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page 1443, 1line 29: replace u, by u, = 0.04 m/s
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SEDIMENT TRANSPORT, PART II:
SUSPENDED LOAD TRANSPORT

By Leo C. van Rijn’

ABsTRACT: A method is presented which enables the computation of the sus-
pended load as the depth-integration of the product of the local concentration
and flow velocity. The method is based on the computation of the reference
concentration from the bed-load transport. Measured concentration profiles have
been used for calibration. New relationships are proposed to represent the size-
gradation of the bed material and the damping of the turbulence by the sedi-
ment particles. A verification analysis using about 800 data shows that about
76% of the predicted values are within 0.5 and 2 times the measured values.

INTRODUCTION

An essential part of morphological computations in the case of flow
conditions with suspended sediment transport is the use of a reference
concentration as a bed-boundary condition. At the Delft Hydraulics Lab-
oratory an equilibrium bed concentration has been used so far (24-27).
In that approach an equilibrium concentration is computed from the sed-
iment transport capacity as given by a total load transport formula and
the relative concentration profile. To improve the bed-boundary condi-
tion, a theoretical investigation was initiated at the Delft Hydraulics Lab-
oratory with the aim of determining a relationship which specifies the
reference concentration as function of local (near-bed) flow parameters
and sediment properties (33,34).

In the present analysis, it will be shown that the function for the bed-
load concentration as proposed in Part I, can also be used to compute
the reference concentration for the suspended load. Furthermore, the
main controlling hydraulic parameters for the suspended load, which
are the particle fall velocity and the sediment diffusion coefficient, are
studied in detail. Especially investigated and described by new expres-
sions are the diffusion of the sediment particles in relation to the dif-
fusion of fluid particles and. the influence of the sediment particles on
the turbulence structure (damping effects).

Finally, a method to compute the suspended load transport is pro-
posed and verified, using a large amount of flume and field data. -

CHARACTERISTIC PARAMETERS

In the present analysis it is assumed that the bed-load transport and
therefore the reference concentration at the bed are determined by par-
ticle parameter D4 and transport stage parameter T as

1/3
s—1
D* =D50[:'('—“"'2_)"‘§] .......................................... (1)

v

'Proj. Engr., Delft Hydr. Lab., Delft, The Netherlands.

Note.—Discussion open until April 1, 1985. To extend the closing date one
month, a written request must be filed with the ASCE Manager of Technical and
Professional Publications. The manuscript for this paper was submitted for re-
view and possible publication on October 25, 1982. This paper is part of the
Journal of Hydraulic Engineering, Vol. 110, No. 11, November, 1984. ©ASCE,
ISSN 0733-9429/84/0011-1613/$01.00. Paper No. 19277.
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in which Dy, = particle diameter of bed material; s = specific density; g
= acceleration of gravity; and v = kinematic viscosity coefficient.

= (u:k)z B (u*,cr)2
(u*,cr)z

in which u4 = (¢°°/C’) # = bed-shear velocity related to grains; C' =
18 log (12R;/3Dy) = Chézy-coefficient related to grains; R, = hydraulic
radius related to the bed according to Vanoni-Brooks (38); # = mean flow
velocity; and u x . = critical bed-shear velocity according to Shields (36).

To describe the suspended load transport, a suspension parameter
which expresses the influence of the upward turbulent fluid forces and
the downward gravitational forces, is defined as

T

W
Z= C e e as e s aa e e e b iah e s e i ee e 3
Brits ©)

in which w, = particle fall velocity of suspended sediment; B = coeffi-
cient related to diffusion of sediment particles; k = constant of Von Kar-
man; and u4 = overall bed-shear velocity.

INITIATION OF SUSPENSION

Before analyzing the main hydraulic parameters which influence the
suspended load, it is necessary to determine the flow conditions at which
initiation of suspension will occur. _

Bagnold stated in 1966 (4) that a particle only remains in suspension
when the turbulent eddies have dominant vertical velocity components
which exceed the particle fall velocity (w,). Assuming that the vertical
velocity component (w') of the eddies are represented by the vertical
turbulence intensity (@), the critical value for initiation of suspension
can be expressed as: |

W= (W )] W, ot 4)

Detailed studies on turbulence phenomena in boundary layer flow (20)
suggest that the maximum value of the vertical turbulence intensity (#)
is of the same order as the bed-shear velocity (u«). Using these values,
the critical bed-shear velocity (i) for initiation of suspension be-
comes:

ey

which can be expressed as (see Fig. 1)

- (u *,crs)2 - (ws)2
(s-1)gDs (s—1)gDx

Another criterion for initiation of suspension has been given by Enge-
lund (16). Based on a rather crude stability analysis, he derived:

Ccrs

Usx,crs

Ws,
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Finally, some results of experimental research at the Delft Hydraulics
Laboratory are reviewed. The writer determined the critical flow con-
ditions at which instantaneous upward turbulent motions of the sedi-
ment particles (bursts) with jump lengths of the order of 100 particle
diameters were observed (11). The experimental results can be repre-
sented by: ’

Uk, crs 4 : )
—=—, for 1<Dx=<10 ...cooriiiiiii ittt (8)
ws *
Ux crs :
— =04, for De>10 .. ... i e e 9)
W '

Egs. 6-9 are shown in Fig. 1. Summarizing, it is suggested that the cri-
terion of Bagnold may define an upper limit at which a concentration
profile starts to develop, while the writer’s criterion defines an inter-
mediate stage at which locally turbulent bursts of sediment particles are
lifted from the bed into suspension.

MAaTHEMATICAL DESCRIPTION OF CONCENTRATION PROFILES

In a steady and uniform flow, the vertical distribution of the sediment
concentration profile can be described by:

' dc
-0 cw,, + es;i-; e O (10)



in which ¢ = sediment concentration; w,, = particle fall velocity in a
fluid-sediment mixture; €, = sediment diffusion coefficient; and z = ver-
tical coordinate.

