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The main purpose of this paper is to analyse the behaviour of nourished beaches in Cadiz Bay (SW Spain). Similar
nourishment modalities were used in all studied beaches: sand was dredged from the sea floor and split on the beach
to create a raised, flat berm. These nourishment modalities transformed the initially dissipative profiles into
intermediate-reflective ones. The monitoring program showed an asymptotic stationary beach trend, tending to
achieve a “minimum equilibrium volume”. In fact, despite the initial, important erosion, beaches acquired a seasonal
behaviour with dissipative state associated to erosive conditions and an intermediate one during constructive
conditions, general beach stability. Finally, it was observed that a nourishment work carried out during fair weather
conditions greatly favours beach stability because sand is relocated and distributed in a natural way under low
energy conditions.
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ABSTRACT

Evolutive Trends of Nourished Beaches in SW Spain

J. Benavente†; G. Anfuso†; L. Del Río†; F. J. Gracia† and J. L. Reyes‡

INTRODUCTION

Beaches in Spain constitute an economic resource of prime
importance, especially in the Mediterranean and SW Atlantic
coasts since the tourist boom of the late 1960's. As a
consequence, tourist development along the Spanish coast has
greatly increased during last decades, involving a dramatic
increase in the construction of hotels, houses, roads and
harbours. Many of these man-made structures have been built
too close to the shoreline and are now threatened by coastal
erosion.

During the 1990s, the Spanish government implemented
several protective plans for the coast, which consisted mainly in
beach nourishments, sometimes accompanied by the
construction of small jetties and revetments. In the period 1983-
1993, about 14% of the Spanish shoreline was artificially
replenished, with 30% of the total nourished length belonging
toAndalucía (southern Spain) (A ., 1995).

The littoral studied in this paper is situated in the Cádiz
province (southwestern Andalucía) and consists of extensive
sandy beaches of great touristic interest that have recently
undergone important erosion. Erosive processes in this area can
be related both to human causes, such as construction of dams
and coastal engineering structures or destruction of coastal
dunes, and to natural ones, such as sea level rise and storm
surges (D , 2002). This situation led to important
investments on nourishment works in Cadiz during last decade,
which reached an amount of 18 million US$ (M ,
2001).

However, these works have generally had limited durability,
due to factors like the type of artificial beach profile, sediment
grain size, contouring conditions, etc. (A , 2001).
The main purpose of this paper is to differentiate between
successful and unsuccessful nourishment works recently
carried out around the Bay of Cádiz and to analyse the causes of
the different behaviours of beaches.

The study area is located around the Bay of Cádiz (SW
Spain) and includes about 50 Km of quartz-rich sandy beaches
composed of medium to fine sands, many of them faced by
discontinuous intertidal rocky-shore platforms (Figure 1). The
beaches are commonly backed by dune ridges and low cliffs cut
into Plio-Quaternary clays, sandstones and conglomerates.

The coast is a semidiurnal mesotidal environment with a
mean tidal range of 2 m (B , 2000). It is affected
by westerly winds associated with Atlantic fronts and by
southeasterly winds coming through the Gibraltar Strait. Due to
coastal orientation, prevailing waves approach from the West
and give rise to a predominant littoral drift towards the
Southeast. Average wave height is less than 1 m, while
significant wave height during storms reaches 2 m with a 7 s
average period (R , 1996).

Field sites include four nourished beaches, both natural and
totally artificial ones. The former are Rota, Fuentebravía and La
Barrosa beaches, while the latter is Aculadero beach (Figure 1).
Their general characteristics are as follows:

It is a 500 m long urban beach, located on a
rocky shore platform and backed by a promenade and buildings
constructed during the sixties. In September 1996 it was
nourished in order to restore its width after winter storms, and a
jetty was built in its southernmost part.

It is a 400 m long natural beach backed
by sparse buildings upon ancient dune ridges. At its southern
part it is limited by a rocky shore platform, and at its northern
part by a groyne constructed to block long-shore sand
movement. It has been nourished three times since 1992, and
the last replenishment works took place in September 1996.

It is a discontinuous and very narrow
pocket beach located on a rocky shore platform and backed by a
2 to 5 m high cliff with a promenade at its top. After a first
nourishment carried out in 1993, the one performed in 1996
resulted in a beach of more than 700 m long, which can be
considered as totally artificial. A groyne was constructed at the
eastern end in order to facilitate and reduce nourishment works
(M and G , 1999).

