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Gravei pits created by anchor hopper dredging may affect regional sedimenttransportpatterns by trapping sediments.
In turn, this may cause -or enhance- erosion at the adjacent coastline. Reliable assessment of such impacts requires
a good understanding of the hydro-sediment dynamic processes acting at dredged pits. This paper examines the
processes for sand re-suspension from pressure, current and turbidity data collected inside and outside a single
dredged pit, in a non-tidal environment (Tromper Wiek, Baltic Sea). The data confirm the generally weak sediment
dynamics in the area, with waves being the main hydrodynamic agent for sediment re-mobilization. Comparisons
with historical data indicate a small number of sediment re-suspension events (<15%), over a 37 months-long period,
without significant difference inside and outside the pit. Suspended sediment concentration profiles are predicted
inside the studied pit by a simplistic model, tuned to over-estimate sediment re-suspension. The results suggest that
the depth ofthe excavation should be very shallow (<1 m) for the bed material to be frequently extracted out by waves,
and redistributed over the area. With pits up to 7 m-deep within the extraction zone, we conclude that a significant

fraction of sediment is trapped over the long-term period (years).

ADDITIONAL INDEX WORDS: dredging, suspended sediment concentration.

INTRODUCTION

The volume of gravel extracted from the seabed has sig-
nificantly increased since the 1980s, in response to growing
demand of the market (ICES, 2001). Offshore gravel extrac-
tion is generally carried out by means of anchor suction dredg-
ing. The technique generates rounded craters on the seabed,
typically 10-50 m in diameter and up to 10 m in depth. The
unwanted fraction of (fine) material is screened onboard and
dumped back into the sea. These operations may have nega-
tive effects upon the marine environment, including the ben-
thic communities and sediment transport patterns (e.g. Boyp
et al., 2005; Kenny and REegs, 1996; KorTEKAAS et al., this vol-
ume). Thus, in a number of countries, Environmental Impact
Assessment (EIA) and Coastal Impact Studies (CIS) are re-
quired before granting licenses for extraction (RADZEVICIUS ef
al., this volume). With respect to sediment dynamics, dredging
close to the shore may affect the coastal sediment budget by
trapping fine sediments, and cause -or enhance- coastline ero-
sion. A comprehensive understanding ofthe hydro- sediment
dynamic processes acting at dredged pits is important to as-
sess these harm ful effects.

Recently, increasing attention has been put upon the hy-
drodynamic impacts and regeneration (refilling) processes of
(dredged) sand trenches (e.g. the European projects PUTMOR
(Boers, 2005) and SANDPIT (van RuN ef al,, 2005)). These ex-
cavations present gentle internal slopes, and are surrounded
by large amounts of sand. By contrast, dredged gravel pits
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Figure 1. Location map of the studied area; insert: detail of the mooring
zone (contour interval: 0.5m) with location of the ABLs. TW1: Gravel
extraction site “Tromper Wiek 1”; TWO: sand extraction site “Tromper
Wiek Ost”.
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have steep walls, and sand is distributed in patches nearby
the pits (due to the settling out ofthe fines during the screen-
ing process) (KUBICKI, M ANso, and DIEsING, 2007). These differ-
ences in morphology and material availability imply distinct
hydro-sediment dynamic conditions (e.g. flow structure and
time-evolution) for both types of excavations.

The morphological changes and regeneration processes of
dredged gravel pits have been the subject of several investiga-
tions, at the Tromper Wiek area (Baltic Sea) (Figure 1) (DiIEs-
ING, 2003; DiesiNG et al., 2006; FiGGE et al, 2002; KLEIN, 2003;
KuBlokI, M aNso, and DiesiNG, 2007; ZeiLer et al, 2004) How-
ever, apart from Krein (2003), no direct hydrodynamic mea-
surements have been performed inside gravel dredged pits.
In this paper, we present new hydrodynamic data collected in
the same area, during a 4-days period which includes a storm
event. Pressure, current and turbidity data, from both inside
and outside a dredged gravel pit, are compared and discussed,
in order to specify the processes responsible for fine material
remobilization. In particular, we examine if some sand can be
naturally extracted out ofthe pit due to the waves’action.

