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ABSTRACT: Cheniers from the Mo-Sain-Michel Bay

(Frince) are coarse shelly sand ridges migratin

the mudflat up to the salt marshes where they agtatmand merge in a littoral barrier. In a madmatiset-
ting and low wave forcing, the cheniers are raselgmerged. However, they are found to move up\ueraé
meters during coincidence of spring tide and seg&vam events. Their morphology, internal structanel

processes of migration are thought to be closdbtee to the hydrodynamic behaviour of the coarse

shelly sediment. This paper focuses on the hydmaayn behaviour of the sediment: Threshold of mqgtian
locity profiles and turbulence in the boundary fagbove a shell debris bed have been investigatddruwni-
directional current. A modification of the bounddayer has been identified in the bedload sheeg. fidt-
shaped bioclastic particles feature low settlinpeiies and revealed a high resistance to the fidwen im-

bricate in a bed.

1 INTRODUCTION

The southern coast of the Mont-Saint-Michel Bay
(Brittany, France) is bordered by a coarse, shelly
littoral barrier fringing the edge of the tidal tfla
The actual sedimentary filling of the estuary dnive
by strong asymmetric tidal currents induces a pro-
gradation of the salt marshes. The waves, rework-
ing the seafloor of the embayment, sort and con-
centrate coarse sand, bioclastic debris and whole
shells in sheets. Due to the large tidal rangetgup
14m at spring tides), these shelly sheets migrate
across the tidal flat, evolving on the upper fiat i
shore parallel elongated structured banks (Bonnot-
Courtois et al., 2004). Stratigraphically, the last
progradational sediment wedge (i.e. from 2300 BP)
of the embayment (the White Dol Marshes) is epi-
sodically interrupted by such shell banks anchored
in the silty sediment. This configuration is in goo
agreement with the definition of chenier given by
Otvos and Price (1979). If several studies focus on
the genesis of cheniers from a stratigraphic or a
morphodynamic point of view (Augustinus, 1989),
there is very few quantitative flume experiments on
the behavior of the shelly material that constitute
such bodies.

The aim of this paper is to provide a first step in
the understanding of the evolution processes, mor-
phology and internal structure of these coarse-litt
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ral barriers by studying the behavior of the bisela
tic sediment in a unidirectional current. This
experimental study, conducted in a small recircu-
lating flume, belongs to a much larger research
project including field works and wave flume ex-
periments. It provides interesting results thabwall
first quantification of bed roughness and sediment
motion threshold.

2 METHODOLOGY

2.1 Sediment analysis

Sediment samples collected on the cheniers of the
Mont-Saint-Michel bay consist of a mixture of het-
erometric shell debris and fine siliclastic sand re
worked by waves and currents from the tidal flat.
Shell debris are plate-shaped, curvated and angular
They offer a large lift surface to the flow. Sihsk

tic sand is mainly composed of sub rounded quartz
grains and heavy minerals. Sediment samples were
dried, weighted and sieved in a vibrating column.
Grain-size analysis revealed a strong bimodal dis-
tribution (Fig. 2). The finest mode is mainly repre
sented by the siliclastic sand and a fine shell ash
(including foraminifera).
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Figure 1. Left: Photograph of the fine siliclastend (0.1 - 0.125mm fraction) showing rounded gugrains and sponge spicules.
Right: Photograph of the shelly fraction (1.25 £5mm); the bioclastic particles are flat, slightpnvex and angular. They offer a

large lift surface to the flow.

The coarsest mode is exclusively composed of
shell fragments. As these two sediment stocks have
a very different origin and composition, they are
assumed to have a different hydrodynamic behav-
ior. It was thus decided to investigate both the ra
sediment (MO1) and the two separated modes
(coarse: M02, and fine: M03). Sediment character-
istics of each sample are summarized in Table 1.
As suggested by Komar and Clemens (1986), the
equivalent diameter derived from the settling ve-
locity is more representative of irregular grains
shape and hydrodynamic behaviour than the com-
monly used sieve diameter. In order to obtain a
“median equivalent grain size” for each sediment
samples, settling velocities of bioclastic parscle
were measured inside a two meters long sedimen-
tation tube. For each sieve size class obtained via
the vibrating column, settling velocities of betwee
80 and 100 particles were measured using strobo-
scopic photographs: a bioclast is released from the
top of the water column without initial velocity.
When its equilibrium velocity is reached, a photo-
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Figure 2. Size distribution of the sediment samife a che-
nier.
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Table 1. Median grain sieve size and sorting in@guiva-
lent median diameter and sorting index, and derwHitthe
three sediment samples.

