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ABSTRACT

This paper describes a controlled laboratory expant on the long term morphodynamic
evolution of a tidal meandering channel connected tidal basin. The channel consisted of
five meandering reaches with a sine generated sinagheonstant width (0.4 m). The channel
was closed at one end and connected at the otitewi#h a basin, representing the sea,
where a prescribed tidal oscillation was generafedo different experiments have been
carried out, starting with different initial valuesthe mean flow depth.

Observations have confirmed some of the theoretieapectations, namely the
development of a quasi equilibrium pattern of therage bed profile, with deep scour at the
inlet and the eventual formation of a shore lamdw&he interpretation of the observed
characteristics of the bar-pool pattern, i.e. & #equence of scour and deposition regions
forced by channel curvature, is less straightfodwvém fact, bars turned out to be in phase
with curvature only in the inner portion of the ohel, while the seaward pattern exhibited
deposition at the outer bends and scour at the memeds.

The present experiments were also able to repratheéctormation of an ebb-tidal delta in
the basin. We have performed detailed PIV measuretd the flow field over the ebb-tidal
delta in the final stage of the experiment. Ressiisw the highly asymmetric nature of the
flow field, namely a quasi — irrotational charaadéthe inflow during the flood phase and the
formation of an ebb turbulent shallow jet, whicterghanced by two recirculation cells.
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1 INTRODUCTION

Tidal channels in estuaries and lagoons often aysplmeandering pattern. The problem
of the possible existence of an equilibrium confedion of the bed profile of tidal channels
has been the subject of theoretical investigatmnSchuttelaars and De Swart (1996, 2000)
and by Lanzoni and Seminara (2002). Controlled riaooy experiments have been carried
out by Tambroni et al. (2005). The latter authoesreh shown that straight and weakly
convergent tidal channels closed at one end, deemhdevolve towards an equilibrium
configuration, slightly concave seaward and conVexdward, in accordance with the
theoretical predictions of Lanzoni and Seminaré®20

The channel curvature modifies the lateral strectof bed topography significantly.
Tidal meanders display some similarities with riveeanders (Marani et al.,, 2002), in
particular they exhibit the formation of depositifpoint bars) at the inner bends and scour
(pools) at the outer banks. In the wide literatdeeloped for the fluvial case, it has been
clarified that these sequences of bars and poelalarost steady features, which propagate at
the very slow time scale associated with the pamfevolution of the meandering pattern,
migration rates being typically of the order of erstper year. Essentially, the formation of
the bar-pool pattern is due to a secondary flowcivraffects the trajectory of sediment
particles. Laboratory experiments (Colombini et 8092) carried out on a meandering flume
subject to a stationary flow have shown that thasphlag of the bar pool pattern relative to
curvature depends on the meander wavenumber atie @spect ratio of the channel.



Solari et al. (2001) and Solari and Toffolon (20GBve recently proposed theoretical
models for flow and bed topography in infinite seqces of tidal meandering channel. They
found that a symmetrical tidal wave gives riseptigh a transient process, to an equilibrium
bar-pool pattern characterized by relatively sregthmetrical spatial oscillations throughout
the tidal cycle. The average equilibrium topograjdycharacterized by amplitudes of the
point bar comparable with the mean flow depth.

The aim of the present experiments is to study tthesient process whereby an
equilibrium bed topography is established in a ndeang channel, connected with a tidal
basin. In particular we focus our attention on theracteristics of the cross—sectionally
averaged bed profile and on the structure of threpbal pattern: the finite length of the
channel will be seen to give rise to spatial vaoret of the latter displaying interesting
features. This study also describes the format@hevolution in the near inlet region of an -
ebb tidal delta similar to those encountered iurgatA detailed set of measurements of the
flow field in the basin at equilibrium shows therfwtion of a strong shallow unsteady jet
during the ebb phase and of a quasi — irrotatiioal during the flood phase.

Besides its obvious geomorphic interest, the praktielevance of the problem is related
to the ability to predict bend scour in tidal segs and to shed further light on the
mechanisms that lead to the formation of ebb -} tidHas.

The plan of the paper is as follows. A brief dgstton of the experimental apparatus is
presented in section 2. Results concerning the heolynamic evolution of the bed
topography in the channel and in the seaward kasinliscussed in sections 3 and 4. Finally,
some remarks follow in the last section.