Particle Fall Velocity.—In a clear, still fluid the particle fall velocity
(w;) of a solitary sand particle smaller than about 100 pm (Stokes-range)
can be described by:

1 (s~ 1) gD?
w= 88D (11)
18 v '

For suspended sand particles in the range 100-1,000 pm, the followmg
type of equation, as proposed by Zanke (42), can be used:

0.01(s - 1) gD?]™’ ' |
ws=1o-l—)"—{[1 t-lg ] —1} ....................... (12)

s v

For particles larger than about 1,000 pm the following simple equation
can be used (34):

We= LI = 1) gDs]0% oottt (13)

In Egs. 11-13 the D -parameter expresses the representative particle
diameter of the suspended sediment particles, which may be consider-
ably smaller than D3, of the bed material, as will be shown later on.

Experiments with high sediment concentrations have shown a sub-
stantial reduction of the particle fall velocity due to the presence of the
surrounding particles. For normal flow conditions with particles in the
range 50-500 pm the reduced particle fall velocity can be descnbed by
a Richardson-Zaki type equation (34):

Diffusion Coefficient.—Usually, the diffusion of fluid momentum (gy)
is described by a parabolic distribution over the flow depth (d):

In the present analy31s a parabolic-constant distribution, which means
a parabolic distribution in the lower half of the flow depth and a con-
stant value in the upper half of the flow depth, is used mainly because
it may give a better description of the concentration profile. The para-
bolic-constant distribution reads:

€imax = 0.25kuyd for § 2 0.5 e (16a)
z z oz
€= 43 1- 2 €fmax fOT y <O e (16b)

Egs. 15 and 16 are shown in Fig. 2. The diffusion of sediment particles
(e5) is related to the diffusion of fluid momentum by:

The B-factor describes the difference in the diffusion of a discrete sed-
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iment particle and the diffusion of a fluid “particle’” (or small coherent
fluid structure) and is assumed to be constant over the flow depth. The
d-factor expresses the damping of the fluid turbulence by the sediment
particles and is assumed to be dependent on the local sediment concen-
tration. It will be shown (later on) that the B-factor and the ¢-factor can
be described separately.

Firstly, various expressions for the concentration profile will be given.

Concentration Profiles.—Using a parabolic-constant ¢,-distribution ac-
cording to Eqgs. 16 and 17 with ¢ = 1 (no damping effect) and a con-
centration dependent particle fall velocity according to Eq. 14, the sed-
iment concentration profile can be obtained by integration of Eq. 10
resulting in: '

b : 1 ©Q —c,)
Z‘ [n(l - )" ] Zl [n(l - Ca)n] oo [(Ca)(l - C)]

(a)d - z) z
[(z)(d — a)] for —=<05 .. ... (18a)

4 4 1 (€)1 - ca)]
2[ (l—c)] Z[na-ca)]”“[(ca)a—o
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z|1 ( g >+4<Z os) for 2205 (18b)
= — - — U. P T =2 U0 ..ttt tetnninas
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in which ¢, = reference concentration; a = reference level; d = depth; z
= vertical coordinate; and Z = suspension parameter. Egs. 18a—bis shown
in Fig. 3. For small concentrations (c < ¢, < 0.001) Eq. 18a-b reduces to:

- z
d- .
= (ﬁ)-(—-f)] ;0T =< 0.5t (194)
¢, Lz)d-—a) d
- z
£ y 4 ] [e] 42E/H4-05)  for 32 0.5 i (19b)
¢, |ld-a

Using a parabolic e,-distribution, the concentration profile for the en-
tire flow depth is described by Eq. 18a or 19a, the latter being the well-
known Rouse-expression. Eq. 18a is also shown in Fig. 3.

Using a concentration dependent e -distribution (¢ # 1), the concen-
tration profile can only be computed by numerical integration of Eq. 10.
In the present analysis a simple Runga-Kutta method with an automatic
step reduction will be used.

Influence of Reference Level and Suspension Parameter.—To show
the influence of the reference level (a) and the suspension parameter (Z)
on the concentration profile, Eq. 18a has been solved for Z = 1.0, 1.25
and 1.5 (variation of about 20% with respect to the mean value) and a
reference level a = 0.1d, 0.01d and 0.001d. The results are shown in Fig.
4. To simulate increasing sediment concentrations towards the bed, the
reference concentration (c,) has been increased from ¢, = 0.001 at a/d
=0.1toc, = 0.1 ata/d = 0.001 (see Fig. 4).

As can be observed, the concentration profile is relatively sensitive to
small variations (about 20%) in the Z-parameter, particularly for a ref-
erence level very close to the bed (a = 0.0014). It is evident that a ref-
erence level smaller than 0.01d leads to large errors in the concentration
profile, but even for a = 0.014 the prediction of a concentration profile
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with an error less than a factor 2 requires a Z-parameter with an error
of less than 20% which is hardly possible. Although the particle fall ve-
locity and the bed-shear velocity may be estimated with sufficient ac-
curacy, the accuracy of the B-factor is rather poor.

In this context also the approach of Einstein (12), which is followed
by Engelund and Fredsee (17), is reviewed because he uses a reference
level equal to two particle diameters. In the present analysis it has been
shown that the approach of Einstein will lead to large errors in the pre-
dicted suspended load, because the Z-parameter cannot be estimated
very accurately. Moreover, in the case of flow conditions with bed forms,
Einstein’s approach is rather artificial. Therefore, the method of Einstein
is not attractive to use as a predictive sediment transport theory.