The organization ofthe paper is as follows. The first part de-
scribes the hydrodynamic and geological settings ofthe studied
area. The next section presents the methods used to collect and
process the data. In particular, a model to predict wave-induced
bed shear stress is described. The results are provided in the
following section. The subsequent discussion focuses on several
points: firstly, we investigate the difference in suspended sedi-
ment concentration which has been observed inside and outside
the studied pit; secondly, the relative number of sediment re-
suspension events, over the long-term period, is characterized,
based upon our records and historical data; next, we propose
that sand is hardly extracted out of the pit by waves, on the
basis of a simple sediment re-suspension model; additionally,
we confirm that currents have no significant effect upon the up-
ward diffusion of sand; at last, prior to conclude, we discuss the
impact of dredged pits from a sediment transport perspective.

SETTING

Tromper Wiek is a semi-enclosed bay in the Western Bal-
tic Sea, with low sediment dynamics intensity (DIESING, 2003)
(Figure 1). Tidal currents are hardly discernable in this practi-
cally non-tidal environment (the tidal range is a few cm). Al-
though wind driven currents may have some significance, the
waves are the most important hydrodynamic agent for sedi-
ment mobility. The bay is located east of a spit, between two
headlands, in the northern part of Riigen Island (Figure 1).
Due to this coastal configuration, Tromper Wiek is exposed on-
ly to waves from the 0-90° quadrant, with a maximum fetch of
about 90 km (Figure 1). Throughout the year, westerly winds
dominate. High waves are only generated during the late win-
ter and early spring (February to May), when strong easterly
to northeasterly winds prevail (MonrHOLZ, 1998).

Sand and gravel extraction has been carried out at Tromp-
er Wiek for many years (Figure 1). Within the gravel extrac-
tion site (Tromper Wiek 1), between 9 and 16 m water depth,
the seafloor is marked with craters 5to 50 m in diameter and
up to 7 m-deep. These features have proved to be stable for
several years, at least (FIGGE et al., 2002). In detail, spatial
extension ofthe edge ofthe pits is observed over the years, due
to collapsing ofthe walls (KuBioki, M aNso, DIESING, 2007). It is
estimated that among the 460,000 m3 of sediment extracted

between 1988 and 2000, half ofthis volume was dumped back
into the sea (BrauckHOFF, cited in DIeEsING et al., 2006). Thus,
patches of fine sediment (<2 mm in diameter, mostly sand)
are commonly found in the vicinity ofthe pits (DiesiNng, 2003).
These deposits constitute a possible source of pit refilling. In
agreement, core analyses demonstrate the episodic occurrence
of sand advection inside the craters (DiesiNG, 2003; M aNso et
al., this volume), and repeated side-scan sonar surveys show
the presence of bedforms together with rapid changes in the
pattern of the sand patches (Diesing, 2003; DiesiNng et al,
2006). Based upon acoustic seafloor imaging, KuUBIOKI, M ANSO,
and DiesiNG (2007) observed a decrease in the availability of
sand around a pit and a deceleration ofthe mean (pit) refilling
rate, over a 6 years period. The key mechanisms for sediment
remobilization are the near-bed orbital motions induced by
surface waves entering the bay (KLein, 2003).

METHODS

Data acquisition

Hydrodynamic data were acquired using three self-record-
ing Autonomous Benthic Landers (ABLs), from the 19thto the
231d of October 2004. Each ABL consists of a device (VALE-
PORT 808) mounted on a frame weighted with chains. The
devices are fitted with a pressure gauge, an Electro-Magnetic
Current-Meter (EMCM) and an Optical Backscatter Sensor
(OBS). The EMCM and OBS measure the northward and
eastward components of the flow (in a horizontal plan), and
the scattering of infrared radiation by suspended particles, re-
spectively. One ABL (referred as V3, hereafter) was deployed
at -14.5 m water depth, inside a circular dredged pit (at
54.6291° N; 13.4208° E). The selected pit has been investigated
previously by Kremw (2003) and KuBioki, M ANso, and DIESING
(2007). From multibeam bathymetry, the excavation was, in
December 2003, 3.5 m-deep and -30 m in diameter (KUBIOKI,
M anso,and DiEsING, 2007). The two other ABLs (referred as VI
and V2, hereafter) were moored at about 20 m from the edge of
the pit, at -11 m water depth (Figure 1). Scuba-divers checked
the location ofthe moorings, within sandy patches displaying
symmetrical ripples.

