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Abstract

This review paper aims to present a practical, integrated procedure for the prediction of sediment transport rates in both the

continental and marine environment, based on the settling velocity of particles. Such studies have important applications in

diverse fields such as civil and coastal engineering, sedimentology and environmental geology, where they can assist in flood

control and the prevention of contaminant dispersal by wind and water, as well as the siltation of dams and harbours. The

formation of placer deposits including gold, diamonds and other heavy minerals is also controlled by sediment transport

processes, so that these studies can form the basis for more efficient exploration programs.

The first part of the paper discusses some basic principles important in sediment transport, followed by an overview of

published methods to determine the settling velocity of differently shaped particles, including natural grains. The application of

settling velocity to predict the entrainment threshold of sediments on plane, horizontal and inclined beds by unidirectional

currents and oscillatory waves is then discussed, which finally leads to the determination of sediment transport rates over plane

and rippled beds. The validity of this approach to natural conditions is tested against published field data where possible. Other,

widely used methods are also critically discussed, pointing out severe problems in current sampling technology and the

calculation of bedload transport in natural environments.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The behaviour of natural sediment grains in

water and air, with applications in civil and coastal

engineering, sedimentology, environmental and eco-

nomic geology (e.g., Le Roux, 1990, 1991a, 1993;

Le Roux and Brynard, 1994) has been studied over
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the past two centuries, with incremental advances

continually expanding our understanding of this

subject. Solid–fluid interactions can be extremely

complex, so that the most logical way to approach

the matter is by starting with relatively simple,

straightforward processes such as the behaviour of

single spheres settling in quiet fluids. These studies

can form a basis for more advanced research on

sediment transport and the modelling of depositional

systems.
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Because the literature on sediment transport is vast,

this paper focuses on one particular approach to the

problem by building on a platform of grain settling

velocity. Having an empirical rather than theoretical

emphasis, it endeavours to be practical in that no

difficult-to-obtain variables or field measurements

are required. For the sake of completeness, an over-

view of some basic principles of sediment transport is

included.
2. Dimensions, dimensionless numbers and

dimensional analysis

The properties of most substances can be expressed

in terms of three primary dimensions, namely mass

(M), length (L) and time (T). For example: fluid

density q =M L�3; dynamic viscosity l =M L�1T�1;

velocity U =L T�1; acceleration of gravity g =L

T�2=981 cm s�1. With reference to their dynamic

behaviour in fluids, solid particles can therefore be

described in terms of their diameter (D =L), density

(qs) and shape, the latter being expressed, for example,

by different relationships of the long, intermediate and

short orthogonal axes (Dl,Di,Dm). The most important

properties of fluids include their density (q), dynamic

or kinematic viscosity (l, t), mean flow velocity (Um)

and flow depth (d).

Dimensionless numbers are groups of variables

arranged in such a way that their primary dimensions

cancel each other out. A well-known example of such

a dimensionless group is the Reynolds number

Re =qLU /l, which in primary dimensions can be

written as (M L�3)(L)(L T�1) /M L�1T�1=1.

Dimensional analysis is a method to arrange dif-

ferent variables in dimensionless groups, with the

latter representing bvariablesQ by themselves (Buck-

ingham, 1914, 1921). This has the advantage of great-

ly reducing the number of variables that normally

have to be considered separately in a series of experi-

ments. For example, a dimensionless sphere diameter

Dds (Dietrich, 1982) is used throughout this paper,

which is given by

Dds ¼ Ds

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qgqc=l2
� �

3

q
ð1Þ

where Ds is the sphere diameter and qc is the sub-

merged particle density, i.e. qs�q. The same vari-
ables play a role in the settling velocity of the sphere

and can be rearranged to get a dimensionless sphere

settling velocity Wds.

Wds ¼ Ws

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2=lgqc

� �
3

q
ð2Þ

where Ws is the sphere settling velocity.

Plotting Wds against Dds allows the settling velo-

city of spheres of different sizes and densities in fluids

of different densities and viscosities to be calculated.

The methodology of dimensional analysis can be

explained best by using an example: Consider the drag

force of a fluid (FD) on a quartz grain, which depends

onD,U, q and l. Therefore, FD= f(D,U,q,l). If these
variables could be combined into a dimensionless drag

force, the number of variables and therefore the re-

quired number of experiments would be reduced dras-

tically. Using Buckingham’s Pi-theorem, the following

steps are required:

– Make a list of all variables that could play a role in

the experiments. In this case: G(FD,D,U,q,l).
– Determine the number (m) of primary dimensions

(M,L,T) involved. The n variables can be arranged

into n�m independent dimensionless groups

(m =3, n�m =2).

– Express all variables (es) in terms of their primary

dimensions: FD=ML T�2; D =L; U =L T�1; q =M

L�3; l =M L�1T�1.

– Choose m variables from n (the so-called primary

or repeating es) so that they contain each primary

dimension at least once.

– Form dimensionless groups with the primary es

and each of the other es. This is accomplished by

expressing the es in terms of exponents. The di-

mensionless groups are called p-terms: e.g.

p1=FDD
aUbqc; p2=lDdUeq. Because a dimen-

sionless drag force is required, FD should not be

raised to a power. To get p1dimensionless, deter-

mine the values of a, b and c so that their product

is 1. Write each p1-term in terms of its primary

dimensions and solve for a, b and c.

p1 ¼ MLT�2
� �

Lð Þa LT�1
� �b

ML�3
� �c ¼ M0L0T 0

M ¼ 1þ c ¼ 0; therefore c ¼ � 1

T ¼ � 2� b ¼ 0; therefore b ¼ � 2
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Fig. 1. Triaxial dimensions of ellipsoidal particle.
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L ¼ 1þ aþ b� 3c ¼ 4þ aþ b ¼ 0;

therefore a ¼ � 2

p1 ¼ FDD
�2U�2q�1 or FD=D

2U 2q ¼ 1

p
1 is a dimensionless drag coefficient Cd. In the same

way, p2 is found to be lq�1D�1U�1=l /qDU =

1 /Re =1.

Originally, there were 5 variables (FD, D, U, q, l),
but now there are only two (p1, p2), which can be

plotted on a normal, 2D graph. The curve can be

obtained by changing only one of the variables (e.g.U).

If an important variable is left out accidentally (e.g.

g), the cross-plots would form a scattered band. If, on

the other hand, an irrelevant variable is included, the

cross-plots would define a line parallel to the axis of

the dimensionless group containing the variable.
3. The nature of solids and fluids

3.1. Properties of solids

A solid obeys Hooke’s law in that strain is propor-

tional to stress; i.e. the solid deforms under stress but

recovers its original shape when the stress is relieved.

If the stress exceeds the elastic limit, however, the

material deforms or fractures permanently. Solids typ-

ically have high shear and compressive strengths. The

dynamic behaviour of solid grains in fluids is a func-

tion of their size, shape and density. While the density

is easily determined, the first two properties are far

more complex than is generally appreciated (Petti-

john, 1975; Winkelmolen, 1982; Illenberger, 1991).

3.1.1. Particle size

Particle size can be expressed as mass (M), volume

(V), surface or cross-sectional area (A), diameters of

different intersections or projections (Dx), as well as

the settling velocity (W). For individual grains, three

orthogonal axes are commonly measured, based on

the maximum projection area of the grain (Krumbein,

1941). The longest diameter perpendicular to this

surface is the short axis Dm, the short side of a

tangential rectangle to the projection is the intermedi-

ate axis Di, and the long side of the rectangle is the

long axis Dl (Fig. 1). Other methods are based on the
premise that the particle is a sphere or that its size can

be expressed as the diameter of an equivalent sphere

(which has the same volume as the grain). The last

expression of size is known as the nominal diameter

(Dn), which is given by (Wadell, 1932, 1933)

Dn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6V=pð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DlDiDmð Þ3

p
3

q
: ð3Þ

For natural sediment samples, these measures are

impractical and traditionally two methods have been

used to determine the grain size distribution, viz. sieve

analysis and settling analysis. The size as determined

by sieve analysis is expressed as the sieve diameter

(Dv), which is construed as the size of the largest

sphere that would pass through the retaining sieve

mesh. However, the actual dimensions depend largely

on the grain shapes and the results are influenced by

screen imperfections and differences in sieving pro-

cedures. To convert the retaining sieve size into the

nominal diameter of its equivalent sphere, it is multi-

plied by 1.32 (Komar and Cui, 1984).

The size as determined by settling analysis, on the

other hand, is expressed in terms of the equivalent

sedimentation or fall diameter (Dw), which is the

diameter of a sphere with the same settling velocity.

Similar constraints apply in this case, as the settling

velocity is largely dependent on the grain shape. The

advantage of using Dw is that it is a behavioural

measure controlled partly by the same variables in-

volved in sediment entrainment, so that it is preferable

to Dv (Willetts et al., 1982; Kench and McLean,

1997). However, as many sediment transport studies

have been based on Dv data, it is still convenient to

use this expression of size.

