface.
This velue was selected because usually when the sampler returns to the

surface completeiy filled the sample is rejected. The mean concentration

in the sample would themn be:
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Ny 1+Ng (0.90 - 1)

N = 0.90
wheroe N, = concentratlon at the point of opening which varies ac-

cording to the minimum distance from the intake to the
gtream bed for different samplers.

i = ratio of volume of initisl inrush to oapacity of sampler,
determined from Fig. 12.

N3 = concentration in that part of the sample collected while
being raised.

The errors in samples collected in a sampler which was opened at
depths of §, 15, and 50 ft. in a stream with a relative roughness factor
of 0.020 are shown 4in Table 4 and Fig. 11. This method also is very

TABLE 4

ACCURACY OF DEPTH-INTRGRATION MRTHOD PERFORMED BY OPENING SAMPLER
AT THE STREAM BED AND FILLING WEILE BEING RAISND

Relative roughness nlDllB = 0,020

Mean th
wveloolty h;r Parosntags orror
" in strean
vertioal Particle sisze mm.
1t. [ se0. . 0,010 0.038 0,08 0,118 0.35 0.85
8 -Gl 7 + 2.5 + 18 + a7 ——— ——
0.5 18 + 1.5 12 + M + 330 —— ————
a + 4.5 + 29 + 170 + 1000 ——— —
8 - 0.8 + 0.7 + 7 + 34 —— ——
1.0 1z + 0,6 + 8 + 30 + 190 -—— ————
" 59 + 2,1 + 14 + 88 + 470 — ———
-] - 0.8 - 0,5 + 28 + 18 ——— ———
2 15 + 0.2 + 2.7 + 13 + Ba ——— —
BO + 0.8 + 8 + 30 + 190 —— -———
5 - 0,7 - 0.7 + 1.3 + 11 + 31 ———
3 15 + 0.1 + 1.8 + 8 + B0 + 200 —-—
50 + 0,8 + 4.6 + 20 + 120 + 880 ———
5 = 0.8 --0.8 + 0.8 |+ @& + 3| =au-
4 15 0 + 0.9 + & + 38 + 230 ~———
80 + 0,3 + 3.0 + 14 + 80 + 800 ——
5 - 0.B - 0.8 - 0.1 + 4.8 + 3 + 31
é 18 0 + 0.8 + 4,2 + 2B + 180 + 390
50 + 0.l + 2.0 + 9 + &7 + 380 | + 880
’ & - 0.4 - 0.7 - 0.7 + 2.3 + 18 + 34
10 13 0 + 0.3 + 2.0 + 1l + 82 + 190
B8O 0 + 1,0 + B + 2 + 190 + 470
8 - 0.3 - 0.7 - 0.8 + 1,0 + 11 + 26
15 15 0 + 0.l + 1,3 + 7 + B0 + 120
80 0 + 0.8 + 3.8 + 18 + 120 + 290
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accurate at al; velocities and depths for the 0.010fmm. pgrticle size
sediment; however, the errors increase to a méximum of‘29 per cent: for
the 0.025-mm. particles. Evenléf a 5-ft. dé§£ﬁ the errors exceed 30 per
cent for value of t greater than 0.4. At 15 and 50 ft. the errors are
excessive in all cases except thbae in which the sediment distribution is
practically linear. In using this method the errors introduced are much
greater than in any of the others. With larger size particles the devla-
tions are so great that this method should not be used.

This analysis was made on the assumptibn that a true sample would be
obtained with the sampler. However, from the study of sampler acfidn
presented in Report No. 5 of this series, it appears that a loss in sedi-
ment does occur with the initial inrush and that the errdr thus introduced

varies with the particle size of the sediment.

