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The present study aims to analyze the effects of different submerged bars nourishment strategies using a 2DV
process-based morphodynamical model. A two-barred beach profile typical of the French Mediterranean
micro-tidal storm-dominated coastline is chosen as a reference profile. Two different kinds of modified beach
profiles are considered. (i) Only the outer bar is nourished, the inner bar being unchanged (ii) both bars are
nourished. Three typical wave forcing regimes are considered. The behavior of the natural profile is first
investigated under the 3wave forcing regimes. Then the behavior of the various nourished profiles is analyzed
in terms of wave dynamics and bars behavior. On the basis of the model results, the outer bar only
nourishment strategy appears to be preferable.
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1. Introduction

As numerous human infrastructures are located in coastal areas,
protection against coastal erosion is one of the main concerns in
coastal engineering. So called “soft” strategies (beach and shoreface
nourishment, beach drainage, sand by-passes, geotextile breakwaters
and/or groynes…) which are more environmental friendly than their
classical counterpart proved to be efficient in terms of self-beach
protection and costs (Dean, 2003). However the expertise with these
techniques is still limited and engineering practices have to be
established. In this paper, we consider shoreface nourishment
strategies which consist in nourishing the submerged part of the
beach.

One of the early shoreface nourishments was performed in Durban
(South Africa) at a depth of 15 m to build up an 8 m high sand body
(Zwamborn et al., 1970). This nourishment operation proved to
reduce the wave energy and has improved beach stability. A similar
experience has been conducted in Australia where a sand body of 4 m
high was built at depth of 5 to 10 m (Jackson and Tomlinson, 1990).
The long-term survey showed the positive role of this sand body
which behaved as a submerged breakwater and as a sand feeder for
the beach. These are basically the two mechanisms which can be
expected from a shoreface nourishment known as “lee” and “feeder”
effects (van Duin et al., 2004). The relative strength of these
mechanisms depends on the shape of the nourished profile and on
the local hydrodynamical forcings.

Shoreface nourishment operations were undertaken in Poland
with a sand volume of 500 m3/m (Basinski and Szmytkiewicz, 1991),
Denmark (Thyme, 1990) and Belgium with 245 m3/m (Warnier et al.,
1994). As conclusions from these experiments where somehow
confusing, three sites (from micro- to meso-tidal environments)
were selected to perform additional field experiments with long term
monitoring (Kroon et al., 1994). At one of the sites, in Terschelling in
the Netherlands, the 450 m3/m nourishment has been carried out
between the middle and the offshore submerged bars. This nourish-
ment proved to be successful as on one side nourished sand moved
onshore and on the other side longshore transport is reduced so that
the amount of sand moved close to the shore was larger than the
eroded amount over the nourished area (Hoekstra et al., 1996; Kroon
et al., 1994). A reduction in wave energy incoming to the shore was
also observed (Hoekstra et al., 1996). Grunnet and Ruessink (2005)
observed that the long term longshore bars seaward motion has been
interrupted after the nourishment operation. This behavior is related
to the influence of the nourishment on the balance between onshore
and offshore sediment fluxes. At Egmond (The Netherlands) where
beach nourishment projects gave poor results, a shoreface nourish-
ment has been performed offshore of the outer linear bar. An increase
of the submerged bars volume has been observed together with a
shoreward migration within 2 years after the nourishment. A positive
contribution to the sand budget of the nearshore zone was noticed
due to an increase in onshore sediment transport and due to a
decrease of longshore transport behind the nourished area (van Duin
et al., 2004). In the United States, a combined beachface and shoreface
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nourishment in the form of an underwater berm at 6 m of water depth
has been performed in a micro-tidal environment at Perdido Key
(Browder and Dean, 2000). The long term (8 years) monitoring shows
a good behavior of the system. The underwater berm experiences a
slight motion towards the shore with almost no sand loss.

As shoreface nourishments are an increasingly recognized solution
for beach protection, efficient nourishment methodologies have to be
established for various kinds of natural conditions. Due to their
predictive character, numerical models may provide a valuable
contribution to the design process (Capobianco et al., 2002; Hamm
et al., 2002). Both Terschelling and Egmond nourishment monitoring
data where used to estimate the accuracy of process-based morpho-
dynamical models for the hindcast of the morphological development
after a nourishment operation and to analyze the influence of the
various processes. 2DV models (UNIBEST-TC) (Grunnet and Ruessink,
2005; van Duin et al., 2004) as well as 3D models (DELFT 3D)
(Grunnet et al., 2004; Grunnet et al., 2005; van Duin et al., 2004) have
been used tomodel bottom evolution after these nourishments. Based
on the Terschelling data, Grunnet et al. (2004) show that the DELFT 3D
model version was not able to reproduce the detailed bathymetric
evolution of the profile as submerged bars where damped by the
model due to the absence of any lag between bathymetry variations
and sediment fluxes. However they showed that the large scale, long
term averaged sediment fluxes can be estimated with such a model
which can be used to delineate the various forcings relative effects
(Grunnet et al., 2005). The Delft 3Dmodel behaves in a similar way on
the Egmond site (van Duin et al., 2004). The forecast of bottom
profiles evolution is however better when the 2DV UNIBEST-TCmodel
is used (Grunnet and Ruessink, 2005; van Duin et al., 2004). This is
due to the detailed modeling of cross-shore processes and in
particular to the inclusion of a model for the breaking roller. A
beachface nourishment has also been modeled by a longshore
diffusion equation for the nourished sand volume (Browder and
Dean, 2000).
Fig. 1. Distribution of barred bea
To our knowledge, process-based models have not yet been used
to forecast the behavior of the bottom for a given nourishment plan as
a function of the nourished bottom profile shape. A recent work in this
direction has been done using linear stability concept to estimate the
optimal longshore extent of a nourishment operation (Van Leeuwen
et al., 2007).

