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Cliff erosion: self-organisation of sand cliff material eroded by

monochromatic waves

B. Caplain,1 V. Regard,2 D. Astruc1

Abstract. Laboratory experiments on cliff erosion were carried out in a monochromatic
wave flume. Natural coarse sands are used to represent cliff erosion and bottom mor-
phodynamics with a reasonable time scale. A bottom typology is established as a func-
tion of wave forcing, through the wave energy flux F and the surf similarity parameter
ξ. The bottom types strongly depends on the surf similarity parameter at the breaker
point ξb. Steep terraces (ξb > 0.48), one-bar profiles (0.42 < ξb < 0.48), gentle ter-
races (0.38 < ξb < 0.43) and double-bars profiles (ξb < 0.38) were observed. It can be
translated into a Dean parameter Ω vs. Shields number Θb space to take into account
sediment granulometry. Sediment grain diameter change has no noticeable influence on
bottom typology. The bottom types depends more on the Dean parameter Ω than on
the Shields number Θb. Finally, we explored cliff height effect: it does not modify the
bottom typology established.

1. Introduction

Predicting the coastline evolution depends on the geo-
logical nature of the coastline. Natural coastal areas may
be composed of sand, silt, mangroves or rocks, as cliffs.
Rocky shores occupy about 80% of the coastline of the Earth
[Emery and Kuhn, 1980]. This contribution aims at bringn-
ing new informations on how such kind of coasts behave.

Rocky shores, also known as cliffed coasts are usually
composed of a platform (’wave cut platform’) backed by a
cliff [e.g., Sunamura, 1992]. Cliff erosion is mainly con-
trolled by wave impact but depends likewise on numerous
factors [Sunamura, 1992], such as weathering by wetting
and drying cycles during tidal cycles [Kanyaya and Tren-
haile, 2005], rainfall [Duperret et al., 2002; Costa et al., 2004;
Young et al., 2009], bioerosion [e.g., Nesteroff and Mélières,
1967; Andrews and Williams, 2000], material stratification
or fractures [Duperret et al., 2004]. Moreover, the character-
istic scales of cliff erosion are very large, encompassing the
single wave scale or a kilometers-long retreat on geological
times (thousands to millions of years). Here we take the
advantage of using a physical model to simplify the analysis
of rocky shore retreat, in order to analyze accurately each
mechanism.

If the wave height and the cliff height are the same or-
der, waves can reach and erode the cliff top ([Hansom et al.,
2008]). We limited our study to the influence of wave forc-
ing on the cliff erosion by undermining, i.e., when the wave
height is less than the cliff height. Cliff erosion by undermin-
ing is the result of a series of cycles, each one corresponding
to 3 successive phases:

• Phase 1: cliff toe erosion
The mechanical action of impacting waves cut the cliff toe
creating a notch, as the forces resulting from the impact can
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be greater than the material strength [Brossard and Duper-
ret , 2004; Erikson et al., 2007]. The impact is considered
more efficient when entrained solid particles (pebbles, ...)
are present (’tool effect’) ([Sunamura, 1992; Larson et al.,
2010]).

• Phase 2: cliff fracturation and collapse
When the weight of the overhanging cliff is close to the ma-
terial resistance of the rock, cliff deformations occur and
fractures can appear ([Kogure et al., 2006; Young and Ash-
ford , 2008]). The cliff destabilization leads to a collapse
event. The main collapse types are reorganised by tensile
stress at the cliff top leading to a rockfall, or by shear stress
leading to a landslide [Hampton, 2002; Young and Ashford ,
2008; Wolters and Muller , 2008].

• Phase 3: debris evacuation
Following cliff collapse, a heap of fallen debris is lying in
front of the cliff base. These debris have a shielding ef-
fect, protecting the cliff from wave assaults [Walkden and
Dickson, 2008]. They are progressively evacuated along and
across the shore by waves and currents. This sediment trans-
port modifies the bottom morphology [de Lange and Moon,
2005; Pierre, 2006]. In turn, waves and currents are trans-
formed by the bottom morphology. When the waves start
again to impact on the cliff, the cycle of cliff erosion starts
again [Walkden and Dickson, 2008].

Laboratory wave flume experiments have been conducted
to study cliff erosion by waves by modeling the cliff with a
mixture of plaster, sand and water [Sanders, 1968] or a mix-
ture of cement, sand and water [Sunamura, 1992]. In fact,
these former experiments were dedicated to notch evolution
analysis (phase 1). The high resistance of the mixtures used
results in a slow evolution of a single notch often observed
over a period of several days. Sunamura [1992] performed
experiments in a wave basin allowing oblique waves. He ob-
served a cliff recession due to removing debris by longshore
currents, but this recession is carried out on very long time.

Damgaard and Dong [2004] used mixtures of sand, clay
and water to model the cliff. The cliff was placed on a hori-
zontal solid plane with a constant slope. The setup allowed
variations in cliff height, wave height, period and incidence.
They observed a cliff recession within a reasonable time of
the order of hours. Cliff recession rate decreases exponen-
tially with time for waves at normal incidence and seems
constant for oblique waves. This behavior is related to the
presence of a longshore current which removes the fallen de-
bris (phase 3). In addition, the wave forcing and the cliff
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height are varied and they conclude that the recession rate
increases with wave height and period and decreases with
the cliff height. However, the mechanisms of cliff erosion
and bottom morphodynamics were not analyzed in detail
whereas Caplain et al. [2011] highlight that sandy cliff rec-
cession strongly depends on the bottom morphology. In the
following, we expand the experiments of Caplain et al. [2011]
using the same experimental set-up which is presented here-
after.

In their experiments, Caplain et al. [2011] have shown
that the cliff, the bottom morphology (bathymetry) and
the waves are highly coupled and they constitute two sys-
tems, evolving with different characteristic times. On the
one hand, the cliff recession is controlled by bottom erosion
at the scale of the bottom morphology evolution. On the
other hand, the bottom evolution is linked with sediment
transport at the wave scale. The aim of this study is to
understand how these two system interact. In particular we
want to show how hydrodynamics influence shore morpho-
dynamics that in turn change the wave behavior at cliff base.
In addition, we show that the amount of eroded cliff could
be a limiting factor in morphological features like ridges.

Bottom morphodynamics is controlled by hydrodynam-
ical forcing (waves, tide) and sediment properties [e.g., Le
Roux , 2010]. When waves interact with the bottom, their
energy dissipates in three ways, by viscous dissipation and
sediment transport at the bottom, and by cliff bottom ero-
sion [e.g., Stephenson and Kirk , 2000; Trenhaile, 2000]. In
beaches, the retroaction between energy dissipation and
morphology leads to an equilibrium; the morphology then
can be described by the Dean number Ω:

Ω =
Hb

Tws

(1)

with Hb the breaker height and ws the sediment fall velocity
in water.

