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Abstract

The morphological evolution of the entrances and exits of abandoned river channels governs their
hydrological connectivity. The study focusses on flow and sediment dynamics in the exit of a cut-off
meander where the downstream entrance is still connected to the main channel, but the upstream
entrance is closed. Two similar field and laboratory cases were investigated using innovative ve-
locimetry techniques (acoustic Doppler profiling, image analysis). Laboratory experiments were
conducted with a mobile-bed physical model of the Morava river (Slovakia). Field measurements
were performed in the exit of the Port-Galland cut-off meander, Ain river (France). Both cases
yielded consistent and complementary results from which a generic scheme for flow patterns and
morphological evolution was derived. A simple analogy with flows in rectangular side cavities was
used to explain the recirculating flow patterns which developed in the exit. A decelerating inflow
deposits bedload in the downstream part of the cavity, while the upstream part is eroded by an
accelerating outflow, leading to the retreat of the upstream bank. In the field, strong secondary
currents were observed, especially in the inflow, which may enhance the scouring of the downstream
corner of the cavity. Also, fine sediment deposits constituted a silt layer in a transitional zone, lo-
cated between the mouth of the abandoned channel and the oxbow-lake within the cut-off meander.
Attempts at morphological prediction should consider not only the flow and sediment conditions
in the cavity, but also the dynamics of the main channel. Keywords: river morphodynamics ;

abandoned channel ; cut-off meander ; Morava river ; Ain river



1 Introduction

Natural fluvial dynamics, as well as artificial training, sometimes lead rivers to abandon their main
or secondary channels. The resulting perifluvial habitats usually show high ecological potential,
depending on hydrological connectivity to the main channel flow (Amoros and Bornette, 2002).
The hydrological connectivity of such ecosystems usually decreases in time due to fast and complex
sedimentation processes occurring in the upstream entrance and downstream exit of the abandoned
channels. In recent years, numerous restoration projects have attempted to reconnect the upstream
and downstream ends of abandoned channels to the main flow to re-establish connectivity and
enhance the quality of ecological habitat (Holubova et al., 1999; Simons et al., 2001; Baptist and
Mosselman, 2002; Yokoyama et al., 2004). The morphodynamical behaviour of the entrance and exit
of the abandoned channel plays an important role in the success of such reconnection measures. The
monitoring of natural cutoffs from pre-cutoff stage can provide evidence on pattern and timescales
of infilling and geomorphic adjustment (Hooke, 1995; Citterio and Piégay, 2008). However, the
prediction of erosion/deposition patterns remains challenging because of the complexity of flow and
sediment transport processes. In their study of oxbow-lakes of the Sacramento river, Constantine
et al. (in press) showed that aggradation rates are faster within upstream entrances with high
diversion angle because of enhanced bedload trapping.

The main goal of this study is to investigate the flow and erosion/deposition processes taking
place in the exit of an abandoned meander where the exit is connected to the main channel, but the
upstream entrance is closed. Such a situation is common for many former meanders during ordinary
floods, as the inundation frequency is usually much higher at the exit than at the entrance. This
kind of ‘backflow’ into the downstream end of the abandoned channel is a key-process for the infilling
of oxbow-lakes (Shields and Abt, 1989).

Results from flume, field and numerical studies, cf. e.g. Langendoen et al. (1994); Kimura and
Hosoda (1997); Muto et al. (2000); Uijttewaal et al. (2001); Nezu and Onitsuka (2002); Sukhodolov
et al. (2004), provide the basis for a simplified scheme of the horizontal flow patterns in open-channel
side cavities (Fig. 1). In roughly square cavities (0.5 < W/L < 2, with W, L, the width and length

of the cavity, respectively), one recirculating gyre develops in the cavity. In more elongated cavities



(W/L < 0.5 0r W/L > 2), asecondary gyre usually appears with a pattern of rotation in opposition
to the main gyre. Although the downstream exits of abandoned channels are similar to side cavities,
it is unknown whether flow patterns observed in rectangular cavities coincide with flow patterns that
develop in the exits of abandoned channels, which may have complex geometrical configurations. In
some groyne fields for instance, flow patterns were observed to deviate from the simplified scheme
(Sukhodolov et al., 2002). Understanding flow patterns in exits is important because it determines

patterns of erosion and deposition at these locations.
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Figure 1: Recirculating flow patterns commonly observed in open-channel side cavities

Modified from Sukhodolov et al. (2002)

In this study, both laboratory and field investigations were conducted to evaluate patterns of
flow and erosion/deposition at the downstream exit of an abandoned meander bend. The first
two sections of the paper outline the experimental methods used to obtain measurements in the
laboratory (physical model of the Morava River, Slovakia) and in the field (Port-Galland meander,
Ain river, France). In the next two sections, observed flow and erosion/deposition patterns in
both cases are compared and analysed. A simple analogy with flows in rectangular cavities is
proposed to explain the observations. Finally, a discussion is presented on the consistency of the
hydro-sedimentary observations and on the effects of complex flow processes (3D, intermittent) on

sediment transport in such cases.