The relationship between the grain size of natural

particles as obtained from sieve analysis (Dv) and that

derived from settling tube analysis (Dw) was investi-

gated by Le Roux and Brodalka (2004). Using the

data sets of Cheng (1997), they plotted the observed

dimensionless settling velocities Wdw against the cal-
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culated dimensionless settling velocities of equivalent

sieve diameter grains (Wdvn). As the distribution is

complex, four different curves were fitted to the data.

These are given by

Wdvn ¼ 1:3098W 0:9897
dw for Wdwb0:7509 ð4Þ

Wdvn ¼ 0:0753W 2
dw þ 0:8529Wdw

þ 0:3036 for 0:7509bWdwb8:936 ð5Þ

Wdvn ¼ 0:5486W 2
dw � 7:4271Wdw

þ 36:5 for 8:936bWdwb10:3956 ð6Þ

Wdvn ¼ � 0:0289W 2
dw þ 2:1646Wdw

� 0:8018 for 10:3956bWdwb17:4857: ð7Þ

The grain fall diameter Dw as obtained from the

settling tube analysis is first converted to its dimen-

sionless form Ddw using Eq. (1), after which one of

Eqs. (29)–(33) is employed (substituting Ddw for Dds)

to obtain Wdw from Ddw. Wdvn is then calculated from

Wdw using Eqs. (4)–(7). Subsequently, the appropriate

one of Eqs. (34)–(38) is used (substituting Wdvn for

Wds) to determine Ddv from Wdvn. Ddv is then con-

verted to Dv by Eq. (1). This procedure ensures that

the influence of shape on the settling velocity is taken

into account, as Eqs. (4)–(7) are linked to the Hof-

mann (1994) shape index of natural grains (Le Roux,

2002b).

3.1.2. Particle shape

Particle shape is an even more complex subject

than size. Different shape indices have therefore

been proposed, including the flatness index (Went-

worth, 1922), the oblate–prolate index (Dobkins and

Folk, 1970), the disk-rod index and rod index (Illen-

berger, 1991), as well as several measures of spheric-

ity (Wadell, 1932; Rubey, 1933; Krumbein, 1941;

Corey, 1949; McNown and Malaika, 1950; Aschen-

brenner, 1956; Janke, 1966; Hofmann, 1994). Many

of these shape indices have proved useful to determine

the settling velocity of non-spherical particles (Komar

and Reimers, 1978; Baba and Komar, 1981a,b). Le

Roux (1996, 1997a) demonstrated that the Hofmann
(1994) shape entropy Hr gives the best results for

ellipsoidal grains. This shape factor is given by

Hr ¼ � pllnplð Þ þ pilnpið Þ þ pmlnpmð Þ½ �=1:0986
ð8Þ

where pl, pi and pm are the proportions of the long,

intermediate and short axes of the grain. For example,

the proportion of Di is expressed as

pi ¼ Di= Dl þ Di þ Dmð Þ: ð9Þ

Le Roux (2004b) subsequently proposed a new

shape factor DES, the deviation from the equivalent

sphere, given by

DES ¼ 1� Da=Dbð Þ ð10Þ
where a /b represents any of the 6 possible orthogonal

axial ratios of a grain with the same volume as its

equivalent sphere.

3.2. Properties of fluids

3.2.1. Fluid density and viscosity

The density and viscosity of any particular fluid

depends on its temperature (8C). The density of fresh

water is given (accurate to the 4th decimal) by

q ¼ � 5� 10�10 8C4 þ 8� 10�8 8C3 � 9

� 10�6 8C2 þ 7� 10�5 8C

þ 0:99985 for 0b8Cb26 ð11Þ

q ¼ � 5� 10�10 8C4 þ 8� 10�8 8C3 � 9

� 10�6 8C2 þ 7� 10�5 8C

þ 0:99995 for 26b8Cb40: ð12Þ
The dynamic viscosity l of water (also accurate to

the 4th decimal) is obtained by

l ¼ 1� 10�5 8C2 � 6� 10�4 8C

þ 0:01787 for 0b8Cb10 ð13Þ
l ¼ 6:5� 10�6 8C2 � 5� 10�4 8C

þ 0:01739 for 10b8Cb20 ð14Þ

l ¼ 4� 10�6 8C2 � 4� 10�4 8C

þ 0:0164 for 20b8Cb30: ð15Þ

The kinematic viscosity t is given by l /q.
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Fig. 3. Different types of fluids.
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3.2.2. Classification of fluids

Fluids obey Newton’s law of fluids in that the

strain rate is proportional to the stress, i.e. they deform

continually and permanently while they are being

subjected to shear stress. The rate of deformation is

measured as the rate of change in length per unit time,

which is a function of the fluid viscosity. In Fig. 2, the

dynamic viscosity of the fluid between the two plates

resists the shear stress produced by the weight. It is

expressed as the shear stress divided by the rate of

deformation. The shear stress s =F /A=Mg /L2=M

L�1T�2, whereas the rate of deformation=velocity

gradient=dU /dy =L T�1 /L=T�1. The dynamic vis-

cosity is thus given by M L�1T�2T /T�1=M L�1T�1

(poise).

Fluids are classified according to the ratio of their

rate of deformation to the applied shear stress (Fig. 3).

Pseudoplastic and dilatant fluids have non-linear ra-

tios decreasing and increasing, respectively, with the

applied shear stress. Bingham fluids exhibit a linear

ratio, but require a high initial shear stress before they

start to deform. Newtonian fluids deform when they

are subjected to shear stress (no matter how small) and

have linear ratios. Newtonian fluids include liquids

and gases, the former displaying a high incompressi-

bility, whereas the latter obeys Boyle’s law in that the

volume is proportional to the compressive stress.

3.2.3. Classification of fluid flow

Fluid flow is classified in various ways. Laminar

flow is characterised by thin laminae gliding along

linear paths, with no exchange of mass energy. In tur-

bulent flow, mass energy is dispersed throughout the

fluid by turbulent eddies. These types of flow depend

on the flow Reynolds number Ref, which is given by

Ref ¼ qdUm=l: ð16Þ
The transition from laminar to turbulent flow occurs

at a Ref number of 500–2000 (Reynolds, 1883).
F 

      Fluid           y

A                    U

F 

A

θ

Fig. 2. Schematic diagram to illustrate the concept of dynamic fluid

viscosity.
Subcritical and supercritical flow depend on the

Froude number Fr, which is given by

Fr ¼ Um=
ffiffiffiffiffiffiffiffiffi
gdð Þ

p
: ð17Þ

The flow is supercritical when Fr is more than 1.

In steady flow, the magnitude and direction of

velocity vectors are constant at any specific station

over a period of time, whereas during uniform flow,

the vectors are constant along the length of a stream-

line at any specific point in time.

3.2.4. Flow velocity profiles and boundary shear

stress

Flow velocity profiles in open channels can consist

of a viscous, laminar sub-layer at the base, followed

by a boundary or buffer layer and a free or external

layer (Fig. 4). A laminar sublayer is only present

where Ref is less than 2000 and the bottom is smooth.

The nature of the boundary is determined by the

boundary Reynolds number Re*, which is given by

Re* ¼ qkU*=l ð18Þ

k being the bed roughness and U* the shear or friction

velocity. The latter cannot be measured directly and is

in fact a disguised boundary shear stress (s0) with the

dimensions of velocity, being given by

U* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
s0=qð Þ

p
: ð19Þ

The boundary shear stress is equal to

s0 ¼ qgdS ð20Þ

where S is the channel slope (tan of the slope angle a).
If Re* is less than 5, the boundary is smooth and a

viscous sub-layer is present. Where Re* is 5–65, the

boundary is transitional, with turbulence disturbing
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the viscous sub-layer from time to time. With Re*

higher than 65, the boundary is rough and the flow is

turbulent at the bottom. The thickness of the viscous

sublayer (B), which is seldom more than a few mm, is

proportional to t /U*.

In most shallow rivers the whole profile is a

boundary layer, which is characterised by small

eddies but very high turbulent and viscous shear

stresses. Most of the action takes place in this

zone, so that it is very important in terms of sedi-

ment transport. An external layer, in which eddies

are large and turbulent shear stress dominates over

viscous shear stress, can exist in deep rivers. These

eddies contain less kinetic energy per unit volume of

fluid than the buffer layer.

Vertical velocity profiles are governed by four

forms of what is known as the law of the wall. For

hydrodynamically smooth boundary conditions where

Re*b5, the Prandtl equation is used:

Uy ¼ U* 2:5ln qU*y=lð Þ þ 5:3½ � ð21Þ

where y is the distance from the bottom.

For transitionally rough boundaries (5bRe*b65)

over plane beds, Le Roux (2004c) proposed the fol-

lowing equation:

Uy ¼ U* 2:5ln Re*y=Dð Þ þ 5:3� 0:1206 Re* � 5ð Þ½ �:
ð22Þ

Fully rough boundaries over plane beds have a

profile given by the law of the wall for rough bound-

aries (e.g., Middleton and Southard, 1984):

Uy ¼ U* 2:5ln y=Dð Þ þ 8:5½ � ð23Þ
Over bedforms, an integrated profile (Paola, 1983)

is measured at a distance exceeding one or more

bedform heights above the crests:

Uy ¼ U* 2:5ln y� yað Þ=y0½ �f g ð24Þ

where ya is the displacement height, i.e the distance

that the origin must be adjusted to give the highest

correlation coefficient on the semi-log velocity profile

(Middleton and Southard, 1984) and y0 is the rough-

ness length, given by the intersection of the adjusted

profile with U =0.

