oo

Lelie

~rotection
NVultiple

INes of Dikes

A Case Study of the Twin Dike
Eemshaven-Delfzijl Project







—l00a Protection
Using Multiple
Nes of DIKes

A Case Study of the Twin Dike
Eemshaven-Delfzijl Project

by

C\W. Wauben

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended publicly on Wednesday 10 July 2019 at 14:00.

Student number: 4243498
Project duration: September, 2018 — July, 2019

Thesis committee:  Prof. dr. ir. M. Kok TU Delft, chairman
Ir. J. Tigchelaar HKV Consultants
Ir. K. de Jong Water board Noorderzijlvest

C.H. Lashley MSc TU Delft
Ir. R.J.C. Marijnissen Wageningen University
Ir. J.P. van den Bos TU Delft

An electronic version of this thesis is available at http://repository.tudelft.nl/.

Cover photo: Wadden Sea dike west of Eemshaven. In the left, North Cape, the most northern point
of the Dutch mainland. 29 March 2019.

(‘ Waterschap NOORDERZIJIVEST
#anY/  TUDelft T =


http://repository.tudelft.nl/




Abstract

Flood defences in the Netherlands are regularly assessed in order to see if they satisfy the required
safety norms. During the third assessment round (2006-2011) an 11.7 km stretch of dike in the north-
eastern part of the Netherlands did not satisfy the required safety norms. Traditionally, a dike is rein-
forced by elevating the crest, widening the body and strengthening the revetment on the outer slope.
Elevating and widening a dike is sometimes an unfavourable option due to the possible loss of valuable
natural areas, the obstruction of the view, large costs and the need to demolish buildings. Therefore,
on a 2.5 km stretch of this dike, an innovative concept is implemented to achieve the required flood
safety while being able to preserve valuable areas: the Twin Dike project.

A lower, second dike is constructed behind the original dike. The original dike is only being strength-
ened to a minimal extent. This way more water is able to come over the original dike compared to a
regular reinforcement. The second dike will make sure water coming over the original dike is retained
in the basin in between the two dikes. The original (outer) dike reduces the loads on the second (inner)
dike in such a way that the two dikes together provide the required safety. The general idea behind
this project is to more efficiently use the area near the dike without losing valuable nature or buildings
during dike reinforcements. At the same time, this concept is expected to be cheaper, provides the
required flood safety and the area between the dikes is used for experimental purposes like saline
agriculture. Currently, there are no pre-defined methods which can be used to easily assess the safety
requirements of multiple lines of dikes. Therefore, the following research question is presented:

Looking at the Twin Dike project as a case, is the concept of multiple dikes behind each other an at-
tractive alternative for dike reinforcements, regarding flood safety and costs, to provide the required
protection against floods?

In order to answer the research question, it is analysed how flood defences are currently assessed in
the Netherlands. Governing loads and failure mechanisms for the Twin Dike are determined. Using
current and experimental methods the loads acting on both dikes are determined. This way a conclu-
sion can be presented on the safety provided by the Twin Dike project. Next, a sensitivity analysis is
performed to analyse the sensitivity of various aspects on the results. Finally, a cost-benefit analysis
is performed. This analysis shows if the Twin Dike can be an attractive concept regarding costs.

According to the Dutch law, the primary flood defences at the location of the Twin Dike project have a
maximum allowable probability of causing a flood of 1/3,000 per year. A flood is defined as the loss
of water retaining function of a flood defence, causing fatalities or considerable damage to the area
protected by the flood defence. The Statutory Assessment Instruments (WBI) and Design Instruments
(Ql) are used to assess and design these flood defences. These instruments state rules and methods
that need to be followed during an assessment or design phase. Multiple failure mechanisms can lead
to the failure of a flood defence which all need to be taken into account. The failure mechanisms each
have a certain contribution to the total probability of failure. This means that the required safety norm for
a single failure mechanism is more strict than the total allowable probability of failure of a flood defence.

This research concludes that erosion of the outer slope and overtopping are governing failure mecha-
nisms for the outer dike of the Twin Dike project. Overtopping volumes are, however, not large enough
to cause considerable damage to both the outer and inner dike. Existing assessment methods are not
good enough to determine the safety of the Twin Dike project with respect to erosion of the outer slope.
In order to more accurately assess the effects of erosion of the outer dike and the consequent loads
on the inner dike, a prototype erosion model is used.

The erosion model which is used can calculate erosion- and consequent overtopping volumes over a
dike. The model showed that breaches are formed in the outer dike at conditions which have a proba-
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bility of occurrence of 1/3,000 per year. Since this is a 2D model, a breach width of 20 m was assumed.
When such a breach occurs, the water level in the basin in between the two dikes quickly levels with
the sea water level. The hydraulic loads are then such, that the inner dike experiences overtopping
volumes of hundreds I/s/m. The inner dike cannot withstand these amounts of water. When a breach
in the outer dike occurs, a total system failure immediately occurs. The Twin Dike system has a max-
imum allowable probability of failure of 1/180,000 per year for the failure mechanism erosion of the
outer slope. This safety requirement is thus not met.

A sensitivity analysis was performed on the overtopping volumes and erosion model results. Sea level
rise was the dominant uncertainty for the overtopping volumes. If sea levels will rise extremely within
the design lifetime, overtopping volumes can be three times as large compared to the case with mean
sea level rise. However, the overtopping volumes are still low enough such that Twin Dike satisfies
the required safety norms. For the erosion model, the average return period for which a breach occurs
varies greatly with the uncertainty of various parameters. There is thus a large uncertainty in the exact
probability of failure of the Twin Dike. However, using a case with mean values for all variables, the
probability of a breach is still larger than allowed by the safety norms.

Also, a cost-benefit analysis was performed to assess if the Twin Dike project is an attractive solution
with regards to costs. From the analysis, it was found that the Twin Dike project has the potential to
be cheaper than a regular integral reinforcement. However, to satisfy the required safety norms the
Twin Dike has to be modified making the costs larger than for a regular integral reinforcement. In this
case, from a cost perspective, multiple lines of dikes are not an optimal solution. When this concept
is implemented on a larger scale, or when a second dike of sufficient height is already present in the
landscape, costs might be reduced making the Twin Dike concept a more favourable option.

Based on the analysis of the Twin Dike project, multiple lines of dikes are not an attractive alternative
to traditional dike reinforcement regarding costs and flood protection when existing methods are used.
The Twin Dike project does not meet the safety requirements according to the methods stated in the
WBI and Ol. The failure mechanism erosion of the outer slope can cause breaches in the outer dike
with a higher probability than allowed. When this happens, the inner dike cannot provide additional
safety, leading to a total system failure. However, the sensitivity analysis showed that there is large
uncertainty in the results. Regarding costs, multiple lines of dikes seem not to be the most attractive
alternative.

However, this research investigated the failure of the Twin Dike system while the Dutch law states a
maximum allowable probability of causing a flood for flood defences. A failure of a flood defence does
not equal a flood. To fully assess the concept of multiple lines of dikes, it has to be assessed if the
occurring breaches indeed lead to an event which is classified as a flood.

Furthermore, there are uncertainties in the load- and resistance parameters in the area of the Twin
Dike. Simulated storms and eyewitness reports give the appearance that loads determined with the
regular instruments are possibly overestimated. Also, exact soil characteristics and layout were not
determined with the desired precision. An in-depth analysis to further investigate the load- and resis-
tance parameters in the area is recommended to improve the precision of the results.

Finally, the erosion model that was used is a prototype model. In order to increase the reliability of
the results, the model has to be further validated with other models and real-life situations. Also, the
erosion model did not take into account stone revetments and 3D effects. Erosion mostly occurred
above the stone revetment and already small breaches are able to cause a total system failure. Still,
for a more precise statement on the total amount of water being able to come through a breach, 3D
effects and a stone revetment have to be taken into account.
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Introduction

1.1. Background

Flood defences in the Netherlands are regularly assessed in order to see if they still satisfy the re-
quired safety norms. Weather conditions, sea level rise, soil subsidence, insights in the behaviour of
flood defences and population are all factors that influence the required dimensions of flood defences.
In the past few decades, there have been three assessment rounds in which all primary Dutch flood
defences have been assessed. The last round lasted from 2006 till 2011. In this round, about a third of
the flood defences in the Netherlands did not meet the required safety norms (Inspectie Leefomgeving
en Transport, 2013).

With dikes, this problem has traditionally been tackled by increasing the height of the dike and/or
strengthening the dike. When this is done, a dike can withstand higher water levels and more severe
storms: the safety level is increased. However, heightening of dikes is sometimes also a controversial
measure. People living near dikes may not find a dike heightening favourable. A crest level that keeps
increasing may not be beneficial for the view. Also, when a dike is heightened its base has to become
wider to ensure that the stability of the dike is sufficient. So, with every dike heightening, its footprint
will also increase. Dike reinforcement programmes sometimes result in the loss of valuable nature and
landscape, houses and sometimes entire villages (van der Velden, 1995).

From 1890 to 2014 sea levels have risen approximately 23 cm (Baart et al., 2018; CBS, PBL, RIVM,
& WUR, 2016) in the Netherlands. Predictions of sea level rise for the next century are spread out.
Haasnoot et al. (2018) predicts sea levels will rise 0.25 m to more than 3 m in 2100 compared to 1995.
However, Baart et al. (2018) found that the average sea level rise in the Netherlands was constant from
1890 to 2017. This could mean that sea level rise will not be so extreme in this century. Either way,
sea levels are rising, which means flood defences will have to keep being reinforced in the future.

New solutions are sought in order to satisfy safety norms in flood-prone areas, without increasing dike
levels. Recently, multiple projects have been conducted that implement new solutions.

For example, the Room for the Rivers project is being implemented along the main Dutch rivers. By
giving more space to the water, the water level decreases. This (partly) eliminates the need to el-
evate the dikes in this area (Ruimte voor de Rivier, n.d.). Also, a large coastal nourishment along
the Hondsbossche- and Pettemer sea defence is eliminating the need to strengthen this sea defence
the traditional way and possibly having to move part of a village (Hoogwaterbeschermingsprogramma,
n.d.). Another location where an alternative to traditional dike heightening is being developed is in the
north-eastern part of the Netherlands. A dike in the province of Groningen, next to the Ems-Dollard
estuary, will not be elevated. Instead, a small second dike is constructed behind the existing dike.

In between the port of Eemshaven and the city of Delfzijl, an 11.7 km stretch of dike has not met the
required safety norms in the third assessment round (Inspectie Verkeer en Waterstaat, 2011). Figure
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Eemshaven

Delfzijl

Groningen

Figure 1.1: Location of the dike section that does not satisfy the required safety norms (Green) with the location of the Twin Dike
project (Red)

1.1 shows the exact location of this dike stretch. The dike stretch is managed by the local water board,
Noorderzijivest. A large part of this dike stretch is being integrally reinforced the traditional way. But,
on a 2.5 km stretch of this dike, the so-called Twin Dike concept is being realised (Leusink, 2018). On
this stretch, the crest of the dike is too low, the grass revetment is not strong enough and the stability of
the dike is insufficient (Waterschap Noorderzijlvest, 2016a). The original dike is only altered such that
stability issues are resolved. Additionally, a small second dike (crest level 4 m + NAP) is constructed
at a distance up to 500 m behind the existing dike. Since the original (outer) dike will keep the same
crest level (approximately 8 m + NAP) and the revetment is not altered, more water will be able to come
over this dike compared to a traditionally reinforced dike (Wijermars, 2017). The second (inner) dike
will make sure water is retained in the basin in between the two dikes (with an approximate area of
0.5 km?). This way the land lying behind the Twin Dike will not be flooded. The general idea behind
this project is to be able to more efficiently use the area near the dike without losing valuable nature or
building during dike reinforcements. At the same time, this concept is projected to be cheaper, provides
the required flood safety and the area between the dikes can be used for new experimental purposes.
Figure 1.2 shows a schematic overview of how the Twin Dike concept works. The area in between
these two dikes will be used for new purposes.

At the moment, there are two areas being developed in between the two dikes: area B and area C (area
A is an ecological impulse planned north of the Twin Dike area). Area B is planned to house saline
agriculture like cockles and sea vegetables. A study shows that saline agriculture has the potential to
be more profitable than the current land-use (Kwakernaak & Lenselink, 2015). This will be an experi-
mental location where this innovation will be stimulated. Area C is planned to become a so-called silt
engine. Under everyday circumstances, water will be able to enter the area via an inlet structure and
deposit its sediment. During storms, the inlet structure can be closed to prevent high water levels in
the basin and consequent floods. The deposition of silt will cause the land to naturally grow (elevate)
over time, adding to the flood safety of the area (Kwakernaak & Lenselink, 2015). Alternatively, the silt
can be excavated and used for future dike reinforcements in the area, which is predicted to be cheaper
than using materials from regular sources (Waterschap Noorderzijlvest, 2016¢). Also, it will reduce
the amount of sediment in the water of the Ems-Dollard estuary which will have a positive ecological
effect (Waterschap Noorderzijlvest & Grontmij Nederland B.V., 2016). The reduction of sediment will,
however, be negligibly small, but also this area is an experimental location to assess the effects of this
innovation. If this pilot project turns out to be successful it can be implemented on larger scales in the
future (Kwakernaak & Lenselink, 2015). Figure 1.3 shows an overview of the different areas and their
location.
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Figure 1.2: Schematisation of a traditional integral dike reinforcement and the Twin Dike concept. Modified from Waterschap
Noorderzijlvest (2016c)

Summarising, the Twin Dike project is planned to be an innovative way to deal with integral dike rein-
forcements. Instead of increasing the width and height of a dike, this project seeks to find new ways in
order to meet the required safety conditions while being able to preserve valuable areas. While doing
this, it is planned to provide added value for the environment and an economic impulse to the area.
Also, this concept is projected to be cheaper than a regular dike reinforcement. However, regardless
of all the extra values a dike has, its primary objective will always be the protection of the land behind
it against floods. Whether the Twin Dike provides the required safety is still uncertain.

1.2. Problem description

A dike can fail due to multiple causes. Water can seep under a dike undermining its foundation, the
weight of the water inside the dike body can cause landslides, high waves can erode the outer slope
of the dike or they can splash over the top of the dike eroding the inner slope.

The above-mentioned examples are just a small selection of many possible failures of a dike. Tradi-
tionally these problems are tackled by increasing the crest height or width of the dike. But constructing
multiple lines of dike bodies behind each other can also guarantee the required safety. This concept
was a possible alternative for the Hondsbossche and Pettemer sea defence reinforcement (ComCoast,
2006; ter Horst, 2005) and at the Perkpolder (ter Horst, 2005) in the Netherlands. Currently, this con-
cept is being realised in the north of the Netherlands at the Twin Dike project (Leusink, 2018).

The Twin Dike project tackles the problem of too much water coming over the dike. When the combina-
tion of waves and water levels are high enough they can cause water to come over the crest of the dike,
this is called overtopping. Traditionally, the crest of the original dike will be elevated if the overtopping
volumes are too high. At the Twin Dike project, however, more water can overtop the original dike. But
instead of causing a flood, the water is retained in a basin in between two dikes. Another way to look
at it is to see the outer dike as a way to reduce the loads on the inner dike. The outer dike is not able
to fulfil the safety requirements by itself. But it is strong enough to reduce the loads such that the inner
dike will not breach. Both dikes together provide the required safety.

In order for this concept to be an economically attractive alternative to traditional integral dike reinforce-
ments, the inner dike needs to be small compared to the outer dike. If the inner dike needs to be too
strong or too high, it is possibly cheaper to reinforce the original dike the traditional way. The above
means that a breach may most likely not form in the outer dike. A breach will cause a lot of water to
enter the basin. If the inner dike needs to be able to withstand these amounts of water it needs to be
strong and probably at least have the same height as the outer dike (because the water level in the
basin will level with the sea water level). On the other hand, it is only useful to construct an inner dike if
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Figure 1.3: Overview of the Twin Dike project (Wageningen University & Research, n.d.)

the amount of water coming over the outer dike will lead to a flood in the first place. Because, if this is
not the case, and the overtopping volumes will not lead to a flood, the construction of an inner dike is
not necessary. The amount of water which is needed to cause a flood differs per area. It is dependent
on the amount of water covering a specific area and the consequential societal disruption, casualties
and economic damages. This is again dependent on the hydraulic conditions on the water, the safety
level of the flood defence, landscape and land use.

Currently, there are no predefined methods to assess the safety of flood defences which consist of
multiple lines of dikes. Also, at the Twin Dike project uncertainty exists in how the loads on the outer
dike affect the hydraulic loads in the basin and the consequent loads on the inner dike. This means
additional research is preferred on the flood safety benefits of this project.

The paragraphs above have led to the following problem statement:

It is unknown whether the concept of multiple dikes behind each other fits in the Dutch policy of flood
protection regarding flood safety and costs. More information is preferred on what the governing loads
are and if these loads will indeed lead to a flood which can best be counteracted by the construction of
multiple lines of dikes.

1.3. Objective

The objective of this research is to find an answer to the following research question:

Looking at the Twin Dike project as a case, is the concept of multiple dikes behind each other an at-
tractive alternative for dike reinforcements, regarding flood safety and costs, to protect the hinterland
against floods?

In order to find an answer to the research question, the following sub-questions are formulated:

* How are Dutch flood defences assessed?

* What are hydraulic boundary conditions (water levels, waves and wind) that occur in the Twin
Dike project region?

* What are governing failure mechanisms for the Twin Dike project?
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* How does the outer dike influence the loads on the inner dike and what are these loads on the
inner dike?

* What is the effect of a secondary high water wave on the safety of the Twin Dike project?
» Does the Twin Dike project provide the required safety?

» Looking with a cost-benefit perspective, is the Twin Dike project an attractive alternative for tra-
ditional dike reinforcements?

* What possible alternatives are there for the Twin Dike project?

» How is the applicability of the Twin Dike concept affected by other locations and boundary condi-
tions?

1.4. Method

The research will start with an explanation of how flood defences are currently assessed in the Nether-
lands. Different software programs which are used to assess the safety of Dutch flood defences are
elaborated on. It will be explained how a probabilistic assessment program like Hydra-NL currently
determines hydraulic boundary conditions and how these are then used to assess flood defences.

Next, the system of the Twin Dike will be analysed. It will be analysed what failure paths are governing
and what the relevant failure mechanisms are. These relevant failure mechanisms will be assessed
using existing software.