INVESTIGATION OF SEDIMENT DiFFusioN COEFFICIENT

B-Factor.—Some investigators have concluded that 8 < 1 because the
sediment particles cannot respond fully to the turbulent velocity fluc-
tuations. Others have reasoned that in a turbulent flow the centrifugal
forces on the sediment particles (being of higher density) would be greater
than those on the fluid particles, thereby causing the sediment particles
to be thrown to the outside of the eddies with a consequent increase in
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FiG. 5.—Sediment Diffusion Coefficient (Enoree River) According to Coleman

the effective mixing length and diffusion rate, resulting in § > 1. Chien
(7) analyzed concentration profiles measured in flume and field condi-
tions. Chien determined the Z-parameter from the slopes of plotted con-
centration profiles and compared those values with Z = w,/(kux). In
most cases the latter (predicted) Z-values overestimated the Z-values
based on the measurements, thereby clearly indicating B > 1. The results
of Chien mainly demonstrate the influence of the B-factor because his
results are based on concentrations measured in the upper part of the
flow (z > 0.1d) where the concentrations are not large enough to cause
a significant damping of the turbulence (¢ = 1). Information about the
B-factor in relation to particle characteristics and flow conditions can be
obtained from a study carried out by Coleman (9). Coleman computed
the e -coefficient from the following equation:

dc
L o R N .. (20)
dz

Coleman’s results indicate a sediment diffusion coefficient which is nearly
constant in the upper half of the flow for each particular value of the
ratio w,/u« (see Fig. 5). The writer used the results of Coleman to de-
termine the B-factor, defined as (34):

6S,l’“i!)( es,max

€rmax  0.25 Kl xd

B:

The maximum value of the e¢;-distribution is the maximum value ac-
cording to Eq. 15 for z/d = 0.5. The €, n.-value was determined as the
average value of the e,-values in the upper half of the flow [as given by
Coleman (9)], where the concentrations and therefore the damping of

1620



) field data Coleman
) flume data Coleman
—=—w-= [-factor according to Kikkawa

Equation (22)| 19 o
Uy
P
B , no 8/ ‘0,,/
ol 2T
L~
o

-—t—‘

c)O Q2 04 0.6 0.8 1.0

A . LW
——3% ratio fall wlocity - shear velocity, Ui
%

FIG. 6.—B-Factor

the turbulence (¢-factor) are relatively small. In that way only the influ-
ence of the B-factor is considered. The computed B-factors can be de-
scribed by:

w,]’ w '
B=1+2[-—-f], for 0.1<—=—<1l....ciiiiiiriiiiiinnnnnnn.. (22)
U x U % :

as shown in Fig. 6. A relationship proposed by Kikkawa and Ishikawa
(28), based on a stochastic approach is also shown. According to the
present results, the B-factor is always larger than unity, thereby indi-
cating a dominating influence of the centrifugal forces.

¢-Factor.—The d-factor expresses the influence of the sediment par-
ticles on the turbulence structure of the fluid (damping effects). Usually
the damping effect is taken into account by reducing the constant of Von
Karman (k). Several investigators have observed that the constant of Von
Karman becomes less than the value of 0.4 (clear flow) in the case of a
heavy sediment-laden flow over a rigid, flat bed. It has also been ob-
served that the flow velocities in a layer close to the bed are reduced,
while in the remaining part of the flow there are larger flow velocities.
Apparently, the mixing is reduced by the presence of a large amount of
sediment particles. According to Einstein and Chien (13), who deter-
- mined the amount of energy needed to keep the particles in suspension,
the constant of Von Karman is a function of the depth-averaged con-
centration, the particle fall velocity and the bed-shear velocity.

Although Ippen (23) supposed that the constant of Von Karman is
primarily a function of some concentration near the bed, an investigation
of Einstein and Abdel-Aal (14) showed only a weak correlation between
the near-bed concentration and the constant of Von Karman.

Coleman (10) questioned the influence of the sediment particles on the
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constant of Von Karman. Coleman re-analyzed the original data of Ein-
stein-Chien and Vanoni-Brooks and concluded that they used an erro-
neous method to determine the constant of Von Karman. In view of
these contradictions it may be questioned if the concept of an overall
constant of Von Karman for the entire velocity profile is correct for a
heavy sediment-laden flow. An alternative approach may be the intro-
duction of a local constant of Von Karman (k,,) dependent on the local
sediment concentration, as has been proposed by Yalin and Finlayson
(40). Yalin and Finlayson analyzed measured flow velocity profiles and
observed that the local velocity gradient in a sediment-fluid mixture is
larger than that in a clear flow. Assuming k,, = ¢k (¢ = damping factor
for local concentration, k = 0.4), Yalin and Finlayson finally derived that:

CE T I :
2 Te\G) (23)

Using Eq. 23 and flow velocities measured in a flow with and without
sediment particles, Yalin and Finlayson determined some ¢-values, as
shown in Fig. 7.

Firstly, it is pointed out that the approach of Yalin and Finlayson is
rather simple and based on sometimes rather crude assumptions. Ba-
sically, a proper study of the influence of the sediment particles on the
velocity and concentration profile requires the solution of the equations
of motion and continuity applying a first order closure (mixing length)
or a second order (turbulence energy and dissipation) closure. However,
as such an approach is far beyond the scope of the present analysis, the
writer has modified the approach of Yalin and Finlayson to get a first
understanding of the phenomena involved. The modified method is based
on the numerical computation of the flow velocity and concentration
profile, as (34):

Velocity Profile.—Using the hypothesis of Boussinesq, the flow ve-
locity profile in a fluid-sediment mixture is described by:
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dz

in which 7, = shear stress in a fluid-sediment mixture; p,, = local density
of mixture; €,, = diffusion coefficient of mixture; and v,, = viscosity coef-
ficient of mixture.

Taking 7, = (1 — z/d) p,u% , in which p,, = average density of mixture
and assuming p. = p., the velocity gradient can be expressed as:

z
(du) _ d 25)
dz m - em + vm » .‘ ........................................

The diffusion coefficient for the fluid phase of the mixture (e,) is de-
scribed by:

d
T = polEm + v,,,)(—”—‘> ........................................ 24)

€ = D€ et (26)
Z Z

R B 27

¢f d( d) € @7)

€pman = 0.25 KUad oo eeee e (28)

The ¢-factor, which has been used as (free) fit-parameter, is supposed
to depend on the local concentration and is described by a simple func-
tion:

in which ¢ = local volumetric concentration; and ¢, = 0.65 = maximum
volumetric bed concentration.

In a sediment-laden flow, the viscosity coefficient is also modified.
Based on experiments with large concentrations, Bagnold (3) derived:

U = V(L F AL F 0.5R) oo e e (30)

in which A = [(0.74/c)'? — 1] 7' = dimensionless concentration param-
eter.

