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In  t h i s  report  is presented an analysis of some of the  sampling 

methods commonly used i n  determining the magnitude of suspended sediment 

loads of streams. A study of the various sampling methods has been made 

t o  determine t h e i r  inherent e r rors  when used i n  a stream where the  sedi- 

ment concentration and veldkity vary between the surface and the bed of 

the  stream. The analysis is based upon the assumption tha t  the samples 

collected represent the trub average value of the  sediment concentration 

a t  every point of observation an"d tha t  the sediment d i s t r ibu t ion  conforms 

t o  the turbulence theory. 

A method is presented a l so  whereby the mean sediment concentration 

a t  a ve r t i ca l  i n  a stream can be debermined from the concentration and 

s i z e  composition observed a t  any given point i n  the  ver t ica l .  
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ANALYTICAL STUDY OF METHODS OF SAMPLING SUSPENDED SEDIMENT 

I. INTRODUCTION 

I. Nature and scope of pro.iect--This is  the th i rd  i n  a s e r i e s  of 

f i ve  reports  covering various phases of a study inaugurated i n  an e f for t  

t o  improve the methods and equipment used i n  the  measurement and analysis 

of the sediment loads 04 s t r eam.  I n t h i s  report  is  presented an analysis 

and evaluation of errors  i n  the various methods of sampling used t o  

determine the average concentration i n  a ve r t i ca l  from the surface to  

the bed of a stream. The t i t l e s  and br ief  descriptions of the  contents 

of the four other reports  bf this ser ies  a re  ae follows: 

Report No. 1--"Field Practice andEquipment Used insampling 
Suspended Sediment;" a detai led review of past  and present 
equipment and methods, including a history o f t h e i r  development, 
the methods of locating the points a t  which samples a r e  taken, 
the  frequency ofsampling, the requirements of an idea l  sampling 
instrument and the adverse features  of exis t ing types. The 
la rge  number of instruments which have been used a re  a l so  
described and c lass i f ied .  

Report No. 2--11Equipment used f o r  Sampling Bed-Load and 
Bed Material;" areview and c lass i f ica t ion  of the various types 
of equipment. 

--- "Methods of Analyzing Sediment Samples;" a 
presentation and study of the  numerous laboratory methods of 
analyzing sediment samples f o r  par t ic le  s ize  and t o t a l  so l ids  
concentration with a view t o  obtaining the method most su i tab le  
f o r  sediment studies.  

Report No. 5--11Laboratory Investigations of Suspended Sed- 
iment Samplers;I1 presents the resu l t s  of an experimental study 
of the e f f ec t  of sampler action upon sediment concentration 
determinations, and of the f i l l i n g  charac te r i s t ics  of a number 
of  slow-fil l ing samplers. 

These f i v e  reports  cover the work completed i n  1939 and 1940. How- 

ever, since a continuation of the project  has been authorized, it is  

expected that addit ional reports w i l l  be issued. 
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One objective of the st,udy a s  a whole has been t o  invest igate  and, 

wherever possible, t o  evaluate quanti tat ively sources of e r ro r  inherent 

i n  the methods and equipment used t o  measure suspended sediment. The 

comprehensive review of f i e l d  practice and sampling equipment, presented 

i n  Report No. 1, indicated tha t  the principal sources of errors  occur in: 

the frequency of sampling, the intake action of the sampler, and the 

method of determining the average sediment concentration a t  any point 

between the surface and the bed of the stream. 

In  Report No. 1 was pointed out the importance of taking frequent 

samples of sediment, especially during flooda on f l a s b  streams, i f  accu- 

r a t e  estimates of the t o t a l  quantity of eediment carried by a stream i s  

desired. A laboratory study of the e f fec t  of sampling action upon 

sed ime~ t  concentratioc and composition, and a quantitat ive evaluation of 

e r ro r s  f o r  various par t ic le  s izes  and sampler intake conditions at widely 

varying veloci t ies ,  a r e  presented i n  Report NO. 5. These s tudies  were 

made primarily on the intake action of slow f i l l i n g  samplers. The 

instantaneous t rap  type of sampler, i n  which the primary consideration is 

the number of samples necessary t o  secure a sat isfactory average due t o  

the magnitude and frequency of f luctuations i n  sediment concentration, 

w i l l  be studied a s  one phase of the future investigation. 

2. Methods of investiaatine: the accuracy of sediment ~e~su remen t - -  

There are  two approaches available f o r  investigating the accuracy of the 

various methods used i n  determining the average concentration of sediment 

in  a stream. One i s  an analyt ical  methgd and the other i s  based upon the 

r e s u l t s  ofanalysis  o f a  large number of sediment samples taken under a wide 

variety of conditions. Each approach has disadvantages and l imitations;  



nei ther  alone w i l l  solve the  problem completely. The ana ly t ica l  mtkd 

can be applied t o  evaluate only tha t  par t  of the'error which arimr 

due t o  variation in the eacliment dis t r ibut ion from the  surface t o  the 

bottom of a stream. This method is  based on the  turbulence-suepeneion 

theory of s e d i ~ n t  dietr ibut ion which1 is unfamiliar tomolt engineere di 

although experimental evidbnce indica I e s  tha t  it ie substant ia l ly  accunrte 

under idea l  conditions, the experimental ver i f ica t ion  of the theory does 

not  cover a wide enough range of conditions t o  es tab l i rh  def in i te ly  the  

f a c t  t ha t  it always applies. The analyt ical  approach is limited t o  ma- 

t e r i a l  carried i n  suspension and does not take in to  account t ha t  carr ied 

by sal ta t ion,  because the theories covering the movement of material  by 

sa l ta t ion  are  not sufficiently developed f o r  analysis,  but samplers f o r  

suspended load sample the sa l ta t ion  load a l so  when it is present. 

A study based upon f i e l d  measurements a l so  has a number of disadvan- 

tages. Considerable time and expense a r e  required t o  co l lec t  and to 

analyze the laPge number of samples necessary. The data thus obtained 

would be subject t o  errors  from several  possible sources suchas those re- 

su l t ing  f r o m  improper intake condi t ionsinthe sampler and from variat ions 

i n  sediment dis t r ibut ion.  Without a fundamental framework w i t h  which to 

c l a s s i fy  the resu l t s ,  the  collecting of numerous f i e l d  samples would y i e l a  

only a mass of unrelated data. Consequently, a comprehensive study of 

the  accuracy of sampling methods would require both qua l i ta t ive  and quan- 

t i t a t i v e  analyses. 

In t h i s  research program it was planned t o  first make a laboratory 

study and analysis of the problem i n  order t o  develop the fundamental m- 

lat ionships with which to  c l a s s i fy  future f i e l d  work. These studies 
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would then be augmented by an extensive f i e l d  program i n  which o the r  

phases of t h e  problem could be determined. This repor t  i s  a quan t i t a t ive  

a n a l y t i c a l  s tudy of the  problem and has been f u l l y  developed a s  f a r  a s  

present knowledge of the  p r inc ip les  involved permit. However, s ince  it 

i s  based upon the  assumption t h a t  a  pe r fec t  sample i s  col lec ted  under 

condit ions i n  which the re  e x i s t s  a  v e r t i c a l  d i s t r i b u t i o n  of sediment ac- 

cording t o  t h e  turbulence-s~spension theory, and s ince  i t d o e s  no t  include 

the  s a l t a t i o n  load, the  r e s u l t s  w i l l  be v a l i d  only f o r  those conditions. 

This a n a l y s i s  cannot be applied d i r e c t l y  t o  determine t h e  accuracy of 

measurements made i n t h e  pas t ,  because, i n  most cases, s u f f i c i e n t  d a t a  a r e  

no t  ava i l ab le .  

This study w i l l  be of considerable value a s  it provides a general  

view of the  r e l a t i o n s  involved and w i l l  serve a s  a  b a s i s  f o r  c l a s s i f i c a -  

t ion  of f u t u r e  work. It a l s o  points  out  conditions under which sediment 

measurements a r e  l i k e l y  t o  be erroneous and thus serves a s  a  c r i t e r i o n  

f o r  f u t u r e  use. In many cases t h i s  r epor t  w i l l  a i d  i n  t h e  proper selec-  

t ion  of equipment' t o  b e s t  f i t  any s i tua t ion .  Where condit ions c lose ly  

approximate those assumed i n  the  ana lys i s ,  the  methods herein described 

should give reasonably accurate quan t i t a t ive  measures of the e r r o r s  in- 

volved. This repor t  a.lso indica tes  a  need f o r  determining the  bas ic  con- 

d i t i o n s  a t  a l l  important sediment measurement s t a t i o n s  i n  order  t o  reduce 

the  svJrces  of e r r o r  t o  a  minimum. 

3 .  Authority and personnel--The cooperative p ro jec t  i n  the inves- 

t i g a t i o n  of the  methods and equipment used i n  the measurement of sediment 

loads i n  streams, of which t h i s  study is a p a r t ,  was plannedand conducted 

j o i n t l y  by the  following agencies of the United S t a t e s  Government: Corps 
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of Engineers, War Department; Geological Survey, Bureau of Reclamation, 

and Indian Service, Department of Ir.+,arior; Flood Control Coordinating 

Committee, Department of Agriculture; and the Tennessee Valley Authority, 

and also the Iowa Ins t i tu te  of Hydraulic Research. The studies were con- 

ducted a t  the Hydraulic Laboratory of the Iowa Ins t i t u t e  of Hydraulic Re- 

search, State University of Iowa, under the supervision of Professor E. 

W. Lane. The representatives of the collaborating agencies, engaged i n  

the preparation of t h i s  report, a r e  Victor A. Koelzer, U. S. Geological 

Survey; Clarence A. Boyll, Tennessee Valley Authority; ClevelandR.Horne, 

Jr., U. S. Engineer Department; and Vernon J. Palmer, U. S. Soi l  Conser- 

vation Service. 

4. Aclmowledmnents--Professor A. A. Kalinske of the Iowa Ins t i t u t e  

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 I11 of t h i s  report and checked the general computa- 

t ion procedure. 

The f a c i l i t i e s  of the U.  S. Engineer Sub-office a t  Iowa City, the 

Iowa City Dis t r ic t  Office of the U. S. Geological Survey, and the Iowa 

Ins t i t u t e  of Hydraulic Research were used for  the administrative de t a i l s  

and i n  the preparation of t h i s  report. This report  was edited by Mr. 

Martin E. Nelson, Engineer i n  charge of the U. S. Engineer Sub-office. 
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11. STREAM FLOW AND SEDIWENT SUSPENSION 

5. Methods of sediment tranS~ortation--Sediment moved by flowing 

water may be c l a s s i f i e d  as bed-load, suspended l o a d ,  and s a l t a t i o n  load.  