Since the crest of the original dike will not be elevated, and the revetment on the outer slope will not be
pulled up, it is expected that erosion of the outer slope and the consequent overtopping are a governing
mechanism. Experimental models and methods will be used to elaborate on the effect of these failure
mechanisms on the loads on the inner dike.

Parameters with different uncertainties are used in the different models. To assess the impact of the
uncertainties on the results a sensitivity analysis is performed. Here, the most important parameters
are fluctuated and the effect on the results are analysed. Also, the development of a storm over time
is interesting for erosion and overtopping occurring at the outer dike. The current models are only able
to predict the course of a storm in a coarse manner. A large dataset is available which will be used to
better understand the storm development over time in this region. It will be analysed how the results
differ from the results obtained from the current models.

Additionally, a cost-benefit analysis is performed for this project. It is described what the costs of
the dike reinforcement are and these are compared with the regular integral reinforcements conducted
north and south of this project area. Using this information possible alternatives to the Twin Dike project
are analysed.

Finally, it is concluded if multiple lines of dikes are indeed an attractive alternative for traditional dike
reinforcements. The conclusion gives statements on the safety and costs of the entire Twin Dike project.
Is the Twin Dike project indeed a good alternative, regarding safety and costs, to protect the land behind
it against floods? Are other solutions maybe more preferable? Can there be other situations where
multiple lines of dikes are an attractive alternative?

1.5. Outline

The first part of this report will explain the current flood protection concept in the Netherlands. This
will be described in Chapter 2. Chapter 3 will describe the case study that is going to be used as an
example of flood protection using multiple lines of dikes: The Twin Dike project. Chapter 4 will try to
assess this project using existing assessment instruments. From this chapter it will follow that erosion
of the outer slope is a governing and more complicated failure mechanism. This failure mechanism will
be elaborated in more detail in Chapter 5. In Chapter 6 a sensitivity analysis will be performed to assess
the influence of different variables on the results. Additionally, a cost-benefit analysis is performed in
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Chapter 7 in order to analyse the costs of the Twin Dike project and to compare several alternatives.
Finally, the conclusions, discussion and recommendations are presented in Chapter 8.



Flood Protection in the Netherlands

This chapter gives an overview of the flood protection concept in the Netherlands. First, an overview is
given on historical events which shaped the flood protection concept we use in the Netherlands today.
Next, the different kind of categories of flood defences and the stated safety norms are discussed.
Finally, the assessment criteria and their background are explained.

2.1. History

Already since millennia, people in the Netherlands have had to protect themselves against the dangers
of water. Before the beginning of the Christian era, people started elevating their land to protect them-
selves and their assets against the dangers of flooding. These man-made hills, called mounds, made
sure everything on it would stay dry during a flood. What started with individual houses and farms being
built on mounds, resulted in entirely elevated villages in the centuries to come.

Another way people protected themselves against the dangers of flooding was the construction of
earthen embankments around the land they did not want to flood. Already in Roman times, people
constructed these small levees, or dikes, around their fields to protect their crops. The first dikes were
relatively small circles build by the local inhabitants to protect their house, village or nearby fields. In
the centuries to come, the network got more vast and complex until around the year 1300 a big part of
flood-prone Netherlands was contiguously surrounded by dikes (Rijksdienst voor het Cultureel Erfgoed,
2018).

Dikes were however not only used to protect (low lying) land against the possibility of flooding. Around
the year 1500 people started using dikes in combination with pumps to reclaim land which was pre-
viously not eligible for living. Dikes made sure water was not able to flow onto the land which was
encircled by the dikes. At the same time, windmills made sure groundwater infiltration and rainfall were
pumped out. These so-called polders were created all over the Netherlands.

Historic Floods Unfortunately, the construction of dikes and mounds did not mean these areas were
not flooded any more. In the past, loads acting on a dike were not determined by sophisticated proba-
bilistic methods, as they are today. The height of a dike was simply determined by setting it equal to the
highest known water level, sometimes including some safety factor: the highest water level known plus
one meter. This method, unfortunately, meant that occasionally a big flood occurred. The list below
summarises the major floods in the Netherlands in the past + 600 years (Watersnoodmuseum, 2018).

» The St. Elizabeth’s floods on 19 November 1404 and 1421 caused a lot of damage in the
provinces of Zeeland and Holland. Thousands of people lost their lives during these floods.

» The All Saints’ Flood on 1 November 1570 caused major floods all along the coast from Flanders,
Belgium, all the way to Germany. Multiple villages submerged under a thick layer of silt deposited
by the flood. More than 20,000 people lost their lives and ten thousand more got homeless.

7
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» The Christmas Flood on Christmas night 1717 caused floods along the coast from the Netherlands
all the way up to Scandinavia. Cities like Amsterdam, Groningen and even Arnhem were flooded.
Around 14,000 people lost their lives. This would be the last flood of this magnitude in the province
of North-Holland.

» The Zuiderzee flood on 14 January 1916 was not as severe as the floods discussed before.
Villages around the Zuiderzee were flooded due to a severe storm with high wind speeds. 16
people lost their lives. This disaster was the main reason for the implementation of the Zuiderzee
works to be accelerated. The plan was to construct a 33 km dam at the mouth of the Zuiderzee.
This way, a lake was formed that did not have a connection to the sea. Storms in the former
Zuiderzee are now less severe, protecting the villages around the former sea. Also, a large
freshwater basin was created and parts of the lake were reclaimed and used for agriculture. The
dam was finished in 1933.
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Figure 2.1: The Zuiderzee Works: The Afsluitdijk and multiple polders (Almere Tours, n.d.)

» The North Sea flood of 1953 is the last big flood in the Netherlands. Dikes in Zeeland and South-
Holland breached in the middle of the night during a strong north-western storm. Almost 2,000
people lost their lives and around 100,000 got homeless. Immediately after the disaster, the
Delta Committee was created. The committee assisted the minister in making decisions on what
measures were necessary to prevent future floods. In the next year, the committee proposed one
of the most revolutionary hydraulic engineering projects in the world: The Delta Plan. The Delta
Plan consisted of the construction of the Delta Works, a large shortening of the coastline by the
constructions of dams and barriers where estuaries were closed off with the sea. By shortening
the coastline, protecting the land was made easier.

* In 1993 and 1995 river water levels in the Rhine and Meuse rose to extreme levels. While no
dikes breached, about 250.000 people were evacuated in 1995. These events sped up projects
like Room for the River, where rivers are given more space in order to prevent future floods.

Since 1996 all the primary Dutch flood defences are periodically assessed to see if required safety con-
ditions are still satisfied. Until now there have been three assessment rounds in which all the primary
Dutch flood defences have been assessed. The first in 1996-2001, the second in 2001-2006 and the
third in 2006-2011. Around a third of the primary flood defences of the Netherlands did not meet the
required safety standards in the third round (Inspectie Leefomgeving en Transport, 2013), which was
assessed according to the old safety standards (see Section 2.3). The results of the third assessment
round are the start of the Flood Protection Programme.
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Figure 2.2: Overview of the Delta Works in the south western part of the Netherlands (Stichting Deltawerken Online, 2018)

The Flood Protection Programme (FPP) is a programme where water boards and the government work
together to bundle strength and knowledge. All knowledge regarding the aspects of improving primary
flood defences is shared. The goal is to have all the flood defences that were disapproved in the third
assessment round up to date and functioning properly again by 2050 according to the new safety stan-
dards. It is reviewed every year and set up for a period of 6 years.

The dike stretch in between Eemshaven and Delfzijl did not meet the safety standards in the third
assessment round. The goal to have this dike section safe according to the safety standards again is
part of the Flood Protection Programme.

2.2. Classifying flood defences

Not all flood defences are the same. They can differ in type and in importance. The different flood
defences are discussed in this section.

2.2.1. Classification by type
So far the definition of flood defences and dikes have been used interchangeably. A dike is a kind of
flood defence. There are many other kinds of flood defences. The list below gives an overview.

» Dike A dike is a human-made water retaining structure consisting of soil, which lies in between
water and land and is constructed with sufficient elevation and strength to protect the land behind
it against high water and waves.

» Dam A dam is basically the same as a dike. The difference is that a dam separates two water
bodies. A dam is not always constructed out of soil. It can also be made out of concrete caissons
or rip-rap.

* Dune A dune is a sand ridge along the coast, generally formed by natural processes. Its vast
volume of sand prevents water from coming through.

» Storm surge barrier A storm surge barrier is a movable barrier which can temporarily close of
a river or estuary. Under normal conditions, the barrier is opened and water can flow through.
During a storm, the barrier is closed to prevent high water levels in the estuary or river.

» Other hydraulic structures Other structures can be part of a flood defence as well. For example,
a quay wall in a port or a sluice at the end of a canal. But also culverts, pumping stations and
cuts can be part of flood defences.
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2.2.2. Classification by importance

Not all flood defences are equally important. Some flood defences protect the land from the vast North
Sea while others protect the land from a minor canal. Flood defences in the Netherlands can be divided
into three groups when looking at their importance regarding the protection of the land against floods.
The three groups are the primary flood defences, the regional flood defences and other flood defences.

Primary flood defences protect the land against floods from main external sources of water. These
main sources are the sea, the Rhine and Meuse and their branches, the IJsselmeer, the lakes around
Flevoland and the lakes and estuaries in Zeeland (Rijkswaterstaat, 2018a). Primary flood defences
protect areas where possible floods can have a lot of casualties and major economic consequences.
As of 2017, the Netherlands has around 3,450 km of primary flood defence (Waterveiligheidsportaal,
2018). Figure 2.3 shows all the primary flood defences. The national government determines the safety
standards of the primary flood defences.

Figure 2.3: Primary flood defences in the Netherlands (in black). Modified from Slootjes and van der Most (2016)

In 2017, the safety principle in the Netherlands has been modified (see Section 2.3). Before 2017 the
primary flood defences were further categorised in category A, B and C defences.

» Category A. These were the primary flood defences protecting the land against the main water
bodies.

» Category B. These were defences that separate the main water bodies from other water bodies.

» Category C. These defences were also primary flood defences but did not lie next to main water
bodies. These were additional defences located behind a category A or B defence.

Category B defences were also so-called front barriers. A breach in one of these barriers does not
necessatrily lead to a flood. These flood defences separate water from water. As long as the rear bar-
riers still function this will not lead to a flood. In a way, the Twin Dike project can be seen as a system
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of category B and C defences. The outer dike can be seen as a category B defence. It reduces the
load on the inner dike (category C). The categorisation of primary flood defences in category A, B and
C defences does not exist any more.

Regional flood defences lay next to canals and small lakes. A breach in a regional flood defence can
have large consequences but usually has a smaller impact than a breach of a primary flood defence.
Also, defences that are compartmenting land behind primary flood defences are sometimes classified
as regional flood defences. The total length of all the regional flood defences in the Netherlands is
around 14,000 km (Rijkswaterstaat, 2018b). The local province determines the safety standards for
regional flood defences.

Other flood defences are defences with safety standards determined by the local water board. These
are not regulated by national or provincial law. They can be small defences next to a small trench, canal
or pond or an old dike that is still present in the landscape. Also, compartmental barriers or summer
dikes next to rivers are sometimes classified as other flood defences.

2.2.3. Compartmental barriers

Another kind of flood defence is the compartmental barrier. Compartmental barriers are mostly classi-
fied as regional flood defences according to the classifications above, but can also be a primary or other
flood defence. Compartmental barriers are different from usual barriers: in normal circumstances, they
do not lie next to water bodies. Because of this difference, this type of barrier is discussed in more detail.

A compartment barrier is a barrier or dike which is used to withhold floods when a primary flood de-
fence has breached. A compartmental barrier is used to reduce the consequences of a flood. This
can be done in several ways. The compartmental barrier can, for example, prevent floods in an area
altogether. If a primary flood defence has breached the compartmental barrier can prevent floods in
areas behind the compartmental barrier, see Figure 2.4. It can also function as a temporary barrier.
This way, it does not prevent flooding of the area behind it altogether, but it can buy some extra time for
evacuation. Finally, it can also be used to divert floods. A compartmental barrier can then divert water
to an economically less important area instead of having an important city flooded. A compartmental
barrier can be an old dike that still exists in the landscape. But also currently used canal dikes, levees
of railways and highways and even sound walls can function as compartmental barriers.

Figure 2.4: Example of how a dike breach in a dike ring is compartmentalised by an compartmental barrier. Modified from Geerse
et al. (2007)

In the first instance, these barriers might sound like an attractive solution to minimize damage and ca-
sualties after a breach of a primary flood defence has occurred. However, it can also have negative
consequences. A compartmental barrier will result in a smaller area being flooded after a breach in a
primary flood defence. The water depths in this area will, however, be larger and will rise quicker than
in the case with no compartmental barrier. The area is smaller so the water entering the area from
the breach will have to spread over a smaller area. If the compartmental barrier prevents a flood in
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an adjacent compartment, the prevented damages and casualties have to be weighed with the addi-
tional damages and casualties in the flooded compartment. This, however, assumes a compartmental
barrier will never breach. It can also be the case that after the compartment has been flooded the com-
partmental barrier breaches. This can then cause additional damages and casualties in the adjacent
compartment while the current compartment also suffered additional damages and casualties. This
example illustrates that a compartmental barrier is not always a good solution to deal with the possible
consequences of a flood, its effects have to be carefully investigated.

Geerse et al. (2007) developed a guideline on how to assess a compartmental barrier and its effects.
Different scenarios with compartmental barriers have to be assessed including one case where there is
no compartmental barrier. Then the effects of a breach have to be analysed and a cost-benefit analysis
has to be performed for all the cases. This way the consequences of a flood with different scenarios of
compartmental barriers and no barrier at all are known. Only then a good conclusion can be made on
the effect of a compartmental barrier.

Figure 2.5: Simulation of a flood compartmentalised by an compartmental barrier (Geerse et al., 2007)

Figure 2.5 shows maximum inundations depths after a breach in a dike in southern Flevoland, the
Netherlands (Geerse et al., 2007). In the figure, it can be seen that the compartmental barrier (which
lies approximately in the middle) prevents flooding of the upper half of the area. The study shows that
in a case where this compartmental barrier is not present, damages and casualties are be around twice
as high. This compartmental barrier has a positive effect.

The Twin Dike project is similar to these compartmental barriers, only on a much smaller scale. The
area between the outer and inner dike can theoretically be seen as a compartment. The inner dike is
a compartmental barrier that prevents floods in the compartment laying behind it.

2.3. Safety norms of flood defences

As mentioned in Section 2.1, in the past required dike elevation was determined by using the highest
recorded water level. This approach changed after the flood of 1953. Already in 1939, Wemelsfelder
(1939) proposed an approach in which return periods of extreme water levels were used. In 1960 the
Delta Committee proposed safety norms where dike rings next to sea had to withstand water levels
which occurred with a certain average return period (Bétger & Te Linde, 2014). Dike rings which had
a high value regarding inhabitants and economic importance were given high protection levels. Areas
that had less value were given a lower protection level. For example, Dike ring 14, which contains
Rotterdam and The Hague, had to be able to withstand water levels with a probability of exceedance
of 1/10,000 per year. While dike ring 5 on the island of Texel only had to be able to withstand water
levels with a probability of exceedance of 1/4,000 per year. This system got expanded to the river dike
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rings in the 1970s.

As of 1 January 2017, these safety norms have been altered (Ministerie van Infrastructuur en Milieu,
n.d.). Instead of looking at the probability of exceedance of a certain water level, the focus shifted to
the consequences. Flood defences are given a maximum allowable probability of causing a flood: the
probability per year of not fulfilling the water retaining function may not be larger than this value. Flood
defences are grouped in so-called dike trajectories which have an average length of 15 km. Per dike
trajectory loads are similar and a possible breach has similar consequences (Kok, Jongejan, Nieuwjaar,
& Tanczos, 2017). Every individual in the Netherlands has a maximum risk to be exposed to a flood,
which was not the case before. Then, depending on the societal and economic impact of a breach
and flooding, a safety level (maximum allowable probability of failure) is assigned to a dike trajectory.
This way, trajectories in the same ring can have varying safety norms. An overview of the old and new
safety norms for the Netherlands can be seen in Figure 2.6. In the new safety norms, dike trajectories
also have a signal value next to the maximum allowable probability of causing a flood. The signal value
is also a probability per year. This value is more strict than the maximum allowable failure probability.
When the safety levels of a flood defence reaches below this value, the responsible minister has to be
informed. When this value is reached there is enough time to take action, such as a dike reinforcement
project, before the maximum allowable probability of failure is reached.
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Figure 2.6: Flood safety norms in the Netherlands

The dike stretch in between Eemshaven and Delfzijl did not meet the safety standards in the third
assessment round. During the third assessment round, flood defences were assessed using the old
safety norms. The Twin Dike location was thus not able to withstand conditions with a return period
of 4,000 years. Also with the new safety norms, the Twin Dike area does not satisfy the norms: the
probability of flooding is higher than 1/3,000 per year.

2.4. Predicting the consequences of a flood

The required safety norms of flood defences are for a large part dependent on the consequences of a
flood. The predicted consequences of a flood can be defined in roughly three factors. Namely economic
damages, the loss of life and other consequences.
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Economic damages Economic damages are usually calculated by splitting the area of interest into
different land use categories. These categories each have their own value per surface area. High rise
buildings are more valuable than low rise buildings and high-tech industry has more economic value
than agricultural areas. Each of these land use categories has a corresponding damage curve. The
damage curve shows which fraction of the total value of each land use category is lost for certain water
depths. Figure 2.7 shows an example of an area divided into land use categories. Figure 2.8 shows
an example of damage functions for different land use categories. It can be seen that, in this example,
agricultural areas lose 90% of their value at an inundation depth of 2 metres. While a seaport only
loses 25% of its value. This does not mean that with a flood depth of 2 metres there is more damage
in agricultural areas than at seaports. A seaport might have a higher value per surface area so that the
total damage per surface area can be more at the seaport than at the agricultural areas.
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Figure 2.7: Area split up in land use categories next to the . . N
Meuse. Modified from Bouwer et al. (2009) Figure 2.8: Example of damage functions. Modified from Kilijn et

al. (2007)

If the flood depths occurring at a certain location are known, these can be linked to the corresponding
land use type and damage function resulting in the damage on that location. Of course, also other
factors can be incorporated into the damage functions, like flow velocity and flood duration.

When dike trajectories were assigned a safety norm, economic damages were taken into account.
Areas where a flood leads to large economic damages, are better protected than areas with little eco-
nomic value. Usually, a cost-benefit analysis is performed in order to find out which protection level is
most favourable.