Sediment Concentration Profile.—To describe the concentration pro-
file, Egs. 10 and 14 are supposed to be valid, resulting in:

de  w,ec(1-c)’
~ e rTeeeteeseee

in which ¢, = Bde, = diffusion coefficient for the sediment phase of the
mixture.

The B-factor according to Eq. 22 is assumed to be valid, while the ¢-
factor, as stated before, has been used as a fit-parameter to reproduce
measured concentration profiles.

Determination of ¢-Factor.—Three sets of data were used to fit the
¢-function: (1) The data of Einstein and Chien (13) who measured flow
velocity and concentration profiles in a heavy sediment laden flow; (2)
the.data of Barton and Lin (5); and (3) the data of Vanoni and Brooks
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(38). By assuming a ¢-function and then solving Egs. 25 and 31 simul-
taneously by numerical integration and fitting with measured velocity
and concentration profiles, the actual ¢-function was determined. The
boundary conditions for the velocity and concentration profiles were: u
= 0atz = 0and ¢ = ¢, at z = g, the latter being the concentration (c,)
measured in the lowest sampling point ().

Several ¢-functions were used, but the “best” agreement with mea-
sured concentration profiles was obtained by using:

¢ 0.8 c 0.4 .
b=1+ [C—] -2 [E'] ..... I 32)
0 0

Eq. 32, shown in Fig. 7, gives values which are considerably larger (less
damping) than those given by Yalin and Finlayson.

Firstly, the results for the experiments of Einstein and Chien are re-
viewed in more detail. Fig. 8 shows measured and computed results on
Run 5-15 with the 275 pm-sediment. It is remarked that the applied ref-
erence concentration was assumed to be equal to the concentration mea-
sured in the lowest sampling point, resulting in ¢, = 625,000 ppm (by
weight) at a = 0.005 m.

The computed concentration and velocity profiles are based on the
numerical integration of Egs. 25 and 31 applying a ¢-factor according to
Eq. 32.

qu can be observed, the applied ¢-function does not give optimal
agreement for the entire profile, probably because Eq. 32 is somewhat
too simple. Using ¢ = 1 (no damping effect) results in computed con-
centrations which are an order of magnitude larger than the measured
values.

As regards the flow velocity profile, the computed velocities are only
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FiG. 8.—Measured and Computed Concentration and Flow Velocity Profiles for
Einstein-Chien Experiment (Run S-15)
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Barton-Lin Experiment (Run 31)

of importance in a qualitative sense because the equation of continuity
for the fluid has not been taken into account. However, the qualitative
trend with reduced flow velocities in the near-bed region is reproduced
to some extent. For comparison also the flow velocity profile for a clear
flow (Eq. 40) is shown (based on overall flow parameters). Fig. 9 shows
measured and computed velocity and concentration profiles for an ex-
periment of Barton and Lin (5) with 180 wm-sediment. It may be noted
that the concentrations measured by Barton and Lin are considerably
smaller than those in the experiments of Einstein and Chien. Finaily, an
experiment of Vanoni and Brooks (38) is shown in Fig. 10. For the latter
two experiments the flow velocity profile based on Egs. 25, 31 and 32
is not shown because the computed values were close to the values ac-
cording to the logarithmic profile.

Simplified Method.—The present method is not very suitable for
practical use because the concentration profile can only be computed by
means of numerical integration of Eq. 31. Therefore, a simplified method
based on Eq. 19 in combination with a modified suspension number (Z"),
is introduced. The modified suspension number (Z') is defined as:

in which Z = suspension number according to Eq. 3; and ¢ = overall
correction factor representing all additional effects (volume occupied by
particles, reduction of particle fall velocity and damping of turbulence).
The ¢-values have been determined by means of a trial and error method
which implies the numerical computation of concentration profiles (Eqs.
31 and 32) for various sets of hydraulic conditions and the determination
of the ¢-value that yields a concentration profile (Egs. 19 and 33) similar
to the concentration profile based on the numerical method. Therefore
for each set of hydraulic conditions (w,,ux,c,) a ¢-value is obtained.
Analysis of the ¢-values showed a simple relationship with the main
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hydraulic parameters, as follows (inaccuracy of about 25%):

0.8 0.4

W, c, w,

¢=25|— — for 0.0l=—=1......... . iiiiniinn.. (34)
U x Co U x

Fig. 8 shows an example of a concentration profile according to the sim-
plified method (Egs. 1g, 33 and 34).

Summarizing, it is stated that for concentrations larger than about 0.001
(=2,500 ppm) the é-factor becomes smaller than about 0.9 (Fig. 7) and
therefore the reduction of the sediment diffusion coefficient must be taken
into account. Compared with the concentration profile, the influence of
the damping of the turbulence on the velocity profile is relatively small.
As stated before, the present analysis only provides a first understand-
ing of the phenomena involved. More research is necessary applying the
complete set of equations to compute the concentration and velocity pro-
files.

Influence of Bed Forms.—In a qualitative sense the experiments of
Ikeda (22) provide some information about the influence of the bed forms
on the concentration profile. Ikeda carried out an experiment with a rigid
flat bed in which the amount of sediment particles (D5, = 180 um) was
controlled so as not to yield deposition and a similar experiment with a
movable bed surface. In both experiments the flow conditions were about
the same (w,/ux = 0.6), but the concentration profiles in the movable
bed experiment were much more uniform than those in the rigid flat
bed experiment, thereby indicating a more intensive mixing process due
to the bed forms. The computed B-factor was about 2.4 for the movable
bed experiment and about 1.3-1.8 for the flat bed experiment. Another
remarkable phenomenon observed by Ikeda was the increase of the sed-
iment concentrations by a factor of 10 as the bed forms became three-
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dimensional, whereas the bed-shear velocity remained nearly constant.