2 Laboratory experiments

2.1 Experimental set-up

Experiments were conducted on a 8.60m x 19m physical model (Fig. 2a) built within the VUVH hy-
draulic facility (Bratislava, Slovakia). The model simulates a 2400m-long reach of the lower Morava
river, which forms the boundary between Slovakia and Austria. This originally free-meandering
tributary of the Danube was heavily regulated and channelized in the mid XX** century. The phys-
ical model was used to study several reopening scenarios for two disconnected meanders, as part
of a European Phare project entitled Morava-Dyje: Restoration of Fish Habitat and Hydrology
(Holubova et al., 1999).

The main channel and the floodplain, including disconnected meanders, were reproduced from
bathymetry surveys and aerial photographs. The floodplain (coarse sand) and the channel banks
and substratum (concrete) were inerodible. In this study, the entrance of the main meander was
closed. Observations were focused on the downstream exit, which was directly open to the main
channel (Fig. 2b).

A constant flow rate was maintained upstream through an electromagnetic flowmeter. The water
levels at six gauge points (cf. Fig. 2a) distributed along the channels were controlled with needle
gauges. Upstream and downstream water levels were stabilized in stilling basins. The water surface
profile in the flume was calibrated at each gauge point within 4-5 mm (i.e. 15-20 cm at real river
scale) from the in-situ measured water surface profile.

Spatial horizontal and vertical scale factors were A\, = 160 and A, = 40 respectively. The
corresponding distorsion factor, A = Ay /A, = 4, yields water depths large enough to minimize
capillary effects. Throughout the paper, A\, represents X/z, where X is a given real quantity and
x is the corresponding quantity in the physical model. The slope of the main channel of the flume
was J = 0.585%0, which corresponds to 0.15%o at real river scale (A\y = 1/A = 0.25). The main
hydrodynamical and sedimentological scale factors were computed according to classical Froude and
Shields similarity rules. In particular, the time scale factors for hydrodynamical and sedimentological
processes were Ay = 25.5 and s, = 400, respectively.

A typical sketch of the river and meander cross-sections is shown in Fig. 2c. The river and me-
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Figure 2: (a) Sketch of the physical model with the six gauge points and the area of interest (exit area);
(b) Oblique view of the study meander (looking upstream); (¢) Typical cross-section in the physical model,

with mobile coal particle layer and paper bush fixed in the bank



ander beds were covered with a mobile layer of monodisperse coal particles with a median diameter
dso = 1.07 mm (A\g,, = 5) and a sorting coefficient /dgs/dig = 1.5. The sediment density was
ps = 1330 kg/m? (\,, = 2.0). The bank roughness was enhanced by small bushes made of paper

held in place by iron wire meshes.

2.2 Morphodynamical simulations

For two different simulation runs, contrasting shapes were given to the downstream corner of
the exit (see Fig. 3). Run 1 was conducted with a smooth corner (flow incidence angle roughly

60°), whereas run 2 was conducted with a sharp corner and a reduced mouth (flow incidence angle
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roughly 90°).

Figure 3: Simplified shape of the Morava cavity for run 1 (a, smooth corner) and run 2 (b, sharp corner)

and an analogy with flows in rectangular side cavities to explain the observed flow patterns (see Section 4.1).

Each experimental run was performed with the bankfull discharge rate (6.4 1/s, representing
260 m?/s at real scale). During each run, 1D vertical velocity profiles were acquired throughout
two cross-sections located upstream and downstream the area of interest, with 5 positions in each
section. A MET-FLOW Ultrasonic Velocity Profile Monitor (UVP), typically suitable for velocities
as low as 1 cm/s, was used. The flow rates computed according to a classical velocity-area method

fell within 2-3% of the nominal discharge maintained upstream.



Initially the mobile bed was manually smoothed according to a uniform 0.585%¢ streamwise
slope in the main channel and a zero slope in the cut-off meander. Two hours were required
to achieve the nominal discharge, water level calibration and hydro-sedimentary equilibrium in the
main channel. At this point, alternate bars formed and the bedload transport rate and morphological
changes reached equilibrium. As the upstream sediment input was zero, the achievement of hydro-
sedimentary equilibrium induced a sediment deficit in the most upstream part of the main channel.
During each run, degraded reach about 1-m long developed at the upstream end of the main channel.
However, this deficit area remained far upstream from the meander exit.

At the end of each run, the physical model was gradually emptied. The bathymetry of the area
of interest (cf. Fig. 2a) was then surveyed every 2—-10 cm streamwise and 1-2 cm spanwise with a

laser distance sensor mounted on a bridge crane.

2.3 Image-based flow measurements (LS-PIV)

The single-beam UVP measures 1D velocity components only. To provide a 2D characterization
of the flow, a Large-Scale Particle-Image-Velocimetry (LS-PIV) technique was used to measure the
complex surface velocity patterns in the meander exit. The principle of operation of LS-PIV consists
of estimating the most likely displacement of clusters of gray-scale pixels between two successive
images using correlation techniques (Hauet et al., 2008). Through accurate geometric rectification
of the images (Fujita et al., 1998), the instantaneous and time-averaged flow fields at the free-surface
can be computed.

