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ABSTRACT 

A procedure for computing total suspended sediment load 

using a single point-integrated sample is presented. A power 

velocity distribution and Laursen's concentration 

distribution equation (1980) are used: U/U=(X+1) (y/D)X and 

C/C. = (a/y)Z where x=1/4 to 1/7 and z=w/({3#To/P)i other 

symbols are as commonly used. The procedure was tested with 

USGS (1971) field data from the Rio Grande. Using nominal 

values of {3, K, and w results in estimates of total suspended 

concentration that agree sufficiently well with depth

integrated measurements corrected for unmeasured load; even 

better agreement was obtained when site-specific data are 

used to define the x and z exponents. The difference between 

total suspended load computed using this procedure (and a 

single measurement) and conventional computations based on 

depth-integrated measurements is well within sampling error. 

For fine sediment (small z value) errors in measurements 

do not have a large effect on the integrated sediment load. 

For coarse sediment, however, placement of the sampler, 

elevation of the bed, and other values must be known with 

more precision. 

The typical scatter in suspended sediment load versus 

discharge plots can be explained by considering possible 

changes in bed material over time. Laursen's (1958) 
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relationship for total sediment load can be used to evaluate 

such changes and to calculate bed load. 

There are major advantages in estimating total suspended 

load using one time-integrated suspended-sediment point 

sample. Less field time is required; sampling costs are 

greatly reduced; and sampling can be more frequent and better 

timed to measure the changing sediment load. Automatic 

sampling procedures are more feasible. 



CHAPTER 1 

INTRODUCTION 

1.1 statement of the problem. 

19 

Although primitive man used the rivers, he was incapable 

of doing much to a river or using much of a river's flow. As 

man's technology grew, he was able to utilize a river's flow 

or the power or the river, but his hydraulic structures were 

small and his effect on rivers was small and local. In our 

time, however, man's technology has made it possible to 

utilize most of the flow of a river (e.g. the Colorado) and 

to substantially change the character of a river (e.g. the 

Missouri and the Upper Mississippi). As time has gone on, the 

importance of the sediment load carried by a river has been 

forced upon our consciousness by the silting of reservoirs 

and harbors and by the aggradation and degradation of 

streams. 

To manage water resources better, man began to measure 

the flow, or stage, of rivers thousands of years ago, and 

ever since has been attempting and succeeding in making more, 

better, and more extensive measurements and trying to 

understand from the past what to expect in the future. Even 

today our flow measurement techniques are far from perfect, 

although they are adequate for most purposes. 
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Few measurements of sediment load were made a hundred 

years ago, and the big impetus for more and better sediment 

measurements occurred about fifty years ago with the desire 

to use the waters of the Missouri River, which is also known 

as "The Big Muddy". The Federal Interagency Sedimentation 

committee was charged in the 1940s with the development of 

instruments and techniques for sediment measurements in the 

field. Although the committee is still working on the same 

basic problems, they were modestly successful then, and an 

intensive, extensive field measurement program was initiated 

for the Missouri basin. Similar measurements were made for 

other river basins, but seldom as extensive because of the 

cost involved. 

There are many inherent difficulties in making flow 

measurements, such as the occurrence of brief thunderstorms 

before personnel can get to the gaging station, high 

velocities in steep streams, instability of stream reaches, 

etc. The difficulties involved with sediment measurements 

include all of the difficulties of flow measurements plus 

some that are peculiar to sediment. One of the fundamental 

diff icul ties with sediment measurements is that the bed 

material changes with time, both during a flood and between 

different floods; is different for the same flow on the 

rising and falling legs of a hydrograph; and is different for 

a given flow in different floods. A plot of instantaneous 
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suspended sediment load vs discharge is a scatter band, 

especially in a "muddy" river, rather than a 'single-valued 

curve. 

Most suspended sediment samples are averaged, depth

integrated samples. Laboratory analysis gives concentration 

(~lways) and size composition (sometimes). It has been 

suggested (Ingram 1991) that time-integrated suspended-load 

point samples would result in better evaluation of the 

sediment load. 

Sediment particles are transported by flow in one or a 

combination of the following ways: rolling or sliding on the 

bed, occasionally leaving the bed, but quickly returning and 

then resting or moving as bed load on the bed; as suspended 

load by being launched into the flow and then being suspended 

and supported by the surrounding fluid through turbulent 

mixing until returning to the bed. 

Although there is no sharp line between the bed load 

which occasionally loses contact with the bed and the 

suspended load, the distinction is nevertheless important, 

for it serves to delimit the t\V'o methods of hydraulic 

transport which follow different laws. Sediments which move 

as surface creep and are supported by the bed are called bed 

load. Sediments which are suspended and supported by flow are 

called suspended load. Sediments may, of course, be 

transported as bed load and, because of the bed 
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configuration, be directed away from the bed for a time so as 

to be caught by the flow turbulence and transported as 

suspended load. 

The total sediment discharge per unit channel width, q~, 

can be written as follows with the sediment load divided into 

bed load, gsb' and suspended load, gas: 

(1.1) 

The suspended sediment discharge per unit channel width, 

qu' for uniform, two-dimensional flow is given by 

(1.2) 

where qss is the dry weight rate of suspended sediment 

discharge between a level slightly above the stream bed 

(y=a) , and the water surface (y=D)i U is the time-averaged 

flow velocity at level Yi C is the time-averaged sediment 

concentration at level Yi ~ is a coefficient related to units 

of the variablesi and D is measured flow depth. The lower 

limit of integration is not zero, because most concentration 

distribution equations go to infinity at the bed level, and 

a is the level near the bed below which the product UC is no 

longer well defined. 

The suspended sediment discharge rate for the entire 

stream cross section, Qas' is obtained by integrating Equation 

(1.2) over the cross section to give 
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Qss = l1QCm (l. 3) 

where Q is total water discharge, and Cm is the average 

sediment concentration. 

Equations (1.2) and (1.3) are exact, and they form the 

basis for both the theoretical investigation of suspended

sediment relations and for field sampling programs to define 

empirically the suspended sediment discharge of many streams. 

However, it should be noted that the velocity and/or the 

concentration distribution equations used may not be correct

--or even good approximations. 

Experience shows that vertical distributions of velocity 

and sediment concentration vary with both flow strength and 

bed roughness (Nordin and Dempster, 1963). In general, 

concentration is highest at a point near the bed and 

attenuates upward, while velocity is maximum near the water 

surface and decreases to zero at the bed, as sketched. in 

Figure 3.1. In reality, there is a height above and near the 

bed, especially when there are dunes on the bed, below which 

velocity, concentration, and turbulent mixing are not well 

defined. Estimating this lower limit (y=a) for the 

applicability of Equation (1.2) is a major problem of 

suspended sediment theory that remains to be solved. 

To integrate Equation (1.2), U and C must be expressed 

as functions of y. The customary approach is to describe the 
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velocity distribution by a logarithmic equation (Keulegan, 

1938) or by a power equation, and the relative concentration 

distribution by a gradient-type diffusion equation (Rouse, 

1937). 

Notwithstanding all the shortcomings of the solution, 

the Rouse equation has been shown to fit observed river and 

laboratory data quite well with suitable values of the 

exponent z. However, an arbitrary ~ value is required in the 

z factor, and it is not at all clear whether it is the ~ 

value that should be modified or some other variable in the 

z factor. The z value depends on the effects of sediment on 

turbulence; the effects of sediment shape and concentration 

and turbulence on fall veloci ty; sediment grading; 

turbulence due to bed features; and secondary currents. Even 

the shear velocity is uncertain because it is a sUbstitute 

for vertical turbulence. 

These questions have led to numerous proposals (Paintal 

and Garde 1964, Van Rijn 1984) for evaluation of the exponent 

z, and numerous refinements of the simple solution of the 

diffusion equation have been proposed (Hunt 1954, Antsyferov 

and Kos'yan 1980). Numerous modifications of the equation 

also were proposed by Einstein and Chien (1954), Chien 

(1956), Tanaka and sugimota (1958), but the greatly increased 

complexities did not produce significant improvement. 

Whatever the actual detailed structure of the turbulent 
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flow is, it is obvious that other assumptions could result in 

other (or the same) velocity and concentration distributions. 

Laursen (1980) suggested modifications of Prandtl's theory 

that include a correlation coefficient in the apparent 

turbulent shear. His modification resulted in the 

concentration distribution 

w --
(1. 4) 

In Chapter 3 a set of assumptions is presented that result in 

a power velocity distribution and the Laursen concentration 

distribution (Equation (1.4». 

Many other variations of Prandtl' s theory could be 

devised, with the "best" assumption being the one that best 

describes conditions in the field rather than in the 

laboratory. Whether measurements exist that are good enough 

and complete enough to make such a choice is a question. If 

there is no way to identify the "best" variation with 

confidence, then it is desirable to choose the simplest, or 

the easiest to use, or one that includes some other desirable 

feature. 

All sediment distribution functions become less "good" 

as the level of interest approaches the bed. If the bed has 

ripples, dunes, or other features, the bed level itself 

becomes difficult to define. Turbulence near the bed is 
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different from turbulence in the body of the flow; the most 

important difference being that the vertical component of 

turbulence approaches zero. Sediment distribution functions 

indicate that concentration at the bed level (y=O) becomes 

infinite, and when the level y is finite, but small, the 

concentration can be greater than that of an ordinary pile of 

sand under water. Thus, the concentrations predicted by the 

equations at near bed-level are not correct and are best 

ignored or avoided if possible. 

The Interagency Sedimentation committee work was used in 

the extensive sediment investigations in the Missouri River 

Basin. Depth-integrating sampling was the standard technique, 

although point-integrating sampling was used in special 

investigations. The advantages of point-integrated samples 

were recognized, especially if the sampling could be 

automated. 

Recently Ingram (1991) proposed a procedure to obtain an 

estimate of total sediment load based primarily on a single 

point-integrated sample along with other stream data. His 

proposed technique, however, used the concentration "in the 

bed load zone" based on the Einstein bed load formula (1950) 

using the modifications by Burkham and Dawdy (1980). The 

measured point sample concentration and the calculated bed 

load concentration were used to find z in the Rouse 

concentration distribution. This is a major deviation from 



27 

the theory of suspended sediment behavior. If the theoretical 

concepts are wrong or inadequate, they should be critically 

examined before being abandoned. The "bed load concentration" 

utilized is a rather artificial concept, and is at a level 

near the bed which is suspect for several reasons. 

Ingram's notion that point sampling has definite 

advantages has much merit, and his work demonstrated the 

possibilities. This research study is an effort to improve 

upon his proposed procedures. 

1.2 Research objectives 

In conventional point-integrating sampling, it is 

necessary to measure velocity and concentration at a number 

of points in the vertical to estimate the average 

concentration. The more points, the more precise and reliable 

this method is. However, it quickly becomes too time

consuming to be practicable for routine sediment 

investigations. For the collection of near-continuous 

measurements, time-integrated point sampling, or automated 

sampling, the methodology needs to be less time consuming, 

and less costly. A one-point suspended sediment sampling 

method has merit. Indeed, it might be necessary for a 

practical automated system. 

The proposed procedure for computing total sediment load 
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could use an automatic time-integrating point pumping-type 

sampler for suspended sediment samples or a cable-held 

sampler as commonly used. (The mechanical equipment for these 

systems is a separate problem and will not be examined; both 

have problems). The relationships used are a velocity 

distribution, a suspended-load concentration distribution, a 

total sediment load equation, and the Laursen total load 

equation (1958). 

In this research plan, several questions will be 

investigated: 

1. For a single size sediment, what is the "best" level 

a at which to take a point sample that will be representative 

of average concentration in the vertical. 

2. For a sediment mixture, what is the best level a at 

which to take a point sample that will be representative of 

the sediment size distribution and average concentration in 

the vertical. 

3. What is the magnitude of errors in integration that 

can be expected because of errors in input data such as: 

position of sampler, water surface elevation, bed elevation, 

fall velocity, ~ value, K value. The last three factors will 

be just one factor if only the z value is involved. 

4. will a simple computation procedure permit finding 

the average suspended sediment concentration from a single 
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point-integrated sample and calculating the total sediment 

load. 
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CHAPTER 2 

SUMMARY OF PREVIOUS PERTINENT WORK 

2.1 Equipment for sediment measurements 

Samplers used in fluvial sediment measurements during 

the 19th century were of the simplest type. After 1900, and 

particularly during the period 1925-1940, many investigators 

independently developed new equipment; however, most of the 

samplers were used without calibration, and field operating 

techniques varied widely. As a result, the data obtained by 

the different investigators were not comparable, and their 

accuracy could not be evaluated. This situation was 

recognized by several agencies of the Federal Government, and 

an Interagency program was organized in 1939 to study methods 

and equipment used to measure sediment discharge of streams 

and to improve and standardize equipment and methods where 

practicable (Interagency Committee, 1941b). 

2.1.1 Instantaneous suspended-sediment samplers 

In the earliest sampling of suspended sediment, an open 

container or bucket was used to dip samples from a stream. 

This rather crude instrument was followed by the bottle or 

closed container type, which could be opened and closed 
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instantaneously at any selected depth by a drop-weight 

mechanism. Later, instantaneous samplers of the horizontal 

trap type, that oriented themselves in the direction of flow, 

were developed and used by some investigators (Interagency 

committee, 1941a). 