The mean current velocity Um is taken as the

velocity at 0.37d, as measured from the bottom. To

find the local U* or s0, a velocity profile is measured

with a flow meter. The time-averaged Uav-values at

different depths are plotted on semi-logarithmic paper

(Fig. 5).
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The relevant relationships are given by:

DUav=U* ¼ 2:3=Kð Þ Dlogyð Þ; and

U* ¼ K DUavð Þ= 2:3 Dlogyð Þ½ � ð25Þ

where K is the Von Karman constant (0.4 for clear

water), and DUav and Dy are the differences between

U1av and U2av and between y1 and y2, respectively.

In practice it is found that the water is very turbu-

lent near the surface, so that most of the measurements

are taken near the bottom. U* is calculated from the

best-fit line, after which s0 is determined from Eq.

(19).
4. Particle settling velocity

4.1. Spherical particles

The settling velocity of a sphere (Ws) with a dia-

meter Ds, is a function of the settling Reynolds number

Rew, where

Rew ¼ qDsWs=l: ð26Þ

For Rew less than about 0.1, Stokes (1851) derived

an equation based entirely on theoretical principles,

given by

Ws ¼ D2
sgqc=18l: ð27Þ

Newton’s impact law, given by

Ws ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4qcgDs=3Cdq
� �q

ð28Þ

where Cd is a dimensionless drag coefficient, can be

used for higher Rew numbers. However, as Ws is

required to determine Cd, it cannot be applied directly.

Empirical equations for Rew values larger than 0.1

were developed by Rubey (1933), Rouse (1936),

Janke (1965), Gibbs et al. (1971), Warg (1973) and

Dietrich (1982). Le Roux (1992a,b) used the dimen-

sionless sphere size Dds (Eq. (1)) to determine the

dimensionless settling velocity Wds (Eq. (2)). Relating

these values to Cd and Rew it was shown thatffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CdRe

2
w

� �
3

q
¼1:10064Dds and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rew=Cdð Þ3

p
¼0:90856Wds.

Because the observed dimensionless settling veloci-

ties plotted against 1.10064Dds defines segments of

nearly straight lines instead of a polynomial curve, 5
equations were proposed to calculate Wds from Dds

(Le Roux, 1992a, 1996):

Wds ¼ 0:2354Ddsð Þ2 for Ddsb1:2538 ð29Þ

Wds ¼ 0:208Dds � 0:0652ð Þ3=2

for 1:2538bDdsb2:9074 ð30Þ

Wds ¼ 0:2636Dds � 0:37ð Þ for 2:9074bDdsb22:9866

ð31Þ

Wds ¼ 0:8255Dds � 5:4ð Þ2=3

for 22:9866bDdsb134:9215 ð32Þ

Wds ¼ 2:531Dds þ 160ð Þ1=2 for 134:9215bDdsb1750:

ð33Þ

It can be shown that a coefficient of 0.2357 in Eq.

(29) would give exactly the same settling velocity as

Stokes law up to a Rew number of 0.1083, which Le

Roux (1992a) considered to represent the limit to

which Stoke’s Law is accurate. Applying this value

would require a slight adjustment in the coefficients of

Eqs. (29)–(33), but the final results would differ by

almost insignificant factors.

The distinct breaks in slope of the regression lines

may be attributed to fluid acceleration, flow separa-

tion, and the development of turbulence in the wake of

the settling spheres at different Rew numbers (Le

Roux, 1992a).

The sphere settling velocity Ws can be calculated

from Wds using Eq. (2). Wds can also be converted to

Dds using the following equations:

Dds ¼ W
1=2
ds =0:2354 for Wdsb0:0864 ð34Þ

Dds ¼ W
2=3
ds þ 0:0652

� �
=0:208

for 0:0864bWdsb0:3946 ð35Þ

Dds ¼ Wds þ 0:37ð Þ=0:2636 for 0:3946bWdsb5:6899

ð36Þ

Dds ¼ W
3=2
ds þ 5:4

� �
=0:8255

for 5:6899bWdsb22:3967 ð37Þ

Dds ¼ W 2
ds � 160

� �
=2:531 for 22:3967bWds ð38Þ
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From Dds, Ds can be found using Eq. (1).

As these equations are all based on dimension-

less numbers, they are valid for all Newtonian

fluids, including air (Le Roux, 2002c, 2005). For

the data of Gibbs et al. (1971), they produce

mean and maximum errors of 1.1% and 2%,

respectively.
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4.2. Non-spherical particles

Since the pioneering work of Wadell (1932) and

Rubey (1933), many researchers have studied the

effect of grain shape on particle settling velocity.

The shape indices most frequently applied include

those of Wadell (1932), Corey (1949) and Janke
25 30 35 40 45 50
 natural quartz grains (cm s-1)

of natural grains predicted by Eq. (39), based on the experimental

Church (2004).



Table 1

Comparison of settling velocity predictions using Eqs. (39) and (42), and the next best available equation

Shape Max. Rew z ME% a b ME% ME%

Ellipsoid 1.363 2.5 3.6 0.5833 0.4167 4.2 5.5 (K and R, 1978)

Spheroid 117,992 0.7 1.4 0.5833 0.4167 2.9 3.2 (D, 1982)

Prolate spheroid 57,200 2.0 3.1 0.6055 0.3945 3.2 3.7 (D, 1982)

Oblate spheroid 508 1.3 3.7 0.8456 0.1544 3.5 4.0 (D, 1982)

Oblate spheroid 4150 0.8 2.9 0.8929 0.1071 4.3 2.0 (D, 1982)

Disc 249.2 1.6 4.5 0.5407 0.4593 4.8 –

Cylinder/rod 1.438 2.8 1.8 0.1089 0.8911 3.8 3.8 (K, 1980)

Cylinder/rod 308 2.0 2.7 0.34 0.66 2.8 19.7 (D, 1982)

Natural grains 5810.6 – – 0.813 0.187 4.9 5.4 (Z and C, 1993)

K=Komar, 1980; K and R=Komar and Reimers, 1978; D=Dietrich, 1982; Z and C=Zhu and Cheng, 1993.
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(1966), on which the settling equations of Komar and

Reimers (1978), Baba and Komar (1981a) and Die-

trich (1982) were based. The Dietrich equation has

probably been used most widely.

Le Roux (1996) used the Hofmann (1994) shape

entropy (Eq. (8)) in the following procedure to calcu-

late the settling velocity. First, the dimensionless

equivalent sphere size Dds is calculated from Eqs.

Eqs. (29–(33)). Ws is then calculated from Eq. (2).

The settling velocity Wp of ellipsoids is predicted

using the following relationship:

Wp ¼ Ws Hr � a½ �=b ð39Þ

where a +b =1, a being 0.5833 and b =0.4167 for

ellipsoids.
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Fig. 8. Comparison of measured settling velocities of spheroids and settling

Williams (1966), Stringham et al. (1969) and Gibbs et al. (1971).
Applied to the data set of Komar and Reimers

(1978), a mean error of 4.2% was obtained, compared

to 5.3%, 5.5% and 9.6% for the equations of Dietrich

(1982), Komar and Reimers (1978) and Baba and

Komar (1981a).

Le Roux (1997a) subsequently compared 6 of the

most widely used shape indices (Wadell, 1932; Krum-

bein, 1941; Corey, 1949; Aschenbrenner, 1956; Sneed

and Folk, 1958; Janke, 1966) with that of Hofmann

(1994), normalising the original values to allow direct

comparison. The most suitable index for settling ve-

locity prediction turned out to be that of Hofmann

(1994), followed by Aschenbrenner (1956) and

Wadell (1932). In subsequent papers, Le Roux

(2002a,b) showed that the Hofmann shape entropy
200 250 300 350
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Komar and Reimers (1978).
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method can be adapted for irregular, semi-ellipsoidal

grains as well as natural grains. For the first case,

a =0.23 and b =0.77 in Eq. (39), giving a mean error

of 5.2% for the data set of Baba and Komar (1981a)
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Fig. 10. Comparison of measured settling velocities of prolate spheroids an

results of Williams (1966), Stringham et al. (1969) and Komar (1980).
on beach glass fragments (Fig. 6). For natural grains,

with a =0.813 and b =0.187 in Eq. (39), a mean error

of 4.9% was obtained, based on different data sets

reproduced in Cheng (1997). The shape entropy Hr of
150 200 250

 of prolate spheroids (cm s-1)

d settling velocities predicted by Eq. (42), based on the experimental
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natural grains is given by the following expressions

(Le Roux, 2002b):

Hr ¼ � 100:13D3
n þ 3:6533D2

n þ 0:7515Dn

þ 0:8903 for Dnb0:065 ð40Þ

Hr ¼ � 0:0631D3
n þ 0:18D2

n � 0:1473Dn

þ 0:9437 for DnN0:065: ð41Þ

In Fig. 7, additional data sets of Hallermeier (1981)

and Ferguson and Church (2004) have now been

added, which confirm the validity of Eqs. (39)–(41).

