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Abstract The largest beach replenishment project ever in
France was completed in February 2014 in Dunkirk on the
coast of northern France. A volume of 1.5 x 10° m® of sand
extracted from a navigation channel was placed on the beach
to build up a 150 to 300 m wide supratidal platform in front of
a dike, called « Digue des Alliés », which protects several
residential districts of Dunkirk from marine flooding. High
resolution topographic surveys were carried out during
2% years to monitor beach morphological changes, completed
by a hydrodynamic field experiment conducted in February
2016. Approximately —138,200 m® of sand, corresponding to
9.2% of the initial nourishment volume, were eroded over the
nourishment area in about 2 years. An obvious decrease in
erosion eastward with a shift from erosion to accumulation
was observed, suggesting an eastward redistribution of sand.
This longshore sand drift is beneficial for the eastward beach
of Malo-les-Bains where most of the recreational activities are
concentrated. Hydrodynamic measurements showed that
waves and wave-induced currents play a major role on the
longshore sand redistribution compared to tidal flows.
Strong relationships were observed between cumulative off-
shore wave power and beach volume change during distinct
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beach survey periods (R* = 0.79 to 0.87), with more signifi-
cant correlations for northerly waves. A slight decrease in
erosion during the second year compared to the first year after
nourishment suggests that the loss of sand should decrease
after an initial phase of rapid readjustment of the beach shape
towards equilibrium.

Keywords Beach nourishment - Beneficial use of dredged
sand - Flood defence - Beach morphodynamics

Introduction

Coastal zones are exposed to a range of coastal hazards in-
cluding erosion and marine flooding that are likely to worsen
in the next decades with predicted sea level rise (Nicholls and
Cazenave 2010; Rahmstorf et al. 2012) and possible changes
in storminess (Bertin et al. 2013; Ruggiero 2013) associated
with climate change (IPCC 2013). The likely increase in fre-
quency of extreme water levels during the next decades due to
rising sea level (Haigh et al. 2011; Weisse et al. 2012) should
result in increasing shoreline retreat and storm-induced
flooding along low-elevated areas (Brown et al. 2013; Kruel
2016). Due to the increasing vulnerability of the coastal zones
to coastal hazards, the need for coastal protection will neces-
sarily increase in the future, especially in densely populated
areas (Neumann et al. 2015).

Coastal engineering structures such as seawalls, dikes and
breakwaters have been extensively used for decades for shore-
line stabilization all over the world (Charlier et al. 2005;
Kamphuis 2010), but these types of hard coastal protections
commonly induce adverse effects on beaches and adjoining
shorelines by altering hydrodynamics and sediment transport
processes (Sanchez-Badorrey et al. 2008; Guimaraes et al.
2016). Therefore, alternate adaptive strategies involving soft
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stabilization techniques, including ecosystem-based coastal
protection approaches (Koch et al. 2009; Temmerman et al.
2013), have been increasingly called upon to prevent and mit-
igate coastal risks. Among soft protection techniques, artificial
beach nourishment became a widely used practice during the
second half of the twentieth century for coastal protection
purposes, but also for restoring or enhancing the recreational
values of beaches (e.g., Wiegel 1994; Cai et al. 2010; Cooke
etal. 2012; Bird and Lewis 2015). Beach replenishment is also
considered to be an effective adaptation strategy to counter sea
level rise (Dean and Houston 2016).

Beach nourishment has a long history in the United-States
where it progressively became the preferred method of coastal
protection (Hall 1952; Leonard et al. 1990b; Trembanis and
Pilkey 1998; Valverde et al. 1999; Campbell and Benedet
2006). It is also one of the most extensively used shoreline
protection techniques in several European countries (Hanson
et al. 2002), notably in Spain (Muifioz-Perez et al. 2001,
Silveira et al. 2013), Belgium (Charlier and De Meyer 1995;
Mertens et al. 2008) and especially in the Netherlands where
beach and shoreface nourishment are regularly carried out all
along the coast since the early 1990s under a government
policy to maintain the position of the shoreline (Roelse
1990; van Duin et al. 2004; Bakker et al. 2012). Beach and
shoreface nourishment operations in the Netherlands have re-
sulted in an annual sediment supply of about 12 x 10° m® to
the coast (Kabat et al. 2009) and recently a single nourishment
project of 21 x 10° m?, called the Sand Engine, was imple-
mented on the Dutch coast in 2011 with the intention to pro-
gressively feed a large stretch of coast under the action of
wind, waves and currents (Stive et al. 2013). In France, beach
nourishment projects, which began in the 1960s (Hamm et al.
2002), have been comparatively more modest, with a total
cumulative volume of beach fills of about 12 x 10° m® be-
tween the early 1960s and the end of the twentieth century
(Hanson et al. 2002).

One of the constraints of beach replenishment is the avail-
ability of sand of suitable grain-size (Dean 2002). Another
potential limitation is the distance of the sand source, which
would ideally be located in the vicinity of the nourishment
project in order to minimize operation costs. Sedimentation
in navigation channels of seaports requires regular dredging
for preventing channel infilling and maintaining ship access to
ports. Where sand deposition contributes to channel infilling,
the dredging of these sediments may represent an opportunity
for beach nourishment within easy reach if the composition of
the borrowed sand is comparable to the native beach sand, and
provided that the quality characteristics of the nourishment sed-
iment will not have harmful impacts on the beach ecosystem
(Speybroeck et al. 2006). Most of the earlier beach nourishment
projects in the United-States consisted of fills of opportunity
from channel maintenance dredging (Campbell and Benedet
2006) and such practice based on the beneficial use of dredging
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material is still in use in the United-States and in a number of
other countries (Shibutani et al. 2013; Silveira et al. 2013).