Loss of life To determine the predicted loss of life again the occurring water depth is important.
However, more important is the velocity of rising of the water level. If water levels rise slowly, people
will be able to find shelter easier than if water rises quickly. Also, evacuation plays a role. In some
areas of the Netherlands, a large fraction of the population might be evacuated before a flood occurs.
The mortality rate can be estimated with Equation 2.1 (S. Jonkman et al., 2017). Figure 2.9 shows an
example of mortality fractions dependent on the rising rate of the water and the inundation depth. The
quicker the rising rate, the higher the mortality fraction.

Nygss = Fg - (1 — Fg) - Npag (2.1)
In which:
Ny,ss = estimated loss of life
Fy = mortality fraction
Fg = evacuation fraction
Npsr = number of people at risk

Evacuation fractions differ greatly per location in the Netherlands. Figure 2.10 shows an example of
evacuation fractions in the Netherlands. It can be seen that evacuation fractions near the rivers in the
hinterland are a lot higher than near the coast. This has multiple reasons. The first is that high wa-
ters from rivers are usually known days earlier than high waters from the sea. High water in rivers is
caused by water entering the river upstream. It can take days before this water causes problems in the
Netherlands. Also, population density, available infrastructure and distance from safe grounds play a
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Figure 2.9: Example of mortality fractions (S. Jonkman et al., 2017)
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Figure 2.10: Evacuation fractions in the Netherlands (S. Jonkman et al., 2017)

Also, the possible life losses are taken into account when assigning a safety level to a dike trajectory.
The law states that each individual in the Netherlands has a minimal safety against becoming a casualty
due to a flood. The chance of deceasing due to a flood is not allowed to be higher than 1/100,000
per year for each individual. Also, the risk of large groups becoming a casualty all at once is taken
into account. Multiple events with little casualties have a different impact than one event with many
casualties. An event in which large amounts of people decease can cause national insecurity and
unrest. Areas where large groups of people are in danger are better protected.

Other Besides the loss of life and economic damages also other consequences are possible. For
example, damage to the environment or damage to objects that cause large societal disruption. The
safety norms make sure that areas, where a flood can lead to large societal disruptions because of
the destruction of an important object, are better protected. An example is the nuclear power plant of
Borssele.
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2.5. Failure of flood defences

Unfortunately, the construction of flood defences does not mean an area is completely safe. There is
always a (small) chance that a flood defence will fail and cause a flood. There is however a difference in
the failure of a flood defence and a flood itself. Also, a failure and a flood can be interpreted in different
ways by different people and institutions.

2.5.1. Failure and flood

Failure of a flood defence is defined as a flood defence not being able to fulfil its water retaining function
any more. With dikes, this usually means a breach has formed. A breach is a situation where part of
the dike breaks away, creating an opening where water can enter the land lying behind the dike. A
failure of a flood defence can lead to a flood.

A flood is generally defined as an event in which considerable amounts of water cover land that is
usually not covered by water. This water can originate from the sea, rivers and lakes but also excess
rainfall and increasing groundwater levels can cause floods. A flood can thus be differently interpreted
depending on the interpretation of ‘considerable amounts of water’. The Dutch law defines a flood as
‘the loss of water retaining function within a dike trajectory causing the area protected by the dike tra-
jectory to flood in such a way that fatalities or substantial economic damage occur’ (Waterwet, 2009).
The definition of fatalities is very clear. But the definition of 'substantial’ economic damage can again
be differently interpreted per situation. Per situation is has to be assessed what the possible economic
damages and its impact are, in order to properly determine if an event is classified as a flood. Ac-
cording to Kok et al. (2017), an average water depth of less than 20 cm in an area with the same
zip code number does not classify as a flood. Because only from these water depths casualties and
large economic damages start to occur. This paragraph shows that the definition of a flood is highly
subject to interpretation. A local farmer might think of a flood differently than a water board, province
or the national government. The safety norms discussed in Section 2.3 state the maximum allowable
probability that a failure of the flood defence results in a flood. But, failure of a flood defence does not
immediately imply a flood. If the amounts of water coming through a breach cause negligible damage,
no flood has occurred.

Failure of a flood defence can also be interpreted in different ways. As described above, failure of a
flood defence means the water retaining function is not fulfilled any more. In the Netherlands, flood de-
fences are assessed using the Statutory Assessment Instruments (WBI) (Ministerie van Infrastructuur
en Milieu, n.d.). New flood defences or reinforcements of existing flood defences are designed using
the Design Instruments (Ol) (Rijkswaterstaat, 2017). These instruments state the rules and methods
that need to be followed when assessing or designing a primary flood defence. The WBI defines a
broad range of failure mechanisms which need to be taken into account when assessing a primary
flood defence on its safety. The definition of failure is however quite conservative. When a flood de-
fence does not satisfy the required safety norms according to the WBI, usually, some residual strength
is still left before a breach is formed. The failure mechanisms, as used by the WBI are described in the
next section.

2.5.2. Failure mechanisms (WBI)

The different failure mechanisms as used by the WBI will be discussed in this section. All the failure
mechanisms are listed in Table 2.1 and are discussed in more detail below.

Macro-instability of the inner slope (STBI) Macro-instability of the inner slope (also called sliding of
the inner slope) can occur when water levels at the water side of the dike rise. Water infiltrates into the
dike and causes saturation of the dike. Water pressure in the dike leads to a decreased shear strength
of the soil. The extra weight of the dike exerts a downward force while uplift forces behind the dike
exert an upward force. See Figure 2.11a. Eventually, the crest of the dike can slide down while the toe
of the dike gets pushed up. A dike has failed according to this failure mechanism when a slide occurs.
See Figure 2.11b for an illustration of the failure mechanism.
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Failure mechanism Code

Dikes and dams
Macro-instability of the inner slope | STBI
Macro-instability of the outer slope | STBU

Piping | STPH
Micro-instability | STMI
Revetment
Wave impact on asphalt | AGK
Overpressure of water under asphalt | AWO
Grass cover erosion outer slope | GEBU
Grass cover sliding outer slope | GABU
Grass cover erosion crest and inner slope | GEKB
Grass cover sliding inner slope | GABI
Stability of the stone revetment | ZST
Dunes
Dune erosion | DA
Structures
Height of structure | HTKW
Reliability closure of structure | BSKW
Piping at structure | PKW
Strength and stability point structure | STKWp
Strength and stability littoral structure | STKWI
Foreshore
Wave erosion of foreshore | VLGA
Sliding of foreshore | VLAF
Liquefaction of eshore | VLZV
Non-water retaining objects
Buildings | NWObe
Vegetation | NWObo
Cables and pipes | NWOKI
Other structures | NWOoc
Jetties HAV
Technical innovations INN

Table 2.1: Failure mechanisms as defined by the WBI with their corresponding codes (Ministerie van Infrastructuur en Milieu,
2017b)

Macro-instability of the outer slope (STBU) Sliding of the outer slope is a risk when water levels
decline rapidly. Then, pore water in the dike does not have enough time to leave the dike body. The
water pressure causes decreased shear strength of the soil and without water pressing on the dike on
the outside, the soil can become unstable leading to a slide. This is the same as sliding of the inner
slope, only on the other side of the dike. A dike has failed according to this failure mechanism when a
slide occurs. Figure 2.12 shows an illustration of the failure mechanism.
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(a) Forces (in red) contributing to the sliding of the inner slope. Modified (P) Schematisation of a slide of the inner slope (S. Jonkman et al., 2017)
from S. Jonkman et al. (2017)

Figure 2.11: Schematisation of failure due to sliding of the inner slope
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Figure 2.12: Schematisation of failure due to sliding of the outer slope ('t Hart, 2018)

Piping (STPH) When the hydraulic gradient between the water and land sides of a dike is high, water
can be pushed out of the soil at the land side of the dike. Next, groundwater can start flowing from the
water side to the place where water is pushed out of the soil on the land side. Eventually, pipes can
form underneath the dike. These pipes can undermine the foundation of dikes. In order for piping to
occur, three preceding conditions have to be satisfied.

+ Uplift: Water from the water body enters the sand layer underneath the dike. Behind the dike,
this water exerts pressure on the clay layer. If this pressure is larger than the weight of the soil it
is lifted up and can eventually rupture.

+ Heave: When water starts seeping out of the aquifer behind the dike this does not immediately
pose a problem. It does become a problem when individual sand grains start to be washed out
because this will start erosion. This will happen if the gradient at the point where uplift occurred
is larger than a certain critical gradient. The critical gradient is dependent on soil characteristics.

+ Pipe formation: The head difference between the front and the rear of the dike needs to be higher
than a critical head difference for pipes to form underneath the dike. The critical head difference
is amongst others dependent on soil characteristics and the length between the front and the rear
of the dike: the seepage length.

Only if these three conditions occur, piping can occur. A dike has failed according to this failure mech-
anism when uplift and heave occur. Additionally, the pipe length has to exceed a critical length. Figure
2.13 shows an illustration of the failure mechanism.
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Figure 2.13: Phases of piping (S. Jonkman et al., 2017)

Micro-instability (STMI) Micro-instability is caused by the phreatic line in the dike body increasing
to the level of the inner slope. If the layer is permeable the water pressure can cause individual grains
to be pushed out and be washed away. A dike has failed according to this failure mechanism when
grains on the slope start to be washed away.
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Asphalt revetment (AGK and AWO) When an asphalt revetment is located on a dike, two failure
modes can occur. Firstly, waves breaking on the asphalt revetment can eventually cause deformation
in the asphalt revetment. This can lead to a broken asphalt cover. A dike has failed according to this
failure mechanism when cracks start to occur. Secondly, when a storm with high water has passed,
the asphalt revetment can be pushed up by the water still present in the dike. The revetment can be
pushed up and/or slide, exposing the core of the dike. This can also happen during long loads of high
waves, causing pressure differences to be high in the wave impact zone. A dike has failed according
to this failure mechanism when the asphalt cover comes loose from the layers underneath.

Grass revetment (GEBU, GEKB, GABU and GABI) When a grass revetment is located on a dike,
four failure mechanisms can occur.

» The grass cover on the outer slope can erode due to wave impact and/or wave run-up. The
forces of the impacting waves or high flow velocities of waves running-up can cause the grass
revetment to erode, exposing the core of the dike. A dike has failed according to this failure
mechanism when erosion reaches the layers underneath the grass cover.

» The same can happen on the crest or inner slope of the dike when the combination of water level
and waves is high enough so that water reaches over the crest of the dike. A dike has failed
according to this failure mechanism when the grass cover is damaged.

» During a storm with high waves the grass revetment on the outer slope can slide due to large
pressure differences. Water inside the dike can push off the grass revetment after a wave has
passed since during that specific moment no water is pushing on the dike from the outside. A
dike has failed according to this failure mechanism when the top layer has moved with respect to
the underlying layers.

» Finally, also the inner slope can slide. When water pressures inside a dike increase due to a
storm, pressure can be so large that eventually the inner grass cover is pushed off. A dike has
failed according to this failure mechanism when the grass cover on the inner slope starts to slide.

Figure 2.14 shows an illustration of these failure mechanisms.

(a) Erosion of the outer slope (GEBU) (b) Erosion of the crest or inner slope (GEKB)

(c) Sliding of the outer slope (GABU) (d) Sliding of the inner slope (GABI)

Figure 2.14: lllustration of grass revetment failure mechanisms ('t Hart, 2018)

Stone revetment (ZST) Stone revetments are usually made of concrete and do not break easily due
to wave impact. However, the same as with asphalt and grass, the revetment can be pushed off during
a combination of high waves and large pore water pressures inside the core of the dike. A dike has
failed according to this failure mechanism when the sub-layer is damaged.
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Dunes (DA) Dunes are sand bodies which usually have little to no cover to prevent erosion. During
a storm, dune erosion will almost always take place. The volume and shape of the dune determine the
resistance against dune erosion. If enough sand is present, a storm is not able to breach a dune. During
normal circumstances, a dune naturally recovers to its original state. A dune has failed according to
this failure mechanism when dune erosion reaches the land side of the first dune body.

Structures When a structure is present other failure mechanisms have to be considered.

A structure has to have sufficient height. When a structure is not high enough, water can flow
over the structure. When this leads to an exceedance of the basin capacity behind the structure
or to damage to the bed protection of the structure, a flood defence has failed according to this
failure mechanism.

» A structure like a storm surge barrier has to close during severe weather conditions. There is
however always a small chance that this closure fails. A flood defence has failed according to this
failure mechanism when damage to the bed protection occurs or the basin capacity is exceeded.

» Piping can occur at a structure as it can occur at dikes and dams. The same criteria for a failure
apply.
* Loads on a structure can be such that it causes damage or instability. A flood defence has failed

according to this failure mechanism when a slide occurs, the basin capacity is exceeded or the
bed protection is damaged.

Foreshore Atsome locations, a foreshore is located in front of a flood defence. A foreshore is usually
beneficial for the safety of a flood defence. But also a foreshore can get damaged during storm condi-
tions. Wave attack and currents can erode a foreshore or the foreshore can slide due to unfavourable
load combinations, comparable as is possible at regular dikes and dams. Also, liquefaction can cause
slides of the foreshore. A flood defence has failed according to this failure mechanism when a slide
occurs.

Other Finally, there are some other aspects that can possibly endanger the safety of a flood defence.
Objects like trees, cables and pipelines can pose a risk for a flood defence. These aspects will not be
discussed in further detail in this report.

2.6. Allowable failure probability per failure mechanisms

As discussed in Section 2.3, all the dike trajectories in the Netherlands have a maximum allowable
probability of causing a flood and a signal value. Waterveiligheidsportaal (2018) is an interactive web-
site which shows signal values and maximum allowable failure probabilities per dike trajectory. For
example, the dike trajectory in north-east Groningen where the Twin Dike is located has a maximum
allowable probability of flooding of 1/3,000 per year. In order to design a safe enough dike, this prob-
ability of flooding has to be divided over all the relevant failure mechanisms. Each of these failure
mechanisms can lead to a flood.

If a dike trajectory is designed to withstand piping, erosion and stability conditions that have a return
period of 3,000 years, failures will theoretically occur with lower average return periods. Because then
in those 3,000 years, the dike trajectory will on average fail once for piping, once for erosion and once
for stability, resulting in 3 floods in 3,000 years while only one is allowed. This means that the total
allowable probability of flooding has to be divided over all the relevant failure mechanisms. Table 2.2
shows contribution factors per failure mechanisms as used by the WBI.

In order to calculate the required maximum probability of failure due to a specific mechanism, the

maximum allowable probability of flooding has to be multiplied by the contribution factor for that specific
mechanisms. See Equation 2.2.

Preq,j = Wj * Freq (2.2)
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Failure mechanism H Dunes H Dikes and dams
Heig.ht structure (HTKW) or grass cover 0 0.24
erosion crest and inner slope (GEKB)

Piping (STPH) 0 0.24
Macro-stability inner slope (STBI) 0 0.04
Grass cover erosion outer slope (GEBU) || 0 0.05
Other revetment outer slope 0 0.05
Reliability closure of structure (BSKW) 0 0.04
Piping at structure (PKW) 0 0.02
Strength and stability structure (STKWp) || O 0.02
Dune erosion (DA) 0.70 0
Other failure mechanisms 0.30 0.30

Table 2.2: Failure mechanisms and their corresponding contribution factor (w) to the total failure probability (Ministerie van
Infrastructuur en Milieu, 2017b)

For this particular dike section (maximum allowable probability of flood 1/3,000 per year) this leads to
required protection levels for piping and erosion of the inner slope of:

1 1

0-24 3500 ~ 12,500

(2.3)

From the equations above it can be seen that the allowable failure probability for erosion of the inner
slope and piping is stricter than the total failure probability of the entire dike trajectory. This is due to
the fact that it is unknown which failure mechanism will cause a flood beforehand.

Length-effect Not only the different contributions to the total failure probability of individual failure
mechanisms are important, but also the length over which they can occur is important. The so-called
length-effect causes that a design of a dike on cross-section level differs from a design on trajectory
level. For every dike section, the allowable probability of failure is the same. However, if the length
of the total dike trajectory increases, the probability of finding a section where the load is larger than
the resistance also increases. The probability that a dike breaches somewhere along its trajectory is
higher than that it breaches at a specific cross-section (Jongejan, 2016). This is the length-effect. In
short, the length-effect is defined as the increase of the probability of failure with the increasing length of
a dike stretch (Vrijling et al., 2011). This has multiple reasons which are elaborated in more detail below.

Both the probability of finding a higher load or lower resistance over a longer dike trajectory can cause
increasing probabilities of failure. For piping, the conditions of the soil are very important. The longer
the dike trajectory the higher the probability of finding an anomaly which increases the probability for
piping to occur. Figure 2.15 shows the differing soil characteristics and possible standard deviation of
the dike crest over a longer distance. For wave overtopping, the waves and the water levels are the
important loads. Water levels will usually not differ much over a dike trajectory since these are quite
uniform. But when the orientation of a dike differs a lot within a dike trajectory, overtopping volumes
can also differ within this dike trajectory. A small dike trajectory facing only one angle will be affected
less by this phenomenon.

In order to cope with the length-effect, the maximum allowable failure probability of a dike section has
to be adjusted using the length-effect factor. This can be done using Equation 2.4.

w.
Preq,ij = ﬁj * Preq (2.4)
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Figure 2.15: Differences in soil characteristics over a dike stretch (Vrijling et al., 2011)

In which:
Preq = Maximum allowable probability of failure of the dike trajectory
Preqij = Maximum allowable probability of failure for failure mechanisms j and dike section i
N; = Length-effect factor for failure mechanism j
w; = Contribution factor for failure mechanism j

The value for N differs for each failure mechanism and the specific location. Each failure mechanism,
however, has a typical range for N. Over a certain length there is usually more difference in the soil,
important for piping, than in the crest level, important for erosion of the inner slope. The value of N for
erosion of the inner slope is therefore in the range of 1 to 3, while for piping values for N can reach
up to 10. The WBI defines methods to obtain the length-effect factors for all the dike trajectories and
failure mechanisms.

2.7. Reliability methods

To check if a dike satisfies the safety requirements for any of the above-mentioned failure mechanisms
and for the required return period it has to be checked if the resistance is higher than the load. This
can be described with the following simple limit state function.