The Dean number is the ratio of a fall time of a particule
Hb/ws and the wave period T . A classification of differ-
ent cross-shore profiles, from field observations, was estab-
lished by [Wright and Short , 1984] based on Ω for microtidal
regimes. For Ω ≤ 1, the reflection is important, the surf zone
is small and breaking waves are surging; the profile is qual-
ified of ’reflective’ and characterized by a steep slope. For
Ω ≥ 5, profiles with a gentle slope are observed with a large
surf zone and breaking waves are spilling: these are dissi-
pative profiles. The intermediate zone 1 ≤ Ω ≤ 5 presents
different bottom profiles shaped by bars or terraces.

Sandbars are a major feature of bottom morphodynam-
ics. Their formation is caused by sand accumulated by sed-
iment fluxes. It has been observed that for moderate wave
conditions, bars migrate landward; inversely they migrate
seaward for energetic wave conditions [e.g., Gallagher et al.,
1998; Ruessink et al., 2003].

A classification of bottom morphology was also performed
for low energy wave regimes [Hegge et al., 1996;Makaske and
Augustinus, 1998]. [Hegge et al., 1996] distinguished four
beach morphotypes (concave, moderately concave, stepped
and moderately steep) by profiles shape and sediment grain
size, but not as a function of hydrodynamical conditions.
[Makaske and Augustinus, 1998] have schematized bottom
types from beach face in the Rhone-Delta in terms of wave
height at breaker point Hb. Observed profiles are steep ter-
races for Hb ≤ 0.25 m, concave profiles for 0.25 m ≤ Hb ≤
0.35 m and convex-concave profiles for Hb ≥ 0.35 m.

Wave flume experiments were conducted to compare ob-
servations of stationary profiles to Wright and Short [1984]’s
classification [Grasso et al., 2009; Kamalinezhad , 2004;
Wang and Kraus, 2005]. Grasso et al. [2009] used a low den-
sity sediment in a wave flume with irregular waves. They

have refined the intermediate profiles of Wright and Short
[1984]’s classification. For Ω = 2.5, terraced profiles were
observed, and for Ω = 3.7, the observed profiles are cut into
two parts, a gentle slope seaward and a steep beach face. By
cons, few laboratory experiments were conducted for regular
waves [Baldock et al., 2010].

We aim to realised a typology of bottom morphology as
a function of forcing waves for regular waves. Then, we
will analyse the influence of grain size of sediment and cliff
height on the bottom typology. In this paper, the experi-
mental setup, the metrology and the parameters used in the
study are described in section 2. The classification method
of bottom morphologies and associated hydrodynamics are
developed in section 3. The influence of grain size and avail-
able sediment volume (by means of the cliff height) on bot-
tom typology are analysed in section 4. A discussion and
conclusions are given in section 5 and 6.

2. Methodology

2.1. Experimental Setup

The experiments were carried out in a 5 m-long, 25 cm-
high and 14 cm-wide wave flume equipped with a flap wave
paddle generating monochromatic waves (Fig. 1). The off-
shore water depth is d = 15 cm. We set axes whose origin is
located at the wave onshore end for x and at water level for
z. To observe different nearshore wave dynamics (breaker
types), a rigid nearshore slope of tan(β) = 10% is used. T is
the wave period between 0.5 s and 2 s and H is the incident
wave height up to 6 cm.

The massif is a mixture of coarse sand and water, cap-
illary forces are used to ensure the cohesive material and
thus to maintain the cliff shape. The set up protocol of the
sand massif is the same for each experiment: the flume is
filled with water then the sand is immerged over the sloping
base. A horizontal cut is realized to adjust the cliff height
hC between 5 cm and 15 cm (measured from the free sur-
face to the cliff top), then the flume is slowly emptied to
drain the massif. A vertical cut fixes the initial cliff posi-
tion xC = 40 cm. After about 2 hours draining, the flume
is filled up to d = 15 cm and the wave generator is activated.

2.2. Metrology

Three capacitive probes (100 Hz sampling) with a spac-
ing of 3 cm (Fig. 1) measure the free surface elevation in
the flat bottom portion of the flume. The incident and re-
flected wave energy fluxes are estimated using the method
of Mansard and Funke [1980].

A high resolution camera has been positioned a side the
flume in order to measure sand and water surfaces positions
by a shadowgraph method. This method consists in visual-
izing a lighted field in order to accentuate surfaces and so
better detect them (Fig. 2). As the erosion processes is ob-
served to slow down, the acquisition frequency which is set
close to wave frequency for about the first 4 hours, is then
reduced to about 1/10 of this value until the end of the ex-
periment. Video images are processed to extract both sand
Z(x, t) and water η(x, t) surfaces position (Fig. 2). An ex-
ample of time evolution of the sand profiles is shown in Fig.
3. As the acquisition frequency is too low to lead water sur-
face evolution at the wave scale, we analyze hydrodynamics
when the system is stabilized. This envelope of free surface
elevation can be calculated from water free surface elevation
η(x, t) (Fig. 6). These envelope of waves allows to measure
the spatial evolution of wave height H(x).

2.3. Parameter range

In order to model the cliff erosion in laboratory, the
temporal and spatial scales have been reduced. However,
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the involved processes sould be representative of natural
processes. The system modelled in our study involves a
large number of physical parameters. Ensuring a complete
similarity for all these parameters is obviously impossible
[Grasso et al., 2009]. The chosen ones are those that seem
the most relevant to study the interaction between waves
and the sandy cliff.

The interactions between waves, cliff and bottom mor-
phology depend on the hydrodynamics and material charac-
teristics. The cliff recession and the sediment transport are
linked to the incident wave energy flux F defined by:

F =
1

8
ρgH2CG (2)

with ρ the water density, g the gravity acceleration and CG

the group velocity.
The wave energy dissipation and the bottom shape de-

pend on the type of breaking waves. Breaker types can be
determinated by the surf similarity ξ (Iribarren) parameter:

ξ =
tan(β)
√

H/λ
(3)

where λ is the wavelength.
The sediment transport by waves can be characterized

with the Shields number Θ ([Grasso et al., 2009]):

Θ =
1

2
fw

(Apω)
2

g(ρs/ρ− 1)D50

(4)

where fw is a wave friction factor at the bottom ([Grasso
et al., 2009]), ω = 2π/T is a angular frequency and Ap =
H/(2 sinh kd) is the particule excursion at the bottom with
k the wave number. The Shields number measures the ca-
pability of a shear flow fluid to set the sediment in motion.
It determines the transport regime (bed load or suspension
for, respectively low or high values of Θ).