Bed-load i s  defined a s  t h a t  p a r t  of t h e  sedimentary load o f t h e  stream 

which is moving i n  almost continuous contac t  with t h e  stream bed, being 

ro l l ed  o r  pushed along the  bottom by t h e  t r a c t i v e  f o r c e  of the  moving 

water. Suspended load i s  defined a s  sediment which remains i n  suspension 

f o r  a considerable period of time without contact 'with t h e  bottom. It 

may a l s o  be defined as sediment which i s  being transported by a stream 

ou t  of contac t  with the  bed and banks, supported by t h e  upward components 

of t h e  turbulent  flow while being ca r r i ed  forward by the  hor izonta l  com- 

ponents. S a l t a t i o n  load maybedefined a s  sediment whichis  in te rmi t t en t ly  

out  of contac t  with t h e  bed and banks of the  stream, being bounced o r  

l i f t e d  i n t o  the  stream by t h e  ac t ion  of fo rces  o ther  than the  v e r t i c a l  

components of flow and being carr ied  forward by the hor izonta l  components 

before s e t t l i n g  back t o  the  bottom. 

Experiments ind ica te  t h a t  the  laws governing these  t h r e e  types of 

sediment t ranspor ta t ion  d i f f e r .  The laws f o r  bed-load and suspended load 

movement have been developed p a r t i a l l y ,  but  very ';;tie has been done t o  

q u a n t i t a t i v e l y  evaluate t h e  movement of s a l t a t i o n  load i n  water,  although 

some work has been done on s a l t a t i o n  movement of sand i n  a i r .  When 

measuring the  sediment load carr ied  by a stream, it is no t  possible t o  

separate suspended load and s a l t a t i o n  load a s  they  a r e  in t imate ly  mixed 

together. I f  t h e  bed-load is composed of coarse mater ia l ,  it may be 

measured separa te ly ,  but  i f  it i s  f i n e ,  it i s  d i f f  ? u l t  t o  separate she 

bed-load from the  s a l t a t i o n  and suspended loads.  Ord ina r i ly ,m measuring 
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bed-load, t h e  mater ia l  moving i n  a given width of the r i v e r  i n  a known 

time, i s  sampled, and the quan t i ty  moving i s  expressed a s  weight of sedi-  

ment per u n i t  of time per  u n i t  of stream width. Suspended sediment i s  

measured o r d i n a r i l y  i n  units of weight of s o l i d  sediment per u n i t  of 

weight of the water-sediment mixture. To obta in  the  amount c a r r i e d  in  a 

u n i t  time, it i s  necessary t o  multiply t h i s  value by the  weight of the  

water-sediment mixture flowing i n  a unit of time. S a l t a t i o n  l o a d i n  water 

has never been measured separately.  Sampling instrumentsandmethods a re ,  

therefore ,  divided i n t o  two classes:  bed-load samplers, which c o l l e c t  a 

sample of the  sediment discharge of a known width of the  stream, and sus- 

pended load samplers, which obtain a c e r t a i n  volume orweight o f t h e  water- 

sediment mixture. This r epor t  covers problems involved only i n  suspended 

sediment sampling. 

Unfortunately, the  physical  laws which govern the t r anspor ta t ion  of 

sediment i n  water have not been f u l l y  developed, and therefore  only a 

p a r t i a l  analys is  of t h i s  phenomenon i s  possible.  The present  a n a l y s i s  

w i l l  be l imi ted  t o  t h e  v e r t i c a l  d i s t r i b u t i o n  of sediment i n  a stream, f o r  

which t h e  theory has been f a i r l y  well  substantiated.  However, the  con- 

cen t ra t ion  a t  a point  may vary with time due t o  turbulence, change i n  

discharge, o r  va r i a t ions  i n  the  charac ter  of watershed, none of which can 

be evaluated a n a l y t i c a l l y  a t  present .  Consequently, t h i s  r epor t  i s  con- 

f ined t o  a treatment of the  e r r o r s  which a r i s e  i n  t h e  various sampling 

methods due t o  those condit ions which influence the  v e r t i c a l  d i s t r i b u t i o n  

of suspended sediment. Since the various types of sampler in takes  i n  use 

w i l l  cause varying degrees of e r r o r  i n  t h e  sample col lec ted ,  t lmt  va r i -  

a b l e  i s  eliminated from t h i s  analys is  by assuming t h a t  the sampler ob ta ins  
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a true average sample of the water-sediment mixture at thesampling point. 

6. Vertical distribution of sediment--For many years it has been 

known that the ooncentration of suspended eediment in a stream increases 

from the surface to the bottom. A correlation between the sediment con- 

centration and turbulence was first advanced by OtBrien in 1933 (?) and 

has been partially checked by observations in certain streamsandchannels 

by Christiansen (2) and Richardson (8). Rouse (9) checkedthe correlation 

in the laboratory using artificial turbulence. 

The theony 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, slopo, and roughness. If the 

stream conditions and the concentrations at any point in the vertical are 

known, it is possible to calculate with this expression, the concentra- 

tion at every other point in the vertical and the sediment discharge 

represented by the vertical. This method of analysis, which for simplic- 

ity, incorporates a number of assumptions, will be used in this report in 

comparing 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 Karmnts 

equation for velocity distribution in r o q h  conduits, which appears to 

conform reasonably well to the average velocity distributions observed in 

several typical streams, was used in this analysis. The eque.-ion, and 

its application in the development of the basic relation of o: . LY cc~ci- 

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

accuracy of any method of sampling a stream vertical, the turbulence- 

suspension theory is used to establish the vertical sediment distribution 

for given stream conditions. The sediment distribution curve is com- 

bined with the correspondiqq vertical velocity curve to determine the 

rate of sediment transportation and the true mean sediment concentration 

in the vertical. The concentration 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 

than one sample is collected in a vertical, the samples are combined and 

the composite sample is analyzed. The error attributed to the sampliqq 

method in question is the per cent difference between the concentration 

indicated by the composite sample and the true mean concentration in the 

vertical. 

The equations which express the distribution and the mean concentra- 

tion of sediment in a vertical are developed in terms of the concentration 

at some reference point in the vertical. The computations in this analy- 

sis were simplified by choosing the bottom as the reference point. Equa- 

tions l and 2, therefore, apply only to thBis study or to a study in which 

a similar comparison is made. 

The equation for determining the sediment concentration of a given 

particle size at any specific point in the vertical is 

where z = ratio of height of any point above the bottom to the 
total depth of stream.. 
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SEDIMENT CONCENTRAnON IN PCRCCWT ff MATERIAL 
IN SUSP€NSION AT THE BOTTOM 

FIG. 1 



Seotion 7 19 

= mean sediment concentration of a given particle size at 
point g . - 

No = mean pediment concentration of the same particle size at 
the ' dtom. 

e = 2.718 

t = dimensionless parmeter denotiq a particular sediment 
distribution. 

The index is a function of the fall velocity of the particle ard 

the mean velooityl depth, and roughness ofthe Stream. The exact relation 

expressed in common units is 

where c = fall velocity of particle, ft./sec. (If 2 is expreseed 
cm./sec. the constants in equation 2 should be 0.0086\ and 
0.0057, respectively. ) . 

n = Manning roughness coefficient. 

D = depth of etream, ft. (Replaces hydraulic radius R for 
simplicity. Use R if is appreciably different. ) 

Vm = mean velocity in the vertical, ft ./see.. 

C = Chezy friction coefficient 1.5 
'n/D1JG 

In Fig. 1 are shown sediment distribution curves for various values 

of . The quantity n/D1/6 , inversely proportiom1 to the Chezy fric- 
tion ooefficient, may be considered an index of relative roughness. For 

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

roughness upon the vertical distribution of velocity, determined fr6m the 

Von Karman velocity equation presented in Section 10, is illustrated in 

Fig. 2 

A nomograph which facilitates computation of 4 from given strean 
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and sediment conditions is presented in Fig. 3. In using this nomograph 

it should be observed that certain factors are expressed in English units 

and others in metric units. 

The mean concentration in the vertical indicated by this particular 

method of sampling in question was referred to and expressed 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 SUSFEaDED SELJfPlERT 

8.  pefinitions--The theory upon which i s  based the correlation of 

the character is t ics  of a stream and i t s  suspended sediment load, a s  used 

in  this report ,  has been presented in published engineering l i t e r a t u r e  (6 ) .  

T h i s  chapter wi l l t#devoted toa  brief review of the turbulence-suspmsion 

theory sad a presentation of the fundamental mathematical relationshlpe 

involved. In  this review the following def ini t ions  of t a m e  w l l l  be 

pFirtFnent 1 

Twbulencg i s  the s t a t e  a t  any point within a f lu id  whem the direc- 

t ion and magnitude of the velocity vary i r regular ly  $-th time. In  t rue 

turbulence, such Sluctuations are  not periodic but occur en t i re ly  at  

random, t h e i r  frequency of occurrence following the oomal  e r ro r  lax. 

Turbulence exchange i s  the exchange of ~ t m  or mtda l  bs- 

k o  layers  af a f lu id  due t o  velocity fluctuatitma c a W  hy turbulence. 

True wan sediment concentration i n  a vsrtimI l a  e quantity a u ~ h  

thst when multiplied by the mean velocity i n  tho mrtioal, the value of 

the actual suspended sediment discharge i n  a unlt width of the atream l e  

obtaioea . 
The aharactera l i s t e d  and defined Wow WU be used in the  mathe- 

nut ical  8erivations which follow. No units are shown i n a m c h  as the 

equations apply under any system of uni ts  used coakistsntQ. 

c ,  = f a l l  velocity of sediment par t ic le  i n  s t i l l  water. 

C = C h e q  roughness coefficient,  *- 
D = t o t a l  depth of stream. 

E = momentum transfer  coefficient.  
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I) = Prandtl mixing length. 

m = a relative roughness factor, ,/Dli6 . 
n = Manning roughness coefficient. 

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

P = ratio of true mean sediment concentration in the vertical 
to sediment concentration in suspension at the bottom. 

P = unit density of fluid. 

S = slope of water surface or energy gradient. 

t = a dimensionless parameter denoting a particular sediment 
distribution, c / m  

= unit shear between two layers of a fluid. 

TO = unit shear at boundary. 
- 

u = vertical component 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 particles having a fall velocity 
c , per unit width of stream. 

x = - ratio of velocity at a point to the mean in the vertical, 
v/vm . 

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

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

9. General equation for vertical distribution of suspended sedi- 

&--The instantaneous sediment concentration at a point is equal to the 

average concentration at that point plus or minus the fluctuation in 

concentration. 
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VELOCITY' IN PERCENT OF MEAN VELOCITY {CURVES A ) 
AND 

PERCENT OF DISCHARGE BELOW INDICATED DEPTH CUMS B) 

FIG. 2 
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FIG. 5 
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Sediment i n  suspension i s  i n  a constant s t a t e  of motion i n  a ver t ica l  

di rect ion due t o  two factors  (a )  fluctuations of the ver t ica l  components 

of velocity and (b) the tendency f o r  par t ic les  t o  s e t t l e  due t o  the force 

of gravity. I n  equation form this may be stated as  

- 
Nu! = E l + &  . . . . . . . . . . . . . . . . . . . . .  4 

where u t  = instantaneous ver t ica l  velocity upward 

and ut = instantaneous ver t ica l  velocity downward 

I f  signs a r e  taken in to  account, t h i s  equation may be expressed as  

Combining equations 3 and 5 

- 
and :. - + A N U  = Zc 

If &j and _u are  considered as  always being of l i k e  sign, e i ther  (+) 

or  (-), then 

The accomqauylng sketch showsatypical 

I\ /LIP ver t ica l  distr ibutionof suspended sediment. 