25. Depth-integration with an existing sampler—-The filling rates

of present samplers are neither wuniform nor equel to the stream velocity
at any point in the vertical. Hence, the accuracy of the depth-integration
method as performed with one of the more comﬁon samplers was analyzed.
The one selected for study was the Rock Island slow filling sampler which
is described in Reports Nos. 1 and 5 of this series. |

Because in this case the errors do not vary directly with the para-
meter t the procedure of analysis was somewhat different. The method
used consisted of combining the experimental data on the actual filling
rate of this sampler, as presented in Report-No. ?,nwith various sediment
distribution curves. It was assumed that the fiilgtg rate varied with
the stream velocity as indicated by thé calibratioﬁ curve in Fig. 51,

Report No. 5, and that the sampler was lowered and raised at a constant
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rate. The relation of filling rate to velocity shown by the calibration
curve in this figure was applied to the vertical velocity distribution
curve for a relative roughness pf 0.020, with mean velocity varying from
1.0 to 6.0 ft./sec., end the variation of filling rate with depth for

each mean velocity considered weas found to be as ghown in Fig. 18.

Il [
] ; [ ] /
g § | [l 1/
EMJ 2 HEIAR
: / /
: / /
: 51 IRV
8 | /S

iV /
) 1= l

30 40
FILLING RATE IN CC. PER SEC.

Fig. 15 - Variation of filling rate of Rock Island sampler with depth for
various velocity distributions established by a relative roughness of
n/pt/8 = 0.020.

Each filling rate curve was combined with the sediment distribution
curve appropriate to the chosen mean velocity and sediment size, to form
a series of sediment discharge curves. The areas under these curves are

proportional to the weights of sediment in the respective samples. Simi-

larly, the area under each filling rate-depth curve is proportional to
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the weigﬁt of water-sediment in the sample. Thg ratio of the arsas under
two corresponding curves is the apparent mean concentration in the sample,
and to determine the accuracy of the sampling method this mean concentra-
tion is compared with the true mean concentration in the vertical.

The Rock Island sampler cannot sample less than 3 in. from the
stream bed. Therefore, in the assumed depths of 5 and 15 ft. this
sampler could traverse 95 and 28.4 per cent of the depths, respsctively.
In Table & and Fig. 14 are presented the results of this analysis. It
appears that for the percentages of depth sampled, 95 and 98.4, respec-
tively, this sampler glves very accurate results for 0.025-mm. or smaller
sediment at veloclties between 1.0 and 8 ft./sec. and shows only 7 per
cent error for the 0.05-mm. partlcles. TFor larger sizes of sediment the
errors are appreciable. However, it should be noted that this analysis
was based on the assumptlon +that a true representative sample was col-
lected, whereag, laboratory analysis, Report No. 5, has demonstrated that
unless the sampler fills at a rate equal to the velocity at every point

in the vertical, it is impossible to collect a true representative sample.

TABLE 5

ACCURACY OF DEPTH-INTEGRATION METHOD PERFORMED BY ROCK ISLAND
SAMPLER, FILLING WHILE BEING LOWERED AND RAISED

Relative roughness n/Dl/6 = 0.020

Mean Percentage Error

Velocity 5-ft. stream depth 15-ft. stream depth
in 95% of depth sampled 98.4% of depth sampled

Vertical Particle size, in mm. Particle size, in mm.

ft./sec. | 0.010 Q.05 | 0.05 10,115 ]| 0.35 | 0.010 |<0.025 | 0.05[0.115(0.35
1.0 +0.2 | +2.0|+2.6| +1.4| -—~| +0.3| +2.3| +7.0(+22 |-——-
2 0.0 +0.3 | +0.7 +1.0| = 0.0 +0.4 | +2.0(110 -]
3 0.0 0.0| +0.3 | +0.5 -19 0.0 +0.3| +1.2(+4.0 |+20
4 -0.1 0.0 +0.1 . -15 0.0 0.0 | +0.5|+2.2 |+7.0
8 -0.1 0.0 -0.1 -0.7 -11 0.0 0.0 | +0.2|+1.0 |+1.5
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VII. METHOD FOR DETERMINING TOTAL CONCENTRATION -

26. Sediment pgradations sand methods used in analysis--The various
point sampling and depth-integration methods were applied to typical
composite water sediment samples 1in order to determine their relative
accuracy when used in actual stream conditions. The gradation curves of
three types of sediment which were used in the analysis are shown in
Fig. 15. These curves, designated A, B, and C, respectively, represent

fine, medium, and coarse-grained sediment.
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Fig. 15 - Sediment gradations used in analysis of accuracy of methods for
total concentration determination.
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- 1

