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SYNOPSIS

Alternate bars on beds with non-uniform sediments are difficult to reach an equilibrium state under some
hydraulic conditions. It seems likely that sediment sorting is responsible for the instability of alternate bar bed
geometry, because sediment sorting affects local sediment discharge resulting in difference bed geometry. In the
present study, the mechanism of the spatiotemporal change of geometric and migration characteristics of alternate
bars formed on beds with non-uniform sediment is discussed in terms of numerical analysis and linear bed instability
analysis. The results support the notion that alternate bars fail to reach an equilibrium state because of coexist of the

same-scaled complex migration velocities.
INTRODUCTION

Previous studies have revealed that the grain size of bed materials should meet certain conditions for
spawning of fish and invasion of vegetation (1), (2). Furthermore, even with bed materials of the same mean grain
diameter, their different grain size distributions would produce greatly different bed geometries under some hydraulic
conditions (3). Therefore, to plan river regulation works for flood control and to create and conserve diversified
ecological systems, it is vital to predict quantitatively spatiotemporal changes of both the bed geometry and the grain
size of bed materials. : :

‘When alternate bars are tried to be formed in a straight experimental flume with a rectangular cross-section,

fixed side walls and bed with non-uniform sediment, a phenomenon where the geometric characteristics and



migration characteristics of the bars fail to reach an equilibrium state is frequently observed, even though water and
sediment are fed constantly. Subsequently, the wave height of the bars decreases with time, and the bars eventually
disappear. Normally, it is believed that such a phenomenon is attributable to problems associated with experimental
methods. However, alternate bars on beds with uniform sediment, in which the geometric characteristics and
migration characteristics reach equilibrium state, are easily obtained in flume experiments. This finding suggests the
possibility that temporal changes in geometries of such alternate bars might be a phenomenon that is specific to bed
with non-uniform sediment. )

Many studies of geometric characteristics and migration characteristics of alternate bars on beds with
non-uniform sediment, which are based on flume experiments, theoretical analyses, and numerical analyses, have
been performed. Fukuoka, Igarashi, and Kume (4) generated alternate bars in the flume using uniform and
non-uniform sediments which have nearly equal mean grain diameter. They investigated regions of bar generation, in
addition to differences of geometric characteristics. They found that, with non-uniform sediment, regions of bar
generation were observed at a smaller width-depth ratio than those of a uniform sediment bed. Using flume 4
experiments, Miwa and Daido (5), and Takahashi, Egashira, and Yoshizumi (3) investigated differences of
equilibrium wave height between alternate bars that were generated on beds with non-uniform and uniform sediment.
Their findings showed that the wave height of alternate bars on bed with the non-uniform sediment is lower than that
on bed with uniform sediment. Furthermore, Miwa and Daido (5) made detailed measuremehts of the grain size
distribution of bed materials in the bed surface layer and found that sediment sizes at the crest and in the trough tend
to be finer and coarser, respectively. Lanzoni (6) and Miwa et al. (7) also performed experiment on bar formation
with non-uniform sediment in a straight channel. Then (7) investigated the development and deformation process of
bars under unsteady water supply conditions.

Regions of bar generation, geometric and migration characteristics of bars were investigated using linear
bed instability analysis, which was almost the same as the method used for a uniform sediment bed. Koyama, Kuroki,
and Itakura (8) showed that hydraulic conditions for bar generation on bed with non-uniform sediment are nearly
identical to those for bed with uniform sediment except for regions in which the non-dimensional shear stress is small
(contents were modified in part by oral presentation made at the conference). Furthermore, Takebayashi (9), and
Takebayashi and Egashira (10) made similar linear bed instability analyses conducted by Koyama, Kuroki, and
Ttakura (8), and showed grain fining at the crest and grain coarsening at the trough. They further showed that the
wavelength, wave height, and migration velocity of alternate bars on bed with non-uﬁiform sediment are respectively
shorter, lower, and faster than those on bed with uniform sediment. Lanzoni and Tubino (11) made similar linear
analyses; the grain size distribution is expressed on a ¢-scale. According to such analysis (11), different from other
experimental and analysis results, the migration velocity of the bar on bed with non-uniform sediment is slower than
that on bed with‘ uniform sediment. Furthermore, Hasegawa, Fujita, Meguro, and Tatsuzawa (12) attempted to explain
phenomena of bed configurations in the mountainous rivers using a Talbot-type grain size distribution.