As a first step, the present study aims to use a 2DV process-based
beach profile model to analyze the effects of various nourishment
strategies on wave dynamics and on the bar dynamics in the context
of a natural two-barred beach profile in micro-tidal storm-dominated
environment. The natural profile is a typical two-barred beach profile
observed in some areas of the FrenchMediterranean coastline (Gulf of
Lions) which exhibits one to three linear or crescentic bars (Fig. 1).
Important beach erosion occurs each year during winter storm events
(1 m·y−1) as these beaches possess only a very thin sand prism with
a limited sediment stock.

The methodology of the study is described in the second section
where the computational model and the modeling scenarii are
introduced. In the third section, the behavior of the natural profile is
analyzed before the analysis of modified profiles behavior (Section 4).
The assessment of the various nourishment scenarii based on the
analysis criteria is performed in the fifth section. Conclusions are
given in the last section.
2. Methodology

A short presentation of the 2DV process-based morphodynamic
model is given first. Then, the different nourishment scenarii are
introduced. From real wave regimes observed on the Gulf of Lions
(French Mediterranean coast), three wave forcing scenarii are
selected. Based on the model outputs and taking into account model
limitations, various analysis criteria are introduced to estimate the
effects of a given nourishment scenario.
ch types in the Gulf of Lions.
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2.1. Model description

This study is based on a 2DV process-based beach profile model to
forecast sandy beach profile morphodynamics. A detailed description
of the model used here and the corresponding validation tests can be
found in Spielmann et al. (2004). This model emphasizes surf zone
processes and no swash zone model is included. Given the incoming
wave characteristics, the wave height along the profile is estimated
and the vertical distribution of the mean horizontal velocity andmean
sediment concentration are computed at each cross-shore location
(Fig. 2). The total sediment flux and the time evolution of the bottom
profile are then estimated.

2.1.1. Wave submodel
The wave submodel is based on a phase-averaged description. The

estimation of random wave's characteristics along the profile is
performed using either linear or first order cnoidal wave theory. In the
surf zone, the wave energy dissipation rate Dw(x) is parameterized by
the classical Battjes and Janssen (1978) approachwhich allows to take
into account the waves randomness. The wave height used in the
model is Hrms(x).

A roller is included to take into account transition zone effects. The
roller energy Er(x) is computed from the balance between Dw(x) and
Dr(x) the roller energy dissipation rate (Stive and De Vriend, 1994).
The Nairn et al. (1990) parameterization for Dr(x) is used.

2.1.2. Current submodel
The mean water level, η xð Þ, is estimated from the waves (Sxx,w(x))

and roller (Sxx,r(x)) radiation stresses using the vertically integrated x-
momentum component, averaged over a wave period:

ρgd xð Þ ∂η xð Þ
∂x +

∂ Sxx;w xð Þ + Sxx;r xð Þ
� �

∂x = 0 ð1Þ

where d(x) is the water depth, ρ=1027.25 kg/m3 the water density.
The value of η xð Þ at the seaward boundary of the domain, η0, is

computed using the Longuet-Higgins (1953) parameterization.
The vertical profile of themean horizontal velocity ū(x, z) at a given

x location is computed using the conservation of the x-momentum
component:

∂
∂z νt xð Þ ∂u x; zð Þ

∂z

� �
= g

∂η xð Þ
∂x +

∂ ũ2 x; zð Þ−w̃2 x; zð Þ
� �

∂x ð2Þ

where ũ(x, z) and w̃ x; zð Þ are the horizontal and the vertical wave
orbital velocity components respectively (computed by the wave
submodel) and νt xð Þ the mean turbulent viscosity. The parameteri-
Fig. 2. Sketch of the com
zation of νt xð Þ includes turbulence production by both wave-induced
bottom friction and wave breaking using the roller characteristics:

νt xð Þ = κu⋆ xð Þd xð Þ + Md xð Þ Dr xð Þ
ρ

� �
1
3 ð3Þ

where u⋆(x) is the friction velocity estimated from the mean wave
bottom shear stress,M=0.025 a constant (De Vriend and Stive, 1987)
and κ=0.41 the von Karman constant.

The two additional conditions needed to solve (Eq. (2)) are (i) a
flow discharge condition based on the depth-integrated mass balance
taking into account the roller mass flux and (ii) a zero bottom shear
stress condition at the bottom (Spielmann et al., 2004).

2.1.3. Sediment transport submodel
The total sediment flux qt xð Þ includes the bedload flux qb xð Þ

induced by the wave bottom shear stress asymmetry and the current-
driven suspended flux qs xð Þ: qt xð Þ = qb xð Þ + qs xð Þ.

qb xð Þ is estimated from the Bailard and Inman (1981) formula
using the first-order cnoidal theory for bottom velocity estimation.
qs xð Þ is explicitly computed from the vertical profiles of the mean
velocity and the mean suspended sediment concentration C x; zð Þ:

qs xð Þ = 1
ρs

∫η xð Þ
−d xð Þu x; zð ÞC x; zð Þdz ð4Þ

with ρs=2650 kg/m3 the sediment density.
The vertical distribution of C x; zð Þ at a given x location is computed

from the equilibrium between turbulent diffusion and gravity-driven
sediment settling with a no-mass flux condition at the sea surface:

Γt x; zð Þ ∂C x; zð Þ
∂z + wsC x; zð Þ = 0 ð5Þ

where ws is the sediment fall velocity.
The turbulent diffusivity Γt x; zð Þ model used in this study has been

selected with respect to the accuracy of the results (Spielmann et al.,
2004): Γt x; zð Þ = νt xð Þ + κu⋆ xð Þz. As Eq. (5) requires an additional
boundary condition, the seabed sediment concentration Ca xð Þ is
imposed. A parameterization based on the surface shear stress
induced by the breaking roller was shown to give accurate results
(Spielmann et al., 2004):

Ca xð Þ = αcρs
τs;r xð Þ

ρs−ρð ÞgD50

� �3

ð6Þ

where αc=10−5 is a non-dimensional coefficient and D50 the median
sediment diameter. The parameterization proposed by Deigaard and
Fredsøe (1989) is used to compute τs;r xð Þ = Dr xð Þ= Cφ xð Þ.
putational domain.

image of Fig.�2
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b)

Fig. 4. Bars nourishment scenarii: (a) (—) Pn, (− −) P0.5−0, (⋅⋅⋅) P1−0; (b) (—) P1−0,
(− −) P1−0.125, (− ⋅ −) P1−0.25, (⋅⋅⋅) P1−0.5.
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The bed evolution is computed according to the sediment mass
conservation:

∂d x; tð Þ
∂t =

∂qt xð Þ
∂x ð7Þ

The values of model parameters used in the study have been
chosen according to the analysis of Spielmann et al. (2004). Themodel
time step is set to 2 min and the 2DV grid has 200 points in the cross-
shore direction and 200 points in the vertical direction.

