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Cover page  
 

This report is the second deliverable of Work Package 7 (WP7 - D7.2 Boundary conditions for the physical 

modelling of extreme storms) in the DuneFront project. DuneFront focuses on better understanding dune-

dike hybrid Nature-based Solutions (DD-Hybrid NbS) to create sustainable, inclusive, and aesthetic coastal 

management infrastructure. These innovative solutions aim to integrate biodiversity while addressing 

significant socio-economic challenges along Europe’s densely populated coasts. In the scope of the report 

of the first deliverable, D7.1 (Adeli et al., 2024), by studying existing hybrid Nbs, a framework for a better 

understanding of the design aspect of these systems was presented. 

The DuneFront project considers twelve Demonstrators across six countries—Portugal, France, Belgium, 

the Netherlands, Germany, and Sweden—with diverse functionalities and environmental conditions. In the 

scope of the first phase of this work package, D7.1, from these twelve Demonstrators, seven Demonstrators 

were selected based on the dike contributing to the coastal protection functioning of the DD-Hybrid NbS for 

detailed analysis. A comprehensive overview of design methodologies, stability measures, and monitoring 

and maintenance practices of the selected seven Demonstrators was provided. 

The present report (D7.2) describes the findings of Task 7.2 in Work Package 7. The main objective of Task 

7.2 is to determine the extreme storm boundary conditions for configurations which will be modelled in the 

three laboratory test campaigns, by schematizing those Demonstrators and including potential future 

developments including climate change. 

This report lays the groundwork for better understanding the design aspects of these systems with respect 

to flood safety by conducting a parametrization process on existing and selected DD-Hybrid Nbs and 

possible future developments on them.  

For this task, a final four Demonstrators were selected where the dike structure has a safety function, 

enough knowledge of the conditions was available, and the situation is rather two-dimensional. These were 

Middelkerke and Raversijde in Belgium, Katwijk in the Netherlands and Sankt Peter-Ording in Germany. 

Besides the conditions during the original designs, also possible future changes in the conditions (including 

sea level rise, dune growth, and changing design standards) are explored, as they might influence the 

required range of conditions to be tested. Next, one general parameterization of (two-dimensional) dune-

dike structures is proposed, and the parameter values are determined for the four selected Demonstrators.  

In general, this report, the second deliverable of Work Package 7, aims to provide a comprehensive 

overview of the extreme storm boundary conditions for four Demonstrators which are going to be modelled 

in the laboratory. The presented knowledge in this report will be used during the physical modelling studies 

in the scope of WP12 – Coastal protection functioning.  
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Notation 
Parameter Explanation 
αbeach Angle of the (uneroded) beach (degrees) 
αbeach, eroded Eroded beach slope (degrees) 
αdike Slope angle of seaward dike slope (degrees) 
αdune Slope angle of seaward dune slope (degrees) 
βIG Wave incidence angle of free infragravity waves  (degrees) 
βss Wave incidence angle of sea/swell waves (degrees) 
d50 Sand diameter (micron) 
D Storm during (entire storm, used for morphology) (hrs) 
Ddune Distance between dike and dune (m) 
hdunefoot  Elevation of transition dune/beach w.r.t. design water level (m) 
hdeep Depth at which the offshore wave boundary conditions are 

specified (m) 
htoe Depth at toe of the dike at maximum eroded dune (m) 
Hm0 (Spectral) significant wave height 
Hs,IG Offshore significant wave height (Hm0) for free infragravity waves 

(m) 
Hs,ss Offshore significant wave height (Hm0) for sea/swell waves (m) 
Rcdike Crest freeboard of dike relative to extreme/design water level (m) 
Rcdune Crest freeboard of dune relative to extreme/design water level (m) 
T Duration of design storm (total storm) (hrs) 
Tdike Duration of significant load on dike (hrs) 
Tm-1,0 Spectral wave period based on entire spectrum, m-1/m0 (s) 
Tm-1,0,ss  Spectral wave period for sea swell wave part of the spectrum (s) 
Tm-1,0,IG Spectral wave period for (total) infragravity wave part of the 

spectrum (s) 
Tm-1,0,FIG Spectral wave period for free infragravity waves (s) 
Tp Peak Wave Period (s) 
Ts Storm duration  
Wdike Crest width of dike (m) 
Wdune Crest width of dune (m) 
Wwall Width of wall at top of dike slope (m) 
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List of abbreviations 
Abbreviation Explanation 
AMSL Above Mean Sea Level 
BE Belgium 
DD Dune-Dike 
DD-Hybrid Dune-Dike Hybrid 
DEM Digital elevation model (including objects) 
DiD Dike in Dune  
DiFoD Dune in Front of Dike  
DTM Digital Terrain Model (representing ground surface without objects) 
FEMA Federal Emergency Management Agency 
FIG Free infragravity waves 
GDP Gross domestic product 
IG waves Infragravity waves 
DWL Design water level 
HR2006 Hydraulische randvoorwaarden primaire waterkeringen voor de 

derde toetsronde 
LAT Lowest Astronomical Tide 
LIDAR Light Detecting And Ranging, typically indicates laser scanning to 

obtain DEMs / DTMs 
M7.1 Milestone 7.1 
MSL Mean sea level 
NAP Normaal Amsterdams Peil (Dutch reference level), approximately 

equal to MSL 
NbS Nature-based Solution 
NHN16 Normalhöhennull 2016 (German reference level), approximately 

equal to MSL 
NL The Netherlands 
RGB Colour model for images (Red, Green, and Blue) 
RP  Return Period 
SLR  Sea Level Rise 
SPO  Sankt Peter Ording 
TAW  Tweede Algemene Waterpassing (Belgian reference level), 

approximately equal to a low tide water level 
VTV2006 Voorschrift toetsen op Veiligheid Primaire Waterkeringen 

(Guidelines on the assessment of primary flood defences) 
WP7 Work Package 7 
WP12 Work Package 12 
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1. Introduction 
1.1 Background 

The primary objective of the DuneFront project is to optimize dune-dike hybrid Nature-based 
Solutions (DD-Hybrid NbS) as a new generation of sustainable, inclusive, and visually pleasing 
blue-grey coastal management infrastructure. This approach aims to integrate biodiversity 
into addressing one of the most significant socio-economic challenges along European 
coasts. These coasts are among the world’s most densely populated, with natural sand dune 
barriers often replaced by traditional hard coastal protection structures. 

Without necessary adaptive measures, the number of people exposed to floods is expected 
to rise dramatically, from 15,000 to 187 million worldwide by the end of the 21st century 
(Lomborg, 2020). Similarly, total economic costs could increase from 0.008% to 5.3% of GDP. 
In Europe, substantial flood risks from sea-level rise are anticipated along the coasts of the 
North Sea, the Baltic Sea, and the Atlantic Ocean, while climate extremes are expected to 
impact the Mediterranean coasts of Southern Europe (Vousdoukas et al., 2017). 

 

Figure 1 – DuneFront concept in one graphical abstract. 

Future coastal management must go beyond the current fixed and non-adaptive flood 
protection setups. Hybrid NbS, which integrate static hard infrastructure with dynamic aeolian 
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and vegetated sediments, are being developed along many urbanized areas of European 
sandy coasts, though on a small scale. The integration of dikes and dunes for coastal 
protection, known as dune-dike hybrid Nature-based Solutions (DD-Hybrid NbS), exemplifies 
this approach. Such blue-grey infrastructure offers advantages for coastal safety and 
protection that neither hard (dikes, seawalls) nor soft (beach nourishments, existing dunes) 
infrastructure can achieve alone. A key aspect of their adaptability to sea-level rise is the 
integration of a hard safety line (dikes) with resilient, biodiverse dune systems that function 
only when both physical and biological conditions are met. This blue-grey infrastructure will 
provide an integrated, multidisciplinary coastal management system. 

The DuneFront concept is shown in one graphical abstract in Figure 1.   

1.2 Overview of Work Package 7 (WP7 – Demonstrator Design) 

The primary challenge of the DuneFront project is to identify and understand the biological, 
physical, and socio-economic boundary conditions and their interactions. This 
understanding will help tailor specific marine and coastal DD-Hybrid NbS to protect human 
assets, activities, and well-being while enriching coastal biodiversity. This approach surpasses 
traditional single coastal flood protection methods. DuneFront aims to achieve this by 
translating evidence from twelve Demonstrators along vulnerable European coasts into new 
roadmaps for DD-Hybrid NbS design and installation. 

To achieve optimal designs for biodiversity, coastal safety, and cost-efficiency, DuneFront will 
evaluate Demonstrators across four sea or ocean basins: the Mediterranean, Atlantic, North 
Sea, and Baltic. This evaluation involves analyzing both existing and new data for each 
Demonstrator. Key aspects of this analysis include dimensions and design, sediment 
dynamics (erosion/accretion dynamics), coastal protection functionality, vegetation 
development, and the evolution of habitats, invasive species, and ecological integrity. The 
connection between different work packages of the project is illustrated in Figure 2. 
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Figure 2 – DuneFront project structure and relation of WP7 with other work packages included in the project. 

Work Package 7 is needed in preparation of Work Package 12, where physical modelling 
studies will be undertaken: 

• Dutch Physical Twin: study of hydraulic loads on dike behind an eroded dune, 
• German Physical Twin: study of vegetation effects on dune erosion, 
• Belgian Physical Twin: study of dune erosion and overtopping for dune-dike 

combinations. 
These models will be ‘physical twins’ of selected Demonstrators in the respective countries. 
However, at the same time, a common generic schematization of these physical twins will 
enable a better comparison and combination of the results. 

WP7 includes two different sub tasks. In the first task of WP7 (Task 7.1) existing design reports 
from all Demonstrators were collected and investigated and a final selection of Demonstrators 
was made based on defined selection criteria to determine the functionality of both dunes 
and dikes for coastal protection for flood safety (Adeli et al. 2024). This task involved 
reviewing, cataloguing, and comparing design methods for twelve Demonstrators. After 
further selection, the number of the Demonstrators were reduced to seven. The related 
deliverable, report D7.1 has provided a comprehensive overview of the various methodologies 
employed in designing dune-dike hybrid NbS. The report has identified key knowledge gaps 
and set a foundation for future research and development. The identified knowledge gaps will 
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be utilized in WP12 to enhance our understanding and coastal safety related design aspects 
of the DD-Hybrid NbS defence system. 

1.3 Aim and objectives of this report (Task 7.2) 

This report is the second and final deliverable of WP 7. The main objective of this report is to 
determine the extreme storm boundary conditions for three Demonstrators which will be 
modelled in the laboratory. These boundary conditions include future developments like 
climate change. Furthermore, this report lays the groundwork for better understanding the 
design aspects of these systems with respect to flood safety by conducting a 
parametrization process on existing and selected four dune and dike hybrid nature based 
solutions (DD-Hybrid Nbs) and possible future developments on them. The parametrization 
will be used to prepare the physical model testing in the project, as well. In the scope of this 
report, a schematization of dune-dike profiles that links all three physical modelling 
campaigns in a single framework, is also proposed. 

1.4 Approach and outline of this report (Task 7.2) 

To achieve the aim, first an additional selection from these seven Demonstrators is conducted 
in Chapter 2. Selection criteria include four main features which are whether the dike structure 
has a safety function, existence of design report, design/extreme wave boundary conditions 
and official government safety assessment methodology.  
 
The Demonstrators, for which designs were made in the past, might be impacted and 
changed by future developments. Therefore, in order to derive knowledge that is of 
importance to (the design of) future dune-dike developments, as assessment is made of 
possible changes. Therefore, in Chapter 3 possible future developments of the Demonstrators 
are considered, like climate change and dune growth.  
 
Next, in Chapter 4, one parametric framework is proposed that fully describes the most 
important aspects of a typical dune-dike system in terms of its coastal flood safety function. 
The specified value ranges of these parameters are based on the specific information that 
was gathered in the deliverable D7.1. By using the parametric framework it is discovered that 
information was not complete for all Demonstrators, which is subsequently modelled, added 
or estimated. 
In DuneFront both dune erosion and dike stability are studied. The flood safety approaches 
for these two fields of study differ. The vegetation aspects relevant to coastal safety context 
represent another relatively unexplored field of study. Aspects of all these fields need to come 
together in one characterization. A common generic framework is aimed to help 
communication between these different approaches within the project. 
 