This large Z-bay beach develops
downdrift of a rocky headland. It is an urban beach backed by
buildings and a promenade constructed in the seventies and
protected by a seawall, which does not affect beach behaviour
because it is not usually reached by waves (A ,
2003). It was replenished in 1994 and 1997, but in the present
work only changes occurring after the second nourishment have
been considered.

Similar nourishment modalities were used in all studied
beaches. Sand was dredged from the sea floor, at water depths
between 8 and 14 m, and then pumped to the shore through a
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floating pipeline. The borrow area for the nourishment in La
Barrosa beach was the Placer de Meca, a submerged sand bank
situated in the inner continental shelf about 25 Km South of the
beach, while for the rest of the beaches it was the channel of
Cadiz harbour. In all cases the sediment was spilt on the back-
shore and upper foreshore to widen the visible beach, according
to the methodology described by C , (2002).
Bulldozers were then used to reshape the beach in order to
create raised, flat berms with an important seaward slope and a
narrow foreshore, transforming the initially dissipative profiles
into intermediate-reflective ones (A , 2001). As
indicated above, in Rota, Fuentebravía and Aculadero beaches
the nourishment was accompanied by the placement of a small
terminal groin to reduce sand losses by blocking long-shore
transport.

Dealing with sedimentological characteristics, it is important
to stress out that grain sizes after nourishment works slightly
increased. Mineralogical characteristics varied as well, due to
an increase in shell fragments concentration that involved a
poorer sediment sorting and a rise in carbonate content. So,
nourished sediments showed a bi-modal distribution, with one
mode of fine sand and another one of coarse sand composed by
shell fragments.
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Beach monitoring was carried out before and after
nourishment works, from 1996 to 1998, by means of monthly
topographic profiles that were surveyed using an electronic
theodolite, from fixed points on the backshore till a closure
depth equivalent to the mean spring low-water level. The
treatment of the topographic data led to the calculation of the
erosion/accretion volumes of sand per unit of beach length up to
mean low-water level, as well as beach gradient, width of the
dry beach and intertidal beach gradient between mean high and
low water levels. During the topographic profiling surface

sediment samples were collected from the intertidal zone and
analysed by dry sieving in the laboratory using a nest of sieves at
1.0 phi intervals. Granulometric parameters were calculated
according to the method proposed by F and W (1957).

Hourly wave height and period data were obtained from the
offshore Wave Rider buoy “Cádiz” (Figure. 1), which belongs
to the Spanish Sea Wave Recording Network (REMRO).
Breaking wave height was obtained according to K and
G (1972) by considering the mean offshore wave
height of the month prior to the beach profiling, due to the
usually slow rate of beach recovery in this area (B

, 2000). Moreover, breaker wave height and period were also
visually estimated during field assessments.

Morphological and sedimentological evolution of each one
of the studied beaches during the monitoring program will be
analysed in the following sections.

After nourishment works, carried out during summer 1996,
dry beach was greatly enlarged, increasing from initial 5 m
width to post-nourishment 55 m width. The artificially built
berm was eroded by first autumn storms and in December a
severe storm flattened the beach and removed all nourished
sand. A very small restoration took place during fair weather
conditions and a small re-nourishment was carried out in March
1997 when new sand was distributed in the upper foreshore and
in the dry beach.After these nourishment works beach reached a
new equilibrium and a certain recovery was observed during
October 1997.

It showed a clear erosive trend reflected by the reduction of
dry beach width, destruction of structures placed on the
backshore, increase in heavy minerals concentrations, etc. This
tendency increased during the 1995-1996 winter, due to the
occurrence of huge storms that completely flattened the beach.
During the next summer (i.e. fair weather conditions), no
natural recovery took place. So, in order to avoid possible
further damages during the following winter, authorities
decided to re-nourish the beach in September 1996.

After replenishment works, sedimentological and
morphological characteristics of the beach significantly
changed. Grain size rose from 2.2 to 2.0 phi and carbonates
increased about 10 %. Beach face slope increased
approximately from 3% to 5%, giving rise to a slope that was
significantly higher than the ones observed in neighbouring,
natural beaches during fair weather conditions (B

, 2002).
Dealing with beach morphology evolution (figure 2), it was

observed how, after initial important erosion during the first
winter (1996-1997), a small recovery took place during summer
time, reflected by the welding of sand bars to the shore. The
beach showed a similar trend during the following year
although volumetric changes were lower because the beach was
getting an erosive state. These morphological variations were
reflected by changes in dean number and surf similarity
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Figure 1. Location and geomorphological map of the studied
coast.