During both experimental runs, video sequences were recorded with an ordinary digital mini-DV
camescope (CANONMVT750i, 25 frames per second, 720 x 576 pixels resolution). The flow free-
surface was manually seeded with floating paper confetti (diameter ~ 1 cm). As the tilt angle of the
camera was close to 90°, the magnitude of geometric corrections was quite limited. The correction
matrices for geometric rectification were computed using a regular 5cm x 5cm grid visible at the
beginning and at the end of each sequence (Fig. 4). The LS-PIV analysis was similarly performed
on a bhem X Hem computational grid.

The time step between successive images was set to obtain apparent tracer displacements of



Figure 4: Example of LS-PIV images during run 2. Confetti-seeded flow (a) and rectification grid (b)

approximately 15 pixels between images. The resulting rate was 10 images per second in the
exit. For each instantaneous flow field, erroneous vectors were filtered out based on reasonable
displacement and correlation coefficient restrictions. The processed movie sequences lasted from

30 s to a few minutes to properly average the surface flow field.

3 Field campaigns

3.1 Study site

The lower Ain river, South-Eastern France, is a gravel-bed river with an average slope of 0.15%
and mean annual discharge of 124 m?/s (www.rdbrme.com/hydroreel2/). During the first half of
the twentieth century, the river channel pattern changed from braided to a freely-meandering style.
Though regulated by dams since the sixties, the fluvial dynamics continue to be active yielding a
variety of abandoned channels. Along the Port-Galland study reach, the active channel bed showed
a mean degradation rate of only 0.8 cm between 1986 and 1999 (Rollet et al., 2005).Bed materials
consist of gravel with dsg = 1.5 ¢m, dgp = 6 cm, and sorting coefficient \/m = 2.9 (Rollet,
2007). Gravels in the Ain river consist of jurassic limestone with a density of 2600-2700 kg/m?3.
The Port-Galland abandoned channel was previously a meander of the Ain river. This reach

was artificially cut-off in 1964 to protect a newly-built bridge (Fig. 5a). As can also be seen in



Figure 5: The Port-Galland study site: (a) recent aerial view of the active and abandoned channels

(Google Earth); (b) low-flow view of the downstream exit of the former meander

Fig. 5, the new river channel curves in the opposite direction of the abandoned channel. This study
site was chosen because its exit presented several advantages for hydrodynamical investigation:
frequent connection to the river flow, easy access by car, overhanging embankment, wide and slightly
vegetalized former channel. Additionally, a well-rated gauging station operated by the Compagnie
Nationale du Rhéne (CNR) is located a few metres from the bridge.

From morphological surveys, Rollet et al. (2005) estimated the mean sedimentation rate to
be 1.4 cm/yr in oxbow-lakes within the abandoned channel and 0.5 cm/yr in the downstream
exit. Upstream connection of the Port-Galland abandoned channel occurs for discharges greater
than 1000 m?3/s, which corresponds to a 2.5 year return period (www.rdbrmec.com/hydroreel2/).
In contrast, downstream hydrological connection is almost continuous (about 300 days per year).
Upstream connection is likely to induce severe changes in the morphology of the exit of the cut-
off meander, because the flow patterns are expected to differ dramatically from those observed
for downstream connection only. The corresponding morphodynamical processes are beyond the
scope of this study. However, they should be taken into account when considering the long-term
adjustment of cut-off meanders.

The abandoned river channel forms side cavity at the downstream junction with the active

channel (Fig. 5b). The downstream side of the cavity, normal to the main flow direction, is protected



by an inerodible dyke that previously supported the road to the former bridge. The upstream side of
the cavity is more complex and shows active bank erosion. A noticeable gravel deposit surrounded
by deeper areas is located in the cavity near the downstream corner. A sand bar separates the mouth
of the abandoned channel from the first of a series of oxbow-lakes the beds of which is covered by
fine material (sand and silt). Due to almost permanent connection to the river, the deposits in the

Port-Galland cavity are not vegetated yet.

3.2 Morphological surveys
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Figure 6: Discharges at Port-Galland gauging station (CNR) over 2005-2008

The morphological evolution of the exit of the Port-Galland cut-off meander was monitored
from 2005 to 2008 (Fig. 6). Hereafter, the 5 topography campaigns performed on 2005/01/13,
2005,/06,/07, 2006/09/06, 2007/11/06, 2008/07 /24, are referred to as topography campaigns 2005a,
2005b, 2006, 2007, 2008, respectively. Following the observations by Rollet (2007), the discharge

threshold above which active bedload transport occurs in the main channel under consideration was
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estimated to equal 400 m3/s. Periods between two consecutive topography campaigns involved 8 to
11 days with discharge exceeding 400 m?/s.