As regards the influence of the bed forms on the concentration profile,
and hence on the suspended load, also the approach of Einstein (12)
should be mentioned. Einstein assumed that the diffusion coefficient de-
pends on the bed-shear velocity related to grain-roughness (1 %) instead
of the overall bed-shear velocity (1), which is stated on pages 9 and
25 of his original report (12). The approach of Einstein is remarkable
because the diffusion of sediment particles in the main part of the flow
is merely related to the overall bed-shear velocity in which the turbu-
lence energy generated in the separated flow regions downstream of the
top of the bed forms plays an essential role. Therefore the concept of
Einstein, which is followed by Engelund and Fredsee (17), must be re-
jected.

Finally, it is stated that for most practical situations the present knowl-
edge of the sediment transport is sufficient to do morphological predic-
tions. However, from a scientific point of view further theoretical and
experimental research is necessary to extent the knowledge of the sed-
iment diffusivity (8- and ¢-factor), while also the influence of the bed
forms on the vertical distribution of the fluid diffusivity and therefore
the sediment diffusivity must be studied.

CoMPUTATION OF SUSPENDED LOAD

Reference Concentration.—In Part I (Bed-Load Transport) a function
for the bed-load concentration has been proposed. Generally, however,
it is not attractive to use the bed-load concentration as the reference con-
centration for the concentration profile because it prescribes a concen-
tration at a level equal to the saltation height which may result in large
errors for the concentration profile as shown in Fig. 4. Furthermore, this
approach is rather artificial in the case of bed forms because the bed-
load concentration is an estimate for the concentration in the bed-load
layer at the upsloping part of the bed forms. Therefore, another ap-
proach (34) is introduced with a reference level (a) related to the bed-
form height as shown in Fig. 11.

Below the reference level, the transport of all sediment particles is con-
sidered as bed-load transport (g,) and an effective reference concentra-
tion (c,) is defined as:

Gb = CoUpOp = Callgfe v e e it iie ettt et et ittt s, (35)

in which ¢, = bed-load concentration; u, = velocity of bed-load particles;
d;, = saltation height; i, = effective particle velocity; and a = reference
level above bed. Assuming i, = a,u, and using the proposed relation-
ships (Part I) for the bed-load concentrations (c;) and the saltation height
(85), the reference concentration (c,) can be expressed as:

_0.035 Dy T*®

s 3) a Dgga

Ca

In the present a-nalysis, the reference level is assumed to be equal to half
the bed-form height (A), or the equivalent roughness height (k) if the
bed-form dimensions are not known, while a minimum value a2 = 0.01d

1627



concentration
profile

depth d

saltation layer
reference level

average bed
level Ca

reference concentration

FIG. 11.—Definition Sketch for Reference Concentration

is used for reasons of accuracy (Fig. 4). Thus
a=054A, or a=k,, (witha,;;=001d)....................... (37)

The actual value of the a,-factor has been determined by fitting of
measured and computed concentration profiles for a range of flow con-

ditions. As only data in the lower flow regime with relatively low con-.

centrations (¢ = 1) were selected, the concentration profiles were com-
puted using Eqs. 19, 22 and 36. The reference level was assumed to be
equal to the equivalent roughness height of Nikuradse, because the bed-
form heights were not available for all experiments.

In all, 20 flume and field data were selected, which were the experi-
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FIG. 12.—Concentration Profile for Barton-Lin Experiment (Run 7)
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ments of Barton-Lin (5) and concentration profiles measured in the En-

oree River (2), in the Mississippi River (35) and an estuary in the Neth-

erlands (Eastern Scheldt). The flow depths varied from 0.1-25 m, the

flow velocity varied from 0.4-1.6 m/s and the sediment size from 180—

700 pm. The “best” agreement between measured and computed con-

centration profiles for all data was obtained for a, = 2.3 resulting in:
DSO Tl.S

€a= 0005 =S g (38)

Figs. 12, 13, 14 and 15 show some examples of measured and computed
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FIG. 14.—Concentration Profile for Mississipp! River (station 1100, Apr., 1963)
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concentration profiles for each data set using Eq. 38. In the present state
of research the knowledge of the reference concentration is rather lim-
ited. Only some graphical results have been presented (18). However,
these curves are not well-defined because the reference level is not spec-
ified. Therefore, Eq. 38 offers a simple and well-defined expression for
the computation of the reference concentration in terms of solids volume
per unit fluid volume (or in kg/m? after multiplying by the sediment
density, p).

RePRESENTATIVE PARTICLE SizE OF SUSPENDED SEDIMENT

Observations in flume and field conditions have shown that the sed-
iments transported as bed load and as suspended load have different
particle size distributions. Usually, the suspended sediment particles are
considerably smaller than the bed-load particles. Basically, it is possible
to compute the suspended load for any known type of bed material and
flow conditions by dividing the bed material into a number of size frac-
tions and assuming that the size fractions do not influence each other.
However, a disadvantage of this method, which has been proposed by
Einstein (12), is the relatively large computer costs, particularly for time-
dependent morphological computations. Therefore, in the present anal-
ysis the Einstein-approach is only used to determine a representative
particle diameter (D,) of the suspended sediment (34). Using the size-
fractions method, as proposed by Einstein, the total suspended load has
- been computed for various conditions, after which by trial and error the
representative (suspended) particle diameter was determined that gave
the same value for the suspended load as according to the size-fractions
method. Then, the D, parameter has been related to the D5, of the bed
material and the o, coefficient. :

In all, six computations were done using two types of bed material
with a geometric standard deviation: o, = 0.5(Dg;/Dsy + D1s/Dsy) = 1.5

1630



8§ o7 s o e

o -
g o8 g ;"_J

5 E o (e os | —a— e |

o § 08l—==—""lo_4a 5 Data Guy et al.