The ABLs were set up to record the pressure, horizontal
currents and turbidity at 4 Hz, during bursts of 8§ min 32 sec,
every 30 min. The pressure sensor, OBS and EMCM were at
0.5, 0.45 and 0.25 m above the sea bed, respectively. In addi-
tion, a 20 cm-high cylinder, opened at top, was attached verti-
cally to the frames, in order to trap sediments at the height
ofthe OBS. These traps were collected by scuba-divers at the
end of the experiments, together with bed sediment sampled
nearby the instruments.

The ABLs were triggered at the same time, allowing direct
comparison of the burst records. Because stations V1 and V2
were located relatively close to each others, their outputs are
very similar; only the results of station V1 are presented here
and compared to the data collected inside the pit (V3).

One hour-averaged wind and air pressure data from Kap
Arkona meteorological station (see Figure 1 for location) were
provided by the German W eather Forecast Agency. In addi-
tion, historical wave parameters were obtained from the BSH
(Federal Maritime and Hydrographic Agency); the dataset
consists of the readings (significant wave heights, direction,
period and wavelength) from a buoy located in the entrance to
the bay (Figure 1), between 2003 and 2006, at a 30 min time
interval.
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Data processing

The pressure is converted to sea surface elevation with
standard calculations methods assuming linear wave theory,
as described by TUCKER and PITT (2001). A frequency-depen-
dent pressure correction factor that compensates for depth
attenuation is applied to wave frequencies from 0.05 to 0.33
Hz. The significant wave height (Hs) and peak period (Tp) are
derived from spectral analysis applied to each burst.

Three techniques were combined for grain size analysis:
Coulter counter for the mud fraction; settling tower for the
sand fraction; and, sieving for coarser grained sediments. The
statistics ofthe particle size distribution are described accord-
ing to McManus (1988). The distribution of the bottom sedi-
ment should be considered with caution. The divers reported
the loss of some fines during the sampling, and it is suspected
that the d@0ofthe bed sediment is slightly finer than proposed.
In addition, sediment distributions are highly variable, even
at nearby locations, in relation with the heterogeneous nature
ofthe seafloor (DiesiNnG, 2003).

The observed turbidity was converted to suspended sedi-
ment concentration (SSC) in laboratory. Various known con-
centrations of sediment were stirred in a bucket, during OBS
measurements, and a regression was applied to the resulting
concentration-turbidity graph. The calibration was performed
with the sediments from the traps, i.e. which were in suspen-
sion at the height of the sensor during the experiment. The
following polynomial equation yields the best correlation coef-
ficient (0.82), and was therefore used to convert the turbidity
(T, in Volts) into suspended sediment concentration (SSC, in
mg/1) (Figure 2):

SSC = 110.36T2+16.275T o

90 1
110.36x" + 16.275X
70- R'=0.8239
60 -
30 -
20 -
10-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Turbidity (Volts)

Figure 2. Calibration curve ofthe OBS.