Figure 2. Profile change in Fuentebravia beach.
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parameter, as observed by B . (2000).

In this beach nourishment works created a wider dry beach
that can be considered as a completely artificial one.

Artificial beach face slope was the greatest from all studied
beaches, while the increase in sediment size was quite similar to
the one measured in other beaches.

Dealing with beach evolution, nourishment works finished at
the end of September 1996 and three months later the central
part of the beach had completely disappeared (figure 3). This
great erosive trend was linked to the contour conditions that
produced high energy levels in the central part of the beach
(B , 2000). Moreover, according to M and
E (1998), rocky shore platform prevented beach
recovery under fair weather conditions.

Due to nourishment works, morphological and
sedimentological beach characteristics changed, as observed in
the other studied beaches.

Beach morphodynamic behaviour shifted from a dissipative,
natural state to an intermediate, artificial one. Regarding beach
evolution, during the first year (1994-1995) no morphological
changes were observed. This behaviour was partially due to the
absence of storms during the year following nourishment
works: low energetic conditions allowed beach sand
accommodation under natural conditions, as reflected by the
welding of swash bars. In the following months, especially after
winter 1995-1996, a seasonal behaviour was recorded.
Observed seasonal changes diminished through years and clear
erosive conditions were achieved after 5 years from the filling
works, when a small re-nourishment was carried out (M

, 2001).Artificial sand recorded a stability of two years and at
present the beach suffers an important sedimentary deficit
(A 2003).

Beach nourishment modalities greatly transformed the
original morphology and sedimentology of studied beaches.
Nourishment works gave rise to a broad dry beach characterised
by a wide, well developed berm and a steep foreshore. It is
important to stress out, according to B (2002),
that natural beaches in Cadiz Bay only show a berm during fair
weather conditions, when swash bars weld onto the beach. So,
natural beaches in this area, according to the tidal range and
wave characteristics, present a seasonal behaviour that gives
raise to ultradissipative states during storm conditions, and
intermediate states close to dissipative ones during fair weather
conditions. These natural states are quite different from the
reflective, or intermediate close to reflective states, artificially
created in the nourished beaches (A , 2000). These
new artificial beach states cannot dissipate the incident wave

energy, as natural beaches do, especially when first storms hit
the coast, and a great disequilibrium between beach slope and
energetic characteristics still exists.

It is also important to underline that changes on the
morphodynamic beach state produce changes in breaking wave
type: spilling breakers, which do not affect significantly bottom
sediments, are replaced by plunging breakers (associated to
intermediate or reflective states) that remove large quantities of
bottom sediments (M , 1976; B and S
1996;A ., 2000).

Finally, another problem associated to artificial beach
profiles is that the steeper intertidal slope favours an off-shore
transport, due to the gravitational component of breaking waves
(W and D , 1995).

Dealing with sedimentological characteristics, the nourished
sediment was affected by a large remobilization, if compared
with natural sediments usually composed by fine sands with
heavy minerals (A , 2000). Sediments were not
compacted enough, and presented a poor sorting, especially
after erosion of the finer fraction, that took place during the first
month (or months) following the artificial fill. Consequently,
shell fragments content increased, givin g raise to coarse
sediments. From a theoretical point of view, it is well known
that the increase in grain size favours beach stability in
nourished beaches (K and M , 1998). However, in the
studied beaches, a main problem arose: grain size coarsening
was related to the increase in shell fragments, which actually
show greater susceptibility to erosive processes due to their low
density and morphology, factors that condition a low shear
stress and a small settling velocity. As a result, just an opposite
effect was observed: grain size coarsening reflected an erosive
beach trend and not greater beach stability (G , 2000).

Erosive trend observed in studied beaches presented a
similar behaviour. Volumetric variations versus time were
plotted in Figure 4. It is possible to observe an “exponential
decay” relationship:

V(t) = V e (1)

where Vo is the initial beach volume and K depends on incident
wave energy. This relationship, obtained from field data,
confirms the one recorded by R and (2002) in
wave tank experiments. Aculadero (not represented) and Rota
(Figure 4 a) beaches did not completely follow the
aforementioned (1) relationship. This behaviour is due to the
great initial erosion suffered by these beaches, which lost
almost 100% of nourished sand during the two months
following the filling works. Dealing with La Barrosa data
(Figure 4 c), data from first five months were not included in the
graph because they did not present any variation (due to fair
weather conditions, beach volume remained constant).