2 EXPERIMENTAL APPARATUS

Experiments were carried out on a large indoorfaiat above which a meandering
channel was built using zincked plate. The Cartes@gngth of the channel wdal.3 m.
Moreover the channel w&s4 m wide, closed at one end and connected at thex etid to a
rectangular basin2(23 m wide and6.5 m long) representing the sea. The flume was
composed of a sequence of five meanders with sitriwavelength_’s of 4 m, connected at
each end to a straight reathm long. The shape of the channel axis was choseh ®
follow the lawy (x') = A" sin(4c X ), with an amplitudé\” of 0.35 m and a Cartesian meander
wavelength(, = 2r/A) taking the valud.7 m.
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Figure 1. Sketch of the experimental apparatus and notion

The walls of the inlet were rounded off, in orderavoid the formation of deep scour
holes. The Figure 1 shows a sketch of the apparatus

Finally, an oscillating discharge was supplied ke tbasin from a tank where the
apparatus for tide generation was installed. Ttterl@onsisted of a cylinder set in motion by
a piston held by a steel frame and controlled byokodynamic mechanism driven by a
control system, which generated the desired lamation. In particular, a sinusoidal tide was
generated:

h'(t') = a; sin(27rt” /T) )



with h'(t) free surface oscillation in the basihtidal period anda’, amplitude of the
tidal wave.

A uniform layer of cohesionless granular materiasufficient thickness was laid on the
bottom of both the flume and the basin. Sedimemsevehosen light enough to be entrained
in suspension throughout most of the tidal cycléhwie values of friction velocity typically
generated in the present experiments. The finalcehwas to use polycarbonate grains,
characterized by a density bP7 t/m® and median grain siz€<=0.15 mm.

Two experiments have been carried out, changingnitial value of the mean flow depth
Do . Table 1 shows the values of the relevant paramsée the two experiments.

EXP. 1 EXP. 2
Tidal period T [s] 170 170
Mean flow depth at the channel inlef o] 0.085 0.04
Tidal peak velocity at the channel inlet) ma [m/s] | 0.3 0.2
Wave amplitude at the channel inlet| “o[mn] 0.021 | 0.009

Table 1 Values of the relevant parameters relative tdrii@l conditions of the two experiments.

3 MORPHODYNAMIC EVOLUTION OF THE CHANNEL
3.1 BED PROFILE

Let us first briefly discuss the morphodynamic ewioin of the cross — sectionally
averaged bed profile. Due to the flood dominantati@r of the tidal wave in the initial stage
(displayed by peak velocities higher during theoflgphase than during the ebb phase, and
high-water period shorter than low-water), a neadirsent flux directed landward arises.
Sediments are then eroded in the seaward portiothefchannel, driven landward, and
deposited in the inner reach. In particular, dyaharp front of the bed profile develops and
migrates landward. This is consistent with the thgcal results obtained by Lanzoni and
Seminara (2002) and with laboratory observationseatilinear and weakly convergent tidal
channels (Tambroni et al., 2005). The Figures 2 &rsthow the temporal evolution of the
laterally averaged bed profile for run 1 and 2pessively. Note thaD is the mean flow
depth at the channel mouth at the beginning of élperiment,7 is the local and
instantaneous value of the average bed elevatidnsais the landward oriented intrinsic
coordinate measured along the channel axis, wigindlocated at the channel inlet.

Let us first discuss the results of the first expent. The bed profile (Figure 2) evolves
starting from an initial configuration charactedzey a fairly weak upslope (f). Since the
very beginning of the experiment (say 100 cyclesjieep scour is observed at the channel
mouth. Note that the scour depth at the channel ieVolves throughout the experiment,
reaching a quasi equilibrium value of the ordethef initial mean flow depth after 8000 tidal
cycles. The sediment front develops quite rapighpws and migrates landward, reaching the
channel end. Proceeding with the experiment, aawdtdry region forms and the depositional
area grows until the bed elevation reaches the medar level. Note that, while the bed
reached an equilibrium state in the landward porabthe channel, in the seaward reach the
laterally averaged bed profile still exhibited aakeoscillatory behaviour at the end of the
experiment.