Eﬁch‘g;édAtion cufvé fﬁas:divided into a number of émall increments;
then the efror for eaéh increment was computed by using the average par-
ticle slze in the incremenﬁ. The error for the composite sample was de-
termined by welghting each increment errér according to the percentage of
sediment in that increment with respect to the total sample. A relative

roughnees’factor of 0.020, corresponding to a Chezy coefficient of 75,

- was used throughout.

27, Errors in point sample methods for determining total concentra-

Eigg--The-fesults of the analjsfs of point sample methods in sampling
the three gradations of sediment are presented in Fig. 16 in terms of
percéntage error at various mean velocities in the vertical. The validity
of these results depends upon the velocity and sediment distributions
which were determined analytically. The accuracies of the methods are
summafized according to gradation of sediment as follows:

a. Gradation At Only the surface method shows an appreci-
able error for mean velocity greater than 1 ft./sec. but for
mean velocities of 3 ft./sec. or greater even this method gives
fair results. This indicates that for fine sediments, there is
little choice among most of the point sample methods for veloc-
ities greater than 1 ft./sec.

b. Gradation B: The surface method shows a high negative
error Aat all ordinary stream wvelocities. In the 0.6 depth
method the error 1is not great, being less than 8 per cent for
all velocities. The 3-point method, in which the middle sample
is given double weight and the bottom sample taken at 0.9 depth,
is fairly accurate for velocities greater than about 4 ft./sec.
The other 3-point sampling methods show greater deviations. For
velocities above 2 ft./sec. the Luby and Straub are the most
accurate methods. P : '

¢. Gradation C: The surface and 3-point methods show
an excessive negative and positive error even for relatively
high stream velocities. The Straub and the Luby 5 and 10-point
methods are fairly accurate. The error in the 0.6 depth method
ranges from 20 per cent negative to 12 per cent positive as the
velocity increases from 4 to 10 ft./sec.
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28, Errors in dgg;h—intégration method for dgtérmining total con-

centration--The deviations . from the true mean concentration, when the
depth-integration method is applied to the three types of graded sediment,
are shqwn in Fig. 17. The results may be summed up as follows:

a. Gradation A: For filling rates which are either uni-
form, equal to velocity, or as with the Rock Island sampler at
5 and 15-ft. depths, the errors are inappreciable. The most
serious errors are introduced when the sampler is opened near
the bed. However, the errors in this method become appreciable
with this gradation only at low velocities and great depths.

b. Gradation B: For velocities below 5 ft./sec. all
methods except that in which +the Rock Island sampler was used
in a 5-ft. depth show deviations greater than 1 per cent. HNext
in accurecy to the Rock Island, is the method in which a sampler
fills at a rate which is equal to the velocity for the 98 per:
cent depth. The procedure in which a sampler is opened at the

bed shows a high positive error that decreases with velocity
" but increases with depth.

¢. Gradation C: Only two procedures, namely, sampling

98 per cent of the depth at a filling rate equal to the stream

velocity at every peoint in the vertical, and sampling 90 per

gent of the depth at a uniform filling rate, show a fair degree

of accuracy. OQther procedures give large errors, particularly

the one in which the sampler is opened near the bottom. -

29, Coefficients .of mean concentration--The comparisons presented
in the previous sections show that no single method is accurate for all
conditions, although several were found to be fairly reliable for moat

average velocity and sediment distributions and for ordinary stream con-
ditions. In even the more accurate methods the errors exceed 50 per cent
for extremely large particles and relatively low velocities. While it is
realized that the computations in this analysis are not guantitatively
correct, because they depend upon & theoretical relationship of sediment

distribution and stream conditions which were based upon a relatively

emall emount of field data, &and are further limited by the accuracy of
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the sample collected,'thé analysis indicates that under certain conditions
‘the sampling errors are excesslve.