2.1.2 Time-integrating suspended-sediment samplers 

A time-integrating sampler is one that collects a sample 

during a finite time interval. Time-integrating samplers are 

of two types: depth-integrating and point-integrating. Depth-

integrating samplers are designed to accumUlate a water-

sediment sample as they are lowered to the stream bed and 

raised to the surface at a uniform rate. During transit, the 

velocity in the intake nozzle is as close as possible to the 

local stream velocity at all points in the vertical. Point-

integrating samplers are designed to be opened and closed at 

any selected point in a stream in order to accumUlate a 

water-sediment sample representative of the mean 

concentration at that point over a short time interval. 

2.2 Methods to compute sediment load using point-integrated 
sediment samples 

Following the development of turbulence suspension 

theory (O'Brien 1933, Christiansen 1935, Richardson 1937, and 
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Rouse 1937) and the Prandtl-von Karman velocity distribution 

equation, Lane and Kalinske (1941) applied these theories to 

determine suspended-sediment load using a point suspended-

sediment sample. They suggested that the sample should be 

collected at some one level, preferably somewhere in the 

lower half-depth. Assuming the logarithmic velocity 

distribution (Lane and Kalinske, 1941) and Rouse sediment 

distribution (Rouse, 1937), Brooks (1963) suggested the 

determination of sediment load from point samples of 

suspended sediment. 

2.3 Methods to compute sediment load using depth-integrated 
sediment samples 

Following the development and improvement of depth

integrated suspended-sediment samplers in the 1940's, the 

conventional method for obtaining suspended-sediment data 

became depth-integrated sampling. Depth-integrated sampling 

is limited to sampling the stream depth referred to as the 

"measured zone". The measured zone is from the water surface 

to the lowest level of the intake tube when the sampler 

touches the bed. The unmeasured zone below the intake 

contains both suspended load and bed load. Various methods 

have been developed to include this unmeasured suspended 

sediment by extrapolating the integral of CUdy in total 

suspended sediment load computations. The most common of 
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these procedures are the Einstein procedure (1950), the 

modified Einstein procedure (Colby and Hembree 1955), colby 

method (Colby 1957), Toffaleti method (Toffaleti 1969), 

extrapolated data procedure (Allen and Barnes 1975), Burkham 

and Dawdy method (Burkham and Dawdy 1980), and Shen and Hung 

method (Shen and Hung 1983). 

The modified Einstein procedure developed by Colby and 

Hembree (1955) estimates the total sediment load (including 

wash load) through the combination of conventional 

suspended-sediment discharge measurements plus a correction 

for the unmeasured suspended load by extrapolation of the 

integral of CUdy using the logarithmic velocity distribution 

and the Rouse concentration distribution for the several size 

fractions of the measured suspended load sample using tables 

developed by Einstein. A bed load was added, as calculated by 

the Einstein bed load equations. certain modifications of the 

original Einstein relations (1950) were necessary to make the 

calculations agree with measured total loads. Both the bed 

load calculations and the modification for suspended load are 

questionable (Laursen, 1956). Later Colby (1957) established 

several empirical relationships for estimating total sediment 

discharge using the same type of stream data used to develop 

the modified Einstein procedure. 

Allen and Barnes (1975) proposed a modification of the 

conventional suspended-sediment load measurement technique to 
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permit evaluation of both the "measured" and "unmeasured" 

zones. Direct depth-integrated samples are used to determine 

the sediment load in the measured zone. For the unmeasured 

zone, the power velocity distribution is extrapolated toward 

the bed and the modified Rouse suspended concentration 

distribution is used to compute the load, using measured data 

from two or more depths in each vertical section. The 

summation of these two loads is the total suspended load. 

Burkham and Dawdy (1980) revised the modified Einstein 

procedure to eliminate some of the empirical adjustments, 

especially the arbitrary dividing of Einstein's bed load 

transport intensity factor, ¢., by 2. Shen and Hung (1983) 

later revised the modified Einstein procedure of Colby and 

Hembree in two ways. The first modification applies the 

research of Lara (1966) which utilized a nonlinear 

relationship between the Rouse exponent z and fall velocity 

wi the second is an optimization procedure to minimize the 

difference between measured and·computed suspended loads in 

the sampled zone. 

2.4 Methods to compute sediment load using single-point 
sediment samples 

To use the conventional point-integrating sampling 

procedure, it is necessary to measure velocity and 

concentration at a number of points in the vertical to 
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estimate the average concentration. The more points measured, 

the more precise and reliable the method is, but sampling 

many points quickly becomes too time-consuming and costly to 

be practicable for routine sediment investigations. For 

collecting near-continuous data, time-integrated point 

sampling, or automatic sampling, the methodology needs to be 

less time consuming and less costly. 

Ingram (1991) proposed a procedure for measuring total 

sediment discharge using point-source suspended-sediment 

data. He tested his procedure, called Total Sediment Load 

(TSL), with several sets of field data and compared results 

to loads computed using the modified Einstein procedure 

(MEP), which extrapolates depth-integrated suspended-sediment 

data and adds a bed load to get total sediment discharge. 

His TSL procedure estimates total sediment loads that are 

similar in magnitUde to both turbulence flume measurements of 

total sediment load and MEP estimates. The similarity in 

results using the TSL procedure, total sediment load 

measurements, and the MEP demonstrates the potential of using 

the TSL sampling procedure as an alternative to depth

integrated suspended-sediment sampling. 

The TSL procedure uses a single point suspended-sediment 

sample and several relationships to integrate the sample data 

over the entire cross section. The procedure is as follows: 



step 1. The concentration of each fraction, d, of the 
suspended-sediment sample is determined. 

36 

step 2. A bed-material sample is taken at the same time as 
the suspended sediment sampling is performed (or 
another time) and is divided into the same size 
fractions. 

step 3. The bed-load is determined by a slight modification 
of the Burkham-Dawdy (1980) modification of the 
Einstein bed-load function. 

step 4. The concentration at the "bed" is obtained by 
dividing the bed load by the flow in a layer above 
the bed of thickness 2d and velocity 11.6U •. (This 
product is not shown to be the actual flow in this 
layer. ) 

step 5. The Rouse concentration-distribution equation is used 
with the exponent z as the unknown. The knowns are 
the measured concentration of the point sample and 
the calculated bed-load concentration at the level 
2d. The z obtained is no longer equal to W/~~To/p. 

step 6. The z values are plotted for each size fraction, and 
a regression is performed to smooth the relationship 
between z and d. 

step 7. Using the regressed value z, the bed-load 
concentration is recomputed and then converted into 
bed-load. 

step 8. Using the recomputed bed-load concentration, a 
modification of Keulegan's modification of the 
Prandtl velocity distribution, and Rouse's suspended
sediment concentration distribution with the 
regressed z values, each size fraction is integrated 
over the vertical. 

step 9. The total sediment load of each size fraction per 
unit width is summed and multiplied by the active 
width of the sampled cross section to get the total 
sediment load of the flow. 

In a general sense, Ingram's concept is the only way a 
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point sample can be used to estimate the total sediment load 

of the total flow. It is in the details of how this 

integration over the flow is carried out that one must look 

to evaluate the TSL procedure. There are many of these 

details: some are of minor consequence, others are of such 

major consequence that they cast doubt on how well the TSL 

procedure will work on other streams. The most questionable 

part of the TSL procedure is the use of a computed bed-load 

concentration (or contact load zone concentration) in 

determining the z exponent in the Rouse suspended-load 

concentration distribution. As discussed in Chapter 1, (1) 

the Rouse distribution (and others) do not correctly describe 

concentrations near the bed, (2) turbulent mixing near the 

bed is weak, (3) the particles moving up through the "bottom" 

layer of the suspension is a matter of sediment entrainment 

rather than sediment suspension (if the bed is replaced with 

a screen with a quiescent tank below, the flow will gradually 

clear) and (4) the bed load is dependent on the bed material 

which not only changes with time but is extremely difficult 

to measure. 

While· other details of Ingram's procedure could be 

questioned, they are not as important as this aspect. They 

are mostly a matter of choices between alternative 

formulations: Einstein's bed-load function or some other 

equation; the Burkham-Dawdy modification of Keulegan's 
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modification of Prandtl's velocity distribution or some other 

velocity distribution; the Rouse concentration distribution 

or some other distribution; etc. Because all these basic 

assumptions contribute to the final estimate of total 

sediment load and because sediment data are never "good 

enough," it is often difficult to demonstrate that one set of 

assumed relationships is clearly better than other possible 

sets. For this reason, it is important that each part of the 

solution procedure be defensible. 

The above discussion applies to determining the sediment 

load in a single vertical. The load per unit width will vary 

across the total stream cross-section unless the cross

section is uniform. In natural streams the total cross

section needs to be di vided into parts that are almost 

rectangular, and correction factors must be obtained to 

account for difference between the concentration of the total 

load of the stream from that calculated based on the section 

with the sampled point. 
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CHAPTER 3 

THEORETICAL BASIS AND CONCEPTUAL APPROACH 

3.1 General 

3.1.1 Turbulence 

Turbulence is the irregular motion of a flowing fluid 

such as. one can observe commonly in streams and in the 

atmosphere. The turbulent motion results from eddies swirling 

in an irregular manner as they are carried along by the flow. 

The eddies are formed continuously by the shearing action of 

the fluid, and eddies already in existence are dissipated 

into heat by viscous friction. 

Turbulence in the flow is responsible for the suspension 

of sediment particles in a stream. The instantaneous velocity 

at any point, in general, has components u, v, and w in the 

direction of the x, y, and z axes, respectively. If u, v, and 

w represent average values of u, v, and w over a sufficiently 

long time interval, and u l
, v' and w' are the turbulent 

fluctuation velocities which are completely random, the 

following relations can be written: 

u = u + u l 

V = V + VI 

W = W + Wi 

(3.1) 
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where quantities with the bar represent mean values. 

Considering steady uniform flow in a wide channel, with the 

general flow direction as the x-axis, v and w will be zero, 

because there is no net flow in either the y or the z 

direction on the average over time. However, v' and w' do 

exist. For very wide channels, the flow can be considered to 

be two-dimensional, as a first approximation, because flow 

conditions do not vary in the z direction. 

Material in suspension is subjected to two actions. The 

first is the action of the upward and downward turbulent 

velocity components Vi. The second is the gravitational 

action which causes settling of the sediment particles which 

are heavier than water. Let us assume, in the first place, 

that the concentration of suspended material in the vertical 

is constant. As there is no net flow in the upward direction, 

the upward and downward flow of fluid must be equal. Settling 

will, however, help the downward flow of sediment, and more 

sediment will be transported in the downward direction than 

in the upward. This is true initially; however, this will 

cause greater concentrations as the distance below the water 

surface increases. Because of the concentration gradient thus 

created, eventually the upward and the downward sediment 

transport will be such that there will be an equilibrium. 

This transfer of sediment from one elevation to another is 

similar to the transfer of momentum. 
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3.1.2 Secondary flow 

Secondary flow is that flow wherein the velocity can be 

resol ved into two or three components, one being in the 

longitudinal direction of the channel and the others in 

transverse directions to the channel. The transverse velocity 

components give rise to what is called "secondary flow". It 

occurs in both straight and curved channels. Secondary 

currents are not turbulence because they are flow conditions 

that are steady; i.e. are constant over time. 

At the outside bank of a bend, the secondary current is 

downward and toward the inner bank at the bed, with a surface 

current towards the outer bank completing the circulation. 

Consequently, sediment concentration at the outer bank is the 

lowest in the cross-section. This secondary flow is also 

responsible for the large variation in depth and velocity in 

bends. Secondary currents play a significant part in the 

distribution of suspended sediment and in the location of 

sediment deposits and scour. As yet there is no complete 

explanation for their existence or description, but a major 

factor is the non-uniform distribution of shear stress over 

the periphery of the cross-section. 

Theoretically, the maximum velocity in an open channel 

should occur at the free surface. However, velocity at the 

surface is reduced because slow-moving water moving in from 
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the sides is brought up to the water surface near the center 

of the channel by secondary currents. 

velocity occurs some distance below 

Thus, the maximum 

the free surface. 

Frictional resistance at the interface between water and air 

also contributes to this phenomenon. 

Secondary f lows provide an addi tional means o;f 

transporting sediment. Turbulent flow with a secondary 

current has a larger effective mixing length than turbulent 

flow without secondary currents. Discrepancies between 

observed and computed values of the exponent of suspended 

sediment distribution equations have been attributed partly 

to the existence of secondary circulation (Chiu and 

McSparran, 1966). 

3.1.3 vortices 

vortices are a phenomenon between turbulence and 

secondary flows; they are large scale, but not regular or 

steady. 

Concentrated vortices are common in open channel flow 

and may be caused by submerged obstructions. They occur as 

horseshoe vortices, cast-off vortices, vortices at surface of 

discontinuities, etc. and are present in the lee of bed 

features. Vortices approximate free vortex motion and have a 

low pressure core. vertical axis eddies are similar to a dust 
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devil or tornado; they act like vacuum cleaners, lifting 

sediment from the bed and spreading it into the flow. A very 

intriguing and common feature on the surface of most rivers 

is the upwelling of water masses without apparent rotation in 

the horizontal plane, commonly called boils. 