In Chapter 5, the parameterization is made for the Demonstrators describe in the preceding 
chapters. From this the possible value ranges of these Demonstrators are obtained. In 
Chapter 6, the parametrization will be used to prepare the physical model testing in the 
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project, as well. In the scope of this report, a schematization of dune-dike profiles that can 
be applied in all three physical modelling campaigns is also assessed in this report. The results 
are discussed as well. 
 
In Chapter 7, a general discussion about the presented information and findings in this 
report is given and in Chapter 8, conclusions of the report are presented.  
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2. Selection of Demonstrators 
2.1 Assessment of Demonstrators in D7.1 

A total of twelve Demonstrators each located in different coastal regions across Europe were 
selected for the DuneFront project in the beginning of the project. This diverse selection 
ensured a comprehensive evaluation of various DD-Hybrid NbS under different environmental 
conditions and governance structures as shown in Figure 3. 

In the previous task (D7.1), based on the provided background and descriptions of the twelve 
selected Demonstrators (Section 2.3 in D7.1 report), the number of Demonstrators aimed to 
be the focus of the flood safety studies in WP7 and WP12, narrowed down to seven that have 
the potential to stand out as representatives of DD-Hybrid NbS. The criteria for this second 
selection step are based on the functionality of both the dune and dike in terms of coastal 
safety, specifically focusing on the presence of a Dune-in-front-of-Dike (DiFoD) or a Dike-in-
Dune (DiD). A comprehensive overview of these seven coastal Demonstrators across six 
European countries is shown in Table 1. 

 

Figure 3 - Overview of the twelve Demonstrators and their location along the European coast (indicated using 
green pinpoints). 
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Table 1 - The overview table of twelve selected Demonstrators. 

 A B C D E F 

 Demonstrator Dune-Dike 
configuration 

Dike has 
safety 

function? 

Design 
report 

available? 

Design/extreme 
boundary 
conditions 
available? 

Official 
(local) 

government 
safety 

assessment 
methodology 

available? 

1 Dunkerque (FR) 
Dune-in-front-of-

Dike yes 
To be 

checked Yes Yes 

2 
Sainte-Marie La 

Mer (FR) 
Dune-in-front -  

of-Dike yes no no yes 

3 
Living Lab 

Raversijde (BE) 
Dune-in-front-of-

Dike yes Dune only yes yes 

4 Middelkerke grass 
dike (BE) 

Dune-in-front-of-
Dike/Grass dike? 

yes yes yes yes 

5 Katwijk (NL) Dike-in-Dune yes yes yes yes 

6 
Sankt Peter-Ording 

(DE) 
Dune-in-between-

Dikes 
yes yes yes yes 

7 Ystad (SE) 
Dune-in-front-of-

Dike 
yes no no no 

 

2.2 Further selection in the scope of D7.2 

In this report, in the scope of D7.2, a further selection is made for these seven Demonstrators. 
In this selection, two main criteria are considered. First of all, those Demonstrators are chosen 
that can be schematized in a two-dimensional fashion. The largest length of protections can 
typically be schematized in two dimensions (cross-shore and vertical), where typically locally 
at the edges the hybrid protection is truncated and bends. Therefore, also two-dimensional 
flume tests will be performed in WP12, for which this is the preparation.  

Secondly, those Demonstrators are chosen for which enough information could be obtained. 
Enough information criteria include four main features which are whether the dike structure 
has a safety function, existence of design report, design/extreme wave boundary conditions 
and official government safety assessment methodology. After the consideration of these 
features, as can be seen in Table 1, four DD-Hybrid NbS Demonstrators satisfy these 
mentioned two criteria. These are: 

• Living Lab Raversijde (BE) 
• Middelkerke grass dike (BE)  
• Katwijk (NL)  
• Sankt Peter Ording (DE)  



 

 

15 
 

In this report, extreme storm boundary conditions of these four DD-Hybrid NbS 
Demonstrators are presented to fulfil the objective of Task 7.2 and a preparation is 
conducted for three physical modelling campaigns in the scope of WP12. 

2.3 Background information about selected Demonstrators 

In this section, background knowledge according to D7.1 on selected Demonstrators are 
summarized. This summary includes the information about their typical shape, design criteria, 
sea level rise scenarios, nourishment works. It contains the same info as deliverable D7.1, 
appended with addition detailed info needed for the systematic comparison in the present 
report. 

2.3.1 Living Lab Raversijde (BE) 

The Living Lab Raversijde Demonstrator is located in Raversijde, neighbourhood of West 
Flemish town of Ostend. This Demonstrator is an example for the Dune-in-front-of-Dike 
(DiFoD) case, with a gap in between dune and dike. It is a collaborative effort between the 
Flemish government and the city of Ostende, forming part of the coastal safety plan. The 
Demonstrator was completed in 2021. In Figure 4, a picture of the Demonstrator site is shown. 

 

Figure 4 - Living Lab Raversijde (BE) Demonstrator, Dune-in-front-of-Dike. 

The design type is a dike on a shallow foreshore, which includes a low embryonic dune and a 
beach.  

The safety assessment methodology used is deterministic with a return period of 1000 years 
and the design aims to ensure safety until at least 2050. The design storm duration for 
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morphodynamics is 45 hours and the maximum storm surge assumed at the mean spring 
high water level. The design incorporates two safety criteria: the mean overtopping discharge 
must not exceed 1 l/s/m, and there should be no initial structural damage to the dike. 

As it is mentioned in D7.1, safety assessment of the Belgian Demonstrators is required every 
six years and this assessment includes the monitoring of beaches and dunes twice per year 
and the foreshore bathymetry once in a year. Beach nourishment activities are conducted if 
there is a need according to this safety assessment of the design. 

2.3.2 Middelkerke-grass dike (BE) 

The Middelkerke-grass dike Demonstrator is located in Middelkerke, Belgium. This 
Demonstrator is an example for the Dune-in-front-of-Dike (DiFoD) case, where the dune 
connects to the dike (no gap). It is a collaborative effort between the Flemish government and 
the city of Middelkerke, forming part of the coastal safety plan. The construction was 
completed in 2023. In Figure 5, a picture from the Demonstrator site is shown. It is important 
to note that the word “grass dike” for this Demonstrator actually refers to the dune (with 
marram grass), which is not intended to be too dynamic. 

 

Figure 5 - Middelkerke – grass dike (BE)  Demonstrator, Dune-in-front-of-Dike. 

The Middelkerke- grass dike Demonstrator has valuable data sources that include DTMs and 
RGB drone images, which provide detailed information for analysis and planning. Additionally, 
data on tidal vegetation and citizen science initiatives offer valuable insights into biodiversity 
and ecological dynamics.  Socio-economic aspects and ecosystem services are assessed 
within the SARCC project, utilizing questionnaires and analysis to evaluate factors such as 
increases in land and property values, amenity benefits, and avoided costs associated with 
sand cleaning efforts. 
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The Middelkerke-grass dike Demonstrator was designed to resist a 1000-year returning storm 
with a target water level elevation of 10.5 meters above chart datum (Tweede Algemene 
Waterpassing (TAW), in Dutch) with a deterministic approach. However, there is also a strong 
emphasis on integrating recreational elements into the design. The safety criteria for the 
design include maintaining a minimum dune volume and ensuring the maximum allowed mean 
overtopping discharge is not exceeded. 

A monitoring and maintenance plan is included in this project. Monitoring is conducted twice 
a year using LIDAR, before and after winter, along with some results from drone monitoring. 
Additionally, a maintenance plan is available to ensure the ongoing integrity of the design, and 
the design includes a safety criterion for maintaining a minimum dune volume, the beach 
profile meeting requirements related to the exploitation of the beach and the beach slope to 
avoid cliff formation after summer storms. 

2.3.3 Katwijk (NL) 

The Katwijk Demonstrator “Kustwerk Katwijk” was completed in 2015. It is located in Katwijk, 
the Netherlands and an example for Dike-in-Dune (DiD) case. In Figure 6, pictures from the 
Demonstrator site are given. 

  

Figure 6 – Katwijk Demonstrator, Dike-in-Dune (DiD) case. 

The dike and dune combination consists of a dike profile or revetment with a top layer of 
placed blocks, situated inside the dune. The general cross-section of this revetment is 
illustrated in Figure 7 (Nielsen & Nedam, 2014). In Figure 8, the design profile for the beach is 
provided, as illustrated by Boer & Wouters (2014). 
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Figure 7 - General cross section of hard construction (Rohde Nielsen & Ballast Nedam, 2014). 

 

Figure 8 - Design (requirement) of the beach profile to be constructed (Boer & Wouters, 2014). 

As stated in D7.1, the design method for the project is based on conditions determined by the 
Dutch probabilistic safety system, HYDRA-NL, which sets an exceedance probability of 1 in 
10,000 years. In Boer & Wouters (2014), different lifetimes have been considered for the 
design process due to the easier adaptation of dune rather than the buried revetment. These 
lifetimes have been taken into account are 50 and 100 years. In 50 years of lifetime case, 
adaptations such as increasing the sand volume and raising the crest height of the dike, have 
not been taken into account. In 100 years of lifetime scenario, these adaptations were 
considered, and the dike slope is designed to meet the requirements for a 100-year lifetime 
from the outset.  

Besides there is not a maintenance plan for Katwijk Demonstrator, dune profiles are measured 
annually and according to the Dutch Law (Omgevingswet, Environment and Planning Act, 
Waterwet, or Water Act), the safety of primary sea defenses in the Netherlands must be 
assessed every twelve years. In the first assessment round during the lifetime of the dike-in-
dune project, known as LBO1, it was observed that the dunes had grown, ensuring that the 
dike slope would not be reached by a design storm. As a result, the dune-dike part of the 
protection was approved (Hoogheemraadschap van Rijnland, 2022). 
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2.3.4 Sankt Peter-Ording (DE) 

The Sankt Peter-Ording Demonstrator is located in Sankt Peter-Ording municipality in the 
district of Nordfriesland, in Schleswig-Holstein, Germany and an example of Dune-in-
between-Dikes case. Regional dike in the Demonstrator was constructed between 1969 and 
1972 and the last dike reinforcement in the Demonstrator site was conducted between 1994 
and 1996. In Figure 9, a view from the Demonstrator site is presented. 

 

Figure 9 - Sankt Peter-Ording Demonstrator. 

In Schleswig-Holstein where the Sankt Peter-Ording Demonstrator is located, a deterministic 
design methodology is applied for designs. In this deterministic method, a statistical extreme 
value approach was utilized with a return period of 200 years. In this method, safety margins 
were determined as 0.5 l/s/m for wave overtopping and 0.5 m sea level rise. Depending on 
the considered aspect, the design storm durations vary. As it is stated in D7.1, for 
morphodynamics studies, there is no federal definition in Germany but in Schleswig-Holstein, 
the design storm duration is 5 hours. The state designs sandy or soft structures to withstand 
two consecutive 5-hour storms without recuperation or nourishment. This design storm is 
being developed by project partners, filtering storms based on trajectory, duration, wave 
energy, and wind speeds, to serve as a model for future construction designs by the state 
agency. For hydrodynamics, overtopping, and flooding, the design water level is based on a 
200-year return period, including the above-mentioned safety margins. For the Sankt Peter-
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Ording Demonstrator’s reliability, safety factors were used for the built dikes to account for 
sea level rise and overtopping. First Order Reliability Methods (FORM) were also applied. The 
safety criteria for the design include considerations for both dikes and dunes. For the dikes, 
the criteria involve accounting for sea level rise and overtopping discharge. In the case of 
dunes, there are no specific safety criteria defined yet, but ongoing research suggests a 
minimum dune profile based on a self-developed adoption of the FEMA-540 rule.  

 

Figure 10 – Top: Cross profile sublittoral – dike based on 2022 DEM data. Indicated beach, dune, salt marsh and 
adjacent regional dike are given with a top down view on the location of the transect. Bottom left: Schematized 
dune profile of German Demonstrator (model scale 1:7). Bottom right: Regional dike profile at (Soutern end) of 
German Demonstrator (prototype dimensions). 