Z=R-S5 (2.5)

In this equation, R is the resistance and S is the load. If Z is smaller than zero, meaning the load is
larger than the resistance, a failure has occurred. For failure mechanisms related to overtopping, wave
height and water level are examples of load parameters. If the waves are larger or the water level is
higher more overtopping will occur. Examples of resistance parameters are the crest level and angle
of the waterside slope. If these resistance parameters increase, overtopping decreases. For other
failure modes, the same distinction can be made. Usually, the water level is a load parameter and
soil characteristics and geometrical parameters are resistance parameters. By filling in the different
parameters it can be calculated if a failure occurs.

However, these load and resistance parameters usually have a probabilistic distribution. This means
that they do not have a fixed value. The density of soil, water level, wave height etc. will never have
the same fixed value in an area. Usually, a mean value is expected but a certain deviation around this
mean will always be the case. Figure 2.16 shows what distributions of load and resistance can look
like. The load and resistance both have a mean value, the most probable value of occurrence, with
a spread around this mean. The figure shows that even if the mean value of load and resistance are
far apart, there will always be a small chance that the load is higher than the resistance, leading to a
failure. In this figure, load and resistance are represented by a normal distribution. A mean value with
an equal spread left and right of it. In reality, this distribution can have all sorts of shapes.

There are four groups of methods that can be used to calculate the probability of failure. They can all
be used to assess flood defences. The first in the list is the most complicated method, going down the
methods get simpler.

» The first group are the so-called level 3 methods. These are the full-probabilistic methods. Using
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Figure 2.16: Load and resistance parameters shown with corresponding distribution (Milczarek, 2017)

2.8.

these methods the failure probability is calculated exactly. This can be done by calculating the
integral of the grey area in Figure 2.16 exactly. This can be done relatively easily when there is
only one load and one resistance parameter. But it will get a lot harder when there are multiple.
When there are many parameters a Monte Carlo analysis is a possible level 3 method. With a
Monte Carlo analysis, random values are drawn for all variables from their own corresponding
distribution. Using these randomly drawn values it is checked if this combination of values leads
to failure. If this is repeated many times, a conclusion about the failure probability can be made.

Secondly, there are level 2 methods. These are an approximation of the full-probabilistic methods.
Here probability density functions are approximated by standard normal distributions. Also, the
limit state function is linearised in the point with the highest probability density of failure: the
design point. This design point is then used to say something about the reliability of a system.
This method is called FORM (First Order Reliability Method).

Next, there are level 1 methods. These are semi-probabilistic methods. Here characteristic val-
ues for strength and resistance parameters are used. Characteristic values are dependent on
what the parameter is, but is often the value that has a probability of non-exceedance of 5% for
resistance parameters and the value that has a probability of exceedance of 5% for load param-
eters. The characteristic value for load needs to be multiplied by a safety factor and the charac-
teristic value for resistance needs to be divided by a safety factor. This leads to a design load
and design resistance. The limit state function is evaluated with the design load and resistance.
See Figure 2.17 for a representation of how these values are obtained.

The final group is level 0 methods. These are deterministic calculations. A deterministic value
of the variables is chosen and the limit state function is evaluated. This is a simple method with
many limitations but calculations can be performed easily.

Loads

A flood defence is designed such that a flood may only occur with a certain minimum allowable return
period. In order to design a flood defence, the loads corresponding to these return periods have to
be known. The main forces exerting on a dike are caused by water. These loads are called hydraulic
loads. The loads influence the design and assessment criteria of a flood defence. Chbab and de Waal
(2017) define hydraulic loads as:

Water level h [m + NAP]
Significant wave height H,,, [M]
Peak wave period T, [s]
Spectral wave period T,,,_1 o [S]
Average wave direction [°]
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Figure 2.17: Visual representation of how safety factors lead to a design load and resistance (S. N. Jonkman et al., 2015)

The last four hydraulic loads can be grouped together and are called wave characteristics. All the
hydraulic loads are dependent on a specific set of basic stochastic variables. The basic stochastic
variables are defined as:

* Wind speed [m/s] and wind direction [°]

* River discharge [m?3/s]

» Sea water level [m + NAP]

» Lake water level [m + NAP]

+ Condition of a storm surge barrier (open or closed)

The hydraulic load is determined by a specific combination of the above-mentioned basic stochastic
variables. These differ per location. In coastal areas, the river discharge and lake water level do not
influence the hydraulic load. In the upstream riverine areas, sea water levels are not relevant. For this
sake, the Netherlands has been split into different so-called hydraulic region types. Within each region
type, a specific combination of basic stochastic variables is used to determine the hydraulic loads. The
hydraulic region types and the stochastic variables used are depicted in Table 2.3. The area of interest
for this research is the Twin Dike project area in the north-eastern part of the Netherlands. This is a
coastal region with dikes. In this area, sea water levels, wind speed and wind direction are the basic
stochastic variables. River discharge, lake water level and storm surge barriers do not influence the
hydraulic loads in this area.

The water level is a hydraulic load which is directly related to the same basic stochastic variable. Using
statistical data of measuring locations the water levels for different return periods can be estimated. In
the Netherlands sometimes over 100 years of wind and water data is available. Data can be analysed
and extrapolated to find return periods of water levels for larger return periods. Figure 2.18 shows how
historic water levels at Hook of Holland are extrapolated to find water levels for a larger return period.

Wave characteristics are not basic stochastic variables themselves. They need to be calculated from
other basic stochastic variables, namely wind direction, wind speed and the water level (river dis-
charge). This means a relationship is needed between the basic stochastic variables (water level,
wind- speed and direction) on one side and the local hydraulic loads (wave characteristics) on the
other side. This relation is very complex and consumes too much time if this has to be done for every
hydraulic load determination along flood defences. That is why this relationship is determined once,
up front, for many different combinations of imposed conditions and is stored in a database. Next, the
statistics of water level, wind speed and wind direction can be used to find wave characteristics for
different return periods.
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Table 2.3: Types of hydraulic regions and the basic stochastic variables used to determine the hydraulic loads. Modified from
Chbab and de Waal (2017).
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Figure 2.18: Extrapolation of historic water levels at Hook of Holland for longer return periods. Modified from Chbab (2017)

Different software, for example, Hydra-NL, can be used to calculate the hydraulic loads. Hydra-NL can
calculate loads on pre-defined Hydra-NL output locations. For more information on the determination
and calculation of hydraulic loads see Appendix B.1 and B.2.

2.9. Global aspects of dike design

Dike design is usually an iterative process. Crest levels, for example, are not only dependent on local
wave and water level occurrences but also on the dike geometry itself. A dike design process can take
many iterations before it is finished. Generally, four factors are taken into account for a regular dike
design: sufficient height, stability measures, piping measures and (wave) erosion measures.

Height / overtopping measures The maximum allowable amount of water coming over a dike for a
large part determines the shape of a dike. The crest level has to be sufficiently high so that overtopping
or overflow will not cause erosion of the inner slope or slides. Also, the water volumes itself may
not cause harm to the land behind the dike. Overtopping volumes can be influenced by altering the
steepness of the outer slope or the construction of a wave berm. Making the slope steeper will cause
less overtopping, as will the construction of a wave berm.

Stability measures A dike also needs to be sufficiently stable. Soil profile, geometry, strength pa-
rameters and groundwater conditions all determine the stability of a dike. The steepness of the slope
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can be altered to increase the stability of a dike. Also, a berm on the inner slope can be added to
improve stability.

Piping measures For piping, it has to be checked if uplift, heave and pipe formation can occur. If
all these three conditions can occur, additional measures have to be taken. To counteract the uplift
pressures and to increase the seepage length, for example, a piping berm can be constructed on the
land side of a dike.

(Wave) Erosion measures Waves can cause considerable amounts of damage to a dike. To reduce
the wave load, the slope of a dike can be strengthened. This can be done by constructing a hard cover
layer on the water side. This cover layer can be constructed out of asphalt, concrete blocks or rip-rap.
Additionally, an offshore breakwater can be constructed to reduce the wave load.

Figure 2.19 shows a cross-section of a dike and the different design components. When a dike needs

to be designed or reinforced, usually, the aspects above are altered until the dike satisfies the required
safety norms.

Crest level

A

Total width or dike footprint

Figure 2.19: Different design components of a dike (S. Jonkman et al., 2017)

v

Typical dike design Because of all the design measures listed above, dikes located at different
locations usually have different characteristics. Good examples are river and sea dikes. Because the
conditions they are exposed to are different, sea and river dikes can be distinguished easily. The sea
is a large open body where the wind has a large effect on the creation of waves. Rivers, however, are
usually just up to a few hundred meters wide. It is much harder for waves to form in this small area.
A sea dike therefore experiences much more wave attack and corresponding overtopping than a river
dike. This means sea dikes have higher crests compared to the design water level than a river dike
(to reduce overtopping). Sea dikes also usually have a berm at the seaside to help wave breaking and
reduce overtopping volumes. Also, the outer slope is protected by a hard revetment to prevent damage
from wave attack. Usually, waterside berms and strong revetments are not present at river dikes. High
water in rivers can, however, last for a significantly longer period than storms from the sea. This means
water has more time to infiltrate in the river dike and stability is a larger issue here. To make sure river
dikes are stable enough, usually a relatively flat inner slope or a berm on the land side are present.

2.10. Conclusion

This chapter showed the concept of flood protection in the Netherlands. Flood defences are categorised
in the primary, regional and other flood defences. It explained that all the primary flood defences are
assigned a safety norm: a maximum allowable probability of causing a flood. This safety norm depends
on the consequences a possible failure of a dike trajectory has. Flood defences are assessed using
the Statutory Assessment Instruments (WBI) and designed using the Design Instruments (Ol). These
instruments state different failure mechanisms for which a flood defence needs to be assessed. Usually,
some residual strength is present between the verdict that a flood defence does not meet the required
safety norms according to the WBI and Ol, and actually having a too high probability of causing a flood.
In order to assess or design a dike, the loads on the dike need to be known. In different regions,
different variables determine the loads. Design aspects of dikes consist of the shape of the dike body,
the crest height, stability-, piping- and wave berms and hard revetments. In the next chapters, this
knowledge will be applied to the case study: the Twin Dike project.



Case Study Description

This research investigates the use of multiple lines of dikes as an alternative to regular integral dike
reinforcements. In order to assess the applicability of this concept, a case study will be assessed. The
case that is going to be investigated is the Twin Dike project in the north-eastern part of the Netherlands
which is currently being constructed. This chapter will first present the background of this project. Next,
the safety concept and other characteristics of the project are explained. Information from this chapter
will be used to perform an assessment in the following chapters.

3.1. Assessment results

In the third national assessment round all the Dutch primary flood defences have been assessed on
their safety. This assessment has been performed using the old safety norms (see Section 2.3). The
11.7 km stretch of dike between Eemshaven and Delfzijl did not satisfy the required safety norm (see
Figure 1.3). This dike stretch is managed by the local water board; Noorderzijlvest. As can be seen
in Figure 2.6a, this area had to be able to withstand design water levels which have an average return
period of 4,000 years. The failure mechanisms that did not satisfy the required safety norms were
macro-instability of the inner slope, stability of the stone revetment and the grass cover being located
below the required height. Table 3.1 shows an overview of all the failure mechanisms for which the
required safety norms were not met and the corresponding length over which this was the case.

As mentioned in the paragraph above, the assessment was performed using the old safety norms. As
of 2017, the safety norms and assessment instruments have been updated. Figure 2.6b shows that for
this dike trajectory has a minimum allowable return period of causing a flood of 3,000 years. Because
of these changes, this dike stretch has been reassessed using the current methods. The results are
also depicted in Table 3.1. It can be seen that each failure mechanism has an even larger length over
which it does not satisfy the required safety norms.

Failure mechanism Third assessment round | Reassessment
Macro-instability inner slope 11.5 km Was not reassessed
Grass cover below required level 8.5 km -

Erosion grass revetment outer slope | - 11.7 km

Stability stone revetment 3.0 km 3.6 km

Erosion due to overtopping (Height) | - 10.3 km

Table 3.1: Failure mechanisms that did not meet the required safety norms at the Eemshaven-Delfzijl dike stretch and the
corresponding length over which this was the case (Waterschap Noorderzijlvest, 2016b).

In Table 3.1, the failure mechanism erosion of the grass revetment outer slope is comparable to grass
cover below required level. Additionally, overtopping is shown in the reassessment column. Dike
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stretches did not meet the required safety norms for overtopping if overtopping volumes during design
conditions were more than 5 I/s/m (Waterschap Noorderzijlvest, 2016a). Then, the overtopping volumes
can cause erosion of the inner slope.

3.2. The reinforcement project

Because this dike stretch did not meet the required safety norms, it needs to be reinforced. A large part
of the dike will be integrally reinforced the traditional way. The crest will be elevated, a macro-stability
berm will be constructed and the revetment will be modified/pulled up (Waterschap Noorderzijlvest,
n.d.-a). 2.5 km of the dike will, however, be integrally reinforced in a different way. Along this stretch,
the Twin Dike project will be implemented (see Figure 1.3). Instead of integrally reinforcing the dike the
traditional way, a smaller second dike will be constructed behind the existing dike (see Figure 1.2). At
this particular 2.5 km stretch, stability of the stone revetment was sufficient. So only macro-instability
of the inner slope, erosion of grass revetment and overtopping were failure mechanisms that did not
meet the required safety norms.

The Twin Dike project consists of two dikes which lie behind each other. The existing dike, next to the
sea, will become the outer dike. Except for the construction of a macro-stability berm, this dike will not
be altered. The stone revetment on the seaside will not be pulled up and the crest will remain at the
current height (Wijermars, 2017). The current height of the crest of the dike is in between 7.9 and 8.6
m + NAP. A second (inner) dike will be constructed up to 500 m behind the existing dike with a height
of 4.0 m + NAP. Because the outer dike is not being elevated and strengthened, more water will be
able to come over this dike compared to a case where it is integrally reinforced the traditional way.
The inner dike will make sure that the water is retained in the basin in between the two dikes and the
hinterland is not flooded. The idea is that the two dikes together provide the required safety for the area.

The basin in between these two dikes has a total area of approximately 0.5 km?2. It will be split up into
two areas: area B in the north and area C in the south. New land-use will be allocated to these areas
to experiment with innovative projects. Since saline water will sometimes overtop the outer dike and
enter these areas, the current land use (cultivation of potatoes) will not be optimal for this location.
Area B is therefore planned to house saline agriculture. Here, products will be cultivated that grow well
in saline conditions, like sea vegetables and cockles. A study shows that saline agriculture has the
potential to be more profitable than the current land-use (Kwakernaak & Lenselink, 2015). This will be
an experimental location where this innovation will be stimulated.

Area C is planned to become a so-called silt engine. Under everyday circumstances, water from the
Ems-Dollard will be able to deposit its sediment here. The deposition of silt will cause the land to
naturally grow (elevate) over time, adding to the flood safety of the area (Kwakernaak & Lenselink,
2015). Alternatively, the silt can be excavated and used for future dike reinforcements in the area, which
is predicted to be cheaper than using materials from regular sources (Waterschap Noorderzijlvest,
2016c¢). Also, it will reduce the amount of sediment in the water of the Ems-Dollard estuary which will
have a positive ecological effect (Waterschap Noorderzijlvest & Grontmij Nederland B.V., 2016). The
reduction of sediment will however be negligibly small, but also this area is an experimental location to
assess the effects of this innovation.

For the realisation of the silt engine, the original dike will contain an inlet structure which will let water
in and out of the basin during daily tidal conditions. During storm conditions, a movable gate is able to
close this inlet structure. A detailed design of the structure is not available yet. The predicted dimen-
sions vary by source. Waterschap Noorderzijlvest (2016b) mentions a 12 m wide and 2.5 m high inlet,
Waterschap Noorderzijlvest (2016a) mentions a 12 m wide and 3 m high inlet, personal communication
with Kees de Jong revealed a 6 m wide and 2.5 m high inlet with a sill level of -0.5m + NAP, Sweco
(2018) mentions a sill level of -0.25 m + NAP. A detailed overview of this area can be seen in Figure 1.3.
Figure 3.1 shows a schematic overview of the situation. The inner dike is divided into three sections.

The overall goal of this project is to investigate the possibility to conduct dike reinforcements in a
cheaper way. Constructing a second dike and leaving the need to reinforce the original dike is predicted
to be cheaper than performing a traditional reinforcement. Both the Twin Dike and a regular reinforce-
ment protect the area behind the dikes against floods. For the Twin Dike, there are however additional
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Area B:
Saline
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Figure 3.1: Schematic overview of the Twin Dike project. Blue: original (outer) dike, purple: second (inner dike). The location of
the inlet structure is depicted with the red circle.

costs because the area in between the two dikes needs to be bought or in this case leased from the
current owners. Experiments are performed with new land uses which have the potential to have higher
revenue than the current land use. This way the net costs of a Twin Dike project are reduced. If this
project turns out to be profitable, landowners might want to cooperate without the government having
to lease the land from current owners, because their land will be more valuable after the construction
of a Twin Dike. If this pilot project turns out to be successful it might be implemented on larger scales
in the future (Kwakernaak & Lenselink, 2015).

3.3. Safety concept

According to the Statutory Assessment Instruments (WBI), a dike section does not meet the required
safety norms when at least one of many failure mechanisms do not meet the required safety norms
along this dike section (see Section 2.5). For the Twin Dike project, this is different. Failure of this
system can only occur if a specific set of dike sections fail. If the northern dike section of the outer dike
fails, also dike section 1 of the inner dike needs to fail to cause a total failure of the system. The failure
paths are depicted in Figure 3.2 and show the specific events that need to occur in order to have a total
failure of the system.

This event tree, however, only shows which sections need to fail in order to have a total system failure.



30 3. Case Study Description
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Figure 3.2: Event tree showing steps needed to have a failure of the Twin Dike system

It does not show how this can happen. The event tree depicted in Figure 3.3 shows different ways the
outer dike can fail. In order to assess the Twin Dike system it is interesting to see when water enters
the basin in between the two dikes. This does not necessarily have to happen when a failure occurs.
This can also be seen in the event tree. Additional to all the failure mechanisms, water can also enter
the area in between the two dikes due to plain overtopping (without causing erosion). This has an
influence on the loads of the inner dike and will therefore be assessed in the next chapter. It is boxed
in red in Figure 3.3.