Eq. (39) gives a mean absolute error of 11.6% for this

expanded data set, compared to 13.1% for the latest

equation proposed by Ferguson and Church (2004).

Le Roux (2004b) examined the effect of using

different axial ratios on grains with stable settling

patterns, finding that the ratio Dm/Dl shows the best

correlation with the settling velocity. He used a mo-

dified hydrodynamic shape index, [1� (Dm/Dl)]
z, de-

rived from Eq. (10), to define a settling equation for

differently shaped grains:

Wp ¼ �Ws 0:572 1� Dm=Dlð Þ½ �z � 1f g ð42Þ

This was based on the nominal grain size Dn, from

which the settling velocity of the equivalent sphere Ws
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Fig. 11. Comparison of measured settling velocities of oblate spheroids and

results of Stringham et al. (1969).
was calculated using Eqs. (29)–(33). The value of z

was found to vary for different grain shapes, as shown

in Table 1. Figs. 8–13 compare the observed and

predicted settling velocities of spheroids, ellipsoids,

oblate and prolate spheroids, discs, cylinders, and rods

for different data sets. Eq. (39), based on the Hofmann

shape entropy, was also found to give good results,

provided that the values of x and y are varied as

shown in Table 1. The mean errors (ME) of Eqs.

(39) and (42) are compared with that of the next

best equation (last column), based on the data sets

of Williams (1966), Stringham et al. (1969), Komar

and Reimers (1978) and Komar (1980).

Based on these results, Le Roux (2004b) proposed

a hydrodynamic classification of grain shapes, as

shown in Table 2.
5. Particle entrainment

Entrainment takes place when the critical boundary

shear stress sc for a particle is exceeded. This depends
on factors such as the grain size, shape and density,

the boundary roughness, the internal friction or pivot

angle /, the bedslope angle a, and the flow velocity

Uy. The latter is controlled by the type of flow (uni-

directional or oscillatory, laminar or turbulent).
00 120 140 160 180 200
of oblate spheroids (cm s-1)

settling velocities predicted by Eq. (42), based on the experimental
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Williams (1966) and Stringham et al. (1969).
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5.1. Entrainment on horizontal plane beds

5.1.1. Unidirectional currents: water and other

liquids

Numerous empirical equations have been proposed

to predict the threshold of sediment entrainment in
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Fig. 13. Comparison of measured settling velocities of cylinders and rods an

results of Stringham et al. (1969) and Komar (1980).
water (Hjulstrom, 1935, 1939; Shields, 1936; Inman,

1949; Lane, 1955; Sundborg, 1956; Bagnold, 1963;

Vanoni, 1964; Graf, 1971; Miller and Komar, 1977;

Miller et al., 1977; Yalin, 1977; Yalin and Karahan,

1979; Le Roux, 1991b, 1997c; Niño et al., 2003). A

more theoretical approach was pursued by others such
0 80 100 120

 rods and cylinders (cm s-1) 

d settling velocities predicted by Eq. (42), based on the experimental



Table 2

Hydrodynamic classification of grain shapes (Le Roux, 2004b)

Shape Ds /Di D i /D l

Spheroid 0.9–1 0.9–1

Ellipsoid 0.35–0.9 0.35–0.9

Prolate spheroid 0.9–1 0.35–0.9

Oblate spheroid 0.35–0.9 0.9–1

Disc 0–0.35 0.9–1

Cylinder/rod 0.9–1 0–0.35
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as Allen (1982a,b), Wiberg and Smith (1987), Bridge

and Bennett (1992), and Soulsby and Whitehouse

(1997), who evaluated the balance of forces on indi-

vidual particles at the bed surface. Many of these

studies use the dimensionless critical boundary shear

stress bc of Shields (1936):

bc ¼ sc=qcgD: ð43Þ
The dimensionless critical boundary shear stress

can be used to calculate the critical shear velocity

Uc*, as follows:

U*c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bcgDqc=q
� �q

: ð44Þ
Le Roux (1998) related the dimensionless settling

velocity of sieve-size spheres (Wdv) to their transport

threshold in unidirectional currents in liquids, follow-

ing earlier attempts to do so by Collins and Rigler

(1982), Komar and Clemens (1985) and Bridge and

Bennett (1992). In a previous paper, Le Roux (1991b)

showed that Re* and bc are related to the non-dimen-

sional grain size Dd in the following way:

Dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re*2=bc

� �
:

3

r
ð45Þ

From this relationship, Le Roux (1998) determined

the dimensionless equivalent sieve-size spheres (Ddv)

for data plotted by Yalin and Karahan (1979) on a Re*

vs. bc diagram. Using Eqs. (29)–(33), these data were

then recast in a plot of bc against Wdv, including the

data of Paintal (1971), Everts (1973) and Govers

(1987). This yielded the following relationship be-

tween Wdv and bc:

bc ¼ � 0:0717log10Wdv

þ 0:0625 for Wdvb2:5 ð46Þ
bc ¼ 0:0171log10Wdv

þ 0:0272 for 2:5bWdvb11 ð47Þ

bc ¼ 0:045 for WdvN11 ð48Þ
Eqs. (46)–(48)) are valid for Re* numbers between

0.03 and at least 1000.

5.1.2. Unidirectional currents: air or other gases

Le Roux (1997b), following on earlier investiga-

tions on the threshold of transport in wind (Bagnold,

1941; Zingg, 1953; Chepil, 1959; Miller et al., 1977;

Iversen and White, 1982; Williams et al., 1994),

concluded that the dimensionless critical threshold

of particles (bc) in wind is related to the dimensionless

settling velocity of their equivalent sieve diameter

spheres (Wdv) in water in the following way:

bc ¼ � 0:00741log10Wdv

þ 0:01495 for 0:004bWdvb2:5 ð49Þ

bc ¼ 0:00664log10Wdv

þ 0:00936 for 2:5bWdvb10: ð50Þ

Eqs. (49) and (50) are valid for quartz grain sizes

between 0.001 cm and at least 0.166 cm at tempera-

tures between �50 and 40 8C. Fig. 14 compares the

measured critical shear stress for wind with the critical

shear stress predicted by Eqs. (49) and (50).

5.1.3. Oscillatory waves: water or other liquids

The threshold of sediment entrainment under os-

cillatory waves has been studied by, inter alia, Bag-

nold (1946), Manohar (1955), Rance and Warren

(1969), Komar and Miller (1973, 1975a), Madsen

and Grant (1975), Sleath (1977), Hammond and Col-

lins (1979), Rigler and Collins (1983) and Soulsby

and Whitehouse (1997). Sediment motion commences

when the critical orbital velocity Uwc of the wave is

exceeded, with the wave orbital velocity Uw related to

the critical oscillatory bed shear stress swc as follows:

swc ¼ 0:5qfdwU
2
w ð51Þ

where fdw is a dimensionless wave friction factor or

drag coefficient.

Le Roux (2001a,b) defined a dimensionless wave

orbital velocity as:

Udw ¼ Uw ql=Twð Þ0:5=gDqc: ð52Þ

Plotting the dimensionless critical wave orbital

velocity Udwc against the dimensionless settling ve-
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Fig. 14. Comparison of observed critical shear velocity for wind and shear velocity predicted by Eqs. (49) and (50), based on the experimental

results of Iversen and White (1982) and Nickling (1988).
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locity Wdv for the data sets of Bagnold (1946) and

Manohar (1955), the following relationship was estab-

lished:

Udwc ¼ 0:0246W�0:55
dv ð53Þ

Uwc is given by

Uwc ¼ � 0:01 UdwcgDqc

� �2
= ql=Twð Þ

h i

þ 1:3416 UdwcgDqc

� �
= ql=Twð Þ0:5

h i

� 0:6485 for Uwcb50cms�1: ð54Þ

In reply to a discussion by You and Yin (2004), Le

Roux (2004a,e) added the data set of Rance and

Warren (1969) for coarse grains, showing that

Udwc ¼ 0:027W�0:6757
dv ð55Þ

and

Uwc ¼ � 0:002 U 2
dwcg

2D2q2
cTw=ql

� �

þ 1:0702 UdwcgDqc Tw=qlð Þ0:5
h i

ð56Þ

give good results for orbital velocities up to 150 cm

s�1 (Fig. 15).
The wave friction factor fdw can also be related to

the Shields parameter bc for steady currents, (Le

Roux, 2002d), which provides a direct link between

sediment entrainment by waves and currents. It can be

argued that the motion of water particles beneath a

wave is essentially horizontal at the level of sediment

grains resting on a flat bed. The critical oscillatory bed

shear stress swc can therefore be equated with sc for
steady currents, as both depend on the same balance

of forces. Combining Eqs. (43) and (51), this leads to:

fdw ¼ 2scU
2
wc ¼ 2bcgDqc=U

2
wq: ð57Þ

Using Eqs. (46)–(48) to determine bc and Eq. (56)

to find Uwc, fdw is therefore easily determined. This

allows swc and sc to be added

st ¼ swc þ sc ð58Þ
so that the combined effect of currents and waves on

the initiation of sediment transport can be examined.