The masses of fluid moving up and down lead into 

Prandtl's theory of mixing length. The large scale eddies and 

vortices are a different phenomenon and are not approximated 

by Prandtl's theory. Secondary flows, such as vertical- and 

horizontal-axis vortices, can be very important in sediment 

problems. They are probably more important in turbulent 

mixing of sediment than in the turbulent mixing in velocity 

(momentum) . 

3.2 Prandtl's theory and assumptions for the logarithmic 
velocity distribution equation 

Measurements of sediment distribution throughout the 

vertical depth of flow consistently indicate that sediment is 

more uniformly distributed than theory indicates. That is, 

the mixing of sediment is more effective than the mixing of 

momentum (or velocity). (Heat also mixes more readily than 

momentum.) Since no good reasons have been offered to explain 

why sediment concentration should mix better than momentum, 

it is worthwhile to go back and examine Prandtl's basic 

concepts (Laursen 1980). 
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The usual textbook treatment (Daily and Harleman 1966, 

Shames 1962) of Prandtl's mixing length theory (Prandtl 1926) 

and the logarithmic velocity distribution begin with the 

equation 

't = -pu'v' (3.2) 

either as a simplification of the Reynolds equation (Reynolds 

1883) or based on the notation of momentum exchange in 

turbulent mixing. Prandtl's concept is then used to relate 

the turbulent fluctuations u' and v' to the mean velocity 

gradient du/dy as 

(3.3) 

v' oc u' (3.4) 

(3.5) 

where t is the mixing length and is the effective distance 

the mass of fluid of density p moves laterally in turbulent 

flow. Next, by making Prandtl's standard assumptions 

\=Ky (3.6) 

(3.7) 

where y is the distance from the boundary and To is the shear 

at the boundary, and letting K absorb all the proportionality 
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which can be integrated as 

u = 1. lny+ constant 
{t;7P 1C 
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(3.8) 

(3.9) 

(3.10) 

The. result is the one desired, but the assumptions 

required do not stand up to critical scrutiny because T ~To 

and u'v' ;c u'v'. 

3.3 Laursen's reV1Slon of Prandtl's theory and assumptions 
for logarithmic velocity distribution equation 

Laursen (1980) made a few simple revisions of Prandtl's 

assumptions which make the derivation of the logarithmic 

velocity distribution more rigorous. Let 

(3.11) 

(3.12 ) 

NOw, expressing the shear distribution correctly, making the 

same assumption for L, and adding a correlation coefficient, 
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u'v' ---- = correlation coefficient=R 
PJV,2 

't = (1- y) 'to 
D 

R=1- y 
D 
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(3.13) 

(3.14) 

(3.15 ) 

(3.16 ) 

and letting K absorb all proportionality factors, one again 

obtains Equation (3.9) which integrates to Equation (3.10) or 

Equation (3.17), the logarithmic velocity distribution 

desired. 

u = 1. lny+ constant 
FoTP K 

(3.17) 

This is the Prandtl-von Karman velocity distribution equation 

(Prandtl 1926, von Karman 1930). 

Equations (3.11) and (3.12) are more precise statements 

of Equations (3.3) and (3.4), Equation (3.13) introduces the 

idea of a correlation coefficient, and Equation (3.14) is the 

correct shear distribution for steady, uniform flow between 

flat plates (or in a pipe). Equation (3.16) makes the final 

velocity distribution the one desired, and also makes sense 

in that the correlation coefficient is high near the wall, 
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where the turbulence is generated, and low near the 

centerline (or free surface). 

The constant of integration must be determined from the 

condition at the wall. For y=D, the velocity attains its 

maximum value, which is 

u 
t1max = _0 InD+ constant 

1C 

Combining Equations (3.17) and (3.18) yields 

t1max- u = 1: In D 
U. 1C Y 

(3.18) 

(3.19) 

This is the universal velocity law proposed by Prandtl. The 

velocity distribution in a turbulent flow is given by 

Equation (3.17). The constant is determined from the 

condition that u = 0 when y equals y' . 

..E.. =1: In .x.. 
U. 'K Y' 

(3.20) 

The distance y' is of the order of magnitude of the thickness 

of the laminar sublayer, or the surface roughness. The 

logarithmic velocity distribution is not a good approximation 

at this near-bed level. 

variations of Equation (3.17) have been derived by 

several researchers (Keulegan 1938, Lane and Kalinske 1941, 

Einstein 1950, Brooks 1963). Keulegan formulated relations 

for hydraulically smooth and rough pipe flow which may be 
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applied in open channels using the data collected by 

Nikuradse (1932, 1933) • Einstein suggested another 

logarithmic velocity distribution for alluvial channels using 

a modified Keulegan velocity distribution, as follows 

..Q. =5.751og[30.2 (Ykx)] 
~ B 

(3.21) 

where x is a dimensionless parameter for transitioning 

between smooth and rough flow and is a function of kilo', as 

shown in Figure 2-2 of Einstein (1950). (6' is the thickness 

of the laminar sublayer of a smooth wall, 11.6v/U.). 

3.4 Derivation of power velocity distribution equation 

The logarithmic velocity law is well known for its 

theoretical soundness and universal validity; however, 

empiricism has played a major role in the development of many 

power velocity distribution formulas with different exponents 

(or powers) for the time-mean-velocity distribution in 

turbulent shear flows. According to Barenblatt (1979), the 

logarithmic velocity distribution equation is based on the 

assumption of complete self-similarity of flow in both the 

local and global Reynolds numbers, whereas the power velocity 

distribution is formulated on the assumption of incomplete 

self-similarity in the local Reynolds number. However, it is 
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well known that the logarithmic velocity distribution can be 

approximated by the power velocity distribution in a large 

fraction of the boundary layer cross section (Hinze 1959). 

There are some advantages in using the logarithmic velocity 

distribution theoretically, but the power law velocity 

distribution is also frequently used because of its 

advantages for numerical work. 

Historically, the first attempt to relate turbulent-flow 

velocity profiles to wall shear produced power-law formulas 

rather than logarithmic equations (Daily and Harleman, 

1966). The general power velocity distribution equation 

(Izbash and Khaldre, 1971) is 

(3.22) 

where the terms are as shown in Figure 3.1 and are defined as 

follows 

u=x = velocity at the water surface 

u = average flow velocity at a distance y from the channel 

bed 

D = flow depth 

y = height above the channel bed 

x = a power' index, usually between 1/4 to 1/7 

From Equation (3.22), the velocity U at level y is, 
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and since 

which results in 

So, 

Therefore, 

U= U. (Y)X 
DU!.XD 

- J:D q=UD= 0 Udy 

_ 1 
q-(-)U~ 

x+1 

q = UD = (~1) Umax D 
x+ 

Umax = (x+1) U 

U 

(x+l) U 
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(3.23) 

(3.24) 

(3.25) 

(3.26) 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

Comparison of various power formulas from time to time 

has revealed that the exponent x would be better selected in 

such a way that it is large enough to be practical, yet small 

enough to be valid, especially on smooth walls where a 

viscous sub layer is present. Meeting this criterion for 
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selecting the exponent in effect reestablishes the general 

applicability of the Blasius (one-seventh power) formula and 

the Manning (one-sixth power) formula for hydraulically 

smooth flows and fully rough flows, respectively. Judging 

from the applicable range of relative roughness, however, it 

appears that the Lacey (one-fcurth power) formula is more 

applicable than the Manning (one-sixth power) formula for 

flow in shallow rough channels, such as gravel-bed rivers and 

alluvial channels in regime. 

A comparison of Equations (3.19), (3.20), (3.21), and 

(3.30) indicates the power velocity distribution with 1/7 

exponent fits well with logarithmic velocity distributions, 

as shown in Figure 3.2. 

3.5 Rouse's sediment concentration distribution based on 
Laursen's revision of Prandtl's assumptions 

If the flow is assumed to be steady, the average 

sediment concentration over time at any level will be 

constant, and the net average flow of sediment through a 

horizontal area will be zero. Therefore, the upward flow of 

sediment due to diffusion will be balanced by the settling of 

sediment due to its weight. The settling rate per unit area 

is Cw, in which w is the terminal settling velocity of 

individual sediment particles. Equating the upward transport 

due to diffusion to the downward transport due to settling 
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yields 

Cw+e de =0 
S dy 
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(3.31) 

Equation (3.31) holds for two-dimensional steady uniform flow 

and applies to sediment with settling velocity w. The 

diffusion coefficient, €., is generally a function of y and 

must be known before Equation (3.31) can be solved for C. 

Equation (3.31) was developed by O'Brien (1933) in studies of 

suspended sediment in streams. 

To obtain an expression for €a' the assumption usually 

made relating the two mixing coefficients is 

in which ~ = a numerical constant; and €m = the coefficient 

for momentum exchange. 

For two-dimensional, steady, uniform flow in an open 

channel, T can be expressed as 

't =yS(D-y) (3.33) 

in which ~ = the specific weight of the liquid; S = the slope 

of the channel; and 0 = the depth of the flow. Setting y = 0, 

the shear stress at the bed is 

(3.34) 

Using Laursen's revision of Prandtl's assumptions 



-'tIp =R.ru:'-Jv·?, 

't = -plR auYV·2 

dy 

we can write for constant p 

where 

't=pe au 
mdy 

By means of Equations (3.8), (3,14), and (3.38) 

't au 'to Y - =€ - =- (1--) 
p m dy p D 
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(3.35) 

(3.36) 

(3.37) 

(3.38) 

(3.39) 

(3.40) 

since the shear stress varies linearly with distance from the 

bed, 

(3.41) 

where 

'to=yDS (3.42) 

Combining Equations (3.32) and (3.40), €m and €. can be 

expressed as 
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'to D-y 1 
E =- (--) -=~:-

m p D dli/dy 
(3.43) 

E =P~ (D-y) 1 
S P D dli/dy 

(3.44 ) 

Furthermore, the velocity gradient du/dy can be obtained from 

von Karman I s velocity defect law for open channels using 

Prandtl's assumption of friction velocity, 

as 

Umax-U _ 11 D 
--=;;;;..-- - - n-

U. 1C Y 
(3.45) 

(3.46) 

Here UIlUIX is the maximum local velocity, and K is the von 

Karman constant for clear water flow and is equal to 0.4. 

combining Equations (3.44) and (3.46), 

(3.47) 

Equation (3.31) is the differential equation for 

distribution of suspended material in the vertical. In order 

to get the relative distribution, one must integrate it. This 

equation can be rewritten as 

(3.48) 

and can be integrated between the limits a and y to give 
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In-=- -dy C JY W 
Ca "Es 

(3.49) 

in which C and C. represent the concentrations of suspended 

load at distance y and a, respectively, from the bottom. The 

expression on the right hand side of Equation (3.49) can be 

integrated if the variations of wand E. with yare known. 

substituting Equation (3.47) in Equation (3.49), one gets 

dC _ W D d 
C - - fh:U. y (D-y) y (3.50) 

(3.51) 

f y W D d W JY D d 
a - ~KU. Y (D-y) y= - ~KU. a y (D-y) Y (3.52) 

and hence 

In~=-~JY D dy 
Ca ~KU." Y (D-y) 

(3.53) 

Integrating gives 

(3.54) 

in which 

(3.55 ) 

Equations (3.54) and (3.55) were developed by Rouse (1937). 

Equation (3.54) is called the Rouse sediment concentration 
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distribution equation, and the value of z is determined from 

Equation (3.55). A ~ value of about 1.5 is often needed for 

theory to agree with experimental measurements. 

3.6 Laursen's sediment concentration distribution 

If, now, the difference between the mixing coefficients 

is partly ascribed to the correlation coefficient R, Equation 

(3 • 13), then 

e = s (3.56) 

where a proportionality factor .~ is retained because the 

sediment may not follow turbulent fluctuations of the fluid 

exactly. 

From Equations (3.43), (3.46) and (3.56), 

(3.57) 

substituting Equation (3.57) into Equation (3.31), separating 

variables, and integrating from a to y by resolution into 

partial fractions; we have 

de 
c 

= __ -_Wi_d.;:..y_ 

p~Y (3.58) 

The equation for the vertical sediment concentration 
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distribution can now be integrated to a form quite different 

from the standard form of Rouse, Equation (3.54). 

(3.59) 

Equation (3.59) was developed by Laursen (1980). Equations 

(3.54) and (3.59) are compared in Figure 3.3, with a ~ value 

of 1. 0 used for Equation (3.59) and both 1.0 and 1.5 for 

Equation (3.54). The reference distance a was taken as 

0.10. 

3.7 Modified concentration distribution using Laursen's 
revision of Prandtl's theory and the power velocity 
distribution 

From the general relationship among suspended load 

concentration, velocity, and depth 

(3.60) 

where ~ is a coefficient related to units of the variables 

and C m is average sediment concentration in percent by 

weight. 

Integrating Equation (3.60) is unwieldy if the 

logarithmic velocity distribution and Rouse sediment 

concentration distribution are used. The Laursen sediment 
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Figure 3.3 comparison of Rouse and Laursen concentration 
distributions. {3=1.0, K=0.4, a=O.lD. 
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concentration distribution (Equation (3.59» is an 

improvement in that it is simpler mathematically, but is 

still difficult when combined with the logarithmic velocity 

distribution. The power velocity distribution with an 

exponent in the range of 1/4 to 1/7 would be mathematically 

simpler and would combine more easily with the Laursen 

sediment concentration distribution. However, the two would 

be logically somewhat inconsistent since the logarithmic 

velocity distribution was used in derivation of Laursen 

concentration distribution. 

