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SYNOPSIS

Longitudinal and transverse sediment sorting and its influence on the characteristics of bars on beds with
cohesionless non-uniform sediment in straight open channels are studied by means of flume tests, numerical
analysis and theoretical analysis. Findings show that the sediment sorting takes place on bars; finer sediment
deposits around crests of bars and coarser sediment dominates in troughs. Furthermore, the wave height,
wavelength and migration velocity of bars on beds with non-uniform sediment become smaller, shorter and faster,
than those of bars formed on beds with uniform sediment.

INTRODUCT 0N

River training regulation works that enables both the restoration of natural riverine ecosystems and the
flood control have become vital in recent years. Inorder to restore natural riverine ecosystems, habitats must
be diversified. Size distribution of bed material and geometric characteristics of sand bars are important
factors for the physical environment of plants, fishes, and animals. Sizedistribution of sediment should satisfy
some conditions for the growth of vegetation or the spawning of fish [6, 10]. In addition, size distribution
of sediment significantly affects the geometric and kinematic characteristics of bars [8]. Therefore, it is
very important to clarify the dynamic characteristics of sand bars with heterogeneous bed materials.

Uniform bed material has been treated inmost previous studies on the equilibrium geometric characteristics
of sand bars. Hence, the effect of non-uniform sediment on geometric characteristics of bars is not understood
completely. It is thought that longitudinal and transverse sediment sorting is responsibie for the difference
between geometring of with uniform and non-uniform sediment. Obviously, sediment sorting affects the local
sediment discharge, resuiting in different geometric characteristics.

In this study, the dynamic characteristics of sand bars on bed with non-uniform sediment is investigated
focusing on the formative mechanismof alternate bars between confining banks of a straight open channel. Firstly,
the longitudinal and transverse sediment sorting on bars is examined by means of flume tests, numerical analysis

and theoretical analysis. Next, the effect of 100 7 =
heterogeneous sediment on geometric characteristics /
of bars is analyzed, based on the results of fiume 2 80 V4
tests and numerical analysis. Finally, the effect = /
of sediment sorting on geometric characteristics of 2 60 i
bars is examined using a linear bed stability 8 Bed material B
analysis. 2 Mean diameter=1.1 mm /
2 O J4/d, =1.93
EXPERIMENTAL PROCEDURE s | ™~ / /| Bed material A
20 31 (Uniform)
. . . / ¢ | Mean diameter=1.1 mm

Experiments were carried out in a rectangular, Al d,/d, = 1.14

straight open channel that is 15m in length and 30cm 0 o1 1 10

in width. Figure 1 shows size distribution of bed Diameter (mm)

materials employed in the tests. Bedmaterial Ahas  Fig. 1 Diameter distribution of sediment material
a small standard deviation of 1.14 and is called employed for flume tests and numerical analysis
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Table 1 Hydraulic conditions for flume tests and numerical analysis
Bed material ~ Width/Depth Bed Non-dimensional Froude number

slope shear stress
Case 1 Uniform 25.0 /M 0. 100 1.22
Case 2 Non-uniform 25.0 1/11 0.100 12
Case 3 Uniform 25. 4 1/50 0.143 1.50
Case 4 Non-uniform 25.4 1/50 0.143 1.50

uniform sediment for convenience. Bed material B is non-uniform sediment, the standard deviation of which is
1.93. Experimental conditions are shown in Table 1. Four cases, in which aspect ratios were almost the same,
were conducted in different conditions concerning the bed material and non-dimensional bed shear stress.
Alternate bars were expected to form in all cases according to the criterion of Kuroki and Kishi [5]. Initial
bed geometry was flat. Water and sediment were supplied at a constant rate from the upstream end. Migration
velocity of sand bars was measured by observation as well as by videotape. Bed geometry was measured after
stopping the water supply. Bedmaterial was collected from the surface layer, whose the thickness was equivalent
to the maximum sediment diameter. Experiments were conducted until bars approached equilibrium state (about
30min.)

