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1. INTRODUCTION 

1.1 Scope 

The field of sediment transport includes flow in alluvial channels 
and ,channel stability, coastal processes and sediment transport by 
waves, river morphology, sediment transport in closed conduits, and 
aeolian transport. It is not possible in the allotted space and time to 
summarize all of these topics in any meaningful way. Therefore, the 
scope of this treatment will be limited to topics related to flow in 
alluvial channels, including properties of sediments, initiation of sedi
ment motion, channel roughness, and methods of determining rates of 
sediment transport. It is this area of sediment transport that is generally 
of greatest interest to hydraulic engineers. 

1.2 Features of Flow in Alluvial Channels 

In the last hundred years, the state of knowledge of flow in rigid
boundary conduits and open channels has improved until it is now 
possible to predict for these channels the depth and velocity of flow, 
velocity distribution, slope of . the energy gradient, and other flow 
properties with accuracy that is usually adequate for engineering 
purposes. Such is not the case for flow in channels whose boundaries 
are composed of materials transported in significant quantities by the 
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flow. The difficulty is that it is the flow itself that determines the 
channel geometry, both the gross dimensions of the channel ( cross
section shape, slope, and alignment) and the roughness texture of the 
channel surface, by deforming the bed into ripples, dunes, sand bars, 
etc. In addition, the moving fluid is a mixture of a liquid and a solid, 
and does not behave in exactly the same way or exhibit the same prop
erties as the same fluid without suspended sediment. Thus, the situa
tion is significantly more complicated than the relatively simple case 
of flow of a homogeneous fluid in a rigid-boundary channel. 

2. PROPERTIES OF SEDIMENTS 

Just as it is necessary to know the properties of a fluid before 
its motion can be formulated, so also it is necessary to know the appro
priate properties of transported sediment before sediment transport 
phenomena can be examined. 

It is generally agreed that the grain size of the sediment particles 
and the fall velocity of individual particles in the transporting medium 
are the most important properties affecting sediment transportability. 
Actually, these two properties are not wholly independent; for a given 
particle size, shape, and weight and specified fluid properties, the fall 
velocity can be determined. 

Measures of grain size that are in common use are: 

a. Sieve diameter: The size of the opening of a square mesh that will just 
allow the particle to pass. 

b. Sedimentation diameter: Diameter of a sphere with the same density and 
settling velocity in the same fluid at the same temperature. 

c. Fall diameter: The sedimentation diameter for water at 24°C. 
d. Nominal diameter: Diameter of a sphere of equal volume. 

Natural sediments contain a range of particle sizes; hence it is 
necessary to speak of the frequency distribution of grain sizes. The 
grain diameters are usually measured by sieving the particles through 
a nest of calibrated, graduated sieves. The frequency distribution is 
obtained by plotting the logarithm of the grain size against the 
percent (by weight) of the sample smaller than any grain size, as 
shown in Fig. 1. The median diameter, Dg, is the diameter such that 
50% of the sample has a smaller diameter, and the geometric standard 

1 ( D5o Dsu ) 
deviation is defined as - --- + --- ,where D15.o is the di-

2 D15.o D5o 
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Foll diameter, in mm 

Fig. 2 Relation of sieve diameter to fall diameter for naturally 
worn quartz particles. (Ref. 1) 

Notes: 1. Fall diameter is sedimentation diameter 
for fall in water at 24°c only. 
2. Shape factor S. F. is defined in terms of 
the triaxial dimensions as: 

S. F. = c/.fab 
where 

a = longest axis 
b intermediate axis 
c = shortest of the three mutually 

perpendicular axes of the particle, 

s. 
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ameter such that 15.9% of the material is finer, and D5o and Dsu 
have similar meanings. It is noteworthy that the size distributions of 
natural sediments generally plot as straight lines on log-probability 
paper. 

The fall diameters (sedimentation diameter in water at 24 °C) 
can be obtained from the sieve diameter from Fig. 2 ( 1), which is based 
on a large body of experimental fall velocity and sieve diameter data. 
In this figure, the shape factor is c/Vab, where a, b and c are respec
tively the longest, intermediate, and shortest of three mutually per
pendicular axes of the particle. For most natural sand grains, the shape 
factor is about 0. 7. With the fall diameters or sedimentation diameters 
known, the fall velocities can be obtained from Fig. 3. 

