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ABSTRACT

In a flow with vegetation zone along side wall, the organized turbulence appears. Such an
organized motion of fluid is caused by the alternation of the lateral component of the flow velocity with
low frequency, whose amplitude is still intense near the channel bed. Hence this organized turbulence
influences even the bed-load motion and it brings about alternation of lateral flux of bed-load transport.
Since the bed-load intensity in the main channel is obviously higher than that the vegetation zone, the net
flux of the lateral bed-load transport is toward the vegetation zone and sediment deposits in the
vegetation zone to form a longitudinal sand ridge. When the bed is composed of graded materials, the
process accompanies lateral sorting to form a longitudinal stripe of fine sediment. Such a process is
investigated in a laboratory flume, and is explained by the non-equilibrium bed-load transport model for
each grain size. :

INTRODUCTION

Vegetation often exists on a flood plain to provides a riparian habitats. It affects not only flow but
also morphological change of a river bed through the change of the sediment transport during floods.
The riparian habitat is always disturbed but it would be maintained by the growth of the vegetation in the
intervals of floods.

Photo 1 shows an almost straight river with a vegetation zone, which has a longitudinal sand
ridge covered by fine materials formed during floods. How was this sand ridge formed, and apparently
from sediment transport in a longitudinal direction?

The flow in the vegetation zone during floods is very much retarded. This slower flow in the
vegetation zone and the faster flow in the main course influence each other, which causes a lateral flux
of momentum and suspended sediment transport. The transverse difference of the lateral flux of
sediment promotes the change in the transverse bed profile ( Ikeda ez al. (1, 2)). The lateral mixing
contributes to the organized structure of turbulence that has a low frequency fluctuation of velocity
associated with the water-surface fluctuation (3~6). Figure 1 demonstrates the measured velocity
fluctuation and water-surface fluctuation of the flow with the vegetation zone along side wall of the
channel. This velocity fluctuation has a low frequency and it is so intense that it influences even the
bed-load motion. This produces an alternation of the lateral flux of the bed-load transport. Since the
bed-load intensity in the main course is obviously higher than that in the vegetation zone, the net flux of
lateral bed-load transport is toward the vegetation zone and the sediment deposits there to make a
longitudinal sand ridge. Tsujimoto & Kitamura (7) observed such a process in a laboratory flume and
described it by applying the non-equilibrium bed-load transport model in the lateral direction.

Photo 1 suggests that the longitudinal sand ridge accompanies the lateral sorting of the graded
materials, when the bed is composed of graded materials, In this study, lateral sorting process near
vegetation zone was surveyed in a laboratory experiment creating an idealized situation. Furthermore,
such a process was explained by applying the non-equilibrinm bed-load transport model for each grain
size. ~
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Fig.1 Organized fluctuation appearing in the flow of the vegetation zone

In this study, the vegetation was represented by a group of cylinders with a constant diameter set
on the bed distant from each other, and a zone along the side wall of the channel was postulated to be
vegetated. When the whole bed was covered by the dense vegetation and the flow depth was smaller
than the vegetation height, the characteristic velocity Uso appeared in the vegetatxon zone proportional to

the square root of energy gradient,

Uso=KsV1 ' (€Y

in which I=energy gradient; and Ks represents the hydraulic characteristics of the vegetation zone.
‘When the group of cylinders represents the vegetation, K5 is given by

Ks=\2gs?(CnD) @

in which Cp=drag coefficient; D=diameter of cylinder; s=interval between the centers of the cylinders
and g=gravity acceleration. When the vegetation cover is sparse, the resistance caused by the shear
acting on the bed surface is not negligible. In this study, the vegetation cover which was so dense that
the effect of the shear was negligible on the resistance in the vegetation zone was treated,

The bed was a graded material constituting of N classes with diameter d; at the volumetric fraction

pi (i=1~N).



FLUME EXPERIMENT

The experiments were conducted in a
12m long, S0cm wide flume. The model
vegetation zone was prepared with a group
of cylinders (D=0.25cm, s=2cm,
Ks=160cm/s); Fig.2 shows their arragement
in the flume. The width of the vegetation
zone was 25cm. A length of 3m was
prepared as a movable bed made of the
mixture, which was composed of a "coarse
sand” (d1=0.088cm) and "fine sand"
(d2=0.034cm). The volumetric ratio of the
respective sand types to the mixture was set
at p10=p20=0.5. The coarse sand was
colored by green volatile ink to distinguish it
from fine sand. The thickness of the
movable bed was 4cm, and the movable bed
surface had the same level as the rigid bed
with glued sand roughness.