Bed shear stress

Due to the weakness ofthe flow during the experiment, the
bed shear stress results essentially from the activity of the
waves. The wave induced bed shear stress is computed from
the near-bed significant orbital velocity (U ), using SwakT
(1974) friction factor (F ) for rough turbulent flow:

T, =05p F U, 2)
with
Fw=0.00251exp(5.21r019) 3)

where r is the relative roughness:
r=A/K (@)

with Ks, the Nikuradse roughness. The grain related bed
shear stress is computed using:

Ks=2-5d6o %)
where d isthe median grain diameter ofthe bed material.
To compute the total bed shear stress, the Nikuradse rough-

ness (Ks) is derived from the total bed roughness (ZJ through
the relationship:

K =30z 6)

Zois the sum of the skin friction component (d6)12) and
form drag component of the bed roughness (Zd). Following
NIELSEN (1992), Zd is obtained from the wave ripples height
(H.) and wavelength (L.):

Z,=0.267H VL, Q)

where the size ofthe ripples is estimated for mobile sand,
based upon the wave mobility number (X) and the skin friction
Shields parameter (0 ):

H.= A(0.275-0.022'F06) 8)

L, =H/(0.182-0.24 9 16) )
'F and 9sare defined by:

X =U,V/fedd(s-1)] (10)

es= D jfecyps - p)] 1M

with g, the acceleration due to gravity (9.81 m/s2), Tws, the
skin friction bed shear stress, ps, the sediment density (2650
kg/m3), p, the water density (1027 kg/m3), and s, the ratio of
grain and water densities (ps/p). It has been verified that the
wash-out conditions (¥=156 and 9s=0.831) were not met dur-
ing the period of measurements.

In equations (4) and (8), A is the wave semi-orbital excur-
sion:

A=1IT, T/(2n) (12)

The significant orbital velocity is considered as more repre-
sentative ofthe waves’activity than the maximum orbital ve-
locity, during a burst. The orbital velocities are computed for
each burst from the EMCM records. The latter are filtered to
eliminate the velocity components not related to waves (high
pass, 0.1 Hz cut off frequency). The filtered velocity compo-
nents are rotated in the direction ofthe waves, and analyzed in
the spectral domain, to yield the significant (crest and trough)
near-bed wave orbital velocities (i.e. above the wave boundary
layer). The difference between the crest and the trough val-
ues is generally less than 0.2 cm/s, with a maximum of about
1 cm/s, observed at VI during the storm, for corresponding
significant orbital velocities about 25 cm/s. Thus, the waves
can be reasonably considered as symmetrical. Only the crest
orbital velocities were used for calculations.

The bed is mobile when the maximum grain related bed
shear stress is higher than the critical bed shear stress (x ),
derived from equation (11), where 9 the threshold Shields
parameter is obtained using Sourssy's (1997) formula:

6= 0.30/(1+1.2D) + 0.055 [l-exp(-0.02D)] (13)

where D is the dimensionless grain-size:

Journal of Coastal Research, Special Issue No. 51, 2010



198

0.04 -

Garel, et al.

Date

1

\A / 1//\\ STORM XV
— |
Station V1
Station V3
Bursts

Figure 3. Wind and hydrodynamic conditions during the experiment; (a) wind strength (line) and direction (reported from which it originates, with
dots); (b) significant wave height (line) and direction of advance (marks) at both stations (VI: black fine and crosses; V3: grey line and dots); (c)
Wave peak period at both stations (VI: black; V3: grey); (d) stick plot of the averaged currents at station VI; e) stick plot of the averaged currents

at station V3.

Table 1. Statistical grain-size parameters and descriptive terms after McMANUS (1988).

Sample
VI bed
V3 bed
VI trap

V3 trap

50
0.5mm
0.34mm
0.1lmm

0.07mm

Classification Sorting Skewness

coarse/medium sand moderately sorted (0.84) positively skewed (0.08)

medium sand well-sorted (0.46) Symmetrical (-0.03)
very fine sand poorly sorted (1.21) symmetrical (-0.07)
very fine sand poorly sorted (1.43) symmetrical (-0.09)

Journal of Coastal Research, Special Issue No. 51, 2010

Kurtosis
leptokurtic (1.2)
mesokurtic (0.98)
leptokurtic (1.19)
leptokurtic (1.24)
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Figure 4. (a) bed shear stress at VI (black) and V3 (grey), and threshold of motion for grain-sizes 0f0.06, 0.5 and 0.1 mm; (b) observed SSC (mgd).
Lines A and B indicate the beginning of the SSC peak at V3 and VI, respectively.