Investigations based on numerical analyses have been conducted by Takebayashi, Egashira and Jin (13)and
by Takebayashi and Egashira (10). They show that the wavelength, wave height, and migration velocity of alternate
bars on beds with non-uniform sediment are, respectively, shorter, lower, and faster than those on bed with uniform
sediment, Teramoto and Tsujimoto (14) also made a numerical analysis of the bar formation with non-uniform
sediment and discussed the effects of non-uniformity of sediment on the dominant bar mode.

The focus of these studies was on the equilibrium values of geometric characteristics and fnigration

characteristics of bars on beds with non-uniform sediment; in fact, spatiotemporal changes in geometric
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Fig. 1 Size distribution of bed material used in the analysis

characteristics and migration characteristics, in addition to the presence or absence of equilibrium values are not
considered. On the other hand, for spatiotemporal changes of geometric characteristics and migration characteristics
of alternate bars on bed with non-uniform sediment, Takebayashi and Egashira (15) showed the existence of a
phenomenon of bar disappearance. However, sufficient investigations on the bar disappearance have not been made
and a problem with treatment of complex migration velocity remains in the theoretical analyses. Consequently,
therefore, this study deals with a mechanism for generation of spatiotemporal change of geometric and migration

characteristics of alternate bars on bed with non-uniform sediment through numerical analysis and linear bed
instability analysis.

NUMERICAL ANALYSIS

Governing equations of the depth integrated two dimensional flow are used to calculate of flows. The flow
velocity near the bed is estimated using the streamline curvature of depth averaged flow velocity and the coefficient
of the secondary flow intensity employed here is 7.0, which is the same as that used by Engelund (16). Sediment
discharge is obtained by using the equations by Ashida, Egashira, and Liu (18), in which influences of the local
inclination of the bed on the sediment discharge vector are introduced into the Ashida-Michiue equation (17). To
calculate the grain size, the method adopted by Ashida, Egashira, and Liu (18), in which a transition layer is
introduced underneath the exchange layer, is used.

The calculation area is a straight flume with fixed side walls (60 m length, 0.3 m width) and a rectangular
cross-section. Although the initial shape of the bed is macroscopically ﬂét, the random disturbance which has the
amplitude in approximately 1/100 scale of the mean grain diameter is introduced to the entire bed. A constant water
discharge is supplied from the upstream boundary. Sediment discharge at the upstream boundary is calculated using
equations by Ashida, Egashira, and Liu (18) based on the hydraulic conditions at the boundary. Figure 1 shows bed
materials used for analyses. The total number of sediment size class is set to 10. The diameters of each sediment size
class are 3.1, 1.9, 1.3, 1.0, 0.85, 0.73, 0.64, 0.57, 0.48, 0.38 (mm). The width-depth ratio is 25; the non-dimensional
shear stress with regard to the mean grain diameter is 0.085. The non-dimensional critical shear stress with respect to
the mean grain diameter is 0.035. The bed slope used is 1/90. The hydraulic conditions in the numerical analysis are
in the formative condition of alternate bars (19).



THEORETICAL ANALYSIS

A linear bed instability analysis is performed on a field that is nearly the same as that used in numerical
analyses. However, the terms of turbulence diffusion in the momentum equations of flows are not considered;
moreover, the direction of depth integrated water velocity is used for the directions of sediment discharge and shear
stress. For the equation of sediment discharge, Meyer-Peter and Miiller’s equation (20) is used. The difference of the
sediment discharge formula between the numerical analysis and the theoretical analysis does not have an effect on the
conclusions of this paper. Grain size distributions are calculated only in the exchange layer (21). Dimensionless

perturbed variables are given as follows:

(2b,ﬁ,ﬁ,ﬁm,ﬁ,...,ﬁ) = (z"b,ﬁ,i;,t?m,ﬂ,..., f;)e”‘("m cos(7) (1)
¥ = 9e*C0 sin(fy) )