5.2. Entrainment on inclined plane beds

Theoretical calculations of entrainment thresholds

on sloping beds (Allen, 1982b; Dyer, 1986; Soulsby

and Whitehouse, 1997) all require the pivot angle /,

but each of these authors used different values for /.
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Fig. 15. Plot of measured critical wave orbital velocity and critical wave orbital velocity as predicted by Eqs. (55) and (56), based upon the

experimental results of Bagnold (1946), Manohar (1955), Hammond and Collins (1979) and Rance and Warren (1969).
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Two of these studies employed the ratio between

the critical flow velocity on the slope (Uca, with a
denoting the slope angle taken as positive upward in

the direction of flow) and the corresponding value on

a horizontal bed (Uc).

According to Allen (1982b):

Uca=Uc ¼ 1:3204
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin / þ að Þ½ �

p
ð59Þ

where / was taken as 358, noting that Allen’s original

equation is modified here to account for the fact that

he measured the bed slope a positively downward in

the direction of flow, as opposed to the convention

followed here. The coefficient in Eq. (59) in fact

depends on the value chosen for /, being given by

1=
ffiffiffiffiffiffiffiffiffi
sin/

p
.

Dyer (1986) developed the following equation

from theoretical considerations:

Uca=Uc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosa tan/ þ tanað Þ=tan/½ �f g

p
ð60Þ

with / taken as 308. Eqs. (59) and (60) give the same

results if the same pivot angle is used.

The method of Soulsby and Whitehouse (1997)

differs from the previous two techniques in using

the dimensionless critical shear stress bc:

bac=bc ¼ sin / þ að Þ=sin/ ð61Þ

the subscripts a and c having the same meaning as

before and / taken by Soulsby andWhitehouse as 328.
Allen (1982b) and Soulsby and Whitehouse (1997)

used different methods to calculate Uc and bc, but

Allen’s equation contains variables that cannot be

defined or measured accurately, whereas the Soulsby

and Whitehouse equation is rather inaccurate in the

range of grains coarser than about 0.08 cm. However,

using Eqs. (1),(29) (30) (31) (32) (33) and (46) (47)

(48) above, bc can be calculated from the mean

sediment size. To determine the critical flow velocity

from bc at any distance y above the bed, the appro-

priate form of the law of the wall (Eqs. (21)–(23)) is

used, once U *c and Re* have been calculated from

Eqs. (44) and (18).

A set of experiments investigating sediment en-

trainment on sloping beds was conducted by White-

house and Hardisty (1988), who used well-rounded

quartz sand and measured the average flow velocity at

threshold 0.5 cm above the bed. Twenty-four experi-

ments were conducted for each of 28 bedslopes vary-

ing by increments of 28 from �248 to 328 The critical
flow velocity 0.5 cm from the bed (Uc0.5) is given by

a curve fitted through the data (Fig. 16):

Uc0:5 ¼ 0:0009a3 � 0:0234a2 þ 0:0645a þ 36:476:

ð62Þ

Because the mean grain size of the sand was not

supplied by Whitehouse and Hardisty (1988), the
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Fig. 16. Plot of critical flow velocity against bed slope a.
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given critical flow velocity on a horizontal bed (34.23

cm/s) was employed to calculate Dv. Using a value of

981 cm s�2 for the gravity constant, 0.99821 g cm�3

and 0.01 g cm�1s�1 for the density and dynamic

viscosity of water at 20 8C (Eqs. (11) and (14)),

respectively, and 2.65 g cm�3 for the grain density,

the grain size required to yield a threshold flow ve-

locity of 34.23 cm on a horizontal bed was found by

inspection to be 0.0764 cm, with the corresponding

values of bc and U*c being 0.0387 and 2.1908 cm

s�1, respectively.

Inserting this value of bc into Eq. (61) for different

values of / and a, bca can be determined, as well as

the corresponding U *c and Re*c values for different

bedslopes. In this case, Re*c in all cases lies between

5 and 65. Eqs. (44) and (22) are therefore used to

calculate the threshold flow velocity at 0.5 cm (Uca0.5)

on the sloping beds. The best value for the internal

friction angle / can be determined by comparing the

critical flow velocity given by Eq. (62) with the

threshold velocities predicted by the models of

Allen (1982b) and Soulsby and Whitehouse (1997).

The value of / was varied from 458 to 258 for each of

the methods, while calculating the mean of the pre-

diction error (ME) expressed as a percentage:

ME ¼ 100 Uobserved � Upredicted

� �
=Uobserved

� �
: ð63Þ

The lowest ME is obtained with a pivot angle of

318, being 13.26% if the method of Allen (1982b) is

used with the corresponding coefficient of 1.3934 in
Eq. (59). Calculating the threshold flow velocities

from the law of the wall for transitional boundaries

Eq. (22) together with the appropriate values of Re*c
and U *c as computed for different values of a, gives
an ME of 13.06% (15.45% if the raw data are used

instead of Eq. (62)). Using the appropriate of Eqs.

(21)–(23) thus allows the critical flow velocity to be

determined at any distance y from the bed on any

slope angle.
6. Transport rate of sediments

6.1. Bedload discharge

Sediment transport takes place when certain critical

or threshold values are exceeded, which may include

the critical shear velocity U *c , the critical boundary

shear stress sc, or the mean current velocity at the

threshold of sediment transport Umc. Numerous bed-

load transport equations have been proposed (for

reviews, see Graf, 1971; Yalin, 1977; Chang, 1988;

Bridge and Bennett, 1992; Wilcock, 1993; Van Rijn,

1993; Bennett, 1995; Buffington and Montgomery,

1997), based on both empirical and theoretical

approaches. Many of these methods are based on

the skin friction, i.e. local shear stress exerted on the

granular bed surface at a particular point. In the case

of bedforms, the skin friction varies from trough to

crest, which makes this approach impractical for nat-
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ural conditions because it would be very difficult to

know exactly where a velocity profile is situated.

Moreover, as bedforms are in continuous motion,

the skin friction would vary over time as the bedform

migrates under the measured profile. A more practical

approach would therefore be to use integrated profiles

(Paola, 1983), which characterize layers of the flow

that blanket entire fields of bedforms without varying

at the scale of the latter (Middleton and Southard,

1984).

Le Roux (2004c) proposed a method based on the

excess stream power principle of Bagnold (1963), i.e.

the difference between the available stream power and

the stream power required to entrain the sediment.

Equations of this nature have been published before

(e.g. Meyer-Peter and Muller, 1948; Ashida and

Michiue, 1973; Luque and Van Beek, 1976; Miller

et al., 1977; Engelund and Fredsoe, 1976; Hardisty,

1983; Wang and Gao, 2001), but unfortunately not

always with very good results. (See Wang and Gao,

2001; Le Roux, 2004c). The Le Roux (2004c) equa-

tion, given by

qbp ¼ 3:284� 10�6 U 2
m � U2

mc

� �
Um ð64Þ

is applicable to sediment transport over plane beds,

where qbp is the predicted bedload transport rate or

discharge in g cm�1 s�1, Um is the mean flow veloc-

ity and Umc is the mean flow velocity at the threshold

of sediment motion, in cm s�1. A correlation coeffi-

cient R2 of 0.9787 was obtained between the predicted

and observed bedload transport rates for 31 runs over

plane beds recorded by Guy et al. (1966). Eq. (64) is

not dimensionally correct, however.

Le Roux (2004d) and Le Roux and Brodalka

(2004) applied a related methodology to runs over

bedforms, based on an expanded data set of Guy et

al. (1966), who summarized the data from numerous

flume experiments carried out between 1956 and

1961 at the Colorado State University. Two recircu-

lating flumes, 244 and 61 cm wide, were used, with

runs over natural sand having median fall diameters

(Dw) of 0.019, 0.027, 0.028, 0.032, 0.033, 0.045 and

0.093 cm. Other runs with grain fall diameters of

0.047 and 0.054 cm where bentonite had been added

to the water to increase the viscosity, were also

analyzed, using the values of the friction velocity

U* and the boundary shear stress s0 supplied by
Guy et al. (1966), to calculate the fluid density

(q =s0 /U*2). The fall diameters were converted to

equivalent sieve diameters (Dv) based on their set-

tling velocities as influenced by the Hoffman shape

entropy (Le Roux, 2002b; Le Roux and Brodalka,

2004), yielding sieve diameters of 0.0225, 0.0307,

0.0318, 0.0362, 0.0373, 0.0515, 0.054, 0.0632 and

0.1303 cm. Sorting of the sand was generally poor,

ranging from 1.3 to 2.07 and most likely accounting

for most of the data scatter.

Middleton and Southard (1984) recommended that

velocity profiles over bedforms should start 1 to 2

ripple heights above the crests, and as Guy et al.