The use of channel maintenance dredging material has
been also carried out for several years by the Port of
Dunkirk, in northern France, for stabilizing rapidly eroding
shorelines and for protecting coastal defence structures. The
largest of these nourishments took place on a beach bordering
a sea dike called “Digue des Alliés” (Fig. 1) which protects
several districts of the city of Dunkirk from marine flooding.
1.5 x 10° m® of dredged sand was placed on the beach to build
up a wide supratidal sediment platform for protecting the dike
from wave attack and preventing storm-induced flooding. The
aim of this paper is to assess the efficiency of this beach
nourishment project after a period of 2 %2 years of beach sur-
veys and to evaluate the impacts of hydro-meteorological
forcings on the observed morphological changes through in
situ hydrodynamic measurements and based on the analysis of
offshore wave statistics during the survey period.

Study area

The densely-populated coast of northern France is part of the
Flemish coastal plain that essentially consists of reclaimed
lands (polders), commonly located below mean high tide,
which make them particularly exposed to coastal risks, and
notably to marine flooding during storm surges (Rufin-Soler
etal. 2008; Crapoulet et al. 2016). Most of the coastal farming
lands are protected from marine flooding by coastal dunes
(Ruz et al. 2005) while flood protection in urban coastal areas
is provided by seawalls and sea dikes. The flat lowlands of the
coastal plain are also subject to fluvial inundation and a dense
system of canals drains the excess water from the polder to the
sea through an outlet canal.

The replenished beach surveyed in this study is located
along the Digue des Alliés sea dike and constitutes the west-
ernmost part of the beach of the seaside resort of Malo-les-
Bains (Fig. 1d). The dike, constructed in 1876, protects sev-
eral areas of the city of Dunkirk from marine inundation and
an outlet canal through which inland freshwater is discharged
into the sea (Fig. 1d). The dike was breached during storms in
1949 and in 1953, the latter corresponding to the Great North
Sea flood of 1953 that had dramatic impacts along the south-
ern North Sea coasts (McRobie et al. 2005). During this event,
two breaches, 200 m and 120 m wide, were cut in the dike that
resulted in the inundation of low-lying districts of the city of
Dunkirk (Maspataud et al. 2013). The development of the
Eastern Port and the construction of jetties protruding seaward
during the twentieth century, resulted in the interruption of the
eastward-directed longshore drift which induced a sediment
deficit on the beaches downdrift that leaded to the construc-
tion of two breakwaters in 1978 and one in 1984 seaward of
the beach of Malo-les-Bains. Although the breakwaters gave
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Fig. 1 a Location of the study area; b Wind rose diagram at Dunkirk

based on hourly wind data from Météo-France; ¢ Wave rose diagram
based on hourly wave measurements at Westhinder wave buoy (see A

satisfactory results, contributing to the beach stability at Malo-
les Bains (Oblinger and Anthony 2008), the beach in front of
the dike has experienced chronic erosion since then.

The beach bordering the dike and the seawall promenade of
Malo-les-Bains (Fig. 1d) is 350 to 400 m wide at low tide and
presents a bar-trough morphology across a very gently sloping
foreshore (tanf3 =~ 0.012 to 0.015), typical of the macrotidal
beaches of the region (Reichmiith and Anthony 2007). The
beach is composed of well -to very well-sorted fine sand
(mean grain size: 0.14 to 0.24 mm) (DHI 2012). Winds mainly
come from the southwest and northeast, but the strongest
winds mostly originate from west to southwest (Fig. 1b).
Associated with these winds, the wave regime is dominated
by waves from southwest to west, originating from the
English Channel, followed by waves from the northeast to
north, generated in the North Sea (Fig. 1¢). Most waves have
a significant height of less than 1 m and periods ranging from
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June 2015, 16 months after the completion of the beach nourishment
project

4 to 8 s, but wave height may episodically exceed 5 m with
periods of 9 to 10 s during major storms (http://candhis.
cetmef.developpement-durable.gouv.fr/campagne/). Wave
heights are much lower at the coast, however, due to
significant wave refraction and energy dissipation over the
offshore sand banks and low gradient inner shelf and
shoreface (Héquette and Cartier 2016). The tidal regime is
semi-diurnal and macrotidal with a spring tidal range of 5.
45 m at Dunkirk. This large tidal range is responsible for
relatively strong tidal currents that flow almost parallel to
the shoreline, the ebb being directed westward and the flood
flowing eastward (Héquette et al. 2008a). Due to a flood-
dominated asymmetry in the tidal currents, and because the
prevailaing winds and waves originate from the southwest, the
net sediment transport is directed to the east-northeast both in
the nearshore (Héquette et al. 2008a) and the intertidal zones
(Cartier and Héquette 2011).
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The beach nourishment project

Given the risk of another failure of the Digue des Alliés dike,
which showed damage in places, and in order to fulfil the legal
requirements to strengthen coastal protection structures fol-
lowing the fateful storm Xynthia in 2010 (Le Louarn 2012),
the Port of Dunkirk was commissioned by the French govern-
ment to reinforce the dike. In order to protect the dike from
wave impacts and prevent marine flooding during storms, a
massive beach nourishment project was implemented. In ad-
dition to creating a buffer zone that would dissipate wave
energy and reduce storm surges, the other objectives of the
beach replenishment scheme include the beneficial reuse of
clean dredging sand, and the potential redistribution of some
of the nourishment sediment on downdrift sections of the
beach where recreational activities are concentrated.

The design of the project was conducted by DHI-
INGEROP (DHI 2012) who carried out numerical modelling
based on a two-dimensional morphological model including
wave, current and sediment transport, and a simple one-line
model for coastline evolution (Grunnet et al. 2012). The beach
nourishment was designed for a 50-year return period storm
and taking into account a sea level rise of 60 cm by 2100 due
to climate change (IPCC 2013), which corresponds to a max-
imum water level of 7.93 m above Hydrographic Datum (HD).