The geometry of the exit was measured using either an optical total station (Leica TC305)
or differential GPS (Leica GPS 1200 RTK), with a set of fixed reference points. The accuracy
of horizontal and vertical measurements was on the order of centimeters. Additionally, during
campaigns 2005b to 2008, the thickness of the fine sediment layer (sand and silt) above the primary
gravel bed of the abandoned channel was probed at numerous locations with a metal rod.

Despite differences in the distribution of measurement points among surveys, all of them were
dense enough to allow spatial interpolation and comparisons. Typically, the geometry was surveyed
every 5 m streamwise and 1-2 m spanwise. As noticeable exceptions, the upstream corner of the
exit was not surveyed during campaigns 2005b and 2007. The bed geometry and the fine sediment
layer were interpolated by linear triangulation on a regular grid with 1m resolution. Differences

between consecutive topographic grids facilitated quantification of morphological evolution.

3.3 ADcp campaigns

Moving-vessel aDcp measurements were performed to obtain mean velocity data on transects across
the exit of the cut-off meander. The aDcp was a Teledyne RDI® WorkHorse RioGrande operating
at 1200 kHz. The water velocity data were acquired with BroadBand modes 1 and 12. In all cases,
the bin size was set to 30 cm and the sampling rate was nearly 1 Hz.

During each campaign, several (6 to 10) replicate crossings along each transect were achieved
by mounting the aDcp on a small non-powered boat equipped with a surveying prism and regularly
measuring the location of the aDcp from the bank using a total station (Leica® TC305). Each
aDcp survey lasted between 1 and 2 hours. The main limitation was navigational safety: velocity
bursts and floating debris were a constant concern and it was often impossible to get data in the
vicinity of the main river flow.

Specific post-processing tools were implemented to position and average aDcp data (flow depth
and 3D velocity field) acquired on replicate crossings. A description of the principle and validation

of these post-processing tools can be found in Le Coz et al. (2008). Using this procedure, the
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bathymetry profiles and mean 3D velocity fields were established for all the transects of the 10 aDcp
campaigns.

Though the river discharge was regulated by a series of dams, flow conditions were not controlled
specifically for our observations. Ten aDcp measurement campaigns took place during 7 hydrological
events (A to G) in 2005 and 2006 (Fig. 7). The full range of downstream connecting flow rates was
investigated, from low flow (200 m?/s) to values close to the upstream connecting flow (above
1000 m?/s). Relevant hydraulic parameters during each aDcp campaign are reported in Tab. 1.

Apart from event B, which had stationary low flow conditions, the flood events lasted between
1 and 2 days. For each event, three periods can be distinguished: a rising limb, a plateau and a
falling limb. Campaign aDcp-2 was the only survey with longstanding stationary conditions, while
campaigns aDcp-6 and aDcp-9 were performed after the 10 h-long plateau periods of floods E and
G respectively. Campaigns aDcp-3/4/7/8 were performed in the middle or at the end of the rising
limbs of floods C/D/F /G respectively. Campaigns aDcp-1/5/10 were performed during the falling
limbs of floods A/D/G respectively.
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Figure 7: Hydraulic conditions in the main river channel during aDcp campaigns (aDcp-1 to aDep-10) and

flood events A to G, from the hourly discharges measured at Port-Galland gauging station (CNR).
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campaign | flood date time discharge @ | water level U Fr Re

[m? /5] [m NGF] | [m/s] | [] -l
aDcp-1 A 2005/02/14 | 12:00-13:00 360 191.79 1.66 | 0.39 | 3.1x10°
aDcp-2 B 2005/03/04 | 10:30-12:30 200 191.23 1.24 | 0.28 | 2.5x10°
aDcp-3 C 2005/04/25 | 15:00-16:30 650 192.57 2.03 | 0.44 | 4.5x10°
aDcp-4 D 2006/03/09 | 16:30-18:30 450 192.07 1.79 | 0.42 | 3.3x10°
aDcp-5 D 2006/03/10 | 12:00-13:30 460 192.08 1.79 | 0.42 | 3.3x10°
aDcp-6 B 2006/03/29 | 13:45-15:30 430 192.01 1.78 | 0.42 | 3.2x106
aDcp-7 F 2006/03/31 | 15:15-17:00 750 192.83 2.09 | 0.43 | 5.1x108
aDcp-8 G 2006/04/10 | 12:00-13:30 540 192.29 1.92 0.44 | 3.8x10°
aDcp-9 G 2006/04/11 | 11:45-13:00 925 193.22 2.22 0.43 | 6.1x106
aDcp-10 G 2006/04/11 | 16:00-17:00 830 193.01 2.15 0.43 | 5.5x108

Table 1: Hydraulic conditions in the main river channel during aDcp campaigns. The flow rate
Q [m3/s] and the water level above sea level (NGF reference system) were measured at Port-
Galland gauging station (CNR). U [m/s] is the bulk velocity, @/S(h), with S [m?] the cross-section
area computed from the bathymetry at the gauging station. The Froude and Reynolds numbers
were computed as Fr = U/+\/gD;, and Re = URy, /v, respectively, with g = 9.81 m/s? the gravity

acceleration, D, [m| the hydraulic depth, R; [m| the hydraulic radius, and v = 107% m?/s the

kinematic viscosity of water.
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4 Results: Observed Flow Structure