D = dé0 [g(s-1)/\r]is (14)

with U, the kinematic viscosity (1.36.10'6nrVs).

RESULTS

From the morning of October 20th, an easterly to south-
easterly wind was recorded at Kap Arkona, with an increas-
ing strength peaking at 15 m/s in the afternoon (Figure 3a).
Stormy waves, with a saw-toothed significant height signal,
up to 1.2 m, were generated inside the bay (Figure 3b). About
midday of October 21st, a still strong (about 10 ms/) southwest-
erly to westerly wind sets in, until the end ofthe deployment
period. The change in wind direction induced a rapid decrease
in wave activity, due to the sheltering effect of the coast. Dur-
ing the 26 hours-long storm, the peak period remained fairly
constant, about 6 sec, typical of locally generated waves (Fig-
ure 3c). The waves were directed towards the west during the
whole experiment (Figure 3b). In agreement, coincident side-
scan sonar records displayed symmetrical ripples, with ~N-S
crest orientation, over the sandy patches and inside the pits
(M ANso et al., this volume). A systematic slight angle between
the wave direction at stations VI and V3 can be observed.
This is attributed to refraction due to changes in bathymetry
nearby the pit.

The currents present significant differences inside and out-
side the pit. At the outer station VI, the flow is about 2, 5
and up to 8 cm/s before, during and after the storm, respec-
tively (Figure 3d). The direction ofthe flow shows no relation
to the waves and wind, suggesting a complicated pattern of
water circulation in the bay (this circulation is probably in-
duced mainly by the wind, which pushes the water in or out of
the bay). The flow is towards the NE at the beginning of the
storm, and then rotates anticlockwise, to the SW, after the
storm (Figure 3d). In contrast, the flow recorded at station V3,
inside the pit, is weaker, with peak velocities up to 3 cm/s, dur-
ing the storm (Figure 3e). Apart from short periods oftime, its
direction is almost constantly towards the NW. This indicates
a decoupling of the flow inside and outside the pit, as previ-
ously observed by Krein (2003). Nevertheless, the flow orien-
tations inside and outside the pit are better correlated during
the storm. Thus, the pit hydrodynamics appears to relate as
well to the wind-driven water circulation in the bay during
extended periods of strong easterly winds.

The statistical grain-size parameters ofthe sediment sam-
pled near the ABLs and collected in the traps are displayed
in Table 1. Bed sediments are finer (d60=0.34 mm) and better
sorted inside the pit (V3), compared to station VI (dé0=0.5mm).
The sediments in the traps consist of poorly-sorted fine sand,
with d@0=0.1 and 0.07 mm at stations VI and V3, respectively.
In addition, much more sediments were found in the trap at-
tached to V3 (80% ofthe relative percentage, in weight).
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Figure 5. Predicted bed shear stress versus observed SSC, at stations VI (a) and V3 (b).

During the storm, the predicted (grain related) bed shear
stress exceeds the threshold of motion for grain-size up to 1
mm at station VI, and up to 0.5 mm at station V3 (Figure
4a). These grain-sizes correspond to 85% and 90% in weight of
the entire grain-size distribution, at VI and V3, respectively.
Thus, most ofthe sand fraction was mobile at the studied sites
during the storm. Peaks in the SSC signal are observed at VI
and V3, from a similar background value, simultaneously with
the increase in bed shear stress (Figure 4b). Fligher maximum
concentrations were noticed inside the pit (~30 mg/1) than out-
side (~8 mg/l), despite a higher predicted bed shear stress at
the outer station. In addition, the SSC inside the pit started
to raise for a bed shear stress of~0.12 N.nr2 i.e. just after the
threshold of motion for very fine sand (0.06 mm) was reached
(Figure 4). By contrast, at VI, the SSC peak started half an
hour later, for bed shear stress values about 4 times larger
(-0.4 N.m'2, when a much larger fraction of sediments was
already remobilized. Relatively good correlations are observed
between bed shear stress and SSC (Figure 5), with best fit
lines which follow exponential law equations. However, large
discrepancies are observed for high values (of the bed shear
stress and SSC), i.e. during the storm.