The process-based model used here cannot estimate the emerged
beach evolution. Thus analysis criteria for beach protection purposes
have to be defined based on available model outputs.

2.2. Nourishment and wave forcing scenarii

The area of interest is located in the Mediterranean coastline of
France, in the Gulf of Lions where a system of linear and/or crescentic
offshore bars (Fig. 1) spreads over 200 km between the Pyrénées
Mountains and the Rhône delta (Barusseau and Saint-Guily, 1981).
The beach of Sète, in front of the Thau lagoon barrier is used to infer
bathymetry and wave forcing scenarii. The bottom profile at Sète
exhibits a two linear bars profile (Figs. 3 and 4). This microtidal wave-
dominated site has been selected for its important touristic value and
its typical erosional behavior (1 m·y−1) (Certain, 2002).

The sediment size is relatively well-sorted along the beach profile.
It decreases from 320 μm onshore to 130 μm offshore with a local
disturbance in the troughs with coarser sand (Certain, 2002). For the
present simulation purposes, a constant median sediment diameter of
D50=160 μm is used.

Local sea level variations are mainly controlled by atmospheric
forcing (pressure and wind) and the tidal range which does not
exceed 0.30 m will be neglected.

2.2.1. Nourishment scenarii
A typical two-barred bottom profile of the Sète Beach called Pn

(Fig. 4) is used as the natural profile. For the bar nourishment scenarii
investigated in the present study, inner shelf sand is used to nourish
the bars. The supplied sand spatial distribution obeys a Gaussian
function centered on the bar crest. The bar elevation is increased by
0.125 m, 0.25 m, 0.5 m or 1 m. This leads to a family of bottom profiles
called PX−Y where X (respectively Y) means an increase of X (resp. Y)
Fig. 3. Bathymetry of the Sète Beach (Lambert coordinates in m from the hydrograhic
reference position).
meters of the outer (resp. inner) bar (Fig. 4). Two subsets of profiles
can be distinguished: (i) Only the outer bar is nourished, the inner
bar being unchanged (P0.5−0 and P1−0) (Fig. 4a), (ii) Both bars are
nourished (P0.125−0.125, P0.25−0.125, P0.5−0.125 and P1−0.125, P1−0.25,
P1−0.5 (Fig. 4b)).

2.2.2. Wave forcing scenarii
Fig. 5 illustrates a sequence of wave characteristics recorded at the

Sète beach during fall (from November 5th to 30th 2000). Several
typical wave regimes can be depicted (Certain et al., 2005). Three
storm events occurred during this period (November 5th–6th, 11th–
13th and 22nd–23rd) which shared almost the same wave charac-
teristics (Fig. 5). During these storms, incoming waves reached a
significant height of 2 to 3 mwith wave period in the range 7 s to 11 s,
the wave incidence being almost perpendicular to the coastline.
Within each storm event, one can distinguish the peak storm phase
which lasts from 24 to 36 h and a waning episode with a lower wave
height (1bHsb2 m measured on the lower-shoreface of the outer
bar). The waning episode lasts from 6 (for the second and the third
storms) to 12 h (for the first storm). During peak storm phases, an
important offshore migration of the bars with a change in shape and a
shoreline retreat are observed. Duringwaning episodes, bar reshaping
is observed due to onshore sediment transport (Certain and
Barusseau, 2005). Between storm events, the wave amplitude is
almost constantwith a lowmean significant height (0bHsb1 m) and a
peak period ranging from 7 to 10 s. These calmweather intervals have
no significant impact on the bottom evolution.

From a statistical study of the wave climate conducted over
11 years, from 1989 to 2000 (Certain, 2002), three different wave
forcing scenarii have been inferred to model the wave climate in the
area of interest (Table 1). A normal wave incidence (θ0=0°) is used at
the offshore boundary (dominant SE incoming wave direction (Fig. 5-
top) at a 135°N oriented coastline).

The relative effects of the three wave forcing scenarii have been
investigated in details for the natural beach profile only.

2.3. Analysis criteria

In order to introduce relevant criteria for the analysis of each
nourishment strategy, the main limitations of the 2DV process-based
model used here should be reminded. The emerged beach evolution is
not computed and the results near the coastline are subject to some
inaccuracy in particular because no swash zonemodel is included. The
estimation of the emerged beach erosion during a storm event is
therefore not possible. However the behavior of both bars is
computed by the model and can therefore be considered to evaluate
the effect of the nourishment. In addition, the long time bottom
evolution may be subject to some inaccuracies (Rakha et al., 1997;
Spielmann et al., 2004; Van Rijn et al., 2003). This should not be a
problem in the present study as storms lasts typically 24 h.



Fig. 5. One month wave records at the Sète Beach in fall conditions. (top) Wave direction, (middle) peak period and (bottom) significant wave height measured at the lower-
shoreface of the outer bar (—), in the outer trough (⋅⋅⋅) and in the inner trough (− −).
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The numerical model provides important information on wave,
current and sediment fluxes characteristics in good agreement with
experiments (Spielmann et al., 2004). Various analysis criteria based
on the model results are introduced. Some criteria are calculated from
the local values of the model outputs and others are based on the
integration of model outputs over each of the six typical zones of the
two-barred beach profile: the offshore area (Z1), the outer bar area
(Z2), the outer trough area (Z3), the inner bar area (Z4), the inner
trough area (Z5) and the beach area (Z6) (Fig. 6). Before introducing
the criteria themselves, some integrated variables over each zone
should be defined:

• δZi
, the mean height of sediment deposit in the Zi zone during

nourishment operations:

δZi =
1
LZi

∫
Zi

zPX−Y
b x; t = 0ð Þ−zPnb x; t = 0ð Þ

� �
dx

where LZi
is the length of the Zi zone, zbPX− Y(x, t=0) the initial

bottom position for the nourished PX−Y profile and zb
Pn(x, t=0) the

initial bottom position for the natural beach profile Pn. In our study,
outer (Z2) and inner (Z4) bar zones are considered.

