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4 Beach Nourishment Effects

1. Introduction
This report is part of the European Interreg project, Building with Nature (BwN), with the objective of
analyzing and improving coastal adaptability and resilience to climate changes by means of natural measures. As part of this project the Danish Coastal Authority (DCA) carry out research into different aspects
of natural processes and materials in coastal laboratories on Danish coasts. Through the BwN-project,
a better understanding of the interactions within the coastal system is sought. The Interreg project is
represented at seven ‘living laboratories’ located along the North Sea Coasts and the Wadden Sea. The
analysis of the local laboratories will improve the evidence-base needed to incorporate BwN-methods
into the national investment and policy programs of the North Sea Region countries.

Figure 1.1: The six work packages in the Building with Nature project. WP1 - Project Management, and WP2 – Communication is
not included as these WPs are in-office activities.

The BWN-project is a combination of six different work packages, (Figure 1.1) and this report on the 2018
beach nourishment at Faxe Ladeplads (Denmark) belongs to Work Package 3 (WP3): Resilient Coastal Laboratories. However, the coastal stretch in this report is not a laboratory site, but is a Danish local analysis
on beach nourishment behavior.
Work Package 3 (WP3) focuses on coastal challenges and effects of implementing BwN-methods to
handle coastal challenges, which in this case centers on a beach nourishment.
This report focuses on a small-scale beach nourishment at a high-energy coast just south of the city
of Faxe Ladeplads. The aim of this report is to describe the performance and the development of the
nourishment, by analyzing a variety of data collected before and after the nourishment. The beach
nourishment volume was initially planned to be 62,000 m3 but the finished enterprise was allowed to
be up to 70,000 m3, mainly by ship, which pumped the sand to the beach through a pipeline. The sand
was distributed by bulldozers along a stretch of 600-650 m. The main goal was to re-establish a beach
that was lost due to a long history with seawalls, groynes and most recently a revetment. The shoreline
is extended seaward and the profile volume generally increased in order to avoid a undermining of the
revetment and the wall adjacent to the road, but also to decrease the impact of high-energy events with
elevated water levels, thereby reducing overtopping of the revetment and seawall during storm. An increase of the recreational values of the beach was an additional aim.

1.1

Description of study site

The nourishment stretch is located just south of the port of Faxe Ladeplads, the stretch is approx. 650 m
long and neighbors the Baltic Sea. Faxe Ladeplads is best known for industrial export of limestone. The
first pier constructions for shipping of limestone, was constructed in the middle of the 19th century. Since
then, the pier was developed into a harbor, which to this day is used for industrial transport, unloading
and off-loading of limestone, as well as for recreational purposes. With the construction of the first piers
dating back more than 150 years, these harbor constructions have had a significant influence and impact
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on the natural system and coastal morphology surrounding them. Therefore a short summary of the harbor development through time is presented in section 4.1.1 in relation to an analysis of the autonomous
development of the coast.
Besides the harbor, the area of Faxe Ladeplads is known for its nature and the recreational value of the
coastal stretches and beaches around Faxe Ladeplads is considered high. The city of Faxe Ladeplads
has close to 2900 inhabitants but this number increases during the summer months and holidays as the
area is well-visited by tourists.
As seen in Figure 1.2, Faxe Ladeplads harbor and the nourishment stretch lie within the embayment
south of Faxe Bugt. The dominant longshore sediment transport direction is southbound, which is also
found from the formation of the spit “Feddet”. This peninsula is the result of settlement of various longshore transported sediment, accumulated here in the form of a complex buildup of beach ridges. The
embayment coastline is a combination of sedimentary rock in the NE, shifting into moraine cliff within
the embayment and then to marine deposits to the SW. The seabed consists of sedimentary rock in the
NE, while most of the seabed within the embayment is dominated by sand, muddy sand and some till/
diamicton sediment deposits. The shoreline mostly consists of sandy sediment and the natural beach
width at the nourishment site would be comparable to that NE of the harbor, which is typically a couple
of meters wide with a sandy nearshore shoreface with a single or multiple, small scale bars. Vegetation in
the nearshore shoreface is mostly found to be eelgrass. The vegetation cover in the nearshore shoreface
is presented in (DHI, et al., 2010, pp. 2-3) at different depths: 0 % at 1 m, 43 % at 3 m, 42 % at 5 m, 3 % at 7
m and 0 % at 9 m.

Figure 1.2: The nourishment stretch at Faxe Ladeplads is 600 m long and indicated by the yellow line with end bars. The
stretch is south of the commercial and recreational harbor of Faxe Ladeplads. The underlying imagery is a Sentinel-2 satellite
image from 23rd of August 2020. A black box on the map in the bottom right corner indicates the extent of the satellite view
included.

The stretch can be classified as micro tidal, as the astronomical tide effect in the Baltic Sea is small to
none. However, larger variations in the water level may occur, as low pressure systems can contribute to
gradient build up within the Baltic Sea. Furthermore, extreme water levels can occur if the conditions are
right, as described for the storm during 1872. For the harbor of Rødvig, which is 14 km away, the water
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level at an event with return period of 100years is +150 cm, while a 20-year return water level is +140 cm
(DCA - B, 2017).
As the wind is the primary driver of both water level and waves in the area, high-energy waves are not
often occurring simultaneously with a high water level. However, it is possible when the wind comes from
E to SSE, as water surges at the coast and the largest waves come from this direction driven by the wind.
The largest waves at Faxe Ladeplads are those, which come from SE to E, as this is where the fetch is
longest, and where the greatest water depths are found. The modelled data utilized in this report show a
maximum significant wave height of 1.5 m for the period analyzed.

1.2

Description of nourishment

1.2.1
Initial considerations and design
The nourishment is placed to reestablish the beach at the stretch, thereby decreasing the wave energy
and overtopping volume over the revetment and wall protecting the road “Strandvejen”. The nourishment stretch begins where the southern pier of Faxe Ladeplads Harbor ends. The nourishment stretch is
650 m long and terminates in the SE at the terminal groyne adjacent to the outlet of the stream “Faxe Å”.
Along the entire stretch there is both a concrete wall and a revetment. The position of the protection is
not completely straight. It has a curvature, which has an impact on the beach, Figure 1.3.

Figure 1.3: Orthophoto 2021, Note revetment curvature.

Main objective of the nourishment:
The objective of the nourishment was primarily to reduce overtopping of the revetment seaward of the
seawall along the road “Strandvejen”, and a secondary goal was to increase the recreational value in the
area by establishing a sandy beach. (Rambøll - C, 2017).
Planned Design
Initial Volume was set to 62,000 m3 (DCA - A, 2017). Nourishment sediment was to be pumped ashore by
ship and redistributed by bulldozers. In the initial proposal, re-nourishment is proposed to be in the order
of 3 -5000 m3/y, but as these are averaged estimates, it is advised to undertake yearly revisions.
The nourishment sediment for the initial nourishment was required to have a grain size distribution with
a 50 % fractile for d50 between 0.25 and 0.50 m, uniformity coefficient U=d60/d10 between 1.5 and 2.2.
Furthermore, organic material could not exceed a total of 2 %.
The beach geometry planned for the nourishment stretch was selected from four suggested in the project proposal (Rambøll - C, 2017). The selected beach geometry is presented in Figure 1.4. Nourishment
sediment is placed from +0.75 m to 0.00 m with slope 1:30, which is equivalent to 22.5 m in width. From
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0 m to existing seabed, the planned slope was set to 1:50 resulting in approx. 60 to 130 m of width. Note
that a significant part of the nourishment is not visible, underlining the need for measurements of the
shoreface.
The planned planimetric design is shown in appendix A. The section between cross-section B and D is
described to be especially out of balance therefore increased nourishment is planned at this stretch in
the wet profile, while nourishment is minimized in the SW section as the terminal groyne already retains
sediment. (Rambøll - C, 2017).
Considerations:
The slope of the nourishment was based on the assumption of the equilibrium profile where the depth
(d) increases as a function of the distance (x) from shoreline, which is presented here:
d=A*xm
Where A is a steepness parameter, which is estimated at 0.103 for d50= 0.3 mm, and m is an exponent
set to 0.67 (both dimensionless). The top elevation of the beach nourishment has been set to the same
level as the natural level at the southern end, which showed a top elevation of +0.75 m to +1.0 m according to the national terrain model. (Rambøll - C, 2017).
Dredging from the harbor’s navigational channel was estimated to be 9000 m3/y in 2010 while the total
approximated sediment transport was set to 20.000 m3/year (DHI, et al., 2010). This yearly transport
was estimate to be 20,000 -25,000 m3/y in (Rambøll - A, 2016). Modelling reports on a baseline study
showed a yearly sediment transport along the beach and harbor to be 2500 m3/y to 3500 m3/m (Rambøll - B, 2016). The recommended re-nourishment in the final project proposal ended up being 15,000
– 20,000m3 every 5th year (Rambøll - C, 2017). Based on dredging of the navigational channel at Faxe
Ladeplads, 60 % of the dredged material is organic material in the form of seaweed ( (Rambøll - C, 2017)
and utilizing it for bypass can therefore be difficult.
Lifetime of the nourishment is not explicitly described in the application material but with an expected
longshore transport capacity of 3000 to 5000 m3/y (Rambøll - C, 2017) the lifetime of the nourishment is
expected to be between 12 and 20 years. Reduction of overtopping, dampening of wave impact on the
revetment and obtaining a beach can only be achieved by undertaking continued nourishment in order
for the protection level to remain intact.

Figure 1.4: Beach Geometry No. 4 from the project proposal. The illustration is presented with modification and translation to
English from (Rambøll - C, 2017).

It is specified in the project proposal that a yearly nourishment of between 3000 to 5000 m3 is necessary for the beach to remain in the planned state. Furthermore, it is noted that the dynamic development
of the nourishment must be taken into account when re-nourishment campaigns are planned and designed. Yearly inspections, beach state criteria (beach width, or level of beach), inspection after storm and
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high water and beach response are all elements suggested for an ongoing monitoring program, which
has been suggested in the project proposal. (Rambøll - C, 2017).
A main concern in the final design proposal is the water-exchange pipe between sea and inner-harbor,
and the overflow outlet from a sewage pipeline, which are both located in the proximity of the planned nourishment planform. It was proposed to extend the sewage pipe out into sea, while the water
exchange pipe was to be left as it was, since little or no accumulation of sediment was expected at this
location during the planned nourishment. However, it was advised to close it during nourishment, since
unwanted sediment and turbid waters could enter the inner harbor from the sea while the nourishment
was ongoing.
1.2.2

Construction of nourishment

Figure 1.5: Photo taken from SW towards NE along the nourishment stretch. Date 07-11-2018. Photo is printed with permission.
Photographer: Poul Jensen, Municipality of Faxe.

Figure 1.6: Photo taken from SW towards NE along the nourishment stretch. Date 16-11-2018. Photo is printed with permission.
Photographer: Poul Jensen, Municipality of Faxe.
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Figure 1.7: Photo taken from SW towards NE along the nourishment stretch. Date 23-11-2018. Photo is printed with permission.
Photographer: Poul Jensen, Municipality of Faxe.

The nourishment took place during October and November 2018. The stages of the final nourishment
is presented in Figure 1.5 (07-11-2018), Figure 1.6 (16-11-2018) and Figure 1.7 (23-11-2018). The final enterprise
was handed over to the municipality on the 17th of January 2019, but was finished end November as
seen in Figure 1.7. In the initial permission for the nourishment, the total volume was set to 62.000 m3 of
sediment, but due to new measurements conducted, the total volume was permitted to be 70.000 m3
in October 2018 (Faxe Kommune, 2018). The total nourishment volume delivered by ship was reported
to be 75,900 m3 in shipload, which with a reduction-factor of 10 % is equal to 68,310 m3. The nourishment was sediment pumped ashore from a ship, using a pipeline, which was extended along the beach
during nourishment – see Figure 1.8. Redistribution of sediment was by bulldozers. The beach section
was established by levelling out the beach, while the sediment planned to be positioned from the 0 m
position seaward was pushed seaward for re-distribution by the waves and the water. Based on visual inspections, parts of the nourishment sediment was very fine grained and resembled quick sand just after
the nourishment. This sediment was swiftly redistributed during suspension of sediment by water. Based
on surveys conducted before and after (Description of data presented in section 2) bathymetries for the
before and after nourishment are presented in Appendix E.