In these equations, z; is the bed elevation, # and v are the depth integrated water velocity in the longitudinal direction
and in the traverse direction, respectively. In addition, / denotes the water depth, dy, is the mean grain diameter of bed
materials, f; is the fraction of i sediment size class in the exchange layer, k and / are wave number in the longitudinal
direction and in the traverse direction, respectively, and ¢ is the complex migration velocity. Furthermore, » denotes
the dimensionless amplitude and — denotes the dimensionless quantity. The total number of sediment size class is

represented by n. Substituting Egs. (1) and (2) into linearized and dimensionless governing equations, the following

equations are obtained (9).
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In those equations, o, =1.5[t0o/(Teo—To)] » B =y /(MBT0) o 4 =g0/[(-Vuh]

q=25/[6.0+2.5l(}/d,,)]; in addition, F is the Froude number, / is the bed slope, Ey is the thickness of

exchange layer, T+, and 1y are the non-dimensional shear stress and non-dimensional critical shear stress of i
sediment size class, respectively. Also, y and ps are the dynamic friction coefficient and static friction coefficient,
respectively, A denotes the porosity of the sediment. Subscript 0. means the value of the normal flow field. Complex
migration velocities are obtained under conditions where the determinant of the coefficient matrix of the
simultaneous Egs. (3)—(8) becomes 0. The interaction among different waves is neglected, because the equations are
linearized. Hydraulic conditions used in theoretical analyses are identical to those used in the numerical analysis. The

total number of sediment size class is set to 3. The diameters of each sediment size class are 1.9, 0.8, 0.5 (mm).
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Fig. 2 Decrease process of wave height (Unit: m)
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Fig. 3 Growth rate of amplitude of small bed disturbance on beds with uniform sediment (three lines in fig

(b) correspond to the growth rate curves of three complex migration velocities)
However, the maximum sediment size which is used to calculate the thickness of exchange layer is the same as that in

the numerical analysis.
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(b) Thickness of exchange layer = maximum diameter X4
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Fig. 4 Effect of thickness of exchange layer on growth rate of amplitude of small bed disturbance

DECREASE OF THE BAR WAVE HEIGHT

Figure 2 shows the process of bar formation by numerical analysis by which the thickness of the exchange

layer is used as the maximum grain diameter. The area indicated by the arrow reveals that the wave height of bars

being developed up to 4950 s is decreased at 5400 s. Simultaneously, the spatial change of wave height is large. Such

a phenomenon is observed by flume experiments (15). On the other hand, this phenomenon does not appear in flume

experiments which use bed materials with a narrower grain size distribution.

TREATMENT OF MULTPLLE COMPLEX MIGRATION VELOCITIES

If non-uniform sediments are expressed by dividing them into sediment size classes in the bed instability
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Fig. 5 Effect of thickness of exchange layer on bar geometry (Unit: m})
analysis, complex migration velocities that are the same number of sediment size classes are obtained. The reason for
this is that the temporal differentiation of the fraction of each sediment size class is added compared with the analysis
using uniform sediments. In other words, when analyses are made with » sediment size classes, complex migration
velocities as many as » are obtained as solutions. In general, of these complex migration velocities, the complex
migration velocity which has values close to the complex migration velocity on the bed with the uniform sediment
are chosen as a complex migration velocity on the bed with the non-uniform sediment (8), (10), (11), (12).
Furthermore, one other complex migration velocity is considered as the migration velocity of the sorting wave (11),
(12). However, it is not correct to classify these complex migration velocities by variables, because these complex
migration velocities are obtained from simultaneous Egs. (3)—(8) and the forms of solutions are assumed to be those
shown by Egs. (1) and (2). Therefore, the bed, the mean grain diameter and other variables have the same wave
number and dimensionless migration velocity. It is reasonable to understand that if » sediment size classes are used, »
waves are generated for each variable. To clarify this point, results of linear bed instability analysis done on beds with
the uniform sediment are shown in Figure 3. Figure 3 (a) shows the distribution of the growth rate of the bed
disturbance with respect to wave number & in the longitudinal direction for the case in which the total number of the
sediment size class is 1 and bed materials are treated as uniform sediment. Figure 3 (b) shows similar results for the
case in which the total number of sediment size class is 3. All sediment particles are considered to have the same
diameter as the uniform sediment, and fractions of each sediment size class are set to 1/3. It is evident from Fig. 3 (b)
that three growth rate curves appear because three complex migration velocities are obtained; if their maximum
values are combined, it agrees with the result in Fig. 3 (a). That is to say, if any one of the complex migration

velocities is only considered as the solution, the instability region might be estimated as small.
RELASHONSHIP BETWEEN THE BED AND THE FRACTIONS OF EACH SEDIMENT SIZE CLASS