For consistency in this study, the derivation of the 

Laursen's equation has been modified, as follows, and the 

power velocity distribution is used. If we express the shear 

distribution as Equation (3.14) 

(3.61) 

and make the assumptions, similar to Equation (3.16) and 

(3.15), that 

R= (1- y) 
D 

(3.62) 

(3.63 ) 

for the power velocity distribution equation, 1 is introduced 

as a variable exponent. This results in a power velocity 

distribution equation. 
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From Equations (3.2), (3.5), (3.11), (3.12), and (3.13), 

't' = pU'V' = pR~JV'2 (3.64) 

and results in 

(3.65) 

From Equations (3.63) and (3.65), 

(3.66 ) 

From Equations (3.14) and (3.66), 

(3.67) 

au= ~ 
dy KYV 

(3.68 ) 

which can be integrated to give the mean velocity component 

of the turbulent fluctuation, as follows 

(3.69 ) 

u = .!~ 't'o 1 y-V+1 
K p -y+1 

(3.70) 

That is, U, the local mean velocity, varies as a function of 

y to a power. There is considerable agreement that the 

exponent of y ranges from about 1/7 for smooth surface 

boundaries to about 1/4 for rough boundaries 
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1 1 
uocy"4 _ u ocy'7 (3.71) 

-y + 1 = x = 1/4 - 1/7 (3.72) 

The power index varies from 1/4 to 1/7 if ~ varies from 3/4 

to 6/7. 

From Equations (3.40) and (3.72), 

€ = m 

't'O(l_ y ) 
p D 
dU/dy 

= 
't'O(l_ y ) 
p D 

N£ 
KYY 

From Equations (3.56) and (3.73), 

(3.73) 

(3.74) 

From Equation (3.31) for vertical concentration 

distribution of suspended sediment, 

where 

we = _€ de 
S dy 

z = w 

(3.75) 

(3.76) 

(3.77) 



64 

Equation (3.76) is integrated from depth a to depth y by 

resolution into partial fractions, 

f
y de = fY d(lne) = 
II e II 

(3.78) 

-fY ~dy = -z[ 1 y-"f+1]Y 
a yY -y+1 a 

(3.79) 

=_ Z (y-y+1_a -y+1) 
-y+1 

(3.80) 

(3.81) 

and the resulting relation may be written as 

e _Z_ (a -;Y+l_y-y+1) = e -y+1 (3.82) 

or 

_Z_a""+l. _Z_y...,+l. 
e = e -y+l Ie -y+1 
ca 

(3.83) 

The value of ~ varies from 3/4 to 6/7, depending on roughness 

of the bed. For relatively coarser material or a duned bed, 

one can use 3/4; for finer material and a smooth bed one can 

use 6/7. 

3.8 Laursen's concentration distribution using a revision of 
Laursen's revision of Prandtl's theory and power velocity 
distribution 
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As discussed previously, a new correlation coefficient 

can be introduced to simplify the suspended load 

concentration distribution equation if the difference between 

two equations is negligible. We can make the following new 

assumption for R 

R= (1- Y) y 2y - 2 

D 
(3.84) 

If, now, the difference between the mixing coefficients is 

partly ascribed to the correlation coefficient R, which is 

the usual assumption and was done previously, a different 

assumption is needed for L 

(3.85 ) 

For consistency in this study, the power velocity 

distribution is used instead of the logarithmic velocity 

distribution, and the derivation of Laursen's equation has 

been modified with the above assumptions. Then we can express 

the shear distribution as Equation (3.14) and make the 

assumption that 

(3.86 ) 

From Equations (3.2), (3.5), (3.10), (3.11) ,and (3.12), 

(3.84), (3.85), 
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l' = pu'v' = PRJU,ZJV,2 (3.87) 

(3.88 ) 

From Equations (3.85) and (3.88), 

(3.89) 

From Equations (3.14) and (3.89), 

r:tfp = Kyzy-l ( au) v WOI t' dy (3.90) 

au = {9P 
dy Ky2y-1 

(3.91) 

This can be integrated to give the mean velocity component of 

the turbulent fluctuation, as follows 

au = l:.~ 1'0 dy 
K P y2y-l 

or, u varies as a function of y to a power. 

U = l:.~ 1'0 1 y-2y+2 
K P -2y+2 

(3.92) 

(3.93) 

As previously noted, there is considerable agreement that the 

exponent ranges from about 1/7 for smooth surface boundaries 

to about 1/4 for rough boundaries 
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1 1 
uocy 4' _ u ocy"7 (3.94) 

-2y+l = X = 1/4 - 1/7 (3.95) 

and the power index varies from 1/4 to 1/7 if 1 varies from 

7/8 to 13/14. 

From Equations (3.40) and (3.92), 

E = m = 

From Equations (3.86) and (3.96), 

(1- y) y2y -2 
D 

(3.96) 

(3.97 ) 

From Equation (3.31) for vertical concentration 

distribution of suspended sediment, 

where 

de 
we = -Es dy 

w z = ----
p~ 

(3.98 ) 

(3.99) 

(3.100) 
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Using the same procedure as used previously, the 

resulting relation can be written as 

(3.101) 

The form of Equation (3.101) is same as Equation (3.59) which 

was developed by Laursen (1980). 

3.9 comparison of the two sediment concentration distribution 
equations 

computed values for the vertical concentration using 

Equation (3.83) and Equation (3.101) are compared in Figure 

3.4. The two curves are quite consistent, but there are 

interesting differences. When computed values for a standard 

rectangular channel are considered, the C/C. values using 

Equation (3.101) are always less than the C/C. values using 

Equation (3.83), but the difference is negligible. Also, 

there is no big difference in computed values between when 

3/4 is used and when 6/7 is used as the ~ value, as shown in 

Figure 3.5; generally, these two curves have good 

consistency. It is concluded, therefore, that the modified 

equation for c/c. can be used. 

Also correlation coefficients (Equations (3.16) and 
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(3.84» and mixing lengths (Equations (3.15) and (3.85» were 

examined graphically, as shown in Figures 3.6 and 3.7, 

respectively. Differences are apparent in the correlation 

coefficients in the lower level of flow, while the two mixing 

lengths do not agree above the mid point of the flow. 

However, the values of these two quantities, t and R, cannot 

be directly measured, and it is not possible to say which is 

a better approximation. Either pair gives results of velocity 

and concentration distribution which are acceptable 

approximations. 

3.10 Derivation of equation for average sediment 
concentration using new concentration distribution 
equation, Equation (3.101) 

From the general relationship, Equation (3.60), among 

suspended load, concentration, velocity, and depth, 

C = -=--dy f DU C 

m a U D 
(3.102) 

From Equation (3.59) developed by Laursen (1980) for the 

sediment concentration distribution, 

where, 

-"'-
p_ 0o

p
o 

C = C (~) "VP' 
a y 

c = sediment concentration at level y 

(3.103) 
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c. = reference sediment concentration at level a 

w = fall velocity 

~ = coefficient of proportionality between €. and €m in 

addition to correlation coefficient R. p = 1.0 unless 

otherwise noted. 

,,= the "universal" mixing length coefficient 

To = tractive force at stream bed 

p = density of water 

€s = mixing coefficient for sediment 

€m = mixing coefficient for momentum 

~ = coefficient related to units of variables 

a = 2dso (may be changed as a result of research) 

Finally from Equations (3.30), (3.101), and (3.102), 

f D U C 
C = --dy 

m a. UD (3.104) 

(3.105) 

(3.106) 

or, the average sediment concentration in a vertical is 

(3.107) 

where 
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x+1 =J=5/4 ... 8/7 (3.108) 

In Equation (3.107), in this study at this time, a is 

assumed to have a very small value near the bed of the river 

at a level equal to 2d~. 

3.11 Derivation of equation for average sediment 
concentration using the modified concentration 
distribution equation (with a power velocity 
distribution), Equation (3.83) 

From Equations (3.30), (3.83), and (3.102), 

_%_a..,.+l 

f 
D 1 -y+1 e = (x+1) (Y)X(_) e -"e ___ _ 

maD D a _1:_ ..,.+1 
e -y+1 y 

If the x = 1/7 case is considered, 

1 

(3.109) 

(3.110) 

e = m 

I.!!. ~ e -7zy"1 7 y 6/7 42y s/7 210y4/7 
8e (_) 7 e 7ZIJ [ [y- + -_--" __ 

a D -7z -7z (-7Z)2 (-7Z)~3.111) 
+ 840y3/7 _ 2520y2/7 + 5040yl/7 _ 5040 ]] D 

( -7 Z) 4 ( -7 Z) 5 ( -7 Z) 6 ( -7 Z) 7 a 

This equation is obviously more complex computationally and 

less clear as to how one thing affects another. 

Results of the two computation methods, Equations 

(3.107) and (3.111), are shown in Figure 3.8. The two curves 

are quite consistent. 
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Figure 3.8 Comparison of Eqs. of (3.107) and (3.111). 
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3.12 Errors related to imprecise factors 

The equations used for this study were the simplest that 

seemed to be reasonably correct 

(3.112) 

(3.113) 

where 

w z=----
~Kji;7P 

(3.114) 

The reason simplicity was considered so important was partly 

the computational ease which results, and partly the clarity 

with which the influence of various factors can be 

understood. As illustrated in Figures 3.2, 3.3, 3.4, 3.5, 

3.6, and 3.7, all the different velocity and concentration 

distributions are sufficiently similar so that a choice 

becomes very much a matter of personal preference, especially 

when one admits that there is a certain impreciseness in 

several factors (or coefficients). 

It is helpful to review and discuss factors such as fall 

velocity w, ~ value, K value, exponent x, and lower limit a 

which are related to significant errors. The first three 

factors can be reduced to just one, the exponent z, when 
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considering their effect on concentration distribution; 

otherwise they are independent. 

3.12.1 Fall velocity 

The fall velocity of a quartz sphere falling by itself 

in a very large tank is known as a function of diameter. The 

fall velocity of a natural sediment particle falling in that 

same large tank is not known as well because its geometry, 

drag coefficient, and behavior in falling are much more 

variable. Several different measures of size can be defined 

for natural sediment, whereas for spheres there is only the 

diameter. More work is needed on the fall velocity of natural 

particles not falling alone, but in a mixture of sizes found 

in the field (size range not being infinite); particles 

falling in turbulent flow with secondary currents; and on a 

mix of falling particles that are not geometrically similar. 

Natural sediment particles are of irregular shape and, 

therefore, any single length or diameter that is to 

characterize the size of a group of grains must be chosen 

either arbitrarily or according to some convenient method of 

measurement. Three such diameters recommended for use by the 

sUbcommittee on Sediment Terminology of the American 

Geophysical Union (Lane, 1947) are defined as follows: 

1. Sieve diameter is the length of the side of a square sieve 
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opening through which the given particle will just pass. 

2. Sedimentation (or fall) diameter is the diameter of a 

sphere of the same specific weight and having the same 

terminal settling velocity as the given particle in the same 

fluid under the same conditions. 

3. Nominal diameter is the diameter of a sphere of the same 

volume as the given particle. 

The general relationships of these diameters with natural 

particle diameter are shown in Figures 3.9, 3.10. 

Albertson (1952) and Schulz, et al. (1954) found that 

the shape of pebbles and gravel influences the fall velocity 

appreciably when the Reynolds number is large. As a result of 

extensive research, they showed that c~is a satisfactory 

shape factor (where a=longest axis, b=intermediate axis, and 

c=shortest axis) for studying the influence of shape on the 

fall velocity of coarse material in a Reynolds number range 

of 10 to 20,000 (Figure 3.11). It has been found that 

neglecting the effect of particle shape can give fall 

velocities which are in some cases as much as 300 percent in 

error from the true value. This underlines the necessity of 

taking particle shape into consideration. Also, they found 

that the shape factor for the material used in their 

experiments ranged from 0.4 to 0.8, with an average of 0.60. 

It is recommended that in the absence of any site specific 

data, a shape factor between 0.60 and 0.70 be assumed for 
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Fall dIameter, In m m 

Figure 3.9 Relation of nominal diameter and fall 
diameter for naturally worn quartz particles with shape 
factor{S.F.) (Interagency Sedimentation committee 1957a). 
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naturally worn material (Figures 3.12, 3.13). 

In the first category of fall velocity, the particle 

falls slowly in a calm, stagnant fluid in an infinite space. 

The assumption of fluid of infinite extent in the derivation 

of Stokes' law is not satisfied in practice and, therefore, 

considerable research has been devoted to studying the 

effects of the Reynolds number on the coefficient of drag and 

on the fall velocity. The effect of the size of the tank, or 

tube, is smaller than the effect of concentration. The effect 

of boundary proximity, Reynolds number, and shape on the fall 

velocity has been investigated in both laminar and turbulent 

flow (McNown 1951, McNown and Malaika 1950, McNown, et al., 

1948). 

If a number of particles are falling in a fluid medium 

at a given time, there is mutual interaction. If the extent 

of the fluid is infinite, motion of each particle induces a 

downward velocity in the fluid, and this will increase the 

fall velocity of other particles. However, the condition of 

an infinite fluid is seldom satisfied even approximately. In 

the case of finite space, the induced velocity is in the 

downward direction near the particle, and some distance away 

it is in the upward direction. Thus, depending on the 

position of the other particle, its velocity may be either 

decreased or increased. 