NUMERICAL METHOD

Depth integrated governing equations of momentum conservation and mass continuity, are employed for the
numer ical analysis.
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where h is the water depth, u and v are the velocity components in the x and y directions respectively, Z, is
the bed elevation, 1, and ¢, are the bottom shear stresses in the x and y directions respectively, and o,,, Typr
T and o,, are the depth-averaged turbulence stresses. In order to evaluate the sediment discharge vector,
velocity components at the bed surface are evaluated by using the curvature of streamline [2]. The sediment
transport rate is evaluated by means of the Ashida-Michiue’s formula [1], and the influence of local bed
inclination on sediment transport rate and its direction are estimated by means of Hasegawa’s formula [3]. Grain
size distribution is estimated by using the following equation [4]:

ot ot 1-A{ ox oy

where T,; denotes the concentration of sediment of size class-i in the exchange layer which is a thin bed surface
layer exchanging bed material, E, is the thickness of the exchange layer, g, and Oy,; are the sediment transport
rates of size class-i in the x and y directions respectively, and) is the porosity of bed sediment. The flow
on alternate bars exhibits mixed sub- and super-critical flow. Hence the equations are discretized by using
the TVD-MacCormack scheme.

The flow domain to be analyzed consists of a rectangular, straight open channel that is 15m in length and
30cm inwidth. Water is supplied at a constant rate from the upstreamend. Asmall cubic disturbance, the heights
of which is one-third the height of the initial uniform flow depth and one~fifth the fiume width, is mounded
on the upstream bed surface using bed material. Although several disturbance types are employed in our
calculation, they do not affect the phenomena discussed in this paper. Hydraulic conditions used for the analysis
are also shown in Table 1.
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METHOD OF STABILITY ANALYSIS

A bed stability analysis is performed for flow in a straight open channel with rigid banks. The basic
equations used for the analysis are the same as those for numerical analysis. The shear stress o,, 1,. 1, and
o,, in momentum conservation equations for water and unsteady terms of water flow, however, are not considered.

The following non-dimensional variables are introduced here:

x=xh, . V=y/hy, T=wp/h . T=u, . V=v/y, . h=Wh , % =1/(pdhs)
7, =1,/(pghS). % =2/h. F=uo/@§. By =En/My . o= /G - i = G/ ko -
_ﬁi:‘ﬁi/ﬁﬂ' an=dm/dmo d1/dmo “'5*1/‘7*1)

where the subscript 0 denotes the value of basic unperturbed flow, the superscriptions — denotes the normalized
value, S is the bed slope, q,pi(z \fs-gdfjd),. is the sediment discharge of size class-i in the exchange layer, s
is the specific weight of sand in water, p is the mass density of water, g is the acceleration due to gravity,
®, is the sediment discharge function of size class-i, d, is the mean diameter of sediment, d; is the sediment
diameter of size class-i, T*i(: ui/(sgd,)) is the non-dimensional shear stress normalized by sediment size d;,
u, is the friction velocity.

Furthermore, after perturbing the basic state, the following representation of the flow and the grain size
distribution are introduced:

o

G=1+0 , v=9 , h=1+ To=1+% ., T =% . Z=%
G 1"“%@1( )-—1+ B *+ Lo ﬁmz%(lupﬁi):%, £, =1+1, .
d =1+d, T =1+%,

where the superscription ~ denote the value of perturbed flow. These quantities are substituted into the
Equations (1) to (4) and the equations are linearized as follows:
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Fig. 2 Plane distribution of bed elevation and mean diameter (Case 1)

where ¢ = 2.%{6.0 + 2.51n[%)}, Ay = %n/[(l— 1) uoh)]' Ty 16 the non-dimensional critical shear stress for

sediment size d;, w is the coefficient of dynamic friction, p, is the coefficient of static friction, n is the
number of classification for sediment size. Linearity of the problem al lows us to perform a normal mode analysis
of perturbations by assuming