• γZi

P(t), the mean height of sediment moved by the flow in the Zi
zone between t=0 and t:

γP
Zi tð Þ = 1

LZi
∫Zi zPb x; tð Þ−zPb x; t = 0ð Þ

� �
dx

with zb
P(x, t) the bottom position for the P profile.

The criteria used in this study are introduced according the
purpose of the criteria:

1. Wave dynamics. The analysis of the wave dynamics will give some
insights on the so called “lee” effect, with is related to the extra
wave dissipation induced by the nourishment operation. Several
criteria are used for this purpose:
Table 1
Input significant wave characteristics.

Nomenclature Wave height Wave energy Wave period

Regular storm (RS) Hs, 0=2.5 m E0=3936 J/m2 Ts=7 s
Strong storm (SS) Hs, 0=4 m E0=10077 J/m2 Ts=10 s
Storm waning (SW) Hs, 0=1 m E0=629.8 J/m2 Ts=6.5 s
– Total wave energy dissipation criterion, (E0−Eit)/E0, where Eit is
the wave energy in the inner trough (Z5 area on Fig. 6) and E0
the offshore wave energy (see Table 1). This criterion estimates
the remaining wave energy close to the beach a fraction of
which is available for sand displacement and beach erosion. The
value of this criterion should be as low as possible.

– Mean water level increase criterion, η xbð Þ−η0, where η xbð Þ is
the mean water level near the beach and η0̅≃−1.75 cm, the
offshore mean water level. Indeed, this criterion controls the
position where the wave-induced erosion processes will take
place on the emerged beach.

– Maximum of the roller dissipation rate over the outer bar, Dr
ob.

– Maximum of the roller dissipation rate over the inner bar, Dr
ib.

– Ratio Dr
ib/Dr

ob which evaluates the relative effects of both bars on
wave dissipation.

2. Bars dynamics and nourished sand behavior.
– Ratio of the sediment moved by the flow in the inner bar

area (Z4) for the nourished PX−Y and natural profile Pn: γZ4

PX− Y(t)/
γZ4

Pn(t). This criterion compares the amount of eroded sand over
the inner bar zone before and after the nourishment operation.
The impact of the nourishment on the inner bar erosion is thus
estimated.

– Cross-shore migration of the inner bar after 1 h, Δxib. This cri-
terion allows to quantify the impact of the nourishment on the
motion of the inner bar.

– Ratio of the mean sediment height eroded by the flow in a
nourished zone Zi during a given time period to the mean height
Fig. 6. Zi zones for the beach profile Pn.

image of Fig.�6
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of sand nourishment in the same zone: γZi

PX− Y(t)/δZi
. This cri-

terion should be as low as possible and allows to know how fast
the sand added during the nourishment phase is removed by the
flow and thus to estimate the nourishment durability.

3. Natural profile behavior

This section is devoted to the analysis of hydrodynamics, sediment
transport and natural beach profile evolution. The regular storm (RS)
wave condition is first considered. Then the influence of the wave
regime is evaluated for strong storm (SS) and storm waning (SW)
regimes. According to the duration of real storms, a one-day time scale
is used for bottom evolution.

3.1. Regular storm (RS) regime

The wave height (Fig. 7a) slowly decreases to the outer trough
where the water depth increase stops wave breaking so that the wave
height increases to reach a local maximum. A second breaking occurs
over the inner bar crest. The wave height remains almost constant
over the inner trough and finally decreases on the beach face. The
wave dissipation rate Dw(x) (Fig. 7b) exhibits local maxima over both
bars and at the beach face. The maximumwave dissipation rate at the
a)

b)

c)

e)

d)

Fig. 7. Natural profile behavior in the regular storm regime (RS). (a) Wave height
Hrms(x); (b) (—) wave Dw(x) and (− −) roller Dr(x) dissipation rates; (c) mean
water level η xð Þ; (d) (—) total qt xð Þ, (− −) suspended qs xð Þ and (− ⋅ −) bedload
qb xð Þ sediment transport rates; (e) bottom profile.
inner bar is almost four times larger than at the outer bar. The roller
dissipation rate Dr(x) exhibits a similar cross-shore distribution the
three local maxima being however shifted towards the shoreline. The
ratio of the Dr(x) maxima over the bars (Table 2) is however smaller
than the ratio for Dw(x).

The mean water level η xð Þ (Fig. 7c) increases towards the shore to
reach a maximum set-up of 12 cm close to the shoreline. A local
setdown is however observed over the inner bar.

The current-induced suspended sediment transport rate qs xð Þ
(Fig. 7d) is oriented offshore with two local maxima over the bars. The
ratio between the local maxima is 30.

The wave-induced bedload sediment flux qb xð Þ is oriented onshore
and is 10 times smaller than the absolute value of qs xð Þ so that the
total sediment transport is dominated by suspension and seaward
oriented. The outer bar experiences a limited sediment dynamics in
this wave regime.

A strong bottom evolution occurs during the first hours around the
inner bar which is strongly eroded and moved seaward (Fig. 8a). The
outer trough is partly filled at the same time. The outer bar remains
almost unchanged for 3 h. Afterwards (Fig. 8b), the seawardmotion of
the inner bar slows down and its height decreases. The outer bar
erosion increases and begins to be visible at the fourth hour. At the
same time, both troughs tend to be filled so that the beach profile
smoothens.

3.2. Influence of the wave regime

The influence of wave regime is analyzed for strong storm (SS) and
storm waning (SW) wave conditions.