32 N ® D= 190 ym 0, = 1.4
g 04 0 Dgp=270 um gg= 18

§ § — Equation (37), gg= 1.5 A D5=280 ym g, =20
a . - i :

§ 5 o02f== Equation (37), gg=2.5 0 D5g=320 ym o= 1.8

2 4 6 8 10 12 14 16 18 20 22 24 26 _
——> transport stage parameter,T '

—_
o
(@]

FIG. 16.—Representative Particle Diameter of Suspended Sediment

and 2.5. The D5, of the bed material was equal to 250 pm. The mean
flow velocities were 0.5, 1.0 and 1.5 m/s. The flow depth was assumed
to be 10 m. The concentration profile was computed by means of Egs.
19 and 38 with B = 1, ¢ = 1 and k = 0.4. The reference level was applied
at a = 0.05d. The flow velocity profile was computed according to the
logarithmic law for rough flow conditions. The suspended load trans-
port was computed by means of integration over the flow depth of the
product of the local concentration and flow velocity. The computational
results can be approximated by the following expression:

s

=1+40.011(0, = 1T =25)..uvunnnnnn. . T i (39)
50

which is shown in Fig. 16 for o, = 1.5 and 2.5. For comparison, some
experimental data given by Guy et al. (19), are also shown. The scatter
of the experimental data is too large to detect any influence of the size
gradiation of the bed material. In an average sense the agreement be-
tween the measured values and the computed values for o, = 2.5 is
reasonably good. It may be noted that D, = Dy, for T = 25. Using the
aforementioned approach, a better representation of the suspended load
in the case of a graded bed material can be obtained than by taking a
fixed particle diameter such as the D;s, Dsy or Dgs of the bed material
(1,12,15). : :

Flow Velocity Profile.—In a clear fluid with hydraulic rough flow con-
ditions, the flow velocity profile can be described by: '

u 1 z
—=2In (—) ................................................ (40)
Uy K Zg ' ‘

in which z, = 0.033 k, = zero-velocity level; and k, = equivalent rough-
ness height of Nikuradse. :

In the present analysis, it has been shown that Eq. 40 yields an ac-
ceptable representation of the flow velocity profile when the sediment
load is not too large (Figs. 9 and 10). Therefore, Eq. 40 can be applied .
to compute the suspended load transport. It must be stressed, however,
that for very heavy sediment-laden flows, the application of Eq. 40 may
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lead to serious errors in the near-bed region (Fig. 8). Further research is
necessary to determine a simple method to compute the velocity profile
in the case of heavy sediment-laden flows.

Suspended Load Transport.—Usually, the suspended load transport
per unit width is computed by integration as: -

d
qs=f CUAZ o e et s (41)

Using Egs. 19, 33, 34 and 40 to describe the concentration profile and
the velocity profile, the suspended load transport follows from Eq. 41
resulting in: ‘

z' 0.5d z'
uxc,| a d—-z z\
gs = In{—
K |d—a . L 2z Zy

d , | '
+ j [e] 42 #/4=09 | (—z-) dz] ................................. 42)
0.5d Zg

The transport of sediment particles below the reference level (a) is con-
sidered as bed-load transport (Eq. 35). ’

- Eq. 42 can be represented with an inaccuracy of about 25% by (0.3 =
Z' =3and 0.1 =a/d = 0.1):

Qs =FldCa. . ovieneenenieaannnn. e (43)

in which # = mean flow velocity; d = flow depth; and ¢, = reference
concentration. The F-factor is shown for a/d = 0.01, 0.05 and 0.1 in
Fig. 17. ,

Summarizing, the complete method to compute the suspended load
(volume) per unit width should be applied as:

1. compute particle diameter, D« by Eq. 1 |
2. compute critical bed-shear velocity according to
Shields, u x ¢

3. compute transport stage parameter, T by Eq. 2

4. compute reference level, a by Eq. 37

5. compute reference concentration, ¢, by Eq. 38

6. compute particle size of suspended sediment, D, by Eq. 39

7. compute fall velocity of suspended sediment, w, by Egs. 11, 12 or
8. compute B-factor , by Eq. 22

9. compute overall bed-shear velocity, ux = (gdS5)%>

- 10. compute ¢-factor by Eq. 34

11. compute suspension parameter Z and Z’ - by Egs. 3 and 33
12. compute F-factor by Eq. 4

13. compute suspended load transport, g, by Eq. 43
' V 11632
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The input data are # = mean flow velocity; d = mean flow depth; b =
mean flow width; S = energy gradient; D5, and Dy, = particle sizes of
bed material; o, = geometric standard coefficient of bed material; v =
kinematic viscosity coefficient; p, = density of sediment; p = density of
fluid; g = acceleration of gravity; and k = constant of Von Karman.

RATIO oF SusPeNDED LoaD AND ToTtaL Loap

Using Eqgs. 35, 43, 44 and ¢ = 1 (low concentrations), the ratio of the
suspended and total load transport can be computed as:

s s 1 1
9 _ _19 e (45)

qt qs+qb—1+|:ﬂ,i| 1+|i1?_a€]
qs Fad

The ratio i,/ may be identified as the ratio of the average transport
velocity of the bed load and suspended load particles, which varies from
- about 0.4 for large, steep bed forms in the lower flow regime to about
0.8 for flat bed conditions in the upper flow regime. Fig. 18 shows the
ratio of the suspended load and the total load as a function of the ratio
of the bed-shear velocity and particle fall velocity for different values of
./t and B, (with k = 0.4 and a/d = 0.5). Also an empirical relationship
given by Laursen (29) and some data of Guy et al. (19) are shown. The
B-factor must be known to determine the suspension parameter (Z) and
hence the correction factor (F). Two B-functions are applied: B according
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to Eq. 22 and B = 1. Using Eq. 22, the computed transport (g,/q,) ratio
is much too large compared with the experimental data. Using B = 1,
the agreement between computed and measured values is much better,
although the experimental data show that for small u,/w,-values the
computed transport ratio is still somewhat too large which may be an
indication that for small u «/w,-values the sediment diffusivity (e,) may
be relatively small compared with the fluid diffusivity (e;) and therefore
B < 1. Ultimately, the B-factor may approach zero (B | 0) for decreasing
ux/ws-values. From these results it can be concluded that Eq. 22, which
predicts an opposite trend with an increasing B-factor (up to g = 3) for
decreasing u ./w,-values, is not reliable for small u 4+/w-values.

Therefore, in the present stage of knowledge, it is proposed to use
Eq. 22 for normal flow conditions (u«/w, > 2), while for low flow stages
just beyond initiation of suspension B = 1 should be used.