Sediment =) o Dso setting  Osetting P
samples mm mm kgin
MO1 0.70 0.48 0.39 0.55 2675.5
MO02 0.78 0.42 0.49 0.27 27115
MO03 0.19 0.08 0.26 0.31 2603.9

graph of the particle is taken with a 2 s exposure
time and a 5 Hz stroboscopic lightning. The final
image displays 10 successive positions of the-parti
cle, separated by a 0.2s time lap. By measuring the
distance between each position, the settling veloc-
ity can be inferred with a good precision. Veloci-
ties are then converted in equivalent diameters us-
ing the Gibbs et al. (1971) equation. The resuks a
shown on figure 3. The bigger the sieve size, the
more the equivalent diameter differs from the
sphere settling velocity (y=x curve). The flat sbap
gives a large lift surface to the particle which in
creases the surface drag and reduces its setding v
locity.

] Experimental data
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Figure 3. Relation between sieve size and equivaiameter
of bioclastic particles, calculated from the expemtal set-
tling velocities using Gibbs equation.
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2.2 Experimental procedure

Experiments were conducted in a steady-flow, 200
x 10 x 25 cnrecirculating flume (c.f. Fig. 4). The
discharge is adjusted by a valve and upstream and
downstream water gates to create a free surface
slope and to control the water depth. An alveolar
foam and a honeycomb-like structure are placed at
the outflow to ensure a laminar flow.

Sediment sample was distributed between two
wedges, and positioned at the center of the flume.
The sediment bed is 1 tong and 2.5 cnthick.

The water-saturated loose sand is placed in the
flume and leveled carefully at the same height as
the wedges. It is then slowly flooded, and a curren
is generated when the desired water depth is
reached.

Laser-Doppler Velocimetry (LDV) was used on
back scattered mode to characterize the turbulent
boundary layer by measuring the velocity and tur-
bulent intensity profiles above the bed. The LDV
system operates on the differential Doppler princi-
ple. The key component is a pair of crossing laser
beams produced by splitting the beam from a sin-
gle argon-ion laser (Spectra-Physics Series 2000).
When the two coherent laser beams intersect at an
angle they form an interference fringe pattern. The
region where the beams cross is called the meas-
urement volume and here is about B0, A
photo detector receiving the signal records the fre
guency of the reflected light, from which the veloc
ity of the particle can be determined. Assuming the
seeding particles are small and move perfectly with
the fluid, the fluid velocity can be inferred.

Here, horizontal and vertical velocities were re-
corded using respectively a green (514.5 nm) and a
blue (488 nm) pair of laser beams.

The LDV system has a small spatial resolution:
Vertical profiles were sampled using a step of 0.1
mm in the first millimeter, 1 mnfor the first cen-
timeter and 1 cnfior the rest of the outer flow. The
rate of validated data acquisition is about 60 Hz.
The main advantage of this method is that the
measuring system is non intrusive, avoiding any
disturbance of the flow. The measurement system
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was positioned one meter (x) downstream of the
convergent. It satisfies the Gressner’s conditmm f
fully developed flow ( x/(4R}60 ), regarding to
the hydraulic radius R of the flume (Nezu and
Rudi, 1986). The angle of each pair of beams bed
was shifted to 45° related to an horizontal plane,
order to get closer to the channel bed.