4.1 Laboratory case: Surface flow patterns

The time-averaged surface flow patterns measured by LS-PIV in the exit of the meander in the
physical model varied significantly with shape of the channel mouth. During run 1 (smooth corner,
Fig. 8a), a 2-gyre system developed, as observed in spanwise elongated open-channel side cavities
(Fig. 1). The gyre at the mouth of the channel had a mean surface velocity magnitude that was
roughly 3 cm/s in the inflow and less than 2 cm/s in the outflow. The secondary contra-rotating
gyre was twice as large as the primary one with velocity magnitudes as low as a few mm/s. During
run 2 (sharp corner, Fig. 8b), a 1-gyre system recirculated over the whole space occupied by the
2-gyre system of run 1. The velocities measured near the downstream corner suggested a highly 3D

flow structure, confirmed by visual observation of liquid particles traced by dye injection.

y position [m]
y position [m]

<— 2cmls (LS-PIV) : g
0. 60 0. 80 1. 00 0. 40 0. 60 0.80  1.00 1.20 1.40

X position [m] X position [m]

(a) (b)
Figure 8: Time-averaged surface velocity fields yielded by LS-PIV: run 1, smooth corner (a) and run 2,

sharp corner (b). The main channel is located at the bottom of each picture, with main flow from right to

left.

Such a change in flow patterns can be interpreted according to the conceptual model for rect-
angular open-channel side cavities (cf. Fig 1). In run 1 (see Fig. 3a), the width of the cavity can be

equated to the distance along the downstream side of the cavity from the mouth to the end of the
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secondary gyre (W ~ 90 cm). In run 2 (see Fig. 3b), the modified corner apparently reduces the
effective width to W’ ~ 60 cm, the length of the single gyre that forms inward of the contracted
mouth of the cavity. In both cases, the length of the cavity may be approximated by the width of
the secondary channel, i.e., L ~ 40 cm. This method of estimating aspect ratios (W/L = 2.25 for
run 1 and W//L = 1.5 for run 2) of the cavity yields results consistent with the conceptual model
(Fig. 1 and Fig. 3). However, in both cases it would have been difficult to predict the effective width

of the cavity from geometric considerations only.

4.2 Field case: Depth-averaged flow patterns

The interpolated velocity fields from aDcp-1 to aDcp-10 campaigns support a 3-class typology of
the depth-averaged flow patterns developing in the exit of the Port-Galland cut-off meander dur-
ing floods. As an illustration of the 3 flow regimes, Fig. 9 (top row) presents the mean velocities
from aDcp-2, aDcp-6, aDcep-7 campaigns, superimposed with the same reference bed elevation map.
The three flow regimes represented in Fig. 9 (bottom row) appear to depend on the river dis-
charge only, and not on the flood hydrograph (steady / rising / falling). Regime R1, illustrated
by the aDcp-2 (steady phase) campaign, corresponds to low flow conditions (@ < 300 m?/s).
Regime R2, illustrated by the aDcp-6 (steady phase) campaign, corresponds to mid flow condi-
tions (300 < @ < 500 m?/s). Regime R3, illustrated by the aDcp-7 (rising phase) campaign,
corresponds to high flow conditions (@ > 500 m?/s).

In all three flow regimes, the mean flow patterns were organized around a main gyre arising
from the diversion of the main river flow by the downstream corner of the side cavity. For each flow
regime, the inflow and outflow limbs of the main gyre as well as secondary gyres are depicted and
interpreted in light of the conceptual model presented in Fig. 1.

Regime R1 is a one-gyre flow pattern characterized by velocity vectors that change from an
orientation into the abandoned channel at one end of the aDcp transects to an orientation toward
the main channel at the other end of the transects. As expected from the conceptual model (Fig. 1-
b), a secondary gyre also develops near the upstream corner of the cavity. Gyre 2 occupied a small

area and rotated intermittently. As a consequence, it was more evident in data for single transects
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Figure 9: Flow regimes R1, R2, R3 developing in the side cavity according to river discharge level: low
flow conditions (Q < 300 m?3/s), mid flow conditions (300 < @ < 500 m?/s), and high flow conditions
(@ > 500 m?/s). Each flow regime is illustrated by the horizontal flow patterns measured by aDcp (top

row) and the corresponding conceptual model (bottom row).

than it was in the averaged data presented here.

Regime R2 is more complicated since velocity magnitudes were greater and a part of the inflow
was diverted towards inner parts of the cavity. Data from aDcp-1 and aDcp-6 campaigns indicate
that flow impingement against the embankment was stronger than for Regime R1. Some parts
of the right bank were barely inundated at this stage and the shallow outflow in this part of the
meander exit was missed by the aDcp survey. The secondary gyre observed in Regime R1 remained
evident by the pattern of some scattered vectors near the upstream corner of the cavity. As the

inflow extended toward the inner side of the cavity (sand deposit), it activated a third gyre with
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weak opposing circulation in accordance with the conceptual model (Fig. 1-c).