Overtopping Water entersareaBor C

Erosion of the crest
and/orinner slope due
to overtopping

Waves cause erosion
of the cover layers

|Fa\'\ure0fstruc‘ture(5] |

Instability of the stone

No (additional) water

revetement
entersareaBorC
Storm event with [ Y instabili H - -
high water and | Macrorinstabi ity ; Failure outer dike The failure mechanism, or
further erosion and/or
————>| Piping }— lowering of the crest lead to

water entering areaB or C

Sliding of the grass
cover layer or micro-
instability

Other failure
mechanisms

- No (additional) water
H{ No failure occurs }—)
entersareaB orCl

Figure 3.3: Event tree for water entering area B or C. Boxed in red are the governing failure mechanisms for the outer dike.
Macro-instability was a governing mechanism but a berm is constructed. It is therefore not regarded a governing mechanism.

Out of all the possible failure mechanisms, not all are governing. In Section 3.1 it was discussed that
this dike stretch did not meet the required safety norms for the failure mechanisms macro-instability,
erosion due to overtopping and erosion of the outer slope. For all the other failure mechanisms the
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dike satisfied the required safety norms in the last assessment. The outer dike will remain in current
condition, except for the construction of an inner berm to ensure macro-stability. Therefore, the govern-
ing failure mechanisms of the outer dike are erosion due to overtopping and erosion of the outer slope.
These failure mechanisms are also boxed in red in Figure 3.3. If a structure is present, it is possible that
this structure can fail too. Because the construction of the Twin Dike will also involve the construction
of an inlet structure, failure of structure is also assumed to be a governing failure mechanism. This
failure mechanism is therefore also boxed in red in Figure 3.3. All these governing failure mechanisms
will be elaborated further in the next chapter.

In order to have a total failure of the Twin Dike system, the inner dike also needs to fail. Figure 3.4
shows the event tree for the inner dike when water is present in the basin. For the inner dike, again
some failure mechanisms will be governing. Since no hard revetment or structures are present on the
inner dike, these failure mechanisms cannot occur. Piping did not pose a problem at the outer dike.
Since the soil surface level in the basin does not reach into the aquifer, this gives an even larger re-
sistance against piping. It is assumed piping is not a governing mechanism. Micro-instability is not
a governing mechanism if the entire dike is made from clay (Ministerie van Infrastructuur en Milieu,
2017b), which is the case. This leaves erosion of the crest and inner slope due to overtopping (height),
macro-instability, erosion of the outer slope and grass cover sliding as governing mechanisms. These
are boxed in red in Figure 3.4.

Erosion of the crest
and/or inner slope
due to overtopping

Waves cause erosion
of the cover layers

Macro—|nstab|llty Failed dike section is
inner or outer slope section 1or2 Failure of inner dike

Water present in area B or C }— Qrass cover sliding
inner or outer slope

_){ Micro-instability
%{ Piping

Other failure
mechanisms

No failure of Twin Dike
——>| No failure occurs }—ﬁ s

Failed dike section is
section 3

Ll

Figure 3.4: Event tree for failure of the inner dike

3.4. Design life

Usually, integral dike reinforcement projects have a design life of 50 years. The design life for the Twin
dike project is rather short with only 25 years (2020 till 2045) (Wijermars, 2017). This is done because
the Twin Dike is an innovative project and it is not yet known how well it will perform in a real-life situation.

Within the design life, it is expected that sea levels will rise and the land will subside. Gautuer,
Schelfhout, and van Meurs (2015); Wijermars (2017) expect local land subsidence of 20 cm in this
period. This is in conformity with sources like Nederlands Centrum voor Geodesie en Geo-Informatica
(NCG) (2018) which expect subsidence rates up to 6 mm per year in this area. Throughout this report,
land subsidence of 20 cm for the period 2020 - 2045 is used.
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Also, the sea level is expected to rise within this period. Deltares (2017); Luinenburg (2016); Water-
schap Noorderzijlvest (2016c); Wijermars (2017) expect a sea level rise of 30 cm until the end of the
design life. Gautuer et al. (2015), however, mentions a sea level rise of 25 cm within the same period.
Also Hydra-NL (see Appendix B.1) works with a sea level rise of 25 cm in 2050 compared to 2017 for
climate scenario W+ (the scenario with the highest sea level rise). Since calculations will be easier
using the pre-programmed climate scenarios in Hydra-NL, a sea level rise of 25 cm is used in this
report. Also, the difference in sea level rise over these 5 missing years (2045 to 2050) is expected to
be relatively small.

3.5. Dike geometry

In order to perform the assessment, the dike geometry needs to be known. Nine dike profiles have
been obtained from Waterschap Noorderzijlvest (2010). This document provides information on dike
geometry for all the dikes which are managed by water board Noorderzijlvest. In this area, profile 76
to 84 are located. The locations of these profiles are depicted in Figure 4.1a as red dots with corre-
sponding profile number. The exact profiles can be seen in Appendix D.

The dike profiles reach to the still water line at approximately 0 m + NAP. This area, however, has
extensive foreshores which need to be taken into account. An estimate of the geometry of the foreshore
has been made using Actueel Hoogtebestand Nederland (2009). Also, the orientation of the dike needs
to be known, this is calculated using the computer program QGIS. This software is able to calculate the
angle of elements compared to the north. This way the dike orientation for every profile was obtained.

3.6. Dike composition

Also, the dike composition has to be known to perform an assessment. At the location of the Twin Dike
project, the outer slope of the current dike will not be altered. Therefore, the current dike compositions
can be used. A detailed cross-sectional composition of the dike was however not found. Therefore,
other information was used to determine the composition. The website of the water board shows how
the dike composition looks like. This is depicted in Figure 3.5. It shows an original sea dike constructed
in 1880, with a reinforcement constructed in 1970.

Figure 3.5: Situation of the Eemshaven-Delfzijl dike before the current integral reinforcement (Waterschap Noorderzijlvest,
2017a)

Personal communication with employees of water board Noorderzijlvest confirms that the original dike
from 1880 is a clay dike which was reinforced in the 1970s as a sand dike with a 1 m thick clay cover
layer. Gautuer et al. (2015) confirms the presence of an old sea dike which was reinforced with a sand
core dike with a 1 m clay cover layer. Hofsté (2017) reports that the old sea dike had a height of 6 m +
NAP and a crest width of 1.5 m during the construction of the reinforcement in 1970. Wijermars (2017)
confirms this and also mentions that the outer slope of old sea dike coincides with the outer slope of the
current dike. This is in line with what is depicted in Figure 3.5. It is therefore assumed that the old sea
clay dike indeed had a crest height of 6 m + NAP during the 1970s and that the outer slope coincided
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with the current outer slope. With a land subsidence of 25 cm from 1970 to today, the current height
is approximately 5.75 m + NAP. An image of the old design drawings as taken from Hofsté (2017) is
shown in Figure 3.6. It confirms that the crest is located at 6 m + NAP.

Figure 3.6: Design drawing of the 1970s reinforcement at the current location of the Twin Dike project (Hofsté, 2017)






General Safety Assessment Twin Dike

In this chapter, existing instruments will be used to asses the Twin Dike project. This is done in order
to find out which failure mechanisms are relevant for the failure of multiple lines of dikes as flood de-
fences. In the Netherlands, the Statutory Assessment Instruments (WBI) are used to assess primary
flood defences. The Design Instruments (Ol) are used to design future reinforcements. These instru-
ments consist of rules, methods and software which have to be used when assessing or designing a
primary flood defence (see Section 2.5). The methods used in this chapter are in accordance with the
methods of the WBI and Ol.

First, the governing failure mechanisms of the outer dike, as discussed in Section 3.3, are assessed.
Next, an attempt is made to find out how the loads on the outer dike influence the loads on the inner
dike. Finally, a conclusion is presented about this analysis.

4.1. Outer dike

In this section, the outer dike will be assessed for its governing failure mechanisms. As discussed in
Section 3.3, the governing failure mechanisms are erosion of the crest and/or inner slope, erosion of
the outer cover layers and failure of the structure. Additionally, overtopping itself is able to cause water
to enter the basin in between the two dikes. This water has an influence on the loads on the inner dike.
Therefore, this will also be assessed.

The first step is to divide the outer dike into dike sections. As described in Ministerie van Infrastructuur
en Milieu (2017b) a dike trajectory can be cut up in several dike sections. Within these sections, the
properties of the flood defence and the loads are similar to each other. This way, an assessment can
be made per section. Nine dike profiles are known around this stretch of dike and 12 Hydra-NL out-
put locations. A Hydra-NL output location is a location where Hydra-NL (see Appendix B.1) is able to
determine hydraulic loads. These hydraulic loads can be determined for specific return periods. The
hydraulic loads are water level, and wave characteristics (see Section 2.8). The locations of the profiles
and output locations are shown in Figure 4.1a.

Using the information above, the outer dike is split into 15 dike sections. Each section is linked to a
specific combination of profile and output location. The dike within a section has a similar orientation,
geometry and load acting on it. When specifying the dike sections, the effects of sheltering effects of
the small cove and several groynes have been taken into account. Figure 4.1b shows an overview of
all assigned dike sections of the outer dike.

Table 4.1 shows the dike section ID with their corresponding profile number and Hydra-NL output lo-
cation number. It also shows the length of each section. This length will be needed to calculate the
average overtopping volumes later in this chapter.

In the following paragraphs, the outer dike will be assessed for the relevant failure mechanisms.

35
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(a) Location of dike profiles (red dots) and Hydra-NL output locations (red (b) Sections and their corresponding ID. See Table 4.1 for the correspond-
crosses) ing profiles and output locations.

4.1.1. Overtopping
First, plain overtopping (without erosion) will be assessed. One of the main functions of the inner
dike is to retain overtopping water of the outer dike and thus preventing a flood of the hinterland. The

overtopping volumes will be determined and the resulting increase in water depth in the basin will be
determined in this paragraph.

Input Hydra-NL (for more information see Appendix B.1) is used to determine the overtopping vol-
umes. Hydra-NL can calculate overtopping discharge for a given dike profile which is linked to a specific
Hydra-NL output location. The combinations of profiles and output locations as mentioned in Table 4.1
are used. Calculations are performed for 2 reference years. Namely, the current situation (reference
year 2023) and the future situation at the end of the planning period (reference year 2045). The two
reference years differ in the sense that the future situation takes into account sea level rise and soil
subsidence (see Section 3.4).

Hydra-NL is able to determine hydraulic loads for specific return periods. Each failure mechanism has
a maximum allowable return periods for which it needs to be able to withstand loads. Overtopping itself,
however, is not a failure mechanism. There are no safety norms which specify the maximum allowable
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ID | Profile | Output location Length [m]
1 |76 WZ_1_6-7_dk_00005 | 105
2 |77 WZ_1_6-7_dk_00006 | 257
3 |77 WZ_1_6-7_dk_00007 | 240
4 |78 WZ_1_6-7_dk_00008 | 267
5 178 WZ_1_6-7_dk_00009 | 67
6 |79 WZ_1_6-7_dk_00009 | 54
7 |80 WZ_1_6-7_dk_00012 | 272
8 | 81 WzZ_1_6-7_dk_00012 | 238
9 | 82 WZ_1_6-7_dk_00012 | 199
10 | 82 WZ_1_6-7_dk_00013 | 42
11 | 83 WZ_1_6-7_dk_00013 | 74
12 | 83 WZ_1_6-7_dk_00014 | 207
13 | 84 WZ_1_6-7_dk_00015 | 165
14 | 84 WZ_1_6-7_dk_00016 | 257
15 | 84 WZ_1_6-7_dk_00017 | 172

Table 4.1: Combination of profile and output location and the corresponding length of that section.

return period for overtopping to cause a certain water volume to enter the area behind a dike. Erosion
of the inner slope and crest due to overtopping have a governing return period of 37,500 years (see
Section 4.1.2). The return periods assessed for plain overtopping are therefore also chosen in this
range. A total amount of nine return periods is assessed.

Results Figure 4.2 shows the governing average overtopping volumes per return period for the dif-
ferent combination of profile and output location. ID 1 on the left of the graph, corresponds with ID 1 in
the most northern part of Figure 4.1b. See Table 4.1 and Figure 4.1b for the definition and location of
the IDs. All the results can be seen in table format in Appendix C.1.
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Figure 4.2: Average peak overtopping volumes per return period and ID, see Table 4.1 for the corresponding profiles and output

locations.

Looking at Figure 4.2 some interesting things can be noted. Overtopping volumes in 2045 are a factor
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5 to 6 higher than in the current situation. This means that sea level rise and soil subsidence have
a significant impact on the overtopping volumes. This effect will be analysed further in the sensitivity
analysis in chapter 6. In the 2045 situation only return periods 3,000 years and higher are causing
overtopping volumes of more than 0.1 I/s/m. It is also noted that ID 7 and 8 do not have significant
overtopping in any of the return periods. This is most probably due to their sheltered location. Waves
and wind come into the Ems-Dollard estuary from the north, this makes that ID 7 and 8 are not directly
exposed to these waves (see Figure 4.1b). The thing that is, however, most interesting, is the effect
on these overtopping volumes on the water level inside the basin

In order to calculate the expected rise in water level in the basin due to the overtopping volume, it is
assumed that the calculated overtopping volume is present over the entire length of the corresponding
dike section. A peak duration of the storm of 4 hours is assumed. This is the time the peak of a storm
in the Wadden Sea lasts according to Ministerie van Infrastructuur en Milieu (2018). It is assumed that
the maximum overtopping volume is present for the entire peak. In reality, the peak will only last for
a moment, so the overtopping volume is overestimated. Table 4.2 shows the total amount of water
entering the basin in between the two dikes after a storm.

Return period 3,000 | 10,000 | 12,500 | 37,500 | 100,000
Current situation

Water depth basin B[m] | 0 0.01 0.01 0.06 0.24
Water depth basinC[m] | 0 0.01 0.01 0.01 0.09

Future situation (2045)
Water depth basin B [m] | 0.01 0.06 0.09 0.42 1.44
Water depth basin C [m] | 0.01 0.01 0.03 0.18 0.79

Table 4.2: Increase in water depth in the basin after a 4 hour storm with peak overtopping volume being present over the entire
length of each section per return period

Table 4.2 shows that the rise in water level in each of the basins is lower than 25 cm for the current
situation. For the future situation (2045) the increase in water depth in the basin is larger. The increase
is still, however, less than 10 cm for a 1/12,500 per year or more frequent situation. For a 1/37,500 per
year situation, which is the required safety level for erosion due to overtopping, the increase in water
level is around half a metre. For a return period of 100,000 years, the increase is up to one and a half
metres. This return period is however very extreme.

The results have also been calculated by interpolating the known overtopping volumes over the dis-
tances in between the known points instead of assuming the overtopping volume over the entire stretch.
The resulting depth fluctuates a few centimetres above or below the calculated depth in Table 4.2.

It is interesting to see that the resulting increase of water depth in the basin is relatively low. Without
the presence of the inner dike these overtopping volumes would most probably not lead to a flood in
the first place. A flood is an event which leads to significant damage or casualties (see Section 2.5.1).
Water depths caused by the overtopping water are probably in the range of a few centimetres. This
area is sparsely inhabited and mostly consists of farmland. A few centimetres of water will not lead
to significant damage or casualties. This would suggest that the construction of the inner dike is not
necessary for the counteraction of overtopping volumes.

4.1.2. Grass cover erosion crest and inner slope (GEKB)

Next, the failure mechanisms grass cover erosion of the crest and inner slope is assessed. The original
dike at the Twin Dike location did not meet the required safety norm for this failure mechanism. In order
to have a more detailed view of this failure mechanism, it is assessed again in this section.
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Due to overtopping, fast flowing water on the inner slope or crest can damage the grass cover causing
the core of the dike to be exposed. Figure 4.3 illustrates the failure mechanism.

Beginning of storm: no damage

Hole in grass cover

Erosion of core

Figure 4.3: Step by step failure due to erosion of the inner slope or crest. Modified from 't Hart (2018)

Input In the Twin Dike region, the maximum allowable probability of causing a flood is 1/3,000 per
year (see Section 2.3). Equation 2.4 can be used to calculate the maximum allowable probability of
failure for this specific mechanism. The contribution factor for grass cover erosion of the crest and
inner slope is 0.24 (see Table 2.2). With a length effect factor of 3 (Ministerie van Infrastructuur en Mi-
lieu, 2018), this leads to a maximum allowable probability of failure of 1/37,500 per year for this failure
mechanism.

RisKeer is a computer program which can calculate the safety for erosion due to overtopping for current
situations. It performs calculations in a probabilistic manner. It is assumed that the inner slope and
crest can withstand a certain critical overtopping volume. This volume depends on the quality of the
grass, the wave height class and has a certain mean and standard deviation. Next, it checks what the
probability is that the occurring overtopping volume is larger than the critical overtopping volume. More
background on RisKeer and its overtopping erosion assessment can be found in Appendix B.5.

In RisKeer, again a Hydra-NL output location can be assigned to a profile. For this combination, the
assessment is performed. The combinations from Section 4.1.1 are again used. The wave heights ata
return period of 37,500 years are in the range of 2-3 m and a closed sod quality is assumed. This leads
to the inner slope withstanding overtopping volumes with a mean of 70 I/s/m and a standard deviation
of 80 I/s/m (see Appendix B.5).

Results The resulting failure probabilities per combination of profile and output location are given in
Figure 4.4. It can be seen that for all the dike sections the probability of failure is well below the maxi-
mum allowable probability of failure 1/37,500 per year (depicted with a red line in the figure).

As mentioned in chapter 3, the dike did not meet the required safety norms for overtopping (reference
year 2012). It is then strange to see that during this assessment the dike satisfies the required safety
norms for this failure mechanism. This can be explained by the recent change in assessment tech-
niques for this failure mechanism. In the last assessment of the Eemshaven-Delfzijl dike stretch, a dike
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Figure 4.4: Probability of failure [1/year] per section of erosion of the crest and/or inner slope due to overtopping as calculated
with RisKeer (current situation)

did not meet the required safety norms if the average overtopping volume exceeds 5 I/s/m (Waterschap
Noorderzijlvest, 2016a). In the current assessment, the resistance of a grass cover has a probabilistic
distribution instead of being a fixed value of 5 I/s/m. Figure 4.2a, however, shows that overtopping
volumes for a 1/37,500 per year situation are less than 5 I/s/m everywhere. The last assessment also
used an older version of Hydra-NL where overtopping volumes in this region were overestimated. The
combination of a new Hydra version and the probabilistic distribution for the grass cover lead to a dif-
ference in results.

