Erosion of the upper layer of cohesive sediments: characterization of some properties
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ABSTRACT: A recent paper (El Ganaoui et al. 2004) reportedegperimental protocol used to analyze sediment
properties. This protocol identified for both fresiter and marine sediments a surface layer witkifipelynamic
properties (critical erosion shear stresses irrahge 0.025 - 0.05 N ) and a second layer with critical erosion shear
stresses about ten times larger. The present waripares these former results with the work of Rilmtd Menduni
(2001) who extended the applicability domain of 8teelds diagram to very fine particles. The swefyer is shown to
consist in fine and unconsolidated sediments thettale like non-cohesive material while the secoagerl is
characterized as being cohesive. This is similah&two-layer concept of the sediment interfaceaaly discussed in
Thomsen and Gust (2000) but for aggregates. hliasva that the surface layer is mainly represergadifvrecent deposits
of suspended particles. This points out the exigtesf a fluffy layer of fine sized particles regtinear the bed, with
specific erosion characteristics, which has todiesitlered separately when studying sediment priegert
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INTRODUCTION

In both marine and freshwater systems, sedimentrdigseplay

a major role for water quality. Consequently, thedeling of
water quality requires the description of sedimerdgd b
properties. In practice, these properties are riefefrom direct
in-situ measurements (Amos et al. 1992; Black e@0?2) or
using laboratory flume experiments (Schaaff et2@l02). As
natural water flows contain a wide and continuous €aaf
granulometric sizes of particles of different typésis also
useful to identify these classes of particles amelrtspecific
dynamic behaviour. At this end, a companion papdr (E
Ganaoui et al. 2004) presents an analytical metlasgdon a
multi-class model to determine the main classes \ligir
associated erosion rate, critical erosion stresd settling
velocity. This work revealed the existence of twossks of
particles (Table 1). A first class was associated tsurface
layer of fine particles with mechanical propertiésse to those
of a “fluff layer”. The critical erosion shear stees in the range
0.025 - 0.05 N i were very similar to those already reported
for the resuspension of benthic fluff layers byatidurrents in
deep stratified waters (Jago et al. 2002). The skctass had
properties similar to cohesive sedimenisg. (critical erosion
shear stresses of about 0.2 N)niThe present paper reports a
refined analysis of these results aimed at detengpithe origin
and the nature of these layers.

EXPERIMENTS

The experimental device is a 3.6 m long PVC recatiod
flume described by Schaaff et al. (2002). The nchiannel has
a width and height of 40 cm, and the velocity in¢thannel can
be varied between 5 and 40 cth During the resuspension
experiments, the velocity was continuously monitonéth an
electro-acoustic currentmeter (ME — MeeresEleckrdbimbh)
operating at a frequency of 5 Hz (accuracy 0.2 ¢nEhe test
section, in the bed of which four PVC rings of 10 beight
containing sediment core samples are insertedcetéd 2.1 m
downstream of the main entry.
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Sediment cores were sampled at three different.sites
Rhoénel is at 3 m from the bank in a calm area efRh6ne
River. Rhéne2 is a more turbulent zone, 10 m awamn fthe
bank, at the entrance of the previously quoted aaia. SOFI
is a coastal station located on the continentalf sheeak
(43°04N, 5°07E) where cores were sampled at a depitt®f
m. For each of these sites, 8 sediment cores witintannal
diameter of 15cm were collected with a multitube ecor
(Minicorer Mark VI). The top 9 cm sediment layerfsfour of
these cores were transferred into the test secsorga PVC
ring, the sediment-water interface being continupirstontact
with overlying water. The four other cores were usedrtalyze
water content vertical profiles and grain size disttions.

Resuspension was monitored with a turbidity sensor
(AANDERAA 3712) located at 30 cm downstream of the test
section and 5 cm above the bed. The turbidity wasirneously
recorded on a computer at 0.2 Hz and related tavtter load
through suspended matter concentration determimedn f
filtration of water samples collected every 3 mirsute

RESULTS

Granulometry of the uppermost layer

The grain size distribution of the topmost sedimlayer was
determined by a laser granulometer Malvern Mastersirhese
distributions (Figure 1) point out a differencevoeén Rhone2
and the two other stations (Rhénel and SOFI). Tladter kites
are characterized by a decay of the contributioo tthe finest
to the largest grains while Rhbéne 2 displays an sipo
behavior. Thep,, value is between 10 and 20n for Rhénel
and SOFI, and between 40 and @t for Rhéne2. These
differences are explained by the locations of #raing areas.
Rhénel and SOFI correspond to calm areas where the
deposition of the finest particles is possible. R is less
calm and therefore less subject to fine partictBrsentation.