The sediment characteristics determine the type of sed-
iment transport, the bottom morphology and the cliff co-
hesion. Unfortunately, it is not possible to represent sat-
ifactorily these three processes. The material choice was
made for reproducing both natural bottom profiles and a
cliff recession on a time scale of a day. The similitude of
hydro-sedimentary parameters (Ω, Θ) is ensured only for a
low density and/or a fine-grained sediment ([e.g., Grasso et
al., 2009]). A low density sediment implies a too important
aspect ratio between the critical notch depth Lc

n and the
cliff height hc to represent a natural cliff collapse. A mate-
rial with a fine-grained sediment (about D50 ≤ 0.1 mm) is
too strong and does not allow to observe several collapses on
the reasonnable time scale. We therefore chose three types
of natural and relatively coarse sands (Table 2). Finally,
these materials ensure both the observation of reasonable
cliff recession rates and Dean number values (Ω < 3; sedi-
ment transport dominated by bed load transport).

3. Spatio-temporal evolution of the system

During an experiment, the cliff erosion process occurs
on different time scales: (i) During the first few minutes,
the waves tend to break at the cliff leading to a rapid ero-
sion. Several collapse events occur on the time scale of a few
waves. Cliff debris are rapidly transported, forming a sandy
platform over the rigid slope. (ii) This platform then de-
velops for a few hours with the increasing volume of eroded
sediment. In turn, the morphological change causes sea-
ward motion of the breakers, the wave energy dissipation
is stronger and waves break on the bottom leaving to ap-
pear surf and swash zones. The frequency of cliff collapse
events diminishes and the cliff recession rate progressively

decreases. (iii) These collapse events are less frequent with
time and the morphological system tends to stabilize. The
total sediment volume is spread seaward on a length of more
than one meter over the rigid slope. When the volume of sed-
iment is enough to fully dissipate wave energy before reach-
ing cliff bottom, the cliff is no more eroded. Waves fail either
at the cliff toe or at a berm created by waves in front of the
cliff. The bottom morphology no more evolves and hydro-
dynamics is stabilized; the system tends to stabilize towards
a steady state (Fig. 3). We analyse the bottom morphol-
ogy when the stationary state is reached. Some experiments
reached a unsteady state characterized by a sandbar oscilla-
tion for which we propose an explanation in the Discussion
section. In these cases, we analyze the bottom morphology
as an average of the bottom morphologies corresponding to
the two extrema of the sandbar position.

Note that a collapse event is instantaneous: this is a dis-
crete process. So cliff front evolution, depending on these
collapse events, is somewhat discontinuous. Our observa-
tions have shown that the characteristic time of the cliff
recession cycle is very small compared to the one of the bot-
tom evolution.

4. Bottom topography and related hydrodynamics

The bottom morphology is sculpted by waves as a func-
tion of the breaking wave type and position of swash and
surf zones. The aim of this work is to relate the different
observed bottom morphologies to hydrodynamics. For that,
we propose a method of bottom characterization. Firstly,
we choose to introduce different morphological singularities
to establish a classification of the different observed bottom
types, then in order to correlate it at the hydrodynamics
characteristics. The morphological singularities are related
to slope and/or curvature changes of the bottom profile. Hy-
drodynamics characterization is based on types of breaking
waves and hydrodynamical singularities which distinguished
the different zones of coastal hydrodynamics. From these ac-
counts, we can deduce different types of bottom morphology,
and morphological and hydrodynamical correlations.

4.1. Bottom singularities

We aim at analyzing how the bottom morphology is influ-
enced by wave forcing and in turn, how it modifies the hydro-
dynamics and consequently the wave forcing. It is therefore
necessary to characterize the bottom topography as a func-
tion of wave forcing. We propose a bottom typology based
on observed bottom profiles. We can observe various bot-
tom morphologies with or without sandbars, gentle or steep
terrace, scarp, plateau, berm in front of the cliff. In order to
characterize these different bottom morphologies, we choose
to use some particular points of the bottom profile Z(x).
The determination of these points is based on properties of
the first Z′(x) and second Z”(x) derivatives.

From the analysis of the various bottom profiles, we have
chosen seven points of morphological singularities on the
bottom profile (Fig. 4). These are listed thereafter, in a
shoreward direction.

Cliff (C)
The cliff (C) front corresponds to a discontinuity of the

sand elevation between cliff bottom and cliff top. Whether
the cliff is vertical or not, it corresponds to a local maximum
slope (we take Z′(x) absolute value) (Fig. 4). At the be-
ginning of the experiments, xC = 40 cm, for a fully eroded
cliff, xC = 0 cm.

Notch (N)
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A notch (N) may be present at the cliff bottom. Its loca-
tion (xN , zN ) corresponds to the point of the bottom profile
with lower elevation than the cliff (zN < hC) where x is
minimum (Fig. 4).

Berm (B)
In some cases, a berm (B) is present. The berm crest is

convex and the berm seaward profile is concave. We choose
to determine the berm position (xB , zB) as the curvature
change point, i.e., the inflection point for Z′′(xB) = 0 (Fig.
4).

Slope Stabilization (SS)
The absolute value of the slope decreases seaward from

the shoreline until a slope stabilization (SS). This point cor-
responds to the beginning of a constant slope zone in sea-
ward direction. We identify the point of this transition as
the point where the second derivative of sand profile Z′′(x)
is close to 0, we take it for Z′′(xSS) ≤ 0.1. We name this
point (xSS , ySS) the point of slope stabilization (Fig. 4).

Slope Change (SC)
The slope of the sand profile is nearly constant until a

slope change (SC). This change corresponds either to a scarp
(SC+), or to a plateau (SC−). We identify the position of
this slope change (xSC , zSC) by the second derivative max-
imum (respectively minimum) of the sand profile Z′′(xSC)
which corresponds to a plateau (respectively a scarp) (Fig.
4).

Zero Slope (ZS)
The slope of the sand profile is low until to reach

a zero slope (ZS). We identify the position of the zero
slope (xZS , zZS) where the first derivative is equal to zero
(Z′(xZS) = 0) (Fig. 4).

Platform Step (PS)
The last singular point of the sand profile that we chose

is the platform step (PS), its position (xPS , zPS) is defined
by an inflexion point (Z′′(xPS) = 0) (Fig. 4).