The borrowed sand was dredged in the access channel of
the Eastern port at approximately 1.5 km from the native
beach. Analyses of the compatibility of the sediment from
the borrow source with the sand of the native beach showed
that the grain size was coarser in the dredging area (average
median grain size (Ds,) = 0.27 mm) than on the beach (mean
D5y =0.17 mm). Physicochemical analyses, including met-
al concentration, polycyclic aromatic hydrocarbons (PCB)
content and polychlorinated biphenyls (PCB) content,
were also realized and validate that the sediment quality
met the requirements of the French legislation for a use
for beach nourishment.

The sand was extracted from the navigation channel by a
trailing suction hopper dredger and was pumped through
pipes to the native beach. A total volume of 1.5 x 10° m® of
sand was placed on the beach, down to approximately the
mean low tide limit, during two operations: the first one in
December 2011 when 300,000 m> were deposited on the
beach, followed by a sand placement of 1.2 x 10° m® in
February 2014 (Cartier et al., 2014). Fig. 2 shows an overview
of the morphological evolution of the beach. A topo-
bathymetric survey conducted in June 2011 shows the initial
beach morphology (Fig. 2a). Before the first beach nourish-
ment operation, the beach was almost completely submerged
at high tide as the maximum altitude of the beach hardly
exceeded +4 m above HD which is significantly lower than
the mean high water spring tide level (MHWS) that reaches
+6.05 m above HD. Consequently, the toe of the dike was
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reached by waves at high tide along most of its length. In
December 2011, the first nourishment was carried out
(Fig. 2b) which resulted in a supply of 300,000 m® sand placed
at the base of the dike. This first sand supply was an emergen-
cy operation to protect the structure against possible storms
during winter 2011-2012. This sands supply was responsible
for an increase of the level of the upper beach to +6 m above
HD over a width of 20 m to 70 m over a length of 1000 m.
During the second nourishment operation in February 2014,
1.2 x 10° m® of sand were placed over a shoreline length of
about 1500 m, which resulted in the creation of a sandy
supratidal platform at about +7.6 m above HD (Fig. 3). The
supratidal platform reached a width of approximately 300 m in
the western part of the nourished beach, 150 m in the central
part and 200 m in the eastern part, representing an additional
asset for recreational activities. After completion of the second
nourishment, the slope of the intertidal beach was approxi-
mately 3%.

Methodology

High resolution topographic surveys of the supratidal platform
and intertidal beach were carried out after the completion of
the beach nourishment to monitor the morphological evolu-
tion of the replenished beach. A total of five extensive topo-
graphic surveys were conducted in March 2014, October
2014, February 2015, September 2015 and February 2016.
The first two surveys were completed over area 1 only
(Fig. 4), which corresponds to the nourishment zone that
covers a surface area of approximately 0.57 km?. Since
2015, the survey zone has been extended 2 km eastward,
resulting in a surveyed area of about 1.33 km>. Topographic
surveying was carried out using a very high resolution
Differential Global Positioning System (DGPS) mounted on
a 4WD quad bike, with horizontal and vertical error margins
of +/— 2 cm and +/— 4 cm respectively, which resulted in the
acquisition of topographic data points with a density ranging
from about 34,000 to 42,200 points km 2 during the different
surveys. These data points were used to create Digital Terrain
Models (DTM) using Golden Software Surfer™. The DTMs
were obtained by linear interpolation using a Delaunay trian-
gulation resulting in an equidistant grid with a spacing of 2 m.

Nine topographic cross-shore profiles were also surveyed
at a higher frequency since February 2015 across the beach
nourishment area (Fig. 4) in order to gain a better insight into
the short-term morphological dynamics of the nourished
beach. Each beach profile was surveyed thirteen times from
20 February 2015 to 28 July 2016. These profiles were
complemented by topographic profiles extracted from the
DTMs of March 2014 and October 2014, resulting in a series
of fifteen consecutive profiles spanning over the entire post-
nourishment period. Overall, seven profile surveys were
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Fig. 2 a Bed elevation of the EI
initial beach in June 2011, b in

January 2012 (after the first
nourishment operation of
December 2011), and ¢ in

March 2014 (after the completion
of the beach nourishment in
February 2014). MHWS is mean
high water spring level and MSL
is mean sea level. The topo-
bathymetric data of 2011 and
2012 were collected by
HydroConsult (2011) and by
GPMD (2012) respectively

June 2011

March 2014

measured during summer and eight during winter. The suc-
cessive topographic surveys of beach profiles allowed the
computation of net (V,,) and gross (V,) volume changes ac-
cording to the following the equations:

Vn = |Va_Ve| (1)
Ve = Val + [Ve| (2)

where V, is the volume of accretion and V, the volume of
erosion in a beach profile. The sediment volume change

Elevation / depth
(m)

=
o

LO =, NWbAUO N OO

MHWS
—— MSL

(V, and V,) was calculated for each individual cross-
shore profile between two dates. Due to differences in
cross-shore profile length, volume changes have been nor-
malized by the profile length. All the volumes per meter
(m®> m™") were then averaged to give a mean value for the
entire study area.

A hydrodynamic field experiment was carried out from
10 to 17 February 2016. One Acoustic Doppler Current
Profiler (ADCP) was moored in the nearshore zone in a
water depth of about —4.1 m below HD and two

@ Springer



462

Spodar A. et al.