In Schleswig-Holstein two types of dykes are employed: main dikes with crest heights 
ranging between 7.6 – 9.4 m MSL, and regional dikes with crest heights ranging between 5 – 
6.4 m MSL. Main dikes are found along 433 km, and regional dikes make up 98 km. The 
safety assessment norm regarding wave overtopping 2 l/s/m is the same for both types. 
Main dikes are being re-inforced to meet the following: min. crest width of 5 m uniform sea 
ward slope of 1:10, sea level rise factor of 0.5 m to elevation (constructive reserve for +1.0 m 
SLR) 

A monitoring and maintenance plan is provided in the design for Sankt Peter-Ording 
Demonstrator, organized at the state level by law. In Schleswig-Holstein, the revision of design 
water levels is scheduled for 2030. Monitoring is conducted annually after the storm surge 
season to check for and repair any damages. Maintenance is performed as needed. This 
monitoring and maintenance plans include both dune and dike sections and no extra 
information about nourishment is provided.  
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2.4 Hydraulic Boundary Conditions of selected Demonstrators 

In this section a detailed description of the hydraulic boundary conditions for the four 
Demonstrators is provided. 

2.4.1 Belgian Hydraulic Boundary Conditions 

This subsection describes the hydraulic boundary conditions on shallow water in Belgium. In 
Belgium, the offshore boundary is an indication for the conditions where the -5m TAW depth 
contour or 1500 m from the coast exist (TAW is local Belgian reference level, approx. LAT). 
Depending on the position of the -5 m TAW depth contour, the hydraulic boundary conditions 
for each coastal section are determined at this location or at 1500 m perpendicular from the 
coast. The choice between an output point on the -5 m TAW depth contour or 1500 m from 
the coast is determined by the position of the (most seaward) -5 m TAW depth contour. If 
this -5 m TAW contour is further than 1500 m from the sea wall, the output point at 1500 m 
is chosen. This '1500 m' variant was chosen because of the measuring range of the annual 
foreshore soundings (De Roo et al. 2021). 

Boundary conditions in Belgium are defined based on the (Belgian) Hydraulic Boundary 
Conditions Book (Vuik et al. 2020). This book provides tables detailing hydraulic boundary 
conditions for each coastal section, including parameters such as water level (h), significant 
wave height (Hm0), peak period (Tp), and spectral wave period (Tm−1,0), all calculated for a 
design duration of 120 minutes. 

The results are divided into two categories: 

1. Basic Results: Represent the reference storm with a 1000-year return period. 
2. Extension Results: Represent the reference storm with an additional decimation 

height, calculated as the difference between the values of a parameter for the 1000-
year return period and those for a 10,000-year return period. 

In practice, the basic results are primarily used for calculating wave transformation from 
shallow water to the toe of the dike, as well as for wave overtopping calculations. On the other 
hand, the extension results are specifically applied in assessments of dune and beach 
erosion. 

The hydraulic boundary conditions have also been calculated for three sea level rise scenarios 
(by the end of 2100): +0.3, +0.8 and +1.5 m compared to the reference year 2020. The 
hydraulic boundary conditions for these scenarios can be read from the tables in Appendix 
A: water level at sea level rise of The Hydraulic Boundary Conditions Book (Vuik et al. 2020). 

2.4.1.1. Living Lab Raversijde HBC (BE) 
For the hydrodynamics, overtopping, and flooding at Living Lab Raversijde, the storm duration 
was taken into account as 1 hour and 45 minutes according to The Hydraulic Boundary 
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Conditions Book (Vuik et al. 2020), approximately equivalent to 500 waves. The reliability 
method was employed by using safety factors:  

• Dune: 2/3 of the height difference between RP = 1000 yrs and RP = 10000 yrs is added 
to the 1000 year water level. 

• Dike: Residual strength of dike after first damage to top layer is not taken into account. 

The design hydrodynamic conditions are presented in Table 2. In another table (Table 3), 
water level predictions are listed for several return period values according to The Hydraulic 
Boundary Conditions Book (Vuik et al. 2020). 

Table 2 - The design hydrodynamic conditions for Living Lab Raversijde Demonstrator. 

 

Type of 
structure 

Water 
level 

[mTAW] 
SLR 

Wave conditions 

Location of 
data 

Bottom level at 
location (non- 

or breaking 
conditions) 

Hm0 
(m) 

Tp and 
Tm-1,0,ss  

(s) 

Direction 
(°N) and 

directional 
spreading 

In
cl

ud
ed

 2
/3

 d
ec

im
at

io
n 

he
ig

ht
 

Dune +7.37 
Base 

scenario 
in 2021 

4.85 
Tp = 11.61, 
 Tm-1,0,ss = 

10.20 

Omni-
directional 

(s = 24°) 
nearshore 

-5 m TAW 
(non-breaking) 

Dune +7.67 
SLR 

scenario 
+0.3 m 

5.00 
Tp = 11.62, 
 Tm-1,0,ss = 

10.25 

Omni-
directional 

(s = 24°) 
nearshore 

-5 m TAW 
(non-breaking) 

Dune +8.17 
SLR 

scenario 
+0.8 m 

5.25 
Tp = 11.63,  
Tm-1,0,ss = 

10.32 

Omni-
directional 

(s = 24°) 
nearshore 

-5 m TAW 
(non-breaking) 

Dune +8.87 
SLR 

scenario 
+1.5 m 

5.58 
Tp = 11.64,  
Tm-1,0,ss = 

10.40 

Omni-
directional 

(s = 24°) 
nearshore 

-5 m TAW 
(non-breaking) 

 
Dike +7.05 

Base 
scenario 
in 2021 

4.66 
Tp = 11.21,  
Tm-1,0,ss = 

9.92 

Omni- 
directional 

(s = 24°) 
nearshore -5 m TAW (non-

breaking) 

Dike +7.35 
SLR 

scenario 
+0.3 m 

4.80 
Tp = 11.21,  
Tm-1,0,ss = 

9.96 

Omni- 
directional 

(s = 24°) 
nearshore -5 m TAW (non-

breaking) 

Dike +7.85 
SLR 

scenario 
+0.8 m 

5.04 
Tp = 11.22,  
Tm-1,0,ss = 

10.02 

Omni- 
directional 

(s = 24°) 
nearshore 

-5 m TAW (non-
breaking) 

Dike +8.55 
SLR 

scenario 
+1.5 m 

5.36 
Tp = 11.23, 
 Tm-1,0,ss = 

10.08 

Omni- 
directional 

(s = 24°) 
nearshore 

-5 m TAW (non-
breaking) 

 

Table 3 - Water level predictions for different return periods for Living Lab Raversijde Demonstrator. 

Section 
Return Period (years) 

10 25 50 75 100 250 500 750 1000 2500 5000 75000 10000 50000 100000 
Water 
Level 

[mTAW] 
6.10 6.28 6.42 6.51 6.57 6.76 6.90 6.98 7.05 7.24 7.39 7.47 7.53 7.88 8.03 
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Storm development in Raversijde 
To determine the morphological changes, i.e., dune and beach erosion, caused by the design 
storm surge, the evolution of the hydraulic boundary conditions—water level, wave height, and 
wave period—must be calculated. This reference storm surge lasts for 45 hours. 

The evolution of the water level is determined by the astronomical tide (during the mean 
spring high water level) and the theoretical asymmetric storm surge which for the parts before 
and after the peak surge (with different Ts) is defined by: 

𝑂(𝑡) =  𝑂𝑚𝑎𝑥𝑐𝑜𝑠2 (
𝜋𝑡

𝑇𝑠
) 

where O(t) is the time evolution of the storm surge setup; Omax  is the maximum storm surge 
setup at high tide; t is the time until the maximum storm surge setup, which occurs at  t = 18 
hours, and Ts is the duration of the storm surge (in hours). The asymmetric storm surge is 
obtained by assuming Ts = 35h before Omax and Ts = 55h after Omax. (Verwaest et al., 2008). 

In Figure 11, the illustration for the evolution of the water level during the reference storm surge 
(without sea level rise) for the port of Ostend (close to Raversijde) is given. 

 

Figure 11 - Evolution of the storm surge setup and water level during the reference storm surge (example: port of 
Ostend). 

In addition to the information that is given above, the wave climate of the reference storm 
surge strikes the seawall perpendicularly, although with location-specific directional 
spreading. For the variation in wave height Hs(t) and peak period Tp(t) during the storm surge, 
a similar formula is used: 
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𝐻𝑠(𝑡) =  𝐻𝑠,𝑚𝑎𝑥𝑐𝑜𝑠2 (
𝜋𝑡

𝑇𝑠
) 

𝑇𝑝(𝑡) =  𝑇𝑝,𝑚𝑎𝑥𝑐𝑜𝑠2 (
𝜋𝑡

𝑇𝑠
) 

where Hs,max  and Tp,max  are the maximum wave height and period at high tide (at  t = 18 hours). 
So, zero phase lag between water level and wave conditions is assumed. Moreover, as the 
wave period is proportional to the wave height, the wave steepness changes during the storm. 

The duration of the storm surge is Ts = 125 hours. As a result, the wave conditions at the 
beginning and end of the storm surge are equal to average values under normal conditions 
(and not zero) (Verwaest et al., 2008). 

In Figure 12, the illustration for the evolution of the wave conditions during the reference storm 
surge (without sea level rise) for the port of Ostend is given. 

 

Figure 12 - Evolution of the significant wave height and peak period during the reference storm surge 
(example: port of Ostend). 

 

2.4.1.2. Middelkerke grass dike (BE) 
The assessment of the design was conducted according to De Roo et al. (2021) at two points 
in time: in 2020 to determine compliance with current design standards, and in 2070 to 
evaluate resilience to sea level rise. The design storm duration for morphodynamics is 45 
hours, while for hydrodynamics, overtopping, and flooding, it is 1 hours and 45 minutes. Safety 
margins are included in the design methodology, such as the addition of two-thirds (2/3) of 
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the “decimeringshoogte” to the design water level for dune erosion assessment (XBeach). The 
design hydrodynamic conditions are detailed in Table 4. In another table (Table 5), water level 
predictions are listed for several return period values according to The Hydraulic Boundary 
Conditions Book (Vuik et al. 2020). 

Table 4 - The design hydrodynamic conditions for Middelkerke-grass dike Demonstrator 

 

Structure 
type 

Water 
level       
(m 

TAW) 

SLR 

Wave conditions 

Location of 
data 

Bottom level 
at location 

(non- or 
breaking 

conditions) 

Hm0  
(m) 

Tp (s) 
Tm-1,0,ss 

(s) 
Direction  

(°N) 

In
cl

ud
ed

 2
/3

 d
ec

im
at

io
n 

he
ig

ht
 

Dune +7.44 
Base 

scenario 
in 2021 

5.30 11.58 10.04 
Omni-

directional 
(s = 24°) 

nearshore 
-5 m TAW 

(non-
breaking) 

Dune +7.74 
SLR 

scenario 
+0.3 m 

5.44 11.58 10.10 
Omni-

directional 
(s = 24°) 

nearshore 
-5 m TAW 

(non-
breaking) 

Dune +8.24 
SLR 

scenario 
+0.8 m 

5.65 11.59 10.18 
Omni-

directional 
(s = 24°) 

nearshore 
-5 m TAW 

(non-
breaking) 

Dune +8.94 
SLR 

scenario 
+1.5 m 

5.93 11.60 10.27 
Omni-

directional 
(s = 24°) 

nearshore 
-5 m TAW 

(non-
breaking) 

 

Table 5 - Water level predictions for different return periods for Middelkerke-grass dike Demonstrator 

Section 
Return Period (years) 

10 25 50 75 100 250 500 750 1000 2500 5000 75000 10000 50000 100000 
Water 
Level 

[mTAW] 
6.17 6.36 6.50 6.58 6.64 6.3 6.97 7.06 7.12 7.31 7.46 7.54 7.61 7.95 8.10 

 

2.4.2 Katwijk (NL) HBC 

Hydrodynamic conditions for two design scenarios for Katwijk are presented in Table 6 
(Wouters & Boer, 2014). Two design lifetimes were considered: 50 years and 100 years, with 
the middle and maximum sea level rise scenarios, respectively. The water levels include the 
formal probabilistically determined (HR2006) assessment level of 5.2 m+NAP, a robustness 
addition of 0.3 m, expected sea level rise (0.3 m and 0.85 m, respectively), and extra storm 
surge due to sea level rise (0 m and 0.4 m, respectively).   
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Table 6 - Hydrodynamic design conditions for Katwijk Demonstrator (Wouters & Boer 2014). 