Regime R3 is an amplification of Regime R2 flow patterns because of an increase in river velocities
and momentum transfer to the cavity. The incident flow expanded in a large area of the cavity
above the gravel deposit. The resulting inflow was powerful, straight and deep as shown by the
large velocities measured on the inner transects. Due to safety concerns, data were difficult to
acquire near the river, so gyre 2 was difficult to measure. Visual observations suggested that it was
still present but in competition with a wide and slow outflow covering large vegetated areas on the
right bank of the cavity. Gyre 3 manifested itself as low reverse velocities on the left side of the
inner transect.

Like the laboratory case, the field case can be interpreted in relation with the flow patterns
expected to develop in rectangular open-channel side cavities (cf. Fig 1). As river discharge varied,
different parts of the cavity were submerged and hydrodynamically activated. Three elementary
recirculating systems S1, S2, and S3 can be defined (Fig 10). The dimensions of the corresponding
rectangular cavities may be roughly estimated as follows: L; ~ L3 ~ 65 m, Ly ~ W; ~ 40 m,
Wy ~ W3 ~ 80 m. The resulting aspect ratios (W1/L; ~ 0.6, Wy/La ~ 2.0, W3/L3 ~ 1.2, for
recirculating systems S1, S2, S3, respectively) yield the flow patterns depicted in Fig 10. Observed
flow regimes R1, R2, R3, can be explained as the superposition of recirculating systems S1, S14+S52,

S2+8S3, respectively.

~

\\

S1 S2 S3

Figure 10: A simple analogy with flows in rectangular side cavities to explain the flow patterns observed in
the Port-Galland cavity. Observed flow regimes R1, R2, R3, can be seen as the superposition of recirculating
systems S1, S14+S2, S2+4S3, respectively. Shaded areas must be included (hatching) or excluded (gray) for

defining the considered rectangles.
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5 Results: Morphodynamics

5.1 Laboratory case: Observed erosion/deposition patterns

In the laboratory case, the final bed topography surveys for both experimental runs yielded similar
erosion/deposition spatial patterns in the meander exit and in the main channel (Fig. 11). Some
elongated deposits developed in the vicinity of the downstream side of the exit. Likely because
of 3D plunging currents, the downstream deposit was separated from the bank of the downstream
corner. In run 1, this effect was less visible because 3D currents were not as strong because of the
smoother shape of the downstream corner. Visual observation indicated an intermittent movement

of particles inward.

isosurface
Bathymetry

002

Bathymetry

o 0.02

Figure 11: Deposition and erosion areas from the measured final bed topography (run 1 top, run 2 bottom,

all dimensions in meters).

In contrast, a marked scour of the bank toe near the upstream corner was observed in both
cases. This effect was possibly enhanced by the presence of a steep inerodible concrete bank. Had
the experimental bank been erodible, bank retreat probably would have been observed.

In addition, a general degradation of the main channel was observed for both runs, especially
on the right side (near the mouth of the side channel). Such incision might be related to sediment
trapping in the cavity. Also, deposition on the left side of the main channel across from the exit was

probably caused by friction associated with the paper bushes on the banks and by the development

18



of an alternate bar immediately downstream.

Whereas erosion/deposition patterns were similar for both exit shapes, bed changes were more
pronounced for run 2 over the same simulation time and river discharge. The sharp corner induced
strong inflows that increased sediment trapping in the cavity. Also, the reduced opening to the main
channel concentrated erosion and deposition in a more limited area. The presence of a secondary

gyre had no significant effect on bedload transport in the abandoned channel mouth.

5.2 Field case: Observed erosion/deposition patterns

The morphodynamical evolution of the Port-Galland side cavity can be evaluated from the topo-
graphic surveys performed throughout the 2005-2008 period (Fig. 6). Fig. 12 shows differences in
interpolated bed topography between 2006 and 2005-a (a), 2008 and 2006 (b), and 2008 and 2005-a
(c). The topographic maps established in 2005-b and 2007 were not considered here because the
upstream corner of the cavity had not been properly characterized. Considering the uncertain-
ties associated with the field measurement protocol and with the data interpolation, only elevation
changes greater than 20 cm are considered significant. Areas where the interpolated bathymetry
was not properly constrained by raw data points were discarded and blanked in Fig. 12. Overall,
changes in bed morphology are consistent with the flow patterns provided by the observations and
the conceptual model. The results also indicate that substantial amounts of erosion and deposition
occurred within the mouth of the abandoned channel. While the inerodible downstream corner of
the cavity showed no significant evolution, aggradation of the gravel deposit (cf. Section 3.1) at the
downstream corner and erosion of channel bed at the usptream corner were pronounced.