1.3

Research design and objectives

The scope of this report is to describe the morphological changes of the nourishment and quantify the
dispersion of nourishment sediment in the study period, thereby estimating the sediment budget of
the nourishment between out-survey until the latest available survey. These changes will be evaluated
in relation to the main wave energy components to reflect temporal differences in sediment transport
directions and the dominating sediment transport direction.
The structure of this report will rely on two general hypotheses on the stretch dynamic and nourishment
development. These are the foundation for the research questions formulated.
Hypothesis on natural dynamics:
The main longshore gradient are from NE towards SW. This is indicated by several elements, among
which the general accumulation patterns seen through time NE of the harbor and from the longshore
marine deposits seen at the spit “Feddet”. However, it is expected that there can be different forcing conditions leading to a net northbound transport.
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Figure 1.8: Photo taken during nourishment campaign from the parking are in SW towards the Harbor along the nourishment
stretch. Date 24-10-2019 at 11:04. Photo is printed with permission. Photographer: Helle Van Lüthje, Faxe Ladeplads.

The expectation on the general state of the coastal profile is that it is deprived of natural occurring
sediment and therefore the general profile will be far from equilibrium. This is due to over 100 years of
deprivation of longshore sediment, which is accumulated on the NE-side of the harbor and due to dredged sediment from the navigational channel is dumped at sea rather than bypassed into the downstream
stretch. Furthermore, the current revetment and earlier hard coastal protection has prevented the beach
from retreating naturally. The profile is expected to be generally steeper than the natural profile and surrounding areas.
If there were a natural dynamic along the nourishment stretch, beach width and nearshore shoreface
dynamics would resemble those seen today NE of the harbor. This would be with a beach section of 5-10
meters width dominated by sandy sediment in both beach and nearshore shoreface, with at least one
smaller breaker bar alongshore and possibly with smaller dunes. Vegetation on the seabed would resemble that seen NE of the harbor, but as the nourishment stretch profile have steepened over time, it is likely
that the eelgrass has migrated further landward than would be the case under natural conditions, since
the deeper profile means less wave impact on the seabed.
Over time, the harbor expansions have undoubtedly had negative consequences on the natural dynamics on the coast, and with waves from E to NE, it is expected to continue to generally have a negative
impact, creating a sheltered area with seaweed accumulation in the NE corner of the nourishment
stretch.
Hypothesis on nourishment development:
As the beach section of the nourishment in planned to have a continuous width (22.5 m) along the
entire stretch, the shoreline will not be linear after the nourishment is completed. There will be a certain
deviation in the shoreline position compared to its natural form, as the revetment will affect the shoreline,
from which the beach width is measured. This would be expected to even out over time leading to a
more natural non-disturbed beach, but as both the harbor piers and the revetment behind the nourishment will affect the development, the beach is expected to fluctuate in width along the stretch, as long
as the active profile is influenced by the revetment. As mentioned, the rock revetment is not following a
linear form, and especially the middle part of the revetment is exposed to waves, as its position is slightly
further seaward than both the NE and SW sections. Generally, vegetation in the seabed has migrated
landward due to the steepening and deepening of the sandy profile, but with an input of sediment and
equilibration of a natural profile shape, the vegetation is expected to migrate seaward and find a more
natural position in the stable and natural profile.
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1.3.1
Research questions
The research questions are based on the general hypothesis on the stretch, nourishment performance
and dynamics:
•

How has the nourishment planform developed during the study period?

•

How much nourishment sediment can be traced within the nourishment stretch

•

How has nourishment volume been re-distributed?

•

What is the estimated sediment transport out of the nourishment area?

•

Considering the morphological and volumetric development of the current nourishment, how can
re-nourishment be conducted?

To analyze the defined research questions, it is necessary to establish a baseline study for the stretch. In
other words, the autonomous behavior of the stretch must be understood to fully comprehend the local
coastal system dynamics. The success criteria or purposes of the nourishment must be evaluated with
regard to the actual design and finished enterprise, before an analysis of the nourishment development
can be performed.
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2 Data
The following chapter presents the data available in the analysis. In Figure 2.1 the data collected during
the monitoring period is presented in a timeline with additional labels. The data are described in the following sub-chapters.

Timeline measurements and nourishment
4. december 2018

3. marts 2020

07 to 15 April 2019
National DTM

Green LiDAR Single Beam
5. juni 2020 9. juni 2020

Single Beam
3. marts 2020

Multibeam
27. november 2018

Multibeam
25. september 2018

11. juni 2020

23. december 2019
19. september 2019

11. marts 2019
20. december 2018
16. august 2018

25. januar 2019

10. juni 2019

25. oktober 2019

3. marts 2020

1. oktober 2020

01-01-2021

01-12-2020

01-11-2020

01-10-2020

01-09-2020

01-08-2020

01-07-2020

01-06-2020

01-05-2020

01-04-2020

01-03-2020

01-02-2020

01-01-2020

01-12-2019

01-11-2019

01-10-2019

01-09-2019

01-08-2019

01-07-2019

01-06-2019

01-05-2019

01-04-2019

01-03-2019

01-02-2019

01-01-2019

01-12-2018

01-11-2018

01-10-2018

01-09-2018

01-08-2018

70,000 m3
25. november 2018

Seabed Measurement

Drone flight

Beach Measurement (dGPS)

Beach Nourishment

National DTM

Figure 2.1: All data collected during the study period is presented. Description of the data can be found in the text.

2.1

Drone imagery

Drone filming was conducted with 4K resolution on 10 occasions with a DJI Phantom 4 Pro. First time
was 16th of August 2018, a couple of months before the nourishment. Remaining drone flights were conducted to follow the development of the nourishment. It has been sought to film the stretch in a comparable way each time so that drone film and imagery can be used to describe the changes over time from
comparable image positions. Dates are provided on the timeline in Figure 2.1.

2.2

Elevation data

The temporal resolution of measurement data is relatively high while spatial distribution varies between
measurements, as shown in Figure 2.2. When combining these data, the spatio-temporal resolution allows a quantification of the elevation changes in the nourishment analysis, and the volume development
can thus be described. The overall data availability is higher for the stretch of Faxe Ladeplads, than otherwise found on other coastal stretches on the inner Danish coastlines. Not all data presented in Figure 2.1
are used during the analysis in this report, however, the general data foundation will, be presented and
described in the following with their respective convex hulls presented in Figure 2.2.

Beach Nourishment Effects 13

National Digital Elevation Model
The national elevation model for Denmark is available from three periods at
Faxe Ladeplads. The first model is from 2004-2005 with a spatial resolution of
1.6 m. The second model is from 2014-2015 and has a spatial resolution of 0.4
m. The most recent model is from 2019 with a resolution comparable to that
of 2015. In this report, only the DTM from 2014/2015 is included.
Multibeam 25-09-2018
Data delivered by Rambøll. Post-processed dataset with equidistant point grid,
resolution 0.5 m x 0.5 m. Data measured in Datum ETRS89 with projection
UTM zone 32N.
Multibeam 27-11-2018
Data delivered by Rambøll. Post-processed dataset with equidistant point grid
with resolution 0.5 m x 0.5 m. Data measured in Datum ETRS89 with projection UTM zone 33N.
Beach measurements 04-12-2018
Data delivered by Rambøll. Post-processed CAD-dataset with 0.1 m contours
and sporadic point measurements across and along the beach. Whether
the included points are the actual measured point or sporadic points with
interpolated elevation is unknown. Only points have been included for further
analysis. Data measured in Datum ETRS89 with projection UTM zone 32N.
Single Beam 03-03-2020
During a field trip, the University of Copenhagen provided a single beam measurement along three predefined lines. The collected data have been postprocessed to account for water level, but the general quality of the survey is
unknown and it is therefore excluded from further analysis. This survey is also
excluded from Figure 2.2.

Figure 2.2: The map shows the convex hulls of the individual surveys conducted. Surveys are described in the text.

Beach measurements 03-03-2020
A line system was presented in (Adell, 2020) for profile measurements at the stretch of Faxe. Unfortunately, these lines are not aligned with the points available from the post-nourishment measurement, but
have been interpolated for the nourishment stretch. Data were measured in Datum ETRS89 with projection UTM zone 32N.
Green LiDAR 05-06-2020
A green LiDAR survey was conducted on the 05-06-2020. The data is a post-processed XYZ-file with an
equidistant point grid, resolution 0.5 m. No filtering of bed-vegetation has been conducted for the delivered data. Data were measured in Datum ETRS89 with projection UTM zone 32N.
Survey with single beam and dGPS beach measurements 09-06-2020
A Single beam survey and a dGPS survey were conducted on predefined lines with 25 m spacing along
the nourishment stretch and in the immediate downstream stretch. The dGPS and Single beam measurements are combined into complete profile measurements along 21 pre-defined local survey lines
counting from 70000 to 701000. Single beam measurement have not been corrected for bed vegetation. Data were measured in Datum ETRS89 with projection UTM zone 32N.
In Figure 2.2 darker areas on the seabed can be identified outside of the most wave impacted zone.
Most of the darker areas are growing seaweed on a sandy seabed. It is uncertain if the presence of the
seaweed has been extracted in before and after surveys. Communication with the company who did the
actual survey and data management has not clarified this issue. The following bathymetric surveys are
influenced by the existence of seaweed, hence the scatter in data. Several attempts have been made to
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filter out the seaweed in order to get the elevation of the seabed in the survey from 09-06-2020. This
has not been possible.
2.2.1
Data alignment
In order for the varying data to be used for a quantitative analysis, some alignment of the datasets are
undertaken. In the following, the three datasets used for volume analysis and elevation change detection
is presented.
Before the survey
Since no measurements of beach and revetment was conducted in relation to the “pre-nourishment”
multibeam survey (25-09-2018) an alternative approach was taken, in order to be able to describe the
entire area.
The national DTM is available from 2014/2015 is utilized to describe the pre-nourishment state from the 0
m contour and inland. By extracting elevation from each grid cell in the DTM2014/2015 to points, within
the pre-defined area, points are used in combination with multibeam survey in a tin triangulation and linear interpolation to a raster model with 1 m resolution. As seen in Figure 2.2, there will be a gap between
DTM2014/2015 0 m contour and the actual 0m contour at the time. This area are linearly interpolated
between the landward boundary point of the multi beam survey and seaward boundary points of the
elevation model (equivalent to the 0m contour from DTM 2014/2015). The resulting elevation model is
presented in appendix E as “Elevation before nourishment”.
After Nourishment survey
To establish an “post-nourishment” survey, which covers the entire nourishment area, the multibeam
survey from 27-11-2018 and the dGPS point measurements from 04-12-2018 were combined. A Tin triangulation and linear interpolation to a raster model resulted in a raster dataset with resolution set to 1 m. The
resulting elevation model is presented in appendix E as “Elevation After Nourishment”.
Most recent survey 09-06-2020
To ensure smooth triangulation without internal-triangulation on the individual lines, all point measurements have been aligned to their respective measurement lines. From the aligned points, triangulation
between the lines is made. The resulting TIN-layer is converted to raster layer with linear interpolation.
The resulting elevation model is presented in appendix E as “Elevation Most Recent”.