3. THE FLUID-BED INTERFACE 

The behavior of the interface between the fluid and the sediment 
bed is of interest because this is the region from which the transported 
sediment originates, and the configuration of the interface plays a 
large role in determining the roughness of the channel. In this section 
discussions of the different types of bed roughness and the conditions 
for the initiation of sedimentation are presented. 

3.1 Forms of Bed Roughness in Alluvial Channels 

The interface between a moving fluid and an erodible bed is in
herently unstable over a wide range of flow conditions, and an initially 
flat bed will spontaneously develop surface irregularities. For a con
stant depth of flow, the sequence of bed features with increasing 
velocity is ripples, dunes, flat bed, and antidunes. These are illustrated 
schematically in Fig. 4. The primary distinction between ripples and 
dunes is size, dunes being longer and higher than ripples by a factor 
of five or more. These two types of features can exist simultaneously, 
ripples being superimposed on the upstream slopes of the dunes. The 
flat bed configuration generally occurs at Froude number between 
about 0.5 and 0.8; however, for some sand sizes and flow depths the 
flat bed does not occur and instead, features that are not of any one 
well defined type occur between dunes and antidunes. Antidunes gen
erally occur at Froude numbers greater than about 0.8. At Froude 
numbers greater than about 1.0, the stationary surface waves that 
form a:bove and in phase with antidunes become so high that they are 
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Figure 4, Major-Forms of Bed Roughness in Alluvial Channels, 
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unstable and break in the upstream direction, resembling the breaking 
of ocean waves as they approach a shore. The accompanying agitation 
levels the bed. Antidunes then reform and grow until the accompany
ing waves break, the whole process being repeated with a period of one 
to several minutes. 

The mechanism responsible for the formation of these different 
types ofbed features is not well understood. Various theories have been 
put forth to explain their occurrence, but none of the theories is with
out some major flaw, and the problem cannot be considered as wholly 
solved. Furthermore, there does not exist at the present time any reli
able method for predicting what type of bed configuration will ac
company a given flow, or what the length and height of the bed 
features will be. The lack of an adequate understanding and formula
tion of the mechanics of dunes and antidunes is without question one 
of the greatest impediments to further progress in fluvial hydraulics. 

3.2 Initiation of Sediment Motion 

In the design of stable channels, it is frequently necessary to 
know the upper limit of velocity or bed shear stress below which the 
sediment particles on the bed will not move. This information is also 
required as a parameter in several sediment transport formulas. 

For the case of a flat bed, Shields ( 2) deduced from physical and 
dimensional arguments based on the forces involved that incipient 
motion is primarily dependent on the shear stress acting on the bed, 
and that the dimensionless quantities involved are 

and 
ptg(Ss- l)D 

y'~D U.D 
V V 

where 
tc = bed shear stress for incipient motion 
pt= fluid density 
g = gravitational constant 

Ss = specific gravity of sediment 
D = grain diameter 
v = kinematic viscosity of fluid 

U • = v'tc/ pt = shear velocity at incipient motion. 
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From experimental data he obtained the relation shown in Fig. 5. 
For sufficiently large values of U•D/v (greater than about 10), 

'tc 
------ = constant = 0.06. 
pfg(Ss - l)D 

For quartz (Ss = 2.65) particles in water (pfg = 62.4 lb/ft3
), 

-cc= 0.020 D 

if 'tc is in lbs. per sq. ft. and D is in mm. 
Shields curve (Fig. 5) is applicable only to a flat bed. Actually a 

flat bed at low velocities is seldom encountered in earth canals because 
if the flow has even been great enough to move the bed particles, 
ripples or dunes will have been generated and will remain after the 
velocity has decreased. The problem of ascertaining the critical tractive 
force or velocity for incipient motion on a dune-covered or rippled bed 
is far more complicated than for a flat bed because the problem in
volves the complex geometry and flow conditions at the bed. It has 
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Fig. 5 Shield's curve giving the conditions for incipient. 
sediment motion on a flat bed. (Ref. 2) 
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been found experimentally ( 3) that on a rippled or dune-covered bed, 
incipient motion occurs at a lower velocity and slightly· higher bed 
shear stress, 'tc, than on a flat bed. 