The depth of flow, Ag, (before the appreciable bed deformation) was set 4.0cm (smaller than the
vegetation height), The experiments were conducted with the same depth but different slope i and

water discharge, as shown in Table 1, in which .Q-CDDho/(Qsz), and us0
experimental run, no sediment was supplied from the upsiream sector, and the experiment was finished
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Fig.2 Experimental flume
Table 1 Experimental condition
RU dy (em) {dz {cm) |p1o ib ho (cm) | usglemis) [
AUN1 [0.088 10.034 |05 150 14.0 511 |0.152
AUNZ [0.088 |0.034 10.5 /300 | 4.0 361 10.162

before appreciable bed degradation was brought about,
At proper time interval to the measurements, the water supply was stopped, then the transverse
bed profile was measured and a photo of the bed-surface condition was taken.

ghoib, During any

Photo 2 Change of bed-surface condition with time
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Fig.3 Growth of sand ridge and sorting

Photo 2 shows the change in bed-surface composition with time in RUN 1. An undistinct fine
sand stripe had appeared at t=180s (t=time after the introduction of water discharge on the bed), and then
it became obvious at r=600s. From the photo at #=1,500s, the stripe of fine sand shifted toward the
inside of the vegetation zone. On the other hand, the gravel sheets (longitudinally altemate sorting) were
observed in the main channel after 600s.

Figure 3 shows the temporal change of the transverse bed profile near the boundary of the
vegetation zone (z=0: boundary of the vegetation zone, z<0: vegetation zone, z>0: non-vegetation zone),
and the figure shows that sand deposition appears near the boundary of the vegetation zone to make a
sand ridge. The crest of the sand ridge shifts towards the inside of the vegetation zone with time. In

- Fig.3, the zone covered by fine sand is indicated as shaded areas. Sand ridge formation as a sorting
process can be recognized.

The motion of the sand was in the bed-load and not in the suspended load for any of the
experiments, according to our observations, Tsujimoto & Kitamura (7) shows that the organized
velocity fluctuation, which is too intense to influence even bed-load motion, appears in the flow with
vegetation zone along a side wall, and this velocity fluctuation prodeces an alternation of the lateral flux
of the bed-load. In this experiment, we also observed that the sand moved downstream in a zigzag
manner. We believe that it must cause the formation of the sand ridge with sorting.

MODEL FOR TRANSPORT OF GRADED MATERIAL NEAR VEGETATION ZONE

When a stream with a vegetation zone has a movable bed composed of uniform sand, a
longitudinal sand ridge is formed near the vegetation zone by lateral transport of the bed-load. This
process was explained by applying the non-equilibrium bed-load transport model by Nakagawa &
Tsujimoto (8) and was investigated by a flume experiment by Tsujimoto & Kitamura (7). When the bed
is composed of graded material, the lateral bed-load transport is different for each size of material, which
must have been brought about the sorting. In this study, a non-equilibrium bed-load transport model of
graded material was used to explain the formation of a sorting stripe near the vegetation zone, which was
successfully applied to describe the armoring, pavement, and both longitudinally alternate and laterally
alternate sorting processes (9).

The volumetric ratio of the i-th class of sand with a representative diameter of dj to the total volume
of the surface layer of the bed was represented by pi, and the pick-up rate and the mean step length of i-
th class sand by psiand Aj, respectively.

For simplicity, the fluctuation of the lateral real fluctuation
component of velocity is approximated as step waves W approximation
with an amplitude of wrms and a period of ATy, Y e
repetition of +wrms and -wrms as shown in Fig.3. pi AN Twms /[ \

1
The ATy, was long enough to affect the bed-load §j Ut -
motion. The lateral transport rate of the bed-load for {- < \_;’M l—
e ATL g

each grain size during the period of w'>0 and w'<0, ;
gBzil(z) and gBzix(z) are as follows by applying the o . .
non-equilibrium transport formula (9) to the lateral ~ Fig-4 Simplified model of organized fluctuation
" bed-load transport (10). at a low frequency
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gBzi1z) %Lj {pi(z -Opsi(z- C)exp[—m] }d§ 3)
quiz(z)=:‘f43giJ {Pi(z+é’)psi(z+ C)exp[~m] }dr;‘ 4)

in which the i indicates the class of sand due to grain size (i=1,2, ..., N); A2, A3=two- and three
dimensional geometrical coefficients for sand; ¢ij(z)=direction of bed-load motion deviated from the
longitudinal axis; po=porosity of sand; and jindicates the time duration when w'>0 (j=1) orw'<0
i=2).