From t h i s  curve 
Y 

dN . . . . . . . . .  AZ = 7 

p where i s  the distance fmm the stream bed 

t o  a point on the curve and 2 i s  the Prandtl "ng length," which mag 
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be thought of as the distance an eddy t rave ls  before it loses  i t a  iden- 

t i t y .  Combining eqwtiona 8 and 7 

In t h i s  equation the quantity ye , commonly designated by , is known 

a s  the "momentum transfer  coefficient," and is a measure of the diffusion 

power of the turbulence. If equation 8 i s  integrated it becomes - 

This i s  the general equation f o r  sediment dis t r ibut ion i n  the ver t ica l  i n  

terms of a knom concentration a t  some point, . If can be expressed 

or evaluated i n  tenna of some known quantity,  t h i s  equation can be uaed 

t o  represent the shape of the sedimeht d i s t r ibu t ion  curve. Prandtl used 

th i a  tenn i n  expresaing the relat ionship of the 

un i t  shear between two layers  of a f lu id  a t  any point, the 

u n i t  density, f , and the slope of the ve r t i ca l  velocity 

c m e  f&& . 

The shear I , and the alope of the ve r t i ca l  veloci ty  curve , 
can now be evaluated. The ahear a t  the stream bet1 may be expressed a s  

the component of weight i n  the direct ion of stream alope. If the shear 

is assumed t o  vary l i nea r ly  with d e p t h , a s i t  probably does in  wide r ive r s  

where aide effecta  a r e  negligible, it may be expressed aa 
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By combining equations 10 and 11 

When the shape of the vertical velocity curve has been determined 

this value of 2 can be substituted in equation 9. 

10. Vertical velocity distribution and its relation to roughness--An 

evaluation of & , characterizing the shape of the vertical velocity 
curve, ie necessary both in solving equation 9 and later in computing the 

mean seaiment concentration in a vertical section of the stream. Many 

useful theoretical equations are available for expressing the vertical 

distribution of velocity. The following equation developed by Von Karkn 

for velocity distribution in rough conduits is used in this analysis be- 

cause of ite physical significance: 

where the factor 0.4 is a universal constant determined experimentally by 

Von Karman, equation 13 may aleo be written 

By substituting equation 11 for to , and the Manningor Chezy equa- 
tion for , assuming the hydraulic radiue to be equal to the depth, 

equation 13 may be simplified to 

x = 1 + 9.50 n/D (1 + logez ) 
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Curves A of Fig. 2 show ver t ica l  veloci t ies  computed by equation 

1/6 15 f o r  various values of n / ~  . These curves do not turn back near the 

water surface a s  has often been found t o  be the case i n  actual  streams, 

because the theory of turbulence exchange is not applicable t o  a negative 

slope. Equation 15 gives a zero velocity s l igh t ly  above the bed, and 

negative veloci t ies  below tha t  point. In  t h i s  study the equation i s  

applied only t o  the point a t  which the velocity is zero, a l l  negative 

veloci t ies  being considered zero. Thepoint a t  which theveloci ty  equalled 

sero was pract ical ly  a t  the bottom f o r  the smallest r e l a t i ve  roughness 

value used, 0.010, and was about one per cent of the depth above the 

bottom f o r  the largest  r e l a t i ve  roughness value, 0.030. A computation 

was made a l so  f o r  a r e l a t i ve  roughness fac tor  of 0.025 t o  determine the 

error  introduced due t h i s  deviation from the theoret ical  curve. In  

Fig. 5 is shown an adjusted ver t ica l  velocity curve, f o r  a re la t ive  

roughness value of 0.025 (C = 60), which has been a r b i t r a r i l y  adjusted 

so tha t  it turns back near the water surface and so that the velocity 

equals sero a t  the stream bed. However, the area under the adjusted 

curve is equal t o  tha t  under the theoret ical  clime. This adjusted curve 

approaches the actual  ve r t i ca l  velocity dis t r ibut ion found i n  most 

streams. The theoret ical  'sediment dis t r ibut ion curve was combined graph- 

i ca l ly  with the adjusted velocity dis t r ibut ion curve for  various values 

of 4 , then the mean sediment concentration was obtained by determining 

the area under t h i s  combined sediment-velocity curve. A comparison be- 

tween these and similar values obtained by using the theoretical  velocity 

curve revealed l e s s  than one per cent deviation f o r  a l l  values of & , 
which indicates t ha t  the e f fec t  of the adjustment of the theoret ical  
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FIG. 5 VELOCITY IN PER CENT OF MEAN VELOCITY 
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veloci ty  curve i e  negligible. 

Further analyeir revealed t h a t  the theoret ical  ve r t i ca l  velocity 

curvee agreed f a i r l y  well with an average curve which had been developed 

from velocity obwrvationr in  etreame. The 0.6 depth velocity o r  the 

mean of the veloci t ies  a t  the 0.2 and 0.8 depthe, e i the r  of which i n  

ordinary diecharge mearuremente, is aeeumed t o  be the mean veloci ty  i n  

the ver t ica l ,  checked the mean f o r  a l l  the curvee within one per cent. 

11. S i r n ~ l i  f d  l o  eauation f o r  v e r t i c a l  dis t r ibut ion of eue~ended a d -  

m--By d i f h r e n t i a t i n g  equation 14, the value of i e  found t o  

equal . *Substituting this value of d ~ / d y  in equation 12 it becomer 
0.4 y 

C =  0.4D m ( 1 -  z)z  . . . . . . . . . . . . . . . .  : 16 

When t h i s  value for  6 18 aubetituted i n  equation 9 the following ex- 

pression f o r  ver t ica l  dietr ibut ion of suspended eediment i e  obtained: 

Plot t ing the expreesion, dz/z (1-s) , with reepect t o  depth gives a 

curve which,,. f d r  a l l  practical  purposes, may be t reated a s  a e t ra ight  

l i ne .  Thie procedure simplifies equation 17 in which may now be written 

where t = c/Jfo7V 

Subetituting f o r  its equivalent value wDS and miit iplying the me* 

berr  in the above equation f o r  3 .  by the respective member8 of t he  
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Manning formula for  mean velocity, t h i s  expression m y  be simplified t o  

where c = f a l l  velocity of par t ic le ,  cm./sec. 

( I f  t h i s  term is expressed in ft./aec. the constants i n  equation 19 be- 

come 0.2619 and 0.1746, respectively.) 

n = Manning roughness coeff ic ient  

D = Depth of stream, f t .  

Vm = mean velocity in  ve r t i ca l  f t./sec. 

C = Chezy roughness coeff ic ient  (1.5 4 ~ ~ ~ ~ )  

A nomograph for  solution of equation 19 f o r  various stream and sediment 

conditions has been presented in  Fig. 3. 

Equation 18 plots  on semi-logarithmic paper a s  a s t ra ight  l i ne .  I f  

the sediment concentration a t  one point is known, the sediment distribu- 

t ion  curve f o r  the ver t ica l  can be cmatructed on t h i s  type of paper by 

simply drawing a s t ra ight  l i n e  with a slope of -16t through the known 

point. Several sediment dis t r ibut ion curves for  d i f fe ren t  values of 5 

a r e  shown on rectangular coordinates in Fig. 1. 

12. Determination of t rue mean sediment concentration in  the verti-  

cal--The true mean sediment concentration i n  a ver t ica l  is a quantity - 
such tha t  when multiplied by the mean velocity i n  the ver t ical ,  the value 

of the actual suspended sediment discharge i n  a unit width-of the stream 

i s  obtained. Such quantit ies were determined in  t h i s  analysisbydividing 

the t o t a l  suspended load in  a uni t  width by the t o t a l  water discharge in 

the corresponding unit width of stream. The t o t a l  suspended load can be 
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computgd by combining the  concentrations obtained f o r  individual  points  

using equation 18, with the  veloci ty  a t  the  corresponding points  as ex- 

pressed by equation 15. In tegrat ing with respect  t o  depth gives 

where W = t o t a l  load of suspended p a r t i c l e s  having a f a l l  ve loc i ty  
c per u n i t  width of stream. - 

P = r a t i o  of t r ue  mean concentration i n  the  v e r t i c a l  to  sedi- 
ment concentration i n  suepension c s t  the  bottom. 

E is a function only of 4 and the  r e l a t i v e  roughness, N / D ~ / ~ .  

Although equation 21 is  complicated, once the  i n t eg ra l s  have been evalu- 

a t ed  f o r  the range of conditions t o  be studied, they need not  be computed 

again. In Fig. 4 a r e  drawn curves which w i l l  f a c i l i t a t e  evaluation of P 

f o r  various values of 4 . The curves shown cover a range of r e l a t i v e  

roughness from 0.010 t o  0.030 and should be found adequate f o r  near ly  a l l  

p r ac t i c a l  conditions of na tu ra l  streams and channels. 

I t  should be remembered t ha t  equation 20 determines the  sediment 

load f o r  one par t i cu la r  s i z e  only. I n  order t o  determine the  t o t a l  load 

transported i n  suspension it w i l l  be necessary t o  ca lcu la te  fromtheknown 

sediment concentration and the s i z e  d i s t r i bu t i on  a6  a s ingle  point ,  the  

quant i ty  of materials  of each individual  s i ze ,  considering t h a t  each of 

these  values appl ies  t o  a narrow gradation of material .  The t o t a l  load 
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can be found by summing the amounta in these narrow gradatiorie. 

The true mean concentration of a certain particle aiae can be deter- 

mined by dividing the total load for that aize by the water diecharge, 

V,D , in the vertical aection of unit width. This reaulta in the equs- - 
- l6ta ti,,, = pZae . . . . . . . . . . . . . . . . . . . . .  22 
- 

where N,,, = true mean concentration in a vertical of unit width. 
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I V .  CONDITIONS OF ANALYSIS OF SAMPLING METHODS 

13. Commtation procedure--The various methods of sampling sus- 

pended sediment i n  a ve r t i ca l  were analyzed by cornparingthe mean sediment 

concentration a s  determined by each method with the  t r u e  mean concentra- 

t ion  i n  the ve r t i ca l  section. The sediment concentration a t  a point or 

combination of points, a s  defined by the  par t icu la r  method analyzed, was 
- 

determined from the equation = ~ ~ e - ~ ~ ~ ~  , where and io repre- 

aent the  mean sediment. concentration8 of a given pa r t i c l e  a ize  range a t  

the  point and a t  the bottom, respectively. The t rue  mean sediment - 
concentration was determined from &,, = NoP , P being determined f o r  

various values of 4 a s  shown i n  Fig. 4. The difference between the  

mean obtained by any method studied and t h i s  t r ue  mean i s  considered a s  a 

measure of the  ePror i n  t h a t  method and i s  expressed i n  per cent of the 

t rue  mean concentration. 