The upstream corner of the cavity migrated approximately 4 m in 2005-2006, and only ~ 1 m
in 2006-2008. This bank retreat corresponds to bed degradation adjacent to the corner of more
than 1 m (2 m locally). The gravel deposit aggraded by as much as 1 m and propagated inward
into the cavity as much as 10 m in 2005-2006. In 2006-2008 much less deposition occurred (less
than 60 cm vertically over 5 m horizontally). The partial information contained in survey 2005-b
indicated that deposition (and certainly bank erosion) mainly occurred during the 2006 flood season

(between surveys 2005b and 2006). However, minor erosion and inward propagation of the sand
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Figure 12: Differences in interpolated bed topography over three periods. Changes greater than 80 cm

(erosion or deposition) are highlighted by a black line.

bar which separates the mouth of the abandoned channel from the oxbow-lake were noticeable in

2006-2008.

5.3 Field case: Fine sediment deposit layer

The distributions of fine sediment deposits surveyed in 2005, 2006, 2007 and 2008 are presented
in Fig. 13. The thick deposit (>120 cm) inward from the mouth of the cavity (around position
823580-94730) corresponded to a bar made of fine sand and silt, while deposits in the rest of the
abandoned channel mainly consisted of silt. This silt layer, ranging in thickness from 60 cm to
1 m, extended from the inward edge of the sand bar into the cut-off channel, over a distance of
40-50 m. Evident within the deposits is a small channel incised into the middle of the silt layer by
groundwater driven flows during low discharge periods.

The sand deposit (not surveyed in 2006) appeared to be stable over the monitored 4-year period,
whereas the silt layer showed more variability. Between the 2005 and 2006 campaigns, the silt layer
regressed farther into the abandoned channel, but in 2006-2007 it propagated toward the mouth.

In 2007-2008, the silt layer showed no significant evolution.
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Figure 13: Maps of fine deposit layers: measured 7 June 2005 (top left), 6 September 2006 (top right), 6
November 2007 (bottom left), 24 July 2008 (bottom right)
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6 Discussion

6.1 Consistency of local morphodynamical processes

Important similarities were observed for the flow and morphodynamical patterns in both the lab-
oratory and field investigations. The flow patterns organize around a main recirculation, with
secondary gyres developing in the corners of the cavities elongated spanwise or streamwise. This
is in agreement with the results from experimental and field studies on open-channel side cavities.
The field case shows that the flow patterns change according to river discharge, mainly because the
cavity geometry changed with the water level. The laboratory case illustrates the key role of the
shape of the downstream corner (smooth/sharp) and of the contraction of the mouth of the cavity.
Therefore, cavity geometry is the main factor that determines the flow patterns, much more so than
the unsteadiness of the main flow. A simple analogy with flows in rectangular cavities may be used
to characterize the flow patterns in more complex natural cavities. The experimental cavities were
successfully decomposed into rectangular elements to define the corresponding recirculating systems
likely to occur. This is of practical importance for engineering applications, even if determinations
of the influence of cavity geometry on flow patterns may be more difficult when velocity observations
are not available.

Observed morphological trends were also similar and were mainly governed by the main gyre, as
opposed to the secondary ones. As is usually observed in field cases, open-channel cavities such as
cut-off meander entrances and exits efficiently trap bedload. The bedload deposit is located in the
vicinity of the downstream corner, although separated from it, and progrades inward into the cavity.
More surprisingly, this deposition is accompanied by active scouring of the upstream corner of the
cavity, which retreats when erodible. Practically, this implies that not only the downstream corner
but also the upstream corner of the cavity should be protected if bank erosion must be avoided.
It would be interesting to study experimental cases with an erodible downstream corner to assess
whether it retreats from erosion by the incident flow.

The link between flow patterns and sediment transport appears to be quite complicated. The
difference in nature between processes for suspended load and bedload must be taken into account.

For instance, gravel deposits are not positioned in the center of the gyre, where velocity is lower, as
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can be observed for suspended load cases (Langendoen et al., 1994). Erosion and deposition areas
appear to be associated with acceleration (outflow) and deceleration (inflow) trends, and also with
3D currents induced by the solid boundaries (Fig. 14). In contrast, sand and silt are deposited in

the cavity wherever the velocity magnitude drops below the critical value for suspension.

main flow
—>

T

. decelerating
main flow flow

]

upstream corner
(bank retreat)

downstream corner
(possible erosion)

v

accelerating
flow

Figure 14: Conceptual sketch of bedload-related morphodynamical mechanisms in the exit of a cut-off

meander.

6.2 Effects of complex flow processes on sediment transport

To assess the internal flow structure, each horizontal velocity measurement in a given vertical profile
may be divided into a primary component u; and a secondary component us. There exists at least
4 possible definitions for establishing the secondary velocity field (Lane et al., 2000). The Rozovskii
method (Rozovskii 1954, cited by Lane et al., 2000) consists of projecting velocities onto the direction
of the depth-integrated velocity vector and the plane normal to this direction. Therefore, in a
given vertical profile, depth-averaging of primary components yields the depth-averaged velocity,
whereas depth-averaging of secondary components equals zero. The Rozovskii-based analysis is an

appropriate way of identifying the presence of helical motion within a flow where the curvature of
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streamlines exhibits considerable spatial variability (Rhoads and Kenworthy, 1999).