Although Fuentebravia and La Barrosa data fit quite well the
equation (1), this model predicts the total beach erosion at a very
large time scale. At a shorter term and according to field
observations, this pattern does not take place. In fact, beaches
show a stationary trend, tending to achieve a “minimum
equilibrium volume”. According to these observations, a new
relationship was obtained (Figure 5):

V(t) = y + a e (2)

were y is a “minimum limit volume” that can be defined as a
low threshold under which no erosion is recorded. a and b are
constants that differ from one beach to another, depending on
initial beach volume, particular energetic conditions and other
beach characteristics. According to these results, a good
durability of nourished sand will be reflected by an asymptotic
volume trend just higher than the initial beach volume and/or by
a long time period needed by the asymptotic volume to reach the
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initial beach volume. In our case, the former assumption is
valid, but differences between initial and final volumes are quite
narrow. Moreover, it must be kept in mind that artificial
restoration is not the final solution to contrast beach retreat, and
further, smaller nourishments must be realized.

Another interesting aspect is that the regression slope
presents greater values during the first months, i.e. great initial
erosion. According to R and D (2002), this
behaviour indicates that the beach moves towards a new
morphodynamic state. This was clearly showed by La Barrosa
evolution (Figure 5 c): the initial volume did not suffer any
variation during almost six months, but was redistributed and
allowed the beach to achieve a more stable profile, according to
hydrodynamic characteristics.

Instead, Rota and Aculadero beaches lost nourished sand
without obtaining any erosion-accretion equilibrium. The key
factor seems to be energetic conditions after nourishment
works: fair weather conditions allow beach fill stabilization
while storm conditions create sudden instability. According to
these observations, the date of artificial fill works is very
important. Almost all beach nourishments were carried out
during summer time and finished at the beginning of autumn,
when incoming waves achieved a greater erosive power and
they did not redistribute sand but just transported it away from

the beach.
Dealing with beach slope, and according to data obtained by

D . (2000) in wave tanks, erosion decreases with
lowering beach slope, until slope values of 6%, when erosive
trend finishes. This slope value, close to the artificially designed
in studied beaches, is close to the one observed in natural
beaches during fair weather conditions, and is quite far from the
one recorded in natural beaches during storm periods
(B , 2000). This confirms the great sensitivity to
erosion of beaches likeAculadero, where the artificial slope was
greater than 10%.

Finally, according to the obtained data and to R and
D (2002), it is important to stress out that equations (1) and
(2) reflect the following beach behaviour: sand beach losses
increase through time, so larger quantities of sand are required
to maintain beach volume for a longer time, which means large
amounts of money. Instead of that, Rota beach was re-nourished
eight months after the complete erosion of the initial beach fill
(Figure 5 a). This second and smaller sand fill allowed the beach
to achieve a stable state much more rapidly and with lower
costs. This could also be related to the date of re-nourishment,
carried out during fair weather conditions (March 1998), which
allowed, as in La Barrosa beach, a redistribution of injected
sand.
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Figure 5. Volumetric beach variations through time. Regression
according to equation (2). The horizontal line in a and b
represents the pre-nourishment beach volume.
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Studied beaches showed a clear seasonal behaviour: despite
the initial and artificial change in beach morphodynamic state
and the following erosion, they acquired a dissipative state
associated to erosive conditions and an intermediate one during
constructive conditions. This behaviour is similar to the one
recorded in several neighbouring natural beaches in Cadiz Bay,
and generally reflects beach stability.

Among the studied beaches, La Barrosa and Fuentebravia
followed this behaviour for several years, until a general erosive
trend prevailed. Seasonal variations progressively reduced until
a certain time in which a dissipative erosive state definitely
prevailed. Other beaches lost nourished sand immediately after
the nourishment works. It is important to stress out the
importance of several factors that favour beach erosion:
artificial beach slope, filled sand characteristics and moment of
actuation. Dealing with the last one, it was observed that a
nourishment work carried out during fair weather conditions
greatly favours beach stability because sand is relocated and
distributed in a natural way under low energy conditions.

Finally, small re-nourishment works seem to have a good
success if compared with larger, more extensive nourishments
as observed in Rota beach. This confirms the general hypothesis
that, in some cases, making several small nourishments is
economically more convenient than making only a large initial
one, which creates a sand excess greatly affected by erosive
waves.
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