(200 0B %o 8 G ) = (200 B2, G, G B ) €008 (17) 13
(%%, 8,,) = (0.2, G,,) " sin(Iy) as

where the superscription ~ denote the non-dimensional amplitude of perturbation. The non-dimensional forms of
the basic equations are as follows:

ik 1 0 ik 0 0 0 [
ik +2s 0 ik ik-S-2g5 -2¢5 O 0 ||V
0 ikP+s - | 0 0 0 ||%
0 0 0 0 -1 df, df. |l b 0
0 0 0 0 0 fy £, 1l 4, 5
My My My My Ms N 0 1%
Mnl M-;? an Mn4 MnS 0 N,, f:m

where k (=nhy/L) and | (=nh,/B) are the longitudinal and transverse wave numbers respectively, L is the half
wavelength, B is the channel width, M, = 2ikao;, M =TA;, M, = PA B, —1kS, M, = -2ikoAo;, My = ~2ikaA.a;

N = -KEE, + kA, @ = 3w | B, = | T, T is the complex migration velocity. The n-th order
Hyks Tasg

2 Tug = Togg

equation of T will be obtained by setting the determinant of the coefficient matrix of Equation (15) to 0. A
value of T which is almost equivalent to the complex migration velocity of bars on the uniform sediment bed
is chosen as the complex migration velocity of sand bars on beds with non-uniform sediment from n-solutions of
T, because the € is thought to derive from instability of bed elevation, which is the most focus of this analysis.
It is thought that the others € originate in other phenomena (ex. sediment sorting waves). The subsequent
analytical procedure is similar to the one that is used for the uniform sediment bed [5].

SEDIMENT SORTING ON BED SURFACE

Transverse and longitudinal distribution of mean sediment diameter and bed elevation obtained from flume
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Table 2 Ratio of geometric and migration characteristic values of bars between uniform and
non-uniform sediment beds

Ratio of wave height Ratio of wavelength Ratio of migration velocity
(Non-uniform/Uni form) (Non—uniform/Uniform) (Non—uniform/Uniform)
Flume test Computation Flume test Computation Flume test Computation
Case 1 & Case 2 0.94 0.7 0.97 0.77 1.31 1.22
Case 3 & Case 4 0.59 0.55 0.82 0. 68 1.24 1.27
s Ui Form
==« Nor-uniform (Exchange layer= Maximum diameter)
{Downstream) s on-uniform (Exchange layer= Maximum diameters1/10)
s n p- = g 0.00014 -
% 2 - § o l I
= - o Non-uniform
; \l 0 04 e 0. 00012 : (Exchange layer
g w2 \l:g:?g 8 L Uniform =Maximum diameter)
2 : 016 g 0.00010
2 - 5 :
‘g - 2 0.00008 |
2 0+ = F / \
3 : 5 :
2 s & 0.00006 N
] : }3’ 33 = Non-uniform \
ot L iy = 0. 00004
8 A=0. 12 (Exchange layer
k3 ~n/2 . / 1=0.16 k= =Maximum diameter x 1/10) \
w F £
© L 4t
- e % 0.00002
L 2 C
g :W—:--:-.Z.S. o f,, - / \
o —n Chl e ra r— =%.7 ¥S 30_m0‘.,j.,1..\.,x..
Westreanly 0.01 0.02 0.03 0.04 0 0.04 0.08 0.12 0.16
k (Wave number of longitudinal direction) | (Wave number of transverse direction)

Fig. 3 Phase lag between bed geometry and mean
diameter ( Bed slope=1/50, Non—
dimensional shear stress=0. 143, |: Wave
number of transverse direction)

Fig. 4 |Initial growth rate of bed perturbation
along dominant wave number of longitudinal
direction (Bed siope=1/50, Non-dimensional
shear stress=0. 143)

tests are shown inFigure2 (a). Thewhite solid |ines denote the bar edges. Sediment particles are redistributed
so that there are fine ones around crests (arrow 1) and coarse ones in troughs (arrow 2), respectively, because
more fine particles are transported from troughs to crests than coarse sand. Transverse and longitudinal
distribution of the mean sediment diameter and bed elevation obtained from the numerical analysis is shown in
Figure 2 (b). The mean sediment diameter is fine around crests and coarse in troughs. The distribution range
of the mean diameter obtained from numerical analysis, however, is narrower than the results obtained from the
flume tests. The discrepancy between the experimental and numerical results is attributed to the fact that the
bed geometry is not reproduced well numerically due to the unsuitable estimation of the exchange layer thickness.
These problems will be examined in our future studies.

