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Abstract

Introducing hard structures to a sandy coast walitably disturb the equilibrium condition and sawerosion. Any
initiative involving hard coastal protection shoutierefore, if it cannot be avoided altogether, eowith a sand
nourishment scheme. Typical challenges arise wheretis a clash of interests, such as economiceamdational. The
beach along the community of Faxe Ladeplads isxaellent example for such a conflict. Ramboll hasspnted
different solutions to combat the erosion, with amihout hard coastal protection structures. Rambblbse to
recommend the beach nourishment scheme as therpoefolution, with the possibility of combiningviith a new
harbour breakwater that would improve the flow gt in the area significantly. It could furthermdre shown that
by establishing a beach and hence decreasing tte depth, wave overtopping reduced significantiger a storm
situation as wave breaking prevents the larger wavarrive at the revetment and adjacent road.

Key words: sediment transport, beach restoration, erosioreption, coastal management

1. Introduction

The moderately exposed coastline framing the conitymofi Faxe Ladeplads is subject to chronic erosion
The once popular tourist destination has lost éadh leaving the coastal road, which is the comtysni
only connection to the city centre, at the mercyhaf waves. Figure 1 shows the location of the darb
beach and upstream groin. The municipality hirednBall to find an affordable solution to reclaim the
beach and reduce wave overtopping onto the road.
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Figure 1. Satellite picture of study area with 8riy bathymetry map showing location of three bejdfiles used to
plan the nourishment scheme.
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2. Hydrodynamic modelling

The initial steps in quantifying the erosion prablévolved assessing the wave and current condition
which the beach is exposed and estimating the ysadiment budget. The proposed solutions were then
modelled in the Mike 21 program for an average \@805), consisting of a hydrodynamic (HD) and a
spectral wave (SW) model. The HD model was run aithadditional sand transport module (ST) in order
to capture the sediment transport patterns. Detdilthe scientific documentation can be found ie th
documentation on (MikePoweredByDHI.com).

2.1.Wave and wind data

In the Baltic Sea, and especially in the sheltexexhs around the inner Danish coasts, waves arymos
wind-driven. The highest wind speeds are associated to the westerly directions, as the wind rose shows; see
Figure 2. The bay is sheltered from the large wasssciated to these wind speeds from the westdbut
the beach has suffered severe erosion.
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Figure 2. Wind rose at Faxe bay during an average (2005).

The main driving force for sediment transport alting beach is waves approaching the beach at de.ang
Most of the erosion at the beach at Faxe Ladegiagpens during conditions where the wind blows from
directions 60, 90 and 150 degrees, which prevailrad 22% of the time. The wind time series foryhar
2005 has been used as input to both the HD and Stl¢is

The wave rose is shown in Figure 3. It becomesrdieat the majority of the waves approach from
directions 90, 120 and 150 degrees north. Waves ftioections 90 and 150 approach the beach atgle an
and cause longshore sediment transport while tigeda waves come from 120 degrees and cause cross-
shore transport, moving sediment away from the bh@#@o deeper water.
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Figure 3. Wave rose from a point to the south-ebtiie beach during an average year (2005), watethd3 metres.

2.2.Bathymetry

In order to get an accurate picture of the existiager depths, Ramboll carried out a single beawesiat
the site in August 2016. The survey path is ingidahFigure 4
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Figure 4. Path of the 2016 bathymetry survey coxgtine entire area in front of the beach and ascgestion upstream.

The water depths were used as input to the nunhariodels. The existing conditions were simulated to
tune the model’s performance to the sediment bebaexpected at the site
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2.3.Sediment

Sediment samples were taken in the entrance chaanttle harbour during the dredging operations.
Several times a year, the channel is dredged fud sad seaweed that accumulates in the channd. Thi
happens due to the southward current forming aexaafter passing the upstream groin and enteriag th
shallow calm waters south of the harbour. The sedingrain size was analysed and the median grain
diameter was found to be in the range ££8.15mm.

The volumes dredged from the entrance channel glulia past years were 24.25G (@2013),
20.680 nmi(2014) and 20.580 1{2015). The dredged material is a mixture of sand seaweed, which is
abundant in the waters of the Baltic Sea, and whiekes the material unsuitable for beach nourishhmen
The net sediment transport direction is south; however, during weather conditions with southerly winds,
considerable transport towards north is seen.dttbabe assumed that the entrance channel is filidd
sediment settling from both directions. These comas made it difficult to assess the actual sedime
budget along the coastline and didn't allow foruattcalibration of the sediment transport model.
However, the numbers could be used as a guidaide sanity checks of the model.