Water content profiles

Several sub samples of sediments were taken, frertofhto a
depth of 4 cm, from the cores that were not used tlier
resuspension experiments. Assuming a particle depsit of
2650 kg nt, vertical profiles of the water content (p) were
calculated from weight loss after freeze-drying.

Figure 2 shows that this quantity is larger for Rébrhan
for the two other sites, Rhéne2 and SOFI, which avivatent.



The values are in good agreement with those gepeesbrted
in the literature€.g.Van Rijn 1993).
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FiG. 1. Histograms of the particle diameters in the uppstmo
layer of the cores for experiments Rhonel, RhomelSOFI.

Equivalent Stokes diameters

For particles with a Reynolds number, Reg¥, smaller than
1 (with W, the settling velocity ang, the particle diameter),
Stokes’ law is valid:
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The equivalent Stokes diameters deduced from regttli
velocities are respectively, for Rhonel, Rhéne2 &w@FI,
equal to 6, 7 and @m for the first class and 8, 8 and (1 for
the second class. These diameters are smaller theaps
inferred from the granulometric laser analysis, Whigould
suggest that quite a small amount of sediment kas leroded
from the cores. This will be confirmed in the neatggraph.

Total height eroded from the cores

The total height, &, eroded from the cores at the end of each
set of experiments was calculated from the watetertrof the
first layer of the cores, and {5 the maximum value of the
suspended matter concentration measured in theflum
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where S is the total surface of the four cores (0.025 end

is the water volume of the flume (0.3)m
FiG. 2. Water content profiles in the sediments from the 3
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The values are 130, 90 and 72 um for Rhénel, Rhand2
SOFI. The contribution of the dry matter to thesgghts is

estimated to be 14 um for all experiments. Thisy vemall

quantity of eroded matter validates a posteribe, assumption
that no large aggregates of matter were eroded, hsasvéhe
range of diameters obtained with the Stokes fornfnaen the

settling velocities. The eroded particles could fatve a
diameter larger than the eroded matter height.

DISCUSSION

Using a multicorer, sediments were sampled togethdr an
overlying water column of depth jhvarying between 0.2 and
0.3 m. This water volume included suspended pasticle
deposited on the sediment surface during transgdfte cores
to the lab. These particles constitute probably firet class.
Unfortunately, this load has not been measured.alidate this
assumption, a calculation of the available quardftyarticles
of this class is used to assess the suspended rmatte
concentration that was initially trapped in the dyieg water
volume.

Considering § the total surface of the four cores, the water
volume, Vc, sampled with the four cores was betwee®40.0
and 0.021 rh Considering SShax, the maximum suspended
load obtained in the flume for the first class, @ deduce the
total eroded mass of this class, by (%% Vi). SS, the
suspended matter concentration initially present the
overlying water volume can be calculated by (§8V: / Vo).
The obtained values vary from 40 to 60 mMddr Rhénel, from
93 to 140 mg't for Rhoéne2 and from 64 to 95 mgfor SOFI.
For the Rhone experiments, these data are in agreewith
the mean load observed in this part of the RhonerRiPont
1997). For the SOFI station, two explanations cagiten for
the suspended matter trapped with the cores: tisteexe of a
more or less permanent fluff layer at the sedimesater
interface that has often been observed at this miteghe
sampling of parts of the benthic nepheloid layguragimately
the seabed (Naudin and Cauwet 1997).

Whatever its origin, the upper layer can be assedi#o
recent deposits characteristic of a fluff layer avtdch can be
easily resuspended under low bed shear stress. Aoibegs,
Gust and Morris (1989) and Maa et al. (1998) noted t
importance to consider this fluff layer becausepliys an
important role in the determination of the erosioitical shear
stress. The fluff layer is also significant for thenthic pelagic
exchanges (Jago et al. 2002).

