EXPERIMENTAL ANALYSIS OF EROSIVE COHESIVE COASTLINE MORPHOLOGY
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Laboratory experiments have been performed in agVilame to investigate the coastal cliff recessioner regular
waves forcing. The different processes of the diffsion cycle are described and we focus on bo#wofution,
which seem mostly depend on the surf similarityapzater. We observed steep plangrx 0.7), gentle planar (0.5
< § < 0.7) and bared¢(< 0.5) profiles. We noticed different sandbar dyi@nincluding either steady or unsteady
self-sustained oscillating states. Then we estirtiaerole of the self-organized material on th& cécession rate.
We show that the cliff erosion increases with ttavevenergy flux and is stronger for a gentle plamafile than for

a bared profile of bottom morphology. However, tiéf recession rate as a function of the cliff ¢iei is not
monotonic due to a different dynamics of bottom phaiogies.
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INTRODUCTION

The coastlines of the Earth are composed of ab@ut &f rocky coasts; these coasts are composed
of either consolidated or unconsolidated rocks sagltlay (Collins and Sitar, 2008). Although it is
crucial to be able to forecast cliff recession rattex given location, the different underlying phgs
mechanisms are not well understood. The main fadotrolling the cliff erosion is wave attack, ot
mention a few, tidal cycles (Kanyaya and Trenh&l@05), lithology, and living organisms (Nesteroff
and Mélieres, 1967) play also a role. In this woevk,focus on erosion controlled by wave attack.

Wave-driven cliff erosion occurs through severdfedéent processes. Firstly the waves impact the
bottom of the cliff creating a notch growing urtie weight of the overlying cliff becomes greateart
material strength, causing cliff collapse. Thisl@p$e leads to a retreat of the cliff front and-¢fiere a
supply of sediment to the beach. Wave-driven sedlirvansport modifies the bottom morphology; in
turn wave dynamics changes due to shoaling andkingeg@rocesses. Here, we focus on the bottom
change as a function of wave parameters and omsatisupply.

Numerous studies about the bottom morphology warger out bottin situ and in laboratory. In
particular, equilibrium beach profiles are defireesi profiles which do not evolve for a constant wave
climate (Dean, 1991; Wang and Kraus, 2005; Grasso.,e2009). The concept of equilibrium beach
profile is often used to characterize beach mompgiek; natural equilibrium profiles were estimalbsd
spatial and temporal averages (Larson and Krau34)1®ifferent types ofn situ cross-shore beach
profiles were classified depending on wave clinzatd sand granulometry (Wright and Short, 1984).

The present work consists in an experimental sitianaf coastal cliff erosion under wave attack
performed in a wave flume. The aim is to reprodand analyse the cliff erosion dynamics within
reasonable time and space scales becausdrsaith analysis is made difficult by the large time seale
involved in natural systems. Damgaard and Dong42@0eady performed such an experiment using a
wave basin with a constant slope. The wet sanfivedi$ located on a flat platform. Incident waveseave
generated with a wave maker allowing variable wiaeaence. They concluded that the cliff recession
rate increases with wave height and period, deesaagh cliff height. In addition, this rate seetose
constant for oblique waves. In the present wor&, dkperiments were carried out in a 1D wave flume
where only normal incident waves are allowed.

We will introduce the various parameters we chaseary and we will focus on 2 aspects of the
results. First, the self-organization of the bottomorphology is discussed; we observed differenesyp
of morphology which tend to a stationary state pkaea couple of experiments. Second, we will gtud
the influence of the wave properties and sedimepply on cliff recession rate. A comparison with
Damgaard and Dong (2004)’s results is made.
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EXPERIMENTAL SETUP / METHOD

The experiments were performed in a wave flume &bom-long, 14 cm-wide and 25 cm-high
(Fig. 1) during about 20 hours. The flume is eqegbpwith a flap wave maker producing
monochromatic waves with a height up to 5 cm ammibgde between 0.5 s and 2 s. The offshore water
depth is d = 15 cm. A nearshore slopetaf(B) = 1/10 is used to model the shore and a clifilit lon
the shore with wet sand (Fig. 1). The cliff froatdut to obtain the cliff depth of 40 cm. The iliti
conditions, in terms of cliff length and water camitin material, are identical for every experimdiite
cliff height h is measured from the free surfaceest to the cliff top. The sand used is calcitthve
median grain diameter ofsgd= 0.41 mm and a density of = 2.76 g/cm3 (corresponding to a fall
velocity in water of w= 6.5 cm/s).
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Figure 1. Wave flume model.

Wave parameters are measured by capacitive prabgsigition at 100 Hz). 3 are located offshore
and 2 close to the cliff (Fig. 1). The offshoreitent wave heightH) is estimated with a least square
method and incident and reflected wave height aséinduished (Mansard and Funke, 1980). A
summary of test run parameters is given in Table 1.