2.4.\Water levels

The inner Danish coasts do not experience sigmifitidal variations. However, water levels can &aid
rise more than one meter due to surge effects ddmgdeavy winds. The statistics of water levelgeha
been assessed by the Danish Coastal Authority farge variety of coastal towns throughout the ¢oun
(Danish Coastal Authority 2012). The extreme walevels applied in the calculations for wave
overtopping are summarized in Table 1. These wat@ls include a 0.25m contribution of long-terna se
level rise due to climate change according to éitest IPCC report (IPPC 2013).

Table 1. Extreme water levels at the site, inclgdong-term sea level rise due to climate change,3anish Coastal
Authority (2012) and IPPC (2013).

Return period (y) Water level (m)
100 1.75
50 1.69
20 1.61
1 1.29

Water level variations have been included as a tdayncondition for both the SW and HD model.

3. Model results

The results of the SW model served as input taHBemodel, with the waves being the main forcing for
the sediment transport module (ST).

3.1.Joint probabilities
The model results were also applied to understdued statistical correlation between environmental
variables. Figure 5 shows a scatter plot of thedvéipeeds vs the significant wave heights. It cailyebhe

concluded that the majority of the waves are windegated, and extremes hence can be considered well
correlated.
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Figure 5. Correlation of wind (y) and wave (x) ddtaing an average year (2005). Extremes are etecthbs well as
average waves and wind.

Another interesting correlation is the joint ocaunce of waves and water levels. Despite both pdeame
being a function of the wind, the effect of the dion the water levels is in the Baltic sea oftesesbed
with a certain delay. Figure 6 shows the water leydotted against the significant wave heightsjcivh
illustrates that the correlation for average caadg is generally poor. However, large waves seem t
depend on a high water level, while high water lgew@an occur at any time and are not always seen in
combination with large waves.
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Figure 6. Scatter plot of waves (x) and water leyg) during an average year (2005). Extreme watexls can occur
without extreme waves, but wave extremes only oatthiigh water levels.
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3.2.Flow patterns

The flow pattern proved to be very unfortunatetfeg harbour entrance channel (indicated in Figlrasl
the leeside effects of the upstream groin caussebanent to settle in the calm area south of drbdur,
directly into the entrance channel. The vortex edusy the groin is clearly visible from the simeldtflow
pattern shown in Figure 7. Besides the velocityaes; the figure also shows the cumulated chandpeih
level with red colours indicating erosion and béaéours indicating deposition.
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Figure 7. Simulated flow pattern in area southarblour during strong easterly winds. Cumulated bedllchange is
also depicted.
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Figure 8. Simulated flow pattern in area southablour during strong easterly winds. Cumulated bedllchange is
also depicted.
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A new harbour breakwater that can help bypass sadinvas modelled as an option for a future harbour
extension and to assess the effect on the nourlsdech. The result is shown in Figure 8.

The beach nourishment has been implemented inathgimetry for both scenarios shown in Figure 7 and
Figure 8. The results show that the beach remangely unchanged after one year of simulation, tath

the situation with and without the new breakwaldre new breakwater can hence be regarded as a hard
structure that does not have any adverse effectiseonourished beach.

3.3.Beach solution

Figure 9 shows the beach nourishment solutioneabtginning of the simulation period while Figu@ 1
shows the bathymetry after exactly one year of kitran time.
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Figure 9. Beach nourishment in the beginning ofsihmulation period. Beach slope approximately 1:50.

The beach was designed to be nourished with a iEwdirce of median grain diametgg=®.3mm. The
grain size is chosen larger than the existing $andtability reasons but not too large, with th&ention to
keep the beach attractive for recreational purpoEke beach is designed with a top elevation om0.5
above sea level and a gentle slope of 1:50 acapitdirthe recommendations for beach stability gien
Mangor (2004). This geometry led to a total volumharound 60.000fof sand to be sourced offshore and
transported to the beach for initial nourishment.

The new beach proved to be reasonably stable dtim@verage simulation year, with minor erosion in
the southern part of the beach.