2.3

Wave and water level data

Modelled hydrodynamic data have been obtained
from DMI’s (Danish Metrological Institute) oceanographic model. Wave and water level data were
delivered in UTC and the timestamps of the drone
flights have therefor been converted to UTC from
CET, when are used in combination. Modelled data
are available between 01-01-2018 and 31-10-2020 in
hourly averaged time steps.
2.3.1
Modelled wave data
Wave data are extracted from the DMI wave
model “WAM cycle 4.5.1” with grid resolution of 0.5
nautical mile. Available wave data are presented in
Table 1. Data extraction in the model was made at
55.210 N and 12.183 E, outside Faxe Ladeplads, see
Figure 2.3.
Figure 2.3: Wave extraction location is found at the pin.
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Lower boundary cut-off for modelled wave height is 0.08 m until June 2017, and 0.12 m from July 2017,
meaning that everything below has been filtered out. The timestamps of the data are in UCT and available every hour.
Available hydrodynamic model data
swh

Significant wave height

m

mdir

mean wave direction

from deg.T

pp1d

dominating wave period

s

mwp

mean wave period

s

shww

height of wind waves

m

mdww

direction of wind waves

from deg.T

mpww

mean period of wind waves

s

shts

height of swell

m

mdts

direction of swell,

from deg.T

mpts

mean period of swell

s

Table 1: The available data from the DMI model. Extracted data
extends from 01-01-2018 and 31-10-2020.

To test the time series for gaps or “NoData” the series was tested against a constructed time series with
one-hour time steps. By comparing the amount of time steps between modelled and constructed test
series, a potential gap could be found. Additionally, the latest time step between the series was the same.
The time series is complete and no missing values were detected.
2.3.2
Modelled water level data
Water level is measured in meters, and extracted from the DMI storm flood model DKSS2019, which has
a resolution of 0.5 nautical mile. Data extraction point in the model is: 55.204 N and 12.173 E, which is very
close to the location of the wave extraction.
The timestamps of the data are in UCT and available every hour. To test the time series for gaps or
“NoData” the series was tested against a constructed time series with one-hour time steps. By comparing
the amount of time steps between the modelled and the constructed test series, a potential gap could be
found. Additionally, the latest time step between the series was the same. The time series are complete
and no missing values are detected in the time series.
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3 Methods used
The following chapter presents the methods applied in the report on the basis of the available and included data described in section 2. Additionally, division of the coastal stretch is presented for the autonomous analysis of the stretch. Periodical division of the entire study period will also be included. Section
3.1 will present the outline of the analysis of the autonomous behavior of the stretch, while section 3.2 will
focus on the analysis regarding the nourishment.

3.1

Autonomous development

The analysis of the autonomous development of the coastal stretch will mostly rely on earlier reports,
literary studies and landscape analysis based on sediment-, geomorphological- and contour mappings.
Additionally, a time stack of historical orthophotos and the historical map “Høje Målebordsblade” (18431899) are presented in appendix C and 2 historical flight photos of the harbor are presented in Appendix
D. The mappings in appendix C are all shown with the shoreline from the 1954 orthophoto. This shoreline
is drawn manually based on the border between land and water, which obviously can induce errors of
several meters. Unlike the beach nourishment report regarding Fredericia (DCA - D, 2020), no shoreline
analysis will be performed in this report. This is due to the fact that the shoreline is not a good proxy for
the morphological changes on a coast, since generally there is no beach where the shoreface is out of
balance and deprived of sediment. Instead, the inclusion of the 1954 approximated shoreline in appendix
C serves illustrative and qualitative rather than quantitative purposes.
3.1.1
Division of study site
The historical and natural development of the nourishment stretch must be viewed in relation both to
upstream and downstream stretches. Both in terms of natural morphological fluctuations and as regards
to the historical development of the harbor and its impact on the coastal processes. An overview of the
study site division by drone imagery from the stretch before nourishment is shown in Figure 3.1.
Upstream stretch, Area 1 (Harbor and NE)
Area 1 is delimited with a NE boundary at the forest “Strandskov”. This boundary is chosen since a significant change in the coast normal is detected here. The SW boundary of Area 1 is drawn where the southern harbor pier terminates at the conjunction with the revetment found along the nourishment stretch.
The nourishment stretch, Area 2 (In relation to harbor)
The nourishment stretch has its northern boundary where the harbor pier ends. The stretch is 650 m
long and encompasses the entire nourishment stretch. The SW boundary is set at the terminal groyne
seen in image 3, Figure 3.1, as this is where the nourishment boundary is set.
To analyze the morphological development of the nourishment, this coastal stretch surrounding the nourishment is further divided into three areas to gain insight in the historical and morphological development along the different stretches. See division in appendix E.
The southern stretch, Area 3 (Rock revetment until “Kaj Ørums Vej 1”)
The downstream stretch, referred to as area 3, has its northern boundary at the terminal groyne in Area 2.
It includes the outlet from both Faxe Å and Lille Å as these meet just inland of the outlet. Just south of the
outlet, eight smaller summerhouses are located seawards of Strandvejen. All are prone to both erosion
and flooding, and several seawalls have been constructed here. As seen from image 2, Figure 3.1 there
is a large revetment followed by a stretch with a slightly wider beach, which also have several seawalls
and revetments on the upper beach. The main revetment was reconstructed in 2015 with a nourishment
requirement of 50 m3/y along the 220 m long revetment (DCA - C, 2015). The groyne in image 1, Figure
3.1, demarcates the southern boundary of Area 3.
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Figure 3.1: The map on the left shows the sectional division of the coastal stretch at Faxe Ladeplads. Included on the left is drone imagery from 16th of August
2018 (UTC 18:00), which is before nourishment. The position and direction of view for the individual images are represented on the map to the left with point,
arrow and number.

3.2

Nourishment analysis

The following subchapters present the individual methods used in the analysis of the nourishment
development. Firstly, a periodical division is presented to ensure the chronological order of the analysis,
this is followed by the methods used for calculation of the wave energy component, analysis of drone
imagery and finally, methods used for analyzing surveys.
3.2.1
Periodical divisions
The nourishment was completed in late 2018 and
the latest data collected is a drone imagery campaign from October 2020. In order to structure the
analysis the total period is subdivided. To separate
the periods, dates from drone imagery is used for
periods 1 to 8 as seen in Table 2. In this way, the
energy calculations can be used when describing
the visual changes of the nourishment from drone
imagery. Besides drone imagery, the measurement
campaigns before and after nourishment, as well
as the one conducted in mid-2020, will be used for
estimation of the volume development within the
nourishment area. Therefore two additional periods are presented as 1.1 and 1.2 as seen in Table 2.
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Periods

From

to

Length of period in days

Period 1

16-08-2018

20-12-2018

126

Period 2

20-12-2018

25-01-2019

36

Period 3

25-01-2019

11-03-2019

45

Period 4

11-03-2019

10-06-2019

91

Period 5

10-06-2019

19-09-2019

101

Period 6

19-09-2019

23-12-2019

95

Period 7

23-12-2019

03-03-2020

71

Period 8

03-03-2020

01-10-2020

212

Period 1.1

25-09-2018

27-11-2018

63

Period 1.2

27-11-2018

09-06-2020

560

Table 2: Overview of the periodical division used for dividing energy calculation.

3.2.2
Energy component
Based on modelled wave data the cross- and alongshore energy has been estimated. This simple calculation will be used to describe the energy components and thus indicate the dominant redistribution of
nourishment sediment across and alongside the profile.
The following method for determination of the energy component has been
used in an earlier BwN report (DCA - F, et al., 2018). From linear wave theory,
the total wave energy E of the singular wave can be determined from:
E=1/8 ρ * g * Hm02
Where ρ is water density, g is gravitational acceleration and Hm0 is significant
wave height. E Describes the amount of energy per area and is expressed as
Kg s-2.
The wave energy can be divided into a parallel and a perpendicular component relative to the coast. The coastal parallel component. Ey, is defined as:
Ey=E ∙ sin α
In the same manner, the coastal perpendicular component. Ex, is defined as:
Ex=E ∙ cos α

Figure 3.2: Energy decomposition of oblique waves in crossshore and alongshore directions (DCA - F, et al., 2018).

The angle α is defined between incident wave and the coast normal.
The energy components are averaged every hour as the wave parameters
are stated as one-hour averages. Energy components are calculated for every
time-step and summed up for each period. Since the analyses are conducted
to identify onshore and alongshore (NE and SW) energy components, the
dataset has been restricted to only include waves with direction between 45°
to 200°.
In appendix F the plots of the modeled wave and water level data are presented for each period. In combination with the energy calculations this will
provide for qualitative analysis of the morphological changes between photos.
3.2.3
Drone imagery
Three different positions along the stretch are used to capture images of three
locations. Individual imagery frames are exported from available drone videos,
when a satisfying image is not available. These images are stacked in three columns with nine rows – each row represents a unique date with the modelled
water level during capture of the imagery. The imagery stack is presented in
Appendix B with photos from position A in the left most column, photos from
position B in the middle column and photos from position C in the right most
column. The three positions and direction of photos are presented in Figure
3.3.
The individual descriptions are supported by additional imagery when relevant, and references to measured water levels from the port of Rødvig are
made in relation to the image acquisition of each photo. Despite the disadvantages of qualitative analysis, the availability of imagery will provide for a high
temporal resolution for analysis of the nourishment dvelopment.

Figure 3.3: The map provides an overview of the positions
and directions from which the drone images presented in
appendix B have been taken.
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3.2.4
Surveys
As there are several spatial data resources available, which is not very often the case in the Inner Danish
waters, the volumetric and spatial development can be analyzed in detail and with high spatial resolution.
3.2.4.1 Division of nourishment stretch
To evaluate the spatial distribution of nourishment volume and nourishment diffusion directions, the
nourishment area is divided into 6 boxes. The spatial coverage of measurements conducted pre- and
post-nourishment differ substantially from the latest. Their respective convex-hulls (of the three data sets
presented in section 2.2.1) are used for an intersect analysis in order to find the largest area of extent in
which all measurements are represented. This box is then divided into a seaward and a landward box at
the 0 m contour found from the after nourishment survey. The boxes are divided into 3 longshore divisions manually. The boundaries were set to isolate the most exposed part of the revetment, since this is
where the largest nourishment volume is placed and visual analysis indicated an increased erosion at this
section of the stretch. The boxes are presented in appendix E together with the resulting bathymetries
described under section 2.2.1.
3.2.4.2 Elevation mapping
The survey’s elevation maps are constructed using ArcMap. The purpose is to provide an overview of the
topography and bathymetry in the area. This gives information on the different controlling mechanism
effects on the study area e.g. the harbor pier, the groyne at the creek outlet and the alignment of the rock
revetment. The geology can also have a significant impact on the morphology, and accordingly on which
pathway, the waves follow to the beach.
The elevation mappings also gives an overview of the impact of the beach nourishments on the study
area, and how the beach nourishment redistributes over time.
3.2.4.3 Cross shore development
The elevation model also gives an opportunity to illustrate how the nourishment has changed the coastal profile before the nourishment, and after the nourishment. Cross sections are made in ArcMap. By
adjusting the X- and Y-axes in relation to each other, focus can be given to a special part of the dynamic
coastal profile.
3.2.4.4 Difference mappings
Difference mappings are the result of subtracting an older elevation model from the newer of the two.
The difference mapping presented in this project will be based on the datasets described in section
2.2.1 and the resulting elevation model is presented in appendix E. It must be underlined that sampling
technique, extent, interpolation method and data availability vary between measurement campaigns.
To minimize potential errors, this analysis is only conducted within the representative area described in
section 3.2.4.1.
3.2.4.5 Volume development
The elevation models make it possible not only to visualize changes, but also to quantify them. The volumetric development is analyzed within the defined boxes described in section 3.2.4.1. Utilizing the spatial
analyst tool “Zonal Statistics As Table” in the GIS program Arcmap, the average elevation of the raster cell
within each box is found and multiplied by the area of the boxes. This results in a volume relative to a flat
surface set at 0 m DVR90. The difference in volume over time therefore describes the relative volumetric
changes.