(1966) only reported distances above the bed, a min-

imum distance of 2.5 times the bedform amplitude

was taken in this case. This ensured that, even in the

case of profiles having been measured above bedform

troughs, a distance of at least 1.5 times the bedform

height above the crests was used as the lowest reading

on the profile. Many of the runs were thus eliminated,

as a minimum of 4 velocity readings were considered

appropriate for each run.

The origin of the regression line was juggled up

and down to give the best semi-log straight line fit for

these data points (Middleton and Southard, 1984). R2

values for the regression lines in all cases exceeded

0.95, with 77% of the R2 values exceeding 0.99. This

ensured that only the most reliable runs were

employed. Of the total of 74 runs analyzed, 40 were

over plane beds, 26 over ripples and 4 over each of

what is here classified as short- and long-wavelength

dunes, respectively. Few runs could be analyzed over

dunes due to the shallow water depths employed,

which did not allow for 4 or more velocity measure-

ments to be obtained.

The mean flow velocity was taken at 0.37 times the

flow depth from the bottom (Bridge and Bennett,

1992), calculating it from the velocity profile after

straightening out the latter, whereas the mean velocity

at the threshold of sediment motion was determined

using Eqs. (1),(29) (30) (31) (32) (33),(46) (47)

(48),(44) and (21) (22) (23) (24). To calculate the

shear velocity U *calc, Le Roux and Brodalka (2004)

iterated the value of U* while summing the differ-

ences between the observed and theoretical velocity

given by the appropriate of Eqs. (21)–(24), at every

height y from the bed, until the smallest difference

between the two profiles was obtained.
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Experimenting with the parameters involved in

bedload transport indicated that the main controlling

variables are the fluid density q, the mean flow ve-

locity Um, the median sieve size Dv, the grain sub-

merged density qg, the gravity acceleration g, and the

type of bedform C. The bed slope S is accounted for

by using Eq. (61) to calculate the value of bca from bc

(converting S to the bedslope angle a). The water

depth d partly controls the mean flow velocity and

is thus integrated into Um and Umc. The critical mean

velocity Umc is based on the dimensionless settling

velocity Wdv of the dimensionless median sediment

size Ddv, which takes into account both fluid and

sediment properties (including shape). Calculation of

Umc also considers flow properties such as the dimen-

sionless critical boundary shear stress bc, as well as

the boundary Reynolds number Re* and the hydro-

dynamic boundary conditions. The bedload discharge

qb can therefore be considered to be a function of the

variables C, q, qg, l, Um, Umc, and g. Using Buck-

ingham’s Pi-theorem (as explained in Section 2), these

variables were combined into a dimensionally correct

bedload equation (Le Roux, 2004d):

qbp ¼ Cq2 U 3
m � U 3

mc

� �
=gqc ð65Þ

where qbp is in g cm�1 s�1.
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Fig. 17. Plot of observed bedload discharge over all bedforms against disc

Guy et al. (1966).
Plotting this relationship for different bedforms

indicates that C =5.003�10�3 for plane beds

(R2=0.974), 2.256�10�3 for ripples (R2=0.9291),

and 1.65�10�3 for short-wavelength dunes

(R2=0.9517). The equations work well for runs with

a bedload discharge of up to about 10 g cm�1 s�1, but

for higher transport rates widely discrepant results are

obtained.

Eq. (65) can be improved somewhat for ripples

and dunes, by fitting a polynomial curve to its

results.

qbp ¼ � 8:11X 3 þ 4:7697X 2 � 0:4287X ð66Þ

where X is the bedload discharge given by Eq. (65).

R2 in this case is 0.9537.

Four runs over long-wavelength dunes were also

analyzed, giving a value of 3.12�10�3 for C with a

correlation coefficient of 0.7374. However, as the last

result is based on only four runs yielding a relatively

poor correlation coefficient, it is given here only for

the sake of interest. Fig. 17 plots the predicted against

the observed bedload transport rates for all runs (plane

beds, ripples and dunes). The correlation coefficient

between predicted and observed bedload transport

rates is 0.9801.
6 8 10 12
 over all bedforms (g cm-1 s-1)

harge predicted by Eq. (65), based upon the experimental results of



J.P. Le Roux / Sedimentary Geology 178 (2005) 285–313 303
An analysis of the data indicates that the limit

between ripples and dunes (where an exponent of

either 2.256�10�3 or 1.65�10�3 must be used) is

at a ripple wavelength k of about 50 (although one

run with a k value of 51.8 still gave good results

with C =2.256�10�3). Allen (1982a) considered

dunes to have a wavelength of more than 60 cm

and amplitudes exceeding 4 cm, but this is appar-

ently not supported by their hydrodynamic behav-

iour. The ripple amplitude H does not seem to be

very important in governing sediment transport, as H

varied from 0.61 to 2.14 cm for ripples and from

0.61 to 1.83 cm for short-wavelength dunes (as

classified here). The ripple index k /H ranged from

10 to 43 for ripples and from 48 to 145 for dunes.

The limit between dunes and long-wavelength dunes

lies at a k of about 100, 88.39 being the highest for

which C =1.65�10�3 still gives the best results, and

106.7 being the lowest k for which C =3.12�10�3

gives better results. H varied from 1.52 to 5.49 for

long-wavelength dunes, with k /H ranging between

19 and 74. According to the classical subdivision of

dunes and sand waves (Allen, 1982a), these bed-

forms can therefore not be considered as true sand

waves. More studies are required to determine

whether the difference in transport behaviour is con-

sistent for different wavelength bedforms, but it
R2 = 0.9872
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Fig. 18. Plot of total observed sediment discharge over plane beds against

experiments of Guy et al. (1966).
seems as if a hydrodynamic classification is required

instead of the present arbitrary scheme.

6.2. Suspended load discharge

It is generally agreed that grains go into suspension

when the shear velocity U* exceeds their settling

velocity W (Bagnold, 1966; Middleton and Southard,

1984), or a certain function of their settling velocity

(Van Rijn, 1984; Niño et al., 2003). Le Roux and

Brodalka (2004) tested this concept by plotting the

observed suspension loads over 33 plane bed runs

(Guy et al., 1966) against an bexcess shear velocityQ
given by (Ucalc* �Wv). This led to a dimensionally

correct equation of the form:

qsp ¼ 7003:7 ql U*
calc �Wv

� �
=qcUmc

� �
ð67Þ

with qsp in g cm�1 s�1, yielding a correlation coef-

ficient R2 of 0.880.

In all 33 runs, Eq. (67) correctly predicted sus-

pended load transport when the latter occurred and

vice versa. U* was calculated from the velocity pro-

file, after first straightening out the latter and then

adapting the value of U* until the observed and

theoretical velocity profiles Eqs. (21)–(24) coincided

as closely as possible.
8 10 12 14 16
te over plane beds (g cm-1 s-1)

the total sediment discharge predicted by Eq. (68), based upon the
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6.3. Total sediment discharge

The predicted total sediment discharge is given by

qtp ¼ qbp þ qsp: ð68Þ

Fig. 18 plots the predicted total sediment discharge

against the observed total discharge over plane beds.

The correlation coefficient R2 in this case is 0.9805.

For those runs where qbp excessively overpredicted the

observed bedload discharge qbo, the total discharge

proves to be less anomalous, indicating that part of

the suspended load may have been transported as bed-

load where and/or when the measurements were taken.

Guy et al. (1966) did not consider the saltation load

separately and probably incorporated it into the sus-

pension load, which might explain this observation.
7. Application to field conditions

The equations above are in all cases based on

laboratory (flume or wind tunnel) data. To determine

their validity under natural conditions however, is not

always easy, as many published field studies do not

provide all the necessary information. This may be

because certain parameters are difficult to measure

under these circumstances, or because many research-

ers simply do not state how their information was

obtained. For example, water or air temperatures are

often not recorded or grain sizes are mentioned with-

out indicating whether they were determined by sieve

or settling tube analysis. Velocity profile data are also

very seldom provided.

7.1. Field measurement of sediment discharge

A serious problem in sediment transport studies

under field conditions, especially in the marine

realm, is the accurate measurement of sediment dis-

charge. Sediment traps, for example, disturb the layer

in which transport takes place and are selective in the

sizes they capture (Dyer, 1976). They also have to be

oriented exactly parallel to the transport direction,

which is not always known (Pickrill, 1986). Fluores-

cent tracers need to reach equilibrium with the back-

ground, which can take up to about 2 months (Lees,

1983) and during which they may be transported in

different directions by tidal currents, waves and storm
processes. For these reasons, a method commonly

employed by engineers to determine bedload dis-

charge in the marine environment is based on the

migration rate of bedforms such as ripples or dunes

(e.g., Bagnold, 1941; Kachel and Sternberg, 1971;

Langhorne, 1981; Yang, 1986). The bedload dis-

charge ( qbr) in this case is given by

qbr ¼ qcHUr ð69Þ

where Ur is the bedform migration rate.