4. ROUGHNESS OF ALLUVIAL CHANNELS 

The friction factor for flow in rigid boundary conduits can be pre
dicted quite accurately because the roughness of the boundary is con
stant for a given material and can be determined once and for all time. 
This happy situation does not exist for the case of erodible-bed 
channels in which the bed configuration, and hence the roughness, 
varies radically, as discussed in Section 3.1 and illustrated in Fig. 4. In 
fluvial hydraulics the problem that arises in predicting channel rough
ness is that the channel roughness depends strongly on the bed con
figuration which in turn depends on the depth and velocity of flow (and 
also the properties of the bed material and fluid). However, the depth 
and velocity of flow are a function of the channel roughness. Thus 
there is no fixed starting point from which to proceed to calculate the 
rate of energy dissipation for the stream. An additional difficulty is 
that the relation between the flow conditions and the bed configura
tion, and the relation between the bed geometry and channel rough-
ness have not yet been adequately formulated. -

An example of the variability of alluvial channel roughness is 
shown in Fig. 6 ( 4), which shows the variations of the bed friction 
factor,1 h, slope, s, and bed shear velocity, U*b, with depth and 
velocity. These data were obtained in laboratory experiments with a 
constant discharge of 0.50 cfs per foot. It is seen that for these experi
ments the bed friction factor is the most variable quantity involved, 
varying by a factor of almost six, while the slope varies by a factor of 
less than five, and the depth and velocity by a factor of wbout 2 .5. 
Furthermore, it is seen that for a given slope (e.g., s = 0.0021) and 
discharge, it is possible to have two different depth-velocity combina
tions; a small depth, high velocity and flat bed, or a large depth, low 
velocity and dune bed. Many natural alluvial channels also have this 
non-uniqueness of depth and velocity as a function of slope and dis-
charge ( 5,6). , 

The question that thus arises is: How does a stream with a given 
discharge and slope, in the range of values where the non-uniqueness 
occurs, know which depth and velocity to assume? It is observed in 

1 The subscript ''b" indicates that the quantity has been corrected for the effects of the smooth, 
vertical walls of the laboratory flume. 
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both laboratory experiments and in natural streams that the deciding 
factor is the sediment transport rate; the flow with the smaller depth 
and higher velocity has a greater capacity to transport sediment. There
fore, when a stream has a relatively large sediment load imposed on 
it, the bed will be flat, and the velocity will be relatively high. 

The above discussion indicates that the roughness of alluvial 
channels and thus the friction factor for flow in such channels is inti
mately connected to the form of the bed configuration. As was dis
cussed in Section 3, the problem of predicting the bed form is by no 
means solved, and therefore, neither is the problem of predicting the 
roughness of alluvial channels. Several methods have been proposed 
for predicting the friction factor for flow in alluvial channels. A good 
summary of available methods has been given by Simons and Richard
son ( 7). Most of these utilize the regime concept of flow in alluvial 
channels, which attempts to predict the properties of flow in alluvial 
channels from data on many other channels that have performed satis
factorily. 

The method utilizing analysis to some extent that has gained 
the widest acceptance is that of Einstein and Barbarossa ( 8). These 
investigators assumed that the force exerted by the fluid on the bed 
can be divided into two additive parts: one due to the grain roughness 
(i.e., the "skin friction" exerted on the bed), and one resulting from 
the form drag on the ripples and dunes. They further divided the 
hydraulic radius into two parts 

R=R'+R" 
where R is the hydraulic radius of the section, R' is the hydraulic 
radius of the equivalent area A' for which the flow energy is dissipated 
by skin friction, and R" is the hydraulic radius for the equivalent area 
A" for which the flow energy is dissipated by form drag on the bed 
irregularities. The effect of grain roughness can be computed from 
either the Manning-Strickler equation, 

~ = 7.66 (~)
110 

yg R's D05 

or the logarithmic equation 

U ( R') -.-- = 5.75 logio 12.2 --
yg R's D05 
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where U is the mean velocity, Do5 is the sand size such that 65% of the 
bed material is finer, and s is the channel slope. The effect of bed ir
regularities is obtained from a graphical relation, obtained from data 
on natural streams, between the dimensionless quantities 

u 

and 

'lj!' = 1 68 Ds5 
. R'S. 

Einstein and Barbarossa's empirical relation between these quantities 
is shown in Fig. 7. Using the Einstein-Barbarossa procedure to obtain 
the depth of flow for a given discharge in a channel of known slope, 
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Fig. 7 Bar resistance curve for the Einstein
Barbarossa method. of predicting alluvial
channel roughness. (Ref. 8) 
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geometry and bed material involves straightforward, but rather tedious, 
trial and error procedure that is described by Einstein and Barbarossa 
( 8) . Thus, the Einstein-Barbarossa procedure can be used to develop 
a stage-discharge relation for an alluvial stream. The parameters in
volved have been replotted by Vanoni and Brooks (9) in a way that 
eliminates the need for trial and error solution. 