"~ A study was made of the' practicability of applying coefficlents to
the results obtained with the varlous sampling methods to correct these
excessive errors. Obviously, such a procedure would be unsatisfactory
for cases in which the coefficient varied rapidly for small changes in
stream and sediment conditions because 1n such cases it 1s difficult to
select the proper coefficient. For the best sampling conditions in all
methods the value of the coefficient approaches “the limit, 1.0, and
changes least rapidly for any given change in stream and‘sediment condi-
tions. Therefore, it is advisable to use a method in which the value of
the coefficient is always close to 1.0. For the more accurate methods,
the coefficient is rarely larger than 2.0 or less than 0.9 and it is
fairly easy to select a good value,

By applying coefficients the results obtained over a period of time
would probablx be more accurate than if no coefficient were applied; how-
ever, an individual measurement would not necessarily be aided by such a
procedure. In any case, it would be an unnecessary refinement to apply a

coefficient if the error in the metho& was less than 10 per cent.

Figs.'le to 20 show the coefficients which may be applied toa sample
taken from a single given depth for a limited size range under various
stream conditions. Each set of curves are for a given relative stream
roughness. The coefflicient to use in order to obtain the mean concentra-
tion in the veftical varies.with parameter( t . As 1s evident from the
nomograph, this parameter varies with the relative stream roughness, with

the particle sizé of the sediment, and with the mean velocity in the
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vertical. In Fig., 18 an example is given to illustrate the procedure by
which the proper coefficient for given conditions is determined.

As may be seen from these‘curves, if the sample is taken from points
near the surface, the coefficient is large for a conasiderable range of
conditions. This indicates that even though a coefficient may be applied
to the concentration, it is inadvisable to collect a single sample from
the upper portion of a vertical when the aedimgnt and velocity distribu-
tions are of considerable curvature. Further inspection of the curves
.indicates that the best points to collect samples from would be between
the 0.6 and 0.8 depths, as within this range the coefficients are, in
most cases, fairly close to 1.0. Selection of the best sampling point
would depend upon the particular conditions; for example, for large sizes
of sediment, a low sampling depth would be best.

In Table 6 is presented a typical sef of computations in which co-
efficients are applied to correct for the size distributions of a sample
taken from a given depth wunder known conditions. These computations are

for size gradation Curve B of Fig. 15 for the following assumed condi-

tions:
a. Total concentration in sample = 1,000 p.p.m.
b. Sampling depth = 0.75 of total depth
¢. Relative roughness, n/Dl/6 = .010, Chezy ¢ = 150
d. Mean velocity in vertical = 5 ft./sec.

This method must be wused cautiously because it is based upon a
relatively small amount of field data. Furthermeore, it is essential that
a true representative sémple be obtained from the single sampling point.

At present, certain inherent errors which exist in most samplers tend
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TABLE 6

EXAMPLE OF COMPUTATIONS TO CORRECT SIZE DISTRIBUTION FOR A SAMPLE
FROM A SINGLE POINT BY THE APPLICATION OF A COEFFICIENT

Wean Diameter | Per Cent of - | Concentration Corrected
given size sample in of size Coefficient | concentration
range mm, size range range p.pP.M. (Fig. 18) __P.P.M.
0.32 1l 10 1.40 14
.21 4 40 .67 27
14 10 100 .61 61
.095 20 200 .68 136
.067 20 200 79 158
.048 20 200 .87 174
031 20 200 .96 192
.014 5 . 50 1.00 50

to further limit the use of thils method.

However, the use of these co-

efficients affords an approximate means for determining the mean sediment

concentration in a vertical from a single sample.
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VIII. SUMMARY

30. Basis ﬁf the analysis--The accuracies of the various point
sample and depth-integration methods of sampling a vertical have been
analyzed and the results are presented graphically and in tabular form.
The errors inherent in the various methods are correlatied to certain
typea'of sediment distribution curves and to given Qtream conditions for
a particular Size of sediment. The first compérison depends only upon
the existence of such sediment distribution curves and vertical velocity
curves and upon the assumption that the sampler collects a true repre-
sentative sample at the sampling point in the vertical. The errors shown
for given stream and $ediment characteristics are based entirely on an
extension of the theory of turbulence exchange as applied to the vertical
distributions of suspended sediment and upon the assumption that saltation
load movement is insignificant in the sampling zone. The latter compari-
son, therefore, 1is only as ﬁccurate a5 the original theorj and the as-
gsumptions made in using the theory to predict the distribution of sedi-
ment in the vertical. The relatively small amount of pertinent field
data available tends‘to substantiate the theory.