To test whether this approach is feasible, the small-

ripple laboratory data of Guy et al. (1966) were

examined. Plotting qbr against qbo shows that qbr
generally (but not always) overestimates qbr and has

a correlation coefficient R2 of only 0.3963. Plotting

qbr against the total load ( qbo+qso) also yields an R2

value of �0.1902, so that this method appears to be

completely unreliable. It is no wonder, therefore, that

large discrepancies are commonly observed between

predicted and bobservedQ bedload transport under nat-

ural conditions. Heathershaw (1981), for example,

tested five of the most frequently used bedload equa-

tions on one data set and obtained a two-order mag-

nitude spread in predictions. Different researchers

have also found that different equations fit their own

particular data best (e.g. Heathershaw and Hammond,

1980; Lees, 1983; Pickrill, 1986).

7.2. Transport equations based on velocities recorded

at fixed distances above the bed: are they valid?

An extensive survey of the literature shows that a

widespread practice to predict sediment transport rates

is to record the current velocity at a fixed distance

from the sediment surface, usually between 100 and

200 cm (e.g., O’Brien and Rindlaub, 1936; Miller et

al., 1977; Berben et al., 1978; Bórówka, 1980; Black

and Healy, 1982; Lees, 1983; Hardisty, 1983; Pickrill,

1986; Yang, 1986; Sarre, 1988; Wang and Gao, 2001).

In some cases, equations are used to calculate this

velocity from the mean current velocity. Wang and

Gao (2001), for example, used the continuity equation

(Um=Q /dw) to determine the mean current velocity

(Guy et al., 1966) and subsequently obtained U100

from

U100 ¼ Um � U*=Kð Þln 0:37dð Þ: ð70Þ
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However, as pointed out by Le Roux

(2004a,b,c,d,e), this method gives errors of up to

45% for U100 for the well-constrained laboratory

data of Guy et al. (1966). Conversely, it means that

if U* were to be calculated from Eq. (70) after mea-

suring the current velocity at 100 cm, it would provide

widely erroneous results.

The logarithmic relationship

Uy ¼ U* 2:5ln y=y0ð Þ½ � ð71Þ

is also commonly employed to describe wind pro-

files (e.g., Howard et al., 1978; Namikas, 2003).

This equation is in fact the same as Eq. (23), because

y0=D exp (�8.5 /2.5), or D / 30 for closely packed,

uniform sand-grain roughness. However, for poorly

sorted sediments or in the presence of bedforms, the

roughness height y0 changes (Middleton and South-

ard, 1984). This suggests that y0 has to be deter-

mined for each specific case. In the absence of such

data, however, some investigators have used a con-

stant value for y0. For example, Sarre (1988), in his

study of wind transport on a beach in North Devon,

England, could not determine a conclusive value for

y0 and therefore used a constant of 0.3 cm (follow-

ing Bagnold, 1941) for k to estimate y0 from the

equation

y0 ¼ kexp � KUk=U*ð Þ ð72Þ

where Uk is the wind speed at height k at the

threshold of grain movement (312 cm s�1). The

calculated y0 of 0.0005 cm was subsequently

employed in Eq. (71) to determine shear velocities

from the wind speed measured at a height of 200

cm. Similarly, Namikas (2003) used a fixed rough-

ness length of 2D50 /30 to model aeolian mass flux

on a sandy beach.

To demonstrate that this procedure cannot produce

reliable results, consider the case study reported by

Svasek and Terwindt (1974) on wind transport along a

beach near Noorwijkerhout, the Netherlands. These

authors measured velocity profiles and determined the

values of U* using Eq. (25), and y0 by extrapolating

the velocity distribution line in the graph to the ordi-

nate U =0, as also described in Section 3.2.4 above.

Their Fig. 3 shows two velocity profiles measured

under different wind conditions, which have a cross-

over point at a height of about 20 cm. For the two
profiles, respectively, widely different shear velocities

were calculated (48 and 141 cm s�1) and transport

rates were measured at 0.1389 and 3.1389 g cm�1

s�1. If, instead of measuring complete velocity pro-

files, they had simply measured the velocity at a

height of 100 cm above the surface and used a con-

stant for y0 of 0.00083 cm for their mean grain size of

0.025 cm, the calculated shear velocities would have

been 33 and 47 cm s�1, respectively, very different

from the actual values. Furthermore, if the wind speed

had been measured at 20 cm, these values would have

been exactly the same, obviously not agreeing with

the widely different sediment transport rates. It should

be noted also that both velocity profiles of Svasek and

Terwindt (1974) are described by Eq. (71), in spite of

the fact that the Re* number corresponding to their

first profile (k =0.03 cm, q =0.0012 g cm�3,

l =0.00018 g cm�1 s�1, U*=48 cm s�1) is only

9.6, which corresponds to transitional flow. It thus

appears that wind profiles do not follow the velocity

distribution laws given by Eqs. (21)–(23), and that Eq.

(71) should not be applied with a constant value of

k=0.3 cm as proposed by Bagnold (1941) and Sarre

(1988).

To further investigate the feasibility of using U100

for transport equations, the flume data of Guy et al.

(1966) were analyzed for runs over plane beds. U100

was determined from the upward projection of the

best-fit trendlines to the velocity profile data, after

adjusting the profiles slightly up or down to get

the highest correlation coefficient (Middleton and

Southard, 1984). The velocity 100 cm from the

bottom at the threshold of sediment movement

(U100c) was calculated from the critical shear ve-

locity for the particular grain size, first converting

their settling diameter to the equivalent sieve di-

ameter Eqs. (1),(29) (30) (31) (32) (33),(4) (5) (6)

(7),(34) (35) (36) (37) (38), and then using Eqs.

(29)–(33) to determine the dimensionless sieve set-

tling diameter and Eqs. (46)–(48) to calculate the

dimensionless shear stress bc. U *c was obtained

from bc using Eq. (44) and inserted into the appro-

priate of Eqs. (21)–(23) to calculate U100c, after

determining the Re*c number at threshold from Eq.

(18), using k =Dv and U*=U*c. The ratio U100 /

U100c was subsequently plotted against the observed

bedload discharge for each run (setting U100 /

U100c=0 where U100bU100c) to determine its suit-
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ability for bedload equations. Fig. 19 shows that this

relationship is extremely poor, giving an R2 of only

0.4417, compared to 0.9066 for U*calc /U*c (Le Roux

and Brodalka, 2004).

The considerations above strongly suggest that the

use of U100 (or any other specific height above the

bed), should be abandoned in sediment transport stud-

ies, even where it had been determined from velocity

profiles. An exception is where Uy can be related to

the water depth, for example to determine Um (at

0.37d) in Eqs. (21)–(24).

For aeolian transport, where it is impossible to

determine the bmeanQ wind speed in the absence of

d, formulas such as Eq. (65) cannot be used. Howe-

ver, it may be possible to substitute U* and U*c for Um

and Umc, respectively, using a different constant for

C. The two velocity profiles given by Svasek and

Terwindt (1974) suggest that C may have a value of

around 2400, but much more data would be required

to establish such a relationship. It is clear, however,

that complete velocity profiles should be measured

instead of relying on single measurements at specific

heights above the bed.

Considering the fact that bedload discharge as

measured under field conditions using present tech-

nology is probably highly inaccurate, and that the

velocity profiles required for the application of Eqs.

(64)–(68) are not provided in the vast majority of

studies, it was not possible to test these equations

against field data.
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Fig. 19. Plot of U100 /U100c ratio against observed bedload discharge over
7.3. Threshold of sediment motion by wind

The application of Eqs. (49) and (50) to natural

conditions is hampered by the fact that the former

were derived only from dry, well sorted grains

entrained on flat beds in a wind tunnel. Natural sedi-

ments are not necessarily well sorted and smaller

grains will be entrained before the D50 size. Eqs.

(49) and (50) should therefore be considered to

yield the maximum shear velocity required to entrain

sediment with a median size D50.

Wind tunnel experiments on sand with a D50 size

of 0.04 cm by Belly (1964), showed that the critical

shear velocity at a moisture content of 0.1% vol. water

is 35 cm s�1. Using Eqs. )(1),(29)(30)(31)(32)(33),

(49),(50) and (44) (q =0.0012 g cm�3; l =0.00018 g

cm�1 s�1) for this grain size gives a U*c value of 34.4

cm s�1. It thus seems as if a very slight moisture

content prevents the finer fraction from being

entrained too easily and compensates for the lower

expected critical shear velocity of less well sorted

sand.

Svasek and Terwindt (1974) studied aeolian trans-

port on a beach with a median size of 0.025 cm. Using

velocity profiles, they calculated the mean critical

shear velocity for dry, cohesionless sand at 17 cm

s�1, which is lower than the 25.7 cm s�1 calculated

from the equations above, but in line with what is

expected for a less well sorted sand. However, for the

same sand with a moisture content of 0.1% vol. water,
5 7
/U100c

864

plane beds, based upon the experimental results of Guy et al. (1966).
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they obtained U*c values of 25.2 and 25.8 cm s�1,

respectively (their Fig. 4), which supports the obser-

vation above. It is therefore tentatively suggested that

Eqs. (49) and (50) may be used directly for natural

sands with a moisture content close to about 0.1% vol.

water.