14. Par t ic le . s izes  and stream conditions considered--The e r rors  i n  

sampling due t o  gradation of pa r t i c l e  s ize  a r e  of fundamental importance. 

These errors  were calculated f o r  individual pa r t i c l e  s izes  ranging from 

0.010 t o  0.65 mm. The par t ic les  were treated a s  quartz epheres and t h e i r  

f a l l  veloci t iea  i n  water a t  20° C., were used in  a l l  calculations. The 

pa r t i c l e  s izes  and corresponding f a l l  veloci t ies  considered i n  t h i s  anal- 

y s i s  a r e  a s  follows: 

P a ~ t i c l e  Diameter 
mm. 

F a l l  Velocity 
cm./sec. 
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To i l l u s t r a t e  the errors  of the various sampling methods upon t o t a l  

concentration where a gradation of par t ic le  size exis ts ,  a s  i n  natural  

streams, three s ize  c lassi f icat ions,  f ine,  medium, and coarse, were 

analyzed. The classif icat ions used and the assumed conditions f o r  analy- 

s i s  are presented i n  Section 27. 

The errors  due to  par t ic le  size variations which would occur i n  

sampling were determined by the turbulence-suspension theory of sediment 

dis t r ibut ion f o r  the following conditions: 

a .  Mean velocity i n  ver t ical ,  V,, - - 0.5 t o  15 ft./seo. 

b . Relative roughness n / ~ l / ~  - 0.010 to  0.030 

or corresponding Chezy C 150 t o  50 

c. Par t ic le  s ize  - 0.010 t o  0.65 mm. 

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

method it was assumed tha t  tha sample collected i s  a t rue  average of the 

fluctuating sediment concentretion a t  the sampling point. However, a 

study of sampler entrance conditions, presented i n  Report No. 5 of t h i s  

ser ies ,  revealed tha t  a sampler does not always col lect  a t rue sample, 

and also disclosed that  a s  the s ize  of the sediment increases the oppor- 

tunity for  e r ror  increases. I n  t h i s  analysis of sampling methods errors  

inherent i n  the sampler i t s e l f  are not taken into account. Such er rors  

w i l l  be superimposed and w i l l  e i ther  increase or decrease the t o t a l  

sampling error  according t o  the i r  algebraic signs. The effect  of errone- 

ous sampler action upon the va l id i ty  of calculated sampling e r ror  i s  

demonstrated by the depth-integration method of sampling a ver t ica l  when 

performed by opening the sampler a t  the bottom and allowing it t o  f i l l  a s  

it is raised a t  a uniform rate.  The theoretical  analysis indicates tha t  
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a high pos i t ive  e r r o r  w i l l  r e s u l t  because a r e l a t i v e l y  l a r g e  port ion of 

t h e  sample is  co l l ec ted  near  t h e  bed due t o  the  pressure d i f f e r e n t i a l .  

However, the  i n i t i a l  inrush would r e s u l t  i n  a s i g n i f i c a n t  l o s s  i n  the  

l a r g e r  s i z e s  of sediment and a lower u n i t  concentrat ion than t h a t  repre-  

sen ta t ive  of the t r u e  sediment concentration of t h e  stream a t  t h a t  point .  

I f  the  inaccuracy of the  sampler i t s e l f  is i n s i g n i f i c a n t ,  the  e r r o r s  

i n  sampling methods determined i n  t h i s  a n a l y s i s  a r e  comparable f o r  t h e  

sediment and v e l o c i t y  va r i a t ions  assumed. Thus, f o r  any case where t h e  

v e r t i c a l  ve loci tyand sediment d i s t r i b u t i o n s  a r e  the same as those assumed, 

t h e  comparisons w i l l  be va l id ,  regardless  of whether the sediment d i s t r i -  

bution is due t o  suspension, s a l t a t i o n ,  o r  o ther  causes. The v e r t i c a l  

ve loc i ty  and' suspended sediment d i s t r i b u t i o n s  assumed i n  t h i s  ana lys i s  

c lose ly  approximate those usual ly  found i n  streams and it i s  bel ieved,  

therefore ,  t h a t ,  i n  t h e  majori ty of cases ,  the  r e s u l t s  indica ted  a r e  

reasonably accura te .  

A s  more d a t a  on t h e  v e r t i c a l  d i s t r i b u t i o n  of sediment i n  streams i s  

accumulated, and the  physical  laws governing sediment t r anspor ta t ion  a r e  

more completely understood, t h e  condit ions f o r  which t h i s  method of anal -  

y s i s  a p p l i e s  w i l l  become more evident.  There is a l ready  some evidence 

t h a t  it does not  apply where the  stream bed o r  banks a r e  covered with 

l a r g e  rocks o r  o ther  immovable ob jec t s ,  because, i n  such cases,  the  

sediment d i s t r i b u t i o n  apparently is  more uniform than the  turbulence- 

suspension theory would ind ica te .  

16. Manner of presenting result$--In Figs. 6 t o  8 a r e  shown graph- 

i c a l l y  the  per  c e n t  devia t ion  from the  t r u e  mean concentrat ion,  o r  the 

e r r o r s  i n  individual  p a r t i c l e  s i z e  determination i n  r e l a t i o n  t o  the  



38 Section 16 

sediment distribution as expressed in the index 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 UWP 

the existence of the sediment distribution expressed by $ and upon the 

accuracy of the sampler. The auxiliary ordinate scales in these figure6 

showing the ratio of particle fall velocity to mean stream velocity in 

the vertical, c/Vm , are conditioned upon the reliability of the sed$- 

ment distribution theory for the particular stream conditions being 

analyzed. If the actual sediment distributions conform to the theoreti- 

cal, the c/Vm scale can be used in estimating errors in sampling methods - 
for a rather wide range of sediment and stream conditions. 

The values of the errors arising in using the point sample methods 

over representative ranges of particle size, stream roughness, and veloc- 

ity are given in Table 1. In the interpretation of these results it 

should be recalled that they are dependent upon 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 velocity 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 average 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 



Section 16 

concentration of graded materials, approximating gradation8 of particle 

aize that ex ie t  in natural streams, are presented in relation t o  atream 

velocity in Fige. 16 and 17 for  point sample and depth-integration 

methode, respectively. 
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V. ANALYSIS OF POINT SAMPLE METHODS 

17. Sinale point methods--Only the two single point methods of 

sampling that are commonly employed in routine sediment investigations, 

the surface and 0.6 depth methods, will be analhed in this study. In 

the analysis of the surface method the sediment concentration at the sur- 

face was compared directly with the true mean sediment concentration 

without the application of a coefficient. Under all conditions the 

analysis in$&cates negative deviations from the true mean concentration 

that increase', as the curvature of the sediment distribution curve in- 

creases. The errors are appreciable for all particle sizes except the 

extremely fine mterial. 

In the 0.6 depth method as it is commonly used, it is assumed that a 

sample collected & 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. 6 to 8 are show the plotted values of deviation from the 

true mean for various values of 4 for this method, along with that of 

the other methods which will be described in the following sections of 

this chapter, for relative roughness factors of 0.010, 0.020, and 0.030, 

respectively. 

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

ies it has been the practice to determine the mean sediment concentration 
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where c 3 fall velocity of particle  i n  om./sec. 
t = 0.00858 V, = mean veloci t y  i n  vertioal i n  f t . / sec .  

?J = Manning r ~ h n e s e  ooeffioient. 
D I depth of stream i n  f t .  

m r  a relat ive roughness 
3 1 6  = O.O1° 

Fig. 6 - Accuracy of nettods of sempling suspended sedicent for vmious 
types of sediment distribution and a relat ive roughness 0.010. 
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where c = fall velocity of particle  i n  crn./sec. 
, 0.00858 Q Pm = mean velocity i n  vertical  i n  f t . / sec .  

vm -9 
D1/6 

n = Manning roughnese coefficient. 
3 = depth of stream In f t .  

For a relative ronghnesa A = 0.020 
91/6 

Flg. 7 - Accwac;r of methods of ssnpling qspended sediment for varloua 
types of sediment distribution and a relative rwdghnose 0.020. 
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PERCENT DEVIATION FROM TRUE M M  C(*(CENTRITKH( 

where o = f a l l  velocitjl of pnrticle in  cm./uec. 
t . g.00esa c V, = mean velocity i n  vertical  i n  ft . /seo.  

'D -1$/6 n = :.innning roughness coefficient. 
D = depth of s trem i n  ft .  

For a relative roughness * 6  = 0.030 
9 / 

mg. 8 - &OUTSOY of methoda of sampling suspended pediment for various 
typos of 8ediUIent dletribution and a relative r m g b e e s  0.030. 
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i n  a  v e r t i c a l  e i t h e r  by averaging t h e  concentrat ions i n  samples of equal  

volume which were co l l ec t ed  a t  the  sur face ,  mid-depth, and bottom o r  by 

g iv ing  t h e  mid-depth concentrat ion double weight before averaging it wi th  

t h e  concen t ra t ions in  t h e  o t h e r  two samples. Although i t  i s  impossible t o  

c o l l e c t  a  suspended sediment sample exac t ly  a t  t h e  bo t tomofa  stream, f o r  

purpose o f t h i s  a n a l y s i s  the  bottom sampling po in t  was a r b i t r a r i l y  loca ted  

a t  90, 95, 98, and 100 per cent  of t h e  stream depth a t  t h e  v e r t i c a l .  

The e r r o r s ,  o r  dev ia t ions  from t h e  t r u e  mean, a r e  p o s i t i v e  f o r  

p r a c t i c a l l y  a l l  conditions because the  bottom sample i s  taken a t  a  poin t  

which is  below t h a t  of mean concentrat ion f o r  t h e  sec t ion  of discharge it 

rep resen t s .  Fur ther  a n a l y s i s  revea ls  t h a t  whendouble weight i s  given t o  

t h e  concentrat ion of t h e  sample from t h e  mid-depth poin t ,  t h e  e r r o r  i s  

reduced f o r  a l l  values of 4 , index of v e r t i c a l  sediment d i s t r i b u t i o n ,  

g r e a t e r  than 0.10. In  considering t h e  po in t  a t  which t h e  bottom sample 

i s  c o l l e c t s d  it appears t h a t  t h e  concentrat ion i n  a  sample from t h e  0.9 

depth approaches t h e  t r u e  mean c lose r  than does a  sample co l l ec t ed  a t  t h e  

bottom. However, i n  any case t h e  e r r o r  i s  i n s i g n i f i c a n t  f o r  t values  

below 0.02. Generally,  t h e  e r r o r s  a r e  l e s s  f o r  these  methods than f o r  

t h e  su r face  o r  0.6 depth methods f o r  4 values of 0.1 o r  l e s s .  