Studies by McNown and Lin (1952) and McNown et al. 
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Figure 3.13 Relation of sieve diameter and fall velocity 
for naturally worn quartz particles (falling alone in 
quiescent distilled water of infinite extent) (Interagency 
Sedimentation committee 1957a). 
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(1948) have shown that there is a net retarding effect on the 

fall of a particle when all falling particles are of the same 

size and are uniformly distributed, as in the case of 

sediment suspensions (Figure 3.14). Maude and Whitmore (3.958) 

also made theoretical analysis of the effect of sediment 

concentration on fall velocity. 

Flow is always turbulent in canals and rivers, and 

turbulent velocity fluctuations, no doubt, have some 

influence on fall velocity. It is of interest to know how 

fall velocity varies with intensity of turbulence, but" very 

Ii ttle work has been done on this subject except that by 

Bouvard (1951), Meyer (1952), and Field (1968). Open channel 

experiments by Jobson and Sayre (1969) indicated an increase 

in fall velocity due to the presence of turbulent 

fluctuations, the increase being greater for fine sediments 

than for medium sediments. Probably not all scales of 

turbulence have the same effect. Large-scale turbulence 

carries particles up and down with little effect on fall 

velocity itself; small-scale turbulence is not able to affect 

particles significantly; and turbulence the size of the 

particle conceivably could alter the orientation of the 

particle so that it falls faster. 

The fall velocity of a particle depends on factors such 

as Reynolds number, geometric shape, proximity of boundary, 

concentration, and turbulence as well as fluid properties. In 
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the above discussion, each one was considered separately; 

however, all factors act simultaneously in most problems. For 

flow in an alluvial channel, the velocity distribution of the 

flow and concentration gradient of suspended sediment, as 

well as the factors listed above, will modify the fall 

velocity. As a particle falls, it enters regions of higher 

and higher sediment concentration, and the fall velocity 

decreases continuously. Furthermore, the nonuniformity of 

sediment in suspension can have a marked influence on fall 

velocity. In order to analyze sediment problems more 

completely, the effects of these factors must be evaluated 

quantitatively. The research findings of this dissertation 

can be modified at such time. 

3.12.2 von Karman constant K 

The von Karman coefficient in sediment-laden flow is of 

importance in the field of river engineering. It is used 

mostly in Prandtl's logarithmic law to evaluate the vertical 

velocity profile. Results of measurements in straight 

laboratory flumes and in straight river reaches reported by 

Vanoni (1946), Brooks (1954), Einstein and Chien (1955), Graf 

(1971), Hino (1963), and Zagustin et ale (1969) indicate that 

the von Karman constant decreases with increase in suspended 



sediment concentration in open channel flow. 

investigations by Imamoto ·et al. (1977) show 
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Other 

this 

"universal" constant increases with increase of suspended 

sediment concentration in the flow, and Gust (1976) found no 

variation of the von Karman constant with suspended sediment 

concentration. Gust's conclusion that the constant is 

independent of the amount of suspended sediment in open 

channel flow is supported by work of Coleman (1981) and 

Vetter (1986). They concluded that the variation in 

coefficient with concentration found in earlier studies was 

due to errors induced by ignoring the existence of the wake 

flow region. 

Vanoni (1946), Ismail (1952), and Barton and Lin (1955) 

showed that the von Karman constant is often different from 

0.40 for experimental data in flumes; others reached similar 

conclusions after analyzing data from alluvial streams such 

as the Missouri and the Niobrara. Vanoni found that when 

sediment is introduced into clear-water flow, the constant is 

reduced and assumes a value less than 0.40. He attributed 

this reduction to the damping of turbulence due to the high 

concentration gradient near the bed. Such a decrease in the 

von Karman constant corresponds to an increase in velocity 

gradient near the bed. Thus for a plane bed, with a 

particular value of shear stress acting on the bed, an 

increase in suspended load increases the velocity gradient 
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near the bed. Since T = Pr€m du/dy, the apparent kinematic 

viscosity €m decreases, i.e. turbulence is damped. Such an 

increases in velocity gradient and the consequent damping of 

turbulence was also observed by Gilbert (1914). Observations 

on the Missouri river have shown that the von Karman constant 

ranges from 0.16 to over 0.40; however, the vast majority of 

the values were less than 0.40. 

To explain the decrease in the von Karman constant due 

to the presence of suspended load, Einstein and Chien (1955) 

argued that work must be done on the sediment particles to 

keep them in suspension and that energy for this is provided 

by the turbulent fluctuations: hence, there is damping of 

turbulence. However, by plotting dune data from the field, 

Paintal and Garde (1964) showed that values of K could be 

considerably larger than those predicted by Einstein and 

Chien. Vanoni and Nomicos (1960) used a different parameter 

to characterize the ratio of energies, a concept introduced 

by Einstein and Chien. Since most of the damping effect on 

turbulence due to sediment occurs near the bed (where the 

sediment concentration is highest), Vanoni and Nomicos 

related K to the ratio of power required to suspend sediment 

in a thin layer near the bed, to power required to overcome 

frictional resistance. 

To explain the observed decrease in K and corresponding 
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decrease in the momentum transfer coefficient €m' when 

sediment is in suspension, Vanoni (1946) hypothesized that 

turbulence is damped by the sediment. The coefficient €m is 

of the same form as €. and, therefore, depends on the root

mean-square of the vertical turbulence velocity. However, the 

sediment is actually kept in suspension by the vertical 

velocity, and the energy to do this must, therefore, come 

from the turbulence. This is the same as saying that the 

turbulence is damped. 

Laursen (1953) obtained results from flume experiments, 

with sediment completely covering the bed, that are similar 

to those described previously. However, his explanation of 

the mechanism by which the observed effects are brought about 

differs from that of Vanoni (1946). Laursen advanced the idea 

that there are two distinct relationships operating 

simultaneously. One is that the concentration is correlated 

with the roughness of the bed, and the other is that K also 

varies with roughness independently of the sediment 

concentration. This, then, led him to conclude that K and 

concentration are correlated only because both are correlated 

with roughness. In presenting his arguments, Laursen referred 

to the flume experiments of Rand (1953) with clear water and 

artificial roughness. Rand reported that with roughness 

composed of 1/4 in. square bars across the flume bottom 
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spaced at 1 in. intervals, the K values were 0.30 and 0.37, 

respectively, for relative roughness of 0.3 and 0.003 where 

relative roughness is the ratio of the height of the 

roughness element (i.e., 1/4 in.) to water depth. 

Coleman (1981) carried out extensive experiments on 

velocity distribution in sediment-laden flow on a rigid bed. 

The significant departure in his analytical technique from 

that of earlier investigators was recognition that "the law 

of the wall" should really apply only close to the boundary 

and not right up to the free surface. Thus he evaluated the 

von Karman constant using the velocity measurements within 10 

percent to 20 percent of the depth of flow, and found it to 

be of the same order of magnitude as for clear-water flow. In 

fact, reanalysis of the data of Vanoni (1946), Elata and 

Ippen (1961), and Einstein and Chien (1955) on this basis 

resul ted in much higher K values than obtained by those 

investigators, thereby rendering the concept of a decrease in 

K with increase in concentration questionable. Coleman (1981) 

also found that the velocity profile in the region away from 

the wall is affected by the concentration of suspended 

sediment, but the influence of the presence of bed forms on 

K values (as well as on the velocity profile in outer 

regions) is not yet well understood. Itakura and Kishi (1980) 

found K to be equal to 0.40 for sediment-laden flows, and 

they also used a velocity distribution similar to the one 
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used by Coleman. However, predictions using the models of 

Coleman (1981) and Itakura and Kishi (1980) do not show good 

agreement with the measurements of K by Arora (1983). 

The investigations of Einstein and Chien (1955), Vanoni 

and Nomicos (1960), and Vanoni (1946) bring out the effects 

of the presence of suspended sediment on velocity 

distribution of the flow, but they have been strongly 

challenged by Coleman (1981).A clear picture of the influence 

of suspended load and bed undulations on the velocity 

distribution in alluvial streams can emerge only after 

additional experiments and careful reanalysis of old data. 

Recently, Bridge and Dominic (1984), and Nouh (1989) 

reported that the von Karman constant in clear flows is 0.4, 

but that this value may need to be reduced if there are 

appreciable near-bed sediment concentrations. Gust and 

Southard (1983) believe that K = 0.32 even with only weak 

bed-load movement. 

3.12.3 Proportionality factor ~ 

In addition to the uncertainty about K, several authors 

have reported large deviations of ~ from the expected value 

close to unity. There are reasons to expect that solid grains 

are not diffused at the same rate as fluid momentum, and that 

the ratio of the two rates of diffusion is not a constant, 
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but varies with the properties of the sediment and fluid 

turbulence. Laursen's modification of Prandtl's mixing length 

theory gives at least a partial explanation through the 

addition of a correlation coefficient to the turbulent shear. 

At present there is no satisfactory way to predict other 

aspects of the value of p. Prediction presumably will become 

possible only when there is a better understanding of the 

mechanism of diffusion. 

The relationship between the diffusivity of solid 

particles and that of linear momentum is proportional, but 

not necessarily identical. Some knowledge could be gained if 

we knew how closely a solid particle follows its liquid 

environment. For sediment in water, it is not at all clear if 

the p needed in addition to the correlation coefficient is 

equal to, smaller than, or possibly even larger than unity. 

The value of P for the Rouse equation has been reported to 

vary in laboratory experiments from approximately 1.0-1.5 

(Vanoni 1975). However, careful laboratory determinations of 

this factor (Brooks, 1954), in which corrections were made 

for side-wall effects on the bed shear stress 10 and for 

concentration on the settling velocity indicate that p is 

close to unity. Carstens(1952) concluded that p never exceeds 

unity but ~1. In carefully conducted experiments, Brush et 

ale (1962), Matyukhin and Prokofyev (1966), and Majumdar and 
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Carstens (1967) provide sufficient experimental evidence for 

the above-mentioned tendencies. The latter two experiments 

show clearly that increasing particle size causes the P value 

to decrease. Further ideas as to how the P value changes may 

be found in Householder and Goldschmidt (1969) and Jobson and 

Sayre (1970). 

3.12.4 Reference concentration C. 

A significant problem area in the evaluation of 

suspended sediment concentration is the reference 

concentration Ca. Predictions are directly proportional to Ca, 

and C. is near the bed where the rate of change in 

concentration with elevation is high. The rate at which 

particles are entrained from the bed is a function of 

turbulence and pressure fluctuations at the bed, but the 

details of this process are still ill-defined. 

Lane and Kalinske (1939) assumed that the concentration 

just above the bed is proportional to the rms value of the 

vertical velocity fluctuations v. and that v'is normally 

distributed. This led to C.ICB = f[w/U.] where C. is in ppm and 

cn is the fraction (in percent by weight) of the material in 

the bed with the same fall velocity w. An approximate 

function through the scatter of data points was given. 



96 

Generally, experimental data plotted as C. versus w/u. 

indicate a dependance of C. on w/u. at low values of w/u., but 

the trend disappears when w/u. >0.3. 

Einstein (1950) simply assumed that bed load is confined 

to a layer of two grain diameters, i.e., y = a = 2d, and set 

C.= (inqn) 123. 2ti.d when trying to obtain absolute values of 

suspended concentration from calculated values of bed load. 

This result is somewhat illogical because the overall shear 

stress (not only the grain roughness component of it) 

produces turbulence and mixing at the bed, and because the 

concentration distribution equations are less reliable near 

the zero bed level. 

3.12.5 Lower limit of integration a 

Brooks (1963) listed three possible ways to establish 

the lower limit of integration of suspended load. The first 

limit is Einstein's suggestion (1950) that sediment is not 

suspended closer to the bed than two particle diameters (2d). 

The second limit corresponds to y=y' where u=o of the 

logarithmic distribution; this prevents unintentional 

negative contributions to the suspended load integral if 

y'>2dso • (Below this level the logarithmic velocity 

distribution becomes negative.) The third limit is the level 
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at which the extrapolated concentration becomes equal to the 

concentration of the particular size fraction in the bed. 

Brooks favored the largest height of the three limits as the 

most reasonable choice for the limit of integration. 

Even the flat bed assumption is very restrictive. A flat 

bed occurs only at the transition from duned to anti-duned 

bed condition which covers a very narrow range of flows. The 

bed is usually covered with various bed forms which not only 

complicate the problems with C. but also make the definition 

of the lower limit of suspended load Q difficult. The mixing 

process and turbulence in flow over a bed covered by bed 

forms is much more intense than over a flat bed. Mixing is 

even more intense when the bed features are three

dimensional. Three-dimensional bed features encourage 

vortices with vertical axes which act like small tornadoes 

lifting sediment high into the flow. 

Practically, there are two parts to the problem: the 

concentration and the flow. Any correction to the flow that 

is needed because of truncating the integration can be made 

in one way or another. Hopefully, the concentration will not 

be affected too greatly because the velocity decreases as the 

concentration increases. Nevertheless, the problem needs 

further study. 



98 

3.13 Laursen's equation for total sediment load of streams 

The use of Laursen's total sediment load relationship 

(Equation (3.115» is not needed to find the total suspended 

load, but it can serve as a check on the load derived from 

the single-point suspended sediment sample. More importantly 

it can be used to find possible changes in bed material. In 

addition, it can be used to find the bed load contribution to 

the total sediment load. 