Scenario 

DWL 
(m+NAP  

for dune / 
dike) 

Wave conditions 
Location 
of data 

Bottom level 
at wave 
output 

Hm0 
(m) 

Tm-1,0,ss       
(s) 

Tp           
(s) 

Direction 
(°N) 

Scenario 1 5.8 / 5.9 7.99 12.6 13.9 perp. 
deep 
water 

NAP-20 m 

Scenario 2  
6.75 / 
6.85 

8.39 12.9 14.2 perp. 
deep 
water 

NAP-20 m 

 

In another study (Arcadis, 2012) that mainly focused on the Katwijk drainage lock, deepwater 
hydraulic boundary conditions were presented. It is important to note that they presented a 
really similar water elevation to Scenario 1 with considering 2/3 decimation height but, in the 
study of Wouters & Boer (2014), it is not mentioned that decimation height is considered for 
the design.  

2.4.2.1. Waves 
The design storm duration that was applied for morphodynamics is 35 hours in the Katwijk 
design study (Arcadis, 2012), with conditions gradually increasing and decreasing, as depicted 
in the following figure (Figure 13). This is not exactly equal to the trapezoidal water level and 
wave height variation as described in the (then valid) Dutch guidelines – but resembles it very 
much, as can be seen in the figure. It can be seen that the maximum wave height at the dike 
toe occurs two hours later than the peak water level / wave height. This is due to the fact that 
dune erosion and bed level decrease can continue after the storm peak, such that the wave 
height further increases with declining (offshore) wave height and water level. It can also be 
seen that the load on the dike occurs for roughly an hour. So, for the study of dike loads, the 
dike duration (we introduce load duration Tdike for this) is much smaller than the total storm 
duration. Also the design water level is several decimeter lower. 
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Figure 13 - An example of the assumed hydrodynamic conditions at the site at extreme conditions. With the 
water level (red), deep water wave height (green), and wave height at the dike toe derived from the DUROSTA 
model (purple) (Arcadis 2012). The added dashed lines show the occurrence of the peak in water level and 
waves (left) and the peak in wave height at toe of the dike (and thus overtopping discharge) (right), which occurs 
about two hours later. The dash-dotted lines give the trapezoidal shape for the water level and wave height 
development that was given by the VTV2006. 

 

2.4.3 Sankt Peter-Ording (DE) HBC 

Coastal flood protection levels for dikes are designed by individual federal member states of 
Germany. For the German Demonstrator within DuneFront the federal state of Schleswig-
Holstein is responsible. Flood protection works like dikes are designed to defend against a 
storm surge water level that has an associated return period of 1:200 years (HW200) and 
1:10.000 years for critical infrastructure such as nuclear power plants (HW10.000). Furthermore, 
safety margins are added for wave run-up, overtopping (2.0 l/s/m) and sea level rise (0.5 m). 
This correlates to a design storm water level (tide + surge) for the German Demonstrator of 
5.70 m NHN2016 (Normalhöhennull 2016) or MSL, which includes an added sea level rise factor 
of 0.5 m. 

The state agency uses a transient sea level rise, so today + 100 years = 2124. In structure 
adaptations a sea level rise of up to 1.0 m is taken into account, with adaptation possibilities 
up to 2.0 m. 
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Figure 14 – Water level elevations at the site during storm Xaver. 

Duration was oriented on the maximum storm flood peak lasting 5 hrs in reality (see Figure 
14), with two consecutive storm surges hitting the setup without rebuilding, equaling 10 hrs of 
total storm exposure based on observation data. Chosen where the consecutive storms 
Christian and Xaver from 2013. 

Wave conditions are based on observation values during storm conditions 2013 (Xaver) and 
numerical hindcast data for Hs and Tp for the Demonstrator by the Federal Agency for 
Hydraulic Engineering and Research (BAW) (Hagen et al. 2020). The deep water wave 
conditions were obtained from a SWAN hindcast of the most severe storm in 2013 at location 
NF04 (N 54.294658, E 8.011131) (BAW 2024). This gives the values in Table 7. This storm, Xaver, 
was estimated to have a return period of 200 years and has impacted the design water levels 
in Europe (Dangendorf et al., 2016). 

For the dune tests (Mehrtens et al. 2024) wave conditions at the relatively flat beach in front 
of the dune were required. These depth limited waves were determined to be 1.1 m. The 
conditions are given in Table 7. 

Table 7 - The design hydrodynamic conditions for Sankt Peter-Ording Demonstrator. 

 
Water 
level 

(m MSL) 

SLR      
(m) 

Wave conditions 
Bottom level at 

location                
(m NHN) 

Hm0 
(m) 

Tp                             
(s) 

Direction 
(°N) 

Deep 
(hindcast) 

n.a. n.a. 6.6 12-13 270-290 
-20 

SWAN hindcast  

Dune beach 
(test) 

5.7 0.5 1.1 7.0 perp. +2 

 

2.5 Comparison of Hydraulic Boundary conditions  

To highlight the important parameters that are mentioned above sections for the extreme 
storm boundary conditions for the selected Demonstrators and show a comparison of these 
Demonstrators in terms of parameters, Table 8 is presented below. In this table, return periods 
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that were taken into account for design process, design lifetimes, sea level rise considerations, 
storm durations, design deep water wave parameters such as significant wave height (Hs or  
Hm0), spectral mean wave period (Tm-1,0) and peak wave period (Tp), depth of wave recordings 
and limit for overtopping discharge for the design are shown.  

Table 8 - Comparison of hydrodynamic conditions of selected Demonstrators. 

Demonstrator 
Return 
period 
(yrs) 

Design 
lifetime 

(yrs) 

Sea 
level 
rise 
(m) 

Duration      
(hrs) 

Hs          
(m) 

Tp            
(s) 

Tm-1,0,ss          
(s) 

Total 
depth at 
offshore 
waves 

(m) 

Limit for 
overtopping 
discharge 

(l/s/m) 

Middelkerke 
(BE) 

1000 
Until at 

least 
2050 

0.42  45 5.12 12.54 11.40 12.74 - 

Raversijde 
(BE) 

1000 
Until at 

least 
2070 

0.3  45 4.80 11.21 9.96 12.35  1 

Katwijk (NL) 10’000 50 / 100 0.3 35 7.99 13.90 12.60 25.30 1 

Sankt Peter-
Ording (DE) 

200 100 0.5 10* 6.60 
12.00 

– 
13.00 

10.80 -
11.70 

25.70 2.0 

* Two consecutive 5 hours storms (10 hours in total) without any repair or nourishment between them 
 

It can be stated that return periods that are considered for the design differ country to 
country. There are three different return periods which are 200, 1000 and 10000 years and 
this shows the difference in the design approach of Germany, Belgium and the Netherlands. 
This difference is shown in the determination of offshore boundary and considered storm 
durations, as well.  All three countries consider different offshore boundary classifications 
therefore considered depths for deep water waves differs country to country.  Moreover, 
there are two different limits for mean wave overtopping values in the design reports of the 
selected Demonstrators. For Raversijde and Katwijk, it was taken as 1 l/s/m and a value was 
determined for Sankt Peter-Ording as 2 l/s/m. It is known that the safety criteria for the design 
include ensuring the maximum allowed mean overtopping discharge is not exceeded but, 
because there is no public access to the design report, the limit of wave overtopping 
discharge is not known.  

Lastly, storm durations. In terms of storm duration, all countries have different standards for 
the design process. In Belgium, for Middelkerke and Raversijde Demonstrators, 45 hours storm 
duration was taken into account for dune erosion. This value 1 hour 45 minutes is used for 
wave overtopping calculations. For Katwijk Demonstrator, 35 hours storm duration was 
applied for the dune erosion scenario and according to the design report (Boer & Wouters, 
2014), duration for the wave overtopping was considered as approximately 1 to 1.5 hours with 
maximum wave conditions. For Sankt Peter-Ording, for morphodynamics, there is no federal 
definition in Germany, but in Schleswig-Holstein, the design storm duration is 5 hours. The 
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state designs sandy or soft structures to withstand two consecutive 5-hour storms without 
recuperation or nourishment. This design storm is being developed by project partners, 
filtering storms based on trajectory, duration, wave energy, and wind speeds, to serve as a 
model for future construction designs by the state agency.   
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3. Possible Future Changes 
The four selected DuneFront Demonstrators are used in the coming chapters to obtain a 
range of dimensions of existing dune-dike hybrid structures. For these ranges generic 
knowledge will be developed in the physical model tests of WP12, to ensure that the tests are 
done for realistic configurations. However, in the future, climatical, morphological, or 
anthropogenic developments are expected to occur, such that dune-dike hybrid defence 
designs might change compared to the present Demonstrator designs. As the knowledge on 
dune-dike configurations that will be gathered is required for these future designs, in this 
chapter possible future changes, or changes compared to the original design, are discussed. 
This can be used to assess if the parameter ranges to be tested might be changed somewhat. 

3.1 Water levels and waves 

3.1.1 Belgian Demonstrators 

As mentioned in previous chapter, boundary conditions in Belgium are defined based on The 
Hydraulic Boundary Conditions Book (Vuik et al. 2020). This book provides tables detailing 
hydraulic boundary conditions for each coastal section. The latest version of this book was 
published in 2020 so, design studies of coastal structures are still made according to this 
mentioned reference. Until the publication of a new study or the new version of The Hydraulic 
Boundary Conditions Book,  given sea level rise projections and offshore wave parameters 
that are given in the previous chapter are still valid for the future scenarios. So, for the future 
scenarios, three sea level rise scenarios (by the end of 2100): +0.3, +0.8 and +1.5 m compared 
to the reference year 2020 are considered in The Hydraulic Boundary Conditions Book (Vuik 
et al., 2020). 

3.1.2 Katwijk (NL) 

The Dutch Delta Program considered a maximum sea level rise of 1 m at the Dutch coast in 
2100, based on climate scenarios in 2014. The IPCC (2019) shows that the upper limit of the 
high emission scenario is somewhat higher, about 1.2 m. The average sea level rise for the 
high-emission scenario was 84 cm. Also in the Dutch tidal gauges an acceleration of the sea 
level rise rate seems to have been detected (Stolte et al. 2022). For sea level rise scenarios, 
in the study of KNMI (2024), two different climate change scenarios are presented in line with 
IPCC (2019). These scenarios refer to the low and high emission scenarios. In this study, annual 
average water level data between 1995-2014 was used for the forecast of sea level rise until 
2100. These low and high emission scenarios forecast expected values of sea level rise around 
0.4 and 10.8m in 2100, respectively. It seems reasonable to assume as worst case for 2100 
still the 1 m sea level rise. The results of this study is presented in Figure 15. According to the 
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design approach of the dike structure (Arcadis, 2012), 0.3 m sea level rise was considered in 
the dune erosion simulations for the Katwijk Demonstrator.  

 

 

Figure 15 - Sea level rise forecast with two different emission scenarios (KNMI, 2024). 

 

3.2 Prescribed hydraulic boundary conditions at Katwijk 

The Katwijk demonstrator was constructed ten years before this report was written. Therefore 
it is a good example to show how much the regulations prescribing the hydraulic boundary 
conditions for design and assessment, and the entire safety assessment method, can change 
in a decade, so within the lifetime of the structure. The change in prescribed boundary 
conditions is described next. 

The Katwijk Demonstrator was designed using the hydraulic boundary conditions published 
in 2006, referred to as HR2006 (Min. VenW 2007a). The prescribed hydraulic conditions for 
the risk assessment have been updated in 2017, after Katwijk was constructed, and are 
referred to as WBI2017. Katwijk is located in the coastline stretch called “Hollandse Kust Zuid”. 
The surge shape was for WBI2017 was determined based on about 40 years of measured 
water level data (Chbab 2015). According to this study, the temporal evolution of the water 
level during a storm surge can be modelled with a nearly trapezoidal shape with a base 
duration of 44 hours with a peak duration of 2 hours. Nearly trapezoidal, as at the peak the 
surge level still has a small 0.1 m amplitude. This surge pattern is combined with a mean 
astronomical tide at the respective location, applying a phase shift with the surge peak 
occurring 2.5 hours before the high tide peak. The methodology is the same as used for the 
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design of Katwijk, but the values of maximum water level (Hoogheemraadschap van Rijnland, 
2022), base duration, peak duration, and phase shift differ. Both boundary conditions are 
compared in Figure 16. These values were used in the assessment in 2022. The assessment 
was still positive, as the dune had grown much (see Section 3.4).  

