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Abstract: Due to a increasing sea level public and private parties pay increasing attention to a safe and liveable flood prone area. The most straightforward method of dike improvement is heightening the crest level of the dike. This paper focuses on other methods to make dikes cope with future sea level rise. The concept that is discussed is a wide coastal defence zone where several functions (including flood protection) can be combined. This paper gives results of a first schematic safety assessment which shows that the wide flood defence concept has potential to cope with future flood defence challenges.   
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1. introduction
In recent years increasing attention is paid to climate change issues. It is uncertain what the effect of climate change  on the  rate of sea level rise is. It is however certain that the sea water level will rise the next hundred years. This will increase the hydraulic loads on water defence systems all over the world. Ceteris paribus the flood risk to which people in flood prone areas are exposed to will intensify. 

Numerous measures to reduce this flood risk can be subject of research and can be implemented. Politicians, policy makers and engineers have both the tools and the responsibility to create a liveable and safe flood prone area. This paper focuses on the degrees of freedom in the design of coastal defence assets to make them future proof. The most straightforward way of dike improvement is heightening the crest level of the dike. For centuries this was the common way for people in the Netherlands to keep up with the sea level rise. Since most coastal dikes fail by erosion of the inner slope due to wave overtopping reduction measures for the impact of waves are discussed. These reduction measures can be divided into three categories: 

1. Seaward measures

2. Embankment measures

3. Landward measures

Seaward measures include the construction of a reef, a breakwater or a (sandy) foreshore to reduce the wave energy before the waves reach the flood defence. Embankment measures concentrate on a renewed design of the flood defence. The design options include amongst others heightening the crest level, roughening the outer slope, adjusting the angle of the outer slope and the creation of a extreme wide dike design. 
Landward measures are based on the philosophy that it is acceptable for waves to overtop the embankment to a certain extent in extreme situations. Accepting water to overtop the embankment implies that the inner slope of the embankment should be strong enough to cope with the overtopped water. 

The European ComCoast (COMbined functions in COASTal defence zones) project develops and demonstrates new methods for managing and developing the coastal zone, The goal is to make the coastal area a safer and more attractive place to live. The project organization consists of public and private partners from five North Sea countries. ComCoast looks at how we use the coastal flood plain today and to seek multifunctional solutions for its sustainable use in the future. The concept is to create a more gradual transition from sea to land, instead of a traditional single line of defence. This coastal transition area is referred to as a coastal defence zone, which will be the main subject of this paper. 

Chapter 2 gives a description of a coastal defence zone. This description mainly focuses on the system analysis and the reliability analysis of the coastal defence zone. Chapter 3 discusses a case study for the Hondsbossche Sea Defence in the Netherlands. Failure probability calculations are made for several configurations which are applicable to this sea defence. Finally, conclusions and recommendations are given in chapter 4.
2. Description of a coastal defence zone
Basic principle of a coastal defence zone is to use a wide coastal area for flood defence purposes. Contrary to a traditional dike, which retains water due to one fixed line, a coastal defence zone is a wide multifunctional area, suitable for various functions next to its primary water retaining function. Examples of these functions are recreation and environmental development. 

Using the width  of the coastal defence zone, two supplementary options for water defence are possible, in comparison with a traditional dike. First, the width of a coastal defence zone can be used as a load-reducing mechanism. Several measures at the seaward side can lead to the reduction of wave height. Secondly, more wave-overtopping can be permitted using a transitional area behind the sea dike to handle the overtopping discharge. The water that is washed over the top can be temporarily stored, if a secondary dike is present or can be drained away. When the primary dike is overtopped by the waves the secondary dike will assure the safety of the high-valued hinterland. This can be seen as a load-admitting measure. 

In the further analysis of the coastal defence zone both the load-reducing option and the load-admitting option are discussed integrally . Figure 1 gives an impression of a coastal defence zone.
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Figure 1: Schematic representation of a coastal defence zone
Next to its water retaining function, a coastal defence zone can be used for other purposes. The transitional area can be used for several activities, i.e. aquatic sport, recreation, development of aquatic and environmental values. In comparison with a traditional dike, a coastal defence zone has a range of functions, i.e. water retaining, water storage, water control and wave reduction. 

2.1 System analysis of a coastal defence zone

The concept of the coastal defence zone is to partially reduce the waves on the foreshore and to partially allow the waves to overtop the primary dike. The admitted wave overtopping leads to a certain water level in the transitional area. The water depth in the transitional area depends on the amount of wave overtopping and the size of the transitional area. As a consequence of the water in the transitional area the secondary dike will have a probability of failure. The above mentioned cause-consequence relations are pointed out in Figure 2.  
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Figure 2: Cause-consequence relations in a coastal defence zone
2.2 Reliability of a Coastal defence zone 
A coastal defence zone consists of several elements with various functions. In this section attention is paid to a reliability analysis of the coastal defence zone. The reliability of a flood defence determines its effectiveness. The reliability of a coastal defence zone is mainly determined by the failure probability of the primary dike, the failure probability of the secondary dike and the water storage capacity of the transitional area.
The primary dike of a coastal defence zone can be provided with an overtopping resistant revetment on the inner slope of the dike. This will allow more water to overtop the dike without occurrence of failure. As a result failure of the overtopping resistant revetment on the inner slope of the dike (R) will only take place in case of high overtopping discharges. Additionally the primary dike can fail due to Piping (P), Instability (I) and Erosion of the revetment on the outer slope of the dike (E). 

In general failure of the secondary dike can occur due to Piping (P), Instability (I), Erosion of the outer slope (E) and (wave-)overtopping. Wave-overtopping causes erosion of the inner slope. However, overtopping of the secondary dike implies in fact a shortage of water storage capacity. This failure mechanism is represented in the fault tree as a separate failure mechanism.