The agreement reported between measured stage-discharge rela
tions and those predicted by the Einstein-Barbarossa method ranges 
from poor ( 10) to very good ( 11). With the possible exception of the 
regime methods, this is probably the best available method for pre
dicting stage-discharge relations for alluvial streams. Its obvious 
deficiency is that it does not take account of the effects, discussed in 
Section 3, of the sediment discharge rate on the bed configuration and 
channel roughness. 

5. SEDIMENT DISCHARGE 

If the problem of predicting the roughness of an alluvial channel 
appears to be a dense forest, predicting the sediment transport rate of 
an alluvial stream can only be described as a jungle. With the single 
exception of the suspended local equation, presented below, the present 
state of knowledge of the mechanisms involved in the entrainment, 
transportation, and deposition of sediment particles is quite unsatis
factory. 

5.1 Definitions 

The total sediment discharge of a stream is the average quantity of 
sediment passing a section of the stream per unit time. It is con
venient to distinguish two different types of load, as follows: 

Suspended load: That part of the total load that is transported at some dis
tance above the bed, supported by the vertical components of the fluid turbu
lence, and carried along at approximately the forward velocity of fluid. 
Bed load: The fraction of the total load that moves along or very close to the 
bed by rolling, sliding, and saltating. 

Note that there is continuous interchange between the bed load and 
suspended load, and in the region near the bed it may not be possible 
to say whether the transported material is bed load or suspended load. 

Another classification is on the basis of the relative particle size, 
as follows: 
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Bed material load: The part of the total load that is composed of particles 
found in appreciable quantities in the bed. 
Wash load: Finer particles, which are not found in appreciable quantities in 
the bed, and which have a nearly uniform concentration over the depth of the 
channel. 

Finally, there is a distinction based on the limitations of the 
measuring method employed? Due to the physical size of samples used 
for field measurements, it is impossible to measure the bed load, or the 
suspended load near the bed, without seriously disturbing the bed and 
hence the transport rate. The load that is sampled by the measuring 
device used is called the measured load. The difference between the 
total load and the measured load is called the unmeasured load. 

5.2 Suspended Load 

The suspended load per unit width, qs, of a stream is 

q. = Id c(y) u(y) dy (1) 

where 
b = small distance above the bed, taken as the dividing line 

between the bed load and suspended load 
d = stream depth 

c(y) = sediment concentration at a distance y above the bed 
u (y) = horizontal velocity at a distance y above the bed. 

The distribution of sediment concentration is given by the theoretically 
derived equation 

where 

C ( a-y a )z 
~= y d-a 

(2) 

a distance above the bed at which the sediment concentra
tion is Ca 

w 
z 

w = particle fall velocity 
k = Karman's universal constant 
u. = \/gRS. 

2 A good summary of the methods and instruments used for field measurements of sediment has 
been prepared by the Federal Inter-Agency Committee on Water Resources (12). 
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Karman's constant, k, varies from about 0.2 for heavily sediment-laden 
flow to 0.4 for clear fluid. Equation (2) is known as the suspended 
load equation. It was first developed by A. T. Ippen, at the suggestion 
of Theodor von Karman, and was first published by Rouse ( 13). It is 
based on the equation for continuity of sediment motion, and utilizes 
the hypothesis that the rate of turbulent mixing of the sediment is 
proportional to the rate of turbulent momentum exchange within the 
fluid. Experiments by Vanoni ( 14) and others have demonstrated that 
equation ( 2) predicts the sediment distribution quite accurately. It has 
also been verified in field measurements by Nordin and Dempster ( 11), 
and many others. 

The quantity u(y) appearing in equation ( 1) can be obtained from 
the Karman-Prandtl velocity distribution 

u. 
U = Umax + k In y / d ( 3) 

where Umax is the maximum velocity in the section (at y = d). Equa
tions ( 2) and ( 3) may now be substituted into equation ( 1) for qs. The 
resulting integral is not readily evaluated, but tables ( 15) and a 
nomograph ( 16) have been prepared for its evaluation. 