 

Figure 16 - Presently applied (WBI2017) temporal water level development for safety assessment at Hollandse 
Kust Zuid, compared to that used in design of Katwijk Demonstrator (HR2006). 

Very recently the water level evolution was also characterized for a full probabilistic 
description (Caspers and Kindermann 2023), using 8000 years of modelled weather patterns, 
instead of the roughly 40 years of measured data as used for WBI2017. Now the description 
of the setup varies with wind characteristics and phase difference. This model might be used 
in future Dutch assessment guidelines, called BOI. The new modelled surge profiles resemble 
the older trapezoidal surge fairly well near the storm peak (see Figure 17). 
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Figure 17- Example of new probabilistic description of wind, surge, and total water level variation (blue lines) 
compared to the presently used nearly trapezoidal surge and wave shape (black line) (Caspers and Kindermann 
2023). 

3.3 Dike adaptation in Sankt Peter-Ording 

In Generalplan Kustenschutz des Landes Schleswig-Holstein (updated in 2022), adaptation 
plans for dike structures to climate change induced changes are mentioned. As the results of 
climate change, it is foreseen that the coasts and coastal protection facilities will be exposed 
to greatly increased hydraulic loads from storm surges and storm seas. In the scope of these 
adaptation plans, the “climate dike” concept has been implemented by the state agency for 
the reinforcement of land protection dykes with an expected service life of around a century 
and the highest standard of protection since 2001. These dikes protect 90% of the coastal 
lowlands potentially at risk of flooding with over 90% of the population affected. The concept 
ensures that the land protection climate dikes can withstand a sea level rise of up to 1 m and 
hold potential to be easily adopted to withstand 2 m if needed. Based on current knowledge, 
it can be assumed that the safety of the coastal population in Schleswig-Holstein will be 
guaranteed well beyond 2100 with the climate dike concept. Schematic representation of this 
climate dike concept is given Figure 18. It is also important to note that adaptation plans that 
are presented are based on modifying and reinforcing dike structures in the scope of climate 
dike concept rather than implementing nourishment or taking into account the naturally 
existing dunes at all for the coastal protection against the climate change.   
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Figure 18 - Schematic representation of climate dike concept. 

 

3.4 Dune Growth 

The character of the dune-dike hybrid defences is their adaptability. A dike slope can 
typically be upgraded every couple of decades, when it can also be reinforced. Or increased 
in size. The beach and dune can increase in size by (natural) growth or nourishment, and 
typically space is available in the sea for this extension. When the sediment supply is 
sufficient, the dune is typically growing naturally. The sand source, however, is often sand 
nourishment that is periodically (order decade) done in many locations. In this section of this 
report, further information about nourishment works (on the beach or foreshore) for related 
Demonstrators is provided. 

3.4.1 Katwijk (NL) 

According to the study of Meijer (2023), before 1990, nourishment works were irregular and 
regional along the Dutch coasts. Starting with 1990, a proactive approach in combating 
coastal erosion was established by nourishment works for Dutch coasts and in the scope of 
this approach, approximately 6.4 million 𝑚3 of sediment was nourished annually until the end 
of 2000 and the main deposition region for this nourishment was primarily on the beach and 
underwater, close to the coastline. In 2001, the amount was increased to 12 million 𝑚3 and by 
this increase, sand losses in deeper water were compensated (Ministerie van Verkeer en 
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Waterstaat, 2000; Brand et al., 2022; Meijer, 2023). This nourishment works (probably) have 
caused an increase in dune volumes along the Dutch coasts. 

In Figure 19, nourishment volumes per year along the Rijnland coast can be seen. In this graph, 
a distinction is made between beach, shoreface and channel wall nourishment.  

. 
Figure 19 - Nourishment volumes per year along the Dutch coasts (left) and Rijnland (right), from: Meijer (2023). 

It has been shown that the vertical location of the dune foot in the Netherlands is increasing 
faster than the sea level rise (van IJzendoorn et al., 2021). Also, the dune volume is growing. In 
the Rijnland coast (where Katwijk is located) the annual dune volume growth changed from 5 
m3/m/yr before 2002 to 11.5 m3/m/yr after 2023. This is probably caused by the nourishment 
volumes that were increased in the 1990’s. 

Sea level rise versus dune growth 
In order to estimate the effect of dune growth and sea level rise, two indicative dune erosion 
computations with XBeach are prepared for the Katwijk Demonstrator. Case 1 is for the same 
case that was considered in the design of Katwijk (see Figure 27), using one metre of sea level 
rise instead of the applied 0.3 m, and the second considers an additional dune volume of 
250 m3 (5 m3/m/yr of dune growth for 50 years).  

For both cases, the storm duration is taken into account as 35 hours. A regular grid spacing 
of 1 m was applied in x-direction. For further information, the applied input file is given in 
Annex A. In Figure 20 and Figure 21 below, XBeach 1D results for dune erosion under the 
extreme storm event are given for the mentioned two cases. As it can be seen in Figure 20, 
the upper part of the dike structure was uncovered after the storm event with a slightly larger 
water depth (and wave height) at the toe of the structures than without extra SLR. In Figure 
21, it can be seen that the hard structure was not uncovered under the same storm, wave 
boundary and sea level conditions due to the increased dune volume. According to these 
preliminary results, it seems likely that the presently occurring dune growth, that are probably 
increased by the nourishment works in the region, could increase the stability of the hybrid 
structure against the extreme storm boundary conditions and 1 m SLR. The dunes will then 
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have to be allowed to grow sufficiently, which might conflict with other uses of the dune 
region.   

 

Figure 20 – Only additional SLR, dune growth not included case.  

 

 Figure 21 – Both additional SLR and dune growth included case. 
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3.5 Infragravity Waves 

When the Katwijk Demonstrator was constructed, the influence of extremely shallow 
foreshores on dike loads like wave overtopping over the dike was not known, and its effect on 
the dike loads was not assessed, as dikes were typically tested with deep water. As dunes 
form their own shallow foreshore during erosion, the effect is automatically included in the 
empirical descriptions of dune erosion. This effect is mainly characterized by the generation 
of infragravity waves (IG waves, with periods larger than 25 s) on the shallow foreshore. The 
effect of IG waves on very shallow foreshore is incorporated in the more recent wave 
overtopping formulas that have since been developed (Altomare et al., 2016; EurOtop, 2018). 
Currently, only the locally generated IG waves are taken into account in the dike design/safety 
assessment of the more recent Belgian Demonstrators. 

Recently however, studies (e.g. Rijnsdorp et al. 2021) showed that, additional to the locally 
generated IG waves, during storms also non-negligible free IG waves can be present in the 
offshore wave spectrum. Figure 22 shows an example. Offshore, these waves are relatively 
small compared to the primary, short waves (in this example 2.5 % in height), but at the 
dune/dike system the free IG waves could influence the dune erosion and overtopping 
processes. It is unknown how much this free IG energy will influence the dune erosion and 
loads on the dike in a DD system. On the other hand, when studying waves in a wave flume or 
1D model, the IG waves locally generated in the surf zone are too large because of disregarding 
directional spreading of the sea-swell waves.  

Concluding, it can be stated that the occurrence of free IG waves at dune-dike systems, and 
especially their explicit influence on the dike response (wave impacts, overtopping) are still 
an active field of research. It seems therefore reasonable to very the amount of free IG wave 
energy in the tests, to see to what extend this influences the dike response and/or dune 
erosion. 
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Figure 22 - Sea-swell and infragravity wave conditions in the North Sea during storm Xaver (Dec 5–8, 2013). Left. 
Snapshot of the modelled significant short wave height Hss, and free infragravity wave height HFIG. Right: 
Measured (lines) and modelled (markers) time-series of Hss and HFIG at three measurement locations (A12, Q1 
and EUR) (Rijnsdorp et al., 2021). 

 

3.6 Conclusion 

Some examples are given in this chapter of aspects that might change in the coming decades 
relating to dune-dike hybrid structures: 

• Sea level rise 
• Dune growth (natural growth, influenced by nourishments)  
• Improvement of dike structure 
• Possible somewhat increased load by (free) infragravity waves 
• Different (probabilistic) calculation techniques of boundary conditions 

In the light of the information in this chapter, the testing ranges should be broad enough to 
not only include the Demonstrator conditions, but also take these potential changes into 
account. 
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4. Schematization of Dune-Dike Profiles 
4.1 Introduction 

In this part of the report, specific information about the hydrodynamics regarding the 
temporal behaviour of water levels and waves during the extreme storm events, and 
geometric schematization are presented. 

4.2  Hydrodynamic schematization 

For the hydrodynamics part of this section, hydrodynamics regarding the specifics on 
temporal behaviour of water levels and waves during the extreme storms that were 
considered as design storms in the design reports related to four intended Demonstrators. 

4.2.1 Water levels 

Maximum and/or design water levels for the Demonstrators are important in case of 
determining extreme storm boundary conditions, but also the duration of storm peak, the rise 
speed of water level, and the combination with tide are important. Maximum and/or design 
water levels for the Demonstrators are given in Chapter 2, and this section, information about 
above given features are presented for the intended four Demonstrators. 

Below we compare the different water level changes as given in Chapter 2. Comparison is 
given in Figure 23. For this comparison, tidal amplitude is taken as 0.875 m for Katwijk (NL) 
according to the Arcadis (2012) and 2.4 m for Living Lab Raversijde according to the The 
Hydraulic Boundary Conditions Book (Vuik et al. 2020). For the German Demonstrator no 
distinction is made between surge and tide, as only a constant combined maximum water 
level was used. 

It can be seen that all applied water level variations have a central peak (due to the 
conservative assumption that surge peak and tide are aligned). This makes that the simple 
German assumption of a 5-hour constant water level seems like a good and simple 
representation of the water level change. 
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Figure 23 – Comparison of water levels of Demonstrator sites. Left: absolute values. Right: normalized values.  

Within a 5 hour peak we see that the water level in the Belgian case still changes considerably.  
A possible description of the shape of the central storm peak could be that the water level η 
follows:  

𝜂 = 𝑎 cos𝑐  (
𝑡𝜋

𝑇𝑠
) 

Where a is the design water level, the duration of the water level peak is Ts = 5 hrs, and c = 0.01, 
0.1, and 0.3 for Sankt-Peter Ording, Katwijk, and Raversijde, respectively. 

The block-shape German surge development would simplify the execution of the tests, or the 
analysis of the physical processes. 

 

 

4.2.2 Wave conditions 

The shape of the wave height development is typically taken similar to that of the surge. The 
wave height and period typically do not decay as quickly as the storm surge. Two approaches 
have been found to deal with this: either it is considered that the wave characteristics decay 
to a mean background level instead of zero (Netherlands), or it is assumed to decay to zero 
but over a longer duration (Belgium). Hence, it seems reasonable that constant wave 
conditions are taken a in the representation of the hydrodynamic conditions. 
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4.3 Geometric schematization 

4.3.1 General schematization 

In this section, a general schematization is presented. A parameterized 2DV sketch of the 
general schematization of a dune-dike profile is given below in Figure 24. In this figure, all 
geometric and hydraulic parameters required to describe the situation are shown. 

In Table 9, the definitions of the parameters introduced in this general schematization are 
given. Further explanations and/or definitions for some of the parameters such as Ddune, 
armour type and vegetation indicator, are given in the following section (4.3.2). 

 

Figure 24 - Parameterized 2DV schematization of dune-dike profile. 
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Table 9 - Parameters used to describe the dune-dike profile. 