19 .  S t raub  method--Dr. S t raub  developed a method of sampling i n  

t h e  Missouri River (11) wherein t h e  sum of 5/8 of t h e  concentrat ion i n  

t h e  sample from t h e  0.2 depth and 3/8 of t h e  concentrat ion i n  t h e  sample 

from t h e  0.8 depth i s  considered t o  be t h e  mean cdncentrat ion i n  t h e  ver- 

t i c a l  sampled. The sediment d i s t r i b u t i o n  i n  the  v e r t i c a l  was considered 

t o  be l i n e a r .  I n  t h i s  ana lys i s  the  concentrat ion determined i n  t h i s  

manner was compared wi th  t h e  t r u e  mean. 
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The r e s u l t s  indicate t ha t  t h i s  i s  one of the more accurate methods 

adapted t o  routine use. For sediment d i s t r ibu t ions  of l e s s  curvature 

than expressed by t = 0.03 the e r ro r s  f o r  the three stream conditions 

ahom a r e  l e s s  than 3 per cent. For streams with re la t ive  roughness 

f ac to r s  of 0.020 or  0.030 t h i s  method appears t o  be more accurate f o r  

a wider range of par t ic le  s i ze s  and ve loc i t ies  than any other method cma- 

lyzed, while f o r  smooth channels, r e l a t i ve  roughness of 0.010, it i s  not 

much more accurate than the 0.6 depth method. I t  i s  probnble, however, 

t h a t  the favorable showing of t h i s  method may be o f f s e t  i n  the f i e l d  

because some methods i n  which more samplea a re  collected would probzbly 

b e t t e r  represent the ac tua l  sediment d i s t r ibu t ion  i n  the ve r t i ca l  cnd 

reduce e r rors  which a re  introduced due t o  momentary f luctuat ions  of the 

sediment concentration. 

20. Luby method--In the Luby method of sampling, a ve r t i ca l  section 

i s  divided in to  a number of increments of equal discharge and a snmple i s  

taken a t  the midpoint of each increment. By taking samples i n  t h i s  nan- 

ner, each sample represents an equal discharge, therefore the concentra- 

t ions  a t  each point a re  properly weighted. This i s  accomplished by 

dividing the ve r t i ca l  velocity curve in to  equal ar&s and col lect ing a 

sample a t  the centroid of each area. A more complete description of t h i s  

method i s  given i n  Report No. 1 of t h i s  ser ies .  

In  these computations, a water-discharge summation curve f o r  a u n i t  

stream width computed from the ve r t i ca l  velocity curve f a c i l i t a t e d  i n  the 

locat ion of the sampling points. Curves B of Fig. 2 show the per cent of 

t o t a l  discharge below each depth f o r  the velocity d i s t r ibu t ions  used i n  



t h i s  study. The cumulative per cent  of t o t a l  discharge from the  surface 

t o  the  midpoint of each increment of discharge ind ica tes  t h e  locat ion  of 

the sampling points .  Computations were made by using e i t h e r  3, 5, o r  10  

points;  i n  each case the concentrations were averaged and t h e  composite 

sample thus  obtained compared with the  t r u e  mean. 

Analysis revealed t h a t  the Luby method, using e i t h e r  3 ,  5, o r  1 0  

points ,  i s  reasonably accurate f o r  a l l  sediment d i s t r i b u t i o n s  of t = 0.2 

o r  l e s s .  A s  might be expected, the ana lys i s  a l s o  indicated t h a t  i n  using 

the Luby method the devia t ions  from the t r u e  mean, o r  e r r o r ,  decreased 

when t h e  number of sampling points  was increased. The e r r o r s  a r e  always 

negative because the samples a r e  taken a t  the  point  of mean discharge i n  

each sec t ion ,  while the  a c t u a l  point  of mean concentration occurs a t  a 

lower point  which has a higher concentration than t h a t  of the  sampling 

point.  Since the e r r o r s  a r e  cons is tent ly  of one sign, and do not  change 

rapid ly  f o r  d i f f e r e n t  condit ions of ve loc i ty  and sediment d i s t r i b u t i o n ,  

they could be reduced by applying a coe f f i c i en t .  However, i f  t h i s  i s  t o  

be done the  s i z e  d i s t r i b u t i o n  of the sediment must be known. 

In  the  Luby method the  ve loc i ty  d i s t r i b u t i o n  a t  the  time of sampling 

must be known although an average ve loc i ty  d i s t r i b u t i o n  determined from a 

number of measurements can be used without introducing a l a rge  e r r o r .  

Although t h i s  method i s  somewhat more complicated than o thers  it can be 

s impl i f ied  by taking samples of equal volume. Then a l l  the samples from 

one v e r t i c a l  can be combined i n t o  one composite sample f o r  the analys is .  

The Luby i s  probably the  bes t  of the  present  methods f o r  use i n  streams 

whose depths exceed 20 f t . ,  and it i s  s a t i s f a c t o r y  a l s o  f o r  shallower 

streams. 
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21. S a m ~ l i n ~  errors incident t o  stream and sediment conditions-- 

The errors  introduced in  point sample methods due t o  var ia t ions in  the 

ver t ica l  dis t r ibut ion of sediment have been discussed. Errors in  sampling 

by various methods due t o  variations in  sediment s ize  and stream velocity 

with a re la t ive  roughness fac tor  of 0.020 a re  shown graph<cally in Fig. 9. 

The va l id i ty  of these resu l t s  i s  naturally dependent upon the existence 

of a sediment dis t r ibut ion which conforms t o  tha t  indicated by the 

turbulence-suspension theory f o r  each given stream condition. The resu l t s  

by dl the methods studied with three degrees of re la t ive roughness and 

various par t ic le  s izes  and stream veloci t ies  a re  summarized i n  Table 1. 

Cdnceerning the individual methods, the following general conclusions can 

be drawn: 

a .  S i n ~ l e  point method: The t rue  mean $oncentration can- 
not b; determined from single point samphs except f o r  a few 
limited cases, because the depth a t  which the mean sediment 
concentration occurs varies with par t ic le  s ize  and with stream 
conditions. The surface method gives large negative errors  for  
a l l  except very small particle sizes.  The resu l t s  obtained i n  
the 0.6 depth method are  better;  however, t h i s  method a l so  
gives large errors  unless the par t ic le  s ize  of the sediment is 
small. 

b. Surface. mid-de~th. and bottom method: This method i s  
re l iab le  only for  re la t ively f ine  par t ic les  or f o r  hiah veloc- 
i t i e s .  In host cases the e r ror  was positive f o r  a i l  stream 
conditions and par t ic le  sizes, because the bottom sample is 
collected a t  a point which i s  lower than the point of mean 
concentration of the section of discharge it represents. By 
assigning double weight t o  the mid-depth concentration theerror 
i s  reduced somewhat; similarly, the e r ror  i s  usually l e s s  when 
the sample i s  collected a t  a point some distance above the 
bottom instead of a t  the bottom. However, the errors  a re  s t i l l  
excessive for  the larger  par t ic le  sizes.  

g. Straub method: This method i's one of the more accurate 
of those adapted for  routine use. The errors  are  negative f o r  
a l l  par t ic le  s izes  with re la t ive  roughness coefficientsof0.010 
and 0.020, changing t o  positive f o r  the larger  par t ic le  s izes  
with a re la t ive roughness coefficient of 0.030. For re la t ive 
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icl Particle d imter  0.115 u. (a) Putiols d i u t s r  0.35 1. 

Fig. 9 - Accuracy of point sample methods f o r  various stream and 
sediment conditions. Relat ive roughness 0.020. 
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roughness values of 0.020 and 0.030 t h i s  method i s  accurate f o r  
a wide range of par t ic le  s izes  and veloci t ies ,  while f o r  a 
re la t ive  roughness factor of 0.010 the errors  increase indicat- 
ing tha t  th8 method is lees  accurate in  t h i s  range. 

d. Luby method: This  method i s  accurate f o r  a wide range 
of p&icle s izes  and stream conditions, and the degree of 
accuracy increases with an increase i n  the number of sampling 
point. However, the errors  a r e  excessive forvery large pa r t i c l e  
s izes  a t  low veloci t ies .  

In general, the errors  increase as  the par t ic le  s ize  increares and 

they decrease aa the velocity and r e l a t ive  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 etream velocity 

ahead of its mouth, will collect a true integrated sample. If such a 

sampler is held stationary, a time-integrated point sample will be ob- 

tained, whereas, if the sanpler fills while travereing some distance in a 

vertical, it will take a so-called depth-integrated sample. In the dis- 

cussion which follows this type of sampler will be described as filling 

at a rate equal to the stream velocity. 

Obviously none of the samplers investigated in thestudy were capable 

of taking a true integrated sample in accordance with the above defini- 

tion. Only theRock Island sampler indicated a filling rate approximately 

proportional to the stream velocity, butthe filling rate was considerably 

augmented, particularly at stream velocities below 2 f t./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 tothe etream 

velocity and that it does not disturb either the flow lines or velocity 

ahead of ite intake. Since it is impossible to sample immediately at the 

stream bed, because of the physical shape ofthe sampler, and since such a 

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 distr ibution curve above the maximum 

depth t o  which the sampler was lowered. A comparison between the mean 

concentration of t h i s  area and the mean concentration of the area under 

the curve from the surface t o  the stream bed indicated the error ,  or  de- 

viation from the t rue  mean sediment concentration. 

TABLE 2 

ACCURRCY OF DEFTH-INTEGRRTION METIlOD WHEN SRYPLING DIFFERENT PROeORTIONS OF 
THE STREAM DEPTH AT A FILLING RATE NUAL TO VELOCITY 
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The r e s u l t s  of t h i s  study a r e  shown i n  Table 2 and Fig. 10 .  I n b a l l  

cases  the  e r r o r s  a r e  negative, increasing with increas ing vaJues of 5 

and decreasing with increasing values of r e l a t i v e  roughness. For the 

0.010-nun. p a r t i c l e  s i z e  sediment, t h i s  method was extremely accura te  f o r  

a l l  depths sampled. The r e s u l t s  were f a i r l y  good f o r  the 0.025-mm. sedi-  

ment; the maximum e r r o r  of 14 per cent  occurred a t  the lowest ve loc i ty  

and r e l a t i v e  roughness value and the shallowest depths sampled. I n  gen- 

e r a l ,  the  e r r o r s  appear t o  decrease when g rea te r  percentages of the  depth 

a r e  sampled and when the  r e l a t i v e  roughness c o e f f i c i e n t  increases  but in- 

crease  with the  l a r g e r  p a r t i c l e  s i z e s  of sediment. 

23. fill in^ r a t e  constant--A number of slow f i l l i n g  samplers used 

i n  the  depth-integration method a r e  not appreciably af fec ted  by stream 

ve loc i ty  because they do not  f ace  i n t o  the  stream flow and they tend t o  

f i l l  a t  a constant  r a t e  when lowered o r  r a i sed  a t  a r a t e  of 1 t o  2 

f t ./see. The charac te r i s t i c s  of slow f i l l i n g  samplers a r e  discussed i n  

Chapter V I  of Report No. 5 of t h i s  s e r i e s .  In  analyzing the  depth- 

in tegra t ion  method it is  assumed t h a t  the  sampler f i l l s a t a  constea t  r a t e  

while being lowered o r  ra ised .  Computations were made assuming tht  80, 

90, 95 and 98 per cent  of the  depth was sampled. Since the  intake r a t e  

was constant  a t  a l l  depths, the  mean concentration i n  the  sample was 

equal t o  the  mean of the  a rea  under the  sediment d i s t r i b u t i o n  curve from 

the  surface  t o  the  maximum depth sampled. 