From the analysis of observed bottom profiles, only (PS)
point is systematically identified. We will show (B) point
(or (N) if (B) does not exist, or (C) if (B) and (N) do not
exist) corresponds to the shoreline. We define the (S) point
as a fictive point corresponding to the shoreline.

4.2. Morphological lengths

To characterize the different types of bottom morphology,
we define different characteristic lengths from the determi-
nation of the morphological singularities. The platform ex-
tends from (PS) to (S), the platform length is defined as
LP = xPS − xS . We subdivide this platform into two parts
delimited by (SC): the inner platform extending from (SC)
to (S) and the outer one from (PS) to (SC). The inner plat-
form length is LPi = xSC−xS and the outer platform length
is LPo = xPS − xSC . When (SC) does not exist, we replace
it by (SS).

Between (S) and (SS), the slope Z′(x) decreases until a
stabilization, that is to say the profile has a concave shape.
We thus define this portion as the “concave profile”, its
length is LC = xSS − xS .

We will show some bottom profiles are decomposed in
two sub-systems. Two morphological points are added on
the outer system, zero slope and platform step points named
(ZS’) and (PS’) respectively (Fig. 5). For these cases, the
total platform of the two-systems profile extends from (PS’)
to (S) (noted L′

P = xPS′ − xS), the inner platform extends

(PS) to (S) (noted L′

Pi = xPS −xS) and the outer one from
(PS’) to (PS) (noted L′

Po = xPS′ − xPS).

4.3. Hydrodynamical singularities and characteristics
lengths

The envelope of waves calculated allows to measure the
spatial evolution of wave height H(x). Breaker height Hb

and corresponding breaker point xb can be estimated where
H(x) is maximum (Fig. 6). The location (xSWb) of the limit
of surf and swash zones (the bottom of the swash zone) is
the location where the lower wave envelope is coincident
with the sand profile (Fig. 6). The top of the swash zone
(xSWt) is located at the point where the upper limit of the
wave envelope is coincident with the sand profile, i.e. where
the wave height is null (Fig. 6).

From these hydrodynamical singularities, we can define
the characteristic lengths of surf and swash zones. The surf
zone extends from breaker point to the limit of surf and
swash zones, its length is defined as LSF = xb − xSWb. The
swash zone extends from the limit of surf and swash zones
to the top of swash zone, its length is LSW = xSWb −xSWt.

4.4. Bottom typology

We seek now to establish a classification of bottom mor-
phologies and to relate it to wave forcing. This character-
ization is based on the outer platform shape and type of
breaking waves when the bottom profile is stabilized. Ex-
periments have been carried out with the C41-sand and we
identified four main types of bottom profiles in the (F, ξ)
plan (Fig. 7).

Type 1
Some bottom profiles have been observed with an outer

platform presenting a steep terrace profile (about 15-20%
slope, Fig. 8). These profiles have an inner platform longer
than the outer platform. The shoreline (S) is always charac-
terized by a berm (B) and (SC) corresponds to a decreasing
slope (SC−), i.e., a plateau. The sequence of morphologi-
cal singularities is {(B)-(SC−)-(PS)}. At the platform outer
edge, the breaking waves are surging; they turn immediately
into a hydraulic bore over the platform leading to the runup
reaching (B). The surf zone is very short (about 10% of the
wavelength). The platform length LP is small compared to
the wavelength λ (LP /λ ≈ 0.3). These profiles are observed
for ξ > 0.65 (Fig. 7).

Type 2
These profiles present an outer platform characterized by

a bar attached to the inner platform (Fig. 9). The shore-
line (S) is always characterized by a berm (B) and (SC)
corresponds to a scarp (SC+). The sequence of morpholog-
ical singularities is {(B)-(SC+)-(PS)}. Breaking waves are
collapsing and tend to dig the bottom and hence create a
bar. This breaker type causes a splash-up which immedi-
ately merges with the hydraulic bore leading to the runup.
The ratio between the platform length LP and the wave-
length λ is the order of LP /λ ≈ 0.40− 0.45. These profiles
are observed for 0.55 < ξ < 0.6 (Fig. 7).

Type 3
These profiles show an outer platform as a gentle terrace

(Fig. 10 and Fig. 11). The platform length LP is slightly
greater than half the wavelength as LP /λ ≈ 0.55 − 0.60.
These profiles are observed for 0.55 < ξ < 0.6 and F <
1.3 W/m (Fig. 7).

For this bottom type, we distinguish two types of inner
platform, one with a small gentle terrace corresponding to
“concave” profile for F < 1 W/m (Fig. 10) and one with
a large steep terrace for F > 1 W/m (Fig. 11). Thus, we
subdivide the bottom type 3 in 3a for the first case and 3b
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for the second (Fig. 7). We can observe the breaking waves
are plunging/spilling for bottom type 3a (Fig. 10a) and
spilling for bottom type 3b (Fig. 11a), that explains there
is no bar. The sequences of morphological singularities of
bottom types 3a and 3b are {(S)-(SS)-(ZS)-(PS)} and {(S)-
(SC)-(ZS)-(PS)} respectively. We can observe in Figure 10
that in this example of type 3a the lower wave envelope co-
incides with the bottom for x ≈ 26 cm, which characterizes
the beginning of the swash zone. The upper enveloppe is
close to (N) for x ≈ 23 cm, hence the swash zone is small
compared to that of type 3b (it extends in figure 11 from
x ≈ 29 cm to x ≈ 14cm).

Type 4
The bottom type 4 present two separate systems, hence

the outer and inner platforms are defined from (PS’) to (PS)
and from (PS) to (S) respectively. Besides, the waves are
breaking twice: two breaker can be distinguished, one at
the outer platform (x ≈ 87 cm) and one at the inner plat-
form (x ≈ 37 cm). The outer platform is formed of two
sandbars (x ≈ 81 cm and x ≈ 59 cm), the main one be-
ing the farthest seaward (Fig. 12). The inner platform
presents a variable shape, it can be described as the types
1, 2, 3a or 3b already defined. Outer breaking waves are
plunging at the outer sandbar and generate a splash-up at
the secondary sandbar. A wave front then propagates until
a second breaker at the inner platform. The relationships
between inner platform morphology and inner breaker type
is identical to that previously described for types 1 to 3. We
consequently propose to subdivide the bottom type 4 into
types 41 (shown in Fig. 12), 42, 43a and 43b according to
the inner platform morphology. Therefore, the sequence of
morphological singularities is composed of two sequences,
the inner one and the outer other, it is {(sequence of the
inner bottom type 1, 2 or 3)-(ZS’)-(PS’)}. For instance,
the sequence of bottom type 41 is {(B)-(SC−)-(PS)-(ZS’)-
(PS’)} (Fig. 12). The platform length LP is as LP /λ ≥ 0.7
but the length of the most of the platforms is greater than
the wavelength (λ). These types of profiles are observed for
(ξ < 0.5) and (F, ξ) = (2.1, 0.53) (Fig. 7).