Hydraulic parameters  
T Duration of storm 
hdeep Total depth (during design conditions) at which offshore 

conditions are given. 
Hs,ss Offshore significant wave height (Hm0) for sea/swell waves 
Tm-10,ss Spectral wave period (mm-1/mo) for sea/swell waves 
βss Wave incidence angle of sea/swell waves  
Hs,FIG Offshore significant wave height (Hm0) for free infragravitywaves 
Tm-10,FIG Spectral wave period (mm-1/mo) for free infragravity waves 
βFIG Wave incidence angle of free infragravity waves  
  
Dike parameters   
Tdike Duration of (significant) hydraulic load on the dike slope 
Wdike Crest width of dike 
Rcdike Crest freeboard of dike relative to extreme/design water level 
cot αdike Slope angle of seaward dike slope 
Armour dike Armour type of dike (e.g. placed blocks, rock, grass)  
Wwall Width of a potential (vertical) wall on the top part of the dike 

slope 
htoe Depth at toe of the dike at maximum eroded dune  

(if scour hole is present at the dike, the beach slope is extended 
to the slope to obtain the effective depth. Also a local accretion of 
sand is not taken into account.) 

cot αbeach, eroded Beach slope  
  
Dune parameters   
Ddune Distance between dike and dune. Roughly, a positive value 

indicates a dune-in-front-of dike, and a negative value a dike-in-
dune configuration. 

Wdune Crest width of dune 
Rcdune Crest freeboard of dune relative to extreme/design water level 
cot αdune Slope angle of seaward dune slope 
Vegetation indicator Indicator(s) that determine vegetation influence of strength 

(erosion resistance) of dune - to be determined 
d50 Sand diameter 
hdunefoot  Elevation of transition dune/beach w.r.t. design water level 
cot αbeach Level of (uneroded) beach of design/assessment profile 

(minimum over stretch of protection / life time). 
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4.3.2 Remarks 

The armour type of the dike determines the strength of the slope under wave attack. 
Moreover, it determines its roughness, which can influence the amount of wave overtopping. 

Ddune indicates the distance between dike and dune. Roughly speaking, a positive Ddune 
indicates a dune-in-front-of-dike configuration, and a negative Ddune indicates a dike-in-dune 
configuration. 

The vegetation on the dune should be quantified. This could be a plant density or root density 
type of parameter – or set of parameters. This information was not found in the design 
documents yet, but will be subject of further study (German physical twin model study). 

The eroded dune will form a kind of plateau just seaward of the dike slope. This might be a 
somewhat curved profile, but a linear slope is assumed in the present schematization. The 
eroded sand remains close to the shore, such that a sudden ‘step’ in the bathymetry will be 
present at the outer end of the eroded sand, see Figure 24. The length of this eroded beach 
profile can be taken as a separate dimension. But, based on volume conservation where all 
eroded sand will end up in the accreted foreshore, the length of the accreted beach can be 
estimated. This volume conservation assumes the absence of longshore sediment transport 
gradients, and a constant bulk density of the sand. 
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5. Parametrization of Demonstrators 
5.1 Introduction 

In this part of the report, the selected Demonstrators are schematized according to the 
general framework presented in Section 4.3, and the parameters resulting from this 
schematization are presented. This process is conducted to determine the parameter ranges 
and characteristics of each Demonstrator to present a groundwork for WP12 – Coastal 
protection functioning. 

5.1.1 Living Lab Raversijde (BE) schematization 

For Raversijde Demonstrator, a LiDAR scan conducted on January 17, 2024, with a cell size of 
1 meter is considered for the schematization process. 

For the dune erosion, a simulation was conducted using XBeach 1D in Surfbeat mode using 
the boundary conditions presented in Table 11. The study domain, the initial profile before the 
dune erosion process, the hard structure, the preliminary dune erosion profile and a 
preliminary schematization of these different elements are presented in Figure 25. A 
preliminary result for the dune erosion for the study domain is also given in Annex B. 

 

Figure 25 - Study domain and preliminary schematization of Raversijde Demonstrator. The thin solid line 
represents the pre-storm dune profile. The thick dashed lines are the schematizations of the DD-Hybrid NbS, 
before and after the storm. 

The parameters used to schematize the hydraulic conditions, the dike and the dune for the 
Raversijde Demonstrator are shown in Table 10. 
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Table 10 - Parameters for the base scenario in schematization for Raversijde Demonstrator. 

Hydraulic 
parameters 

Raversijde, base 
scenario 

T (hrs) 45 
hdeep (m) 12.37 
Hs,ss (m) 4.66 
Tm-10,ss (s) 9.9 
βss (˚) 0 
Hs,IG (m) 0 to 0.3 
Tm-10,IG (s) 25 to 250 
βIG (˚) 0 
Dike parameters   
Tdike (hrs) 1.75 
Wdike (m) 6.30 
Rcdike  (m) 2.85 
cot αdike  (-) 2 

Armour dike (-) Precast concrete 
blocks [100*45*25 cm] 

Wwall (m) 2.3 
htoe,eroded (m) 0.5 (Between 0 - 1) 
cot αbeach, eroded 60 
Dune parameters   
Ddune (m) 18 
Wdune (m) 21 
Rcdune (m) 1.6 
cot αdune (m) 12 
Vegetation indicator  Vegetated Dune 
d50 (micron) 370 
hdunefoot (m) 2.5 
cot αbeach (-) Between 30-50 

 

Preliminary results from XBeach 1D Surfbeat mode simulations for the Raversijde 
Demonstrator, as well as the schematization of this Demonstrator, based on this result is 
presented in Annex B. 

5.1.2 Middelkerke-grass dike (BE) schematization 

For the schematization of the Middelkerke Demonstrator, a LiDAR scan conducted on January 
17, 2024, with a cell size of 1 meter is considered. 

For the dune erosion, a simulation was conducted by using XBeach 1D in surfbeat mode using 
the offshore boundary conditions given in Table 4. The study domain, the initial profile before 
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the dune erosion process the hard structure and the preliminary schematization of the initial 
and eroded profiles are presented in Figure 26. A preliminary result for the dune erosion for 
the study domain is given in Annex B. 

 

Figure 26 - Study domain and preliminary schematization of Middelkerke Demonstrator. 

In the light of the presented preliminary schematization for the Middelkerke Demonstrator, 
determined and found results for mentioned hydraulic, dike and dune related parameters are 
shown in Table 11. 
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Table 11 - Parameters for the base scenario in schematization for Middelkerke Demonstrator. 

Hydraulic 
parameters 

Middelkerke, base 
scenario 

T (hrs) 45 
hdeep (m) 12.44 
Hs,ss (m) 4.95 
Tm-10,ss (s) 10.04 
βss (˚) 0 
Hs,IG (m) 0 to 0.3 
Tm-10,IG (s) 25 to 250 
βIG (˚) 0 
Dike parameters   
Tdike (hrs) 0.67 
Wdike (m) 28 
Rcdike  (m) 3.08 
cot αdike  (-) 3 
Armour dike (-) Rubble mound rock 
htoe,eroded (m) 0.5 (Between 0 - 1) 
Wwall (m) 3 
cot αbeach, eroded 60 
Dune parameters   
Ddune (m) 0 
Wdune (m) 8 
Rcdune (m) 3.08 
cot αdune (m) 12 
Vegetation indicator  Vegetated Dune 
d50 (micron) 300 
hdunefoot (m) 2.2 
cot αbeach (-) Between 30-50 

 

Preliminary results from XBeach 1D Surfbeat mode simulations for the Middelkerke 
Demonstrator, as well as the schematization of this Demonstrator, based on this result is 
presented in Annex B. 

5.1.3 Katwijk (NL) schematization 

For Katwijk Demonstrator, two different schematizations are prepared by considering 
different climate change scenarios. These scenarios are as follows; 

1- 0.3 m SLR  
2- 1 m SLR  
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For Scenario 1, the study of Arcadis (2012) was used to determine the parameters needed for 
the schematization. In this study, dune erosion was studied with different numerical tools 
which are DurosTA and XBeach Surfbeat for both 1D and 2D, and  by considering Jarkus 
transect 8008700 as an initial profile. The study domain and the eroded dune profiles 
predicted by these numerical models are presented in Figure 27. These various models gave 
slightly different answers for the eroded dune profile. 

 

Figure 27 - Study domain and dune erosion results (Arcadis, 2012), showing the initial pre-storm profile (black 
line) and the post-storm profiles predicted by DurosTA (blue) and XBeach Surfbeat in 1D mode (magenta).  

For Scenario 2 (increased SLR), the same schematized initial profile as in Scenario 1 was used 
as pre-storm profile. In the coming years, Rijkswaterstaat is planning to replace DUROS+ and 
DurosTA numerical tools with the process-based numerical model XBeach surfbeat. For this 
reason, XBeach 1D cross shore process-based model was then used to determine the 
parametrization for the eroded dune profiles in Scenario 2.   

In the schematization for Scenario 1, dune erosion results from XBeach 1D – surfbeat mode 
were considered rather than the results from XBeach 2D – Surfbeat mode and DurosTA 
simulations. DurosTA is currently used by the Dutch Ministry of Infrastructure and Water 
Management (Rijkswaterstaat) for the safety assessment for more complex coastlines and 
according to the study of van Wiechen (2024), it is observed that bore turbulence is the 
dominant driver of sediment suspension in the inner surf zone during storms. The accuracy 
of the approximations by DurosTA increased when a vertically uniform sediment diffusivity 
was used, resulting in less vertical variability of the suspended sediment concentrations in 
the water column. In other words, there is an indication that dune erosion models may achieve 
more accurate results if computations of the magnitude of suspended sediment 
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concentrations include a bore-induced turbulence term. However, these above mentioned 
information shows the strong points of DurosTA, in order to be consistent between two 
schematizations, dune erosion result from XBeach 1D was taken into account during the 
preparation of preliminary schematization of Scenario 1 which is for base design.  

 

Figure 28 - Schematization of the Katwijk design profile (Arcadis, 2012) compared to design profile and 
calculations. 

In Figure 28, the preliminary schematization in the study of Arcadis (2012)  for Scenario is 
given. Geometric parameters such as Wdike, cot αdike and cot αbeach in the schematization are 
also displayed. All values for the hydraulic, dune and dike related parameters are presented 
in Table 12.  

In Figure 29, preliminary schematization for nourishment not included case of Scenario 2 for 
Katwijk Demonstrator is given. Geometric parameters such as Wdike, cot αdike and cot αbeach in 
the schematization are displayed, as well, in the figure.  
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Figure 29 - Preliminary schematization of Katwijk Demonstrator for Scenario 2 - SLR (nourishment not included 
case) 

In the light of these given two schematizations for the Katwijk Demonstrator, determined 
and found results for mentioned hydraulic, dike and dune related parameters are shown in 
Table 12. 
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Table 12 - Parameters for both scenarios in schematization for the Katwijk Demonstrator. 

Hydraulic 
parameters 

Scenario 1, 
design 
base 

Scenario 2, 
extra SLR 

T (hrs) 35 35 
hdeep (m) 25.30 25.30 
Hs,ss (m) 7.99 7.99 
Tm-10,ss (s) 13.9 13.9 
βss (˚) -22.5 -22.5 
Hs,IG (m) 0 to 0.3 0 to 0.3 
Tm-10,IG (s) 25 to 100 25 to 100 
βIG (˚) -22.5 -22.5 
Dike parameters    
Tdike (hrs) 1.5 - 
Wdike (m) 15 15 
Rcdike  (m) 2 1.3 
cot αdike  (-) 3 3 

Armour dike (-) 
Placed 
blocks 

(basalton) 

Placed 
blocks 

(basalton) 
Wwall (m) 0 0 
htoe,eroded (m) 1 2 
cot αbeach, eroded 45 50 
Dune parameters    
Ddune (m) -15 -15 
Wdune (m) 70 70 
Rcdune (m) 2.75 2.55 
cot αdune (m) 9.5 8.5 
Vegetation indicator  No No 
d50 (micron) 211 211 
hdunefoot (m) 4.5 6 
cot αbeach (-) 41 35 

 

5.1.4 Sankt Peter-Ording (DE) schematization 

Sankt Peter-Ording is located at the German Bight of the North Sea coast. The coastline is 
rather complex, as can be seen in Figure 32 below. The Northern part is protected by dunes 
only, and the southern part by dikes and dunes with a salt march in between. In Figure 32 
transects are indicated that correspond to two typical cross sections, which are given in 
Figure 31. The lower, cyan transect (Ckm 134) is selected to analyze for DuneFront, as it has a 
dike with a safety function, and is rather two dimensional. Hence it fits the framework of this 
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report. However, the dune in the Northern transect (magenta, Ckm132) was studied before in 
a physical modelling study (Mehrtens et al. 2024). Therefore this dune profile is used as a 
model the foredunes at the model of the lower transect (cyan, Ckm 134). The whole dune 
system was investigated regarding its dimensions and temporal evolution in a previous study 
as well (Mehrtens et al. 2023). 