Fig. 3 Photographs of the beach
bordering the Digue des Alliés
dike (a) before and (b) two
months after the completion of the
beach nourishment

electromagnetic wave and current meters (Midas
Valeport©) were deployed on the lower beach (Fig. 4).
CM 1 was placed on the eastern part of the beach nour-
ishment at 1.1 m above HD and CM2 on the western part
at 2.2 m above HD. These instruments recorded data at a
frequency of 2 Hz during 9 min intervals every 15 min.
The duration of each burst of hydrodynamic measure-
ments was chosen as a compromise between two opposite
constraints. It had to be long enough to allow wave spec-
tral analysis, but it also had to be short enough to respect
stationary conditions as water depth is continuously
changing over a tidal cycle on macrotidal beaches. Wave
characteristics were obtained by spectral analysis, provid-
ing almost continuous records of significant wave height
(Hy), wave period (7,), and water depth (/). Wave directions
were also obtained from the ADCP data, but not from the
electromagnetic current meters that only provide non-
directional wave measurements. Since the electromagnetic
current meters were located on the beach, wave direction
was considered to be shore-normal due to refraction. All in-
struments recorded mean current velocity and direction, as
well as longshore and cross-shore current velocities with an
accuracy of 0.02 m.s~'. Current velocities were measured at
different elevations above seabed depending on the instru-
ment. Electronic wave and current meters recorded velocity

Fig. 4 Location of the two areas
of topographic survey, the beach
profiles, and the hydrographic
instruments (ADCP, CM1, CM2)
during the February 2016 field
experiment. Area | corresponds
to the zone of beach nourishment.
The aerial photograph of 2012
shows the configuration of the
beach prior to the beach
nourishment

51°4'N

51°3'N

51°2'N
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at 0.2 m above seabed while the ADCP measured current at
intervals cells of 0.2 m through the water column from 0.83 m
above seabed to the water surface. For the ADCP, current
velocity at 0.2 m was calculated by applying a logarithmic
regression curve to the measured velocities obtained at differ-
ent elevations in the water column.

Sediment samples were collected in the vicinity of the three
instruments and were analyzed using a laser granulometer
which provided the median grain size (Ds). In order to esti-
mate the initiation of sediment transport, the combined wave
and current flow shear velocity shear velocity (u+.,, ) was
calculated according to the algorithms developed by Grant
and Madsen (1986) for interaction of unidirectional and
wave-induced oscillatory flows in the bottom boundary layer.
This procedure requires the calculation of a combined flow
friction factor (f;,,) obtained from:

1
W-i—log

ﬁ] = log(fv’;b) +0.14(4/%%)-1.65  (3)

where u,, is the maximum near-bed wave orbital velocity cal-
culated from linear wave theory, w is the radian wave frequen-
cy 27/T), zy is the bottom roughness related to the bottom
roughness height, k;, by zyp = k;, / 30 and C, is the wave to
current strength ratio. Effective combined skin friction shear

0 250 500 m
|
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velocity is then calculated from the vector addition of the
enhanced current and wave shear stress components separated
by an angle 6:

) 47025
Uroy = Uty |:1 + 2(u<c/ukwm) cost + (u*c/ukwm) :|

where us+,,,, is the maximum wave shear velocity and u-. is the
current shear velocity. Threshold for sediment motion was
evaluated by calculating a critical shear velocity (u+., ) using
the Yalin method to obtain the dimensionless critical Shields
parameter 6. The 6., value is then used to calculate the crit-
ical bed shear stress 7, from:

Ter = ecr(ps_p)gDSO (5)

where p, and p are the sediment and fluid density respectively,
and g is the acceleration due to gravity. The critical shear
velocity u:,, is finally obtained from the quadratic law as:

wo=(ro/5)” )

More details about the calculation procedures of the com-
bined flow shear velocity and critical shear velocity can be
found in Héquette et al. (2008b).

Meteorological conditions during the survey period were
analysed using hourly wind data (speed and direction) from
Météo France weather station in Dunkirk and from the
Sandettie Lightship buoy located approximately 16 km off-
shore (Fig. 1). Directional wave data have been measured for
years at the Westhinder wave buoy offshore of the study site
(Fig. 1), but unfortunately no data were recorded during the
field experiment conducted between 10 and 17 February
2016. There are also numerous data gaps in the records be-
tween March 2014 and July 2016, which corresponds to the
period of our beach surveys. Non-directional significant wave
height and period measured at the Sandettic wave buoy were
alternatively used for analyzing the potential impacts of wave
forcing on the replenished beach. Hourly wave data recorded
over 29 months (1 March 2014 to 28 July 2016) at the
Sandettie Lightship buoy were used to compute the average
offshore wave power P and the cumulative wave power P,
between consecutive beach surveys according to the follow-
ing formulae:

1 2
=L gretic (7)
P =L patic (8)
716pg 58

where p is the density of seawater in kg m °, g the gravita-
tional acceleration in m s 2 and C, the wave group velocity in
ms ' determined from linear wave theory using the measured
wave period.

Morphological evolution of the beach nourishment

The morphological changes of the beach during the survey
period between March 2014 and February 2016 are shown
in Fig. 5. A loss of approximately —138,000 m’® of sand was
measured over the nourishment area (sectors 1 and 2, Fig. 5 &
Table 1) which corresponds to 9.2% of the total volume of
beach fill. During the first year after the completion of the
beach replenishment project, significant erosion took place
in the western part of sand emplacement with a loss of about
—106,300 m> over sector 1 whereas an accumulation of more
than 31,000 m’ was observed in sector 2 (Fig. 5a), suggesting
an eastward sediment transport. Overall, a sediment volume of
about 75,000 m> was eroded from the nourishment area dur-
ing the first year, representing approximately 5% of the sand
placement. It is noteworthy that the most significant erosion
occurred in winter between October 2014 and February 2015
with a net loss of - 65,600 m> (—0.11 m’ mfz), whereas be-
tween March and October 2014 merely 9400 m’
(—0.02 m®> m?) were eroded.