20 Beach Nourishment Effects

4 Autonomous development
The landscape at Faxe Ladeplads has developed
since the latest ice age “Weichel“ where glaciers
from the Baltic sea pushed and shoved the preexisting geological layers, which formed a raw outline of the landscape. During the Ice Age and later
during the retraction of the ice, a layer of moraine
clay of varying thickness was deposited on top of
most of the area surrounding Faxe Ladeplads. The
historic map in Figure 4.1 shows the coastal outline
before the harbor constructions began and the
geomorphological outline together with contours
and bathymetri are presented in Figure 4.2. These
two maps show how the natural coastline resembled an embayment more than it does today. In the
Following, the defined areas 1 to 3 (described and
presented in section 3.1.1) will be analyzed briefly to
describe the historic development, the natural system and how historic development have affected
the natural system.

4.1

Figure 4.1 – The map is from 1834 and depicted from (Aasbjerg, 2002, p. 6). Althoug the map
may not resemble the same accuracy as those found today, the placement of Faxe river
indicates where the harbor and nourishment stretch is found. The Harbor is found just south
of the label “Vemmeltofte Kalkstens Plads”.

Area 1

The natural coastline in Area 1 used to be dominated by moraine cliff with
smaller headlands, which developed naturally over time according to dominating wind and wave condition. Looking at the contour lines in Figure 4.2
one can actually tell that the former coastline is found inland of the current
harbor position, where today moraine cliff are sheltered by the accumulating
sediment behind and upstream of the harbor area. The beach section and
nearshore shoreface on the NE side of the harbor is the result of upstream
accumulation at the harbor structures, but the beach width, nearshore dynamics and the sediment accumulated in this stretch are all natural . Despite the
accumulation, this stretch demonstrates how a dynamic natural beach and
nearshore could be.
Appendix C is a good representation of how, over time, the constriction of the
piers and the harbor have resulted in a significant seaward migration of the
upstream shoreline. The shoreline in 2018 is several hundred meters seaward
of the position it had, before the piers were built. Since the harbor at Faxe has
had a significant influence on the shoreline and the coastal morphological
outline, a brief introduction to the history of the harbor is given in the following.
4.1.1
Brief History of Faxe Harbor
The History of the harbor in Faxe Ladeplads begins with the export of
limestone. Export of limestone dates back to the early 19th century. In the
beginning, export took place with small rowboats, which set off from the
shore, functioning as feeder boats for the larger ships and barges anchored
at greater depths. As it was costly and time consuming with the feeder boats,
construction of loading piers was begun. (Aasbjerg, 2002).

Figure 4.2 – The map shows both geomorphology of the top
geological layers, as well as the contours for every 1 meter,
numbered every 10th meter.
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In 1843 the first pier at Faxe Ladeplads was finished. The pier was prolonged several times during
the 1850’s in order for it to reach greater depths,
making it possible for bigger ships to load. The loading pier was later included in a full scale harbor
project and an additional pier was constructed for
the harbor and finished in 1864 (Figure 4.3).
NE of the first pier, another loading pier was constructed a couple of years after. This pier was reenforced with a circular breakwater attached to the
pier during the 1870s. At the time, the advantage
of this harbor was that it was deep and therefore
suitable for larger vessels. However, due to its size,
it was referred to as “the little harbor”.
During the historic storm on November 13, 1872
both harbors suffered severe damage. Following
the repairs of the storm of 1872, it became clear
that the two harbors had certain disadvantages.
Sediment accumulated between the piers. It is
also seen from Figure 4.3 and historic images in
appendix D that around 1940, the loading area
within the attached breakwater in the little harbor
had filled up with sediment making it more or less
useless. This area was later used for landfill which
can also be seen in the images of appendix C. As
ships got bigger and the amount of fishing vessels
and recreational boats increased, Faxe Ladeplads
harbor was extended with an inner harbor, which
was completed in 1985. (Aasbjerg, 2002).
As the navigational channels continuoesly filled
up with longshore transported sediment, regular
dredging was needed. In an attempt to cut off
the lonsghore transport, a crosshore groyne was
constructed at the end of the piers. This groyne
was constructed by sinking 3 barges in a row
and filling them with stones. This extension again
led to an accumulation of sediment around the
groyne, but as the retention capacity of the groyne
was soon reached and the navigational channel
needed dredging again. The yearly sediment transport along the stretch is esimated to be between
20- to 25,000 m3 pr year in (DHI, et al., 2010) and
(Rambøll - A, 2016). This estimate is based on the
sediment volume dredged from the navigational
channel and the adjacent area SW of the bargegroyne, which considering the yearly dredging
volumes, seems as a fair estimate.

Figure 4.3: Development of Faxe Ladeplads Harbor since 1864. Image is reproduced from
(Aasbjerg, 2002).
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2013: 24,250 m3 (Rambøll - A, 2016)
2014: 20,680 m3 (Rambøll - A, 2016)
2015: 20,580 m3 (Rambøll - A, 2016)
2017: Dredged 19,170 m3 – Bypassed 13,660 m3
2018: Dredged 23,984 m3 – Bypassed 120 m3
2019: Dredged 22,520 m3 – Bypassed 420 m3
Lately bypass of sediment has been attempted and the harbor actually has a permit for bypassing sediment downstream instead of dumping it at sea. The concern is that sediment will move from SW to NE,
thus again settling in the navigational channel and this concern means that this permit has not yet been
fully utilized. Only in 2017, a larger part of the dredged material was placed in the SW stretch.

4.2

Area 2 – Nourishment stretch

Area 2 contains the entire nourishment stretch. It is not possible to directly analyze the autonomous development of this stretch, as the natural landscape has been significantly modified before most available
data was collected. It is, however, possible to describe the characteristics of the landscape from historic
imagery and mappings. In combination with general geological and topographical information of the
area, some assumptions can be made on the natural dynamics of the stretch.
As seen in Figure 4.2 the freshwater depositions of the valley system and the river landscape are wide
and the river has fluctuated in position over time. Although not significantly, the two inland valley systems
have both contributed sediment to the coastal system, which is still the case today, as the river runs
relatively freely. The boundary between the Faxe river valley system and the sea in area 2 resembles a
barrier system stretching from the higher moraine terrain within the town of Faxe and stretches SW to
the revetment seen in area 3. Within the wide flood plain the historical course of the river has differed
significantly over time, and it is not unlikely that the outlet was closer to the harbor at one time. Since
the dominating sediment transport direction is towards SW, the barrier system has probably developed
following the longshore transport of sediment in combination with the outlet of sediment from the two
smaller inland river systems. Today the barrier is occupied by a road, houses and parking areas, which
cannot allow for the barrier neither to wash over nor for the outlet of the streams to move, as it is now
retained underneath a bridge. Nevertheless, on several occasions, over wash and storm surges have
affected the stretch. Both in 1872, 1902 and most recently in 2002, the latter is documented with images
from (Faxe Kommune Arkiver, 2020). When visually analyzing the maps in appendix C, it becomes clear
that the terminal groyne in the SW end of area 2 has had a significant effect on the beaches surrounding
it. This groyne in combination with an inland curved revetment have created a small embayment in the
SW end of area 2. This has allowed sandy sediment to accumulate here, while, on several occasions, the
remaining NE section of area 2, is seen to be depleted of sandy sediment both in shoreface and in beach.
The NE corner of the stretch often sees an accumulation of organic material in the form of seaweed and
macroalgae. Occasionally, there is an increase in the beach width of the NE corner, which, in combination
with the accumulation of seaweed, is unfavorable for the recreational users as it induces land bound
vegetation to migrate to the beach often while emitting an unpleasant smell.
Different erosional and flooding events have also underlined the need for coastal protection at the
stretch. From the 1954 orthophoto, it can be seen that there were groynes along the entire stretch and
a road section protected against overtopping by a seawall . This has also been documented in (DHI, et
al., 2010, pp. 2-9) with photos. In early 2000, the seawall needed restoration. Instead of repairs, a rock
revetment was constructed along the entire stretch with a concrete wall along the seaside of the sidewalk
above the revetment. The groynes found along the nourishment stretch were removed at the same time,
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and groyne rocks were utilized in the revetment structure. Following this project, a smaller nourishment
of unknown size was placed in the toe of the revetment, however, this sediment dispersed relatively
quickly. (DHI, et al., 2010).
The erosion went on, and it was decided to compensate by means of a beach nourishment in 2018 to
reduce undermining of the revetment, reduce overtopping and restore the beach.

4.3

Area 3

The topography of the area shows that there is an elevation increase along the coast from NE to SW.
The increase in topography terminates at the SW-boundary of area 3 where there is an outlet from an
inland low-laying forest and wetland area. This wetland area used to be arable land according to the 1954
orthophoto, but present time photos show a small nature area. Like area 2 the coastal stretch in area 3 is
affected by the sediment depletion following the harbor construction, and the development of a natural
coastal profile is generally affected both by the sediment deficit. Furthermore, the position of the terminal
groyne in area 2 has led to leeside erosion in the SW corner of area 3. Along the entire stretch several
groynes, concrete seawalls and rock revetments are found. Furthermore, flood protection has been underneath the bridge at the river outlet. This flood protection consists of a steel door, which can be lifted
by crane into a frame mounted on the seaward side of the bridge. It is only activate when elevated water
levels are expected.
The revetment seen at the parking area of Area 3 is relatively new and was constructed between October-2015 and February-2016 with an additional yearly nourishment of 55 m3 of sandy sediment at the toe
of the revetment (DCA - C, 2015) and the actual nourishment size was 200 m3 according to information
from the municipality. The required nourishment volume was estimated by the consultants in (COWI,
2015) by estimating the yearly retreat rate of the profile. By comparing the shoreline position between
1954 and 2013, aswell as from 1891 to 2002, the profile retreat was evaluated to be 0,09m/y on average.
The data included in the nourishment volume calculation are based on various shoreline estimations.
Over time the shoreline position is naturally affected by elements like water level, resolution of imagery,
the precision of historic maps used, etc. But in addition, the depletion of sediment input caused by the
harbor construction and the coastal protection of the evaluated stretch may have caused a significant
underestimation of the actual and natural potential sediment transport along the stretch.
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5 Analysis of the beach
nourishment
The following chapter present the results from the methods presented in section 3 in combination with an analysis of the results. The order of presentation
will be the same as in section 3.

5.1

Energy component

The long- and cross-shore energy components will indicate the direction in
which the sediment is transported. In general, the coast normal is shifting
along the stretch and changes from 125° to 140° due to the alignment of the
revetment, the harbor and position of the Terminal groyne, as presented in
(Rambøll - A, 2016, p. 6).
When analyzing the energy components, it is noted that a 5 degree shift to
either 140° or 130° in the coast normal has a significant influence on which
of the longshore energy component will dominate. The explanation can be
found when looking at the wave rose in Figure 5.1, which represents the wave
Figure 5.1: Wave rose presenting the wave characteristics for
data analyzed. The largest and most dominating waves are arriving within the
the entire study period from 16-08-2018 until 01-10-2020. The
two bins from 97.5° to 127.5°, but as there are close to no waves from the E to
directional bins are with 15° angle starting at 7.5°.
NE, the accumulated wave energy from S and SW makes the accumulated
effect of the SE waves relatively large. A 5° shift will therefore determine the dominating direction. As
the stretch of Faxe Ladeplads is located within a larger embayment, wave size and energy from SW are
restricted, due to the low water depth, short fetch length and relatively calm wind conditions. The energy
calculation of waves have therefore been restricted to include only waves from 45° to 200°.
In Figure 5.2 a bar chart with the hourly energy calculations is presented. The bar chart is included mainly
for illustrative purposes and for qualitative analysis of when, in different time periods analyzed, there has
been either NE- or SW-bound energy components. This is later included in the analysis of both difference
mappings and in the morphological description of the development and changes seen between individual drone images.
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Figure 5.2: The wave energy calculated for every hour presented as a bar chart.
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Periods

Period days

E total

E total

E total

E daily

E daily

E daily

Perpendicular

South Bound

North Bound

Perpendicular

South Bound

North Bound

Kg *

s-2

* 103

Kg *

s-2

* 103

Kg *

s-2

* 103

Kg *

s-2

Kg *

s-2

Kg * s-2

Period 1

126

653.2

163.1

55.4

5184.5

1294.5

439.5

Period 2

36

61.5

16.3

3.3

1708.6

452.4

90.7

Period 3

45

159.4

29.3

36.6

3542.8

650.7

813.5

Period 4

91

443.1

175.9

28.7

4869.4

1933.2

315.7

Period 5

101

255.5

86.7

25.9

2529.9

858.4

256.8

Period 6

95

571.8

153.4

70.2

6018.6

1614.3

738.8

Period 7

71

140.7

4.2

91.6

1981.4

58.9

1290.4

Period 8

212

559.0

193.8

42.4

2637.0

914.1

200.0

Period 1.1

63

384.5

121.4

18.7

6102.6

1927.5

297.0

2100.6

576.0

297.7

3751.0

1028.6

531.7

Period 1.2 560

Table 3: Wave energy calculations are presented for perpendicular North- and south bound directions. The energy is presented as the total energy calculated
for each period.