Detailed safety assessment including aforementioned tests were performed on the (minimal) 
dike profile at the most Northern transect, for which the design approach was developed. 
Therefore, we use the conditions of these tests as representative for the lower transect, for 
which the offshore boundary conditions are reasonably assumed to be very similar. 

 

 

Figure 30 – Top view of Sankt Peter-Ording. 
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Figure 31 – Cross sectional profiles of the coastline of Sankt Peter-Ording, with top and bottom profiles 
corresponding respectively to the magenta and cyan transect in Figure 32. 

We obtained the two cross sections shown in the figure below for the tested dune (tested 
previously) and the regional dike as shown in deliverable D7.1. 
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Figure 32 – Simplified dune and geometry of dike structure. 

Projecting these two profiles on the rather horizontal beach level (slope 1-2‰) of the lower 
dune-dike transect, gives the following figure, using the set of parameters that we use for 
the DuneFront schematization. Here the lower dune slope of 1:20 is extended as a beach 
(towards the flume bed in the tests). 

• Beach level = salt marsh level = 2.0 m NHN2016 / MSL 
• Dune crest is 7.9 m NHN2016 (Mehrtens et al., 2023, Table 3) 
• Regional dike crest is 6.4 m NHN2016  
• Dike slope is currently composed of 1:8 and 1:12 but can be approximated with 1:10 

uniform slope, as the state of Schleswig-Holstein has put forward plans to re-model 
all regional dike lines to have a uniform 1:10 sea ward slope, as given in the 
Generalplan Küstenschutz Schleswig-Holstein (Ministerium für Energiewende 2022). 
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Figure 33 – Top: modelled profile compared to the Southern transect, with dashed blue the final DuneFront 
schematization.  Bottom: detailed comparison of the DuneFront schematization to the (previously modelled) 
dune profile (left), and the composite dike profile (right). 

In Figure 34, an erosion study that was conducted at TU Braunschweig is given. In this figure, 
the initial and eroded profiles of the dune are given. These results are used to determine the 
needed dune related parameters for the schematization of the Demonstrator. 
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Figure 34 – Erosion study result for the dune structure. 

In the light of these given studies and information, for the Sankt Peter-Ording Demonstrator, 
determined and found results for mentioned dike and dune related parameters are shown in 
Table 13. 
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Table 13 - Parameters for preliminary schematization for Sankt Peter-Ording Demonstrator. 

Hydraulic 
parameters 

Sankt Peter-Ording 

T (hrs) 10 (5+5) 
hdeep (m) 25.70 
Hs,ss (m) 6.60 
Tm-10,ss (s) 10.80 - 11.70 
βss (˚) 0 
Hs,IG (m) 0 to 0.3 
Tm-10,IG (s) 25 to 250 
βIG (˚) 0 
Dike parameters   
Tdike (hrs) 10 (5+5) 
Wdike (m) 5 (?) 
Rcdike  (m) 0.7 
cot αdike  (-) 10 
Armour dike (-) Grass /asphalt 
htoe,eroded (m) 1.5 
Wwall (m) 0 
cot αbeach, eroded 14.6 
Dune parameters   
Ddune (m) 750-1000 
Wdune (m) 4.2 
Rcdune (m) 0.57 
cot αdune (m) 3-20 

Vegetation indicator  
Vegetated (naturally 

grown) 
d50 (micron) ? 
hdunefoot (m) 0.8 
cot αbeach (-) 19.2 

 

5.2 Remarks 

In Table 14, the parameters as found in this chapter are summarized. The Demonstrators have 
dike-in-dune (NL) and dune-in-front-of-dike (BE, DE) configurations.  

It can be seen that the dune profile is rather low in the Dutch and Belgian cases, as a view to 
the sea must be preserved at these coastal towns. The foreshore slope typically flattens 
during the storm. 

It is confirmed that the eroded profile for the Demonstrators, with a depth at the dike toe 
(htoe) ranging from zero to in the order of 10% of the offshore wave height (Hm0,o) can be 
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characterized as an extremely shallow foreshore, htoe / Hm0,o <0.3 (see Hofland 2017). It is known 
that for these extremely shallow foreshores, the wave at the toe of the structure is dominated 
by locally generated infragravity waves.  

The eroded beach slope is in the range of 1:30 to 1:50. 
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Table 14 - Parameterization of selected Demonstrators. 

Hydraulic 
parameters 

Raversijde 
(BE) 

Middelkerke 
(BE) 

Katwijk 
(NL) 

Sankt Peter 
Ording (DE) 

D (hrs) 45 45 35 10 (5+5) 
hdeep (m) 12.37 12.44 25.30 25.70 
Hs,ss (m) 4.66 4.95 7.99 6.60 
Tm-10,ss (s) 9.9 10.04 13.9 10.80 – 11.70 
βss (˚) 0 0 0 0 
Hs,IG (m) 0 0 0 0 
Tm-10,IG (s) 0 0 0 0 
βIG (˚) - - - - 
Dike parameters      
Tdike (hrs) 1.75 1.75 1.5 10 (5+5) 
Wdike (m) 6.30 28 15 5 (?) 
Rcdike  (m) 2.85 3.08 1.3 to 2 0.7 
cot αdike  (-) 2 3 3 10 

Armour dike (-) 

Precast 
concrete 

blocks 
[100*45*25 

cm] 

Rouble 
mound – 
Rip rap 

Placed 
blocks 

(basalton) 

Grass 
/asphalt 

Wwall (m) 2.3 3 0 1.5 
htoe, eroded (m) 0 to 1 0 to 1 1-2 0 
cot αbeach, eroded 60 60 45 to 50 14.6 
Dune parameters      
Ddune (m) 18 0 -15 750-1000 
Wdune (m) 21 8 70 4.2 
Rcdune (m) 1.6 3.08 2.55 to 2.75 0.57 
cot αdune (m) 12 12 8.5 to 9.5 3-20 

Vegetation  
Vegetated 
(planted) 

Vegetated 
(planted)  

Vegetated 
(planted) 

Vegetated 
(naturally 

grown) 
d50 (micron) 370 300 211 ? 
hdunefoot (m) 2.5 2.2 4.5 to 6 0.8 
cot αbeach (-) 30 to 50 30 to 50 35 to 41 19.2 
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6. Parameter Ranges for Testing 
6.1 Introduction 

In this part of the report, the ranges of the parameters that are determined in the previous 
chapter are presented in Table 15. These ranges are presented by considering all determined 
parameters from the considered Demonstrators. 

Table 15 - Generalized parameter ranges selected Demonstrators as base of testing. 

Hydraulic 
parameters Ranges 

T (hrs) 35-45 
hdeep (m) 12-25 
Hs,ss (m) 4.5 to 8 
Tm-10,ss (s) 10-15.5 
βss (˚) 0 
Hs,FIG (m) 0 to 0.5 (estimate) 
Tm-10,FIG (s) 20 to 250 
βFIG (˚) 0  
Dike parameters   
Tdike (hrs) 0.5 to 2 
Wdike (m) 6 to 30 
Rcdike  (m) 2 to 3 
cot αdike  (-) 3 to 4 

Armour dike (-) concrete blocks, rubble mound, grass, 
asphalt 

Wwall (m) 0 to 3 
htoe (m) 0 to 2 
cot αbeach, eroded 45 to 60 
Dune parameters   
Ddune (m) -15 to 1000 
Wdune (m) 10 to 70  
Rcdune (m) 1.6 to 3.1 
cot αdune (m) 8 to 12 

Vegetation  Vegetated  
planted, or naturally grown with the dune 

d50 (micron) 211 – 370 
hdunefoot (m) 2 to 6 
cot αbeach (-) 30 to 50 
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In all designs of the Demonstrators the presence of free IG waves was not explicitly taken into 
account. As free IG waves can be present in the North Sea (see Section 3.4), some rough 
estimates for the possible values are given in the table. These could be tested to evaluate 
their unknown influence. 

6.2 First Test Series on dike processes (NL) 

In a first test series the dike-related processes will be studied. These tests will be done with 
a fixed-bed foreshore that resembles the eroded foreshore at (or slightly after) the peak of 
the storm, with largest hydraulic attack. As the initial dune will not be present in the tests, only 
the parameters related to the (most) eroded profile will be discussed.  

The setup will be modelled in a wave flume, such that the offshore bed will be horizontal and 
flat. Based on the scale to be chosen, the beach foreshore slope will be extended to the 
horizontal flume floor, or the eroded profile will be truncated. It is the aim the include (most 
of the) seaward step of the eroded sand volume on the foreshore in the model 
schematization. Due to this truncation the deep water depth in the model will be somewhat 
different than that in reality. It will have to be large enough to ensure a correct wave generation. 

The wall on the dike slope, as present in Belgium will be omitted for most tests (Wwall = 0), but 
some tests will be done with it. As slope armour a smooth slope will primarily be used. Possibly 
a natural rock armour will be tested as a variation. 

If time allows, it is proposed to apply both the 1:45 and 1:60 eroded beach slopes as found in 
the Demonstrators is used. The length of the foreshore, Lforeshore, as added to Figure 35, can be 
worked out from the schematization based on volume conservation of the sand. This is an 
important variable that is governed by the volume of sand that is present in the dune. 

In all designs of the Demonstrators the presence of free IG waves was not taken into account. 
It has been found recently that also significant amounts of free IG waves can be present in 
the North Sea (see Section 3.4). In the test on dike processes, the potential effect (up to now 
unknown) of these FIG can be determined. It is proposed to perform most tests without FIG, 
but several tests can be performed with larger Hs,FIG/Hs,ss ≈ 0.05, which is somewhat more than 
observed. 

The duration of the tests is based of the time that the dike is exposed. This was only a few 
hundred waves. Still, in order to have enough statistical certainty in the derived parameters, 
tests with at least 1000 waves are proposed. For detailed statistics of the IG waves even 
longer test durations should be considered. 
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Figure 35- General setup for physical model test series on dike processes. 
 

Table 16 - Proposed prototype scale test ranges for physical model test on dike processes. 

Hydraulic 
parameters Katwijk (NL) 

T (hrs) n.a. (no erosion in test) 
Hs,ss (m) 4* to 8 
Tm-10,ss (s) 10-15.5 
βss (˚) 0 
Hs,FIG (m) 0 to 0.4 
Tm-10,FIG (s) 20 to 250 
βFIG (˚) 0 
Dike parameters   
Tdike (hrs) 1 to 2 
Wdike (m) 10 
Rcdike  (m) 2 and 3 
cot αdike  (-) 3 to 4 

Armour dike (-) 
concrete blocks, rubble mound, grass, 

asphalt 
Wwall (m) 0 to 3 
htoe (m) -0.5, 0, 0.5, 1, 1.5 
Foreshore 
parameters   

Lforeshore (m) ≈ 300 (or 200 for Belgium) 
hforeshore To be based on scale and facility 
cot αbeach, eroded 45 and 60 

*) the lower range of Hs,ss is given to reduce the amount of bound IG waves reaching the dike, as 
this is overestimated by the long crested waves that are generated in wave flumes. 
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Table 17 - Proposed dimensionless test ranges for physical model test on dike processes. 

Hydraulic 
parameters 

dimensionless 

Hs,ss / hdeep(m) < 0.3 
sm-10 ,ss  3-5 
N  O(1000) 
βss (˚) 0 
Hs,FIG / Hs,ss  0 to 0.05 
sm-10,FIG  O(10-4) 
βIG (˚) 0 
Dike parameters   
Wdike / Hs,ss  0 to 3 
Rcdike / Hs,ss  0.5 
cot αdike   3 to 4 
Armour dike  smooth / rubble mound  
Wwall / Hs,ss 0 to 1 
htoe / Hs,ss  -0.2 to 1  
Foreshore 
parameters  

 

Lforeshore/ Hs,ss ≈ 37.5 
hforeshore To be based on scale and facility 
cot αbeach, eroded 45 and 60 

 
 

6.3 Second Test Series on dune erosion with vegetation (DE) 

The second test series will investigate the erosion of dunes. As in the section that is regarded 
the dike is located far behind the dune, it is proposed to focus on the dune only. To connect 
to previous tests, the previously applied dune schematization as given in Figure 36 could be 
considered. This falls within the present schematization, except the small 1:9 sloping part, 
which might be omitted by extending then neighbouring slopes. The way to describe and 
model the vegetation needs to be further studied. As the dike in the German Demonstrator is 
located far behind the dune (very large Ddune), it can either be omitted in the schematization, 
or placed at any distance away from the dune profile. 