The results above are for the current situation. For this project, it is more interesting to see the prob-
ability of failure at the end of the planning period. RisKeer is however not able to compute for future
reference years. The Design Intruments (Ol) states that if the significant wave height is below 3 m, the
sod quality is closed and the clay layer has a thickness of at least 0.4 m, a critical overtopping volume
of 15 I/s/m can be used (Ministerie van Infrastructuur en Milieu, 2016a). This is all true for this case.
Figure 4.2 shows that in reference year 2045, for return period of 37,500 years the overtopping volumes
are below 15 I/'s/m everywhere except for one location. At this location, the overtopping volume is 15.1
I/'s/m. This would mean that at this location the required safety is not met. However, the difference is
only 0.1 I/s/m. Also, tests using the overtopping simulator show that well-closed grass covers without
open holes can sometimes resist overtopping volumes of 100 I/s/m (EurOtop, 2016). This means that
an overtopping volume of 15.1 I/s/m should pose no problems, provided the inner slope is of good
quality.

4.1.3. Grass cover erosion outer slope (GEBU)

The next failure mechanism that will be assessed is erosion of the grass cover on the outer slope due
to wave impact or run-up. During a storm with waves, the impact of the waves or the run-up can dam-
age the grass revetment, eventually exposing the core and causing a breach. Figure 4.5 illustrates an
overview of the failure mechanism.

Using assessment methods of the WBI and Ol, calculations are performed semi-probabilistically with
a cumulative overload method. During an entire storm, the loads on the grass revetment are added up
and it is checked whether this value is lower than a certain critical overload value. If this is the case the
revetment is strong enough, otherwise not. The calculation can either be performed for a run-up load
or a wave impact load. If the grass revetment is present below the design water level, wave impact
is governing and only this mechanism has to be assessed. Otherwise, wave run-up is governing and
only this mechanism has to be assessed.
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Figure 4.5: Step by step failure due to erosion of the outer slope. Modified from 't Hart (2018)

Input

In the Twin Dike region, the maximum allowable probability of causing a flood is 1/3,000 per year (see
Section 2.3). Equation 2.4 can be used to calculate the maximum allowable probability of failure for
this specific mechanism. The contribution factor for grass cover erosion of the outer slope is 0.05 (see
Table 2.2). With a length effect factor of 3 (Ministerie van Infrastructuur en Milieu, 2016a), this leads to
a maximum allowable probability of failure of 1/180,000 per year for this failure mechanism.

Return periods This failure mechanism is assessed using the computer program BM Gras Buiten-
talud, see Appendix B.3 for more information. The program can check whether a grass revetment is
safe enough for a single return period event. The output of BM Gras Buitentalud is a single safety
factor per specified return period. The program will not calculate the actual probability of failure itself.
Therefore, it has to be known for which return periods the assessment has to be performed. The return
periods that are going to be used are the inverse of the five failure probability limits used for the assess-
ment verdict categories at dike section level (Ministerie van Infrastructuur en Milieu, 2017b). For this
dike trajectory and this failure mechanism, this results in failure probability intervals as given in Table
4.3.

The return periods used are thus 18,000, 000; 600,000; 180, 000; 3,000 and 100 years. However, large
intervals now exist between the different return periods. That is why return periods of 10; 300; 1, 000;
10,000 and 60,000 years are also added.

Water level As input BM Gras Buitentalud needs the water levels over the course of the storm. The
calculations are performed for the same set of different combinations of Hydra-NL output locations and
profiles as in section 4.1.1. In accordance with the WBI and Ol, the water level course over time will
be obtained in the following way.
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Cat. | Description Interval for Twin Dike area

I Easily satisfies signal norm Pr < 1/18,000,000

Il Satisfies signal norm 1/18,000,000 < Pr < 1/600,000
[ Satisfies lower bound 1/600,000 < Pr < 1/180,000

v Maybe satisfies lower bound 1/180,000 < Pr < 1/3,000

\% Does not satisfy lower bound 1/3,000 < Pr <1/100

VI Does not satisfy lower bound by far | P; > 1/100

Table 4.3: Categories for failure mechanism assessments [1/year], dike section level (Ministerie van Infrastructuur en Milieu,
2017b)

The first step is to calculate the governing water level per location per return period. This will be the
maximum water level over the course of a storm. The water level is obtained with Hydra-NL. Hydra-NL
is unfortunately not able to calculate with return periods larger than 1,000,000 years. For now, this
means the calculation with a return period of 18,000, 000 years is discarded.

Next, the course of the water level over time has to be known. Ministerie van Infrastructuur en Milieu

(2018) gives a typical storm surge duration in the Wadden Sea of 45 hours. During that time, the shape
of the storm surge is as given in Figure 4.6.

level B

»l

surge H [m]

level A

t [hours]

Figure 4.6: Storm surge course during a typical 45 hour storm at the Wadden Sea. Modified from Ministerie van Infrastructuur
en Milieu (2018)

It has to be kept in mind that at this location a tide is present. The tide is found by averaging a regular
tide series of Eemshaven and Delfzijl (Rijkswaterstaat, n.d.). The peak of the tide has to coincide with
the peak of the storm surge so that the maximum water level during a storm for a specific return period
is equal to the governing water level as calculated with Hydra-NL. This means level B in Figure 4.6 is
equal to this water level minus the amplitude of the tide. Level A is equal to the average water level (ap-
proximately 0 m + NAP at sea). Figure 4.7 shows an example of a resulting water level course over time.

This approach is conducted for all return periods and for all locations. The imposed tide will always be
the same, as well as the surge shape. Only the surge height will differ per location and return period.

Wave load Next, the wave loads during the storm have to be known. Hydra-NL can compute wave
loads on grass cover revetments for a given water level and return period. In the most extreme case
(reference year 2045 and return period 600,000 years), the water levels reach till 7.79 m + NAP. Hy-
draulic wave loads are thus needed for water levels in the same range. A step size needs to be defined
for the interval of the evaluated water levels. A smaller interval gives more precise results but more
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Figure 4.7: Water level course at Hydra-NL output location 15 for 1/1,000 per year situation, current situation (without sea level
rise).

computations are needed, which are time-consuming. Hydra-NL can only compute loads for minimum
water levels of 0 m + NAP. Due to the tide, water levels are sometimes below 0 m + NAP. However,
this is only for short moments before and after the worst of the storm. So the difference in wave height
will not have a large impact on the results. Loads are thus calculated for water levels ranging from 0 m
+ NAP till 7.8 m + NAP and a step size of 0.1 m is chosen.

Governing calculation: wave impact or wave run-up The next step is to see which calculation is
governing: wave impact or wave run-up. This is dependent on the location of the grass revetment. If a
grass revetment is present below the still water line, wave impact is governing. Ifitis only present above
the still water line, wave run-up is governing. The computer program QGIS is used to find the elevation
of the transition between stone revetment and the grass cover slope. Using satellite images and the
Actueel Hoogtebestand Nederland (2009), this elevation can be found. The results are depicted in
Figure 4.8. The figure shows that the grass-stone transition is located at approximately 3.5 m + NAP,
except for the first 200 m. Here an asphalt cover is located till 5.5 m + NAP. This elevation has also
been confirmed with old design drawings (see Figure 3.6) and correspondence with the local water
board. However, a small beach is also present in the project area. At this location it was not possible
to determine the elevation of the stone revetment from satellite images (if a stone revetment is present
at all at this location).
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Figure 4.8: Level of transition stone-grass revetment

The lowest water level evaluated is 3.895 m + NAP for output location 3, profile 76, a return period of
10 years and for the current situation. The elevation of the stone-grass transition is lower everywhere
except for the first 200 m. Here an asphalt revetment is present till an elevation of 5.5 m + NAP. This
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means that for all calculations wave impact is governing, except for a few lower return periods at the
first 200 m, which is represented by ID 1. These will be discarded for now, and only wave impact will
be assessed.

Finally, a few other variables have to be given.

» The top of the grass revetment has to be given. Since grass covers the entire upper outer slope,
crest and inner slope this value is equal to the crest level of each profile that is assessed.

+ Coefficients a, b and c. Dependent on sod quality. See Table 4.4.
* Vertical step size for calculations. Default value of 0.1 m.

* Minimum and maximum water level to evaluate. These are the minimum and maximum occurring
water levels which occur during the course of the storm.

* Minimum and maximum wave heights to evaluate. Maximum = maximum occurring wave height.
Min = default value, coefficient ¢ (see Table 4.4).

+ Clay layer thickness of the grass cover. The residual strength of a clay layer with a thickness of
up to 0.5 m can be evaluated. The thickness is around 1 m at this location, so 0.5 m is chosen
as value.

+ Sand content in clay. This has to be determined with laboratory tests. According to Ministerie van
Infrastructuur en Milieu (2018), regular firm clay has a maximum sand content of 0.4. The higher
the sand content, the lower the strength. For now, a value of 0.4 is assumed.

Closed sod | Open sod
al|10 0.8
b | -0.035 -0.070
c| 0.25 0.25

Table 4.4: Coefficients a, b and c for different kind op sod qualities (Ministerie van Infrastructuur en Milieu, 2018)

The calculations were performed for both open and closed sod qualities, for the current situation and
for reference year 2045 (end of design life period).

Results

Summarising, the calculations have been performed for nine return periods, two reference years, two
sod qualities and on 15 locations (see Table 4.1). This results in a total of 540 cases and corresponding
safety factors. The return period for which the grass cover fails is in between the return periods where
the safety factor is above 1 for the last time and below 1 for the first time. Figure 4.9 shows the interval
where failure occurs based on these criteria. The full results can be seen in Appendix C.2.

Figure 4.9 shows that the probability of failure is much higher for erosion of the outer slope than for
erosion of the inner slope. Using Equation 2.4, a regular dike has to withstand conditions with a return
period of at least 180,000 years for this failure mechanism. The figure shows that only one section
meets this requirement. In reference year 2045, for a closed grass quality, more than 80% of the total
length of the dike is not able to withstand conditions with a return periods of 1,000 years. Around 30%
of the total length cannot withstand conditions with a return period of 100 years. If this were a regular
single dike, the required safety for this failure mechanism is not met by far according to the WBI and
Ol. This is, however, a system of multiple lines of dikes. Failure of the outer dike does not immediately
imply failure of the inner dike and thus a total system failure. Nevertheless, the outer dike fails at rela-
tively low return periods. The effect of this failure mechanism will, therefore, be further analysed in the
next chapter.
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Figure 4.9: Return period interval for which the grass cover fails for different combinations of reference year, grass quality and
ID. The blue line indicates the required safety level for this failure mechanism if this was a regular dike.

The hydraulic loads which were used to calculate the results in Figure 4.9 were determined with Hydra-
NL. Also the program RisKeer (see Appendix B.5) can be used to determine these loads. RisKeer
uses a slightly different calculation method than Hydra-NL. To see the influence of this difference in
calculation method, some calculations have also been performed with RisKeer. This showed that the
hydraulic wave loads calculated with RisKeer were slightly lower than calculated with Hydra-NL for
the higher ranges of return periods. The wave heights, which are in the range of 1.5 m to 2.0 m, are
approximately 10 cm lower in the cases with higher return periods (180,000 years). It is expected that
this does not influence the results, since the loads in the higher return periods are so large that a failure
is guaranteed. RisKeer is also only able to calculate hydraulic loads for the current situation, and not
for future reference years. It is therefore decided to not use the hydraulic loads calculated by RisKeer
for this analysis.

4.1.4. Structure

The final failure mechanism for the outer dike is failure of the inlet structure. The predicted location of
the structure is depicted in Figure 3.1 with a red circle. As described in Section 3.2, the exact dimen-
sions of the inlet structure are not yet known. The width is either 6 m or 12 m, the height is between
2.5 m and 3 m, and the sill level is between -0.25 m and -0.5 m + NAP. Since the exact design of the
structure is unknown and assuming that after the construction of the inlet it satisfies the safety norms,
the failure mechanism is not discussed in depth. It is only discussed briefly.

A structure has multiple possible failure mechanisms. For this structure these are an insufficient
height (HTKW), failure of closure (BSKW), piping (PKW) or the strength and stability can be insuffi-
cient (STKW). These four additional failure mechanisms will be discussed below.
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Reliability closure Assuming the smallest inlet opening mentioned above, a 6 m wide, 2.5 m high
inlet with a sill level around -0.25 m, is capable of letting in a large amount of water when a closure
fails. The inner dike is only 4 m + NAP high and area C behind the tidal inlet structure has an area of
0.16 km2. This means the water level in the basin will probably level out fast with the outside seawater
level. Figure 4.10 shows the water level at hydra location 15 (close to the inlet) versus the return period
for reference year 2050. It can be seen that already at a return period of 10 years a water level of 4 m
+ NAP is exceeded. This means that if closure fails the complete Twin Dike system will already fail at
conditions with an average return period of 10 years.

Waterstands frequentielin: WZ_1_6-7_dk_00015 (255065,601249)
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Figure 4.10: Frequency line for the water level in front of the planned location of the tidal inlet.

According to Table 2.2, failure of closure of a structure has a failure contribution factor of 0.04. This
means the allowable probability of failure without the length effect is equal to 1/3,000 * 0.5 = 1/75,000
per year. Due to the fact that the inner dike does not provide much additional safety against failure
of closure, it is advisable that the inlet structure has sufficient reliability. The construction two gates
behind each other can, for example, provide the needed redundancy.

Height The total height of the structure is not known. Assuming it is embedded in the dike, and the
original dike continues on top of the structure, or the top of the structure has the same height as the
surrounding dike, the overtopping volumes are not more than calculated in Section 4.1.1.

Piping and strength Also, the strength and resistance against piping are hard to discuss without a
detailed design. But during the construction, the structure can be made such that it is strong enough
and does satisfy the required norms. The same applies to piping. Additional ground works can be
performed to ensure the required safety.

4.2. Inner dike

In this section, the inner dike will be assessed on its relevant failure mechanisms. As discussed in Sec-
tion 3.3, the relevant failure mechanisms are erosion of the crest and/or inner slope due to overtopping,
macro-instability, erosion of the outer slope and grass cover sliding.

First, it will be analysed what the governing loads (waves and water levels) in the basin can become.
Next, the relevant failure mechanisms will be assessed. The inner dike is assessed for both the northern
part as well as the southern part (dike section 1 and 2 in Figure 3.1).



4.2. Inner dike 47

1.44 — AreaB
Area C

1.2 A1
1.0 A
0.8 4
0.6

0.4

Increase in water level [m]

0.2 A

0.0 A

0 20000 40000 60000 80000 100000
Return period [year]

Figure 4.11: Increase in water depth per return period in the basin due to overtopping, reference year 2045

4.2.1. Loads inner dike

Water level The water level inside the basin is determined by the regular tidal in- and outflow through
the inlet structure. Additionally, during storm conditions, the water level can rise due to overtopping
and failure of closure of the structure. The rise in water level due to failure of closure of the structure
is hard to predict since the exact probability of failure of the structure is unknown. If the structure has
a maximum allowable probability of failure of 1/75,000 per year (as required, see Section 4.1.4), the
chances of water levels of higher than 4 m + NAP are 1/10 (probability of 4 m + NAP water level, see
Figure 4.10) * 1/75,000 = 1/750,000 per year. The reliability of closure of the structure is deemed out-
side the scope of this report and will not be discussed further.

The increase in water depth in the basin due to overtopping was discussed in Section 4.1.1. Figure
4.11 shows the increase in water depth in each basin per return period due to overtopping. It can be
seen that the water depth increases several decimetres up to 1.5 m for a return period of 100,000 years.

The total amount of water inside the basin is dependent on the closure regime of the inlet structure.
According to different sources the inlet structure closes at an outside water level of 2.0 m + NAP (Luinen-
burg, 2016; Vranken & Sinoo, 2016; Waterschap Noorderzijlvest, 2016a), 1.75 m + NAP (Hofsté, 2017)
or 2.5 m + NAP (Gautuer et al., 2015). However, more recently de Jong (2019) mentions a more de-
tailed closure regime where the closure level is dependent on the storm predicted. This results in the
closure levels per return period as mentioned in Table 4.5. Summing the closure levels from Table 4.5
and the fragility curve from Figure 4.11 leads to a result as depicted in Figure 4.12.

Return period [year] 200 | 400 | 1,000 | 2,000 | 4,000 | 10,000 | 20,000 | 37,500
Closure level [m+ NAP] | 3.5 | 3.5 | 34 3.4 3.3 3.0 2.3 1.2

Table 4.5: Closure levels per return period as mentioned in de Jong (2019)

Additionally, the water levels inside the basin can also increase due to wind set-up. This can be calcu-
lated with Equation 4.1. The set-up is dependent on the wind speed, water depth and the fetch. The
exact value of the set-up will be determined per relevant failure mechanism in the next section.

ds u?

el (4.1)

In which:
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S = total wind set-up [m]
C, = constant~35-10"%t04.0-107°
d = waterdepth [m]
u = wind velocity [m/s]
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Figure 4.12: Water depth inside basin per return period due to overtopping, including the already present water, reference year
2045

Waves Also, waves can form inside the basin. Since the basin is closed off from the sea, the waves
can only be generated locally in the basin due to the wind. Using the Bretschneider formulas shown in
Equations 4.2 and 4.3 an estimation of the wave height and period can be made.

o . 44110747079 \\**"?
H = H, | tanh(0.343d*'*) - tanh = (4.2)
tanh(0.343d114)
. . 2.77 - 107 F145 \\ %
T =T, [ tanh(0.10d?°Y) - tanh <—~ ) (4.3)
tanh(0.10d201)
In which:
I:I - g'HZmO
. _ gT
T = U%
] = 94
d = U%g
n = 9f
F~ T
H, = dimensionless wave height at deep water = 0.24
T = dimensionless wave period at deep water = 7.69
F = fetch [m]
H,, = significant wave height [m]
Ty = peak wave period [s]
d = water depth [m]
U, = wind velocity at an altitude of 10 m [m/s]

The exact values of the wave height and wave period will be determined per relevant failure mechanism
in the next section.

4.2.2. Assessment inner dike
In this section, the inner dike will be assessed on its relevant failure mechanisms. These relevant failure
mechanisms are erosion of the crest and/or inner slope due to overtopping, macro-instability, erosion
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of the outer slope and grass cover sliding (see Section 3.3).

In order to perform a proper assessment, the role of the inner dike within the Twin Dike system has to
be known. From Section 4.1 it is known that overtopping and erosion of the outer slope are governing
mechanisms for the outer dike (additionally failure of the structure, but this is deemed outside the scope
of this research). Overtopping is not able to damage the inner slope of the outer dike for the required
return periods, but it causes an increase in water level in the basin in between the two dikes. This water
will cause a load on the inner dike. Section 4.1 also showed that a regular dike at this location has to
be safe against overtopping for 1/37,500 per year conditions, and for erosion of the outer slope for
1/180,000 per year conditions. This means that overtopping on the outer dike, and all the consequent
failure mechanisms for the inner dike may not lead to a failure in a 1/37,500 per year condition. Figure
4.13 shows a schematic representation of this concept.