DISCUSSION

OBS measurements are highly influenced by both the num -
ber of particles and the particle size (Xu, 1997). Thus, the
differences in SSC values, observed at VI and V3 during the
storm (Figure 4b), can be explained by the presence offiner bed
sediment inside than outside the pit, rather than advection

from the surroundings. The presence of finer median grain di-
ameter ofthe bed and trapped material at V3, compared with
VI, supports this view (Table 1.); likewise, the relative volume
of sediment collected inside the traps was greater inside the
pit. In agreement, the SSC at V3 started to increase while the
threshold of motion for very fine sand is exceeded (Figure 4).
Although at a greater depth, the fines at the bottom ofthe pit
require a relatively lower bed shear stress in order to be up-
lifted. In turn, they are more easily maintained in suspension,
due to slower settling velocities. As an example, the settling
velocity (Ws) ofthe sediment found in the traps (referred here-
after with the subscript s’) are determined using SouLsBY’s
(1997) equation for natural sand:

Ws= (v/ d6®[(10.36- + Lil 191) i - 10.36] (15)

The resulting settling velocity is twice as fast at VI (5.6
mm/s) than at V3 (2.8 nnn/s). Approximately, sediment is sus-
pended when the settling velocity is slower than the skin fric-
tion velocity (U,, ), the latter being function ofthe square root
ofthe bed shear stress:

U,s= (iws/p ) - (16)

Thus, in our example, the trapped sediments at V3 require
a much smaller (-4 times) bed shear stress than at VI to re-
main in suspension. However, previous investigations in the
area indicate that the fines inside the pit originate from the
surrounding sandy patches, which material is remobilized
during storms (Kusioki, MaNso and DiesiNG, 2007; DIESING,
2003). Sediment advection might contribute partly to the SSC
signal observed inside the pit during the storm.

Table 2. Waves parameters used topredict suspended sediment concentration profiles.

Origin of the

Storm Date Hs (m) Tz (seconds) Uws (m/s) As (m) Hrs (cm) Lrs (cm) data
Mild 20/10/2004 1.3 5.4 019 0.17* 3.3% 18* This stud
i : (measured=0.2) : ) § study
Severe 20/03/2001 3.1 6 0.59* 0.57* 7%(1) 40*(1) Klein (2003)
Extreme 13/02/2005 4.3 6.7 1* 1.07* 12* 85(2) BSH+

(*) predicted values (measured otherwise): (1) for (1=0.3 Imm: (2) from side-scan sonar imagery: (+) period 2003-2006, 0-90: quadrant.

Journal of Coastal Research, Special Issue No. 51, 2010
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Figure 6. Significant wave heights from the 0-900 quadrant in Tromper
Wiek; the periods without records are incheated in grey.

Based upon the relation between predicted bed shear stress
and SSC (Figure 5), the historical waves were used to quantify
the relative number of sediment re-suspension events, during
the years 2003 to 2006. Due to some periods without data, the
entire original dataset represents ~37 months-long (30min-
averaged) continuous records. Only the waves from the 0-90°
quadrant were considered, to account for the sheltering effect
ofthe coast. The significant wave heights are presented in Fig-
ure 6.

As mentioned previously, storm events predominate be-
tween February and May (note the extreme storm which oc-
curred in February 2005 (Fls>4 m) and the data gap during
winter 2006). The bed shear stress has been predicted, based
upon the model described previously, and compared to the
threshold for sediment re-suspension observed inside and out-
side the pit (0.12 N.m'2and 0.4 N.m'2 respectively) (see Figure
4). This approach documents the percentage of (wave induced)
sediment re-suspension events, at 0.45 m above the bed (i.e.
height of the sensor), during the 37 months-long period. Re-

(a) Burst 116

A%
V3

Hs=12cm
0 U(V1)=4.5cm/s
U(V3)=5cm/s

Hz

® No suspension

O suspension

Vi V3

Figure 7. Percentage of sediment re-suspension events at stations VI
and V3, between 2003 and 2006; explanations in the text.

sults show negligible differences inside and outside the pit
(Figure 7).