Several relationships have been proposed for calculating 

suspended load and bed load and, thus, the total sediment 

load. The following total load equation developed by Laursen 

(1958) can be used in calculating total and suspended 

sediment loads in rivers. 

where 

't' = o 

't = C'd c 

(3.115) 

(3.116) 

(3.117) 

(3.118) 

c = average concentration in percent by weight (proportional 



to Q./Q) 

Tt = particle shear, a fraction of the total shear 

To = total shear 

D = depth of flow, feet 

-IT 0/ P = shear velocity, and To = -yDS 

C' = critical tractive force coefficient = 4 
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The function f is given graphically for total load and for 

bed load; the suspended load function is the difference 

between the two. 

To use Laursen's total sediment load relationship, it is 

necessary to have a good bed material sample and to know the 

velocity and depth of flow and slope of the stream. The bed 

material as a whole has a mean size ~ or dso . The mean fall 

velocity of each size fraction is taken as the fall velocity 

of a quartz sphere of size d falling by itself in still 

water, as given in Figure 3.15. This curve was approximated 

by linear power segments for the computer program used in 

this study. The relationship between the Laursen function 

f(VTo/p/w) and the shear/fall velocity ratio is given in 

Figure 3.16, and was also approximated by linear power 

segments for the computer program. 

The bed material should be sampled at the same time as 

the point sample is taken. Even then the bed material sample 

may be in error because the sampler disturbs the bed as it 
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Figure 3.16 Laursen relationship of sediment load of 
streams (after Laursen (1958». 
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nears the bed. The finest fractions of bed material is the 

material the most easily lost in sampling. Laursen's 

relationship with the function of v'To/p/W for suspended load 

can be used with the concentration and composition derived 

from the point sample to find the composition of the bed 

material. The corrected bed material can then be used with 

the function of VTo/p/w for bed load to add to the suspended 

load derived from the point sample. 

The differences between the sampled bed material and the 

bed material consistent with the Laursen relationship should 

help explain the usual scatter band plot of instantaneous 

sediment load versus discharge. 
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METHOD OF ANALYSIS 
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For conventional point-integrating sampling, it is 

necessary to measure velocity and concentration at a number 

of points in the vertical so that the average concentration 

can be estimated, as discussed in Chapter 2. However, the 

procedure is very time-consuming and costly, and is not 

practicable for routine sediment measurements. A one-point 

suspended sediment sampling method as proposed by Ingram 

(1991) has much merit. 

The relationships needed for computation of sediment 

load using single point sampling data are a vertical velocity 

distribution, a vertical suspended-sediment concentration 

distribution, integration of these distributions over the 

vertical, and a bed load equation. All these relationships 

are discussed in Chapter 3. The Laursen total sediment load 

relationships (1958) can be turned around to determine a 

hypothetical bed-material composition that is compatible with 

the measured suspended-load composition. This can then be 

compared to the measured bed material composition. The 

difference between the computed compatible bed-material 

composition and the measured composition should help to 

explain the usual scatter plots of sediment load versus 

discharge. 



104 

One of the primary features that sets the one-point 

procedure apart from other methods is computation of the 

"best a, II the level where cm=c.. The "best a II for a single 

sediment size is easily obtained---assuming that the defining 

relationships are correct. The "best a" for a sediment 

mixture, however, is difficult to define and is 

dependent on whether the principal interest is in 

concentration or in composition of the sediment load. 

very 

the 

Basic data needed for the procedure are: cross-section 

shape, width, area, and hydraulic radius of the sampled 

section; flow depth of the sampled vertical; height above the 

channel bed where the point sample was obtained; 

concentration and composition of the suspended-sediment 

sample; channel discharge; water temperature in degrees 

Fahrenheit; and channel slope. 

Manning's equation can used to compute the overall 

roughness (Manning n) from discharge, cross-section area, and 

slope. Using this n, slope, and depth, the local mean 

velocity can be found. Values of To = 1DS, P = 1.94 slugs per 

cubic feet, and 1 = 62.4 lb per cubic feet are used. Also K 

=0.4 and {3 =1 are used except when variations of these 

factors were tested. 

General application of computation components and field 

data to determine total sediment load is presented. 
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computation steps are as follows: 

step 1. Calculate the z value for each size fraction 
of the point sample; fall velo~ity, w, for a natural sediment 
particle; and shear velocity, gys. Use K =0.4, {3=1.0 (unless 
experience indicates otherwise). 

step 2. Integrate S CUdy from a to D for each size 
fraction (recommending a value for a is one goal of this 
research). Divide the integral by flow rate per unit width to 
obtain average concentration, COl' (Equation (3.107». 

JC y Z 
C = S S (DJ-z_a,J-Z) 

m (J-z) DJ 
(4.1) 

where J is equal to x+1 and ranges from 5/4 to 8/7; y. is the 
level at which the point sample is collected; and C. is 
concentration of the point sample collected at the level y •. 
The mean concentration can be multiplied by the discharge per 
unit width to find the total suspended load of that size 
fraction. The COl of each size fraction can be summed to find 
the total suspended sediment concentration in the vertical. 

step 3. Multiply COl by an area factor to find the 
overall mean concentration. The area factor will be site 
specific and requires specific studies at several flows for 
definition. Determining the area factor is not a part of this 
research, but the value should not be very different from 
unity because of lateral turbulent mixing. 

step 4. Use the result of step 2 and find the "best a II 
for each size fraction, the point in the vertical where Cm/Cn 
= 1. Now we can write 

C = (4.2) 

(4.3) 

and using COl from Equation (4.3) as C 
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(4.4) 

where C. is concentration of the point-integrated sample for 
a size fraction; y. is the level at which the sample was 
collected, a is the "best a" for that size fraction (where 
Cm/C. =1); and Cm is average concentration of the size 
fraction in the vertical. 

variations on these four steps can be used to 

investigate several aspects of sediment transport and 

sediment transport measurement. 

In this research, several questions will be 

investigated: 

1. For a single-size sediment, what is the "best" level at 

which to take a point sample that is representative of the 

average concentration of that size in the vertical. 

2. For a sediment mixture, what is the best level at which to 

take a point sample that is representative of the sediment 

size distribution and average concentration in the 

vertical. An answer to this question may not be obtainable 

because "practical" factors may be more important than 

"scientific" factors. 

3. What is the magnitude of expected error in integration due 
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to errors in input data, such as: position of sampler, 

water surface elevation, bed elevation, fall velocity, ~ 

value, and K value. (The last three factors will be just 

one factor if only the z value is involved.) 

4. A comparison will be made with measurements taken by 

Culbertson (1971) at San Marcial and Nogal Canyon on the 

Rio Grande conveyance channel. In addition, the 

possioility of investigating changes in the bed material 

over time and flow will be discussed. 
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5.1 Data used in this study 
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The u.S. Geological Survey (USGS) conducted a special 

study on the Rio Grande conveyance channel in New Mexico 

(Culbertson 1972). This was the best and most comprehensive 

published data set found. Several point samples were taken in 

a vertical, and a depth-integrated sample was included as 

well as a bed-material sample. The size distributions of the 

samples were available. Information on the cross-section 

characteristics and stream slope were given. 

The field data used in the generalized-calculations were 

obtained from this USGS study. Later a comparison was made 

between calculated and measured sediment-load 

characteristics. 

The Rio Grande watershed is located in the southwest 

united states and northeast Mexico. The total area within the 

outer basin limits is 335,000 square miles, but a large part 

is in closed, non-contributing basins, and only 171,900 

square miles contributes runoff to the Rio Grande (Williams, 

1951). Meanders of the wide, shallow, silt-laden river are 

well-defined on the flat valley floor. While flow of the 

stream is often nil, the river, with its main source in 
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barren, rocky mountain slopes, has the potential to flood the 

valley in a matter of hours. The river is frequently referred 

to as "The Dirtiest River in the World," raising its own bed 

at a rate of approximately four inches per year. 

The Rio Grande conveyance channel was originally 

riverside drains. In 1948, the river broke through the drain 

near Bernardo. The Bureau of Reclamation then installed the 

headworks and straightened the channel, creating the first 

segment of the present channel. The capacity of the headworks 

is normally 2000 cfs; however, discharge in the channel 

usually is limited to less than 1600 cfs (Culbertson, et al., 

1972). stream measurements used in this investigation were 

taken near San Marcial, and near Nogal Canyon, in New Mexico, 

as part of the research program of the Water Resources 

Division of the USGS (Culbertson, et al., 1972). 

Culbertson describes the study reaches, the data 

collection program, and field data for the Rio Grande 

conveyance channel near Bernardo, New Mexico. His report 

provides depth-integrated suspended-sediment data for normal 

sections and at a concrete weir structure, and point

integrated suspended-sediment data for a narrow discharge 

range at the sampled sections. The three sets of bed material 

samples, depth-integrated samples, and point-integrated 

samples were collected on the same date at sampling stations 

near San Marcial and at Nogal Canyon. 
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The water discharge at the San Marcial gaging station 

remained relatively constant, at about 1900 cfs, from 

December 11 to 15, 3.965. The discharge increased to 1950 cfs 

on December 18 and then decreased to 1860 cfs on December 21, 

when the data in San Marcial reach were obtained. The 

discharge was about 1750 cfs on December 22, when the Nogal 

Canyon data were obtained. The discharges used in this study 

are the daily-mean discharge at San Marcial. The bed form was 

flat in both reaches during the observations. Standing waves 

were present near the center of the channel in both reaches 

but were most pronounced in the Nogal Canyon reach. Cross

sectional areas were computed on the basis of depth soundings 

obtained in conjunction with the measurements of point 

velocities. The depths were uniform across the channel at all 

sections. Water-surface elevations were obtained at 

approximately 500-foot intervals, one time only, in each of 

the reaches. Point-integrated samples were obtained with a 

modified DH-48 sampler at five points in three verticals at 

each section. Depth-integrated samples were obtained with a 

DH-48 sampler by the equal-trans it-rate (ETR) method at 

verticals spaced at 10-foot intervals at both reaches. Bed

material samples were obtained at verticals spaced at 10-foot 

intervals. The bed-material samples at each cross-section 

were composited in the field for analysis in the 

laboratory. 
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5.2 computation for "best a" 

5.2.1 "Best a" 

In the customary one-point method of sediment sampling, 

the concentration is usually measured at the surface or at an 

aiD = 0.4 (or 1 - aiD = 0.6) (Interagency Sedimentation 

Committee, 1941). An empirical coefficient must then be used 

to estimate average concentration from the measured 

concentration. Sampling at (or near) the surface is well 

suited for unskilled observers because they can see where the 

sampler is, but a surface sample is not a good sample because 

it has a low concentration, especially for larger sediment 

particles. Also, the empirical coefficient needed is large 

and is different for different size fractions in anyone 

sample and for different compositions of sampled sediment (or 

different bed material). Some observers have sampled at 0.4 

depth (measured above the bed) in the hope of measuring the 

average concentration, presumably because average velocity 

occurs at approximately this level. However, analysis of a 

wide range .of data indicates that, for reasonable accuracy, 

a one-point sediment measurement should be made at aiD values 

between 0.4 and 0.2 depth (measured above the bed), with the 

smaller value being more suitable for coarser sediment 

(Interagency Sediment Committee 1941). 
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This recommendation was based on empirical calculations 

and statistical analysis. Apparently no attempt was made by 

the committee to determine logically and mathematically where 

the best level is for sampling average concentration. This 

question was the first examined in this research; results are 

presented in the following paragraphs. 

5.2.2 Computation 

If the point concentration, C., at a level "a" above the 

bed is measured, what is the "best" value of "a" as a 

fraction of flow depth D. Intuitively it seems that the "best 

a" would be where Cm/C. = 1 in the vertical. Then, if the 

concentration distribution or velocity distribution is other 

than assumed, errors should be minimized. For fine material, 

"a" would be slightly less than D/2; for coarse material "a" 

would be much smaller. Unfortunately, bed material contains 

fine, medium, and coarse particles. A typical bed material 

composition at the San Marcial station is shown in Figure 5.1 

and Table 5.1. 

Figure 5.2 shows the relative concentration C/C. as a 

function of relative depth (Equation (3.107» for the San 

Marcial suspended sediment. Note that aID = 0.1 is an 

arbitrary choice and that C. for the different size fractions 
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sieve number Sieve opening Percent by finer 
(rom) (%) 

1 0.031 0 

2 0.062 0.1 

3 0.125 21 

4 0.25 90 

5 0.5 100 

Table 5.1 Bed material composition at San Marcial gaging 
station on Rio Grande River. 
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will not be the same. The concentration of the finest 

fraction is almost constant up to the water surface and down 

to a level very close to the bed (aID ~ 0.01). In contrast, 

concentration of the coarsest fraction at the water surface 

is less than 10% of the concentration at aID = 0.1. (The non

uniformity would be even more apparent if aID had been 

arbitrarily set at 0.05.) Equation (3.107) could be solved 

for CnJC. for various values of aID until Cm /C.=l. The value 

of a in this ratio of aID should be the "best a". The value 

of Cm can also be obtained by integration, and the value of 

the best a can then be obtained from the concentration 

distribution function. 