A quantitative interpretation of these results carobtained
by considering the work by Pilotti and Menduni (2p0O&ho
derived an analytical relation to extend the Shielthgram to
the finest particles. Shields’ diagram involves twmn-
dimensional parameters:
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Used to characterize non-cohesive sediments (G&4)18
can also be used as a reference for the analysie @froperties
of any natural matter. It allows: i), to discrimiaahe properties
of their cohesive part, which will be associated wgtitical
shear stresses much larger than those displaye8hisids’
diagram, and, ii), to check the validity of therditers inferred
from the experimentally determined settling velesit The
Shields paramete;, should not be smaller than the semi-
empirical curve, as “it is not possible to be moon-cohesive
than non-cohesive matter”.

Our experimental data are plotted in terms of X @nan
Figure 3. For one set of data, we usgednd 1, actually

X =




determined by resuspension experiments. For thendeset of
data, 1., was inferred, for each value qf from the semi-
empirical relation given by the Yalin method as mgd by Li
and Amos (2001). The ellipses connect the pairssebcated
points with the same value @f Their major axes have a slope
of 2 in this log-log diagram, since the diamegeis the same,
while the two Tce values deduced by the two different
approaches correspond to two values & u*

For the particles of the first class, the two sétdata are in
rather good agreement and very close to the rela@ived by
Pilotti and Menduni (2001) as shown on figure 3. Gosely,
for the second class, the measured critical shieasses are
significantly larger than those given by the ariahjtrelations.
This demonstrates that the first class, associtded fluffy
layer, behaves like non-cohesive and non-conselitiat
sediments, which probably mostly originate from dieposition
of suspended matter contained within the water colanat
was sampled together with the sediments. Conversbdy,
second class of particles corresponds to the oeheand
consolidated sediments that actually constitutectites. These
different origins explain the rather large increasecritical
shear stresses (from about 0.02 to 0.2 R for rather small
diameter increase (from about 5 to).

On this figure are also plotted the points calculatith the
@, of the uppermost layer of the sediment cores.llicases,
the fact that these points are below the semi-eogbidurves
suggests, here also, that these diameters areepsentative
of the real diameters of the resuspended partidlesse latter
diameters are necessarily smaller than ¢gheand therefore
closer to the values inferred from the experimersitling
velocities. Moreover, it can be also assumed that real
diameters can not be larger than the calculatedematoded
heights (14 pm), which are smaller than the valdiego

CONCLUSIONS

A multi-class analysis of resuspension experimetitswad
characterizing the properties of the uppermostrlajeohesive
sediments. The fine particles present in this layere recently
deposited and behave like non-cohesive matter. eTlsesall
sized particles constitute a fluffy layer that ¢entransported in

suspensiofeposition loops over long distances. For the other

class of eroded matter, the critical erosion shstesses
obtained in the resuspension experiments are id ggoeement
with commonly reported values for cohesive matted an
significantly deviate from the Shields curve. Thessults
confirm the existence of a pool of small particlegh low
entrainment thresholds equivalent to a fluffy lay’s this type
of material contains many times the load of contemis
usually observed on large particles, the presesulte show
that it is necessary to describe correctly the Wieheof the
fluffy layer when modeling the migration of hazardou
contaminants in agquatic systems.
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APPENDIX I1. NOTATION
The following symbols are used in this paper:

g = gravitational acceleration

he = height of water in the cores

Nero = eroded height of sediment

hy = equivalent height of water in the flume
p = water content

S = total surface of the four cores (0.079)m

SS = suspended matter concentration
friction velocity

total water volume of the four cores
Vs = volume of water in the flume (0.3°m

W = settling velocity of the particles
(0} = equivalent Stokes diameter of the particles
vl = dynamic viscosity of water

“Sediment erosion



kinematic viscosity of water
density of the particles (2650 kgn
density of water (1000 kg #
critical shear stress of erosion



TaBLE 1. Sediment parameters for Rhénel, Rhone2 and SOFI.

; T w ® : $s0
Station Class numbef, €. . Particle Reynolds number
Nm?) (ms) @m) Y (um)

1 0.05 2.80E-05 6 1.68E-04

15
RHONEL 2 0.22 5.00E-05 8 4.00E-04
1 0.04 4.50E-05 7 3.15E-04

55
RHONEZ 2 0.22 6.00E-05 8 4.80E-04
1 0.025 1.15E-05 4 4.60E-05

SOFI 15
2 0.2 9.00E-0510 9.00E-04
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FiG. 3. Comparison between experimental results and semirea Shields diagram modelling.