The small scale oscillations displayed by the bedilp in the laboratory are associated
with the presence of small-scale bed forms. Lasgate fluctuations (see the bed profile after
100 cycles) occur on the meander scale. Thesdatgwils, particularly intense in the initial
stage of the experiment (say after 100 cycles)pegsumably driven by the tendency of bed
topography to adapt to the spatial variations idireent flux associated with channel
curvature. In particular, the channel width beingd, the system chooses to vary the local
bed slope in order to accommodate the requiredrsadi transport. The mechanism looks



similar to that studied by Solari and Seminara 8)96r steady flow in a constant curvature
channel: the deformation of the cross section digpkcour at the outer bend and deposition
at the inner bend, hence the Shields stress imuker portion of the cross section is larger
than in an equivalent straight channel, while tippasite occurs in the inner region. The
resulting increase in sediment transport can oelpalanced by a reduction of bed slope in
the downstream curved reach. In our case, curvéuret constant, hence the local bed slope
must experience spatial changes on the length etaleneander.

Let us now move to the second experiment. Theiplbigure 3 refers to the equilibrium
stage. As observed in the first experiment, thgitodinal bed profile is inward up-grading. It
IS interesting to note the presence of large —esgstillations of the mean bed profile which,
unlike in run 1, persist until the final stage. fhermore, the fact that they are observed close
to the inlet, suggests that they might arise asttoim instability forced by the inlet boundary
condition. Channel curvature may also play some, ridading to a local adaptation of bed
topography as mentioned in the above paragrapheMenythe lack of a systematic theory for
finite length tidal channels, does not allow faramclusive interpretation of this phenomenon.
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Figure 3. Final configuration of the laterally averaged Ipedfile along the channel (Experiment n° 2).

3.2 THE PATTERN OF POINT BARS
We now proceed to discuss the evolution of the poan- pattern driven by channel



curvature. In the initial stage of the first expeent a phase lag between scour and curvature
was observed throughout most of the channel (spad4, where the bed elevation has been
plotted after filtering the average profile out)ftéx 100 tidal cycles deposition has been
observed at the outer bend, especially in the sebp@tion of the channel. Proceeding with
the experiment, the deposits located in the owtgion of the bends have been partially
eroded. On the other hand, the bar-pool pattethadandward reach of the channel appears
to reach a stable configuration, with scours lotatethe outer bend and depositions at the
inner bend. On the contrary, the seaward half ef dhannel displays a peculiar bar-pool
pattern, with deposition bars out of phase witlpees to channel curvature.
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Figure 4. Evolution of bed topography showing the bar-peetttern after 100 and 4000 tidal cycles
(Experiment n° 1). Note that the laterally averaged profile has been subtracted. Bottom elevasion i
expressed imm, with positive values corresponding to depositi@raas.

The observed tendency of the bed topograpny irs¢lagvard portion of the channel is to
reach a configuration which would not be stableature: indeed, bank erosion would rapidly
suppress curvature and the channel would recokestdinear pattern. This is suggestive of a
strong influence of the inlet condition, which appeto force a spatial transient which delays
the development of a fully developed meander patter the first experiment the latter was
reached in the landward portion of the channelevim the second experiment, the whole
channel was invariably covered by point bars oyttadse relative to curvature (Figure 5). As
pointed out above, this configuration would cleds&/ planimetrically unstable if the channel
walls were erodible. We suggest that our obsermatimay provide an explanation for the
observation that, in nature, tidal channels arémselcurved close to their inlets (Figure 6).
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Figure 5. Map of bed topography showing the bar-pool patieithe final stage of the second experiment .
Note that the laterally averaged bed profile hantmibtracted. Bottom elevation is expressednm
with positive values corresponding to depositicaralas.



Figure 6. An aerial imge of tidal flats and salt marslingen, Denark). Note that the terminal
reach (towards the inlet) of tidal channels is atectilinear.

4 EBB — TIDAL DELTA

A significant fraction of the coastlines is boundgdconfined embayments, connected to
the adjacent sea/ocean through inlets interrug@guences of barrier islands parallel to the
coast (Davis, 1996). Inlets allow tidal currentset@hange water and sediments. In the area
seaward of the inlet, the bathymetry is often ctimrézed by the formation of an ebb-tidal
delta, where sediments unable to re-enter the fagae to the asymmetric nature of the flow
field, are stored. Ebb tidal deltas are locatethatseaward end of the main ebb dominated
channel (with peak velocities stronger during thé e phase) and usually flanked by two
adjacent flood dominated channels. Field data etadafrom the Atlantic US coast (Walton
and Adams, 1976) suggest that the volume of samddsin ebb tidal deltas is almost linearly
proportional to the tidal prism, namely the voluofevater that enters and leaves the lagoon
during each tidal cycle. Depending on the stremjtthe littoral currents the ebb-tidal delta
can be asymmetric with respect to the inlet origoa