7.4. Threshold of sediment motion under waves

Davies (1985) carried out two field experiments

during 1978 and 1980, respectively, outside the break-

er zone in Start Bay, Devon, in a water depth of 4–10

m. He used synchronous video and near-bed velocity

measurements to establish the critical conditions of

sediment transport. In contrast to the laboratory stud-

ies discussed above, the sediment was poorly sorted

and wave conditions were irregular, which was exac-

erbated by the presence of ripples on the sea bed.

However, the latter problem was overcome using a

procedure developed earlier (Davies, 1979, 1982).

In the two experiments, Davies (1985) determined

the incipient sediment motion, which corresponded

to the D50 size fraction, as well as the general bed-

load motion corresponding to the D90 size fraction.

Table 3 shows the grain-size data and wave periods

together with the critical velocities reported by

Davies (1985). Unfortunately, Davies (1985) did

not report the water temperature, so that a tempera-

ture of 15 8C is assumed here. This corresponds to a

density of 1.026 g cm�3 and a dynamic viscosity of

0.012 g cm�1 s�1, assuming a salinity of 35 g kg�1.

The critical orbital velocities under these conditions

as calculated by the methods of Manohar (1955),

Komar and Miller (1975b), and Eqs. (1),(29) (30)

(31) (32) (33),(55) and (56) are shown in Table 3.

The results indicate an excellent agreement, with the

latter equations giving the best overall performance of

the three methods.
Table 3

Field data of Davies (1985) and comparison of observed critical orbital v

Tw Grain size

(cm)

Uwc (cm s�1)

Manohar (1955)

Uwc (cm s

Komar and

10 0.078 (D50) 36 33

10 0.135 (D90) 44 42

6 0.026 (D50) 29 18

6 0.062 (D90) 38 28
8. Conclusions

The widespread practice of basing sediment

transport equations on single measurements of cur-

rent velocities at a specific distance above the bed

should be abandoned, as it cannot give reliable

results. Similarly, fixed roughness lengths should

not be used, but must be determined from measured

velocity profiles for every specific case. The need

for an improved method to determine sediment

transport rates under natural conditions is great, as

existing techniques are probably highly inaccurate.

In particular, the use of bedform migration rates to

calculate the bedload discharge appears to be unre-

liable, as it has a very low correlation coefficient

with the actual discharge as measured under labora-

tory conditions.

The settling velocity of grains, being a hydrody-

namic measure of grain size, has a wide application in

sediment transport studies. As shown above, it yields

good results not only for unidirectional currents of

water or air, but also for oscillatory waves. This is

because it depends on the same important variables

(size, density and shape) that govern sediment trans-

port. The use of dimensionless settling velocities (Wd)

together with other dimensionless expressions such as

the critical shear stress bc and wave orbital velocity

Udw, greatly facilitates these studies and allows the

equations to be applied to a wide range of fluids, gases

and grain densities.

The methods described above, although yet to be

proven under natural conditions because of the pro-

blems mentioned above, are practical in that no diffi-

cult-to-obtain parameters are needed. Required

variables include the fluid temperature (in the case

of sea water, the salinity is also needed to calculate the

density and dynamic viscosity), the water depth, the

wave period, the sediment grain size as determined by
elocities with calculated critical orbital velocities

�1)

Miller (1975b)

Uwc (cm s�1)

This paper

Uwc (cm s�1)

Davies (1985)

36 36

43 45

23 23

28 34
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either sieve or settling tube analysis, the grain density,

complete velocity profiles, and the types of bedforms.

The latter can be photographed with underwater cam-

eras in natural rivers or on the sea floor, determined

with a sonic depth sounder, or estimated from the flow

and sediment characteristics using the diagrams of

Southard and Boguchwal (1990). Natural slopes are

normally low, but this should be measured and cor-

rected for where possible.

An Excel program used in velocity profile analysis

(Le Roux and Brodalka, 2004) integrates many of the

equations in this paper to calculate bedload and sus-

pended load discharge in unidirectional currents.

Under natural conditions, it is recommended that a

series of velocity profiles be measured across the

current, together with sediment data, and that these

be integrated to determine the total sediment dis-

charge. The program can be obtained from the Com-

puters and Geosciences website, or by writing to the

author.
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Appendix A

List of symbols

a Coefficient used in settling equation based

on Hr

A Surface or cross-sectional area in cm2

b Coefficient used in settling equation based

on Hr

C Bedform constant
Cd Dimensionless drag coefficient

d Flow depth in cm

do Threshold wave orbital diameter in cm

D Grain diameter in cm

Dd Dimensionless grain diameter

Ddn Dimensionless nominal grain diameter

Dds Dimensionless sphere diameter

Ddv Dimensionless grain sieve diameter

Ddw Dimensionless grain fall diameter

DI Intermediate orthogonal grain diameter in

cm

Dl Long orthogonal grain diameter in cm

Dm Short orthogonal grain diameter in cm

Dn Nominal grain diameter in cm=1.32 Dv

Ds Sphere diameter in cm

Dds Dimensionless sphere diameter

Dv Grain sieve diameter in cm

Dw Grain fall diameter in cm

D50 Grain size at 50th percentile

D90 Grain size at 90th percentile

DES Deviation from equivalent sphere

e Variable

fdw Dimensionless wave friction factor

F Force in g cm s�2

FD Drag force in g cm s�2

Fr Froude number

g Gravity acceleration in cm s�2

H Bedform height in cm

Hr Hofmann shape entropy

K Von Karman constant (0.4)

k Bottom roughness in cm

L Length in cm

m Number of primary dimensions

M Mass in g

ME Mean prediction error in percent

n Number of variables

pi Proportion of intermediate orthogonal grain

diameter

pl Proportion of long orthogonal grain diameter

pm Proportion of short orthogonal grain

diameter

qb Bedload discharge in g cm�1 s�1

qbo Observed bedload discharge in g cm�1 s�1

qbp Predicted bedload discharge in g cm�1 s�1

qbr Bedload discharge as predicted by bedform

migration rate, in g cm�1 s�1

qso Observed suspended load discharge in g

cm�1 s�1
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qsp Predicted suspended load discharge in cm3

cm�1 s�1

qto Observed total sediment discharge in g cm�1

s�1

qtp Predicted total sediment discharge in g cm�1

s�1

Q Flow discharge in cm3 s�1

R2 Correlation coefficient

Re Reynolds number

Ref Flow Reynolds number

Rew Settling Reynolds number

Re* Boundary Reynolds number

Re*c Critical boundary Reynolds number

Re*ca Critical boundary Reynolds number on

slope a
S Channel slope

T Time in s

Tw Wave period in s

U Velocity in cm s�1

Uav Time-averaged flow velocity in cm s�1

Uc Critical flow velocity on horizontal bed in

cm s�1

Udw Dimensionless wave orbital velocity

Udwc Dimensionless critical orbital velocity

Uk Flow velocity at height k at threshold of

sediment movement in cm s�1

Um Mean flow velocity in cm s�1

Umc Mean critical flow velocity in cm s�1

Ur Bedform velocity in cm s�1

Uw Wave orbital velocity in cm s�1

Uwc Critical wave orbital velocity in cm s�1

Uy Current velocity at distance y (cm) from bed

in cm s�1

U100 Flow velocity 100 cm above bed in cm s�1

U100c Flow velocity 100 cm above bed at threshold

of sediment movement in cm s�1

U* Shear or friction velocity in cm s�1

U*c Critical friction velocity in cm s�1

U*calc Critical friction velocity as calculated by

minimizing difference between theoretical

and observed velocity profiles in cm s�1

U*ca Critical friction velocity on slope a
Uca Critical flow velocity on slope a
V Volume in cm�3

w Channel width in cm

W Settling velocity in cm s�1

Wdn Dimensionless nominal sieve diameter set-

tling velocity
Wdp Dimensionless predicted settling velocity

Wds Dimensionless sphere settling velocity

Wdvn Dimensionless settling velocity of nominal

sieve diameter grain

Wdw Dimensionless measured settling velocity

Wm Measured settling velocity in cm s�1

Wvn Nominal sieve diameter settling velocity in

cm s�1

Wp Predicted settling velocity in cm s�1

Ws Settling velocity of sphere in cm s�1

Wv Sieve diameter settling velocity in cm s�1

X Bedload discharge given by Eq. (65)

y Distance from bottom

ya Displacement height in cm

yd Dimensionless distance from bed

y0 Roughness length in cm

z Exponent used in settling equation based on

DES

a Bedslope angle in degrees

bc Shields critical dimensionless boundary

shear stress

bca Shields critical dimensionless boundary

shear stress on slope a
bw Oscillatory Shields critical dimensionless

boundary shear stress

d Small change in variable

B Thickness of viscous sublayer in cm

D Difference between variables

/ Pivot or internal friction angle in degrees

k Bedform length in cm

l Dynamic fluid viscosity in g cm�1 s�1

p Pi (22 /7)

px Dimensionless group of variables

qs Grain density in g cm�3

q Fluid density in g cm�3

qc Submerged grain density (qs�q) in g cm�3

s Shear stress

sc Critical boundary shear stress in g cm�1 s�2

s0 Boundary shear stress in g cm�1 s�2

swc Critical oscillatory bed shear stress

t Kinematic fluid viscosity
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