Two PCO 2000 cameras have been positioned, oridaesthe flume (with a field of view 1 m
25 cm) to detect the water free surface and thtmoand cliff positions, and above the flume (wath
field of view 40 cmx 15 cm) to detect the cliff position. During abduhours, the video sampling rate
is close to the wave frequency and then is decdetse-1/10 of this frequency until the end of the
experiment.

Table 1. Tests conditions.
Test H T h 13 F Duration
[cm] [s] [cm] [W/m] (]
1-a 4.1 0.66 8 0.39 1.23 20.5
1-b 3.8 0.66 8 0.40 1.09 20
1-c 4.0 0.66 8 0.39 1.17 20
1-d 3.9 0.66 8 0.40 1.14 20
2 3.5 0.59 8 0.38 0.77 20
3 4.8 0.72 8 0.38 1.89 20
4 4.1 0.84 8 0.46 1.63 19
5 3.5 0.93 8 0.55 1.23 6
6 3.2 0.92 8 0.56 1.04 3
7 3.0 0.87 8 0.56 0.88 215
8 2.4 1.32 8 0.78 0.74 4.5
9 4.1 0.66 10 0.39 1.27 21
10 3.9 0.66 5 0.40 1.12 21

Cliff erosion rate and sediment transport on th#dmo are studied in function of incident wave
energy, wave shape and cliff height. The monochtemaave climate is characterized by two
parameters, the surf similarity paramefend the incident wave energy flexwhich are written

£ = tan(B) )
H/L
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F=E.c (2)

G

wheretan(B) is the bottom slopdj the wave height, the wave lengthi the wave energy density
andcg the group velocity.
The conditions of experiments carried out are shovfable 1.
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Figure 2. Spatial and temporal evolution of bottom morphology for test 1-a; color scale represents the
elevation above flume bottom (in cm). Water mean level is 15 cm.

RESULTS AND DISCUSSION

Reference experiment (test 1)

After a cliff drainage of about 2 hours, the fluisdilled up to d = 15 cm. The bottom of the clif
submerged and an initial notch is formed. Then,whge maker is activated. At the beginning of the
experiment, cliff retreat is very fast and collagpssediment quickly creates a sandy platform on the
slope. The bottom morphology rapidly evolves toaael profile and plunging breaking waves are
observed. Afterwards, the recession rate decreasgsthat an equilibrium profile is reached (Fiy. 2
The experimental setup allows for observing bothaémerged and immerged beach.

Bottom morphology
The influence of the wave climate on the bottom photogy (Fig. 3) is studied in a series of

experiments with a cliff height of 8 cm. We obseh&different types of bottom morphology:

1. For surf similarity parameter values greater than €he bottom profile is planar and steep; it
corresponds to a reflective platform (Fig. 3-b). y&% break only when interacting with the
backwash at the outward edge of the platform.

2. For surf similarity parameter values between 0.8 @17, the bottom profile is almost planar but
with a gentle slope (Fig. 3-c). Breaking wavesspiling above the outward edge of the platform.

3. For surf similarity parameter values less than Q:&,0bserved bared profiles with two sandbars
that we will name outer and inner. Breaking wavespdunging above the outer sandbar (Fig. 3-d).
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Figure 3. Tests parameters (a) in a (F, §) plot; symbols represent the bottom profile type: bared profiles
(squares), gentle or steep planar profiles (circles and triangles, respectively). Examples of side of views for
each type of profiles are (b), (c) and (d), respectively.

The wave energy flux does not seem to influence tifpe of bottom morphology but only the
characteristic length and position of the morphwlalgfeatures. The type of bottom morphology seems
to depend mostly on the surf similarity paramekég.(3): the influence of the wave shape appeabgto
greater than that of incident wave energy.

Most of the observed profiles reach an equilibriigee Fig. 2 for example). However, some cases
evolve towards an unsteady state: test 3 (barefilgpat high energy flux) shows a self-sustained
sandbar oscillation (Fig. 4-a). At the beginningtlut experiment, the profile seems to reach alestab
state. However, after some time (7 h 30 min), sarglbegin to migrate, landward for the outer bakr an
seaward for the inner bar (Fig. 5). This migrafiasts for about 80 min. The return motion is fasied
lasts for only 20 min. Then, the system becomesdstéor about 1 h, before another oscillation start
In sum, the oscillation period is about 2 h 30 n@iter and inner sandbar excursions are aboutd6 an
5 cm, respectively.

Another case of a self-sustained oscillation ofdsamn positions is observed for a higher cliff (10
cm) with a lower wave energy flux (test 9). By aast, the system dynamics is somehow different as
both bar migrations occur with the same time, thallation frequency is higher (with a period obal
30 min) and the amplitudes are approximately tineesgrig. 4-b).