The general approach of the description of this failure due to water storage is based on the water balance, which means that the input volume of water equals the sum of the storage volume and output volume of water. In general overtopping water during a storm causes the input of water. Water can be drained off (output) by a drainage system or a pump installation. When the amount of water entering the transitional area is larger than the storage and drainage capacity the system will fail due to a shortage of water storage. Figure 3 depicts the fault tree of coastal defence zone.
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Figure 3: Fault tree of a coastal defence zone
2.3 Overtopping resistant revetment

One of the main issues in a coastal defence zone system as described above is the overtopping resistant revetment. As mentioned in section 2.1 the crest and the inner slope of the dike should be provided with a revetment which can cope with a larger amount of overtopping water. The most stringent statutory standard for wave overtopping in The Netherlands is 0.1 l/s/m in the case of poor quality grass on the inner slope. 
In the Netherlands several laboratory and field test are performed to determine the strength of the inner slope of a dike. Several types of reinforced inner slopes are developed and tested in laboratories – see for more literature (Arcadis et al, 2005), (DHV, 2005) and (Royal Haskoning et al, 2005)). Next to this field test with an overtopping simulator are performed on a natural grass revetment and on a reinforced grass revetment (Van der Meer, 2006) 
Preliminary results of the rests show that the tested reinforced inner slopes as well as the tested natural grass revetments can cope with large amounts of water. The tests show that even at an average  overtopping discharge of 50 l/s/m no major damage to the non-reinforced grass revetment could be observed (Infram et al, 2007) In 2008 more test are to be taken in the Netherlands with different inner slope revetments to assess their resistance to overtopping. 

3. Case studies

At several locations in the Netherlands case studies have been performed introducing a coastal defence zone as a possible solution for dike improvements. Next to these case studies in the Netherlands, case studies have been performed in New Orleans (Dijkman, 2007) and Nessmersiel, Germany (Infram, 2006) The aim of these case studies is to analyse whether a coastal defence zone could cope with climate changes for the next hundred years. Figure 4 gives an overview of the case study locations in the Netherlands. In this paper the case study for the Hondsbossche Sea defence will be discussed. 
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Figure 4: Case study locations in the Netherlands
The case study calculations are made with a simplified model, based on a two dimensional schematisation of the case study situations. The calculations are based on the assumption that the primary and secondary dike are infinitely strong. In other words, the calculated failure probability represents only failure due to a shortage of water storage capacity. This means that it is assumed that  failure due to instability, erosion and piping negligible in comparison to the failure probability due to shortage of water storage capacity. Considering the assumptions that are made, the calculations give an order of magnitude of the failure probability of a coastal defence zone.
3.1 Description of situation at Hondsbossche Sea Defence

The Hondsbossche Sea Defence is located in the north-western part of the Netherlands along the North Sea shore. The crest level of the sea defence lies at 12m above mean sea level (=NAP). The normative local storm surge level is about 5m NAP, which gives the sea defence a freeboard of 7m during storm conditions. Despite its high crest level the sea defence neglects to fulfil its protection standard, which is set at a tolerable probability of failure of 1/10000 years. Figure 5 gives a schematic representation of the coastal defence zone at the Hondsbossche Sea defence. 
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Figure 5: Schematic representation of the coastal defence zone at the Hondsbossche Sea defence
3.2 Failure probability calculations   
Figure 6 gives the failure probability of a coastal defence zone as a relation to the crest level of the flood defence. This failure probability is valid under the assumption that the inner slope of the sea defence can cope with a considerable amount of water (in the order of magnitude of 50 l/s/m’). In the current situation with a crest level of 12m NAP the failure probability of the coastal defence zone the failure probability will lie between 1∙E-05 and 1∙E-06. This is 10 to 100 times smaller than the tolerable probability of failure. 
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Figure 6: Sensitivity of the crest level of the primary dike

Furthermore figure 6 points out that when the dike can cope with a considerable amount of wave overtopping the 1/10000-standard will be fulfilled even in case of a lower dike design. The crest level in this situation should be about 10m NAP. 
A coastal defence zone is one of the possible water defence strategies to cope with sea water level rise.  From this point of view it is interesting to look at the future development of the failure probability for several flood defences for the Hondsbossche Sea Defence (Figure 7). The red line shows the increasing failure probability of a traditional dike. This means that the 1 l/s/m-criterion is valid. The green line shows the failure probability development for a situation when 50 l/s/m is permitted. The blue line shows the line of the coastal defence zone. In this case it is assumed that failure can only occur when the transitional area fails to store the overtopped water during the entire storm duration. In this situation approximately 160 l/s/m overtops the secondary dike.
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Figure 7: Future development of the failure probability for several flood defence types for the Hondsbossche Sea Defence
4. conclusions and recommendations
The objective of this research is to give a safety assessment of different configurations within the ComCoast concept. It must be noted that the calculations are based on the assumption that the primary dike and the secondary dike are infinitely strong. Consequently, failure due to instability, erosion and piping are neglected.

The research shows that the application of a wider coastal defence system can contribute to a higher safety level behind this defence system. Furthermore the research shows that the applicability of the ComCoast approach is strongly dependent from area specific characteristics, like land-use and wave climate. 
More research should be performed on the strength of the inner slope of dikes and their resistance to the failure mechanisms Piping, Erosion and Instability. It should be assured that the overtopping resistant dike is breach-free under normative storm conditions. Furthermore it is recommended to integrate the failure mechanisms Piping, Erosion and Instability with the failure probability calculations made in this research to see the effect of these mechanisms to the overall safety of the coastal defence zone. 
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