A comparison was made also of the accuracy of the various methods of
determining the total sediment concentration of a greded sediment. Three
typical gradations‘in pérticle slzes of sediment were used, representing
the probable range of sizes usually found in suspension. The error in
total concentration was detgrmined for each curve by summing up the errors
for each size weighted by the percentage of that size in each sample.

The analyses are baséd on the assumption that each sample taken 1s a

true representation of the water-sediment mixture at the sampling point.
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Actually, this condition is not fulfilled in present field operations be-
cause as determined in the investigation of sampling action, presented in
Report No. 5 of this series, existing samplers do not collect representa-'
tive samples. It has been found that for particles larger than 0.03 mm,
diameter significant errors in sampling occur 1f the pressure of the
sampler changes the normal flow lines upstream from the sampling point.
Changeé in direction of the flow lines, as with the bottle type sampler,
or changes in the pattern due to a difference between the intake velocity
and the normal stream velocity at the sampling point are common to most
existing samplers, Therefore, in applying this analysls, the type and
action of the sampler used must be considered because the inherent error
of the sampler must necessarily be superimposed upon the errors which

were indicated by the various methods used in this report.

3l. Comparison of methods—No point sample or depth-intepgration

method was found to be accurate for the entire range of stream and sedi-~
ment conditions assumed. The‘surface and 0.6 depth methods, in which no
coefficients are used, and the method in which a sample is collected at
the surface, mid-depth, and bottom, generally show appreciable error.
The depth-integration method in which the sampler 1s opened at some point
below the surface and fills while ascending yields very large errors if
this initial point is at a great depth. These errors may be compensated
for, somewhat, by the loss in sediment that occurs due to the initial in-
rush; however, this method is not rgcommended for large sizes of sediment
and deep streams., Of all the methods analyzed, the three which appear to
be reasonably accurate for mosf conditions are classified and described

briefly in the subparagraphs which follow:
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a. Straub method: Samples are obtained at the 0.2 and 0.8
depth and their sediment concentrations are weighted 5/8 and
3/8, respectively; a summation of these weighted concentrations
is considered the mean concentration in the vertiecal. Since
this method was developed for a linear distribution of sediment,
it is most accurate for that particular distribution.

b. - Luby method: Samples are obtained at the midpoint of
sectlons of equal water discharge, the number of -samples col-
lected depending upon the accuracy desired. Usually, sampling
5 points in a vertical will yield fairly accurate results.

¢. Depth-integration method: In this method the sampler
f£ills while both descending and ascending. A sampler which
fills at a rate equal to the velocity at every point in the
vertical and which will traverse 95 per cent of the depths, or
more, gives the most accurate results,

Table 7 presents & comparison between thece three methods, consider-
ing the depth-integration method as performed with the Rock Island
sampler. The theory indicates that, for a given particle size, the errors
for all mean stream velocities above a certain minimum will fall within a
given per cent. These minimum velocities are shown in the table for three

different percentages of error and for four particle sizes.
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TABLE 7

COMPARISQN OF STRAUB, LUBY, AND DEPTH-INTEGRATION METHODS
FOR VARIOUS SEDIMENT SIZES AND STREAM VELOCITIES

Minimum stream velocity in ft./sec. for
errors not to exceed given limit
Maximum Particle Depth-Integration
limit size, method with Rock Luby method Straub method
of error, mm, Island Sampler, with 0.2 and 0.8
per cent 15-ft., 98.4 per 5 pointa depth
cent of depth
5 .010 0.5 0.5 0.5
.050 1.25 5 -t
.115 2.6 2.0 .85
.35 4.5 10.0 5.0
10 010 .5 .5 Nt
050 .75 .5 5
.115 2.0 1.25 75
.35 3.5 8.5 4.5
20 010 .5 .5 5
050 .5 .5 N
»115 1.25 .9 .85
+35 2.75 4.5 4.0

The data shown in this table are based on an average relative roughness
factor. Other roughness factors would have some effect, but similar com-
parisons would yield the same relative results.