Equilibrium profiles have been previously obtainedaboratory experiments (e.g., Kamalinezhad,
2004; Wang and Kraus, 2005; Grasso et al., 2008)digar migrates onshore for moderate waves
conditions and offshore for very energetic wavesditions (Gallagher et al., 1998; Ruessink et al.,
2003). Such migrations have been observed in ladiyraxperiments (Grasso et al., 2009; Hoyng,
2008), and to our knowledge, sandbar oscillatiamgemever been reported. Onshore and offshore bar
migration have been observed on the field (Cedaih Barusseau, 2005) for a varying wave climate.
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Figure 4. Same than Fig. 2 for: (a) test 3 and (b) test 9 (bared profile); color scale represents the bottom and
cliff elevation (in cm).
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Figure 5. Bottom morphology for test 3 between each oscillation (light grey) and after the first migration
(dark grey).

Cliff recession rate

We estimated the cliff recession rate as a funatiothe wave climate and then as a function of the
sediment supply.
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Figure 6. Time evolution of cliff position for (a) different wave energy fluxes and (b) different surf similarity
parameters (i.e. different types of bottom morphology). Initial cliff position is 40 cm.

We firstly checked that the cliff retreat is repucible for the same parameters (tests 1-a, 1-h, 1-c
1-d, Fig. 6). Secondly, we varied the wave enetgy &ind as we foresaw, the cliff recession rate
increases for increasing wave energy flux (Fig).6/ée thus observe the same tendency as Damgaard
and Dong (2004). Thirdly, for the same wave endigy, we changed the surf similarity parameter, and
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therefore the bottom morphology. Comparing test dnd test 5, one can see that cliff erosion is
stronger for a gentle planar profile (&% < 0.7) than for a bared profil€ & 0.5) (Fig. 6-b).

The influence of sediment supply in the systenusdied for two perspectives: (i) periodic removal
of the sandbar and (ii) variation of the cliff hieig For a test with a bared profile, we removed
periodically the outer sandbar during the experitmartouple of minutes after each cliff collapsay(F
7). Comparing the same experiment with and with@rtremoval (Fig. 9-a), it appears clearly that the
cliff retreat is more important with bar removal ialin features a quite constant recession rate, \ebere
it diminishes through time when the bar remaingsTasult is comparable with Damgaard and Dong
(2004)'s results for oblique waves as they obseraedonstant recession rate. It allowed by the
evacuation of the sediment by the longshore tramdgm@ing equivalent to the bar response.
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Figure 7. Same than Fig. 2, for the test 1 with sandbar removal.
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Figure 8. Histogram of collapse number in function of collapse depth for different cliff height (a) : test 10 ; h
=5cm -(b):testl;h=8cm-(c):test9; h=10cm.

The second aspect of the results in terms of sediswpply is the influence of cliff height. For
approximately the same wave climate, we performgxkements for 3 different cliff heights (5, 8 and
10 cm). We analyzed collapse events; we measurévbrage depth of a collapse event for the 3
cases. Fig. 8 shows that the total number of cedlavents decreases with cliff height whereas geera
depth of a collapse event increases, and therefegeage volume of a collapse event increases. The
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cliff recession rate for h = 5 cm is greater thla@ dne with h = 8 cm (Fig. 9-b). Damgaard and Dong
(2004)’s also noticed that cliff recession ratense¢o decrease with cliff height. On the contratiff
recession rate for the highest cliff (h = 10 cmpag the smallest recorded (Fig. 9-b). We thuswsho
cliff retreat rate as a function of cliff height i®t monotonic. We note here, for h = 8 and 5 dm, t
profiles reach a stable state, whereas the h ari@rofile is characterized by a self-sustained band
oscillation. Cliff recession therefore depends bahcliff height and on bottom shape which depends
on hydrodynamic conditions.
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Figure 9. Evolution of cliff position (a) with bar removal and (b) for 3 different cliff heights. Cliff position is
initially at 40 cm.

CONCLUSIONS

Coastal cliff erosion by regular waves has beeestigated in an experimental wave flume. Our

results show that the type of bottom morphologyetiels strongly on the surf similarity parameter:
e §>0.7 — steep planar profile.
* 0.5<¢<0.7 - gentle planar profile.
e §<0.5-bared profile.

For bared profiles, we either observed steadymstaady self-sustained oscillating states for a
constant wave climate. Unsteady states show ssifisied sandbars oscillations, reflecting an
organization of the system governed by the hydradhios/morphology coupling.

The influence of cliff height on the cliff recessi rate depends mostly on the self-organised
material, previously mentioned; we can thereforgadate the influence of the parameters chosen with
the cliff recession rate for the same bottom molgdnpdynamics. Thus, the cliff erosion increasehwi
the wave energy flux and is stronger for a gerltiagr profiles than for a bared profile.

We have shown that the sediment supply plays awitapt role on cliff recession. A periodical
bar removal yields an approximately constant ckffession rate. Our experiments show that average
volume of a collapse event increases and numbesllapse events decreases with cliff height.
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