The instantaneous horizontal and vertical velogitie
are filtered at three standard deviations and split
into a mean (u,w) and a turbulent velocity (u',w"):

(1)

From this velocity decomposition, we calculate the
total shear stress which is the sum of the viscous
and the Reynolds (turbulent) stress:

u=u-+u: w=w+w'

Ttotal = /J%— ,ouTv’ (2)

Tviscous

The bottom shear or friction velocity is defined by
dimensioningrita s a velocity:

y*= |Liotal

In the viscous sub layer, the classical formulation
of the linear evolution of the velocity with the
height is considered:

)

u_uz
u v

(4)

In the logarithmic layer, several equations are ac-
cepted, depending on the flow regime and the pa-
rameters to emphasize. Over a smooth bed,
Prandlt's law of the wall gives :

u-1

InU:2)+B
u* K (v)

) (5

wherek is the von Karman constant(.4), and B
a constant.
Over a rough bed, we have (Dyer, 1986):

(6)

where 3 is the roughness length and C a constant.

u_1,z
u* /(In(20)+C
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Figure 4. Plan view of the recirculating flume gaskition of the measurement device (LDV). All dirgms are in millimeters.
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Table 2. Experimental parameters. Sporadic arg delveloped bedload are indicated by one and teus sespectively.

MO1: raw - MO2: coarse - MO3: fine sample

Run H [cm] Wean[M/s] U iscous M/S] Ujog [M/9] Re* g [m] ks [m]
(Eq. 3) (Eq. 5 or 6) (Eq.7)

MO01-D01 6.5 3.73 10 9.43 10 9.48 10° 5.59 2.99 10 N/A
MO01-D02 6.5 7.91 10 9.53 10 2.42 10 14.28 2.49 19 N/A
MO01-D03* 6.5 1.47 16 1.12 1¢ 1.45 1C¢ 8.56 1.60 10 4.55 10
MO1-D04* 4.5 2.371H 2.10 10 2.19 10 12.89 1.30 16 3.78 10°
MO1-DO5** 4.8 3.55 1b 2.22 10 1.75 1¢ 13.11 1.00 16 2.88 10°
M02-D01 6.5 3.06 10 1.32 10° 7.69 10° 7.69 4.36 10 N/A
M02-D02 6.5 8.76 10 5.60 10° 1.29 1¢ 12.87 7.30 16 N/A
M02-D03* 6.5 1.83 16 6.59 10° 1.34 1¢ 13.44 8.00 10 1.92 10°
MO02-D04* 4.5 2.821H 1.65 1C¢ 2.06 10 21.73 7.80 10 2.16 10°
M02-D06** 4.0 3.44 19 2.58 10° 2.30 10 23.00 8.25 10 2.3910
M03-D01 6.5 5.26 10 2.38 10° 9.46 10° 2.27 1.96 16 N/A
M03-D02 6.5 1.28 10 1.78 1¢° 2.03 10 4.86 7.50 16 N/A
MO03-D03** 6.5 2.02 18 1.50 1¢ 1.15 1¢ 3.61 5.30 16 1.38 1C°

The boundary Reynolds number which character-
izes the flow regime in the boundary layer can be
defined as followed, with Ehe median grain di-
ameter:

_pPDu*

Rer (7)

If Re* < 5, the flow is said "hydraulically smooth".
The element's roughness is smaller than the viscous
sub layer and it doesn't affect the flow. If Re65,

the flow is "hydraulically rough". The roughness
elements protrude beyond the viscous sub layer
producing a wake behind each grain. Viscosity has
less influence on both the velocity distributiordan
the overall drag on the surface. IERe*< 65, we
have a transitional state; the roughness elements

are about the same size as the viscous sub layer.

The vertical velocity distribution is more complex
and still poorly predicted (LeRoux, 2004).

3 RESULTS AND DISCUSSION

A number of 13 experiments were carried out over
the three sediment samples under various water
discharge rates. Initially low, the fluid velociyas
increased incrementally until a general bed load is
observed. Between each step, a velocity profile was
measured through the whole water column. The
experimental parameters are summarized in table
2.