Figure 7 shows the types of bottom morphology depend
more strongly on the surf similarity parameter ξ than on
the wave energy flux F . To characterize natural systems,
bottom morphologies are often characterized as a function
of wave parameters at the breaker point (e.g. [Wright and
Short , 1984;Makaske and Augustinus, 1998]. We thus estab-
lish a classification of bottom morphologies where we replace
the incident wave heightH by the breaker heightHb. In Fig-
ure 13, the bottom typology is represented in the (Fb, ξb)
diagram with Fb the wave energy flux at the breaker point
and ξb the surf similarity parameter at the breaker point.
We can observe that the bottom type strongly depends on
the surf similarity parameter at the breaker point ξb. Type
1 profiles are observed for ξb > 0.48, type 2 profiles for
0.42 < ξb < 0.48, those of type 3 for 0.38 < ξb < 0.43 and
those of type 4 for ξb < 0.38 (cf. Table 1). Profile types 41,
42 and 43 appear to be also dependent on the surf similarity
parameter at the breaker point ξb. Thus, the profiles 41 are
observed for 0.34 < ξb < 0.38, those 42 for 0.3 < ξb < 0.34
and those 43 for ξb < 0.31 (cf. Table 1). It is then possible
to check whether the relationships between wave character-
istics and platform morphology are the same for the both
inner and outer systems of type 4 profiles. Small symbols
shown in Figure 14 correspond to the inner wave param-
eters at the breaker point of the profile types 41, 42 and
43. We can observe that the types of inner profiles are in
line with the characterization made for single system types.
We can conclude the bottom morphology only depends on
ξb, whatever the wave energy flux Fb, the bottom type is
unchanged, except to bottom type 3a and 3b. This also

shows that it is possible there are one or no outer system
(double-bars and plunging waves), the inner bottom profile
only depends on breaking wave forcing. We can imagine se-
ries of several double-bars with many plunging waves, the
inner bottom type is strongly controlled by inner breaking
wave characteristics.

Some type 4 platforms are characterized by an unsteady
state. This phenomenon appears for high energy fluxes
(F > 1.7 W/m, Fig. 7) and strong values of incident wave
height H > 4.5 cm. This unsteadiness is characterized by
the sandbars alternatively moving seaward and shoreward.
However, it is difficult to distinguish any tendency in un-
steady profiles in the (Fb, ξb) plan (Fig. 14). This would
mean that the unsteadiness is linked to the incident wave pa-
rameters compared to the breaking waves parameters, they
are observed for strong values of wave energy flux F .

4.5. Morphological and hydrodynamical correlations

We now compare morphological and hydrodynamical sin-
gularities for bottom profiles presenting one (types 1, 2, 3a
and 3b) then two (types 41, 42, 43a and 43b) systems. A
schematic representaion of these characteristics are repre-
sented in Figure 15.

One-system bottom types (1, 2, 3a and 3b)

For one-system bottom types, we observed that (B) and
(S) corresponds to the location of the swash zone top xSWt.
Similarly, (PS) coincide with the breaker point xb. There-
fore, the platform length LP is almost equal to the cumu-
lated size of the surf and swash zones LP ≈ LSF + LSW .
For all bottom types except 3a, the location of the limit of
the surf zone to the swash zone xSWb is related to (SC).
The swash zone is located over the steep terrace of the in-
ner platform. For the bottom type 3a, xSWb is character-
ized by (SS), the inner platform is a gentle terrace and the
swash zone is short and merges with the “concave” pro-
file. Hence, the inner and outer platforms correspond to the
swash LPi ≈ LSW and surf LPo ≈ LSF zones respectively.

The surf zone can be subdivided in two parts, an outer
surf zone where waves breaks and an inner surf zone where
waves are transformed in propagating bore. We observed
that the bottom types 1 and 2 are related to an only outer
surf zone, contrary to the bottom types 3a and 3b where
we see the both inner and outer surf zones. We estimated
the position between these two parts from the photos of the
bottom types (in Fig. 10 and 11), and it seems corresponds
to (ZS).

Two-systems bottom types (41, 42, 43a and 43b)

For two-systems bottom types, (B) and (S) likewise cor-
responds to the location of the swash zone top xSWt. xSWb

is related to (SS) for bottom type 43a and with (SC) for the
others bottom types. (PS’) coincide with the breaker point
xb and (PS) seems correspond to the secondary breaker
point (cf Fig. 12). For all bottom types, we observed the
both inner and outer surf zones (Fig. 12 (a)-(e)). The outer
surf zone is delimited by (PS’) and (ZS’) and the inner surf
zone by (ZS’) and the bottom of the swash zone.

The total platform length LP is also equal to the cumu-
lated size of the surf and swash zones LP ≈ LSF+LSW . The
inner platform defined from (PS) to (S) for two-sytems bot-
tom types corresponds to the outer platform of one-system
bottom types.

5. Influence of granulometry and cliff
height on bottom morphologies

The classification we propose has been established for a
given grain size of sediment (C41, D50 = 0.41 mm) and a



X - 6 CAPLAIN ET AL.: SHORT TITLE

given cliff height hC = 8 cm. In order to study the system
behavior for different sediment grain sizes and cliff heights,
we used differents sand types and we varied the cliff height.