3.2.1. Strong storm (SS)
From the outer bar to the shoreline, despite the different offshore

wave conditions, wave height (Fig. 9a), dissipation rates (Fig. 9b) and
sediment flux (Fig. 9c and d) as well as bottom evolution (Fig. 12) in
the SS regime are very similar to the ones obtained for the regular
storm (RS) regime. This behavior is due to the fact that the wave
dissipation rate (Fig. 9b) is very strong in the offshore region
(Dw≃400 kg/s3) and much larger than the one observed in the RS
regime as the same mean water depth is used for both wave regimes.
It has been observed in the field that strong storms also feature strong
winds which may generate a significant set-up. The influence of this
set-up should deserve a detailed study but is not considered here. The
local maxima ofDr(x) in the SS regime are slightly larger than in the RS
regime (Table 2). However, their ratio is smaller which shows the
increased effect of the outer bar in the SS regime.

The wave related set-up is 65% higher for SS than for RS wave
conditions (Table 2).

A strong seaward oriented sediment flux is observed in the
offshore regionwith amaximumat x≃100 m (Fig. 9c) due to the extra
dissipation in this area. Strong variations of ∂xqt (Fig. 9d) also occur at
this place. Shoreward of the outer bar, total sediment fluxes obtained
for SS and RS regimes are very similar. The value of the maximum is
however higher for SS than for RS regime. The bottom evolution
resembles the one observed for the RS regime despite the generation
of a trough around x≃130 m which is related to the extra wave
dissipation in the offshore region.
Table 2
Influence of the wave regime for the natural profile.

Profiles (E0−Eit)/E0 Dr
ob Dr

ib Dr
ib/Dr

ob η xbð Þ−η0 Δxib

(−) J/(m2·s) J/(m2·s) (−) cm cm

Pn (RS) 0.822 50.4 122.7 2.433 14.3 21
Pn (SS) 0.924 68.8 128.4 1.865 23.6 24.5
Pn (SW) 0.265 0.03 36.3 1103.66 2.1 −3.5



a)

b)

Fig. 8. Bottom evolution of the natural beach profile in the regular storm (RS) regime.
(a) (▬) t=0 h, (—) t=1 h, (−−) t=2 h, (− ⋅−) t=3 h, (⋅⋅⋅) t=4 h; (b) (▬) t=0 h,
(—) t=6 h, (− −) t=8 h,(− ⋅ −) t=16 h, (⋅⋅⋅) t=24 h.

a)

b)

e)

c)

d)

Fig. 9. Influence of the forcing regime. (—) regular storm (RS), (−−) strong storm (SS)
and (− ⋅ −) storm waning (SW). (a) Wave height Hrms(x); (b) roller dissipation rate
Dr(x) for the three regimes and (⋅⋅⋅) wave dissipation rate Dw(x) for the (SS) regime;
(c) total sediment transport rate qt xð Þ with a zoom in the Z4 and Z5 areas; (d) horizontal
gradient of qt xð Þ with a zoom in the Z4 and Z5 areas; (e) bottom profile Pn.
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This wave regime will not be used to estimate the efficiency of the
various strategies as the bottom behavior estimation would only be
relevant if wind-induced set-up was taken into account.
3.2.2. Storm waning conditions (SW)
Storm waning conditions lead to a very different picture. A mild

shoaling is observed from the seaward boundary to the vicinity of the
inner bar where the wave height increases more significantly
(Fig. 9a). The maximum wave height occurs at the top of the inner
bar where waves break. The wave height remains constant over the
inner trough and finally decreases close to the shoreline (Fig. 9a). The
roller dissipation rate is almost zero until the inner bar (Fig. 9b) where
a maximum (Dr≃36 kg/s3) is observed which is almost 70% weaker
than in the RS regime.

Themean water level set-up is very small, 85% weaker than for the
RS condition (Table 2).

A major difference between SW and RS conditions is that in the
former, the onshore bedload sediment flux dominates the suspended
flux so that the total sediment flux is onshore oriented along the
entire beach profile (Fig. 9c). The total sediment flux qt xð Þ is weak
(Fig. 9c-zoom) and reaches its maximum on the seaward face of the
inner bar. The results show that qb xð Þ (resp. qs xð Þ) is approximately 10
(resp. 100) times weaker than the ones estimated for the RS regime
from the seaward boundary to the top of the inner bar. Shoreward of
this location, qb xð Þ (resp. qs xð Þ) is nearly 2 (resp. 10) times weaker
than in the RS regime.

Over the inner bar, the sand is moved shoreward, from the
seaward face to the top (Fig. 9c-zoom). This pattern is opposite to the
one observed in the RS and SS regimes. The bottom evolution is
however weak as ∂xqt xð Þ over the inner bar is 100 times weaker than
for the RS regime (Fig. 9d-zoom). Over the inner trough, no sediment
transport is observed but on the beach face erosion occurs. The beach
profile evolution (Fig. 10b) shows a weak lowering of the inner
bar which experiences a slow shoreward motion (negative Δxib in
Table 2). Both troughs are accreted as noticed before. This behavior
resembles in-situ surveys where bar reshaping due to onshore
sediment transport has been observed.

A typical feature of the SW regime is that the sediment flux
remains onshore oriented all along the beach profile which induces a
shoreward motion of the inner bar. This wave regime should also be
taken into account to analyze the efficiency of the nourishment
strategy in addition to storm condition.
a)

b)

Fig. 10. Bottom evolution of the natural beach profile Pn (a) in the strong storm (SS) and
(b) in the storm waning (SW) regime. (▬) t=0 h, (—) t=1 h, (− −) t=2 h, (− ⋅ −)
t=4 h, (⋅⋅⋅) t=8 h.
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4. Nourished profiles behavior

The hydrodynamics and the sediment fluxes and the bottom
profiles evolution are examined in order to analyze the impact of the
various nourishment strategies. This investigation is performed for
the regular storm (RS) regime. First we analyze the effect of a
nourishment of the outer bar only (P0.5−0 and P1−0). Then, the
nourishment of both bars is considered.