The acumulated energy is presented in Table 3 together with periodical divisions and lengths of period
in days. The cross-shore energy is by far the greatest compared to north- and southbound. However, this
is to be expected, when considering the wave rose presented in Figure 5.1. for longshore energy componets. Generally, southbound energy component values are bigger than the northbound ones.

5.2

Drone imagery

The drone imagery is analyzed from one date to the next, all presented in appendix b. The analysis is
mostly based on visual morphological analysis of the changes between individual photos taken on different dates, but will also rely on the energy component analysis from the above section and the wave and
water level plots for each period, attached in appendix F. There is no information to indicate that there
has been any re-nourishments, nor management of the beach after the nourishment was completed.
The only known intervention is removal of seaweed.
Period 1: from 16-08-2018 (WL 0.13m) to 20-12-2018 (WL 0.06m)
The nourishment has extended the shoreline seaward along the entire stretch. As seaweed occupied
the swash and part of the beach in the NE end, there are indications of wave action having affected the
nourishment before the image acquisition on the 20-12-2018. From position B, slight changes are seen in
area 3, as the beach section has narrowed and a significant amount of seaweed has accumulated on the
beach and in the toe of the revetment. Although not visible in beach width, already at this point, there are
indications of transport of sediment around the terminal groyne towards the SW and this despite the fact
that the detainment capacity of the terminal groyne was not reached on the 20-12-2018.
The energy components for period 1 suggest a significant larger cross-shore energy than either longshore components. The energy impact post-nourishment is presented in Table 4. From appendix F (Period 1),
Table 4 and Figure 5.2, three significant events between 29-01-2018 to 30-10-2018, 19-11-2018 to 21-11-2018
and 29-11-2020 to 30-11-2020 occurred on the nourishment stretch. These are the three most energy
intensive events throughout the entire study period and show significant wave heights above 1.25 m in
combination with water levels peaking above +1 m. This has led to a rapid redistribution of nourishment
sediment to an equilibrium profile, and the finished nourishment is likely to have been wider above mean
water level, than before this event. Note that the longshore components is significantly lower than the
crossshore component possibly leading to a more dominant cross-shore redistribution of nourishment
sediment.

26 Beach Nourishment Effects

From

To

Period days

E Perpendicular

E South Bound

E North Bound

27-11-18 00:00

20-12-18 00:00

23

178.9

18.3

16.5

Table 4: Energy components for the period between measurements conducted of the finished nourishment until the latest
drone photos after nourishment.

In addition to the analysis of available drone imagery and energy components, first hand experiences
and photo documentation are available from the storm, which occurred during 29th to 30th of October –
see Figure 5.3. From appendix F, period 1, this event is seen to have had a significant wave height of +1.25
m and that at the same time the water level peaked above +1 m. This led to installation of flood protection
at the outlet of the Faxe Å stream. The energy impact took place before the nourishment was completed
and the low grade of compaction led to long- and cross-shore transport. This is especially clear at the
outlet of the Faxe Å stream, which was completely closed due to sediment accumulation seaward of the
flood protection, which is seen in Figure 5.4. However, there was not enough longshore transport to increase the beach width at the revetment stretch in section 3, where fill stones from hard structures, cobbles
and pebbles accumulated at the toe of the revetment, while the erosion is seen to have reached even the
clay layers in the beach - Figure 5.5.

Figure 5.3: Photo acquired from the closed outlet from Faxe Å towards SW along area 3. Date 30-10-2018 at 09:51. Photo is
printed with restricted permission. Photographer: Katrine Harvey, Sjællandske Medier.
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Figure 5.4: Photo acquired from the terminal groyne in area 2, facing towards the outlet of the Faxe Å. Date 30-10-2018 at 09:51.
Photo is printed with restricted permission. Photographer: Katrine Harvey, Sjællandske Medier.

Figure 5.5: Photo acquired from SW end of revetment in area 3 towards the nourishment stretch and Faxe Ladeplads. Date 3110-2018. Photo is printed with restricted permission. Photographer: Poul Jensen, Municipality of Faxe.

Period 2: from 20-12-2018 (WL 0.06m) to 25-01-2019 (WL 0.29)
From position A the nourishment is found to have narrowed in the NE end and seaweed has accumulated in the immediate revetment toe, indicating high water levels during period 2. Looking at the
nearshore shoreface, the area with clear sandy seabed has extended seaward. This is caused by the
cross-shore sediment distribution already presented in period 1. The nourishment is slightly narrower but
this may also be caused by the high water level on 25-01-2019.
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Figure 5.6: Photo taken during low water from the harbor towards SW along the nourishment stretch. Date 01-01-2019 at 12:43
– modelled water level found to be -0.59 m. Photo is printed with restricted permission. Photographer: Helle Van Lüthje, Faxe
Ladeplads.

Figure 5.7: Photo taken during high water from the Harbor towards SW along the nourishment stretch. Date 02-01-2019 at 11:13
– modelled water level found to be +1.08 m. Photo is printed with restricted permission. Photographer: Helle Van Lüthje, Faxe
Ladeplads.

From position B, the most significant change is the increased extension and consistency of sandy seabed
in the nearshore shoreface. An explanation could be that the seaweed, which was covering the seabed
earlier has accumulated in the swash and the availability of sandy sediment has increased due to longshore transport.
From the image in position C, the distinction between vegetated and sandy seabed is clearly visible.
There is an indication of smaller breaker bars along the entire stretch, which migrates from the nourishment stretch downstream towards the SW, bypassing the terminal groyne into area 3.
Generally, the energy impact in period 2 is small and in conclusion, this period is the period with the
overall lowest energy impact. However, there is one event with water levels peaking above +1 m (02-012019 in appendix F). Luckily, this event was caught on camera by a local resident, with a low-water photo
from the 01-01-2019, presented in Figure 5.6 and a high-water photo from the 02-01-2019 shown in Figure
5.7. The photos are roughly one day apart but the water level changes more than 1.5 m between photos.
It is clear that some bar development has begun in Figure 5.6 and cross-shore equilibration has created
a wide plateau of nourishment sediment. The seaweed accumulation seen in the drone imagery from
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25-01-2019 is also seen as a very thick accumulation along the stretch in Figure 5.6, but low energy waves
and high water, as seen in Figure 5.7, have caused seaweed accumulation at the foot of the revetment in
the NE corner of the nourishment stretch.
Period 3: from 25-01-2019 (WL 0.34) to 11-03-2019 (WL 0.34m)
The image from position A shows that the narrowing of the beach in the NE corner during period 2 has
continued and the reduction of beach width has increased. In the SW end of the nourishment stretch the
beach width at the terminal groyne remains unchanged. This is not what could be expected, as Figure 5.2
shows that the last part of period 3 indicates a predominantly NE-bound energy component. The seabed
is widely covered in sandy sediment again and a clear-cut line can be seen between areas with vegetation and areas with sandy sediments.
From position B it is can be seen that the beach width in the downstream stretch have increased slightly.
Sediment bypassing the terminal groyne is still visible in the shoreface from the image in position C and
the shoreface still shows a clear distinction between the eelgrass vegetation and sandy sediment on the
seabed.
Period 4: from 11-03-2019 (WL 0.34m) to 10-06-2019 (WL 0.20m)
The photos from 10-06-2019 have a slightly lower visibility in the water column, which makes it difficult to
determine the extent of the sandy cover on the shoreface. The beach width has decreased along most
of the stretch with exception of the former narrowing of the NE corner of the nourishment stretch. An increase in beach width is seen here and the upper beach has gained volume, as well. The narrowest point
of the nourishment stretch is now further NE than was the case before. Despite a predominant longshore
energy component towards the SW during the entire period, the last 2 days of the period show waves
around 0.5 m in height coming from 130˚ to 210 ˚. This may have led to NE-transport leading up to the
photos taken on 10-06-2019.
From position B, it is now clear that an increase in beach width is occurrin in area 3. This increase makes
the width comparable to the pre-nourishment state. As presented in section 4.3 this section was nourished at the same time as the construction of the new revetment. Considering the small nourishment
volume of 55 m3/y this increase should probably be attributed to the entry of nourishment sediment from
area 2. Wave breaking seen from both positions A and C indicates that smaller bar systems exist along
the entire stretch.
Period 4 proves to be the period in which the SW-bound energy component is largest, relative to length
of period. This fits well with the longshore sediment transport from the nourishment stretch to the downstream stretch in area 3. It is likely that the last couple of days in period 4 are responsible for the positive
build up in the NE corner of the nourishment stretch. There have been three significant energy impacts
between 02-04-2019 and 23-04-2019 as seen both in Figure 5.2 and from wave and water level plots in
appendix F. Despite three high energy events with waves peaking above 1 m and one event with a water
level close to +0.5 m, the beach remains relatively stable during this period.
In addition to the drone images presented in appendix B, two additional photos taken on the 10-06-2019
are presented in Figure 5.8 and Figure 5.9. They show that aeolian transport processes can also affect the
stretch. The sediment transport across the beach is per se negligible, in terms of overall volume, but nevertheless, the dynamic behavior of the nourishment sediment is of interest for future projects. Especially,
as the natural sediment transport across the beach can play a role in buildup of smaller dune systems,
even though the orientation of the coast is towards SE.
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Figure 5.8: The staircase in the middle of the nourishment stretch leading from the main road to the beach. On multiple occasions the lowest section of the steps have been buried in sand due to aeolian sediment accumulation. Photo taken 10-06-2019.

Figure 5.9: Aeolian transport of sediment across the beach from the lower section to the upper section . The sediment accumulations on the upper beach have led to a vegetation increase. This vegetation line indicates the point up to which the waves
have affected the beach since nourishment. Photo taken 10-06-2019.

Period 5: from 10-06-2019 (WL 0.20m) to 19-09-2019 (WL 0.46m)
Seen from position A, the beach has generally widened and clear recovery of beach width and volume
is detected where depressions from periods 2, 3 and 4 was seen. In the nearshore shoreface, sandy sediment is again seen as far seawards as was the case on the 11-03-2019. This indicates that equilibrium in
cross-shore transport has been reach – at least for the affecting waves during the analyzed periods.
From position B the beach can be seen to have widened in area 3, while the sandy sediment cover now
dominates the nearshore shoreface.
From position C the extent of the sandy sediment cover is again fully visible in the nearshore shoreface
seaward of the nourishment. Conditions seem much like those seen on 11-03-2019, but now the beach
width has increased on the SW end of area 2, which indicates that the detainment capacity of the terminal groyne is reached.
During period 5, there has been a positive build up on the nourishment stretch. Some in combination
with significant seaweed accumulations. The seaweed has been dozed together in two larger heaps at
the shoreline as seen on the photo in Figure 5.10. When the heaps are removed this will also result in a
slight removal of sediment from the beach.
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Figure 5.10: Image of the beach acquired during the drone flight on the 19-09-2019. Note that seaweed have been gathered in 2
heaps for later removal.