Further research is necessary to investigate the discrepancies between
the computed results based on Eq. 22 and the experimental data of Guy
et al. (Fig. 18). It is remarked that Eq. 22 is based on measured concen-
tration profiles in the u,/w, range from 1-10 only [Coleman (9)]. Ex-
perimental research is necessary to determine a general B-function for

all flow conditions from initiation of suspension to the upper flow re-
gime.

VERIFICATION

To verify the proposed method, a comparison of predicted and mea-
sured values of the total bed material load has been made. As the pres-
ent analysis is focussed on the computation of the suspended load trans-
port, only data with particle sizes smaller than about 500 pm (D4 < 12)
were selected. Other selection criteria were: flow depth larger than 0.1
m, mean flow velocity larger than 0.4 m/s, width-depth ratio larger than
3 and a Froude number smaller than 0.9. Most of the flume and field
data (Table 1) were selected from a compendium of Solids Transport
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TABLE 1.—Comparison of Computed and

Particle | Temper-
Flow velocity, Flow diameter, | ature, in
Num- in meters depth, micro- | degrees
Source ber per second | in meters meter Celsius
(1) () @) (4) () (6)
Field data
Various USA-Rivers .

(Corps-Engr.) 266 0.4-2.4 0.3-17 120-160 2-35
Middle Loup River 46 0.65-1.15 0.3-0.65 | 300-400 0-30
India-canals 30 0.7-1.6 1.3-3.4 90-310 | 10-30
Pakistan canals 87 0.6-1.3 - 1.4-3.6 | 110-290 { 15-35
Niobrara River 57 0.6-1.3 0.4-0.65 280 0-30

486 :
Flume Data
Guy et al. 1 90 0.4-1.2 | 0.1-0.4 | 190-470 8-34
Oxford 84 0.4-1.3 0.1-0.4 100 14-30
Stein 37 0.4-1.2 0.1-0.4 400 20-30
Southampton A 33 0.4-0.8 0.15-0.3 150 15-25
Southampton B 33 0.4-0.55 0.15 480 21
Barton-Lin 20 0.4-0.95 | 0.15-0.4 180 15-27
297
Total 783

for large flow depths. On the average, the predicted values are much
too small.

As regards the experimental data used for calibration and verification,
some remarks are made with respect to the accuracy of the measured
values. The writer has analyzed some Laboratory experiments per-
formed under similar flow conditions (34). The results show deviations
up to a factor 2. Based on these results, it may be concluded that it
seems hardly possible to predict the total load with an inaccuracy of
less than a factor 2. The relatively low accuracy of measured transport
rates also justifies the use of simple approximation functions with less

accuracy to avoid the use of complicated numerical solution methods
(Eq. 43).

CONCLUSIONS

The aim of the present analysis was to determine a relationship which
specifies the reference concentration as a function of local (near-bed) flow
parameters and sediment properties (Eq. 38) and to investigate the pa-
rameters controlling the suspended load transport. From the results of
the verification analysis it can be concluded that the proposed relation-
ships have a good predictive ability for a range of flow conditions. Fur-
thermore, the present method gives detailed information about all pa-
rameters of importance to the sediment transport process. In the writer’s
opinion this detailed knowledge of the main controlling parameters is
of essential importance for a reliable morphological prediction and,

1636



compiled by Peterson and Howells (31). As reported by Brownlie (6),
various sets of this data bank contain a number of errors. The data sets
used in the present analysis are free of the errors uncovered by Brownlie
with exception of the Indian Canal data which contain a 12% error in
the sediment concentration. The present writer has eliminated this error
before using the data. Therefore, all data used in the present analysis
can be considered as reliable data. In addition to the data bank of Pe-
terson and Howells, the writer has used 87 data from the Pakistan Ca-
nals (30), 46 data from the Middle Loup River (21) and 57 data from the
Niobrara River (8). In all, 486 field data and 297 flume data were used.
Firstly, the field data are described in more detail. The USA-River data
collected by the Corps of Engineers consist of 30 data from the Rio Grande
River near Bernalillo, 65 data from the Atchafalaya River near Simmes-
port, 45 data from the Mississippi River near Tarbert Landing, 100 data
from the Mississippi River near St. Louis and 26 data from the Red River
near Alexandria. The USA-River data include the bed material load in
the measured zone and the estimated bed material load in the unmea-
sured zone. The bed material loads of the Indian and Pakistan Canals
as used in the present analysis only include the bed material loads in
the measured zone and are, therefore, less than the total bed material
loads. The data from the Middle Loup River and the Niobrara River rep-
resent the total bed material loads. Finally, it is remarked that the wash-
load is excluded from all field data and that a water temperature of 15° C
has been assumed, if not reported. Where the geometric standard de-
viation of the bed material was not known, a value of 2 was assumed.

A side-wall correction method according to Vanoni-Brooks (38) has been
used to eliminate the side-wall roughness.

The suspended load transport (g,) according to the writer’'s method is
computed from Eq. 43, while the bed-load transport (g,) is computed as
given in Part I (October Journal of Hydr. Engrg.). The total load trans-
port is computed as q; = g, + g,. For comparison also the total load
formulas of Engelund-Hansen (15), Ackers-White (1) and Yang (41) were
used. The accuracy of the four methods is given in terms of a discrep-
ancy ratio (r) defined as:

_ q t,computed

q t,measured

For all data, the score of the predicted values in the ranges r = 0.75-
1.5, 0.5-2 and 0.33-3 were determined. The results are given in Table
1. The writer's method yields the best results for the field data and the
best results for all data used. This is a remarkably good result particu-
larly when it is remembered that only 20 data were used to calibrate the
function for the reference concentration. Analysis of the data showed
no systematic errors of the total load in relation to the T- and D x-pa-
rameters (34). The method of Yang yields excellent results for the flume
data and the small-scale river data (Middle Loup and Niobrara River),
but very poor results for large-scale rivers (flow depth larger than 1 m).
This cannot be attributed to the quality of the large-scale river data, be-
cause the other three methods produce reasonable results for these data
sets. Therefore, the method of Yang must have serious systematic errors
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Measured Total Load Transport