5.1. Influence of grain diameter

We used two other sands: a finer S28 and a coarser S48
(D50 of, respectively, 0.28 and 0.48 mm). The two param-
eters F and ξ used above are not adapted to study the
grain size effect because they only represent hydrodynamics.
We therefore chose two hydro-sedimentary parameters, the
Dean number Ω and the Shields number Θ. As for the Dean
number Ω, the Shields number is calculated at the breaker
(Θb). Thus, a figure of bottom typology in the (Ω,Θb) di-
agram is drawn for each sand type (Fig. 16). We observed
the bottom typology strongly depends on Ω than Θb, but
the dependency on Θb decreases with grain size. The three
types of sand are similarly organized in terms of Shields
number range: Θb < 0.15 for the fine-grained sand (Fig.
16a), Θb < 0.22 for the C41 sand (Fig. 16b) and Θb < 0.16
for the coarse sand (Fig. 16c). This range of Shields number
only corresponds to a bedload transport regime. By cons,
an important difference in the range of Dean number can be
observed (Fig. 16). For the coarser sand (S48), the bound-
aries are shifted to lower values of Ω compared to the other
sands (C41 and S28): it ranges from 1 to 3 for the finest
sand S28, while it ranges between 0.5 and 2.5 for C41 and
S48. Whatever the grain size, we observe that the bottom
types and morphologies are identical to those obtained for
the sand C41. To explain this difference, we represente lat-
eral photos of the same type of bottom morphology (type
2) for the three sand types in Figure 17. We observe that
the bottom shape is similar for each sand, however we note
the eroded sediment extends further seaward for the finer
sand (Fig. 17). Indeed, the suspension of sediment is more
important for fine-grained sediments, this implies ripples for-
mation at the shoaling zone (Fig. 17a) and an erosion more
important. We realised an experiment with a very fine sand
(D50 = 0.11 mm) and we observed an important suspen-
sion close to the bottom, ripples over the entire platform
and a strong erosion. This shows a transition towards a
different bottom typology, the classification carried out in
this study is robust for a some range of sediment grain size
(0.28 mm ≤ D50 ≤ 0.48 mm).

5.2. Influence of cliff height

We now vary the cliff height hC to know how it may affect
the bottom morphodynamics. Indeed, for the same retreat
rate the higher the cliff, the more voluminous the available
sediment is. The type of the bottom morphology for dif-
ferent cliff heights is presented in the (Fb, ξb) diagram (Fig.
18). We can observe that a bottom morphology is of the
same type for a given wave forcing (Fb, ξb) regardless of the
cliff height. For example, (Fb, ξb) ≈ (2.8 W/m, 0, 31) corre-
sponds to a bottom morphology of type 42 for the different
cliff heights, hC = 8 cm (Fig. 18b), hC = 10 cm (Fig. 18c),
hC = 12 cm (Fig. 18d) and hC = 15 cm (Fig. 18e). In fact,
the eroded volume of sediment is almost the same whatever
the cliff height. Figure 19 shows the comparison of a same
bottom type with a given incident wave forcing for differ-
ent cliff heights. The bottom types compared are types 1
(Fig. 19a), 3b (Fig. 19b), 41 (Fig. 19c) and 42 (Fig. 19d).
First, the bottom profiles are very similar for each case. We
can observe in Figure 19b that the slope of inner platform is
slightly lower for hC = 8 cm (about 15%) than for the higher
cliffs (about 20%). However, except this part of the profile,
the bottom morphologies overlap very well for each case.
Second, the cliff retreat is greater for a small cliff than for a
high cliff for four cases. The cliff position for bottom types
1 and 3b are almost the same for hC = 8 cm (xC ≈ 21 cm)
and hC = 12 cm (xC ≈ 27 − 28 cm). The wave energy

flux is almost equal F ≈ 1.1 W/m while ξb = 0.66 − 0.67
and ξb = 0.50 − 0.54 for bottom types 1 and 3b respec-
tively. This shows that the cliff retreat does not directly
vary with ξb and therefore with bottom morphodynamics.
Finally, the eroded volumes of sediment were estimated by
integration of bottom profiles from the shoreline to seaward.
For a given wave forcing, the eroded volumes are very close
whatever the cliff height with a maximum difference reach-
ing 14%. Otherwise, the wave forcing differs until about
10%. We also observed collapse volume increases with cliff
height and so the volume of sediment injected in the system
depends on the cliff height, this implies a shape change of
cliff front. For instance, the sand profile of bottom type 3b
(Fig. 19b) can present a notch for hC = 12 cm, cliff debris
for hC = 10 cm and a vertical cliff for hC = 8 cm. This
reflects that the system is stabilised with a vertical cliff for
an eroded volume Ve = 262.7 cm3/cm. For hC = 10 cm,
there is a surplus of injected sediment hence debris stay at
the cliff bottom. For hC = 12 cm, the notch formation
shows a lack of sediment in the system, the eroded volume
is slightly lower Ve = 235.4 cm3/cm than for the other cliff
heights (Fig. 19b). Therefore, even if sediment is injected
in the system, the eroded volume of sediment is fixed and
controlled by a given wave forcing. However, we observed
few cases with a same incident wave forcing which destabi-
lize for an important eroded volume of sediment implying
the existence of the unsteadiness of the bottom morphology.

6. Discussion

We identified four main bottom morphologies as a func-
tion of the shape of the outer platform, (i) steep terrace
(type 1), (ii) one-bar profile (type 2), (iii) gentle terrace
(type 3) and (iv) double-systems profile with two outer bars
(type 4). We observed different types of breaking waves over
the outer platform closely linked to bottom typology (surg-
ing, collapsing, spilling and plunging, respectively). Outer
and inner platforms of one-system profiles (types 1, 2 and
3) correspond to the surf and swash zones respectively. The
inner platform is either a large steep terrace (types 1, 2 and
3b) for strong wave energy flux or a small gentle terrace
(type 3a) for low wave energy flux. Therefore for bottom
type 3a, the swash zone is small for low energy flux and and
plunging/spilling breakers. This feature could be explained
by the fact that the energy of wave front in the surf zone and
so the runup are low, and large steep terraces would form
for high runup energy. Type 4 morphologies present two
sub-systems with two distinct breaking waves. The outer
system is characterized by a double-bar profile and the in-
ner system corresponds to a type 1, 2 or 3 profile (types 41,
42 and 43). We showed that the bottom typology depends
more on the surf similarity parameter ξ than the incident
wave energy flux F . Moreover, it better depends on the surf
similarity parameter at the breaker point ξb.

This bottom classification is robust for some range of
grain sizes. Indeed, ripples appearance decreases and ero-
sion increases with grain size. We conclude that bottom
types mainly depend on the Dean number Ω, and slightly
on the Shields number Θb. The dependance on Θb appears
to be more important for fine sand (S28) than for coarser
sands (C41 and S48). The regime of sediment transport
and eroded volume of sediment strongly controls the range
of hydro-sedimentary parameters on the bottom typology.

The material choice was based on the representation of
cliff recession and bottom morphology in the nature. The
experiments carried out are representative of a soft cliff with
a bottom typology for a low-energetic wave forcing. Unlike
a natural beach where the sediment volume is limited, in a
cliff/platform system the sediment volume is available from
the collapse events of cliff retreat. Moreover, the feature of
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our system is the sediment supply from the shore, that can
be analog to a beach nourishment. That is to say, the sys-
tem manages by itself the sediment flux in the morphological
system.