During period 5, few energy peaks occur and generally, those that do are lower than those seen in both
periods 4 and 6. The cross-shore energy component in period 4 is only 60 % of that in period 4, despite lasting 10 days longer. The lower energy impacts fit well with the season and the onshore directed
sediment transport typical for low energy periods. This is likely to be responsible for the positive build up
and recovery of the beach. This positive build up takes place across the entire beach and earlier scarps
have now recovered. This is the result of slightly elevated water levels with low energy waves creating an
onshore-directed sediment transport.
Period 6: from 19-09-2019 (WL 0.46m) to 23-12-2019 (WL 0.39m)
From position A, it is clear that the recovery of the beach seen in period 5 has now been eroded again. It
becomes especially clear with the scarps seen in the NE corner of the nourishment stretch. However, this
strengthens the evidence that positive build up in the beach does not only take place in width but also in
the upper beach section, since this area was completely eroded during periods 2, 3 and 4. A large part of
the nearshore shoreface and the swash are now completely filled up with dead seaweed. Furthermore,
seaweed has been deposited all the way down to the toe of the revetment, indicating high water levels
and energetic waves in the period. The shoreline has receded along the entire stretch.
Period 6 is a high-energy period as is period 4. The overall dominating longshore component is still SWBound, but unlike period 4, the NE-bound energy components are now significantly higher. The period
from 05-12-2019 to 23-12-2019 is dominated by NE-bound energy components (Figure 5.2) with multiple
energy peaks from SSW to SSE and elevated water levels above 0.5 m (Appendix F - Period 6). This is the
most likely cause for the accumulation of seaweed and sediment in the NE corner of the nourishment
stretch on the 23-12-2019.
Period 7: from 23-12-2019 (WL 0.39m) to 03-03-2020 (WL 0.61m)
From position A, it is possible to identify several areas along the nourishment stretch where the beach
has receded while seaweed accumulations have decreased. The retreats in the shoreline and beach are
no longer uniform and especially at the most exposed part of the revetment near the terminal groyne,
there is a complete recession of shoreline all the way to the revetment toe.
A photo from position B was not available for the 03-03-2020. Instead, an image directly from the S is
used. From here, the sandy sediment cover is seen to be relatively uniform along the stretch in area 3 and
have widened compared to pre-nourishment. The beach width is comparable to that from 23-12-2019. The
sediment cover in the shoreface is visible for the nourishment stretch from position C, and it extends to a
comparable position seen in earlier periods.
The energy calculations shows that period 7 in general is a low energy period despite being a winter
period. The energy impact in period 7 resembles that of period 3, but a main difference is that period 7
shows to have a dominating longshore energy component towards NE. This is the only period where
the NE-energy component are significantly higher than the SW-bound. It is actually 20 times larger than
the SW-bound, which is unlike any other period. This is most likely the explanation for the reduction in
beach width along the terminal groyn and at the revetment section closest to the terminal groyne. The
NE-energy component have, in combination with the seaweed accumulation, led to significantly different
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beach width and elevation along the stretch. The beach form is in general undulating along the nourishment stretch. It must though be underlined that there still is a small alongshore bar in the entire stretch.
See photos from 1-03-2020 where the longshore bar systems is visible from a local resident’s window, at
low water.

Figure 5.11: Private photos from 12-03-2020 acquired while the water level was approx. -0.6m. Left image is taken towards the
NE, while the photo to the right is taken towards S-SW. Photos is printed with restricted permission. Photographer: Helle Van
Lüthje, Faxe Ladeplads.

Period 8: From 03-03-2020 (WL 0.61m) to 01-10-2020 (WL 0.31m)
As seen in periods 4 and 5, a recovery of the beach section in the NE end of the nourishment stretch
takes place. However, there has not been a full recovery at the SW part of the nourishment stretch where
some part of the revetment is still exposed. This is especially clear, seen from position C. There is some
indication of a smaller bar system along the entire stretch, though closer to the coast in the SW section
of the nourishment stretch. As for the 03-03-2020 no image from position B was available. Instead, an
image from the S is used. It reveals wave breaking along an almost uniform line, which indicates that a
smaller breaker bar system still exists. The beach width is close to intact in the SW downstream stretch.
The idea of a longshore breaker system can be confirmed from the photo from the nourishment stretch
presented in Figure 5.13. This breaker or low tide ridge-runnel system is also present in the downstream
stretch in area 3 Figure 5.12.

Figure 5.12: Image acquired on the 22-10-2020 at low water. The photo is of the downstream revetment in Area 3. Notice the
longshore bar system. This resembles a ridge and runnel system with rhythmic beach attachments and rip systems.

The runnel in the middle of the photo Figure 5.13 will resemble a trough during daily water and even a
small rip system is visual as it cuts through the wide and shallow bar in the middle of the image. Rhythmic bar and beach attachments are also present along the stretch, which in total resembles a self-balancing system at this point. Despite a reduction in beach volume and width there is still a clear positive
effect from the nourishment despite the fact that it was completed more than 2 years ago.
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Figure 5.13: Image acquired on the 22-10-2020 at low water. Notice that this dry sandy segment is below water during daily
water.

Although generally period 8 appears to be a high-energy period, it is not, when considering its length.
There are only few energy peaks during the entire period and these are mainly concentrated in the
middle of the period. However, the last half of the period has a low energy event though with some high
water events showing +0.5 m water levels. Interpretation of these are left out.

5.3

Elevation mappings

To assist in describing the evolution in the area, the area is divided into 3 land boxes L, and
3 sea boxes S, based on the maximum area of common data, shown with a polygon in Figure 5.14. The landward border is placed just seawards of a concrete flood protection wall,
but landwards of the rubble mound revetment. The depth of the seaward boundary varies.
The border between L- and S-boxes was the shoreline position post-nourishment 27-11-2018.
Based on the measured and available datasets the elevation models: “Before”-. “After” and
“Most recent” have been constructed, as described in section 2.2.1. The “before” measurement represent 25-09-2018, the “after” nourishment measurement represents the 27-112018, while most recent measurement represents the measurement from 09-06-2020.
The elevation maps are shown in Figure 5.15.
The depth of the included part of the uppe shoreface is found down to approx. 3.5 m
DVR90 which is described as shallow water.
Before the beach nourishment, the dry beach’s topography had a uniform alongshore
morphology in L1 and L2 down to the curvature in the alignment between the concrete
wall and revetment. The dry beach follows the curvature of the revetment until the effect
of the groyne sets in just within L3. From this point the dry beach curves outwards down
towards the groyne.

Figure 5.14: Study area divided into 6 boxes.
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Figure 5.15: Bathymetries before, just after and 1½ years after beach nourishment. Coastline is shown with a dashed line.
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The bathymetry shows a more varying picture. The variations of the outer part are impacted by the presence of seaweed, as seen in Figure 5.16. The presence of seaweed has been analyzed using ortofotos.
Four of these are shown in Figure 5.16.

Figure 5.16: Examples of orthophotos used for analysis of seaweed distribution.

The analysis of the bed vegetation distribution over time shows to generally cover the area outside the
wave dominated zone close to the coasts. The analysis also show variation in the coverage, and some
areas stay without bed vegetation for some years. These are located close to the harbor, and there is also
a large area perpendicular to the coast in the southern part of the area. Additionally, there are indications
of increase in spreading and landward migration between 1954 and 2018. The shoreward border of the
bed vegetation is primarily determined by the wave climate.
Just after the nourishment was completed the elevation in L1-L3 was heightened, as originally designed.
Also as designed, the shoreline follows the alignment of the rock revetment in L1 to L3.
In S1-S3 the nourishment has resulted in a seabed with nearly straight contour lines. The most seaward
part is impacted by the presence of seaweed. This results in small subsea “islands” or scatter on the
seabed, which are unnatural variations and the likely results of difference in vegetation cover and placement of the vegetation in time. It can though resemble larger sediments such as stones in some cases.
1½ years after the nourishment the shoreline has retreated in L1 and L2, which has resulted in a steeper
beach, because the inner part retains its original elevation. In L3 the shoreline position is the same as
right after the nourishment. The changes in the bathymetry in S1-S3 are relatively small after the nourishment.
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5.4

Cross section development

Three cross sections are chosen to show the cross-shore variation in detail.
The locations are selected to be representative of the study area. The locations of the profiles are shown in Figure 5.17.
Profile 1 represents the northern stretch of coast where the alignment of the
revetment is almost straight. Profile 2 is placed where the position of the revetment is most prominent. Profile 3 represents the stretch of coast influenced by
the groyne. The layout of the graphs of the cross section of the three profiles
are identical to facilitate comparison.
5.4.1
Profile 1
Figure 5.18 shows the evolution of profile 1. The nourishment is clearly visible
in the profile from 0,75 m, down to -2 m. The profile is almost linear. The width
of the nourishment is approximately 70 meters. The nourishment extended
the beach width by 20 m.
In June 2020 the coast has regained a natural one bar profile. The beach is
still wider compared to its pre-nourishment state. The extension can be assessed to be between 8 and 65 m because the elevation of the bar top is close to
0 m. The volume of the coastal profile is stable during the 1 ½ year period after
the nourishment and a shift of sediment from the beach to the bar is evident
in this profile. The variations between March and June 2020 show a buildup
process, compatible with the transition from winter to summer wave climate.

Figure 5.17: Location of cross sections.

Figure 5.18: Profile 1 evolution.

5.4.2
Profile 2
Figure 5.19 shows the evolution of profile 2. The nourishment is clearly seen in the profile from 1.4 m
down to -2 m. The profile is almost linear. The width of the nourishment is approximately 75 meters. The
nourishment extended the beach width by 20-25 m.
In June 2020 the coast has regained a natural one bar profile. The beach is still wider than before the
nourishment. The extension is only a few meters, but the elevation of the bar top is 0.5 m, indicating a
flatter profile. A net volume loss in the active coastal profile can be clearly seen and underlines the more
exposed nature of this section in comparison with profile 1. The variations between March and June do
not show a buildup process as in profile 1. This is probably caused by the exposed position of the revetment and the varying wave climate, which transports sediment both NE and SW from this section.
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Figure 5.19: Profile 2 evolution.

5.4.3
Profile 3
The evolution of Profile 3 is shown in Figure 5.20. The nourishment is clearly seen in the profile from 1 m
down to -2 m. The designed profile with a shift in gradient is clearly visible, and the volume is smaller than
for profile 1 and 2, as described in the initial project proposal. The width of the nourishment is approximately 75 meters. The nourishment extended the beach width by 5 m, but on the 09-06-2020 it is back
to same position as before nourishment, indicating that the detainment capacity of the groyne has been
reached. However, the shoreface volume is increased from -0.4 m and seaward until -2 m.
In June 2020 the coast has regained a natural one bar profile. The volume of the coastal profile has
decreased 1½ year after the nourishment, but is still larger than before the nourishment. The variations
between March and June show a build-up process, compatible with the transition from winter to summer
wave climate.