Outer dike Inner dike

Erosion of the crest

and/or inner slope

due to overtopping

Waves cause erosion

Overtopping

Max 1/37,500 per year

of the cover layers

Failure Twin Dike system

Macro-instability inner

or outer slope

‘ Failure Twin Dike system

Grass cover sliding

inner or outer slope

‘ Failure Twin Dike system

‘ Failure Twin Dike system

Figure 4.13: If overtopping occurs at the outer dike, the inner dike can consequentially fail due to all the relevant mechanisms of
the inner dike. The Twin Dike has to be safe for 1/37,500 per year conditions for overtopping, taken into account the failure of
the inner dike.

The paragraphs below will assess if the relevant failure mechanisms of the inner dike are able to with-
stand loads caused by overtopping volumes of the outer dike. The effects of erosion of the outer slope
of the outer dike on the loads of the inner dike will be assessed in the next chapter.

Erosion of the crest and/or inner slope due to overtopping Overtopping occurring at the inner
dike is dependent on the direction of the wind (and the consequent fetch), the wind velocity and the
amount of water present in the basin. These factors determine the wave characteristics in the basin and
thus the resulting overtopping volume. Every wind direction has a certain probability of occurrence, and
for each wind direction, the probabilities of occurrence of specific wind velocities differ. Caires (2009)
performed an analysis on the occurring wind conditions for multiple locations in the Netherlands. The
closest location to the Twin Dike project where the analysis was performed is Lauwersoog. The analy-
sis was performed for conditions with a return period up to 10,000 years. Table 4.6 shows the maximum
wind speed and fetch (northern basin) per wind direction in a 1/10,000 year situation at Lauwersoog.
Note that only directions between north, east and south are included. These are directions such that
the wind blows in direction of the inner dike, otherwise the wind is directed to the sea and not to the
inner dike. Additionally, Table 4.6 shows the resulting wind set-up, wave heights, peak wave periods
and overtopping volumes which occur at the inner dike for these situations. Wave heights and periods
were calculated using the Bretschneider equations (Equations 4.2 and 4.3). The wind set-up is calcu-
lated with Equation 4.1. As depicted in Figure 4.12, the water depth in a 1/10,000 year situation is 3 m
+ NAP. The resulting overtopping volumes were calculated with Hydra-NL (see Appendix B.1).

Table 4.6 shows that the overtopping volumes with a return period of 10,000 years is lower than 1.8
I/s/m for all situations. As found out in Section 4.1.2, overtopping volumes below 15 I/s/m will not dam-
age the slope, provided it is of good quality. These conditions will, therefore, most probably not lead to
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Direction N NNE | ENE | E ESE | SSE | S
Fetch 1000 | 700 | 500 | 400 | 500 | 700 | 1000
Wind speed [m/s] 30 26 26 24 22 24 26
Wind set-up [m] 0.06 | 0.03 | 0.02 | 0.02 | 0.02 | 0.03 | 0.05
Wave height [m] 0.77 | 056 | 049 | 040 | 0.40 | 0.52 | 0.66
Peak period [s] 270 | 2.27 | 2.07 | 1.88 | 1.91 | 219 | 2,50
Overtopping [l/s/m] | 1.8 0.2 <0.1]<01|<01]|01 0.8

Table 4.6: 1/10,000 per year wind speed per direction at Lauwersoog (Caires, 2009) and the consequent wind set-up, wave
height, wave period and overtopping volume

damage to the inner dike.

As mentioned before, the inner dike has to be able to withstand 1/37,500 per year conditions due to
the loads in the basin resulting from overtopping of the outer dike. Because of this, it also has to be
checked if the inner dike can withstand conditions with return periods which are higher and lower than
10,000 years.

At return periods less than 10,000 years, the water level in the basin rises due to the closure regime.
This can have a negative effect on the overtopping volumes. The worst situation in Table 4.6 is a fetch
of 1000 m with a wind speed of 30 m/s. Quick calculations with Hydra-NL show that overtopping vol-
umes will be higher than 15 I/s/m when the depth is more than 3.4 m. However, according to Table 4.5,
a depth of 3.4 m is only reached in a 1/2,000 per year situation. Then the wind speeds have dropped
to approximately 28 m/s (Caires, 2009). This results in a lower wave height as calculated with the
Bretschneider formulas, which results in overtopping volumes less than 15 I/s/m. This is also the case
for a water depth of 3.5 m + NAP and the corresponding wind speed, which is the largest water depth
reached in the basin.

For return periods higher than 10,000 years, the wind velocity is unfortunately not available in Caires
(2009). But, assuming a fetch of 1000 m, water depth of 3 m + NAP and a wind speed of 40 m/s the
resulting overtopping volumes are 4.9 I/s/m. The wind speed is extremely exaggerated and is most
probably not reached for return periods up untill 37,500 years. Also, the water level reduces to less
than 3.0 m + NAP after a return period of 10,000 years (see Figure 4.12). This will lead in even more
reduced overtopping volumes. It is, therefore, safe to assume that the critical overtopping volume of
15 I/s/m is never reached for the relevant return periods.

The results are even very conservative. All the results assume the northern basin (area B), fetches in
basin C are even less and result in even less overtopping. The inlet structure is located in basin C,
so these water depths will only be reached in this area. Area B will probably have even lower water
depths. Also, the dominant wind direction for overtopping over the inner dike differs for overtopping
over the outer dike. The past paragraphs showed that the wind needs to come from the north for
maximum overtopping over the inner dike. The largest overtopping volumes over the outer dike occur
when the wind originates from the north-west. Finally, the maximum water depths inside the basin are
reached after the peak of the storm. At that moment the wind speeds have most probably reduced
compared to the wind speeds used in the calculations above. Concluding, the inner dike satisfies the
safety requirements for erosion of the crest and/or inner slope due to overtopping volumes over the
outer dike.

Erosion of slope Erosion of the outer slope is also dependent on the wave height. Since the inner
dike is covered entirely by grass, wave impact is governing over wave run-up. See Section 4.1.3. Using
the resistance-duration curves as used by BM Gras Buitentalud (see Appendix B.3), it is possible to
estimate how long a grass cover is able to resist a certain wave height. The maximum wave height in
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Table 4.6 is 0.77 m for a return period of 10,000 years. A closed sod grass slope is able to withstand
this wave height for almost 19 hours. The peak of a storm will however not last this long.

In more extreme cases it is hard to make an estimate of the erosion resistance of the slope. Wind
velocities for higher return periods are not available. If again a fetch of 1000 m and an extremely
exaggerated wind speed of 40 m/s is assumed, waves are able to form in the basin up to a height of
1.04 m. In this case, a grass slope will be able to withstand this for approximately 7 hours. This can
pose a problem, however, a peak of a storm is likely to last for less than 7 hours. Again, as mentioned
in the previous paragraph, the calculations are very conservative. Fetches of basin B were assumed
in combination with water levels of basin C. Water levels in basin B are actually lower. In basin C the
fetches are smaller than in basin C. These aspects will reduce the occurring wave height. Concluding,
the inner dike satisfies the safety requirements for erosion of the outer slope due to overtopping volumes
over the outer dike.

Macro-instability Since there can be water inside the basin during a storm, the inner dike is assessed
on macro-instability. The computer program D-Stability is used to assess the dike for this failure mech-
anism. See Appendix B.6 for more information about this program. The program requires the subsoil
layers and the dike geometry as input. Given a certain water level, the phreatic line can be determined
and the corresponding factor of stability is calculated. The dike geometry and subsoil layers are re-
spectively obtained from van der Wijk (2018) and Leusink (2018). The daily condition on the water side
(the basin) is a water level of 1 m + NAP, approximately the maximum water level reached by the tide.
The polder water level is approximately -1 m + NAP (Waterschap Noorderzijlvest, n.d.-c). The water
level already present in the middle of the body of the dike is assumed at 1/3 of the total height of the
dike: approximately 1.33 m + NAP. The evaluation is performed for water levels ranging from 0 m +
NAP to 4 m + NAP in steps of 1 m, using the UpliftVan model.
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Figure 4.14: Overview of the governing stability calculation

The governing calculation is with profile Omme-CPTU8 DWP1 (van der Wijk, 2018) with a water level of
4 m + NAP. The resulting stability factoris 1.426. Figure 4.14 depicts the calculation in D-Stability. Using
Equation 4.4 from Ministerie van Infrastructuur en Milieu (2017b), the stability factor can be translated
to a probability of failure per year.

Fd,'i

i 0.41
.= _Ya
In which

Pr,; = Failure probability of scenario i [1/year]

D = Standard (cumulative) normal distribution [-]

F;; = Stability factor for scenario i [-]

Ya = Model factor (1.06 for UpliftVan) [-]
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This formula is not meant to be used in this situation since, in this case, there is not a single primary
dike. It is, however, used because it gives insight in the probability of failure due to macro-instability of
the inner dike.

Using the above mentioned equation the resulting probability of failure for this case is 2.26 - 10719 per
year. This is very small. For a complete overview, the probability of failure has to be multiplied by
the probability of occurrence of this particular situation. This has to be done for all possible situations.
Figure 4.12 shows that the probability of reaching a water level of 4 m + NAP due to overtopping is less
than 1/100,000 per year. For cases with water levels lower than 4 m + NAP, the resulting probability
of failure will be even lower. Multiplying the probability of failure with the probability of occurrence will
still lead to negligible failure probabilities. The inner dike thus satisfies the safety requirements for
macro-stability due to overtopping over the outer dike.

Sliding of the grass cover slope Sliding of the grass cover on the outer slope is not relevant if the
core of the dike consists of clay (Ministerie van Infrastructuur en Milieu, 2017b). Sliding of the grass
cover on the inner slope can, however, pose a problem. This can be checked with the Edelman and
Joustra criteria depicted in Equation 4.5 (Ministerie van Infrastructuur en Milieu, 2018).

1 %(%-g-cosa—y’:n—wﬁ-g-cosa)+%:(d
SFg; = [ : ] . 72 - (4.5)
Ya Yn —= . g-sina
Ym,p
In which:
SFgy = Safety factor
tang’ = Tangent of effective angle of repose [°]
Yme = Safety factor for tan¢ (=1.1) [-]
c’ = Effective cohesion [Pa]
Yme = Safety factorforc’ (=1.25) [].
Pg = Volumetric weight wet soil [kg/m?3].
Pw = Volumetric weight water [kg/m?]
Ymp = Safety factor volumetric weight (=1.0) [-]
a = Slope angle []
g = Gravitational acceleration [m/s?].
d = Layer thickness [m]
Ya = Model factor (=1.1) [-]
Vn = Damage factor (=1.1) [-]

According to Ministerie van Infrastructuur en Milieu (2018), the first metre of cover is eligible for sliding.
The slope of the dike is 1:2.5. Assuming exaggerated values for clay (density 2,000 kg/m?3, cohesion
10,000 Pa, angle of repose 20 degrees) leads to safety factors above 1. The inner dike thus satisfies
the safety requirements for sliding of the grass cover on the inner slope.

4.3. Conclusion

The results above show that the outer dike meets the safety requirements for most failure mechanisms.
The dike was assessed in the third assessment round and was reassessed recently using current as-
sessment instruments. The dike did not meet the required safety norms for the failure mechanisms
of overtopping, erosion of the outer slope and macro-instability of the outer slope. Assuming that the
failure mechanisms that did meet the required safety norms in the original assessment still meet the
safety norms, overtopping, erosion of the outer slope and macro-instability are the governing failure
mechanisms of the outer dike. Since an additional berm is constructed to provide the needed safety,
also macro-instability is assumed not to be a governing failure mechanism. This can however not be
checked since a detailed design of the to be constructed berm is not yet available. This leaves over-
topping and erosion of the outer slope as remaining governing mechanisms.

The Twin Dike system has to be able to withstand failure due to overtopping for return periods of
37,500 years. The analysis showed that overtopping volumes are low enough such that they do not
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cause erosion of the crest and/or inner slope. This was the case for the current, as well as the future
(2045) situation. However, this only holds if the grass is of good quality. Overtopping volumes itself
cause an increase of the water level in the basin of around 0.5 m for return periods of 37,500 years.
It is interesting to see that the increase of water level in the basin due to overtopping is relatively low.
These volumes would most probably not lead to a flood in this area if the inner dike was not present.
This would suggest that the construction of the inner dike is not necessary for the counteraction of
overtopping volumes.

Erosion of the outer slope, however, is a very concerning mechanism. For return periods less than 100
years the slope already fails according to the assessment instruments. A regular single dike has to be
able to withstand conditions with a return period of at least 180,000 years.

Also, a structure is present in the outer dike. This structure is a vital link in the flood safety of the Twin
Dike system. If the structure fails to close, the inner dike will not be able to deal with the loads. The
water level at sea will level with the water level in the basin due to the large size of the inlet structure. A
seawater level which has an average return period of 10 years is higher than the crest of the inner dike.
The closure reliability of the structure, therefore, needs to be sufficient. However, due to the scope of
this research, the structure will not be elaborated in more detail in this report.

The inner dike does not have any concerning failure mechanisms resulting from overtopping water over
the outer dike. Waves generated in the basin, in combination with the closure regime of the structure
and overtopping volumes cause negligible loads on the inner dike. Additionally, the water level in the
basin can be further reduced by modifying the closure regime of the structure.

The loads on the inner dike due to erosion of the outer slope of the outer dike were not yet be assessed.
The assessment of the outer dike only includes the erosion resistance of the grass cover and the 0.5 m
of clay underneath the grass. This does not tell anything about the influence of the loads on the inner
dike. For this reason, the effects of erosion of the outer slope of the outer dike will be elaborated in
more detail in the next chapter.






Detailed Assessment Erosion

Chapter 4 showed that a large part of the outer dike of the Twin Dike project does not meet the safety
requirements for the failure mechanism erosion of the outer slope. It is, therefore, interesting to take
a deeper look into this failure mechanism and the influence it can have on the loads on the inner dike.
Without erosion, the only loads acting on the inner dike were generated by overtopping water over the
outer dike. The event tree in Figure 4.13 was evaluated. The overtopping volumes were not large
enough to cause a failure of the inner dike, see Section 4.1.1. But, when taking into account erosion,
the hydraulic loads inside the basin can change. The fault tree shown in Figure 5.1 will be evaluated.
Section 4.1 showed that a regular dike at this location has to be safe for the failure mechanism erosion
of the outer slope for 1/180,000 per year conditions. This means that erosion of the outer slope of the
outer dike, and all the consequent failure mechanisms for the inner dike may not lead to a failure in a
1/180,000 per year condition.

Outer dike Inner dike

Erosion of the crest
and/or inner slope } Failure Twin Dike system ‘
due to overtopping

Waves cause erosion \ . .
Failure Twin Dike system
of the cover layers \

Erosion of the outer
slope due to waves

Macro-instability inner } Failure Twin Dike system

Max 1/180,000 per year or outer slope

Grass cover sliding \
inner or outer slope \

Failure Twin Dike system ‘

Figure 5.1: If erosion of the outer slope occurs at the outer dike, the inner dike can consequentially fail due to all the relevant
mechanisms of the inner dike. The Twin Dike has to be safe for 1/180,000 per year conditions for erosion of the outer slope,
taken into account the failure of the inner dike.

This chapter will use a prototype model to further assess the erosion of the outer slope due to wave
attack. First, the model and its input will be discussed. Next, the results and the consequent impact on
the safety of the Twin Dike system will be analysed.

5.1. Erosion model input

A prototype erosion model developed by HKV and Deltares is used to investigate if the occurring hy-
draulic loads cause erosion to the outer dike and possibly increase the amounts of water entering the
basin in between the two dikes. Given the geometry of the dike, and the hydraulic loads acting on this
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dike over time, erosion- and overtopping volumes are calculated per specified time step.

The geometry of the dike was discussed in Chapter 3. The outer shape of the dike is obtained from
drawings of the water board, see Appendix D. The inner composition is an old clay sea dike, which
coincides with the outer slope of the current dike. The crest of the old sea dike is located at 5.75 m +
NAP. The rest of the dike consists of a sand body, covered with a 1 m clay layer with a grass cover.

The hydraulic load inputs are wave characteristics and water levels acting on the dike over time. A
representative storm for a certain return period has to be given as input. This means that again, only
one return period at a time can be calculated. The representative storms were also used as input for
BM Gras Buitentalud in Section 4.1.3, and can be used again here. Per time step, the model uses the
water level and wave characteristics to calculate if damage to the grass revetment occurs. After this
has occurred, the dike can start to erode. The model also calculates the overtopping and erosion vol-
umes per time step. The overtopping is calculated using the same method as Hydra-NL (see Appendix
B.1). Erosion is calculated using various empirical formulas. For more details about the background
of this model see Appendix B.4. Additionally, the model is also able to visualize the erosion of the dike
over time. Figure 5.2 shows an animation from the model. The left figure shows the situation at the
beginning of a calculation. The upper left part shows how the profile looks like and the lower left part
shows the wave height development over time. The right figure shows the same situation at the end of
the calculation: the storm has eroded part of the dike.

1
12:30 00 123012 12-3100 123112 01-01 00 010112 010200 010212 01-03 00

(a) Situation at beginning of calculation (b) Situation at end of calculation

Figure 5.2: Animation from erosion model depicting the erosion state of a dike (ID 3, return period 6,000 years, reference year
2045)

Erosion can also be more severe and cause a breach of the dike. Figure 5.3 shows the situation at the
end of the calculation due to a storm with a larger return period. It can be seen that the dike is largely
eroded.

The model is run for two reference years, namely, the current situation and the situation at the end of
the period (2045). The same combinations of output locations and profiles as depicted in Table 4.1 are
used. Because the calculations are time-consuming, only a closed sod quality is considered in these
calculations. The impact of choosing either a closed or open sod quality is assessed in the sensitivity
analysis in Chapter 6. Instead of nine return periods, the model is run with 21 different return periods.
This is done to get more detailed results. The total amount of calculations thus becomes 315. For all
the calculations the total overtopping- and erosion volume over a storm (m3/m) can be obtained. The
full results can be seen in Appendix C.3.