The relative concentration versus relative depth was 

plotted with an aID of 0.1 for the finest fraction (d=0.0456 

mm) together with the calculated Cm/C. (Figure 5.3). The 

relative concentration Cm/C. is less than unity because a is 

not the "best a" and intersects the concentration curve at 

ylD = 0.41. The positive and negative areas between the curve 

and the mean do not match because it is not concentration 

that is averaged but the product of concentration times 

velocity. Figures 5.4, 5.5, and 5.6 show the graphical 

solution for the other size fractions (d= 0.1875 rom, d=0.0935 

rom, d= 0.375 rom). The first trial, shown in these figures was 

with an aID of 0.1. The concentration ratios were then 
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Figure 5.3 Graphical solution of "best a" for d=O.0456 
rom. P=1.0, K=O.4, a=O.lD. 
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recalculated with aID values of 0.41, 0.39, 0.33, and 0.13 

respectively (Figures 5.7, 5.8, 5.9, and 5.10). In these 

figures c/C. is now 1.0 at the best a and Cm/C. is 1.0. As 

predicted previously, the results show that the "best a" for 

the finest fraction is 0.41 of the flow depth (less than half 

the flow depth measured up from the bottom of the channel), 

and the "best a" for the coarsest fraction is 0.13 of the 

flow depth (much closer to the bottom of the channel) . 

The variation of the "best a" (a/D) with the exponent z, 

the fall/shear velocity ratio w/U. and with average diameter 

was examined; results are shown in Figures 5.11, 5.12 and 

5.13. Because K and ~ are relatively constant, although their 

values are still arguable, the fall/shear velocity ratio 

(which is easier to have a feeling for) dominates variation 

of the exponent z. The simplest, but not the best, parameter 

to use for an approximate notion of best aiD is the sediment 

diameter. 

Data in Figures 5.11 and 5.12 should be applicable to 

any sediment in any stream. When the fall velocity is half 

(or more) of the shear velocity, the concentration will be 

.low and probably measurable only near the bed because the 

vertical turbulent fluctuations are barely enough to overcome 

the fall velocity. While Figure 5.12 is strictly applicable 

only to streams very like the Rio Grande conveyance channel, 
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Figure 5.8 Graphical solution of "best a" for d=O.0935 
mm. P=1.0, K=O.4, a=O.39D. 
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Figure 5.9 Graphical solution of "best a" for d=O.1875 
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Figure 5.13 
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The variation of aID vs sediment size. 
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it does give insight into the "best a" for sizes from silt to 

sand. Figure 5.13 should be used with caution and only as a 

quick, very approximate answer. Even a crude guess of slope 

and depth of flow will result in a better approximation using 

Figure 5.12. 

To test the intuitive belief that the best a is the 

level where Cm = c., data in Figures 5.7, 5.8, 5.9, and 5.10 

were recomputed with arbitrarily increased and decreased z 

values and the measured concentration of each size fraction 

at the sampled San Marcial location. The question in effect 

is, "If a best a is selected and a sample taken, what will be 

the error in Cm if the correct concentration distribution is 

different than that assumed?" As shown in Figure 5.14, the 

percent error in Cm is slight, in fact negligible, for 

changes in z from -20% to + 20% for the finest material 

(d=O.0465 mm). For the coarsest material (d=0.375 rom) Cm is 

increased from 0.025 to 0.07 for changes in z from -20% to 

+20% with a Cm of 0.04 for the "correct" z. 

A similar test of the concept of the best a is to ask, 

"what error results if the sample is actually taken 

unknowingly at a level other than the desired best a?" For 

this test the concentration distribution is basically 

unchanged, but is shifted because C. as sampled is that of a 

higher or lower level. Figure 5.15 shows the change in em for 
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the several sizes as function of the error in placement of 

the sampler. For the finest fraction, the change in 

calculated concentration is negligible for mislocation of the 

sampler of ± one foot from the best aID of 0.41 in a stream 

depth of over four feet. For the coarsest fraction, the 

concentration error can be ±10% for a ±20% error in sampler 

location (about one foot.) Clearly for coarse sediment 

precise sampler location becomes more important. However, 

coarse sediment concentrations are absolutely small, and 

large relative errors in small values are still small. 

Whether or not the error is important depends on the problem. 

Natural rivers seldom have uniform or steady flow 

patterns; the water surface elevation changes with time; and 

the bed elevation and configuration are likely also to change 

with time. There will be errors generated by not knowing the 

correct elevation of the water surface or the bed. Other 

changes will cause errors, but these changes are not being 

examined here. For example, the presence of dunes or 

antidunes in streams affects the resistance to flow and, 

thereby, decreases or increases local depth and velocity. 

Changes in local depth are also associated with aggradation 

and degradation due to contraction and expansion of the 

channel. 

Another question to test the concept of "best a" is 

"what will be the error generated by an error in not knowing 
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the correct elevation of the channel bed?" This error is 

similar to, but different from the error due to mislocation 

of sampler. Results of analysis for this case are shown in 

Figure 5.16 and are virtually identical to data in Figure 

5.15. 

A similar test was made for the error generated by not 

knowing the correct elevation of the water surface because 

there are no steady state rivers in nature. Especially during 

floods the discharge and water surface elevations change more 

rapidly than bed elevation. As shown in Figure 5.17, the 

effect is ~irtually the same as for error in sampler location 

(Figure 5.15). The percent error in Cm is slightly decreased, 

but for changes in water surface elevation of -20% to +20% 

for the finest material (d=0.0465 rom) the error is less than 

±1%. For the coarsest material (d=0.375 rom), Cm is decreased 

from 0.07 to 0.025 for changes in water surface elevation of 

-20% to +20% with a value of 0.04 for the correct elevation 

of the water surface. 

A problem that probably cannot be resolved for some time 

- certainly not in this dissertation - is the matter of what 

.exactly is happening in the near-bed region. This is the 

region where bed load is entrained into the flow, where 

suspended load is returning to the bed, where the 

concentration distribution equation starts to fail, where the 
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velocity distribution is not well described, and where the 

bed level is not well defined (especially if there are 

dunes). 

Nevertheless, it is a region of interest. Samplers are 

finite in size and cannot sample in this region. Therefore, 

unless modified, they cannot be used to explore what is going 

on at this level. Integrating CUdy down to various lower 

limits of a can be helpful in building confidence in single

point sampling. Figure 5.18 shows that, for the finest 

fractions of suspended sediment, the lower limit a ceases to 

affect the relative mean concentration cm/C. at an a of 0.01 

ft. For the coarsest fraction there is an effect of 

increasing mean concentration with smaller a values because 

concentration of coarse material near the bed is much larger 

than in the body of the flow, and the increase in 

concentration overcomes the decrease in velocity. For coarse 

sediment, the near-bed conditions are theoretically very 

interesting although they may not be of any great importance 

in practice. These conclusions, although not tested, are 

probably equally true for any reasonable concentration 

distribution. Note, however, that this does not say anything 

about relative composition; composition can be expected to 

change at lower levels of sampling. 
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5.3 Factors not explicitly examined in this study 

5.3.1 Fall velocity 

As discussed previously, the fall velocity of a particle 

depends on such factors as shape, proximity of boundary, 

Reynolds number, concentration, and turbulence. Because all 

these factors act simultaneously in most of the problems, it 

is impossible to feel confident in determining the fall 

velocity of particles in the full complexity of alluvial

channel flow. The best that can be done is to use one's best 

judgement, to find out how sensi~ive the result is to input, 

and to be careful and questioning about data. 

At present, a common practice is to use the relation 

between sediment sieve diameter and fall velocity for quartz 

spheres of the same size falling alone in quiescent distilled 

water of infinite extent, as proposed by Rouse (1937) and 

shown in Figure 3.15. This can be improved by using the work 

of Schulz, et al. (1954) who conducted extensive experiments 

and investigated the relation among nominal sediment 

diameter, sieve diameter, and fall velocity for naturally 

worn quartz particles (falling alone in quiescent distilled 

water of infinite extent), as shown in Figure 3.13. 

Theoretically, the fall velocity of spherical particles 

should be faster than the fall velocity of natural irregular 
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particles having the same nominal diameter, since natural 

particles tend to fall with their maximum projected area 

perpendicular to the fall path. However, this simple 

explanation is not what was found by Schulz, et al. for small 

particles. In Figure 5.19 large spheres fall faster than 

large natural particles, but the opposite is true for small 

spheres and natural particles. In this figure large natural 

particles fall slower than spheres, but small particles fall 

faster. 

When the natural particle fall velocity of Schulz, et 

al. (1954) was used in the calculation procedure, the total 

suspended sediment concentration was usually less than 10% 

different than when assuming spherical particles (Figure 

5.20). The concentration of fine particles was slightly less; 

of the coarsest, slightly more. For even coarser sand, the 

effect would be greater if they could be suspended at all. 

5.3.2 von Karman constant K 

The relation between the von Karman constant and 

concentration, Figure 5.21, shows an increase in suspended 

sediment concentration in the flow when the von Karman 

constant increases, as reported by Imamoto et al. (1971). For 

small particles the error seems acceptably small, but for 

larger particles the error may well be a problem when the 
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value of K is less than 0.35. 

5.3.3 Beta p, lower limit Q, and exponent x of power velocity 
distribution equation 

The effects of p, Q, and x factors were examined, as 

shown in Figures 5.22, 5.18, and 5.23. Because there is 

little evidence to suggest p values of less than unity, the 

possible variation of P should not be of concern. A 

comparison was made also for various exponents of the power 

velocity distribution (Figure 5.24). 

5.3.4 Velocity distribution and sediment concentration 
distribution in Rio Grande 

Theoretical velocity distributions are compared with 

field measurements on Figure 5.25. The power velocity 

distribution with exponent 1/7 and the logarithmic velocity 

distribution for hydraulically rough channels are in good 

agreement with the field measurements. 

The measured point sample total mean suspended 

concentrations for a range of flows are plotted in Figure 

5.26. The individual values display the usual scatter of 

field and laboratory measurements, for unknown reasons. The 

Laursen concentration distribution has been plotted though 

the lowest (0.5 ft) sampling level, with the nominal values 

making up the z value: the sedimentation diameter from the 
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Figure 5.24 Power velocity distribution with various 
exponents (x). 
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Figure 5.25 Comparison of velocity distributions with 
measurements at San Marcial, Rio Grande River. 
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Figure 5.26 Comparison of concentration distribution 
with measurements at San Marcial, Rio Grande River. 
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visual-accumulation tube (VA tube), K=O. 4, and (3=1. o. The 

Laursen prediction curves are more uniform than the measured 

points; the discrepancy varying with different stations and 

being no worse than the maximum apparent measurement errors. 

If the curves were put through the 3.0 sampling level, the 

agreement would look much better, but would not, in 

actuality, be any better. The Laursen curves are absolute (e) 

not relative. The measured points are absolute. 

In Figure 5.27, the value of z is arbitrarily doubled; 

the Laursen curves now goes through the measured points as 

well as one could expect. The question, then, is why might 

the "correct" z value be twice the nominal z value. The z 

value would be larger if the K value is smaller. The K value 

could be in the order of 0.32: this would increase z by a 

factor of 1.25 (0.4/0.32). The diameter determined by the VA 

tube is presumed to be the diameter of a sphere falling by 

itself, and the sediment particles are presumed to have the 

same fall velocity (or time of fall) as measured by the VA 

tube. This should give the "correct" fall velocity if the 

concentration of the particles in the tube is the same as the 

concentration in the flow, and if the turbulence in the tube 

was the same as the turbulence in the stream. If the 

concentration in the tube is greater than in the stream, a 

factor larger than unity should be applied. Turbulence in the 

tube is caused by the falling particles and can probably be 
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Figure 5.27 comparison of the concentration distribution 
using corrected z with measurements at San Marcial, Rio 
Grande River. 
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safely neglected. Not enough has been done to permit 

estimating the effect of stream turbulence on the fall 

velocity of suspended sediment particles. One can argue that 

since non-spherical particles fall such that the drag forces 

are at the maximum, turbulence of a scale which would rotate 

particles would result in a larger fall velocity. If these 

two velocity effects need multiplying factors of 1. 20 and 

1.33, respectively, the three factors together would increase 

the nominal value of z by a factor of two(1.25*1.2*1.33). A 

value of ~ of less than unity would have a similar effect, 

but there is no evidence this would be a reasonable 

supposition. 

More research to clarify these issues is needed, but it 

is not unreasonable to believe that the z used in Figure 5.27 

is just as reasonable as the z used in Figure 5.26, or more 

so. 

5.4 "Best a" for a sediment mixture (natural sediment) 

One of the primary features that sets this computation 

.procedure apart from other methods is computation of the 

"best a," the level where Cm=C.' The "best a" for a single 

sediment size is easily obtained if the defining 

relationships are correct. The "best a" for sampling a 
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sediment mixture is difficult to define and depends on 

whether the sampling is primarily to determine concentration 

or composition of the sediment load. What is clear is that 

each fraction (fine to coarse) should be sampled at a 

different elevation. 

This obviously cannot be done; there can be only one 

single-point sampling elevation. The difficulty can be 

overcome by using correction coefficients to convert sampled 

concentrations (of the various size fractions) to the 

concentration at the "best a" for each fraction. The 

definition of the concentration at the "best a" is the mean 

concentration in the vertical. 