4.1. Nourishment of the outer bar only

The behavior of the nourished outer bar profiles (P0.5−0 and P1−0)
is compared to the behavior of the natural profile Pn for the RS
conditions.

The effect of the outer bar nourishment on wave height is mostly
visible in the outer trough (Fig. 11a). The wave height decrease in
this area is larger for P1−0 and for P0.5−0 than for Pn (at x≃539 m,
Hrms(x)=1.2 m for Pn, 1.13 m for P0.5−0 and 1 m for P1−0). This
additional dissipation is indeed confirmed by the roller dissipation
rate cross-shore distribution (Fig. 11b). Table 3 shows that Dr

ob is
larger for P1−0 than for P0.5−0 and thus increases with the outer bar
height. The maximum of Dr(x) on the outer bar, Dr

ob, is shifted
e)

d)

b)

c)

a)

Fig. 11. Nourished outer bar only scenarii behavior in the regular storm (RS) regime.
(− −) P0.5−0, (⋅⋅⋅) P1−0 and (—) Pn. (a) Wave height Hrms(x); (b) roller dissipation
rate Dr(x); (c) total sediment transport rate qt xð Þ; (d) horizontal gradient of qt xð Þ;
(e) bottom profiles.
shoreward for the nourished beach profiles. The wave height
shoreward of the inner bar is however almost identical for nourished
and natural beach profiles. The maximum of Dr(x) over the inner bar,
Dr
ib, decreases as the outer bar height increases (Table 3). Due to these

opposite effects, the ratio of Dr
ib/Dr

ob which is greater than one for Pn
and P0.5−0, is smaller than one for P1−0 (Table 3). The 1 m nourished
profile allows thus to change the relative weight of each bar on the
wave dissipation which may strongly influence sediment dynamics.

The total sediment flux for both nourished profiles is dominated by
offshore suspended transport and features a local maximum on the
outer bar (Fig. 11c) which is not present for Pn (Fig. 11c). This
maximum is almost 10 times higher for P1−0 than for P0.5−0. At the
same time, the total sediment flux over the inner bar is 2 (resp. 6)
times weaker for P0.5−0 (resp. P1−0) than for the natural profile.

The bottom evolution is modified by the outer bar nourishment as
∂xqt xð Þ feature a local maximum over the outer bar (larger for P1−0

than for P0.5−0) which was not present for Pn (Fig. 11d). At the same
time the local maximum over the inner bar is reduced in amplitude.
The ratio of the local maxima of ∂xqt xð Þ for Pn and P0.5−0 is 1.7 and 6.2
for Pn and P1− 0. This result shows the benefit of outer bar
nourishment on inner bar protection.

The inner bar erosion (Fig. 12a) and seaward motion (Table 3) are
weaker for the P0.5−0 beach profile than for Pn (Fig. 8). This trend is
enhanced for P1−0 (Fig. 12b) which experiences only a limited inner
bar erosion. The inner bar offshore motion Δxib≃35 cm for P1−0, 6
(resp. 4) times weaker than for Pn (resp. P0.5−0) (Table 3). The outer
bar erosion is however increased by the nourishment and is
significant for P1−0. The evolution of both troughs area (Z3 and Z5)
are very similar to the one obtained for Pn.

4.2. Both bars nourishment

4.2.1. Influence of an inner bar nourishment
The influence of an inner bar nourishment in addition to a 1 m

outer bar nourishment is now analyzed. Three scenarii are consid-
ered: P1−0.125, P1−0.25 and P1−0.5. P1−0 is used here as the reference
case.

Higher the inner bar height is, higher the dissipation over this bar
is (Fig. 13a and b). At the same time a larger seaward total sediment
flux (Fig. 13c and Table 3) is observed over the inner bar which leads
to a larger sediment flux gradient over this bar (Fig. 13d). The
maximum of jqt j at the inner bar top experiences a 87% for P1−0.125,
232% for P1− 0.25 and 864% for P1− 0.5 increase with respect to the
P1−0 case. The same trend is observed for ∂xqt xð Þ which strongly
increases over the inner bar for increasing height of the nourished
inner bar. The inner bar thus experiences an increasing erosion as
its nourishment height increases.

4.2.2. Influence of an outer bar nourishment
The influence of an outer bar nourishment in addition to the

0.125 m inner bar nourishment is now analyzed. Four scenarii are
considered: P0.125−0.125, P0.25−0.125, P0.5−0.125 and P1−0.125.
Table 3
Local criteria for all scenarii.

Profiles VP (E0−Eit)/E0 Dr
ob Dr

ib Dr
ib/Dr

ob η xbð Þ−η0 Δ xib

m3/m (−) J/(m2·s) J/(m2·s) (−) cm cm

Pn – 0.822 50.4 122.7 2.433 14.3 21
P0.5−0 26.3 0.824 61.5 105.2 1.709 14.0 14
P1−0 59.1 0.829 102.3 73.8 0.721 13.9 3.5
P0.125−0.125 10.94 0.836 50.7 133.3 2.631 14.7 21
P0.25−0.125 17.5 0.836 51.8 129.0 2.491 14.6 21
P0.5−0.125 30.6 0.837 61.5 118.9 1.933 14.4 17.5
P1−0.125 63.5 0.842 102.3 85.6 0.837 14.2 7
P1−0.25 67.8 0.856 102.3 98.8 0.966 14.7 10.5
P1−0.5 76.6 0.885 102.3 129.4 1.265 16.0 17.5



a)

b)

Fig. 12. Bottom evolution in the regular storm (RS) regime of (a) the 0.5 m-nourished
outer bar profile P0.5−0 and (b) the 1 m-nourished outer bar profile P1−0. (▬) t=0 h,
(—) t=1 h, (− −) t=2 h, (− ⋅ −) t=4 h and (⋅⋅⋅) t=8 h.

a)

b)

e)

c)

d)

Fig. 13. Influence of the inner bar nourishment for both bars nourished bottom profiles
in the regular storm (RS) regime. (—) P1−0, (− −) P1−0.125, (− ⋅ −) P1−0.25 and
(⋅⋅⋅) P1−0.5. (a) Wave height Hrms(x); (b) roller dissipation rate Dr(x); (c) total
sediment transport rate qt xð Þ; (d) horizontal gradient of qt xð Þ; (e) bottom profiles.
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Higher the outer bar is, higher the roller dissipation over this bar is
and weaker is the dissipation over the inner bar (Fig. 14b). The roller
dissipation rate criterion shows that Dr

ob increases by 0.6% for a
0.125 m nourishment of the outer bar, by 2.8% for 0.25 m, by 22% for
0.5 m and by 103% for 1 m (Table 3). Dr

ib/Dr
ob is larger than one for

P0.125−0.125, P0.25−0.125 and for P0.5−0.125. For a 1 m nourishment
however the dissipation maxima over the outer bar is larger than its
inner bar counterpart (Fig. 14b).