The devia t ions  from the  t r u e  mean sediment concentration indicated  

f o r  the  various depths sampled and f o r  various values of r e l a t i v e  rough- 

ness  a r e  shown i n  Table 3 and Fig. 11. This method i s  very accura te  f o r  

a l l  percentages of stream depth sampled f o r  the  0.010-nun. p a r t i c l e  s i z e  
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Fig. 10 - Accuracy of depth-integration method when sampling different  
portions of the stream depth a t  a f i l l i n g  r a t e  equal t o  velocity. 

sediment and is f a i r l y  accurate for  the 0.025-mm. s ize l  there being a de- 

viation of 12 per cent a t  the minimum velocity f o r  a re la t ive roughness 

value of 0.010. The errors  decrease with an increase in percentage of 

stream depth sampled and a s  the velocity decreases. 

For a limited range of depth and f o r  some of the re la t ive  roughness 
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f ac to r s  which were assumed, it appears t h a t  a sampler which fills a t  a 

uniform r a t e  is more e f f i c i en t ,  i . e . ,  shows l e s s  deviation from the  t rue  

mean, than does a sampler t h a t  f i l l s  a t  a r a t e  equal t o  the  velocity.  

However, a more detailed examination of Fig. 11 reveals that f o r  a l l  

other depths sampled and other r e l a t i ve  roughness values, the  deviations 

a r e  greater in t h i s  method. For example, from Fig. 11, when 98 per cent 

of the  depth is sampled and the  re la t ive  roughness fi is 0.020, the  
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P C R C M T  OEVlATlON FROM TRUE MEAN CONCENTRATION 

Fig. 11 - Accuracy of depth-integration method when sampling d i f fe ren t  
portions of the stream depth a t  a constant f i l l i n g  r a t e  and accuracy when 

sampler i s  opened a t  di f ferent  depths. 

e r ro r  varies between 1 per cent for  a value of 4 of 0.02 and 60 per 

cent f o r  a value of 4 , of 1.0, whereas, from Fig. 10 f o r  the same 

range of depth and f o r  a re la t ive  roughness factor  of 0.030, the maximum 

deviation f o r  a l l  vdlues of 4 was l e s s  than 7 per cent. 

Although it appears tha t  sampling a t  a uniform ra te  would i n  cer ta in  
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limited cabes b e b e t t e r  thaf i the  method in  which the sampler is f i l l ed ,  a t  

a ra te  equal t o  the velocity, it may be fur ther  said tha t  f i e l d  experi- 

ence and detai led laboratory analysis of the problem indicates tha t  it i s  

impossible f o r  a sampler t o  f i l l  a t  a uniform ra te  and a t  the same time 

col lect  a sample of a t rue composition. Co'nsequently, the inherent e r ror  

result ing from t h i s  type of f i l l i n g  action i s  necessarily superimposed 

upon these r e su l t s  and thereby greatly reduces the accuracy. A detailed 

analysis of t h i s  problem is presented i n  Report No. 5 of t h i s  ser ies .  

24. Sahpler omned near stream bed--It has been a common practice 

t o  open a slow f i l l i n g ,  r ig id  container sampler a t  the stream bed and t o  

ra i se  the sampler a t  a uniform ra te ,  such that  it w i l l  reach the surface 

before the container i s  f i l l e d  completely. In such a procedure, par t  of 

the sample w i l l  be collected almost instantaneously from the i n i t i a l  

rapid f i l l i n g  which i s  due t o  a necessary pressure equalization, and the 

remainder of the sample w i l l  be collected a s  the sampler is raised. The 

amount of the i n i t i a l  inrush t o  equelize the pressures i s  a function of 

the hydrostatic pressure and the volume of the sample container. In the 

various types of samples tested,  t h i s  pressure equalization was shown,in 

the experimental study of sampler f i l l i n g  character is t ics  presented in  

Report No. 5 of t h i s  series,  t o  occur within 1 sec. Tho theoret ical  re- 

lationship between depth a t  which the sampler is opened and the volume 

entering due t o  i n i t i a l  inrush i s  shown in  Fig. 12. The r e su l t s  obtained 

with the samplers tested checked t h i s  theoret ical  relationship very 

closely. 

After the i n i t i a l  inrush,' the f i l l i n g  r a t e  was considefed conetant 

since the e r ror  introduced by the volume of i n i t i a l  inrush is so large 
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1nLti.l 1w.h' in percent of o.prolty 

Fig. 12 - Relation of depth to  per cent of sampler capacity f i l l e d  in 
i n i t i a l  pressure equalization. 

that the variations in the normal f i l l i n g  ra tes  for  the d i f fe rent  types 

of slow f i l l i n g  samplers is  insignificant. 

For purposes of t h i s  analysis, it was also assumed tha t  90 per cent 

of the sampler capacity would be f i l l e d  when it reachedthewater surface. 

This value was selected because usually when the sampler returns t o  the 

surface completely f i l l e d  the sample is  rejected. The mean concentration 

in  the sample would then be: 
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*era No = concentration a t  the point of opening which variee ac- 
cording t o  the mininun dietance from tho intake t o  the 
stream bed f o r  different  eanplera. 

i = r a t i o  of volume of initial inrush t o  oapacityofaampler, 
determined from Fig .  12 .I 

Nd = concentration i n  that par t  of the ample collected while 
being raised. 

The errore i n  eamplea. colleoted i n  a ampler  which was opened a t  

depthe of 5, 16, and 50 f t .  i n  a stream with a r e l a t ive  roughneee fac tor  

of 0.020 a re  e h m  i n  Table 4 and Fig. 11. This mthod also i a  very 
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accurate a t  a l l  ve loc i t i es  and depths f o r  the 0.010-mm. par t ic le  s i z e  

sediment; however, the  e r ro r s  increase t o  a maximum of 29 per cent f o r  

the 0.025-mm. par t ic les .  Even a t  a 5-ft.  depth the  e r r o r s  exceed 30 per 

cent f o r  value of & grea te r  than 0.4. A t  15  and 50 f t .  the  e r rors  a r e  

excessive i n  a l l  cases except those i n  which the  sediment d i s t r ibu t ion  i s  

prac t ica l ly  l inear .  In using t h i s  method the  errors  introduced a r e  much 

greater  than in  any of the  others. With l a rge r  s ize  pa r t i c l e s  the devia- 

t ions  a r e  so  great  t h a t  t h i s  method should not be used. 

This analysis  was made on the assumption tbt a t rue  sample would be 

obtained with the  sampler. However, from the study of sampler act ion 

presented i n  Report No. 5 of t h i s  se r ies ,  it appears t h a t  a l o s s  i n  sedi- 

ment does occur with the  i n i t i a l  inrush and t h a t t h e e r r d r  thus introduced 

varies with the  pa r t i c l e  s i z e  of the sediment. 

25. Depth-integration with an ex i s t i ne  sampler--The f i l l i n g  r a t e s  

of present samplers a re  ne i ther  uniform nor equal t o  the  stream velocity 

a t  any point i n  the  ve r t i ca l .  Hence, the accuracy ofthedepth-integration 

method a s  performed with one of the more common samplers was analyzed. 

The one selected f o r  study was the  Rock Island slow f i l l i n g  sampler which 

i s  described i n  Reports Nos. 1 and 5 of t h i s  series.  

Because in  t h i s  case the  e r rors  do not vary d i r ec t l y  with the  para- 

meter & the  procedure of analysss was somewhat d i f fe ren t .  The method 

used consisted of combining the experimental data on the  ac tua l  f i l l i n g  

r a t e  of t h i s  sampler, a s  presented i n  Report No. 5, with various sediment 

d i s t r ibu t ion  curves. I t  was assumed that the  fi1lir.g r a t e  varied with 

the  stream veloci ty  a s  indicated by thd cal ibrat ion curve i n  Fig. 51, 

Report No. 5, and t h a t  the  sampler was lowered and ra ised a t  a constant 
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ra te .  The relat ion of f i l l i n g  r a t e  t o  velocity ehown by the cal ibrat ion 

curve in th ia  figure waa applied t o  the ver t ica l  velocity dietribution 

curve fo r  a re la t ive  roughness of 0.020, wlth mean velocity varying from 

1.0 t o  6.0 ft./eec., and the variation of f i l l i n g  r a t e  with depth for  

each mean velocity considered was found to be as shorn i n  Fig. 13. 

Fig. 13 - Variation of f i l l i n g  r a t e  of Rock Island sampler with depth for  
various velocity dietributions eetabliehed by a re la t ive roughness of 

n/D1/6 = 0.020. 

Each f i l l i n g  r a t e  curve was combined w i t h  the sediment dletr ibut ion 

curve appropriate to the chosen mean velocity and sediment eiee, t o  form 

a ser ies  of sediment discharge curvee. The areas under theae curves a r e  

proportional t o  the weights of sediment i n  the respective samples. Simi- 

la r ly ,  the area under each f i l l i n g  rate-depth curve i e  p r~por t iona l  t o  
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the weight of water-sediment in the sample. The ratio of the' areas under 

two corresponding curves is the apparent mean concentrationin 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 98.4 per cent of the depths, respectively. 

In Table 5 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 gives very accurate results for 0.025-mm. or smaller 

sediment at velocities between 1.0 and 6 ft./sec. and shows only 7 per 

cent error for the 0.05-mm. particles. For larger sizes of sediment the 

errors are appreciable. However, it should be noted that this analysis 

was based on the assumption that a true representative sample was col- 

lected, whereas, 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 MISED 

Relative roughness n/~l/~ = 0.020 
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Fig.  14 - Accuracy of depth-integration method for  various stream and 
sediment conditions. Relative roughness 0.020. 
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V I I .  m H O D  FOR DETERMINING TOTAL CONCERTRATION 

26. Sediment ~ rada t iona  and methods uaed in analysis--The various 

point sampling and depth-integration methods were applied t o  typical  

composite water sediment samples i n  order t o  determine t h e i r  re la t ive 

accuracy when uaed in ac tua l  stream conditions. The gradation curves of 

three types of sediment which were uaed in the analysis a r e  shown in 

Fig. 15. These curves, designated A, B, and C,  respectively, represent 

f ine,  medium, and coarse-grained sediment. 

Fig. 15 - Sediment gradations used in  analysis of accuracy of methods f o r  
t o t a l  concentration determination. 



Section 26 65 

Fig. 16 - Accuracy of point sample methods f o r  to ta l  concentration 
determination. Relative roughness 0.020. 
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Each gradation curve was divided i n t o  a number of small.increments; 

then the  e r r o r  f o r  each increment was computed by us ing the  average par- 

t i c l e  size i n  the  increment. The e r r o r  f o r  the  composite sample was d% 

termined by weighting each increment e r r o r  according t o  the  percentage of 

sediment i n  t h a t  increment with respect  t o  the  t o t a l  sample. A r e l a t i v e  

roughness f a c t o r  of 0.020, corresponding t o  a Chezy coef f i c ien t  of 75, 

was used throughout. 