When the bed deformation was negligible, ¢i;(z) is approximated by the flow direction. Hence,
when wrms<<U,

wimsz)
|#i@)|=ls@|="5; ®)
The net lateral transport for each grain size is givén as
quxnet(Z) __ng11§2 lzﬂBzsz ) (6)

The pick-up rate for each grain size, psj, is given by the following formula proposed by Nakagawa
etal (12). :

H 0 T Txci
=0, 037i(1
V(olp)grdi (1723

in which 7«imu»2/[(0/p-1)gdi]; T+ci=dimensionless critical tractive force for each grain size. When the
critical tractive force of sand with dy (=3 [dipi]) in the mixture is represented by T«cm,

% @

T*ci—(adi)s ®)

Txem

When £=-1, the difference in the critical shear stress brings about sorting, and, for example, the
formation of an armor coat is explained. However, even with £=-1, when there is no difference in
critical tractive force for each grain size, sorting is caused by the difference in non-equilibrium transport
rate for each grain size (for example, pavement, diffuse gravel sheet, and so on: Tsujimoto (9)). When a
part of the bed material moves, -1<&<0; while £=-1 when all fractions of bed material moves. In this
study, the latter was assumed. Furthermore, 7«cm was here assumed to be identical to the value of the
uniform size sand, that is 0.034, according to Iwagaki (13).

On the other hand, the mean step length for each grain size of graded material was assumed to be
A1=20, A2=100 (A.;=Ai/d}), according to Nakagawa et al. (12).

Figure 5 shows the calculated results of gBzi and dgBzi/dz . The velocity U(z), the velocity
fluctuation wrms(z) and the shear velocity u«(z) were given according to Tsujimoto & Kitamura (7) (See
APPENDIX). Absolute value of dgBzi/dz for the fine sand is larger than that for coarse sand near the
boundary of vegetation zone within the vegetation zone, which suggests that the deposition of the fine
sand is greater than that of the coarse sand. This shows that the sorting stripe appearing near the
vegetation is caused by the fact that the net transport rate of bed-load is different to each other.
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Fig.6 lllustration of mixing model in the exchange layer of the bed sueface
SIMULATION OF SORTING PROCESS

Due to the net lateral transport of the bed-load, the apparent volume of /-th class sand depositing
during At is as follows for unit longitudinal distance;

1 8 Bzinet
Agi= - ——29BZL "7, A :
7="1py oz 27 ©)

Agi>0 is thedeposition. The change in bed elevation is given by the mass-continuity equation, as
follows;

N
dyh Agk
ot~ Az At (10)
k=1

Figure 6 shows the mixing process of eroded and/or depositing sediment with bed material is
illustrated in a simplified mixture composed of two fractions, where pijo=the volumetric ratio of the i-th
class sand in the total volume in the substratum (the initial surface layer); fe=the thickness of the so-
called exchange layer (11) ; It is here assumed that the thickness of the exchange layer was constant and
its order was the maximum size in the mixture, Referring to this figure, the bed-surface composition
after Az is described as follows;

pi(t)[f’eAz-SAth(t)]+Aqi(z)
pi(t+At )= oA (Whendyp/ar>0)
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pi(t)f’eﬁzwiogAqk(t)+Aqi(t)
pit+At )= 3;‘12 (when dyb/at <0) (11)

- From calculation of the above, A¢ should be chosen so as KZAku<6¢Az and }Aqii<0eAz, and Agi=

-pi(f)0eAz when Agi<-pi(t)BeAz, should be assumed. :

Figure 7 shows the calculated results on the temporal changes of bed elevation (yb) and the
volumetric ratio of coarse sand (p1) at several locations of the cross section. To understand the
formation of sand ridges and longitudinal sorting, Fig. 8 shows the calculated results expressed as the
temporal changes of the profiles of yu(z) and p1(z). A sand ridge formes near the boundary of the
vegetation zone and develops there. The region where the fine material is greater than the coarse sand
appears near the boundary of the vegetation zone, and develops with a shift of location toward the inside
of the vegetation zone. These results are consistent to the experimental results shown in Fig.3.
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Fig.7 Calculated results on the temporal changes Fig.8 Calculated results of temporal changes
of bed elevation and the volumetric ratio of of yo(z) and py(2)
coarse sand
CONCLUSION

In a laboratory flume, a longitudinal stripe of sorting appeared near the vegetation zone along side
wall, resulting from the bed-load motion influenced by the lateral component of the velocity fluctuation.
The velocity fluctuation in the flow with the vegetation zone along side wall was so low and the lateral
velocity fluctuation so intense even near the bottom that it affected the bed-load motion. The net flux of
bed-load in the lateral direction brings a longitudinal sand ridge formation. With bed material of
heterogeneous sand, the net fluxes of bed-load for each grain size in the lateral direction were different
from each other. Hence the formation of the longitudinal sand ridge accompanies the sorting process.
. Such a phenomenon was explained by applying a non-equilibrium transport model for each grain size.
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APPENDIX

The velocity U(z), the velocity fluctuation wrmdz) and the shear velocity u«(z) are formulated as
follows (a detailed explanation is given in the authors' previous paper (7) ).