Sediment re-suspension is predicted to take place during
14.3% and 12.4% ofthe time, at VI andV 3, respectively. These
values represent less than 5.3 months ofthe (37 months-long)
period, confirming the low intensity of the hydrodynamic ac-
tivity inside the bay. Bed sediment are relatively rarely re-
suspended by waves. A slow refilling ofthe dredged gravel pits
is predicted. Towards the assessment of pits’recovery rate, it
would be of interest to quantify the concentration of re-sus-
pended sediments. This has not been done here, due to the
poor relation obtained between high values ofbed shear stress
and SSC (Figure 5).

From the echo intensity of ADCP records, KLEIN (2003) pro-
posed that waves may re-suspend bed sediment above the rim
ofthe pits, allowing some material to be episodically removed
and redistributed over the shallower surroundings. To test
this scenario, vertical concentration profiles were computed,
inside the crater (i.e. at 14.5 m water depth) for various wave

(b) Burst 139

A
V3

Figure 9. Semi-log plot of the flow magnitude spectrum for bursts 116 (a) and 139 (b).

Journal of Coastal Research, Special Issue No. 51, 2010



202 Garel, et al.

conditions, referred to mild, severe and extreme storm, here-
after (see Table 2.).

For weak currents (<0.1 m/s), the SSC profile induced by
waves only is similar to the one induced by combined waves
and currents (VaNn RuN, 1993). Thus, only the time-average
wave-induced SSC over rippled beds was modeled, using
NieLseEN’s (1992) equation:

C(z) = Coe ™ a7
Since U, /W > 18, the vertical scale (1) corresponds to:
1= 1.4H (18)

The reference concentration (C =0.0050 3) is obtained from
the modified effective Shields parameter (9r):

9.=(F"M ~sHJgdJ l-niyL" (19)

The significantwave orbital velocity,
from:

1, is estimated

Uws= nH/[Tsinh(kh)] (20)

where sinh is the hyperbolic sine, h, the water depth, k,
the wave number (2n/L), and L, the wavelength. Comparisons
show very little differences between the wave orbital veloci-
ties measured in the present study, and the ones derived from
equation (19) (see mild storm, in Table 2.). Equation (17) ap-
plies to uniform bed material. For graded bottom sediment,
such in the present study, the median grain diameter of the
sediment in suspension will be appreciably finer than the one
at the bed. In this case, as noted by Sourssy (1997), reliable
methods of predicting sediment concentration profiles under
waves are not available yet. In the present model, the situa-
tion was simplified by considering a uniform bed, where the
median grain diameter relates to the sediment trapped at V3
(i.e. 0.07 mm), rather than to the bed material. The objective is
to test a favored case for sediment re-suspension, rather than
to aim at accurate predictions. Since the suspended sediment
concentration profile is very sensitive to the grain settling ve-
locity, the model predictions are enhanced in comparison with
those based upon the bed material. Likewise, ripples have
been imposed to the model, to enhance the upwards sediment
diffusion: for mild and severe storms, the ripple dimension has
been predicted using equations (8) and (9); for extreme storms,
it corresponds to large bedforms, as observed with side-scan
sonar (Manso et al., this volume) (although sheet flow condi-
tions are easily met during severe storms, for such fine sedi-
ment). The Nielsen’s calibration constant (0.005) seems appro-
priate to compute the reference concentration (C ), since it is
derived from measurements over rippled beds and sheet flow
conditions, with sand diameters between 0.08 and 0.55 mm,
and wave periods between 1.0 and 9.1 sec (NieLseN, 1986). The
model fails to re-suspended material above the rim ofthe cra-
ter, under these optimized conditions (Figure 8). Then, it is
unlikely that the bed sediment inside the pit is extracted due
to the action of the waves alone, even during extreme storm
events. If some sand is naturally extracted out of this pit, an-
other process has to be considered.