3.1 Velocity and stress profiles

For each velocity profile, the experimental da& ar
fitted on the theoretical curves: The bottom shear
velocity u* has been estimated both from Eqnél

Eg. 6, and compared, as suggested by Afzalimehr
and Anctil (2001). The values are reported in Table
2. As the discharge rate is increased, the bottom
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shear velocity increases, the boundary Reynolds
number increases, and the roughness length de-
creases. However, there is some differences for the
calculated bottom shear velocities between the two
methods (Uiscousand Ufog in Table 2). If the val-
ues are of the same order of magnitude for medium
discharge rates (M01-DO3 and D04, M02-DO04,
MO03-D02), the ones extrapolated from the bottom
shear stress are significantly underestimated com-
pared to the log layer fits for low discharge rates
(M01-DO1 and D02, M02-D01 and D02, MO3-
D01), and a bit greater for the maximum velocities.

In figure 5are plotted three representative velocity
profiles above the raw sediment bed (M01-DO01,
MO01-D03 and M01-DO05). They point out the evo-
lution of the boundary layer as the velocity is in-
creasing. The very high resolution of the LDV al-
low us to observe the thinning down of the viscous
sub-layer.

For all of the sediment samples (raw - M01, coarse
- M02 and fine mode - M03), there is a striking
change in the boundary layer as the bedload be-
come generalized (Fig.5, MO1 D05). We can iden-
tify a logarithmic growth of the velocity in the dbe
load sheet (log layer 1), just below the clasdiogl
layer (log layer 2). The velocity gradient of tiog
layer 2 is lower than in the log layer 1. This is a
significant change of the trend with what can be
seen below the threshold of motion: When the
sediment is still, the "no velocity condition” duet
bottom implies a large shear stress in the water
column and so a large velocity gradient in the log
layer. When the bed-load is initiated, the log taye
doesn't “see” a fixed bed as previously, but a mov-
ing layer of sediment (log layer 1). The shearssire
is slightly released in the water column and the ve
locity gradient in the log layer 2 is lower. Funthe
investigations are required to confirm and explain
this phenomenon with more details.
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Figure 5. Velocity profiles across the water catufor the raw sediment (M01) at three dischargesiatelow (a), at (b) and above
(c) the critical shear stress (note the changea&won the abscissa).
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Figure 6. Stress profiles across the water colfonthe raw sediment (M01) at three dischargestaielow, at and above the criti-

cal shear stress (note the change of scale orbtuisaa).

Figure 6 shows the viscous, turbulent and total
stress profiles (c.f. Eq.2) corresponding to thregh
above-mentioned velocity profiles.

The first one (M01-D01) shows clearly a laminar
flow. The turbulent stress is very small on the
whole water column, and the viscous stress domi-
nates. With an increased discharge rate (M01-D03
and DO05), two distinct regions appear: Near the
bed in the first half millimeter, the flow is alntos
laminar with a low turbulent activity. When gen-
eral bedload is observed (M01-D05), the turbulent
stress represent about one fifth of the viscous
stress. This layer couldn’t be properly qualified a
a viscous sub-layer, which is not as clear as for
MO1-DO01, but there is a clear transition with the
upper part where the eddies activity is fully devel
oped.

This transition region (between 0.5 and 1 mm
above the bed), features the maximum of total
stress in the water column.

3.2 Roughness of a shell debris bed

The calculated Reynolds roughness numbers)(Re
show values ranging from 2 to 5 for the fine sedi-
ment sample, and from 5 to 25 for the raw and
coarse samples. According to the classification of
hydraulic regime, the flow is smooth for the finest
sediment, and transitional for the two coarsest. It
means that, despite the large sieve diameterseof th
shell debris, their plate-like shape allows the toed
organize itself on a very flat way, minimizing the
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grain protrusion in the flow and the development
of an intense turbulent activity. This observation
emphasizes the importance to define properly the
element roughness height for such a specific
sediment. This parameter used to describe the
boundary layer profile is often taken as the median
grain diameter, and is obviously smaller in theecas
of a shell debris bed. The very precise sampling of
the boundary layer allows a direct measurement of
the roughness length of the beg) (rom the veloc-

ity profiles. This parameter is given by the extrap
lation of the log layer to u = 0, and gives an aadi
tion of the roughness height.iz found to decrease
with increasing current velocity, which is consis-
tent with the transitional flow regime where (Van
Rijn, 1993) :

(8)

with ks the Nikuradse equivalent roughness. The
calculated values ofslare reported in Table 2. For
the lower discharge rate, the flow is smooth and
this roughness length looses its meaning (N/A in
Table 2). The values are a bit scattered but are a
good indication of the Nikuradse roughness length
for a shell debris bed.