To find the correction coefficient to relate the sampled 

concentrations of each size fraction to the mean 

concentration of that fraction in the vertical, the Laursen 

concentration distribution can be used, 

c c =--1!.. 
m K 

(5.1) 

(5.2) 

(5.3) 

where Cm is mean concentration of the size fraction in the 

vertical, Ys is the level where the sample was taken, C. is 
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concentration of the field sample, a is the "best a" where 

average concentration of that size fraction can be measured 

directly, and K is correction coefficient converting from 

sampled concentration of each size fraction to mean 

concentration of the fraction in the vertical. 

It is apparent that the fine fraction can be sampled 

much lower than at its best level, and the correction 

coefficient will be only slightly greater than unity. Errors 

caused by mislocation of the sampler and other measurement 

errors also should be small for fine material, as discussed 

earlier. 

It is also apparent that coarse material should be 

sampled as close as possible to the best level. otherwise, a 

correction coefficient significantly different from unity is 

required, and the location of the sampler must be precise. 

The sampler (unless it is redesigned) cannot physically 

sample "close" to the bed. Conditions close to the bed, 

especially with a duned or anti-duned bed, are variable in 

space and time, and this leads to errors that may be large. 

5.5 Compar~son of suspended sediment concentrations from a 
depth-integrated sample, integrated from a point sample, 
and calculated from the Laursen sediment load 
relationship 

The San Marcial reach of the Rio Grande conveyance 

channel is between the San Acacia diversion dam and Elephant 
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Butte Reservoir. Data used in this study were collected near 

San Marcial, which is about 59.8 miles downstream of the 

diversion headworks at Bernardo. The Nogal Canyon reach is 

about 18.8 miles downstream of the San Marcial reach and has 

a sand bed consisting of material having a median diameter of 

about 0.18 mm. The channel banks in this reach are unstable 

sand and clay, and were deteriorating under high-flow 

conditions at the time data used in this study were collected 

(Culbertson, et al., 1972). 

Concentrations of four size fractions and total 

suspended sediment load determined by the various methods are 

compared on Figures 5.28, 5.29, and 5.30. The first of the 

four values in each group is the depth integrated sample 

uncorrected. The second value is the corrected depth

integrated concentration value, with the correction based on 

considering the difference in concentration when integrating 

to a lower limit (0.3 ft or 2dso) with a nominal z value. The 

correction, as can be seen, is small for the finest 

fractions, relatively large for the coarsest fraction, and 

SUbstantial for the next coarsest fraction. The overall 

correction is also SUbstantial. 

The third value is integrated based on the lowest (0.5 

ft) point sample (with a lower limit 2dso) and a nominal z for 

each size fraction. In almost all cases the point samples 
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Figure 5.30 comparison of average concentrations with no 
corrections at gaging station 1318. 
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depth-

The fourth value is that predicted by the Laursen 

suspended load relationship. The prediction for total load is 

high for one station, low for two stations, and better for 

total suspended concentration than for each size fraction. 

The measured bed material was used in the predictions. 

Using point samples taken at different levels will give 

different concentrations, as shown in Figure 5.31. The reason 

is evident in Figure 5.26 where it can be seen that the 

theoretical concentration distribution curves do not match 

well with the measurements when the nominal z value is used. 

In Figure 5.27 the nominal z is doubled, as previously 

discussed, and theory and measurements agree quite well. 

Figure 5.32 shows comparison of concentration at the several 

sampling levels with the "corrected" z, and it can be seen 

that the difference in computed mean concentration is reduced 

greatly. Presumably this must be due to a sampling error. 

Figures 5.33, 5.34, and 5.35 show average concentration 

predictions using the Laursen relationship with modified bed 

material composition, as shown in Figures 5.36, 5.37, and 

5.38. The modification made in bed material composition 

reflects the loss of fine material and is within the range 

reported by Zernial (1961), as found in special studies by 

the USGS of total load for same streams in the Missouri River 
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The agreement with corrected depth-integrated 

suspended concentrations shown on Figures 5.33, 5.34, and 

5.35 is admittedly forced, but the forcing is not 

unreasonable. In fact, what it demonstrates is the potential 

of reversing the computation procedures to obtain values of 

probable input that would account for measured output. 

Figures 5.39, 5.40, and 5.41 show the average 

concentration predictions using the Laursen relationship and 

doubling' the nominal z value, for reasons previously 

discussed. The measured depth-integrated sample 

concentrations are unchanged; the corrected depth-integrated 

concentrations are changed slightly; the point-integrated 

concentration is changed to some degreej and the Laursen 

prediction is changed a little. 

All the concentration values are now quite close. They 

could be forced to become closer by continuing the forcing 

procedure, but the point to be made is that reasonable values 

of variables and parameters result in estimates of sediment 

load which are close to being the same. To have confidence in 

estimates of sediment load requires being sure of the 

variables and parameters used and of the measurements taken. 

More research is necessary to have more confidence, but from 

the evidence and results presented here, it would seem that 

our knowledge at the present time is sufficient for most real 

problems. 
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CHAPTER 6 

DISCUSSION OF RESULTS 

This study was undertaken to develop a relatively simple 

computational procedure, using 

sediment concentration sample, 

a single-point suspended 

to estimate the total 

suspended sediment load of a stream. A power law velocity 

distribution and power sediment concentration distribution 

were chosen primarily for their mathematical simplicity. The 

two distributions were derived from modifications of 

Prandtl's mixing length theory, including a correlation 

coefficient for turbulent shear. 

The velocity distribution and the concentration 

distribution can be written with parameters containing 

variables generally accepted. Better agreement wi th 

measurements can be obtained by using parameters derived from 

measurements at the specific site of interest. The difference 

between nominal "theoretical" values of the requisite 

parameters and variables and the empirical values based on 

measurements can sometimes, and to some extent, be explained 

by known variations in such things as K and fall velocity. 

Mixing length theory is obviously a simplified concept which 

does not fully describe flow behavior and mixing by large

scale secondary and tertiary flows---phenomena which are 

between mean flow behavior and random turbulent eddies. 
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Further research on the characteristics and effects of 

secondary components of the mean flow and of transient 

vortices, which might be classified as large scale 

turbulence, would be interesting and challenging. However, 

each gaging site would be unique in some way, and it is very 

doubtful that the behavior of these flow features could ever 

be predicted for specific sites. Field measurements of 

velocity and concentration distributions should be sufficient 

to permit adjustment of the coefficients and exponents of the 

proposed equations. 

The results of this research and the comparisons with 

measurements made at stations on the Rio Grande are ample 

evidence t~at extensive measurements of flow and sediment are 

needed initially when setting up a sampling station, to 

properly evaluate and use the later routine measurements. 

Such an initial site survey would focus on velocity 

distribution, concentration distribution, bed material 

variability, and lateral variation of flow conditions for as 

large a range of flows as possible. Initial surveys of this 

type are common practice for discharge gaging stations, but 

they need to be expanded to meet the requirements of 

predicting sediment transport based on point sampling of 

suspended sediment. 

A judicious, reasoned blending of measurement and theory 

will permit making a useable estimate of the suspended 
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sediment load from a single point-integrated sediment sample. 

The better the physical sampling is performed, in all its 

aspects, and the better flow and sediment suspension are 

understood and described, the more accurate the estimate will 

be and the more confidence one can have that the estimate is 

correct. 

This study has demonstrated that the simple forms of 

velocity and concentration distribution equations are 

sufficiently accurate. The most uncertain step in the 

computational procedure presented is related to the value of 

the Rouse number Z=W/{K~). Variables in this parameter 

are not yet completely understood. The fall velocity value 

needed in the computation procedure is the fall velocity of 

a natural sediment particle in turbulent flow and in the 

presence of many other particles. The K needed is for flow in 

a natural channel with complex plan form and complex (and 

variable) roughness elements. The {3 factor needed is a 

measure of the difference between the mixing of momentum and 

sediment in suspension over and above the correlation 

coefficient used in the derivations presented in this study. 

The scant evidence cited here suggests that the restricted {3 

might have a value of about one, and that any variation would 

be small. 

Errors in the final estimate of the suspended sediment 
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load can be the result of errors in different parts of the 

total process: 

1. Errors in the sampling procedure or errors in 

measuring the concentration and composition of the sample. 

This problem has not been examined here; the Interagency 

Sedimentation Committee has studied sampling and measurement 

in detail and has developed instrumentation, equipment, and 

procedures which are state of the art. 

2. Errors in sampler placement and in measurement of the 

stream geometry. The effect of such errors has been studied 

here. For fine material, the effect on the estimate of mean 

concentration and composition is small; for coarse material 

the effect can be significant in percent error in absolute 

values of that part of the suspended sediment load. Because 

coarse material is generally a small fraction of total 

suspended load, the resulting error in total load is usually 

small. Therefore, the error is significant for some types of 

problems and not for others. Measurements made for the 

purpose of specific site evaluations should be helpful in 

determining whether errors of this type are important and in 

need of further research. 

3. Errors in the descriptive distribution equations and 

in their usage. This type of possible error has been studied 

here. Such errors should seldom be so large as to be a 

problem, although again the effects are greater for coarse 
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sediment particles than for fine sediment particles. The 

possible final errors should be minimized if detailed surveys 

of flow and suspension are made to adjust "theoretical" 

relationships to reality. The one element of the equation 

describing the concentration distribution which is the most 

uncertain is the fall velocity of particles in the field 

environment. Research on this topic could reduce the 

complexity of trying to unravel the individual, independent 

variables of the Rouse number. Such research would be 

difficult, but could be fruitful. For now, the overall 

adjustments, based on site specific measurements, must be 

relied upon and should yield sufficient reliability and 

accuracy. 

To estimate suspended sediment load, the point sample 

provides an absolute measure which, in effect, is integrated 

over the full cross-section. To estimate bed load, bed load 

sampling or a bed load equation must be used. In this study 

the Laursen total load relationship was used with results 

which were not unacceptable but also were not completely 

satisfying. Using the suspended load derived from the 

suspended concentration of the point sample, the bed material 

composition can be corrected, and a better estimate of bed 

load could be made. This technique could also be used to 

estimate possible changes in bed material over time or during 

a flood hydrograph. 
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CHAPTER 7 

CONCLUSIONS 

It has been shown that a 

suspended sediment concentration 

integrated over the vertical 

single point sample of 

of a stream can be 

to find the average 

concentration and composition of the suspended load. An 

initial site survey of the entire cross section will 

establish a coefficient to be applied to values for the 

vertical to determine the total suspended sediment load of 

the entire stream. 

The power law velocity distribution and simplified 

concentration distribution used in this study are easy and 

fast to use in computations. Generally-accepted coefficients 

and exponents in those equations describe the distributions 

adequately, but measurements in the field can improve the 

accuracy of those descriptions. The measurements needed for 

this purpose are the velocity and concentration distributions 

at different rates of flow. More needs to be known about 

details of turbulent flow behavior; at this time the effect 

of secondary flow and large-scale vortices can only be 

speculated on. Those large-scale feature of flow, which exist 

and can be seen and/or measured, could influence the mixing 

of momentum and sediment sufficiently to explain the 

empirical coefficients needed to match measured and 
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theoretical values. 

The bed load of the stream must either be measured or 

computed by some formula. Measurements are still difficult, 

time consuming, and acknowledged not to be accurate and 

precise. All the various equations for calculating bed load 

give somewhat different answers. The typical plot of sediment 

load versus stream discharge is a scatter band; the scatter 

can be reduced by considering possible changes in bed 

material in response to the rainfall-runoff-erosion-transport 

phenomena. Laursen's (1958) relationships for the total 

sediment load of streams can be used for such an examination 

and to then calculate the bed load. 

If the life of a reservoir is the problem, it is the 

fine material which is of greatest importance because it 

usually makes up the bulk of the sediment load that will be 

deposited in the reservoir. Errors in measurement, in 

placement of the sampler, in definition of the water surface 

and bed should not be unacceptably large (and should probably 

average out) • Errors in the assumed veloci ty and 

concentration distribution equations should not be too 

troublesome because the concentration of fine material is 

almost uniform throughout the flow section. The point sample 

provides the reality associated with changes in bed material. 

A scatter of load as a function of discharge will still 

exist, but the individual measurements should be acceptably 
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correct even when integrated over the entire flow section. 

The scatter will be real and dependent on changes in the bed 

material and flow conditions. 

If aggradation in the backwater, at and upstream of the 

head of the reservoir, is the problem, it is the coarser 

fractions of sediment load that are the most important part 

of the load. Errors in measurement and errors associated with 

placement of the sampler, errors in the coefficients and 

exponents of the descriptive distributions functions can all 

be troubling and difficult to assess. If the sediment load of 

the coarser fraction (bed load and suspended load) is 

estimated too high or too low, it is the time rate of 

aggradation that will be affected, not the amount of 

aggradation itself. The effects of the aggradation must 

either be accepted or river improvements must be made to 

counteract the aggradation to some degree. Understanding the 

possible bed material changes can be helpful in this regard. 

In the design of remedial river improvements, it is usually 

the relative sediment load that is important rather than the 

absolute rate. 

The ultimate in data acquisition for sediment load 

estimation is an automatic sampling system. The research 

presented herein establishes ways to evaluate such automatic 

measurements and provides guidance to designing equipment and 

procedures. The sampling level should (if it can be done) 
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change during a flood hydrographithe changing water surface 

and bed elevations should be coordinated with the sampling. 

The technical and practical considerations of sampling were 

not studied in this research, but this research should be 

helpful in guiding and evaluating those aspects of the 

sediment load measurement problem. 
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