When looking in more detail at the morphological varia-
tions of the beach, one can see that both erosion and accumu-
lation occurred in both sectors during the first year of beach
monitoring. Except for the westernmost part of the beach
nourishment area where erosion was extensive, erosion most-
ly affected the edge of the supratidal platform while the lower
beach experienced sediment accumulation (Fig. 5a). A large
proportion of the supratidal platform remained stable during
that period with only small areas of limited erosion (<0.2 m)
(Fig. 5a), which are due to aeolian deflation that was respon-
sible for alongshore and onshore sand transport. Because
some of this sand was accumulating on the street and parking
lots backing the dike, sand fences were installed in December
2014 on the supra tidal platform in sector 2 to trap wind-blown
sand and limit landward aeolian transport of beach sand.
Localized sand deposition along these sand fences is observ-
able in sector 2 in the form of thin linear accumulations on the
supratidal platform (Fig. Sa).

During the second monitoring year, similar spatial patterns
of morphological change were observed in the nourishment
area with a loss of - 104,400 m?> in sector 1 and a gain of
+41,200 m? in sector 2 (Fig. 5b), which represents a net ero-
sion of - 63,200 m® corresponding to 4.2% of the total sand
volume initially emplaced. Again, erosion was predominantly
limited to the western part of the nourishment area and to the
edge of the supratidal platform. Sediment accumulation was
largely restricted to sector 2 and mostly over the lower beach
(Fig. 5b). As for the first year of survey, most of the erosion
occurred during winter (—62,400 m® between September 2015
and February 2016) whereas negligible erosion was measured
during the spring and summer months (— 800 m® from
February to September 2015) (Table 1). Our results suggest
that erosion of the replenished beach was slightly lower during
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Fig. 5 Sediment volume change
in the different surveys areas of

Evolution
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the second year, decreasing from - 75,000 m® (- 0.13m’ m?)
to - 63,200 m* (- 0.11 m> m ™).

The topographic surveys were extending eastward along
the dike of Malo-les-Bains during the second monitoring year.
The sediment budget of the total survey area is negative with a
loss of 66,400 m® between February 2015 and February 2016
(Fig. 5b). The summer period was characterized by a positive
sediment budget of about +19,000 m® while a loss of approx-
imately - 85,000 m® of sand was observed during winter
(Table 1). As previously mentioned, most of the erosion took
place in the western part of the nourishment area with a loss of
- 104,400 m® during the second year of beach monitoring
(Fig. 5b), but this erosion was partly compensated for by an
accumulation of +71,700 m? in sectors 2 and 3 (Fig. 5b,
Table 1), suggesting again an eastward redistribution of sand.

The cross-shore topographic profiles surveyed until
July 2016 show the same tendencies (Fig. 6). The net volume
changes computed for each profile between March 2014 and
July 2016 clearly show the significant erosion of the western
part of the nourished area, with a net volume change of more
than - 500 m* m ' along Profile 1 (Fig. 6a). There is an obvi-
ous decrease in erosion eastward with a shift from erosion to
accumulation between Profile 4 and 5. Accretion increases
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eastward from Profile 5, reaching +284 m®> m ' on Profile 9
(Fig. 6a). All profiles show significant changes in morphology
and/or slope during the monitoring period (Fig. 6 b-d). Profile
1, to the west, essentially experienced landward retreat due to
continuous erosion and progressive slope decrease from 3.0%
in March 2014 to 2.1% in July 2016 as the foreshore profile
evolved towards equilibrium (Fig. 6b). In the central part of
the nourishment area, Profile 5 underwent both erosion and
accumulation, with a loss of about 102 m* m™" on the upper
beach and a gain of nearly 155 m®> m ™' on the middle and the
lower beach (Fig. 6¢), resulting in a net accumulation of ap-
proximately 53 m® m™'. The slope of the foreshore also de-
creased in that area of the beach from 2.9% in March 2014 to
1.53% in July 2016, which nearly corresponds to the theoret-
ical equilibrium profile slope of 1.42% determined for the
beach nourishment from numerical modelling (DHI, 2012).
Profile 9, at the eastern limit of the nourishment, shows a
continuous accretion since June 2011 (Fig. 6d), presumably
due to the longshore redistribution of some of the nourishment
sand to the east. Although beach slope was fairly constant
during the 2014-2016 monitoring period, ranging from 1.27
to 1.29%, the beach morphology was highly variable with the
progressive development and movement of intertidal bars. It is
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5 noteworthy that a barred morphology developed with increas-
s 3 = ing sand volume on the beach, conversely to the western and
T§ f: % § § central parts of the surveyed area where bar development was
S| | ¥ virtually absent, showing that intertidal bar only form where
s o= sediment supply is sufficient.
TTSTT
o Analyses of nearshore and beach hydrodynamics
<3
g7 During the field experiment that was carried out from 10 to 17
é T‘s S . 8 = § February 2016, wind speed was generally moderate with a
% PRI e 2% mean wind speed of 6 m s~' at Dunkirk. Nevertheless, a dis-
22| T T TR tinct northeasterly wind event occurred on 14 and 15 February
- 8 during which mean wind speed was 9.7 m s ' with a maxi-
w ST mum wind of about 13 m s ' recorded on 15 February
E - - - (Fig. 7a). During this event, offshore significant wave heights
2 g § - § (H,) of 3.3 m were observed at the Sandettie wave buoy which
AR ST was significantly higher than the other H recorded during the
B3 o experiment (Fig. 7b). Due to significant energy dissipation
;‘ | § ; | over the inner shelf and nearshore sand banks, wave heights
£ were considerably lower near the coast as the maximum H;
B fra § - § measured in the nearshore zone reached only 1.92 m. The low
;c; § 5 ) § % | gradient nearshore slope was responsible for further energy
S dissipation of the incident waves up to the beach where H;
é | § § | was always lower than in the nearshore zone, with a maximum
el . - H; of 1.78 m measured on the lower beach by the CM2 in-
£ 5 1 § § strument (Fig. 7b).
el 3 % | | =d The analyses of the mean near-bed current velocities
g N, (z = 0.2 m) showed a typical flood-dominated asymmetry
= sz (Fig. 7d). This is particularly obvious in the nearshore zone
Sl - where the velocities of the easterly-directed flood currents
;53 jg § g€888¢8 were significantly higher than those of the ebb currents
-1 & - =d (Figs. 7d & 8a). Although the current meters deployed on
g S o — N o the beach were emerged during several hours during each tide,
2 =9z323 current velocities were generally higher during flood com-
% e ; pared to ebb (Fig. 8?1). Curren.t speeds were higher in thelz
% — ss 8 § <8r S nea?shore zone .reachlng a maximum velocity of 0.62 ms
= % E % E =« E during spring tide at the beginning of the field experiment
2| 2 o ST whereas a maximum current velocity of only 0.43 ms~ ' was
;a BT BN RC) recorded on the lower beach (Fig. 7d). The semi-diurnal fluc-
5 § § § § § tuations in current velocities in the nearshore zone clearly
% 3 j i i j show that the circulation is tidally modulated with a general
E § § § § S decrease in current velocity with decreasing tidal range. Near-
E G SagaD bed current velocities on the lower beach show more irregular
.g — variations due to a combination of tidal and wave forcing.
% 'S Wave forcing appears particularly important on the beach
f "’g since the highest current velocities were not recorded during
P m’g f.*A the largest tides, conversely to what was observed in the near-
%” N’g e mE shore zone, but during the wind event of 14—15 February
S E _%0 g when the higher waves were recorded (Figs. 7 d & b).
- f o '”g Interestingly, the variations in cross-shore current velocities
= c§ E —; indicate that the regular symmetric pattern of alternating
£ a S = onshore- and offshore-directed currents was no longer
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Fig. 6 (a) Net volume change per
unit length of coastline for each
beach profile between