Figure 5.20: Profile 3 evolution.
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5.5

Difference elevation mappings

Difference mappings between the 3 elevation models described in section 5.3 are presented in Figure
5.21 for all 3 periods.
Before to After (Period 1.1): This difference mapping shows the changes from before nourishment to after nourishment. The nourishment elevation increase is clearly indicated in all boxes. It is to be noted that
accumulation also takes place outside of the analyzed boxes, but this accumulation will not be included in
the later volume analysis. The largest increase in elevation is found in L2 and S2. This corresponds to the
initial nourishment design described in (Rambøll - C, 2017). The planform and the extent of the nourishment resembles that presented in appendix A, revealing a good relation between initial design and finished form. However, there is a good chance that a significant volume of sediment has been transported
alongshore and therefore out of the analyzed area before the nourishment survey on the 27-11-2018. The
energy impact during period 1 is shown to be almost half of the total cross-shore energy during period 1.
This is not the case for the longshore energy component. Here the entire SW-bound energy component
of period 1 is 163.1 Kg * s-2 * 103 , but during period 1.1 (which is only ½ of period 1) this energy component is
121.4 Kg * s-2 * 103 . This SW-bound energy is concentrated around 30-10-2018 and 19-11-2018. Considering
the 7th and 16th -11-2018 photos from Figure 1.5 and Figure 1.6 there is a significant change in the outline
and shape of the nourishment in this period. Furthermore, the energy impact from the 30-10-2018 and
19-11-2018 had waves of more than 1 m in height for a period longer than 1 and 2 days, combined with
water levels between +0.4 m and +1.0 m. This is likely to have influenced the nourishment equilibration, as
this is known to initiate immediately after sediment is placed in any profile, but especially if the profile is
out-balanced.
Before to most recent: This difference mapping illustrates the elevation changes from the state before nourishment until the summer of 2020. This is the effect of the nourishment over 18 months. The
mapping shows that a significant increase in bed elevation is still present, despite a visual decrease in
the nourishment volume above daily water. This was also demonstrated in Figure 5.13. Furthermore, the
mapping in Figure 5.21 indicates that the nourishment is almost stable around the position of the small
longshore bar system and that there is a very clear mark indicating where the nourishment sediment has
been distributed cross-shore. There is also another finding regarding the shoreface. The extent to which
the nourishment sediment covers the seabed has decreased slightly compared to the difference map
“before and after”. This in combination with the knowledge on the extent to which the initial nourishment
was dozed seawards, is incompatible with a significant offshore distribution of nourishment sediment.
The effect of accumulation in the longshore breaker and longshore transport out of the area, are the
most likely reason for reduction of the seaward extent of the nourishment sediment. The longshore
transport towards SW was clearly seen from the analysis of drone imagery, but the NE bound sediment
redistribution can be documented via this difference mapping. Since close to 1/3 of the total longshore
energy component is NE-bound, it would be expected that some sediment would have migrated to the
NE, especially with the concentrated NE-directed energy component during period 7.
After to most recent (Period 1.2): This difference mapping illustrates how the nourishment volume has
been redistributed after it was placed. There can be little doubt that some sediment has been redistributed following the finished nourishment. This is to be expected with the general longshore transport.
What is interesting is the clear indication of cross-shore deposition in the NE-corner of S1. Furthermore,
the largest erosive impact seems to be taking place in the most landward part of L2. However, since this
was also the location that received most nourishment volume, it will show a larger erosion when sediment redistributes from here. It does however, resemble a hotspot for erosion and is likely to be the most
exposed area along the entire stretch, especially since it is exposed to all wave directions with the seaward position of the revetment. In the SE corner of S3 there is an increase in elevation which again points
to the SW-directed longshore transportation from the nourishment area into area 3 where a longshore
bar and runnel system has developed as shown in Figure 5.12.
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Figure 5.21: Difference mappings based on the datasets described in section 2.2.1.

5.6

Volume Development

The results of the volumetric analysis is presented in Table 5. As seen, the actual volume change found
between the “Before” and “After” measurements indicates a volume addition to the nourishment area of
45,653.6 m3. This is roughly 25.000m3 less than the final enterprise described in section 1.2.2. The missing
volume can be explained by multiple factors such as difference between shiploads and dry volume of sediment, rapid longshore transport, measurement inaccuracies, data resampling, and interpolation errors
etc. Nevertheless, the estimated volumetric change will be the volume, on which analysis will rely, as this
value resembles what is “really there“ at the time of survey.
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Volume

Before nourishment to after Nourishment:

Before nourishment to present:

change (m3)

From 25-10-2018 To 27-11-2018

From 25-10-2018 To 09-06-2020 From 27-11-2018 To 09-06-2020

L1

After Nourishment to present:

5820

4524

S1

11674

13543

1868

L2

7080

3664

-3416

S2

10953

8725

-2228

L3

2266

2361

95

S3

7859

5554

-2306

45654

38370

-7284

Sum

-1296

Table 5: Volumetric development based on the method described in section 3.2.4.

For the entire area analyzed, 85 % (or 38.370m3) of the nourishment volume (45.653m3) from the before/
after nourishment bathymetries still remain in the study area on 09-06-2020. It was clearly seen that
cross-shore and longshore redistribution have contributed to a positive volume development in S1, and it
also becomes clear that the dry beach still shows an increase in volume on 09-06-2020. The box, which
shows the highest post-nourishment erosion rate, is box L2, in which almost half of the nourishment volume placed here has been redistributed. Box L3 shows a slight increase in volume, which can be attributed
to accumulation on the beach, while the shoreline has retreated slightly following the equilibration of the
nourishment planform. In summation, all boxes are still experiencing a positive volume development on
the 09-06-2020, compared to the before nourishment survey from 2018. The sediment volume, which
is redistributed outside of the analyzed area, is 7283 m3 for a total period of 560 days. This leads to the
conclusion that the longshore transportation from the analyzed area is at least 4700 m3/y, not accounting
for the initial equilibration of the profile, which took place before the post-nourishment survey.
Table 6 shows the averagede elevation change for the individual boxes. The elevation changes are naturally not uniform across the box as seen from figure 5.21.
Elevation

Before nourishment to after Nourishment:

Before nourishment to present:

After Nourishment to present:

change [m]

From 25-10-2018 To 27-11-2018

From 25-10-2018 To 09-06-2020 From 27-11-2018 To 09-06-2020

L1

0.9

0.7

-0.2

S1

2.0

2.3

0.3

L2

1.5

0.8

-0.7

S2

0.5

0.4

-0.1

L3

0.1

0.1

0.0

S3

0.5

0.3

-0.1

Mean

0.9

0.8

-0.1

Table 6 Average elevation changes.
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6 Discussion
In the following section, the methods and results of the analysis of the impact of the beach nourishment
is discussed. Firstly, a discussion of the methods used, and data included will be presented while the last
section of the chapter will focus on the results in regards to research questions presented in the beginning of the report.

6.1

Methods

Energy Component
A relatively simple energy calculation has been used for the analysis of potential sediment transport
direction. The main focus of the included energy component has been to evaluate the dominating
direction of energy components in different, predefined periods. It has proven a valuable tool to obtain
a more qualified analysis of the changes found between different photos taken on different dates. It has
been possible to attribute the morphological changes during the development of the nourishment both
to wave energy, water levels and wave directions. However, it is necessary to underline that the data are
modelled, not measured. This can result in some offsets between the actual forcing conditions and the
ones presented in this report. A statistical analysis of measured and modelled water levels, in relation to
an analysis of a beach nourishment in Fredericia, showed that significant differences between the modelled data and the measured could occur. The diffraction of waves around the northern harbor pier is not
accounted for either. However, as there are no wave measurements available, the modelled data represent a solid dataset, which in every way has lifted the quality of the analysis.
Drone imagery
Visual analysis and interpretation of drone imagery is not an exact science. It does, however, increase the
possibility of documenting significant morphological changes above water, in high temporal resolution
and at low cost. This facilitates a detailed and qualified analysis of the changes in relation to modelled
hydrodynamic forcings between photos. The imagery does not make it possible to quantify the changes, but the morphological descriptions give a good overview of the changes taking place over time.
Without the high frequency of photos, it would not have been possible to document the dynamic in
the NE corner of the nourishment stretch. Here, at first, there is a very distinct beach reduction, which
is later substituted by accretion and recovery. This method can be qualified even more if it is included
in a monitoring scheme, in which position, photo height, and frequency is carefully planned. This could
potentially increase the knowledge gain on the nourishment dynamics, as comparison is easier with a
more structured setting of periodical length. It could also increase flexibility as field visits before and after
a storm would not require a lot of time or equipment.
Elevation, Cross section, difference mapping and volume calculations
One main element that sets the nourishment at Faxe Ladeplads apart from others analyzed during the
BwN project in the inner Danish waters, is the high temporal and spatial availability of survey data. It is
without questions the stretch with most data for the study period. Only the nourishment at Hald beach
from 1984 has higher spatial and temporal resolution, but the datasets from this nourishment scheme
are not available today (DCA - E, 2020). The spatial distribution, sampling technique and coverage differs
highly from one individual survey to the other and future surveys would benefit from a more homogeneous planning. The variations in data sources create some difficulties when it comes to analyzing the data,
since they do not always represent the same area nor are they collected using the same technique. The
three datasets used for difference mapping and volume analysis are different in multiple ways. The “before” survey consists of a multibeam survey, but without any measurements above -0.5 m and therefore
linear interpolations were made between the DTM2014/2015 and the survey. This obviously gives way for
significant errors, but as this was the best way to get full coverage of the nourishment area, it was chosen
over precision.
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The “after” nourishment survey is also inconsistent. It is compiled on the basis of a multibeam survey conducted on the 27-11-2018,
but the dGPS measurement of the beach was not conducted until a week later (04-12-2018). In the meantime, from 28th to 30th of
November a storm with waves above 1 m and incoming direction from 140° could be identified in the modelled data. This may have
altered the outline of the nourishment between measurements. Additionally, the average distance between beach and shoreface
measurements are roughly 20 m. This stretch between surveys were then covered with linear interpolation, again, giving way for
significant potential errors.
The last data set consists of single beam and dGPS measurements conducted on the same day but along pre-defined lines with
a spacing of 25 m. The area in-between is covered by linear interpolating. Naturally, this will have an effect when compared to the
multi beam survey, which has full coverage of the seabed in the analyzed area. Additionally, none of the surveys of the seabed could
remove vegetation from the measurements. Setting up a preplanned monitoring program would make future analyses more efficient and reliable.
Nevertheless, despite the disadvantages of the data, there can be no doubt that the data provides a good basis for analyzing the
impact of the nourishment development in terms of using quantifiable measures. This is a significant advantage compared to the
qualitative analysis. This has indeed underlined both the fact that the sediment from the nourishment has not only re-distributed
along shore, but has also increased the shoreface sediment volume significantly, meaning that the nourishment still provides protection in high energy events.