SCORES (%) OF PREDICTED TOTAL LOAD DISCREPANCY RANGES
075=<r=15 05=r=2 033=sr=3

Van | Engelund- | Ackers- Van | Van
Rijn| Hansen | White |Yang| Rijn| E-H | A-W|Yang| Rijn | E-H [ A-W | Yang
i ® (9) 1(0)1(11)| (12) | (13) | (14) | (15) | (16) | (17) | (18)

53%| 39% 2% | 6% |79%| 67% |61% | 24% | 94% | 87%| 78% ’44%

39 | 13 37 |63 |78 37 |74 |94 96 | 80 | 98 {100
30 15 27 3 |60 45 |48 6 90 |73 |70 | 24
23 37 34 13 |56 71 71 |29 91 94 | 91 48
55 13 29 86 |95 67 |58 |98 98 | 95 | 98 | 98
45%| 32% 2% |22% |76% | 64% | 63% | 39% | 94% | 88%| 84%| 55%
40 67 56 68 |70 89 8 |90 91 98 | 99 | 98
37 20 31 45 (84 38 59 |89 9% | 70 | 81 96
54 73 81 56 |70 95 97 |97 97 | 97 (100 |100
64 49 46 49 (85 73 79 |82 97 |91 | 94 | 94
18 12 82 91 |81 82 196 |97 94 | 97 (100 {100
35 60 30 40 |65 | 100 50 |65 |100 {100 {100 {100

41%| 46% 52% |59% |77% | 74% |77% | 89% | 95% | 89%| 94%| 98%
43% 37% 40% |36% |76%| 68% | 68% | 58% | 94% | 88%| 88%| 71%

therefore, an important advantage to simple formulas which only pro-
duce a number. Summarizing, the study has led to the following con-
clusions:

‘1. The proposed function for the reference concentration yields good
results for predicting the sediment transport for fine particles in the range
100-500 pm. ; ‘

2. The ratio of the sediment diffusion coefficient and the fluid diffu-
sion coefficient (B-factor) may be larger than unity, but its value cannot
be predicted with high accuracy (Eq. 22).

3. The damping of the turbulence by the sediment particles can be
taken into account by a local concentration-dependent damping factor
(b-factor Eq. 32).

4. In the case of flow conditions with a graded bed material the rep-
resentative particle diameter of the suspended sediment can be de-
scribed as a function of the flow stage parameter, the geometrical stan-
dard deviation and median size of the bed material (Eq. 39).

5. The concentration profile is rather sensitive to small variations in
the particle fall velocity of the suspended sediment, the bed-shear ve-
locity and the B-factor, particularly for a reference level close to the bed.

6. The total sediment load cannot be predicted with an inaccuracy less
than a factor 2 because the accuracy of the main controlling parameters
is too low, while also the total load data used for calibration and veri-
fication show deviations up to a factor 2.

Finally, some remarks are made with respect to the input data of the
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proposed method as well as the methods of Engelund-Hansen, Ackers-
White and Yang. In the verification analysis the methods were not really
used in a fully predictive sense because the bed-shear velocity was com-
puted from the measured energy or surface gradient. To be really pre-
dictive, a sediment transport theory should also comprise a bed-rough-
ness predictor as stated by the Task-committee (39). This topic will be
reviewed in Part II (to be published in the Dec. Journal of Hydr. Engrg.).
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ApprENDIX Il.—NoTATION

The following symbols are used in this paper:

a = reference level, (L); :
C = overall Chézy coefficient, (L*°T™);
C' = Chézy coefficient related to grains, (L*°T");
¢ = concentration (volume = p, 10° ¢ in ppm);
¢, = reference concentration;
¢, = bed-load concentration;
co = maximum (bed) concentration (= 0.65);
D« = particle parameter;
Ds, = particle diameter of bed material, (L); :
D, = representative particle diameter of suspended sediment, (L);
d = flow depth, (L);
F = correction factor for suspended load;
g = acceleration of gravity, (LT ™?);
ks = equivalent roughness height of Nikuradse, (L);
g, = bed-load transport per unit width, (L>T™");
g; = suspended load transport per unit width, (L*T™');
g: = total load transport per width, (L>T™');
R, = hydraulic radius of the bed, (L);
R = Reynolds’ number;
r = discrepancy ratio;
S = slope;
s = specific density;
T = transport stage parameter;
Te = temperature, (°C);
u = local mean longitudinal flow velocity, (LT ');
# = mean flow velocity, (LT™");
i, = effective velocity of bed-load particles, (LT™");
u' = longitudinal flow velocity fluctuation, (LT™');
u, = transport velocity of bed-load particles, (LT );
uy = overall bed-shear velocity, (LT™');
uy = Dbed-shear velocity related to grains, (LT™');
Ux = critical bed-shear velocity for initiation of motion, (LT™Y);
Uxas = critical bed-shear velocity for initiation of suspension, (LT™);
w = local mean vertical flow velocity, (LT™);
w' = vertical flow velocity fluctuation, (LT™');
w, = particle fall velocity in clear still fluid, (LT™Y;
w,m = particle velocity in sediment-fluid mixture, (LT7YY;
Z,Z' = suspension number;
z = vertical coordinate, (L);
zg = zero velocity level, (L);
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o

ratio of sediment diffusion and fluid diffusion coefficient;
bed form height, (L);

saltation height, (L);

diffusion coefficient of fluid, (LZT‘IQ;

diffusion coefficient of sediment, (L*T™1);

diffusion coefficient of sediment, (L*T™");

constant of Von Karman for clear fluid;

constant of Von Karman for fluid-sediment mixture;

bed form length, (L); .

dynamic viscosity coefficient, (ML™'T™');

bed form factor;

kinematic viscosity coefficient for clear fluid, (L2T!);
kirzlemlatic viscosity coefficient for a fluid-sediment mixture,
LT

density of fluid, (ML ™®);

density of sediment, (ML ~?);

geometric standard deviation of bed material;

shear stress, (ML ™' T™?);

ratio of diffusion coefficient in fluid-sediment mixture and clear
fluid; and

correction factor for concentration profile.
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