March 2014 and July 2016; (b-d)
Evolution of selected cross-shore
profiles between June 2011 and
July 2016. MHWS is mean high
water spring level, MSL is mean
sea level, and MHWN and
MLWN are mean high water and
mean low water at neap tide. The
2011 topographic data were col-
lected by HydroConsult (2011)

occurring during the 14—15 February wind event when
cross-shore currents were dominantly flowing offshore
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(Fig. 7e). During this event, an offshore-directed com-
ponent of the mean flow was recorded by both current
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meters on the lower beach (Fig. 8b), presumably due to
storm-induced return flows.

The calculation of combined flow shear velocities (u+.,, )
highlights the importance of waves and wave-induced flows
on total bed stress comparatively to tidal flows, particularly on
the lower beach where the contribution of waves is very sig-
nificant due to shallow water depths in comparison to the
nearshore zone (Fig. 7f). The relatively lower contribution of
tidal flows on bed shear stress on the lower beach compared to
the nearshore zone is also explained by the gradual shoreward
decrease in tidal current strength as water depths become
shallower. Based on the median grain diameter of the bottom

T
11/02/2016

T T T T T T
12/02/2016 13/02/2016 14/02/2016 15/02/2016 16/02/2016 17/02/2016

sediments collected near the ADCP (D5, = 0.24 mm) and the
CM2 current meter (D5, = 0.25 mm), the critical shear veloc-
ity (u:,, ) for the initiation of sediment motion is 0.013 ms™"
both in the nearshore zone and on the lower beach (Fig. 7).
Our results show that sediment transport likely occurred dur-
ing all tidal cycles in the nearshore zone, but also suggest that
there was no transport during slack tides. A notable increase in
U+, is observed during the 1415 February wind event, relat-
ed to higher wave-induced bed shear stress. On the lower
beach, however, the combined flow shear velocity virtually
always exceeded u-,, suggesting almost continuous sediment
transport as soon as the beach was submerged (Fig. 7f). On 14
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Fig. 8 Directional distribution of
mean currents (a) during the
entire field experiment from 10 to
17 February 2016 and (b) during
the wind event of 14-15 February
2016

and 15 February, u-., considerably increased on the lower
beach in response to large wave orbital motions in shallow
water depths, which probably resulted in very significant sed-
iment transport to the east and obliquely seaward (Fig. 8b).

Fig. 9 Hourly (a) wind speed
and direction, and (b) significant
wave height (H) measured at the
Sandettie Lightship wave buoy
from March 2014 to July 2016.
See Fig. 1 for the location of the
measurement station. The dashed
vertical lines correspond to the
dates of the topographic beach
surveys
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Conversely, u:,, was lower than u-, after the wind event on
16 and 17 February, which suggests that tidal currents alone
can hardly induce sediment transport on the beach in the ab-
sence of waves.
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Impacts of wind and wave forcing on the evolution
of the nourished beach

Offshore wind and wave data recorded at the Sandettie
Lightship buoy between 1 March 2014 and 28 July 2016 were
used to assess the response of the beach to hydro-
meteorological forcing since the completion of the beach
replenishment project. Although the period 2014-2016
was not particularly stormy or characterized by violent
storms, 7% of the winds had speeds >16 m s while
weak to moderate winds (< 8 m s ') represented 43% of
the observations (Fig. 9a). Most winds originated from the
southwest quadrant (55%) followed by winds from the
northeast (19%) which closely corresponds to the wind
regime in the region (Fig. 1b). These winds generated
waves with significant heights up to 3.5 m that, similarly
to the strongest winds, mainly occurred during winter
(Fig. 9b).