Figure 3 shows the spatial phase lag of sediment mean diameter relative to the bed geometry obtained from
the linear bed stability analysis. The phase lag kO ranges in the regions n/2<k@<mand -n<kf<-n/2. This
finding suggests that sand particies become finer around the crests and coarser in the troughs. This tendency
of sediment size distribution is obtained from the flume tests and from the numerical analysis.

GEOMETRIC AND MIGRATION CHARACTERISTIGS OF BARS

Table 2 summarizes wave height, wavelength and migration velocity of sand bars on beds with non-uniform
sediment. The values are divided respectively by the corresponding values on beds with uniform sediment. Some
of the characteristic values in both experimental and numerical results are less than unity, which means that

_the wave height and wavelength for non-uniform sediment are smaller than those for uniform sediment. On the
other hand, the migration velocity is over unity and faster than that in the uniform sediment cases. Furthermore,
such differences of characteristic values between non-uniform and uniform sediment increase with non-dimensional
shear stress. In the next section the producing mechanism of the differences between the characteristics of
bars for non-uniform and uniform sediment will be discussed.

Wave height

It is supposed that sediment sorting changes lateral and longitudinal distribution of sediment discharge
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and suppresses deposition on crests and erosion in troughs, resulting in low wave height. To understand the
effect of sediment sorting on wave height of bars, the initial growth rate of infestimal bed perturbation is
investigated in terms of |inear bed stability analysis. Figure 4 shows the initial growth rate of bed perturbation
obtained from the analysis for uniform and non-uniform sediment. Herein, in order to clarify the effect of
sediment sorting on the growth rate, calculations are conducted for two cases of exchange layer thickness; One
is the same depth as maximum sediment size and the other is one-tenth the maximum sediment size. As shown in
this figure, no significant difference is found in the initial growth rate between the results of the uniform
sediment case and that of the non-uniform sediment case with a thick exchange layer. The reason for this is
that temporal change of mean diameter is much slower than that of bed geometry under this condition. In comparison
to these, the growth rate in the case of a thin exchange layer is predicted to be very small. This finding suggests
the possibility that development of sediment sorting suppresses wave height. In the following analysis, the
thin exchange layer is employed in order to clarify the effect of sediment sorting on geometric and migration
characteristics of bars.

The initial growth rate of bed perturbation on beds with non-uniform sediment is expressed by the following
linear bed stability analysis:

ke, = =3 s [ kS (g0 (6] k571 (K05) + ey 1005 (00) (16)

where ¢, is the imaginary part of the non-dimensional migration velocity of bars, k& is the phase lag relative
to the bed geometry, { l denotes the amplitude of perturbation with respect to the bed geometry. The value n=1
in Equation (16) indicates a uniform sediment condition.

Equation (16) indicates that bed perturbations are stable in the range of the phase lags 0<ko<n for
|G| and |f], and -n/2<k6<r/2 for |q,,|. These phase lags along dominant longitudinal wave numbers are
depicted in Figure 5. The amplitude of bed perturbation develops in the range of phase lag -n<k6 ,,,<0. On
the other hand, the amplitude is suppressed in the range of phase lag -n/2<kf,,<n/2. These results are the
same as those for the uniform sediment [5]. Next, let us separate the phase lag ko, into fine and coarse parts
and then discuss. As shown in Fig. 5, the phase lag of coarse sand ranges -n<k,<0 and thus enhances the
development of bed perturbation. On the other hand, the phase lag of fine sand ranges 0<ké;<= and thus
suppresses the ampl i tude of bed perturbation. These results suggest that fine sand contributes to the suppression
of wave height in the non-uniform sediment case.