The outer bar nourishment increases the sediment flux over this
bar (Fig. 14c) whereas it decreases over the inner bar. These effects
increase with the outer bar nourishment height. Local maxima for the
sediment flux gradient are observed over the outer bar in particular
for the 1 m nourishment (Fig. 14d). The sediment flux gradients over
the inner bar weaken for increasing outer bar height. For the 1 m
nourishment, the sediment flux gradients maxima over both bars are
of the same order.

As the cross-shore distributions of hydrodynamic variables and
sediment fluxes for P0.125−0.125 and P0.25−0.125 are very similar to the
results obtained for Pn one can infer that an outer bar nourishment
becomes significant from a 0.5 m height increase which is the value
which has been considered in the case where only the outer bar is
nourished.
a)

b)

c)

d)

e)

Fig. 14. Influence of the outer bar nourishment for both bars nourished bottom profiles
in the regular storm (RS) regime. (—) P0.125−0.125, (−−) P0.25−0.125, (− ⋅−) P0.5−0.125

and (⋅⋅⋅) P1−0.125. (a) Wave height Hrms(x); (b) roller dissipation rate Dr(x); (c) total
sediment transport rate qt xð Þ; (d) horizontal gradient of qt xð Þ; (e) bottom profiles.
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5. Analysis of nourishment impacts

In addition to the description of the qualitative behavior of the
system for the various nourishment scenarii, a detailed analysis of the
nourishment strategies is now conducted with the help of the criteria.

The global wave energy dissipation criterion, (E0−Eit)/E0, for the
RS regime shows that any bar nourishment scenario improves the
natural behavior (Table 3). Higher the bars are, better the behavior is.
However, for a given nourishment height, an inner bar nourishment is
more efficient than an outer bar nourishment. Among the considered
profiles, the best result is obtained for P1−0.5 (88.5% of the wave
energy is dissipated instead of 82.2% for the natural profile) i.e. the
profile with the highest bars.

The seaward motion of the inner bar Δxib decreases as the outer
bar is increased. The best value is obtained for P1−0 (83.3% smaller
than for Pn) with a significant difference compared to P0.5−0 (33.3%
smaller than Pn). This result is confirmed even if the inner bar is
increased by 0.125 m. For a given nourishment of the outer bar, the
inner bar motion increases with its own height after nourishment.
Inner bar nourishment is thus not a relevant solution with respect to
this criterion. Outer bar nourishment should be preferred.

Whatever scenario is considered, theheight of eroded sediment over
the inner bar during the first hour ismore important than the one for Pn
(Table 4). However after 1 h, this height may be either larger (γZ4

PX,Y/
γZ4
Pn≥1) or smaller (γZ4

PX,Y/γZ4

Pn≤1) than for the natural profile depending
on the scenario (Table 4). If both bars are nourished, this height
decreases with outer bar height and increases with inner bar height.
Thus the outer bar only nourishment strategy seems to be preferable. At
t=4 h, the best result is obtained for P1−0 as expected. If a 1 m (resp.
0.5 m) nourishment of the outer bar is selected, the inner bar can be
increased until 0.25 m (resp. 0.125 m) with still a positive efficiency
with respect to this criterion.

The criterion, γZ2

PX,Y(t)/δZ2
, compares the volume of flow-displaced

sand over the outer bar to the volume of sand nourishment over the
same area (Table 4). The negative values show that an outer bar
erosion occurs. As the value of this criteria in the model does not
depend on the system behavior in the onshore region, no dependency
of this criteria on the inner bar height is observed. One can observe
that the eroded sand volume fraction over the outer bar decreases (i.e.
the durability increases) when this bar height is increased (Table 4).
The value of γZ2

PX,Y(t)/δZ2
is inversely proportional to the nourishment

height: when the outer bar nourishment height is doubled, the value
of the criterion is divided by 2. The best results are obtained for the
profile for which the outer bar has been increased by 1 m (P1−0). This
in an important result which shows that an increase of the outer bar
height for efficiency purposes also increases the durability of the
nourishment operation. From practical perspective, strong nourish-
ment should thus be preferred.

The same criteria can be built for the profiles with a nourished
inner bar. The values of γZ4

PX,Y(t)/δZ4
are all negative as the inner bar is

eroded (Table 4). The values are however at least an order of
magnitude larger than the values of γZ2

PX,Y(t)/δZ2
which means that the

durability of an inner bar nourishment is lower that its outer bar
Table 4
Integrated criteria γZ4

PX,Y(t)/γZ4

Pn(t) and γZi

PX,Y(t)/δZi
in the outer bar zone Z2 and in the inner ba

Profiles γZ4

PX,Y(t)/γZ4

Pn(t) γZ2

PX,Y(t)/δZ2

t=1 h t=2 h t=4 h t=1 h

P0.5−0 1.013 0.887 0.838 −0.032
P1−0 1.066 0.905 0.793 −0.015
P0.125−0.125 1.111 1.190 1.123 −0.127
P0.25−0.125 1.087 1.110 1.072 −0.064
P0.5−0.125 1.079 1.001 0.975 −0.032
P1−0.125 1.115 0.955 0.853 −0.015
P1−0.25 1.165 1.013 0.930 −0.015
P1−0.5 1.285 1.211 1.144 −0.015
counterpart. Two observations can be made. First the value of the
criterion decreases for increasing inner bar nourishment (as was
observed for the outer bar). Second, the value of the criteria also
decreases for increasing outer bar height. The best result is obtained or
the P1−0.5 profile. However, even for this profile, the value of γZ4

PX,Y(t)/
δZ4

is an order of magnitude larger than the value of γZ2

PX, Y(t)/δZ2
, which

means that strategies involving both bars nourishment will feature a
serious unbalance in durability as the inner bar additional sandwill be
eroded very rapidly compared to the outer bar additional sand.