High velocity winds and associated high amplitude off-
shore wave heights predominantly occurred during the winter
months (Fig. 9 a & b), notably between October 2014 and
February 2015 (34% of winds with speeds >12 m s ') and
especially from November 2015 to March 2016 (41% of
winds with speeds >12 m s ). Although most of these strong

Fig. 10 a Gross and net volume

winds were blowing from the southwest during both periods, a
higher proportion of northeasterly winds were recorded during
the second winter (14%) compared to the first winter (9%).
The variability in wind speed and wave height during the
beach monitoring period can hardly explain the observed
changes in sediment volume of the nourished beach, because
more significant volume changes were measured during the
first year of beach monitoring (Table 1) that was characterized
by a lower frequency of high velocity winds and lower signif-
icant wave heights during the winter months (mean
H;=0.79 m) compared to the 2015-2016 winter period (mean
H,=0.87 m).

Although higher eroded volumes during the first year may
be related to a more rapid response of the beach striving for
equilibrium shortly after nourishment, a more detailed assess-
ment of the impacts of waves on the replenished beach was
carried out based on offshore wave power during discrete
periods between beach surveys. Average and cumulative wave
power were calculated from wave data recorded at the
Sandettie Lightship buoy for each period between two con-
secutive topographical surveys (Fig. 10b) and were compared
with net and gross volume changes measured during the same
time period (Fig. 10a). Because the length of the different time
periods is very variable, being comprised between 10 and
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195 days, cumulative wave power values are of course ex-
tremely different from one period to another, ranging from
0.52 x 10> kW m ' (June to July 2016) to 20.6 x 10° kW
m ' (October 2014 to February 2015) (Fig. 10D).
Nevertheless, even the average wave period during each beach
survey period significantly varied during the 2% year period
of the study, ranging from 1.1 kW m™" (June to July 2016) to
16.7 kW m™" (November 2015).

Linear regression analyses showed no relationships be-
tween average wave power (P ) and either net (R*> = 0.01)
or gross (R? = 0.07) beach volume change (Fig. 11 a & b).
Much more significant relationships were obtained when
comparing cumulative wave power (P.) with beach volume
change (Fig. 11 ¢ & d), which shows that the beach morpho-
logical variations are better explained by the total wave energy
expenditure during a distinct period rather than by the mean
wave energy level during the same period. Although longer
time periods lead to higher P. values and allow for more
substantial beach change, our results nevertheless suggest that
during periods of similar mean wave energy, the morpholog-
ical variation of the beach occurs mostly in response to high
energy events rather than to waves of similar energy. The
strongest relationship (R? = 0.87) was observed between P,
and gross volume change (Fig. 11d) that takes into account the
total variations in beach surface elevation (either positive or
negative) across the nourishment area. This shows that gross
volume change better reflects the morphological response of
the beach to wave energy fluctuations rather than net volume

changes since small net changes can be the result of significant
erosion in one part of the beach and deposition in other parts.

The possible influence of the direction of the incident
waves on the morphological response of the beach was also
assessed. Since the wave data recorded at the Sandettie
Lightship buoy are non-directional, wind directions were used
as proxy for offshore wave directions, enabling to discriminate
between westerly (225°-315°) and northerly (315°-45°)
waves. Because only comparison between P, and volume
change gave statistically significant results (Fig. 11), only P,
was used for evaluating the possible influence of wave direc-
tions on beach volume change. Our results show significant
relationships between P, and volume change for all wave
directions, but higher correlation coefficients were obtained
when considering waves during northerly wind conditions
(Fig. 12), comparatively to waves during westerly winds,
demonstrating that the beach responds more significantly to
waves originating from the north.

Discussion

Although the implantation of hard coastal defence structures
has traditionally been the preferred strategy for stabilizing the
shoreline in France (Anthony and Sabatier, 2012), the use of
beach nourishment as a mean of coastal protection increased
during the last decades even if such practice is still restricted to
a limited number of sites (Anthony et al., 2011; Pupier-
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Dauchez, 2002; Vanroye, 2008). This increase in the imple-
mentation of beach nourishment project is possibly related to
an increasing awareness of the value of natural systems and of
the natural mobility of beaches (Benedet et al., 2016), but also
because beach nourishment preserves the aesthetic and recre-
ational values of the replenished beaches that represent a valu-
able socio-economic asset. Yet, this method still encounters
strong opposition at local and regional levels because of ques-
tions about the actual performance of beach nourishments.
Significant losses of sediment can take place shortly after
the completion of beach replenishment projects, sometimes
within a time-frame of a few months, as documented in nu-
merous studies (e.g., Leonard et al., 1990a; Psuty and
Moreira, 1992; Marcomini and Lopez, 2006; Andrade et al.,
2006; van Rijn, 2011; de Schipper et al., 2014). Sediment loss
was observed after the beach nourishment in front of the
Digue des Alliés dike, but beach erosion slightly decreased
during the second year albeit higher wave energy conditions
during that time period, possibly reflecting an initial phase of
rapid readjustment of the beach shape towards equilibrium. In
their study of the evolution of a beach replenishment at
Vlugtenburg on the Dutch coast, de Schipper et al. (2015)
showed that 70% of the sand that was lost during the first
3% years was eroded during the first few months after the
end of the nourishment operations. According to the
National Research Council (NRC, 1995), a significant loss
of the sand placement generally occurs immediately after
beach nourishment due to rapid morphodynamic