Flow separation and reversal in the near-bed layer, due to
adverse pressure gradients, is observed for pits with slopes
of 1:5, or steeper (ALrrINKk and VanN RN, 1983). This effect
generates additional turbulence energy which may consider-
ably reduce the settling process, and therefore, enhance the
concentration of suspended material. With computed slopes of
about 1:3, flow separation may take place in the studied pit.

The spectral density ofthe flow magnitude was computed for
bursts corresponding to the fastest flow and lower wave activ-
ity during the experiment, at VI and V3 (i.e. for bursts when
flow separation is expected to be the most pronounced). In
the case of significant flow separation inside the pit, the flow
magnitude spectra at V3 should comprise additional (high
frequency) energy in comparison with VI. The results show
energy peaks which correspond to the sea wave frequencies,
but no significant difference is observed between VI and V3
(Figure 9). Obviously, the current recorded during our survey
were too weak to be significantly affected by the morphology
(~3 cm/s, at maximum, inside the pit). The fastest currents
measured by KrLein (2003) at the bottom of the pit, in March
and April 2001, were less than 8 cm/s (and only ~4 cm/s dur-
ing the severe storm of March 2001). Based upon these obser-
vations, storms are not associated with stronger bottom cur-
rents. Thus, flow separation has probably a reduced effect, if
any, on the suspended sediment concentration profile in the
dredged pits.

Dredged pits have minimal impacts upon (regional) sedi-
ment transport patterns if their bottom (fine) sediments are
frequently extracted by waves’ action. At a yearly scale, ex-
treme stormy waves are too rare in the bay for frequent re-
distribution of these fines over the area. During the more
common severe storms, significant amount of (very fine) sand
are uplifted at ~1 m above a bottom lying at 14.5 m water
depth (Figure 8). In other words, the model predicts frequent
material removal out of ~1 m-deep pits, or less, at -13.5 m
water depth. As pointed out before, the predicted SSC profiles
correspond to optimal conditions, and are therefore over-esti-
mated. Thus, bed sediments are probably long-termed (years)
trapped in pits more than 1 m-deep, with bottom at 14.5 m
water depth. At this water depth, the maximum depth ofexca-
vation, for frequent wave-induced sediment extraction, is very
shallow, estimated less than 1 m.

CONCLUSION

Hydrodynamic measurements were carried out at Tromp-
er Wiek, close to the bottom of a 3.5 m-deep dredged gravel
pit (14.5 m water depth), and at a shallower nearby patch
of sand (11 m water depth). Our investigations confirm the
generally weak sediment dynamics, governed by the waves’
activity. It is estimated that sediment re-suspension events
are observed, at 0.45 m above the bed, during -5 months over
a 37 months-long period (i.e. less than 15% ofthe time), with-
out significant difference inside and outside the pit. During
a moderate storm (Hs up to 1.2 m), most of the sand frac-
tion was remobilized, including inside the pit. There, bed
sediments are finer than at the surroundings sandy patches.
They are therefore easier to uplift, resulting in relatively
stronger SSC. However, it is unlikely that these fines are re-
suspended high enough to be removed out of the pit, even
during historical extreme storm events (Hs=5.1 m). We sug-
gest that pits at 13-14 m water depth should be very shallow
(<1 m-deep) for the fines to be frequently redistributed over
the area. Dredged pits are generally much deeper (e.g. M aNso
et al., this volume). Thus, fine sediments located in dredged
pits at 14.5 m water depth, or deeper, are probably trapped
over the long-term (years).

The estimation of reliable (dredged pits) recovery rate is
fundamental to carry out comprehensive environmental im-
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pact assessments. Towards this objective, numerical models
must be calibrated by field observations, in order to quantify
accurately sediment re-suspension events under various wave
conditions. For further studies, detailed investigations of the
suspended sediment composition and concentration, inside
dredged pits, are recommended.
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