20=0.1%+0.033<s

3.3 Sediment motion threshold

The threshold of movement of a sediment is the
key parameter to understand and interpret the envi-
ronmental conditions of building or transformation
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of a sedimentary body (Kench & McLean, 1996).

The Shields parameter (Shields, 1936) is widely
used as a dimensionless threshold. However, its-
main limitation is that it doesn’t take into consid
eration the shape of the particles. Komar &
Clements (1986) defined a mobility number that
takes into account the critical shear velocity and
the settling velocity of the sediment:

an_*z &L

Ws '\ 0 W
Using this parameter, the influence of the parsicle
shapes, which was shown to be especially impor-
tant for shell debris, is introduced via the settli
velocity.

9)(

For each of the three sediment samples, the dritica
shear stress was calculated from the velocity pro-
files, and divided by the median settling velocity.
The results are reported in figure 7, and compared
to other experimental data obtained with spheres
and natural grains (Paphitis et al., 2001). Thedin
fraction, mainly composed of siliclastic sand,ns i
good agreement with the mobility number of natu-
ral siliclastic grains. For the bioclastic fractspnt

is clear that the initiation of motion requires lneg
velocities than for regular natural grains of the
same size: when organized in a bed, the shell de-
bris with their flat shape, offer a very small s

to the flow, compared to their sizes. It results a
higher resistance to the flow.

The sediment shows also a high capacity of bed
armoring. The threshold of motion was found to
increase with an increased pre-threshold velocity
exposure time: as an incipient motion is observed,
the more instable grains relocate themselves into a
more sheltered position, and quickly no more

observation has been made by Paphitis and Collins
(2005).

We can also notice that the raw sediment sample
features a higher threshold than the coarse fractio
This can be easily explained by the fact that the
fine sand contained in the raw fraction stabilizes
the bed and the coarse debris between each other.
By filling the pores, the fine sand cements the. bed

4 CONCLUSION

Results presented here are a first step in the
study and need to be considered with caution. Fur-
ther investigation needs to be done with better
sorted shell debris samples.

This hydrodynamic study revealed the complex
behaviour of the bioclastic material that composes
shelly cheniers. The sediment is polygenetic and
heterogeneous. If the shape of the particles cenfer
a large lift surface and a small settling velocity
when in suspension, the sediment shows a high re-
sistance to the flow when structured in a bed.

The LDV system allows a very good sampling
in the boundary layer. All the relevant parameters
characterizing its structure can be directly calcu-
lated. This is useful in the case of a bioclastidis
ment where the commonly used estimations for
rounded quartz grains couldn't be applied. How-
ever, more tests need to be done in order to refine
the results. We plan new experiments over glued
sediment bed to compare with a mobile bed in or-
der to explain the feedback of bedload on the
boundary layer structure. Minor adjustments will
be done on the flume to increase the potential of
discharge rate.

The dual behaviour of the shell debris might be a
key to understand how does this coarse material
accumulate across the tidal flat, and concentrate t
form a whole structured sedimentary body. One
can expect major differences of transport of these
coarse particles when isolated on a smooth bed (the
mixed mud and sand flat) or moving over a rough
bed made of other shell debris. The large lift sur-
face of the shell debris allow them to be easily
sorted from the fine siliclastic sand, and trans-
ported across the tidal flat by swash and current
processes as the tide rise up. When reaching the
level of maximum flooding of the most frequent
high tides, theses debris accumulate in sheet, and
their behaviour is suspected to change. They form
coarse swash bars, with high porosity properties.
Bed armouring become a major feature, allowing
sand layers to be accreted, with different thicknes

movement is observed. The discharge rate needs to sorting and composition depending of the hydro-

be increased to reach an effective bedload. This
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dynamic conditions.
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This first quantification of the hydrodynamic be-
haviour of coarse bioclastic sand will be integilate
and will help to understand more complex proc-
esses which will be modelled in a flume experi-
ment including wave activity and tidal fluctuations
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