Cumulative wave power (10° kW m™)

readjustment. In the case of the beach nourishment in front
of the Digue des Alliés, the loss of about —138,000 m> two
years after the end of the nourishment, representing about 9%
of the total nourishment volume, attests the stability of the
sand placement. In addition, our measurements show that
70% of the sand eroded during the second year after nourish-
ment was not lost, but redistributed eastward to downdrift
sections of the beach. Longshore redistribution of nourish-
ment sand can sometimes be a major objective of a beach
replenishment scheme, like the Sand Motor on the Dutch coast
(de Schipper et al., 2016) that was specifically designed for
this purpose. In such case, a local decrease of the volume of
the sand placement is not necessarily detrimental. The regular
monitoring of the volume of sand of the beach at Atlantic City
in New Jersey after beach nourishment operations in 1963 and
1970 showed that the sand volume rapidly decreased at the
beach fill site after each nourishment, but that the rest of the
beach progressively gained sediments downdrift during the
following years (Everts et al., 1974). On that beach, several
years were necessary for the sand to be redistributed along the
coast at a distance of about 2 km from the nourishment site.
Our hydrodynamic measurements on the beach and in the
nearshore zone seaward of the Digue des Alliés clearly
showed that sediments are mostly transported eastward in re-
sponse to eastward-directed wave-induced currents and flood-
dominated tidal currents, which corresponds to previous ob-
servations in the areca (Héquette et al., 2008a; Cartier and
Héquette, 2011). Our results nevertheless suggest that tidal
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currents alone cannot be responsible for the transport of sig-
nificant quantities of sediment, especially on the beach where
waves and wave-induced currents are the main mechanism of
sediment remobilization (Figs. 7 b&f). Not only bed shear
stress increases significantly on the beach with increasing
wave heights (Fig. 7f), enhancing sediment resuspension,
but currents are stronger during these higher energy conditions
(Fig. 7d). Although this likely results in a significant increase
in longshore sediment transport, some sediment is probably
also dispersed seaward by bed return flows during stormy
conditions as shown by our hydrodynamic measurements
(Fig. 8b). Once transported offshore to the nearshore zone,
these sediments are probably lost for the nourished beach
as they are presumably transported alongshore by pre-
dominantly alongshore-oriented shoreface currents
(Héquette et al., 2008a). Such offshore diffusion of the
nourishment sands could explain the observed discrepan-
cy between the volume of sand eroded from the nourish-
ment area and the smaller volume of sand deposited on
the remaining part of the beach.

As mentioned earlier, the strength of tidal currents de-
creases from the nearshore to the beach (Fig. 7d), but also
from the lower to the upper beach as shown by hydrodynamic
measurements carried out across the intertidal zone of several
beaches of the region (Reichmiith and Anthony, 2007; Cartier
and Héquette, 2013). Therefore, the morphological evolution
of the supratidal platform, which can only be submerged dur-
ing high wave-energy events associated with significant storm
surges, is essentially controlled by wave-induced processes.
Our results shows that the edge of the supratidal platform
retreated landward in the western part of the beach fill due to
beach erosion and landward translation of the beach profile
(Fig. 6). Analyses of wave power and beach volume change
indicate that the largest variations in beach volume mainly
occurred during periods of high wave energy that mainly
corresponded to the winter months (Fig. 10). Following the
approach of de Schipper et al. (2016) who analyzed the rela-
tionships between offshore wave power and the volume
change of the Sand Engine nourishment, we obtained the best
fit relationship between cumulative wave power (P.) and
gross volume change gave change (V) (R? = 0.87) while a
slightly lower correlation was found between (P.) and net
volume change (V,,). (R?=0.79) (Fig. 11). These results are
very similar to the ones reported by de Schipper et al. (2016)
who found correlation coefficients (R?) of 0.81 and 0.72 be-
tween P, and V, and between P, and V,,.respectively. Our
analyses also showed that the beach response is also sensitive
to wave direction, with stronger relationships between P, and
beach volume change when computing wave power during
northerly wind conditions comparatively to westerly winds
(Fig. 12), suggesting that waves have stronger impacts on
the beach when waves originate from the north. These results
echo the findings of Ruz et al. (2009) that beach and coastal

@ Springer

dune erosion along North Sea facing coast of norther France is
strongly linked with the occurrence of sustained winds from
the northern quadrant responsible for the generation of inci-
dent waves with an initial shore-normal direction.

The cross-shore morphological response of the beach pro-
files in the nourishment area also logically showed a strong
link with wave forcing, with more significant changes ob-
served after high energy events during winter (Fig. 6 b & c).
This evolution strongly suggests that profile equilibration after
the nourishment was essentially an event-driven mechanism
rather than a progressive gradual adjustment of the beach pro-
file towards a new state of dynamic equilibrium. Our results
are therefore similar to those obtained by Wang et al. (2003),
Elko and Wang (2007) and by de Schipper et al. (2012) on
other replenished beaches who found that the rate at which
beach morphology evolves after nourishment is a function of
wave energy rather than time, which contradicts the concept of
a long-term gradual profile equilibration (Browder and Dean,
2000; Dean, 2002).

Conclusion

The aim of this paper was to assess the efficiency of a massive
beach nourishment project after a period of 2 ' years and to
evaluate the impacts of hydro-meteorological forcings on the
observed morphological changes. Our results highlight the
key role of waves in the morphological evolution of the site,
especially during winter periods due to higher energy condi-
tions. Our results also underline that northerly waves, which
have a more direct incidence towards the beach, had stronger
impacts on the replenished beach rather than the prevailing
westerly waves. The morphological evolution of the
nourished beach shows that beach erosion tended to decrease
after an initial phase of rapid readjustment of the beach shape
towards equilibrium. The supratidal sandy platform created in
2014 continues today to insure the protection of the dike by
constituting a buffer zone that is still efficient for limiting
flood hazards. After about 2 years, only 9.2% of the initial
beach nourishment volume was lost, representing a loss of
—138,200 m3, and most of the eroded material was partly
redistributing downdrift as predicted by numerical modelling.
The seaside resort of Malo-les-Bains takes advantage of the
progressive dispersal of sand from the nourishment zone to the
beach located downdrift. This operation has, thus far, been a
successful example of massive beach nourishment from ben-
eficial reuse of clean dredging sand for coastal protection pur-
poses. In accordance with the strategy of the Port of Dunkirk
for a sustainable management of sediment, this project dem-
onstrates the opportunity to combine dredged sand from nav-
igation channel and the protection of a key structure for people
safety with regard to marine flooding.
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