Fig. 15 presents the average results of the Rozovskii decomposition of all the vertical velocity
profiles measured by aDcp within the recirculating flows in the Port-Galland side cavity. The average
profile of primary components over the flow depth deviates from the log profile typical of 2D uniform
flows: over the upper half flow depth it decreases towards the free-surface (Fig. 15a). The average
profile of secondary components (Fig. 15b) shows a centrifugal trend (negative values) over the
upper half flow depth and a centripetal trend (positive values) over the lower half flow depth. The
maximal magnitude of the centrifugal and centripetal secondary components equals 10% of (u), the
local depth-averaged velocity. The order of magnitude of the vertical velocity component in the
measured plunging and upwelling flows also equals 10% of (u). Fig. 15¢ shows that the direction of
horizontal velocity ranges in £5 degrees from the direction of the depth-averaged velocity vector.

This mean helical flow structure can also be directly detected in the velocity fields measured
by aDcp, which offer a consistent view of secondary cells over several aDcp campaigns. Typically,
plunging flows were observed against the downstream corner (embankment) and also against the
upstream corner (eroded bank). Upwelling flows were observed in the vicinity of the gravel deposit.
Three-dimensional flow structure was observed visually in the laboratory case, especially in the
vicinity of the downstream corner of the cavity. By analogy with the case of groynes or meander
bends, helical motion is induced by an imbalance between local inertial forces over the flow depth
influenced by centrifugal acceleration and the counter-acting pressure gradient force associated with
superelevation of the water surface (Engelund, 1974).

Beside complex 3D effects, intermittent effects probably play an important role in sediment
transport in open-channel side cavities such as the exits of cut-off meanders. Quasi-periodic velocity
fluctuations, synchronous with free-surface oscillations, were evident for rectangular flume cavity
cases (Brevis et al., 2006; Kimura and Hosoda, 1997). Such intermittent effects were not measured
in the laboratory case, but in the Port-Galland cavity velocity and free-surface oscillations were
detected with similar periodicities of approximately 40 s (Le Coz, 2007). This intermittency of flow
may have an influence on sediment transport in the cavity and may need to be taken into account

in quantitative morphodynamical modelling.
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Figure 15: Average vertical profiles of the Rozovskii primary component, u; (a), of the secondary component,
us (b), and of the angle between the local velocity vector and the primary direction, v (¢). The results of
the Rozovskii decomposition of the velocity profiles from all the aDcp campaigns conducted within the
Port-Galland cavity were averaged. Non-dimensional height above the bed (z divided by h, flow depth) is
plotted against non-dimensional velocity (divided by (u), the local depth-averaged velocity), and the angle

v (degrees).

7 Conclusions

The flow and sediment dynamics in the exit of a cut-off meander were investigated in two similar
field and laboratory cases using innovative velocimetry techniques (acoustic Doppler profiling, image
analysis). Both cases yielded consistent and complementary results from which a generic scheme
for flow patterns and morphological evolution at the exit of cut-off meanders was derived.

In agreement with previous studies on open-channel side cavity flows, a main recirculating flow
develops in the exit. According to the geometry of the cavity and to hydraulic conditions, counter-
rotating secondary gyres may also occur. In the laboratory case, a change in the shape of the
downstream corner of the cavity induced a two-gyre system instead of a single recirculating flow
patterns. In the field case, three regimes of complex flow patterns were distinguished according to
the discharge in the main channel. In both cases, a simple analogy with flows in rectangular cavities
was used to explain the observations.

As a consequence of the recirculating flow pattern, a decelerating inflow deposits bedload in the

downstream part of the cavity, while the upstream part is eroded by an accelerating outflow, leading
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to the retreat of the upstream bank. Helicoidal secondary currents were observed, especially in the
inflow, which may enhance the scouring of the downstream corner of the cavity. Fine sediment
deposits constitute a silt layer in a transitional zone, located between the mouth of the abandoned
channel and the oxbow-lake within the cut-off meander.

The degree to which the morphodynamical scheme can be generalized requires further confir-
mation through additional experimental, field and numerical studies of cut-off channel exits. The
results presented here show that the geometry of the cavity mainly determines the local flow pat-
terns, hence the morphological changes. A geomorphological analysis of cut-off channel exits, as
well as systematic laboratory or numerical simulation, should particularly focus on the following
geometrical controls: the angle of the abandoned channel with the main channel, the shape of the
downstream corner (sharp/smooth), the contraction of the exit. In addition to geometrical controls,
other factors should be taken into account for assessing the morphological adjustment of the exits
of cut-off meanders, including the role of vegetation in stabilisation of deposits, the possible retreat
of erodible banks, the effects of upstream connection events, and the morphological evolution of the
river main channel (Piégay et al., 2000). From an ecological engineering point of view, the main
practical goal of such studies is to find solutions for controlling the flow and deposition patterns at

the entrances and exits of restored cut-off channels.
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