6.2

Results

How has the nourishment planform developed during the study period?
The close to linear placement of the nourishment has been altered during the study period, both in the visual section of the nourishment, but also in the below water section. The beach width of the nourishment has varied in both time and position during the
analyzed period and undulating features have been detected, depending on the dominating direction of the energy component.
Generally, the most exposed part of the revetment was found to have a narrower beach section, but the NE-corner also showed
instances of beach narrowing following wave impacts from the E. However, despite a complete retreat of the beach at some sections
of the stretch, positive buildup of beach in both width and height has occurred on several occasions. Despite a large part of the nourishment not being visible at the end of the study period, there is still a significant sediment volume (85 %) left in the nourishment
zone and a general formation of a longshore breaker system has been located along the entire stretch and even in the downstream
stretch, area 3. The NE-energy components showed a general build up in the NE-end of the nourishment area, while the SW-energy
components showed a decrease in beach width in the NE-end while sediment was transported in one or more undulating forms
towards the SW. It became apparent that the terminal groyne only had a brief effect on the shoreline position of the SW-end of the
nourishment stretch, which also meant that the shoreline retreated all the way to the revetment toe on the most exposed part of the
stretch. This sections (L2 in Figure 5.21) also showed indications of exposure during periods with dominating winds from SW and NE.
How much nourishment sediment can be traced within the nourishment stretch?
Of the 70.000 m3 of nourishment sediment placed on the nourishment stretch, only 45,500 m3 can be traced from the volumetric
analysis. Factors such as uncertainty of the actual nourishment volume, compactions of sediment, areas not included in the volume
analysis, data alignment methods, measurement errors, etc. can all contribute to the lower volume. The re-distribution of nourishment sediment is known to be most intense during the immediate post-nourishment period, due to the natural tendency for equilibration towards a natural profile, and the storm impact during the initial establishment of the nourishment plays a significant role in
the re-distribution of sediment. This took place even before the post-nourishment survey and is probably the reason for a significant
part of the "missing" nourishment sediment, as, at this point, it would already have been re-distributed along and across the stretch,
and carried out of the survey area. Taking the long-term sediment depletion of the stretch into account, it is not unexpected that
there has been a seaward and longshore equilibration and transportation of the nourishment sediment. Additionally, the post-nourishment survey was conducted with 7 days between surveys of beach and shoreface, respectively, during which time a high-energy
events hit the stretch. This is also likely to have affected the resulting survey.
What is the volume change and estimated sediment transport from the nourishment area during the analysis period?
Close to 39,000 m3 of the initial nourishment volume can still be traced within the nourishment stretch after 1.5 years, but most of
the nourishment sediment has been displaced below daily water in the build-up of a more natural profile along the stretch. Based on
the results presented in section 5.4, the annual transport out of the analyzed area is estimated to be at least 4,700 m3. This is based
on the nourishment volume documented from the post-nourishment survey, which was 25,000 m3 below the initial nourishment
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volume. Including the volume not accounted for in the volume analysis would result in an estimated
transport from the analyzed area of approximately 21,000 m3/y. These volume estimates do not account
for the direction of transportation, but merely describes transport out of the analyzed area. As shown by
difference mappings, NE-bound sediment transport has been encountered, but the dominating longshore energy component is towards the SW and accounts for roughly 2/3 of the longshore energy during
period 1.2 (from nourishment to latest survey). Transport of sediment offshore has not been detected.
The estimated transport from the area is between 4,700 m3/ and 21,000 m3/y seems a rough but
fair estimate, when compared to the initial estimations of 5,000 m3/y needed for re-nourishment, the
dredging volumes of >20,000 m3/y (section 4.1.1) and the model results presented in (Rambøll - B, 2016),
which showed a net 2500 m3/y longshore transport. The exact yearly sediment transport will, in accordance with a natural system, vary depending on forcing conditions. During the entire period the forcings
have caused a sediment transport from the area of at least 4,700m3/y. Based on the current state of the
nourishment stretch, re-nourishment will be required to compensate for the erosion and thereby reduce
wave overtopping of the concrete seawall during high water events with high wave energy. The highly
differentiated annual sediment transport from the stretch complicates calculation of the actual sediment
transport rate, but the transport out of the area must be between 4700 m3/y and 21,000 m3/y, and a replenishment volume of 5000 m3/y is likely to be adequate ,considering that the initial equilibration of the
profile has taken place. Equilibration of a nourishment means that even for the re-nourishments the first
period will show a high degree of erosion, but the nourishment will be more stable in time.
Considering the morphological and volumetric development of the current nourishment, how can
re-nourishment be conducted?
The natural coastal dynamic along the nourishment stretch has been difficult to analyze using traditional
methods. As the stretch lies in the immediate downstream stretch of a large harbor with its first piers
dating back to the middle of the 19th century, the natural dynamics of the nourishment stretch have been
unsettled for more than 150 years. Therefore, assumptions on the natural dynamics are based on the
upstream stretch of the harbor, but this calls for caution, as this is a sediment accumulation area. If the
sediment input were not controlled by the harbor, the active coastal profile of the nourishment stretch
would resemble that of the stretch up-stream of the harbor. Naturally, the inland accumulation would not
be identical, but beach width and shoreface characteristics are likely to be roughly the same. Sediment
would naturally bypass the stretch, due to the predominantly SW-bound sediment transport while the
shoreline position would fluctuate over the course of seasons and years. The nearshore shoreface would
indeed have a larger portion of sandy sediment in the active coastal zone and bed forms, such as ripples
and - at least one - longshore breaker system would be present. Before the nourishment, this was not the
case, and due to a general sedimentary deficit, the profile had steepened, and vegetation had migrated
landwards in connection with the increase in nearshore depth.
The nourishment increased the profile volume in general and the profile developed to even include a
longshore breaker system. The nearshore shoreface also demonstrated an increase in the area covered
by sandy sediment and the seaward extension proved to be close to that of the upstream stretch of the
harbor. Thus, the nearshore shoreface can be said to have reached a more natural state for the natural
dynamics and forcing conditions of the stretch.
As the upper beach section has retreated along the entire stretch, establishing a sediment “buffer” along
the revetment would increase the availability of sediment and increase the potential for shoreface buildup during storm impacts and counter erosion by extreme events. Combining it with planting of marram
grass or other native plant species in the upper sections and in the stoss side of the buffer, would facilitate a natural development including stopping of aeolian transport of sediment across the beach during
easterly winds. This would also increase both habitat and recreational values in the area. The species
of plant must be carefully chosen, so that their height does not interfere too much with inland homeowners’ ocean views, since this has been known to cause conflicts in previous projects (DHI, et al., 2010).
This in combination with an increased beach width could make for a more dynamic landscape. If an
aim is to ensure a given beach width at all times, the width should be measured at profile 2 where both
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beach and revetment are most exposed as presented, and therefor the nousihment could benefit from a
concentration at this area.
Furthermore, the analysis found that nourishment sediment occasionally miagrate towards the NE as a
natural process. This should also be considered in relation to any future nourishment planform. Establishing a more exponential planform of the nourishment from section L2 to the harbor corner would
gradually alter the coast normal towards the S and thus increase the periods where SW-bound transport
takes place. Furthermore, the accumulations of seaweed in the NE-corner could be reduced, although
not completely prevented. If these things are considered in future nourishments, the water exchange
pipe from the harbor must be moved slightly, while the overflow pipe from the city would probably be
covered by nourishment sediment. However, this must be analyzed in more detail.
Additionally, it would be a possibility to nourish along the newly developed bar section. The nourishment
could be placed on the seaward side of the current breaker, thereby increasing the breaker volume and
extending the shoreface seaward. This would also increase bar volume and potentially increase flood
protection during extreme events.
When nourishments are planned, the overall project could gain in quality if combined with the re-nourishment of the stretch in area 3. The current, planned nourishment in area 3 of 55 m3/y should be reconsidered, given the current knowledge on sediment transport rates in area 2. Making a combined project
would increase the longshore coherency and in general take into account the natural system behavior.
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7 Conclusion
How has the nourishment planform developed during the study period?
Since the beach nourishment was completed the nourishment width has generally decreased along
most of the stretch, with the exception of the embayment just NE of the terminal groyne, where the
beach width remains the same as before the nourishment. However, there have been fluctuations in the
shoreline position and even in the elevation of the upper beach, which showed both negative and positive changes in beach width and height. Following the placement of nourishment and equilibration over
time, a longshore breaker system has developed along the entire stretch.
How much nourishment sediment can be traced within the nourishment stretch?
Of the planned 70,000 m3 of nourishment volume, only ~45,500m3 could be documented in the volume
calculations of the post-nourishment measurement. Despite volume re-distribution during the analysis
period, more than 38,000 m3 (85%) of the nourishment volume remained within the analyzed zone on
the 09-06-2020, which was more than 1.5 years after placement. This fits relatively well with the proposed re-nourishment of 3-5,000 m3/y.
How has the nourishment volume been re-distributed?
Most of the nourishment volume visible in the beach has been transported across and along the profile
in the buildup of cross-shore bed forms and in equlibration of the profile, but the sediment has also been
found to add to beach width and volume, as well as (increase) the longshore breaker in the downstream
stretch, area 3. Furthermore, some nourishment sediment has been transported towards the NE. The extent of the measurements did not allow for an analysis of the actual volumes transported, neither towards
the NE, nor the SW, but as regards the energy components the dominating longshore transport direction
should be towards the SW.
What is the estimated sediment transport out of the nourishment area?
The sediment transport rate has been evaluated for a pre-defined area, in which measurements are
found to be representative for the three selected survey areas. This meant that the analysis area does not
cover the entire nourishment area, and therefore an approximation of transport out of the area has been
made, without concern for neither NE nor SW directed transport. The estimated sediment transport to
the surrounding stretch is estimated at 4700 m3/y with a dominating transport direction towards the SW.
Considering the morphological and volumetric development of the current nourishment, how can
re-nourishment be conducted?
Increasing the beach width in combination with establishment of a sediment buffer with vegetation on
or along the revetment would increase the resilience of the flood defense during high tidal events with
high energy waves. The planform of the nourishment could be altered from a rectangular shape to a
more trapezoidal shape with an exponential shape close to the harbor, decreasing potential NE directed
transport. Furthermore, a strengthening of the nearshore shoreface with respect to the present longshore breaker system could increase the development of the breaker system and thereby make it more
resilient during high energy events. The project would benefit form including the nourishment in area 3 in
order to strengthen the coherent composition of the stretch and to be obtain a better long-term effect of
the nourishment.
With respect to current data, in general, the project could benefit from a pre-planned monitoring campaign to secure a more complete and generally more exhaustive data acquisition in the future.
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8 Further considerations
The nourishment stretch analyzed in this report has been analyzed in several earlier report. The main
focus has been on impact assessment of the harbor construction, coastal protection, and in the evaluation of nourishment development. It has also been the topic of in master thesis. To have such an extensive
basis for literary studies is a rarely encountered luxury at the inner Danish coastlines in the Baltic Sea area.
This availability provides a foundation for increased understanding of the morphology of the stretch and
the natural dynamics, as several others have worked with it, continuously. In general, the availability of literature and data has increased the potential of the analysis of the natural development of the stretch while
acquisition of data during the monitoring period has facilitated both quantitative and qualitative analyses
of the nourishment behavior - again leading to increased understanding and potentially a gain when planning for future nourishments.
The nourishment has been found to develop into a natural shape, which, despite a reduction in beach
width, has significantly increased the profile volume below 0 m. If future nourishment campaigns of area
2 and 3 are combined, equal nourishment amounts along the stretch could be a possibility. Although 55
m3/y is currently placed in area 3, this is hardly enough, considering the sediment re-distribution in area 2.
Furthermore, the project could gain a lot from monitoring not only the areas in which nourishment
sediment is placed but also in the adjacent areas. Naturally, increased monitoring also leads to increased
costs, but by acquiring data before and after a storm, undertaking yearly measurements, recording drone
imagery, etc. does not only create a pool of data for analyses, it also provides material for external PR and
for documentation to potential stakeholders. If published wider the interest in the project and the increase
in natural and recreational value could potentially facilitate increased interest in the project.
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Appendix A
– Planimetric design of nourishment
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Appendix B
– Stacked drone imagery
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Appendix C
– Orthophoto timeline

Area 1

Area 2

52 Beach Nourishment Effects

Area 3
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Appendix D
– Historical aerial photos of the harbor

Both images within appendix D are acquired from the Royal library of Denmark from the website “Danmark set fra luften”. The exact date of the photos are unknown, but both are from the period between
1936 and 1950. (Aero Express, 1936-1950).
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Appendix E
– Bathymetries
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Appendix F
– Wave height, direction and water level

Elevation in m (DVR90)

Period 1
2
1,5

Period 1

1
0,5
0
-0,5
-1

Mean Wave Direction

Water Level

Wave Height

360
270
180
90
0

mdir

Elevation in m (DVR90)

Period 2
1,5
1

Period 2

0,5
0
-0,5
-1

Mean Wave Direction

Water Level

Wave Height

360
270
180
90
0

mdir

Beach Nourishment Effects 57

Elevation in m (DVR90)

Period 3
1,5
1

Period 3

0,5
0
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Mean Wave Direction

Water Level

Wave Height
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0
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Elevation in m (DVR90)

Period 4
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1
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270
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0

mdir
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Elevation in m (DVR90)

Period 5
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1

Period 5

0,5
0
-0,5
-1

Mean Wave Direction

Water Level

Wave Height

360
270
180
90
0

mdir

Elevation in m (DVR90)
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2
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Elevation in m (DVR90)

Period 7
2
1,5
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Elevation in m (DVR90)
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2
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1
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