The table indicates that for particle sizea of 0.115 mm. or less,

the Strau® method allows the largest velocity range, while for larger
sizes the depth-integration method has the widest range. The Luby method
apparently falls between the others. Since this comparison is entirely
analytical, it does not account for inherent errors in the sampling methods.

The Straub method indicates a greater accuracy for a wider range of
conditions than the others. This apparent advantage is offset, in part,
by the fact that in sampling only ﬁwo points in a vertical, it is possible
that & true representative sample may not be obtained due to fluctuations

in the sediment concentration. The Straub method requires somewhat less
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field work than does the Luby method but requires twice as much labora-
tory work because in the former each sample must be analyzed separately,
while in the latter, usually, only one laboratory analysis is needed.

The Lﬁby method in which at least five samples are collected séema
to be reasonably accurate under ordinary conditions. Since a sample col-
lected by this method ls probably more representative of the true aedim;nt
distribution in the vertical, 1t 1s likely to yleld better results than
the others. This method requirea'more detalled control of the field
work, but, as previously mentioned, the-laboratory work is simple because
if all the samples are of equal volume they may be combined for a single
analysis. The Luby method 'is not limited as to sampling depth and is
probably the most reliable method for deep streams except under condi-
tions in which a linear distribution of sediment occurs; in such cases,
the Straub method is equally as good or better.

By uéing the depth-integration method with a sample which is de-~
signed to fill at a rate equal to the stream velocity at every point in
the vertical and which traverses 95 per cent of the stream depth at the
vertical, results are obtained which are about as accurate as the Straub
or Luby method. If a greater percentage of the stream depth is sampled
in this manner, the error is even less. Therefore, for shallow streams,
below 20 ft., this method 1s the most accurate and requires a minimum of
field work and laboratory analysis. For deeper streams, a sampler which
integrates at a polnt, l.e., fills at a rate equal to the stream velocity
at the particular sampling‘point, offers a method which also always
obtalns a true representétive sample and which, likewise, requires a

minimum of field and laboratory work.
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One phase of the future work in this project 1s to develop samplers
which will fill at a rate equal to the stream velocity either at a point
or while traversing a vertical in a stream, thersby, always collecting a
true reprssentative sample of the suspended sediment.

In using the depth-integration method in which the sampler fills at
a uniform rate 1t appears that under certain conditions, for example,
when 95 per cent of the depth is sampled for a relative roughness factor
of 0.020, +the per cent of error 1is lower than that of any of the other
methods used; however, this 1s trus only for a rather limited range of
depths sampled. In general, this method is an inferior one because it is
impossible to collesct a true representative sample in a sampler which
fills at a uniform rate.

Applying a coefficient to the concentration of a single point sample
in a vertical 1in order to determine the mean concentration in the verti-
cal hag the obvious advantage of a single fleld operation and a single
laboratory analysis. Curves have been presented from which the proper
coefficient to apply to a sample taken from any point in the veftical may
be determined. Since there is a sediment distribution, expressed by t
in these curves, for sach size of sediment present in the sample, theo-~
retically the coefficients should be applied to each-distribution. As a
matter of fact, they may be applied to a narrow range of sizes which are
treated as a single particle size. If these coefficlents are used, the
sample from the lower port;on of the vertical, preferably between 0.6 and
0.8 of the stream depth. The use of this method 1s limited at present by
an inadequacy of accurate sampling equipment, and by the need for further

verifying the theory wupon which these coefficients are based. However,
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these coefficlente afford a rapid method for determining the approximate
mean concentration of suspended sediment in a stream vertical’ from a

single saﬁple collected at any point in the stream vertical.
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