27. Errors  i n  point  sample methods f o r  determining t o t a l  concentra- 

tion--The r e s u l t s  of the  ana lys i s  of point  sample methods i n  sampling - 
the  three  gradations of sediment a r e  presented i n  Fig. 16 i n  terms of 

percentage e r r o r  a t  various mean.velocities i n  the  ve r t i ca l .  The v a l i d i t y  

of these r e s u l t s  depends upon the  veloci ty  and sediment d i s t r i b u t i o n s  

which were determined ana ly t i ca l ly .  The accuracies of the  methods are 

summarized according t o  gradation of sediment as follows: 

a. Gradation A: Only the  surface method showsanappreci- 
ab le  e r r o r  f o r  mean ve loc i ty  greater  than 1 ft . /sec . but  f o r  
mean v e l o c i t i e s  of 3 f t . / sec .  o r  g rea te r  even t h i s  method gives  
f a i r  r e s u l t s .  This ind ica tes  t h a t  f o r  f i n e  sediments, the re  is 
l i t t l e  choice among most of the  point sample methods f o r  veloc- 
i t i e s  g rea te r  than 1 f t . / sec .  

b.  Gradation B: The surface method shows a high negative1 
e r r o r  a t  a l l  ordinary stream ve loc i t i e s .  In  the 0.6 depth 
method the  e r r o r  i s  not great ,  being l e s s  than 8 per cent  f o r  
a l l  v e l o c i t i e s .  The 3-point method, i n  which the  middle sample 
i s  given double weight andthebottom sample taken a t  0.9 depth, 
is f a i r l y  accurate f o r  v e l o c i t i e s  g rea te r  than about 4 f t . / sec .  
The other  3-point sampling methods show grea te r  deviat ions.  For 
v e l o c i t i e s  above 2 f t . / sec .  the  Luby and Straub a r e  the  most 
accurate methods. 

c. Gradation C: The surface and 3-point methods show 
an excessive negative and posi t ive  e r r o r  even f o r  r e l a t i v e l y  
high stream ve loc i t i e s .  The Straub and the  Luby 5 and 10-point 
methods a r e  f a i r l y  accurate.  The e r r o r  i n  the  0.6 depth method 
ranges from 20 per cent  negative t o  12 per cent  posi t ive as the  
velocity increases from 4 t o  1 0  ft . /sec. 
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28. Errors i n  depth-integration method f o r  determining t o t a l  con- 

centration--The deviatians from the t rue  mean concentration, when the  

depth-integration method is  applied t o  the  three typesof graded sediment, 

a re  shown i n  Fig. 17. The resu l t s  may be'sununed up as follbws: 

a. Gradation A8 For f i l l i n g  r a t e s  which a re  e i t h e r  uni- 
form,-equal t o  velocity,  o r  a s  with the Rock Island sampler a t  
5 and 15-ft. depths, the errors  a r e  inappreciable. The most 
serious errors  a r e  introduced when the sampler is opened near 
the bed. However, the  errors  i n  t h i s  method become appreciable 
with t h i s  gradation only a t  low ve loc i t ies  and great  depths. 

b. Gradation B: For ve loc i t ies  below 5 ft./sec. a l l  
methoxs except t h a t  i n  which the  Rock Island sampler was used 
i n  a 5-ft. depth show deviation8 greater than 1 per cent. Next 
i n  accuracy t o  the  Rock Island, is the  method i n  which a sampler 
f i l ls  a t  a r a t e  which is equal t o  the  velocity f o r  the 98 per 
cent depth. The procedure in  which a sampler is  opened a t  the  
bed shows a high posit ive e r ror  t h a t  decreases with velocity 
but increases with depth. 

c. Gradation C:. Only two procedures, namely, sampling 
98 per cent of the depth a t  a f i l l i n g  ra te  equal t o  the stream 
velocity a t  every point i n  the ver t ica l ,  and sampling 90 per 
qent of the depth a t  a uniform f i l l i n g  ra te ,  show a f a i r  degree 
of accuracy. Other procedures give large errors,  par t icu la r ly  
the  one i n  which the sampler is opened near the bottom. - 

29. Coefficients of mean concentration--The comparisons presented 

i n  the previous sections show tha t  no single method is accurate f o r  a l l  

conditions, although several were f d  fp be f a i r l y  r e l i ab l e  f o r  most 

average velocity and sediment d i s t r ibu t ions  anU f o r  ordinary stream con- 

d i t ions .  In  even the more accurate methods the e r rors  exceed 50 per cent 

f o r  extremely large pa r t i c l e s  and re la t ive ly  low veloci t ies .  While it i e  

real ized tha t  the  computations i n  t h i s  analysis  a r e  no t  quant i ta t ively 

correct, because they depend upon a theoret ical  relationship of eediment 

dis t r ibut ion and stream conditions which were based upon a re la t ive ly  

small amount of f i e l d  data, and a re  fur ther  l i m i t e d  by the accuracy of 
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Fig. 17 - Accuracy of depth-integration methods for to ta l  concentration 
determination. Relative rougbiess 0.020. 
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the sample collected, the analysis indicates tha t  under cer ta in  conditions 

the sampling errors  a r e  excessive. 

A study was made of the prac t icab i l i ty  of applying coeff ic ients  t o  

the r e su l t s  obtained with the various sampling methods t o  correct  these 

excessive errors.  Obviously, such a procedure would be unsatisfactory 

f o r  cases i n  which the coefficient varied rapidly f o r  smll changes i n  

stream and sediment conditions because in  such cases it is d i f f i c u l t  t o  

se lec t  the proper coefficient.  For the best  sampling conditions in  a l l  

methods the value of the coefficient approaches the l i m i t ,  1.0, and 

changes l e a s t  rapidly f o r  any given change i n  stream and sediment condi- 

t ions.  Therefore, it i s  advisable t o  use a method i n  which the value of 

the coeff ic ient  i s  always close t o  1.0. For the more accurate methods, 

the coefficient is ra re ly  larger than 2.0 or  l e s s  than 0.9 and it i s  

f a i r l y  easy t o  se lec t  a good value. 

By applying coeff ic ients  the r e su l t s  obtained over a period of time 

would probably be more accurate than i f  no coefficient were applied; how- 

ever, an indi%idual measurement would not necessarily be aided by such a 

procedure. In any case, it would be an unnecessary refinement t o  apply n 

coeff ic ient  i f  the error  i n  the method was l e s s  than 10 per cent. 

Figs. 18 t o  20 show the coeff ic ients  which m y  be app l i ed toa  sample 

taken from a single given depth f o r  a limited s i z e  range under various 

stream conditions. Each s e t  of curves a re  fo r  a given re la t ive stream 

roughness. The coeff ic ient  t o  use i n  order t o  obtain the mean concentra- 

t ion i n  the ver"tica1 var ies  with parameter t . A s  i s  evident from the 

nomograph, t h i s  parameter var ies  with the re la t ive stream roughness, with 

the par t ic le  s ize  of the sediment, and with the mean velocity i n  the 
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- 

COEmClENT TO BE APPLIED TO CONCENTRATION AT GIVEN MPTH TO OBTAIN MEAN I N  V E R T W  
0.1 .2 ' 3 .4 . 5  1 .O 2 3 4 5  10 2 0  3 0  - 40 50 100 

MEAN VELOCITY = 3.0 
PARTICLE SIZE = 0.10 
SAMPUNC POINT = 0.5 DEPT 

AND PARTICLE SIZE= 0.10, INTERSECTING 
t=225 .  READ HORIZONTALLY AT t=225 
ON 0.5 D CURVE, GIVING COEFFUENT = I. 

FIG. 18 
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I 

FIG. 1 
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I I 

FIG. 20 
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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 considerable 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 sediment 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   able 6 is presented a typical set of computations in which co- 

efficients are applied to correct for the size distributions of a sample 

taken from a given depth under 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 

c. Relative roughness, n/D - 1/6 = .010, Chezy C = 150 

d. Mean velocity in vertical - = 5 ft./sec. 

This method must be used cautiously because it is based upon a 

relatively small amount of field data. Furthermore, it is essential that 

a true representative sample 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 
FPDM A SINGLE POINT BY THE APPLICATION OF A COEFFICIENT 

t o  fur ther  l i m i t  the use of t h i s  method. However, the use of these co- 

e f f i c i en t s  affords an approximate means f o r  determining the mean sediment 

concentration i n  a ve r t i ca l  from a single sample. 
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VIII. SUMMARY 

30. Basis of the analysis--The accuracies of the various point 

sample and depth-integration methods of sampling a ve r t i ca l  have been 

analyzed and the resu l t s  a r e  presented graphically and i n  tabular  form. 

The e r rors  inherent in  the various methods a r e  correlated t o  cer ta in  

types of sediment dis t r ibut ion curves and t o  given stream conditions f o r  

a par t icular  s i ze  of sediment. The f i r s t  comparison depends only upon 

the existence of such sediment dis t r ibut ion curves and ve r t i ca l  velocity 

curves and upon the assumption tha t  the sampler co l lec t s  a t rue  repre- 

sentative sample a t  the sampling point i n  the ver t ica l .  The e r ro r s  shown 

f o r  given stream and sediment character is t ics  a r e  based en t i r e ly  on an 

extension of the  theory of turbulence exchange a s  applied t o  the  ve r t i ca l  

dis t r ibut ions  of suspended sediment and upon the assumption t h a t  sa l ta t ion  

load movement i s  insignificant i n  the sampling zone. The l a t t e r  compari- 

son, therefore, i s  only as  accurate as the or ig ina l  theory and the as- 

sumptions made i n  using the theory t o  predict the d i s t r ibu t ion  of sedi- 

ment i n  the ve r t i ca l .  The re la t ive ly  small amount of pertinent f i e l d  

data  available tends t o  substant ia te  the theory. 

A comparison was made a l so  of the accuracy of the various methods of 

determining the t o t a l  sediment concentration of a graded sediment. Three 

typical  gradations in  pa r t i c l e  s izes  of sediment were used, representing 

the probable range of s izes  usually found i n  suspension. The e r ror  i n  

t o t a l  concentration was determined f o r  each curve by summing upthe e r rors  

f o r  each s i ze  weighted by the percentage of t ha t  s i ze  i n  each sample. 

The analyses a r e  based on the assumption tha t  each sample taken is a 

t r u e  representation of the water-sediment mixture a t  the sampling point. 
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Actually, t h i s  condition is not f u l f i l l e d  i n  present f i e l d  operations be- 

cause a s  determined i n  the investigation of sampling action, presented i n  

Report No. 5 of t h i s  se r ies ,  ex i s t ing  samplers do not co l lec t  representa- 

t i v e  samples. I t  has been found t h a t  f o r  pa r t i c l e s  larger  than 0.03 mi. 

diameter s ign i f ican t  e r rors  i n  sampling occur i f  the pressure of the  

sampler changes the  normal flow l i ne s  upstream from the sampling point. 