Figure 6 shows the sums of specific terms in Eq. 16 which are defined as follows:
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The sum of Gy, and f,,; indicates longitudinal sediment discharge. Their small absolute values refer to a decrease

in the rate of change of longitudinal sediment transport discharge at crests. Figure 6 suggests that the changing

rate of longitudinal sediment discharge in non-uniform sediment is suppressed in comparison to that in uniform

sediment. On the other hand, the absolute value of a,,, is larger than that of the uniform sediment cases. The

value, however, is negative. Therefore, it can be said that not only the deformation of longitudinal sediment

discharge distribution but also that of the transverse one suppresses the initial growth rate of bed perturbation -
of beds with non-uniform sediment. Herein, these differences of d, and g, between uniform and non-uniform

sediment are produced by the difference of the flow field depending on the spatial distribution of mean sediment

diameter. On the other hand, f,,, consists of the spatial distribution of the concentration of sediment. It

is apparent that sediment sorting is responsible for these differences.

Wavelength

The mechanism shortening wavelength of bars on beds with non-uniform sediment is examined below, based the
results obtained by means of linear bed stability analysis. The wavelength with the highest initial growth rate
of bed perturbation, which is regarded as an equilibrium wavelength, will be the focus of discussion.

Figure 7 shows calculated lines for the highest initial growth rate (solid lines). Neutral curves between
stable and unstable bed perturbation are also shown in Fig. 7 (broken lines). Bars will be formed within of
the neutral curves. According to these results, wave number (wavelength) in the longitudinal direction of the
non-uniform sediment case is larger (smaller) than that of the uniform case. The wavelength tends to shift to
a length with a small suppressive effect of sediment sorting on the initial growth rate, because a wavelength
with highest initial growth rate of bed perturbation is regarded as an equiiibrium wavelength. Figure 8 shows
the difference of the initial growth rate of bed perturbation on between uniform and non-uniform sediment. The
negative values in Fig. 8 show suppression of the initial growth rate of bed perturbation. The suppressive effect
of sediment sorting on the initial growth rate varies with the fongitudinal wave number, and is large around
the wavelength of uniform sediment (k=0.0192). Consequently, the wavelength shifts to the shorter value;
k=0.0250, which has the highest initial growth rate of bed perturbation on beds with non-uniform sediment.
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Migration velocity

Migration velocity of bars is expressed in the following linear bed stability analysis as follows.

G = gﬁJAsi[

o] €0 (KB) +[£] €05 (KD,) + [ Y 0 (kew.)] (18)

Ea. 18 indicates that bed perturbations migrate downstream on the phase lags -n/2<k6<n/2 for lqmi and
[fl. -n<ke<0 for |q,,|. Figure 5 indicates that the phase lag, kb, falls in the range -n<k® ,,<O0 and
contributes to the downstream bar migration. Furthermore, the phase lag, ko, falls in the range -n<k,,
<0 and enhances downstream bar migration, too. Next, ko; is separated into finer and coarser sediment phase

_lags. The phase lag, ko, of coarse sediment falls in the range -n<k®<-n/2, n/2<k8<mand suppresses bar
migration. On the other hand, k6; of fine sediment falls in the range -n/2<k8@<w/2and contributes to the
downstream bar migration. In order to migrate downstream, sand particles should deposit on the downstream side
of the bar crest. Figure 9 shows the migration velocity of bars obtained from the |inear bed stability analysis.
It is revealed that migration velocity of bars increases on the bed where sediment sorting is well developed.
These findings imply that high migration velocity of bars on beds with non-uniform sediment is induced by a large
amount of deposition of fine sediment.