Figure 4 (a) shows the distribution of growth rate of bed disturbance with respect to the longimdfnal wave
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number k, which is obtained from the case in which the total number of sediment size classes is 3 and thickness of the
exchange layer is equal to the maximum grain diameter. Figure 4 (a) shows that three growth rate curves appear: two
have the same scale growth rate, but wave numbers at the maximum growth rates of the two growth rate curves differ
greatly. Here, to check the possible relationship of temporal change characteristics between the bed and the fraction
of each sediment size class, the exchange layer thickness is changed. Although future investigations are necessary for
the appropriate thlckness of exchange layer, the maximum grain diameter is used as a reference: four tlmes and 1/4 of
this are used in thls study. Here, the thickness of the thin exchange layer is thinner than the maximum diameter.

However, there is no theoretical problem, because the phenomena are treated as continuum model. Figure 4 (b) shows
the case in which the exchange layer thickness is as four times as the maximum grain diameter. Because changes in
the grain size become slower and sediment sorting development is delayed, if the exchange layer thickness is
thickened, it is anticipated that results might approach those of the uniform sediments. One can see from Fig. 4 (b)
that only one growth rate curve became large: the other became small. Furthermdre, the growth rate curve enlarged
comes close to the growth rate curve of uniform sediment. On the other hand, Fig. 4 (c) shows the case in which the
thickness of the exchange layer is 1/4 of the maximum grain diameter. Changes in the grain size become greater and
faster, if the thickness of the exchange layer becomes thinner. Similarly, only one growth rate curve becomes large;
the other becomes small. However, it does not come close to the growth réte curve on bed with uniform sediment.
Figure 5 shows results of the numerical analysis. In Fig. 5 (a), we can observe that if the exchange layer is thickened,
remarkably periodic bars are reproduced. This almost agrees with results of the analysis, in which bed materials are
considered as uniform sediment. In contrast, we can observe in Fig. 5 (b) that if the thickness of the exchange layer is
thinned, the wave height becomes higher than the case in which the exchange layer thickness is assumed to be the
maximum grain diameter and geometry of alternate bars are well-defined. Under these conditions, there is no case in
which bars disappear and the bed becomes flat. Figure 6 shows migration velocities for the case in which the
exchange layer thickness obtained by means of linear analysis is used as the maximum grain diaméter. Three
migration velocities differ in their values; if they were to be generated simultaneously and bars were observed with

the moving coordinate system of a velocity that is the same as either migration velocity, temporal changes in bar
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geometry would appear. The above discussions imply that spatiotemporal change of geometric and migration
characteristics of alternate bars on beds with the non-uniform sediment are determined by a comparative relationship
between temporal changes in the bed and temporal changes in fractions of each sediment size class; they occur when
there exists a number of growth rate curves with the same scale, as shown in Fig. 4 (a). Furthermore, because it is
believed that the interference between disturbances is smaller under the condition in which the difference of wave
numbers at the maximum growth rate is large, the difference of wave number  is also considered important.

Moreover, as shown in Figs. 4 (a) and 4 (c), the maximum growth rate of the growth rate curve increases,
when the thickness of the exchange layer becomes thinner. According to the results obtained by using the numerical
analysis shown in Fig. 2 and Flg 5 (b), the space averaged wave height for the case in which the exchange layer
thickness is equal to the maximum grain diameter is lower, which agrees with the results of the linear analyses. The

results thus suggest that the development of sediment sorting phenomenon does not necessarily suppress the wave

height.
GENERATION REGION OF ALTERNATE BARS ON BED WITH NON-UNIFORM SEDIMENT

Figure 7 shows the distribution of values calculated using the following Eq. (9) for traverse wave number [,
A=(a -a,)/aq ©)
In that equation, a represents the maximum growth raté among all growth rate curves, a; is the maximum gréwth rate
among growth curves not including ay. Here, a; and a; are positive; if they are less than 0, 4 is represented as greater
than 1. In short, when this value is 1, only one growth rate curve is distinguished; when this value is 0, two growth
rate curves (both having identical maximum growth rates) exist. The total number of sediment size class is 3 and the
thickness of the exchange layer is equal to the maximum sediment diameter. It can be observed from Fig. 7 that the
growth rate is less than 0.3 over the entire region of alternate bar generation except for the proximity of the boundary
between the alternate bar generation region and the no bar region, which suggests that more than two growth rate
curves with the same scale exist in the region of alternate bar generation. Furthermore, the value of 4 becomes 0 near
the boundary between the multiple row bars and alternate bars and around / = 0.134; two growth rate curves with