Changes i n  d i rec t ion  of the  flow l ines ,  a s  with the  bo t t l e  type s h p l e r ,  

o r  changes i n  the  pattern due t o  a difference between the intake velocity 

and the  normal stream veloci ty  a t  the sampling point a re  common t o  most 

ex i s t ing  samplers. Therefore, i n  applying t h i s  analysis, the  type and 

action of the  sampler used must be considered because the inherent e r ror  

of the sampler must necessari ly be superimposed upon the  e r ro r s  which 

were indicated by the various methods used i n  t h i s  report. 

31. Comparison of methods--No point sample o r  depth-integration 

method was found to  be accurate f o r  the en t i r e  range of stream and sedi- 

ment conditions assumed. The surface and 0.6 depth methods, i n  which no 

coeff ic ients  a r e  used, and the  method i n  which a sample i s  collected a t  

the  surface, mid-depth, and bottom, generally show appreciable error .  

The depth-integration method i n  which the sampler i s  opened a t  some point 

below the surface and f i l l s  while ascending y ie lds  very large e r ro r s  iY 

t h i s  i n i t i a l  point i s  a t  a great  depth. These e r rors  may be compensated 

f o r ,  somewhat, by the l o s s  i n  sediment t ha t  occurs due t o  the i n i t i a l  in- 

rush; however, t h i s  method i s  not recommended f o r  large s izes  of sediment 

and deep streams. Of a l l  the methods analyzed, the three which appear t o  

be reasonably accurate f o r  most conditions a r e  c lass i f ied  and described 

b r i e f ly  i n  the  subparagraphs which follow: 
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a .  Straub method: Samples a r e  obtained a t t h e 0 . 2  and 0.8 
depth-and t h e i r  sediment concentrations a r e  weighted 5/8 and 
3/8, respectirely;  a summation of these weighted concentrations 
i s  coneidered the mean concentration i n  the  ver t ica l .  Since 
t h i s  method was developed f o r  a l i nea r  dietributionofsediment,  
i t  is most accurate f o r  t ha t  par t icular  d i s t r ibu t ion .  

b . -  Luby method: Samples a r e  obtained a t  the midpoint of 
sections of equal water discharge, the number of samples col- 
lected depending upon the accuracy desired. Usually, sampling 
5 points i n  a ver t ica l  w i l l  y ie ld  f a i r l y  accurate resu l t s .  

c. Depth-integration method: In  t h i s  method the sampler 
fills-while both descending and ascending. A sampler which 
f i l l s  a t  a r a t e  equal t o  the velocity a t  every point i n  the  
ver t ica l  and which w i l l  t raverse 95 per cent of the depths, o r  
more, gives the most accurate resu l t s .  

Table 7 presents a comparison between these three methods, consider- 

ing the depth-integration method a s  performed with the Rock Island 

sampler. The theory indicates tha t ,  f o r  a given par t ic le  s ize ,  t hee r ro r s  

f o r  a l l  mean stream veloci t ies  above a certain minimum w i l l  f a l l  within a 

given per cent. These minimum ve loc i t ies  are  shown i n  the tab le  f o r  three 

d i f f e r en t  percentages of e r ro r  and f o r  four par t ic le  s izes .  
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TABLE 7 

COMPARISON OF STRAW, LUBY, AND DEPTH-INTEGRATION METHODS 
FOR VARIOUS SEDIMENT SIZES AND STREAM VEUCITIES 

Par t ic le  
l i m i t  s ize ,  

f error ,  mn. 
e r  cent 

Minimum stream velocity i n  ft./sac. fo r  I 
errors  not t o  exceed aiven 1 M t  

Depth-Integration. I I 
method with Rock 
Island Sampler, 
15-ft., 98.4 per 
cent of depth 

Luby method 
with 

5 points 

Straub math 
0.2 and 0.8 

depth 

I I 

The data  shown i n  t h i s  table  a r e  based on an average re la t ive  roughness 
factor.  Other roughness fac tors  would have some effect ,  but sindlar com- 
parisons would yield the same relat ive resu l t s .  

The tab le  indicates t h a t  f o r  par t ic le  s izes  of 0.115 mm. or  less ,  

the StraulP method allows the la rges t  velocity range, while fo r  la rger  

sizes the depth-integration method has the widest range. The Luby method 

apparently f a l l s  between the others. Since t h i s  comparison is en t i re ly  

analytical ,  i t d o e s  not account for inherent e r rors  in the  sampling methods. 

The Straub method indicates a greater accuracy f o r  a wider range of 

conditions than the others. This apparent advantage is offset ,  i n  part, 

by the f a c t  t ha t  i n  sampling only two points i n  a ver t ical ,  it is possible 

tha t  a t rue  representative sample may not be obtained due t o  fluctuations 

i n  the sediment concentration. The Straub method requires somewhat l e s s  
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f i e l d  work than does the Luby method but requires twice a s  lnuch labora- 

to ry  work because i n  the  former each sample must be analyaed separa%ely, 

while i n  the  l a t t e r ,  usually, only one laboratory analysis  is needed. 

The Luby method i n  which a t  l e a s t  f i v e  samples a r e  collected seerne 

t o  be reasonably accurate under ordinary condi$ions. Since a sample col- 

lected by this method i s  probably more representative o f t h e  t rue  sediment 

d i s t r i bu t ion  i n  the ve r t i ca l ,  it i s  l i ke ly  t o  yield. be t t e r  r e s u l t s  than 

the others. T h i s  method requires more detailed control  of the  f i e l d  

work, but, a s  previously mentioned, the ' laboratory work is simple because 

i f  a l l  the  samples a r e  of equal volume they may be combined f o r  a s ing le  

analysis.  The Luby method i e  not l imited a s  t o  sampling depth and is 

probably the most r e l i ab l e  method f o r  deep streams except under condi- 

t ions  i n  which a l i n e a r  d i s t r ibu t ion  of sediment occurs; i n  such cases, 

the  Straub method i s  equally a s  good o r  be t te r .  

By using the depth-integration method with a sample which i s  de- 

signed t o  f i l l  a t  a r a t e  equal t o  the stream velocity a t  every point i n  

t he  v e r t i c a l  and which traverses 95 per cent of the stream depth a t  the  

ve r t i ca l ,  r e su l t s  a r e  obtained which a r e  about a s  accurate a s  the  Straub 

o r  Luby method. I f  a greater  percentage of the stream depth i s  sampled 

i n  this manner, the  e r ro r  i s  even less .  Therefore, f o r  shallow streams, 

below 20 f t . ,  this method i s  the most accurate and requires  a minimum of 

f i e l d  work and laboratory analysis. For deeper etreams, a sampler which 

in tegra tes  a t  a point, i .e . ,  f i l l s  a t  a r a t e  equal t o  the stream veloci ty  

a t  the  par t icu la r  sampling point, o f f e r s  a method which a l so  always 

obtains a t rue  representative sample and which, likewise, requires a 

minimum of f i e l d  and laboratory work. 
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One phase of the future  work i n  this project  i s  t o  develop samplers 

which w i l l  f i l l  a t  a r a t e  equal t o  the  stream velocity e i t he r  a t  a point 

o r  while traversing a ver t i ca l  i n  a stream, thereby, always col lect ing a 

t rue  representative sample of the suspended sediment. 

In  using the  depth-integration method i n  which the sampler f i l l s  a t  

a uniform r a t e  it appears t h a t  under certain conditions, f o r  example, 

when 95 per cent of the  depth i s  sampled fo r  n re la t ive  roughness fac tor  

of 0.020, the per cent of e r ror  i s  lower than tha t  of any of the other 

methods used; however, this i s  t rue  only fo r  a ra ther  limited range of 

depths sampled. In general, this method i s  an i n f e r io r  one because it i s  

impossible t o  co l l ec t  a t rue  representative sample i n  a sampler which 

f i l l s  a t  a uniform ra t e .  

Applying a coeff ic ient  t o  the concentration of a single point sample 

i n  a ve r t i ca l  i n  order t o  determine the mean concentration i n  the  ver t i -  

c a l  has the  obvious advantage of a single f i e l d  operation and a s ingle  

laboratory analysis.  Curves have been presented from which the proper 

coeff ic ient  t o  apply t o  a sample taken from any point i n  the ve r t i ca l  may 

be determined. Since there i s  a sediment dis t r ibut ion,  expressed by 4 

i n  these curves, f o r  each s ize  of sediment present i n  the sample, theo- 

r e t i c a l l y  the  coeff ic ients  should be applied t o  each dis t r ibut ion.  As a 

matter of f ac t ,  they may be applied t o  a narrow range of s izes  which a r e  , 

t reated a s  a single par t i c le  s ize .  If these coeff ic ients  a re  used, the  

sample from the lower portion of the  ver t i ca l ,  preferably between 0.6 and 

0.8 of the stream depth. The use of t h i s  method i s  limited a t  present by 

an inadequacy of accurate sampling equipment, and by the need f o r  fu r ther  

verifying the  theory upon which these coefficients are based. However, 
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theee coefficients afford a rapid method for determining the approximate 

mean concentration of euepended eediment in a stream vertical' from a 

eingle sample collected at  any point in  the etream vertical. 



a 2 Bibliography 

BIBLIOGRAPHY 

1. Bakhmeteff, B. A.; "Mechanics of Turbulent Flow," Princeton Univer- 
s i t y  Press, 1936. 

2. Christiansen, J.  E.; "Dis t r ibu t ionofSi l t  i n  Open Channels," Trans., 
American Geophysical Union, p. 478, Par t  11, 1835. 

3. Kalinske, A. A .  and Van Driest, E. R.; "Applications of S t a t i s t i c a l  
Theory of Turbulence of Hydraulic Problems,ll Proc. 5th Inter-  
national Congress of Applied Mechanics, 1938. 

4. Kalinske, A. A.;  I1Relation of the S t a t i s t i c a l  Theory of Turbulence 
t o  Hydraulics,I1 Proc. A.S.C .E., pp. 1387-1406, Vo1. 65, No. 8, 
October, 1939,. 

5. Lane. E. W. and Kalinske. A. A.: "The Relation of Susmnded t o  Bed 
 ater rial in  Rivers," h m s  . ,-American Geophysical union, pp. 637- 
41, 1939. 

6. Lane, E. W.  and Kalinske, A .  A.; "Engineering Calculations of Sus- 
pended Sediment," Trans., American Geophysical Union, 1941. 

7. OlBrien, M .  P.; "Review of Theory of Turbulent Flow and i t s  Relation 
t o  Sediment Transportation,I1 Trans., American Geophysical Union, 
p. 487, 1933. 

8 .  Xichardson, E. G . ;  "Suspension of Solids i n  a Turbulent Stream," 
Proc., Royal Society of London, p. 583, Vol. 162, 1937. 

9. Rouse, Ilunter; "Experiments on the Mechanics of Sediment Suspension," 
Proc., 5th International Congress of Applied Mechanics, 1939. 

10. Rouse, Hunter; "An analysis of Sediment Transportation in  the Light 
of Fluid Turbulence," U .  S. Department of Agriculture, So i l  Con- 
servation Service, Sedimentation Division, July,  1939. 

11. Missouri River Report, House Document No. 238, 73d Congress, 2d 
Session, pp. 1189-1202, 1935. 