 
6.4 Third Test Series on dune erosion (BE) 

The third test series will investigate the erosion of dunes and the effect on the overtopping 
process on the dike. The schematization of the outer dune profile can be similar as used in 
the German tests. An interesting variable to vary here is Ddune. Also the influence of different 
dike slope materials seems interesting. 
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Figure 36- Possible general setup for third physical model test series on dune erosion at a DD combination. 
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7. Discussion 
In this report Demonstrators are considered that all lie on the North Sea shores. The flood 
defence loads in this environment are governed by large surges, so the primary load variable 
typically is water level, with wave conditions as a secondary variable. This means that the 
schematization given in this report pertains to similar environments. Along coasts where 
water level changes are limited, for instance in the Mediterranean or Black Sea, somewhat 
different schematization might be applicable. 

The influence of vegetation on dune erosion is unclear. Studies exist that show that in 
vegetation decreases dune erosion rates (as one would expect), but also that it increases 
dune erosion rates (Feagin et al. 2023). The parameters with which to quantify the influence 
of the vegetation (mainly Marram grass) needs to be determined. Aspects like the density 
of plants or stems, or the total biomass (above or below ground), or a combination of these 
could be correlated to the change in strength. This will be part of the aim of the second test 
series (German physical twin). 

Several types of dike protection are present in the Demonstrators. For the slope protection 
with placed blocks with open joints and rubble mound layers, where the porosity of the 
layer influences its stability, the influence of the sand on stability is unclear. Also the 
influence of the IG waves on the fraction of plunging waves is unclear, such that common 
stability formulations are not expected to hold. This is something that could be examined in 
the planned tests. 
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8. Conclusions 
This report (D7.2) is the second deliverable of Work Package 7 (WP7 - D7.2 Boundary 
conditions for the physical modelling of extreme storms) in the DuneFront project. The 
present report describes the findings of Task 7.2 in Work Package 7.  

The DuneFront project focuses on improving understanding of dune-dike hybrid Nature-
based Solutions (DD-Hybrid NbS) to create sustainable, inclusive, and aesthetic coastal 
management infrastructure. These innovative solutions aim to integrate biodiversity while 
addressing significant socio-economic challenges along Europe’s densely populated coasts. 
In the scope of the report of the first deliverable (D7.1), by studying existing hybrid NbS, a 
groundwork for better understanding of the design aspect of these systems was presented. 

The main objective of Task 7.2 is to determine the extreme boundary conditions for three 
Demonstrators which will be modelled in three laboratory campaigns. This includes future 
developments influencing the safety function of the Demonstrators like climate change 
scenarios. In order to fulfil this objective, further selection of Demonstrators was made to 
prepare for WP12 – Coastal protection functioning. After a first selection in the previous task 
(D7.1), four Demonstrators were selected, based on two main criterions. Firstly, 
Demonstrators are chosen that can be schematized in a two-dimensional fashion. Secondly, 
Demonstrators are chosen for which enough detailed information on design, geometry and 
hydraulic boundary conditions could be obtained. According to these two criteria, four 
Demonstrators which are Living Lab Raversijde (BE), Middelkerke grass dike (BE), Katwijk (NL) 
and Sankt Peter Ording (DE) were selected to be studied in D7.2.  

After this further selection, the extreme storm boundary conditions were presented 
according to information from D7.1 by considering future developments like climate change 
scenarios for configurations which are going to be modelled in the three laboratory test 
campaigns to fulfil the main objective of this task. Table 8 (repeated below) compares the 
extreme hydraulic conditions of different Demonstrators. A single description of the main 
water level peak of the water level is proposed. 
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Table 8 (repeated) - Comparison of hydrodynamic conditions of selected Demonstrators. 

Demonstrator 
Return 
period 
(yrs) 

Design 
lifetime 

(yrs) 

Sea 
level 
rise 
(m) 

Duration      
(hrs) 

Hs          
(m) 

Tp            
(s) 

Tm-1,0,ss          
(s) 

Total 
depth at 
offshore 
waves 

(m) 

Limit for 
overtopping 
discharge 

(l/s/m) 

Middelkerke 
(BE) 

1000 
Until at 

least 
2050 

0.42  45 5.12 12.54 11.40 12.74 - 

Raversijde 
(BE) 

1000 
Until at 

least 
2070 

0.3  45 4.80 11.21 9.96 12.35  1 

Katwijk (NL) 10’000 50 / 100 0.3 35 7.99 13.90 12.60 25.30 1 

Sankt Peter-
Ording (DE) 200 100 0.5 10* 6.60 

12.00 
– 

13.00 

10.80 -
11.70 25.70 2.0 

* Two consecutive 5 hours storms (10 hours in total) without any repair or nourishment between them 

 

As it can be seen from Table, return periods, storm durations, determination of offshore 
boundary conditions and limits for wave overtopping differ from Demonstrator to 
Demonstrator and this shows the difference between the approaches of these three 
countries (the Netherlands, Belgium and Germany) in design of the hybrid structures.  

In addition to this knowledge from D7.1, in Chapter 3, possible changes in terms of water level, 
waves, nourishment patterns and regulations are discussed to see if somewhat different 
conditions will be needed to consider for the future dune-dike structures. Climate change 
scenarios have been taken into account in the design of all Demonstrators. Because the dunes 
(and dikes) are adaptable, no extreme scenario has to be taken into account. But the dunes 
can grow. In the Netherlands they grow faster than sea level rise at the moment. The Dutch 
Demonstrator shows that the guidelines for design/assessment change over time, and might 
influence the lifetime. This entails the description of hydraulic boundary conditions, the 
design models used, and physical processes taken into account (e.g. infragravity waves). 

Furthermore, to better understand and generalize the design aspects of these hybrid 
systems with respect to flood safety, the selected DD-Hybrid NbS and possible future 
developments on them, the Demonstrators were parametrized following a unified 
schematization. This parameterization can be used to prepare the model testing campaigns 
in the project, and link their results in one framework. After the schematization, the parameter 
ranges are defined and dune-dike profiles that can be constructed in all three physical 
modelling campaigns is also assessed in this report. 

In Table 14, repeated below, determined parameters after the schematization of 
Demonstrators are shown. These presented parameters are also used to determine the 
parameter ranges by considering all selected Demonstrators in the prototype scale. Based 
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on this, both prototype and dimensionless test ranges for the following three physical 
modelling campaigns in the scope of WP12 are proposed.  

Table 18 (repeated) - Parameterization of selected Demonstrators. 

Hydraulic 
parameters 

Raversijde 
(BE) 

Middelkerke 
(BE) 

Katwijk 
(NL) 

Sankt Peter 
Ording (DE) 

D (hrs) 45 45 35 10 (5+5) 
hdeep (m) 12.37 12.44 25.30 25.70 
Hs,ss (m) 4.66 4.95 7.99 6.60 
Tm-10,ss (s) 9.9 10.04 13.9 10.80 – 11.70 
βss (˚) 0 0 0 0 
Hs,IG (m) 0 0 0 0 
Tm-10,IG (s) 0 0 0 0 
βIG (˚) - - - - 
Dike parameters      
Tdike (hrs) 1.75 1.75 1.5 10 (5+5) 
Wdike (m) 6.30 28 15 5 (?) 
Rcdike  (m) 2.85 3.08 1.3 to 2 0.7 
cot αdike  (-) 2 3 3 10 

Armour dike (-) 

Precast 
concrete 

blocks 
[100*45*25 

cm] 

Rouble 
mound – 
Rip rap 

Placed 
blocks 

(basalton) 

Grass 
/asphalt 

Wwall (m) 2.3 3 0 1.5 
htoe, eroded (m) 0 to 1 0 to 1 1-2 0 
cot αbeach, eroded 60 60 45 to 50 14.6 
Dune parameters      
Ddune (m) 18 0 -15 750-1000 
Wdune (m) 21 8 70 4.2 
Rcdune (m) 1.6 3.08 2.55 to 2.75 0.57 
cot αdune (m) 12 12 8.5 to 9.5 3-20 

Vegetation  
Vegetated 
(planted) 

Vegetated 
(planted)  

Vegetated 
(planted) 

Vegetated 
(naturally 

grown) 
d50 (micron) 370 300 211 ? 
hdunefoot (m) 2.5 2.2 4.5 to 6 0.8 
cot αbeach (-) 30 to 50 30 to 50 35 to 41 19.2 
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In general, this report, the second deliverable of WP7, aims to provide a comprehensive 
overview of the extreme conditions for four Demonstrators which are going to be modelled 
in the laboratory condition. In this overview, several climate change scenarios and other 
future developments are considered during the determination of the extreme storm 
boundary conditions. The presented knowledge in this report is going to be used during the 
physical modelling studies in the scope of WP12 – Coastal protection functioning.  
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Annex A – Xbeach input Katwijk 
Input file for XBeach 1D Surfbeat mode simulations for the future scenarios of Katwijk (NL) 
Demonstrator. 

 
%%% DuneFront - Katwijk Demonstrator simulation %%% 
 
%%% Physical constants  
 
rho         = 1025 
g           = 9.81 
depthscale  = 1 

 
%%% Model time parameters  
 
tstop      = 126000 
CFL        = 0.700000 
 
%%% Physical processes  
 
sedtrans        = 1 
morphology      = 1 
avalanching     = 1 
wavemodel       = surfbeat 
 
%%% Grid parameters  
 
gridform   = xbeach 
xfile      = x.grd 
vardx      = 1 
nx         = 2180 
ny         = 0 
vardx      = 0 
depfile    = bed.dep 
posdwn     = -1 
thetamin   = -90 
thetamax   = 90 
dtheta     = 180 
thetanaut  = 0 
 
 
%%% Wave boundary condition parameters  
 
wbctype     = jonstable 
bcfile      = waves.lst 
lateralwave = neumann 
 
wbcevarreduce = 1 
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%%% Wave spectrum boundary condition parameters  
 
random      = 1 
 
%%% Flow boundary condition parameters  
 
front        = abs_1d 
back         = wall 
left         = neumann 
right        = neumann 
 
%%% Tide boundary conditions  
 
tideloc    = 0 
%zs0file    = tide.txt 
 
 
%%% Wave breaking parameters  
 
break      = roelvink_daly 
gamma      = 0.500000 
alpha      = 1 
n          = 10 
delta      = 0 
 
%%% Flow parameters  
 
%C          = 65 
nuh        = 0.100000 
nuhfac     = 0 
 
%%% Bed composition parameters  
 
rhos       = 2630 
por        = 0.400000 
D50        = 0.000211 
 
%%% Sediment transport parameters  
 
waveform   = vanthiel 
form       = vanthiel_vanrijn 
facua      = 0.1 
turb       = wave_averaged 
Tsmin      = 0.5 
 
%%% Morphology parameters  
 
morfac     = 1 
morstart   = 0 
wetslp     = 0.300000 
dryslp     = 1 
hswitch    = 0.100000 
dzmax      = 0.05 
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struct     = 1 
ne_layer   = ne_bed.dep 
 
%%% Output variables  
 
tintg        = 3600 
tstart       = 0 
outputformat = netcdf 
 
 
nglobalvar = 19 
H 
Hrunup 
L1 
c 
cg 
cgx 
cx 
hh 
qx 
qy 
runup 
u 
ua 
ue 
urms 
xHrunup 
zb 
zs 
iwl 
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Annex B – Xbeach results Belgium 
Preliminary results from XBeach 1D Surfbeat mode simulations for the Belgian Demonstrators 
are presented in this section. Additionally, the schematization of these Demonstrators, based 
on the initial findings, has been calculated and is also included here. 

 

Preliminary results of XBeach dune erosion in Raversijde under the base scenario 

 

Schematization of Raversijde Demonstrator, based on the preliminary XBeach dune erosion 
model 
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Preliminary results of XBeach dune erosion in Middelkerke under the base scenario 

 

 

Schematization of Middelkerke Demonstrator, based on the preliminary XBeach dune 
erosion model 

 