[Wright and Short , 1984]’s classification shows that the
threshold value of Dean number Ω = 1 delimits the bot-
tom profiles of “reflective” type and intermediate profiles.
[Wright and Short , 1984] were observed “reflective” beach
state is composed of steep beach face with surging breakers.
In our study, type 1 profiles corresponds to the “reflective”
profile, the threshold value of Dean number slightly changes
for the different sediment grain size used, from Ω < 1.3 for
the finer sand (S28) to Ω < 0.8 for C41 sand. The inter-
mediate beach states observed by [Wright and Short , 1984]
are (i) Ridge-Runnel or Low Tide Terrace (RRT or LTT),
(ii) Transverse Bar and Rip (TBR), (iii) Rhythmic Bar and
Beach (RBB) and (iv) Longshore Bar-Trough (LBT) for in-
creasing Dean number Ω. Our type 2 profiles corresponds
to the RRT beach state which is formed of a flat bar with
plunging breakers, a runnel and a steep beach face. The
type 3b profiles could correspond to LTT formed of terrace
and steep beach face. TBR beach state varies alternatively
in longshore direction in two states, the one similar to RRT
with a very flat bar (almost a terrace) and the other formed
of terrace with spilling/plunging breakers and a gentle beach
face. The type 3b and 3a profiles, respectively, corresponds
to these both states of the TBR beach state. RBB and LBT
beach states are double-systems profiles with two breakers
locations, as the type 4 profiles of our study. RBB beach
state also varies in longshore direction in two states, the one
with plunging breakers into an outer bar and surging break-
ers into steep beach face, and the other is formed of mega
ripples. Hence, the type 41 profiles seem corresponds to the
first state of RBB beach profile. Likewise, they could corre-
spond to LBT beach state because it is formed of a bar with
plunging breakers and a steep reflective beach face with surg-
ing breakers. Hence, types 2, 3 and 4 profiles corresponds
to intermediate profiles (1 < Ω < 5) of the [Wright and
Short , 1984]’s classification. Natural bottom profiles with
two distinct systems were classified by [Price and Ruessink ,
2011] using the [Wright and Short , 1984]’s classification for
each system. Similarly, the type 4 bottom profiles are clas-
sified by separing it in two sub-systems, the outer with a
double-bars and the inner in type 1, 2 or 3 profile. Thus, we
could study systems with multiple bars through characteri-
zation of each sub-system by knowing of the corresponding
breaker wave parameters. [Makaske and Augustinus, 1998]
have observed in the field steep, concave and convex-concave
profiles for increasing wave height at breaker point Hb, i.e.
for increasing Fb and decreasing ξb. Similarly, for increasing
ξb, the type 1 profiles of our typology have a steep shape and
the platform step of the types 2 (bared), 3 (terrace) and 4
(bared) profiles can be considered as having a convex shape.

[Grasso et al., 2009]’s observations from laboratory exper-
iments show terraced profiles for Ω = 2.5 and Ω = 3.7, the
outer platform is a gentle terrace and the inner platform is a
steep terrace. The type 3b profiles of our classification cor-
responds to the first bottom type (Ω = 2.5) because [Grasso
et al., 2009] observed spilling breakers at the outer platform.
We observed this bottom type for 0.8 ≤ Ω ≤ 2 depending
on grain size of sediment, this difference is explained by the
use of lightweight sediment by [Grasso et al., 2009]. For the
second bottom type (Ω = 3.7), breakers have been observed
at the inner platform, this could be explained by the gen-
eration of irregular waves which tend to flatten the bottom
profile. Indeed, the generation of regular waves involves the
same breakers position and the possible formation of bars.

Therefore, our bottom typology seems consistent with dif-
ferent classifications of natural and laboratory bottom mor-
phologies. Observed bottom types in this study and in the
literature present similarly the same tendency as a function
of wave forcing and sediment grain size.

Unsteady type 4 bottom profiles have been observed for
F > 1.7 W/m. This instability is characterized by a tempo-
ral oscillation of sandbars and could be due to eigen modes
of the system. However, beaches in England and Wales
have been observed and classified by [Scott et al., 2011] as
a function of wave and tide forcing based on the [Wright
and Short , 1984]’s and [Masselink and Short , 1993]’s classi-
fications. They determined a treshold value for wave energy
flux (F = 3 kW/m) which separates intermediate beaches
with (F > 3 kW/m) and without (F < 3 kW/m) three-
dimensional bar/rip morphology. Unsteady profiles of our
study could also be explained by the mark of this process.
As experiments are confined in the transversal direction, a
spatial unsteadiness would result by a temporal unsteadi-
ness.

The bottom typology established is independant on the
available sediment volume in the system, through the cliff
height. However, the collapse volume, and so the injected
sediment in the system, increases with the cliff height. We
showed the eroded volume of sediment is almost constant for
a given wave forcing whatever the cliff height, even if few
bottom profiles destabilize for an important eroded volume
leading to an unsteady state. Consequently, the conserva-
tion of the total volume of sediment in the system implies
that the cliff retreat decreases with cliff height. Cliff re-
treat is not directly linked to the surf similarity parameter
ξ, it shall depends on it, and so on the bottom type, as a
non-monotonous function.

7. Conclusions

Experiments of sandy cliff erosion by waves have been
carried out in a wave flume with a monochromatic wave
forcing. We analysed different bottom morphology as a
function of incident wave forcing (ξ, F ) and wave param-
eters at the breaker point (ξb, Fb) A methodology of char-
acterisation of bottom topography has been proposed. Our
results show that the bottom type mainly depends on the
surf similarity parameter rather than the wave energy flux.
We showed that this characterisation is more relevant if we
consider the wave height at the breaker point compared to
the incident wave height offshore. For D50 = 0.41 mm,
steep terraces with surging breaking waves are observed for
ξb > 0.48, one-bared profiles with collapsing breaking waves
for 0.42 < ξb < 0.48, gentle terraces with spilling breaking
waves for 0.38 < ξb < 0.43 and two sub-systems profiles for
ξb < 0.38 with two distinct types of breaking waves. These
two sub-systems profiles are composed of a double-bars pro-
file with a plunging breaking waves as the outer system and
one of the three one-system defined previously as the inner
system.

The bottom typology is robust for some range of the sed-
iment grain size. The bottom type is more dependent on
the Dean parameter than the Shields number at the breaker
point. The ranges of these parameters of the four main
bottom types is slightly different according to the grain di-
ameter. Our classification is consistent with the ones of the
literature on the beaches in the nature and in the laboratory.
The bottom typology is not varied by the available sediment
volume change and the cliff recession decreases with the cliff
height. The cliff recession is not a monotonic function of
the surf similarity parameter, it strongly depends on the
bottom type. The eroded sediment volume is the same for
a given wave forcing, however it seems play a role on the
unsteadiness of the bottom morphology, so a reflection on
its role could be developed regarding the beach nourishment
projects. The volume of the injected sediment in the sys-
tem is an important parameter to take into account for the
knowledge of bottom dynamics, and in turn the cliff retreat
is linked to the bottom type and hydrodynamics associated.
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Table 2. Sand characteristics.