identical maximum growth rates exist at these two wave numbers. Consequently, there is a possibility that two bed
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disturbances grow with the same growth rate and coexist. Here, wave numbers & at the maximum growth rate of these
two growth rate curves have different values. Although a difference exists between two maximum growth rates under
the condition in Fig. 4 (a), it is believed that because this difference is less and wave numbers between them is greatly
different, both bed disturbances grow and coexist.

Figure 8 shows a distribution of the ratio of the maximum growth rate of disturbances on bed with the
uniform sediment to the maximum growth rate of disturbances on bed with the non-uniform sediment with respect to
wave number /. In Fig. 8, the bar generation regions on beds with the uniform sediment and on beds with the
non-uniform sediment are shown together. A comparison of alternate bar generation regions in both beds indicates
that although the boundary of generation of multiple row bars and of alternate bars are identical, the boundary of
generation of alternate bars and of no bar shift toward the no bar region in the non-uniform sediment bed. This is in
line with findings by Fukuoka, Igarashi, and Kume (4). The ratio of the maximum growth rates is less than 1 in a
broad range of the alternate bar generation region, which agrees with the fact that the wave height of bars on beds
with the non-uniform sediment is lower than that on beds with the uniform sediment. However, the physical meaning
of this value is less significant under conditions in which the geometric and migration characteristics of the bars
change spatiotemporally. On the other hand, the growth rate of bed disturbance on beds with the non-uniform
sediment is greater than that on beds with uniform sediment, because the bar generation region might be expanded in

the non-uniform sediment bed around the boundary between the alternate bar and the no bar.
CONCLUSION

This study has examined a mechanism for generation of spatiotemporal change of gedmeuie and migration
characteristics of alternate bars on bed with non-uniform sediment through numerical analysis and linear bed
instability analysis. Findings obtained in the present study can be summarized as follows: k
(1) There exists a cqndition under which bars (the geometric and migration characteristics of Which vary with time)
are formed on beds with the non-uniform sediment. k
(2) It is thought that temporal changes of geometric and migration characteristics of alternate bars on beds with the

non-uniform sediment are determined according to a comparative relationship between temporal changes in the bed



and temporal changes in fraction of each sediment size class. They occur when there are complex migration velocities
which have growth rate curves of the same scale. -

- (3) A possibility exists that more than two growth rate curves with identical scale exist in the bar generation region,
and that a number of bed disturbances grow and coexist.
(4) A comparison of an alternate bar generation region between a uniform sediment bed and a non-uniform sediment
bed reveals that the boundary between alternate bar generation and no bar shifts toward the no bar region.
(5) In a broad range of the alternate bar generation region, the maximum growth rate of disturbances on beds with the
non-uniform sediment is smaller than that on beds with the uniform sediment, which agrees with the fact that the
wave height of bars on beds with the non-uniform sediments is lower than that on beds with uniform sediments. On
the other hand; around the boundary between alternate bars and the no bar regions, the growth rate of bed

disturbances on bed with the non-uniform sediments becomes greater than that on beds with uniform sediments.
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APPENDIX —~ NOTATION

The following symbols are used in this paper:

c = complex migration velocity;
A = mean grain diameter of bed materials;
E, = thickness of exchange layer;
F = Froude number;
fi = the fraction of i sediment size class in the exchange layer;
h = water depth; k
I = bed slope;
k (=nho/L) = wave number in longitudinal direction;
1 (=nhy/B) = wave number in traverse direction;
n = total number of size classes of bed material;
u, v = ‘depth integrated water velocity in the longitudinal direction and in the traverse direction,
respectively; )
zp = bed elevation;
A = porosity of the sediment;
Wi = coeflicient of dynamic friction;

Hs = coefficient of static friction;



Ty
Ty
s

subscript 0

= non-dimensional critical shear stress of sediment size class 7,

= non-dimensional shear stress of sediment size class i

= non-dimensional amplitude of perturbation;

= non-dimensional value; and

= value of the normal flow field.
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