A previous study [7] suggests that sand bars with a short wavelength migrate faster than those with a long
wavelength. As discussed in the previous section of this paper, the wavelength of bars in the non-uniform sediment
case is shorter than that in the uniform case. Hence, it is thought that the migration velocity of bars in the
case of non-uniform sediment increases due to a short wavelength. Furthermore, transported sediment volume
available for bar migration on non-uniform sediment bed is the same as that for bar migration on the uniform
one even though wave height of bars on non-uniform sediment bed is lower than that of those on the uniform one
[9]. Consequently, these two effects, short wavelength and substantial sediment deposition consumed for bar
migration, are thought to be the reason why migration velocity in the non-uniform sediment increases. It is
possible to regard the two effects as one, because sediment sorting causes both. Inorder to clarify the mechanism
of fast bar migration on the non-uniform sediment bed, these effects are examined separately here. The change
of equilibriummigration velocity of bars with longitudinal wave number is drawn inFigure 10. Migrationvelocity
increases with the increase in longitudinal wave number (decrease inwavelength). On the other hand, substantial
sediment deposition causes the difference of migration velocity between the uniform and non-uniform sediment
and accelerates bar migration. As a result, migration velocity of bars in the non-uniform sediment increases
due to the two effects as shown in Fig. 10.
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CONCLUS 10N

Geometric and kinematic characteristics of alternate bars with non-uniform sediment formed between confining
banks of a straight open channel are examined based on flume tests and numerical and stability analyses. The
findings of this study are summarized as follows:

(1) Sediment sorting takes place on bars with non-uniform sediment. Mean sediment diameter becomes finer

around crests of bars and coarser in troughs, respectively.

(2) The wave height of bars with non-uniform sediment is smal ler than the one that a uniform sediment, because
sediment sorting decreases the rate of change of longitudinal sediment discharge, and increases the
transverse change rate at bar crests.

(3) The equilibrium wavelength of bars with non-uniform sediment is shorter than that with uniform sediment
because the initial growth rate of bed perturbation with a long wavelength is more suppressed than the
one with a short wavelength.

(4) Wigration velocity increases with the decreasing wavelength. Furthermore, the volume of transported
sediment available for bar migration on the non-uniform sediment bed is the same as that for bar migration
on the uniform bed even though the wave height of the bars on the non-uniform sediment bed is lower
than the wave height of the bars on the uniformbed. These two effects amp!ify the equilibriummigration
velocity of bars in the case of non-uniform sediment.
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APPENDIX — NOTATION

The following symbols are used in this paper:

o
1]

channe! width;

ol
H

complex migration velocity:

[+ = imaginary part of non-dimensional migration velocity of bars;
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Cr = real part of non-dimensional migration velocity of bars;
d; = sediment particle diameter of size class i:

dy = mean diameter of sediment;

E, = thickness of exchange layer.

F = Froude number;

Tui = concentration of sediment of size class i in exchange layer;
g = acceleration due to gravity,

h = water depth;

i = sediment size class;

k (=rhy/L) = wave number in x direction:

ke = phase lag relative to bed geometry:

I (=nhy/B) = wave number in y‘ direction;

L = half wavelength,

n = total number of size classes of bed material;

Obpi (=Jsg<f¢‘.) = sediment discharge of size class i divided by concentration of sediment of size class i

in exchange layer,

Opxir Oy - = sediment transport rate of size kclass i in the x and y directions respectively;
s = specific weight of sand in water;

S = bed slope;

subscript 0 = value of basic unperturbed fiow;

t = time;

u, v = velocity components in x and y directions respectively; ,
X, ¥ = longitudinal and transverse Cartesian coordinates respectively;
Z = bed elevation;

@, = sediment discharge function of size class i:

A = porosity of bed sediment;

™ = goefficient of dynamic friction:

e = coefficient of static friction;

To Ty = shear stress in x and y directions respectively;

Tyi = non-dimensional shear stress of size class i;

Ty = non-dimensiyonal critical shear stress of size class i:

value of perturbed flow;

i

non~dimensional value:

non-dimensional amplitude of perturbation; and

i

‘ I = amplitude of perturbation with respect to bed elevation.
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