Sand Nature Median diameter D50 (mm) Density ρs (g/cm3) Fall velocity ws (cm/s)
C41 Calcite 0.41 2.76 5.45
S28 Silice 0.28 2.65 3.24
S48 Silice 0.48 2.65 6.04
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Figure 1. Schematic wave flume. hC is the cliff height from the water surface at rest, xC is the initial
cliff position, β is the bottom rigid angle and d is the water depth. The (x, z) plan origin is located at
the water surface and at the shoreward flume edge.
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Figure 2. Raw image (up) and corresponding contours of sand surface and water free surface detected (down).
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Figure 3. Spatial (x) and temporal (t) evolution of cliff and bottom morphology (((F, ξ) =
(1.2 W/m; 0.39) case)). Color range indicates the sand surface elevation. Dashed lines separate the
three phases of the experiment: (a) initiation, (b) transient and (c) stabilization.
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Figure 4. Schematic representation of sand surface profile Z(x) and its first Z′(x) and second Z′′(x)
derivatives. (N), (C), (B), (CC), (SC), (ZS) and (PS) are the morphological singularities identified.
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Figure 5. Schematic representation of sand surface profile Z(x) for two-systems bottom profiles. (N),
(C), (B), (CC), (SC), (ZS), (PS), (ZS’) and (PS’) are the morphological singularities identified.
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Figure 6. Schematic representation of sand surface profile and wave envelope. It allows to introduce
hydrodynamical parameters: Hb is the wave height at the breaker point, xb is the breaker point abscisse,
xSW is the abscisse of the swash zone bottom and xSL is the shoreline abscisse corresponding to the
swash zone top.
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Figure 7. Diagram of bottom typology as a function of wave parameters (F, ξ). See text for the
classification from T1 to T43b.
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Figure 8. Bottom type 1 where (F, ξ) = (1.1 W/m, 0.67). (a)-(b)-(c)-(d)-(e) lateral visualisation,
(f) time-averaged bottom and cliff profiles Z(x) and wave enveloppe, (g) wave height H(x), (h) first
derivative of sand profile Z′(x).
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Figure 9. Bottom type 2 where (F, ξ) = (1.0 W/m, 0.57). Same legend as Figure 8.
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Figure 10. Bottom type 3a where (F, ξ) = (0.9 W/m, 0.55). Same legend as Figure 8.
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Figure 11. Bottom type 3b where (F, ξ) = (1.1 W/m, 0.56). Same legend as Figure 8.



CAPLAIN ET AL.: SHORT TITLE X - 21

Figure 12. Bottom type 41 where (F, ξ) = (2.1 W/m, 0.53). Same legend as Figure 8.
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Figure 13. Diagram of bottom typology as a function of wave parameters at the breaker point (Fb, ξb).
Curves which connect two symbols represent unsteady cases with oscillating bars. These two symbols
correspond to wave forcing of two outer bar positions.
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Figure 14. Diagram of bottom type 4 as a function of wave parameters at the breaker point (Fb, ξb).
Small symbols correspond to the waves parameters at the inner system of bottom type 4.
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Table 1. Characteristics of bottom typology.

Bottom Outer Inner Sequence of Swash zone Breaking Incident Breaking
Typology Platform Platform Morphological length wave LP /λ wave forcing wave forcing

Singularities LSW type (F, ξ) (Fb, ξb)
1 Steep Terrace Steep Terrace {(B)− (SC−)− (PS)} ∼ LPi Surging ∼ 0.30 ξ ≥ 0.65 ξb ≥ 0.48
2 Bared Steep Terrace {(B)− (SC+)− (PS)} ∼ LPi Collapsing ∼ 0.40− 0.45 0.55 ≤ ξ ≤ 0.6 0.42 ≤ ξb ≤ 0.48

3
a

Gentle Terrace
Gentle Terrace {(S)− (SS)− (ZS)− (PS)} ∼ LC

Spilling ∼ 0.55− 0.6

F ≤ 0.7 W/m

0.38 ≤ ξb ≤ 0.43
0.5 ≤ ξ ≤ 0.55

b Steep Terrace {(S)− (SC)− (ZS)− (PS)} ∼ LPi
1 W/m ≤ F ≤ 1.3 W/m

0.5 ≤ ξ ≤ 0.55
Breaker bar Type 1, 2, {(Sequence of inner

Plunging ≥ 1
ξ ≤ 0.5

ξb ≤ 0.384 and 3a or 3b bottom type 1, 2 or 3)− and
splash-up bar (ZS′)− (PS′)} (F, ξ) = (2.1 W/m, 0.53)
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Figure 15. Schematic typology of observed bottom profiles.
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Figure 16. Diagram of bottom typology as a function of (Ω,Θb) for different sand types : (a) S28, (b)
C41, (c) S48. Representation of symbols are the same as Figure 14.
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Figure 17. Lateral photos of bottom type 2 for three grain sizes: (a) S28, (b) C41, (c) S48.
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Figure 18. Diagram of bottom typology as a function of wave parameters at the breaker point (Fb, ξb)
for different cliff height : (a) hC = 5 cm, (b) hC = 8 cm, (c) hC = 10 cm, (d) hC = 12 cm and (e)
hC = 15 cm. Representation of symbols are the same as Figure 14.
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Figure 19. Contours of bottom profiles for different cliff height hC with similar wave forcing.
(a) Type 1 - hC = 8cm: (F, ξ) = (1.13 W/m, 0.67) - hC = 12cm: (F, ξ) = (1.09 W/m, 0.66).
(b) Type 3b - hC = 8cm: (F, ξ) = (1.09 W/m, 0.50) - hC = 10cm: (F, ξ) = (1.04 W/M, 0.54) -
hC = 12cm: (F, ξ) = (1.09 W/m, 0.54).
(c) Type 41 - hC = 10cm: (F, ξ) = (2.63 W/m, 0.45) - hC = 12cm: (F, ξ) = (2.39 W/m, 0.46).
(d) Type 42 - hC = 5cm: (F, ξ) = (1.12 W/m, 0.40) - hC = 8cm: (F, ξ) = (1.23 W/m, 0.39).
Ve is the eroded material.