The present laboratory experiments allowed us &ee the formation of an ebb-tidal
delta. From the very beginning of the first expenm(Figure 7), sediments were eroded close
to the inlet, both in the channel and in the searbdart of these sediments were observed to
deposit in the central region of the basin. Theiahiwidth of the depositional area was
approximately coincident with the channel width.oé&eding with the experiment, the
extension of the ebb-tidal delta grows, both in ldmgitudinal and lateral directions. Scour
spits are also formed in the central region of Hasin: they eventually develop into a
submerged channel. Along the seaward side of theebs i.e. along the walls of the basin
adjacent to the inlet, two swash bars form, a featypically observed in nature. The same
considerations apply also to the second experinféigure 8). Note that the amount of
sediments stored in the ebb — tidal delta is lotlan in the first experiment, because of the



reduction of the tidal prism.
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Figure 7. Evolution of the pattern of bed topography of ¢i-tidal delta measured at different times in
the first experiment . (& = 100 T. (b)t* = 3000 T. t* = 6000 T. Bottom elevation is expressednm, with
positive values corresponding to depositional areas
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Figure 8. The final pattern of bed topography of the elhltdelta in the second experiment. Bottom
elevation is expressed imm, with positive values corresponding to depositi@raas.

In order to pick up the details of the physicalqasses that lead to the formation of an
ebb — tidal delta, we have performed a set of PRBAsnrements of the surface velocity in the
basin in the final stage of the second experiment.

As already pointed out by various Authors (Blondeatial., 1982, van der Vegt et al.
2006), a strong turbulent jet is formed during #i — flow. The jet is responsible for the
erosion of sediments in the central region of thsilh During the flood phase the flow has a
radial pattern. It may be of some interest to armlhe temporal distribution of the velocity



profiles at some given cross sections. Let us fiostis on the inlet. The Figure 10 shows that
the channel reach immediately inward to the irdetbb dominated, i.e. the stronger currents
occur during the ebb — phase.
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Figure 9. Surface velocity field measured in the basirhatdnd of the second experiment. On the left tiema
observed at some instant during the ebb phaséeanght the pattern at the beginning of the flpbdse.
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Figure 10. Temporal distribution of surface velocity measlirea sequence of two tidal cycles at a crossmect
located 0.3 m inward to the inlet.

If we now move to a cross section located 1 m sehw@ the inlet, we can clearly
distinguish a central region of the basin, whichsidl ebb — dominated, with strong ebb
velocities associated with the jet. The portionsthed basin near its sides are rather flood
dominant: this is consistent with field observatiomhich suggest that ebb tidal deltas are
usually flanked by two flood dominant channels.

CONCLUSIONS

The present laboratory experiments show that & meendering channel closed at one
end evolves towards an asymptotic equilibrium gunation, characterized by a deep scour
at the channel inlet and the formation of a shaak¢t and dry area) in the inner reach of the
channel.
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Figure 11 Temporal distribution throughout two tidal cyclefssurface velocity measured at a cross section
located 1 m seaward to the inlet.

The bar-pool pattern developed in the first expentin the landward region of the
channel is qualitatively consistent with field obsgions and with the theoretical results of
Solari et al. (2001), with deposition occurringthe inner portion of the bend. However, in
the seaward portion of the channel, point bars werteof phase relative to curvature, thus
suggesting that the sinuous pattern in this remionld be planimetrically unstable. In other
words, it appears that the bed topography is slyoaifected by the boundary conditions at
the inlet and at the inner end. In other wordss thiggests that the spatial distribution of the
bar-pool pattern is not simply related to processEsirring at the meander scale: in order to
capture the complete evolution of bed topographey whole channel length needs to be
analyzed. This was even more evident in the seexperiment, in which the bar — pool
pattern was out of phase relative to curvaturegatbe whole channel.

In the inlet region the formation of an ebb-tidadltd was observed for both the
experiments. The flow field in the basin was meaduin the final stage of the second
experiment, showing the formation of a turbulemtdering the ebb phase and a radial quasi-
irrotational pattern during the inflow.

In the near future we plan to investigate the ¢ftdameander wavelength on the bar —
pool pattern, namely the possibility that the phaskg of bars relative to curvature may
decrease as meanders get longer.

The data collected in the present experiment a@ iatended to provide a test case for
future numerical models and theoretical analyses.
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