5.3 Bed Load 

Because no entirely satisfactory formula or method for prediction 
of bed load discharge has been obtained, there are many formulas and 
methods in the literature, and new ones are still appearing. In general, 
there are two different types of equations: 

a) Those of the form3 

qb = f[('to-•c)n] 

where 

qb = bed load discharge per unit width 
•o = shear stress acting on bed 
•c = critical shear stress for incipient motion 
n = number that is dependent of flow parameters and sediment 

properties. 

Duboy's formula and the Meyer-Peter formula are of this type. 
b) Equations based on detailed analyses of the fluid motion ( es-

3 f [ J is to be read "function of." 
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pecially the fluid turbulence) and the sediment motion induced by the 
fluid motion. Examples of these types of analyses are the Einstein bed 
load function, and the Lane and Kalinske entrainment function. 

It is not possible in the allotted space to present, even in summary 
form, the available bed load formulas. For a presentation and discussion 
of the different formulas, the reader is ref erred to the excellent book by 
Leliavsky ( 17), the chapter of Rouse's Engineering Hydraulics written 
by Brown (18), and the lecture notes prepared by Vanoni, Brooks, and 
Kennedy ( 10). 

5.4 Total Sediment Load 

The total load is the sum of the bed local and suspended load. 
Actually, many of the formulas that go by the name "bed load formula" 
are total load formulas for a limited range of conditions. The difficulty 
encountered in evaluating the suspended load discharge from equation 
( 1) arises in obtaining Ca in equation ( 2). Einstein ( 15) has resolved 
this by evaluating Ca a distance of two grain diameters above the bed. 
He presents a rather involved method for obtaining ca at this level. The 
Einstein method ( 15), coupled with the Einstein-Barbarossa procedure 
for predicting channel roughness, constitutes the only available analytic 
method for predicting the stage-discharge and sediment transport rela
tions for an alluvial stream. The original Einstein procedure has been 
simplified by Colby and Hubbell ( 2 2). 

5.5. Summary and Recommendations 

It is not possible to recommend strongly any of the available 
transport formulas or methods since they all give errors of up to 100'.fa 
( 10). Only the distribution of suspended sediment can be reliably pre
dicted, from equation ( 2), but this formula requires knowledge of the 
concentration Ca at some reference level. 

The following recommendations for computing sediment discharge 
rates were put forth by Vanoni, Brooks, and Kennedy ( 10): 

"l. Values of sediment discharge calculated by formulas are to 
be considered as estimates only since the errors involved may be 100 
percent or more. 

2. When possible, it is desirable to use more than one formula to 
calculate sediment discharge. By comparing the results from several 
formulas one gets a rough idea of their reliability. 
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3. Calculated sediment discharge rating curves which have slopes 
on logarithmic graphs which are in the neighborhood of unity are too 
flat. These curves should not be used, especially in cases where one is 
interested in the difference between or the ratio of sediment discharges 
for different flows in the same channel. In such cases the use of sedi
ment discharge rating curves with slopes of between 2 and 3 on 
logarithmic graphs should give more reliable results." 

6. REGIME METHODS 

The preceding sections have discussed analytic and semi-analytic 
methods for determining the various quantities needed to analyze or 
design alluvial channels. With the possible exception of the suspended 
load equation, the various methods were observed to be, in most cases, 
only marginally adequate, and have provided the practicing engineer 
with few useful tools. Another approach to the problem is to put analy
sis aside and study the interrelation of the various quantities in existing 
channels that have been found to perform satisfactorily. The relations 
between the variables are presented either in graphs, or in equations 
( usually not dimensionally homogeneous) derived from the graphical 
relations. 

Three relations are usually presented: 

a. A flow formula which gives the required slope. 
b. A relation between channel depth, discharge, and bed material size. 
c. A relation between channel width and the flow parameters and bed material 

properties. 

The regime method had its origin in India among the British engi
neers who were responsible for building and operating the extensive 
canal systems that distributed irrigation water. Originally, the method 
was quite unreliable, but as more data became incorporated into the 
relations and the formulas were refined, the reliability improved until 
now the regime method is widely used with considerable success. It is a 
valuable approach for the engineer who must design alluvial channels. 

Probably the best (because it is based on the largest body of accu
rate data) set of regime relations for canals has been developed by 
Simons and Albertson (20). An extensive treatment of the regime of 
natural streams has been prepared by Leopold and Maddock ( 21). 
Blench's book ( 2 2) summarizes the philosophy and history of the 
regime method, and also presents a set of regime relations. 
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