The beach has been shown to be rather sensitithe taveather conditions and especially wind direxgjo
which needs to be kept in mind when interpretirgyriiodelling results. Had a different year with eliéfnt
weather conditions been simulated, the picture migbk slightly different as well. Similarly, it m&s to

be kept in mind that the picture shown in Figureid®nly a snapshot of a situation, and should be
interpreted with care.
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Figure 10. Nourished beach after one year of sitimula

In order to formulate the appropriate maintenaresommendations, the sediment discharge has been
extracted from the model. Figure 11 shows the catedl discharge at two cross sections A and B
(locations indicated in Figure 1), revealing thatumd 5000msand has left those cross sections during the
year 2005 (negative discharge is to be underste@bimg to the south).

Regular sand nourishment will be required and tssiources could be identified in reasonable
distance from the coast. The distance will deteentive cost of the sand resource.

Center of beach, Met discharge [m"3] -----
South of beach, Net discharge [m"3] ——
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Figure 11. Net sediment discharge at two crossesecA (South of Beach) and B (Center of beach). Negat
discharge = going towards south.

It should be noted that the recommendations foctesability (Mangor 2004) apply for open coastine
without disturbance from other structures. The Maiim slopes achieved at Faxe Ladeplads might
deviate from these recommendations as the beatibrsés heavily influenced by the harbour grointlie
north and the small historic groin to the south.
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4. The beach as a coastal protection feature

Beach nourishment or existing conditions, bothagiains will experience the same extreme water tewvel
the future. The same freeboard will apply betwéwendtill water level and the storm barrier along thad.
However, the water depth in front of the revetmg@md storm barrier) will be smaller with an elevhte
beach. As a consequence, the large waves thattossalise overtopping will be filtered and brealaat
distance to the shore. Ultimately, the beach alsificbe able to reduce the volumes of water oveptog
the storm barrier.

A relative comparison of the overtopping volumes he&en performed using the approach in EurOtop
(2007)and looking at four different scenarios; the existing situation under high water level with 1 and 50
year return period and the beach nourishment gituainder the same extreme conditions. The paramete
and results are summarized in Table 2.

Table 2. Relative comparison of overtopping volurdesng two different high water scenarios and foe existing
situation and the nourished beach.

Parameter Existing situation Beach solution

Water level (m) 1.7 T
Total water depth (m) 22 1.2 %
Max wave height i(m) 1.7 0.9 §
Max Hpc (m) 11 0.6 .;—‘2
Freeboard (m) 24-17=07 g
Overtopping (I/m/s) 32 1 o
Water level (m) 1.0 3
Total water depth (m) 15 0.50 2
Max wave height E(m) 1.2 0.39 §
Max Hyc (m) 0.80 0.26 é
Freeboard (m) 24-10=14 ;
Overtopping (I/m/s) 0.06 0

It can be confirmed that the existing situationl wiperience significant overtopping in case okatreme
event with large return period. The beach soluti@nages to reduce the volumes by almost 100% m bot
high water level scenarios.

5. Beach nourishment scheme

The nourished beach will have to be inspected gaah after the storm season and certain criteiéa he
be identified that will require a maintenance nshment to be carried out. A beach will always réitsa
submerged profile and steepness as the slope neston the exposed part of the beach. Hence, tehbe
width and/or the top elevation could be indicaforsthe required action to be taken.

In addition to the yearly inspections, the beaatusthbe visited after an unusually severe weather
event in order to assess the damage done.

Figure 1 showed the existing bathymetry of the, sitkich revealed a particularly steep beach
profile between the sections A and B. Section Gtnmough the northern end of the beach, which itsth
sheltered conditions seems to experience lessoertisin the southern end between section A andiB. |
hence recommended to place special focus on taésduring the regular maintenance nourishment.
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6. Summary and conclusions

Establishing hard coastal protection structuresh ag groins or revetments will inevitably incredse
erosion problem because the beach will become wEpief its natural sediment buffer. The beach is no
longer able to balance its sediment deficit by ifegit from the land and its existence becomes thus
dependent on the sediment sources from the seald@egpand nourishment should therefore follow any
hard coastal protection measure, should the co&sslires remain intact. If nourishment remains a
necessity to avoid the coast suffering the longiteonsequences, the alternative to hard structaessin
many cases be an intelligently planned sand nauesih scheme.

7. Future work

The beach solution has been simulated under nomeather conditions to assess the average erosaon th
it experiences. Further modelling should also ex&nthe behavior of the beach under extreme storm
conditions.

A detailed beach design should specify the nour&iinaolumes - both for the initial nourishment
but also for the regular maintenance nourishmenbre precisely. Furthermore, a detailed monitoend
maintenance scheme should be set up and milesimniespections scheduled.
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