The following exponential-type distribution was adopted for U(z), which is deduced from an
analysis of a horizontal shear flow with a constant eddy viscosity.

Ut=1+ (\/_}7 -l)exp(—fn—‘) @=0); Ut=7+ (\[)7 ~)’)exp(§;) z=0) (2)

in which

= USO EM* o, bs_ [2Mx 14
Y= Um0 (Cf{».Q) ; s me= V2 (Ce+2) (13)

in which U*sU/Umo; Umo=\1/Cru+o=flow velocity in main course unaffected by vegetation zone;
Cr=resistance coefficient of main course; bm, bs=effective width of shear flow regions in main course
and that in vegetation zone, respectively; em»=&m/(1+0h0); and £y=kinematic eddy viscosity.

The shear velocity is given as follows:

u(2)=CeU(z) (14)

Ikeda et al. (2) assumed the following equation to evaluate the kinematic eddy viscosity.

1- +he .
e "KJ"?@%‘) , (15)

in which f is an empirical parameter, often termed the "mixing coefficient.," The f value was shown by
Ikeda et al. (2) written as follows:

f = 0.035exp[-2.95exp(-3.87)] (16)

The amplitude of the transverse velocity fluctuation at the interfacial boundary of the vegetation
zone wo is related to the f value by the analysis of the lateral mixing of the momentum at the interfacial
boundary of the vegetation zone.

wo/Umo = me(1-v)of 17y

One can expect that wo=wrms0). The lateral dlstnbunonof wrms is approximated by the
following equations according to the experimental results,

wrmso+[wrms(0)-w rms= ] *exp[-(z/ bm)zl (z=0)
wrmdz) = @18)
wrms(())'exp[(z/bs)z] (z=0)

in which wrmso=the value of wyms in main course unaffected by vegetation (mesw*'\/EfUm 0.
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APPENDIX - NOTATION

The fdllowing symbols are used in this paper:

pio
Psi

gBzi

C]Bzinet

Uy
Umo

= two- and three dimensional geometrical coefficients for sand;

= effective width of shear flow regions in main course and that in vegetation zone;

= drag coefficient of vegetation;

= resistance coefficient of main course;

= diameter of cylinders;

= sediment diameter of i-th fraction sand;

= mean diameter of sand mixture;

= mixing coefficient;

= gravity acceleration;

= mean water depth;

= energy gradient;

= longitudinal bed slope;

= proportionality constant;

= volumetric ratio of the i-th fraction sand to that of sand of all fractions in
exchange layer;

= initial value of pi;

= pick-up rate (probability density per unit time for a sand particle to be
dislodged) for the i-th fraction sand;

= lateral component of non-equilibrium bed-load transport rate for the i-th fraction
sand ;

= net lateral transport rate of bed-load for the i-th fraction sand;

= interval between the center of cylinders;

= time;

= mean primary velocity (depth averaged value);

= dimensionless mean primary velocity (depth averaged value);

= mean primary velocity in main course unaffected by vegetation zone;
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Uso
F74d
FZAd0]

Urms, Wrms

wo

Wrmseo
x,¥,2

Txci
Tecm

= characteristic velocity in vegetation zone;

= shear velocity;

= shear velocity in main course unaffected by vegetation zone;”

= standard deviation of longitudinal and lateral components of velocity;

= amplitude of the velocity fluctuation;

= depth averaged value of wrms in main course unaffected by vegetation zone;

= longitudinal, vertical, lateral coordinates;

= elevation of bed;

= period of low frequency fluctuation;

= time step for numerical simulation;

= fransverse distance for numerical simulation;

= depostion rate in At and Az;

= constant;

= kinematic eddy viscosity;

= dimensionless kinematic eddy viscosity;

= deflection angle of trajectory of bed-load particle against x axis for i-th fraction
sand;

= ratio between characteristic velocity in vegetation zone and mean primary
velocity in main course unaffected by vegetation zone;

= mean step length of bed-load motion for i-th fraction sand;

= thickness of exchange layer; :

= mass density of water;

= porosity of sand;

= mass density of sand;

= dimensionless tractive force for i-th fraction sand;

= dimensionless critical tractive force for i-th fraction sand;

= dimensionless tractive force in main course unaffected by vegetation zone;

= dimensionless vegetation density; and

= distance along z axis.

{Received January 26, 1996; revised September 28, 1996)