With respect to durability, outer bar nourishment strategies
should be preferred and, among the profiles considered in this
study, the 1 m nourishment (P1−0) is the best one.

We show that an outer bar nourishment is positive in terms
of efficiency, the best results are obtained for the 1 m nourishment
(P1−0) which allows to reduce the inner bar erosion by 20% after 4 h
for the RS regime. The inner bar nourishment however does not
significantly improve the efficiency even if the wave energy is sig-
nificantly dissipated. The study of the durability has shown that
strategies based on outer bars nourishment are more balanced than
strategies involving both bars nourishment. Higher the outer bar is
better is the result. Taking into account the previous criteria, the
strategy involving only an outer bar nourishment proved to be better.
One should add that a 1 m nourishment will require twice the volume
of sand as a 0.5 m nourishment for a 6% increase in efficiency and a
50% increase in durability. However the sand volume (59 m3/m)
required to built the P1−0 profile is small compared to the other
performed nourishments. P1−0 seems thus to be the best nourish-
ment scenario among those considered in the present study.

The above analysis was based on the study of the nourished profile
behavior under the RS conditions. In addition, the behavior of outer
bar nourished P0.5−0 and P1−0 profiles has been analyzed for storm
waning (SW) condition. The wave height distribution for P0.5−0 is
very similar to the Pn case with only a slightly larger value over the
outer bar (Fig. 15a). For the P1−0 profile however, the shoaling over
the outer bar is stronger and leads to wave breaking so that between
the troughs the wave height is lower than for P0.5−0 and Pn. From the
inner trough to the shoreline, the wave heights are the same
(Fig. 15a). The roller dissipation rate for P0.5−0 is nearly equal to
the dissipation for Pn with however a ratio of the maxima over the
bars equals to 39.2 for P0.5−0 and 265.5 for Pn (Fig. 15b). The maxima
of dissipation for P1−0 over the outer bar is more pronounced than for
P0.5−0 (6 times) and Pn whereas the dissipation over the inner bar is
lower. The dissipation ratio criterion stays superior to one so that the
outer bar increase does not change the relative wave behavior over
the bars. Whatever the nourishment height, the total sediment flux
stays positive (Fig. 15b) so that the sediment moves onshore, leading
to a “feeder” effect. The amount of onshore oriented flux is almost
constant whatever the outer bar height increases. Thus an outer bar
nourishment does not change the positive behavior underlined for Pn
in SWwave conditions. The main difference with the results obtained
for Pn is that the maximum over the outer bar increases as this bar
height increases. The erosion/accretion phenomena are opposite to
those of the RS regime like for Pn. The accretion process over the inner
r zone Z4 for all scenarii.

γZ4

PX,Y(t)/δZ4

t=2 h t=4 h t=1 h t=2 h t=4 h

−0.065 −0.130 – – –

−0.030 −0.061 – – –

−0.255 −0.503 −0.588 −1.395 −2.688
−0.128 −0.254 −0.575 −1.302 −2.566
−0.065 −0.130 −0.571 −1.174 −2.333
−0.030 −0.061 −0.590 −1.120 −2.041
−0.030 −0.061 −0.308 −0.594 −1.113
−0.030 −0.061 −0.170 −0.355 −0.684



a)

b)

c)

d)

e)

Fig. 15.Nourished outer bar scenarii behavior in the stormwaning (SW) regime. (−−)
P0.5− 0, (− ⋅ –) P1− 0 and (—) Pn. (a) Wave height Hrms(x); (b) roller dissipation rate
Dr(x); (c) total sediment transport rate qt xð Þ; (d) horizontal gradient of qt xð Þ;
(e) bottom profiles.
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bar for P1−0 is weaker than for Pn and P0.5−0 which are very similar.
From this analysis of the SW regime behavior, one can conclude that
the positive onshore sediment flux is not significantly affected by the
outer bar nourishment even if the bottom evolution in the inner bar
area may be modified if a 1 m nourishment is performed. We should
however notice that a complete analysis of the behavior of the system
during SW conditions would require a study involving longshore
fluxes as wave incidence may not be negligible.

6. Conclusion

The aim of the present study was to analyze the effect of a
shoreface nourishment on a 2-barred beach in a wave dominated
climate. A 2DV process-based model (Spielmann et al., 2004) is used
to estimate the hydrodynamic and sediment dynamic in the surf zone
for different bars nourishment scenarii. Three wave regimes based on
the Gulf of Lions wave climate are considered: regular storm (RS),
strong storm (SS) and storm waning (SW) regimes. For the natural
profile, a weak erosion of the outer bar and an erosion of the inner bar
are observed in the RS regime. No significant difference is observed
between regular (RS) and strong storm (SS) regimes except in the
seaward region due to the fact that the storm-driven large scale set-up
is not taken into account in this study. In the storm waning (SW)
regime however, the sediment flux is everywhere oriented shore-
ward. A natural beach reconstruction thus occurs.

Bars nourishment proved to be efficient in terms of wave
dissipation to reduce the wave energy at the shore. The outer bar
nourishment offers a good efficiency in terms of wave attenuation and
inner bar erosion reduction. The additional erosion of the nourished
sand over the outer bar proved to decrease as the outer bar height
increases. The nourishment of the inner bar is positive in terms of
wave dissipation but increases drastically the erosion of this bar.
According to the analysis, the strategy involving only outer bar
nourishment should be preferred. The height of the nourishment
should be selected as a balance between the expected efficiency,
durability and costs for a given project.
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