From the animations, it can also be seen when a breach occurs. The occurrence of a breach has been
defined as a total amount of overtopping- or erosion volume being exceeded. If the total amount of
overtopping exceeds 10.000 m3m, or the total amount of erosion volume exceeds 40 m3*m, a breach
has occurred. These amounts have been verified with the animations and give correct answers. With
this information, it can be seen at what return periods the hydraulic loads are such that the dike was
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Figure 5.3: Animation from erosion model depicting a breach (ID 3, return period 8,000 years, reference year 2045)

breached.

5.2. Results

The model showed that minor erosion has only little influence on the overtopping volumes. It is there-
fore decided to look at what return periods breaches occur. A breach, namely, has a large influence
on the overtopping volumes. Figure 5.4 and 5.5 respectively shows the results for the current situation
and the 2045 situation. It depicts the intervals for which a breach in the outer dike occurs. Only the
interval can be depicted, and not the actual probability of failure. This is because the model requires a
simulated storm as input. If for a certain return period a breach does not occur, and for the next return

period a breach does occur, it is known that a breach occurs for a return period within this interval.
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Figure 5.4: Average return period interval for which a breach occurs in the outer dike (current situation). The blue line show the
required safety level for this mechanism were this a regular single dike.

When comparing Figures 5.4 and 5.5 with Figures 4.9b and 4.9d it can be seen that return periods for
which a failure occurs are much less frequent in Figure 5.4 and 5.5 (the red bars are located ’higher’
in this figure). This means that, according to this model, these dike sections are actually safer than
first estimated in Section 4.1.3. This can be explained by the fact that residual strength is taken into
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Figure 5.5: Average return period interval for which a breach occurs in the outer dike (reference year 2045). The blue line show
the required safety level for this mechanism were this a regular single dike.

account in this chapter. In section 4.1.3 a slope did not meet the required safety level if the grass cover
and the first 0.5 m of the underlying clay layer were eroded. In this chapter, a failure occurs if a breach
occurs. Additional to the grass cover and 0.5 m underlying clay layer, most of the rest of the dike body
also has to erode before a failure occurs. This results in failure intervals sometimes being more than a
factor 10 less in this chapter compared to Section 4.1.3.

Besides the fact that failure intervals are a lot more favourable now than in Section 4.1.3, they are still
relatively frequent. A regular dike at this location has to be able to withstand return periods of 180,000
years for this failure mechanisms (see Section 5.1). Figure 5.5 shows that, for reference year 2045, at
12 of the 15 sections a breach occurs at return periods less than 180,000 years. For a regular dike, this
means that the required safety norm for this mechanism is not met. However, in this case, an inner dike
is present. It has to be analysed if the inner dike is able to cope with the loads caused by a possible
breach.

Figure 4.7 shows the shape of the water level course over the duration of a storm. It has three distinc-
tive peaks, a major one at the middle of the storm and two minor ones before and after. The results
of the erosion model showed that in all the cases where breaches occurred, this always happened on
or before the major middle peak. The model also showed that during the third (minor) peak, water
overflowed the residual profile of the outer dike. Assuming a conservative breach width of 20 m, the
duration and amounts of water were always sufficient to level the water level inside the basin in be-
tween the two dikes with the water level at sea. This means that the water level at this third minor peak
is governing for the safety of the Twin Dike system. Ifitis near or more than 4 m + NAP , the inner dike
will most probably not be able to provide the required safety since the crest level of the inner dike is 4
m + NAP.

The breach with the lowest return period (so also with the lowest water levels) occurs at ID 1 for a return
period of 3,000 years in reference year 2045. In this situation, the water level at the third (minor) peak
is 3.77 m + NAP. This leaves only 23 cm below the crest of the inner dike. The wave heights during this
peak are 1.78 m, the spectral wave period is 4.62 s and the wave direction is 17.9°. Hydra-NL's dam-
and foreshore module (see Appendix B.1) can be used to perform a quick calculation on the expected
overtopping over the inner dike. The residual profile is assumed to function as a breakwater. The area
in between the two dikes is assumed to function as a foreshore. The height of the residual dike profile
is 3 m + NAP, comparable to Figure 5.3). The results are overtopping volumes over the inner dike in
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the order of hundreds of I/s/m. This is way above the safe value of 15 I/s/m. The inner dike cannot
withstand this. For all the other IDs and return periods in reference year 2045 for which breaches occur,
water levels and waves are even higher. This causes even higher overtopping volumes over the inner
dike. A total system failure thus occurs for the same return period intervals as depicted in Figure 5.5.
For this failure mechanism, the inner dike does not provide any additional safety in addition to the outer
dike. The highest load location is ID 15 (reference year 2045). In order for the inner dike to experience
overtopping volumes of less than 15 I/s/m at the required return period of 180,000 years, the height of
the inner dike has to be at least 6.4 m + NAP.

For the current situation, the results are less negative. The construction height of the inner dike is
4.25 m + NAP, which is higher than the expected crest level in 2045. Still, this additional 25 cm will
not change the conclusions. For situations where a breach occurs, the water levels and wave heights
are high enough to cause overtopping volumes of 80 I/s/m and up. A total system failure will thus also
occur in 12 of the 15 sections for return periods which are more frequent than required by the safety
norms.

5.3. Conclusion
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Figure 5.6: Safety verdict (reference year 2045) of the Twin Dike system taking into account the residual strength. Based on the
situation that overtopping and erosion of the outer slope are the only governing mechanisms of the outer dike.

The model shows that the dike has quite some residual strength. Section 4.1.3 showed that failure
of the outer slope already occurred from return periods of 100 years. Including the residual strength
of the dike showed that a breach occurs at return periods from 3,000 years in reference year 2045.
During a breach, so much water enters the basin that the inner dike is not able to prevent the hinter-
land from floods. The inner dike does not provide additional safety for this mechanism. This means
that the required safety level for this failure mechanism is not met. The Twin Dike has to be able to
withstand failure related to erosion of the outer slope for conditions with an average return period of
180,000 years. Now, breaches occur for return periods less than 180,000 years for 12 of the 15 dike
sections. Figure 5.6 shows a schematic overview of the conclusions of the safety requirements. These
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are based on overtopping and erosion of the outer dike, the two governing failure mechanisms of the
outer dike.

There can, however, be some discussion on the results of this model. The model uses empirical for-
mulas to determine the erosion of the soil. The model is a prototype, which means that some of the
coefficients which were used might not be optimally configured for this situation. The sensitivity of the
results on these coefficients will be analysed further in the next chapter.

Also, Figure 5.2 shows the wave height development over time. During the peak of the storm, when the
water levels are the highest, there is a dip in the occurring wave heights. These loads are calculated
using Hydra-NL (see Appendix B.1). The dip in wave height occurs due to the calculation method of
Hydra-NL. So-called hydraulic load combinations are calculated. For a specified return period and wa-
ter level, the corresponding wave characteristics are found. For most ranges of water levels and return
periods, the wind speed and water level are correlated. Meaning that for a certain return period, a
higher water level also results in larger wave height. For higher ranges of water levels, their probability
of occurrence is very low. The probability that such an event coincides with large wave heights gets
smaller. In other words: for water levels that occur with a low probability, less probability is ’available’
for large wave heights. This statistical phenomenon can be seen in Figure 5.2. This is of course not
a realistic situation. Removing these dips manually is a lot of work since these loads are determined
statistically. Smoothing the dips will lead to overestimated loads. Also, from personal communication
with employees from the water board, it became clear that that observed wave heights near the shore
are smaller than predicted by Hydra-NL for specific return periods. Another way has to be found to
better represent the loads over time. This will also be analysed in the next chapter.

Furthermore, the model calculates the occurrence of a breach. In Section 2.5 it was mentioned that all
the primary Dutch flood defences have a maximum allowable probability of causing a flood. A breach
does not necessarily mean that a flood takes place. The results show that a breach sometimes occurs
on or just after the peak of the storm. At this moment the highest loads have already passed. The
amounts of water coming through the breach and over the inner dike might be low enough not to cause
a flood. In order to completely assess the safety of this concept, it has to be analysed if an actual flood
occurs in governing situations. This is deemed outside the scope of this research.

Finally, the model does not take into account 3D effects. The erosion is only calculated in 2D and
extrapolated over the entire dike section. To know with more certainty how much water exactly enters
the basin, a 3D breach growth model has to be used. This is however outside the scope of this research.



Sensitivity Analysis

The results obtained in the previous two chapters all contain uncertainties. Some uncertainties are
more relevant for the outcome than others. This chapter will analyse which uncertainties may alter the
conclusions. Next, a sensitivity analysis is performed to assess the impact of the uncertainties on the
results in more detail.

6.1. Relevant uncertainties

In Chapter 4 it was concluded that erosion of the inner slope and/or crest due to overtopping, overtop-
ping itself and erosion of the outer slope are governing failure mechanisms for the outer dike.

Erosion of the inner slope and/or crest did not pose a problem for the considered conditions. Also,
overtopping volumes were not large enough to cause considerable loads on the inner dike. However,
there is uncertainty in the calculated overtopping volume. Overtopping volumes are dependent on the
wave characteristics, water level, dike geometry and model coefficients. Uncertainties in these vari-
ables can influence the amount of water which is coming over the outer dike. These uncertainties will,
therefore, be assessed in this chapter.

Also, the assessment methods for the inner dike have uncertainties. However, the analysis showed
that the relevant failure mechanisms were not able to damage the inner dike by a large margin. There-
fore, itis first assessed how large the uncertainties of the loads on the inner dike due to overtopping are.
Small differences in overtopping volumes can relatively easily be counteracted by altering the closure
regime of the inlet structure. Uncertainties in the assessment of the inner dike are not considered for
now.

The second relevant failure mechanism for the outer dike is erosion of the outer slope due to wave
attack. This was assessed using BM Gras Buitentalud in Section 4.1.3, and using a prototype model in
Chapter 5. Erosion of the outer slope of the outer dike is able to cause large loads on the inner dike. The
erosion model is the same as BM Gras Buitentalud but additionally, it takes into account the residual
strength. Because of this, only the uncertainties of the erosion model are discussed. The erosion model
uses different input variables and formulas to determine the erosion of the dike body and the consequent
overtopping volumes. One of the input variables for the model is a storm. The storm contains data
on wave characteristics and water levels over its entire duration. As discussed in Section 5.3, the
wave height input is generated by Hydra-NL and is not a good representation of real circumstances.
There is also uncertainty in the different model factors, the dike geometry and soil parameters. These
parameters can influence the results. Since erosion of the outer slope plays a dominant role in the
safety verdict of the Twin Dike system, the above-mentioned variables are considered as relevant
uncertainties.

61
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6.2. Sensitivity analysis overtopping

In this section, the sensitivity of different parameters on the overtopping volumes will be assessed.
Appendix B.1 shows that the calculated overtopping volumes are dependent on the wave conditions,
water level, geometric parameters of the dike and a model coefficient. The outer geometry of the
dike was determined with relative high certainty due to the drawings depicted in Appendix D. There
is, however, uncertainty in the wave height, water level and the model coefficient. These parameters
are preferably all assessed. Hydra-NL, however, does not easily allow to alter the model coefficient. A
few quick calculations using Equation B.1 show that the impact on the results due to altering the model
coefficient is lower than altering the wave characteristics and water level. Because of this, the model
coefficient is not included in this analysis.

6.2.1. Set-up

The effect on the results by altering the wave parameters and the water level will be assessed. The first
parameter for which the sensitivity will be analysed is the sea water level. This water level is uncertain
because the exact value of the sea level rise is unknown. In this report, a sea level rise of 25 cm in the
period from 2020 to 2045 was assumed. Haasnoot et al. (2018) predicts that values can reach up to
50 cm within this period. However, if it is assumed that the sea levels will continue to rise at the current
rate, the sea level rise within this period will only be 5 cm (Baart et al., 2018). These extreme values
will be used in the sensitivity analysis.

Also, soil subsidence is uncertain. In this report, soil subsidence of 20 cm was assumed for the pe-
riod from 2020 to 2045. This was a safe value. NAM B.V. (2015) predicts that soil subsidence till 2080
will only have a maximal value of 10 cm in this region. Both values will be used in the sensitivity analysis.

The Twin Dike has to be able to withstand conditions with an average return period of 37,500 years for
overtopping at the end of the design life. Conditions with an average return period of 37,500 years with
mean values for all parameters and reference year 2045 will, therefore, be used as a base run. This is
slightly different than the run depicted in Figure 4.2b. The results depicted in that figure already contain
safety factors to take into account the uncertainties. A total of seven cases will be assessed. Firstly,
a base run with mean values for all parameters. Next, one case with maximum sea level rise and soil
subsidence (20 + 50 = 70 cm) and another with minimal sea level rise and soil subsidence (5 + 10 =
15 cm). Additionally, four runs are performed to see what the influence on the results is of varying the
wave height and period by +10%. An overview of the different cases that are going to be assessed is
given in Table 6.1.

Variable Case1 | Case2 | Case3 | Case4 | Case5 | Case 6 | Case 7
Sea level rise [m] 0.25 0.50 0.05 0.25 0.25 0.25 0.25
Soil subsidence [m] | 0.20 0.20 0.10 0.20 0.20 0.20 0.20
Wave height [m] - - - +10% -10% - -
Wave period [s] - - - - - +10% -10%

Table 6.1: Cases assessed in the overtopping sensitivity analysis

6.2.2. Results

The results of the overtopping sensitivity analysis are depicted in Figure 6.1. Figure 6.1a depicts the
base run together with case 2 and 3. It can be seen that on some locations, overtopping volumes can
get more than twice as large with extreme sea level rise. Figure 6.1b shows the overtopping volumes
when the wave height and wave period are varied by 10%. It can be seen that the impact of the wave
period on the overtopping volumes is larger than the wave height. However, the impact is still consid-
erably lower than in the case of extreme sea level rise. The results show that the overtopping volumes
are larger than 15 I/s/m in a few cases. This was the safe limit for which damage will not occur due to
overtopping (see Section 4.1.1). This does not necessarily mean that the dike is not able to withstand
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this. Section 4.1.1 mentioned that slopes of good qualities can sometimes withstand overtopping vol-
umes of 100 I/s/m (EurOtop, 2016). If the inner slope is of good quality it can possibly still withstand

these overtopping volumes.
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Figure 6.1: Sensitivity overtopping volumes

It is also interesting to look at the increase in water level inside the basin in between the two dikes due
to these overtopping volumes. As in Section 4.1.1, a peak storm duration of four hours is assumed.
Also, the entire overtopping volume is assumed to be present over the entire dike section. The resulting
increase in water level is depicted in Table 6.2. It can be seen that in the most extreme case water
levels can increase up to 1.17 m. This is still relatively low. In basin B this water level is not able to
damage the inner dike (see Section 4.2). In basin C the largest increase is only 0.60 m. Combined
with the water already present in the basin the total water level is 1.5 m + NAP. This will not lead to
considerable loads on the inner dike. Additionally, the closure regime of the inlet structure can relatively

easily be adapted such that water levels in the basin will decrease.

Case1 | Case2 | Case3 | Case4 | Case5 | Case 6 | Case 7
Basin B | 0.42 1.17 0.12 0.55 0.30 0.70 0.23
Basin C | 0.18 0.60 0.04 0.25 0.12 0.33 0.09

Table 6.2: Increase in water depth [m] in the basins after a 4 hour storm for different cases

6.3. Sensitivity analysis erosion model

In this section, the sensitivity of the erosion model will be assessed. The entire erosion model consists
of tens of different variables and model factors. For the sake of simplicity and time, not all of these
parameters are going to be used in the sensitivity analysis. Below, an elaboration will be made for the

relevant variables.

The model calculates erosion and overtopping volumes over time. Before erosion can occur, a grass
cover section of the slope first has to fail. This failure can either occur due to wave impact or wave
run-up. As discussed in Section 4.1.3, wave impact is governing for almost the entire area. Because
of this, it is decided not to include the model parameters for run-up in the sensitivity analysis.

Model parameters are also used to calculate the overtopping- and erosion volumes. The formulas used
for overtopping have been used for more than 15 years to determine overtopping volumes in Dutch flood
defence assessment (TAW, 2002). Also, they have been validated with many experiments (EurOtop,
2016). The erosion volume formulas are, however, obtained from recent reports and researches and
are not widely used for the assessment of Dutch flood defences (see Appendix B.4). Also, they have
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not been validated as extensively as the overtopping volumes. This means that the limitations and
uncertainty margins are better known for the overtopping formulas. Furthermore, the eroded volume
and consequent breach formation have a much larger effect on the overtopping volumes than the over-
topping model parameters. The occurrence of a breach causes more than 100 times more water to
come over the dike than in regular situations. The model parameters for overtopping influence the
overtopping volumes by a maximum of 10%. Because of these reasons, it is decided not to include the
overtopping model parameters in the sensitivity analysis, but only the erosion volume model parame-
ters.

Besides the model parameters, a few other parameters are going to be assessed in the sensitivity
analysis. They all have an effect on the erosion volume as well but relate to the shape and structure of
the dike. Also, the sea level rise and soil subsidence as mentioned in Section 6.2.1 are included in the
analysis. All the variables used in this sensitivity analysis are depicted in Table 6.3.

Parameter | Description Unit
a Resistance-duration curve coefficient [m]
b Resistance-duration curve coefficient [1/h]
CMgrass Model coefficient erosion grass and clay grass root | [-]
CMeiay Model coefficient erosion volume clay [-]
CMggnd Model coefficient erosion volume sand [-]
CMierrace Model coefficient erosion terrace depth [-]
Fsana Sand content in clay [-]
Rgeq Absolute sea level rise [m]
De¢iay Thickness of clay cover layer on dike [m]
heiay Height of the original clay sea dike, see 3.6 [m + NAP]

Table 6.3: Parameters that are going to be assessed in this sensitivity analysis

Most parameters that are going to be assessed have a mean and standard deviation which was ob-
tained from models and test results. The distributions, means and standard deviations of coefficients
a and b (Klerk & Jongejan, 2016), cmggna, CMeerrace (Klein Breteler, Capel, Kruse, Mourik, & Kaste,
2012), cmeyq, (Mourik, 2015) and cmy,. 45 (Breteler, 2015) are given in Table 6.4.

Variable Distribution | Mean | Standard Deviation

CMggnd Normal 1 0.19
CMeiay Normal 0.55 0.25
CMgrass Normal 0.59 0.32
CMierrace | NOrmal 1 0.15

Aclosed Log-normal 1.82 0.62

Aopen Log-normal 1.4 0.5

biosed Deterministic | -0.035

bopen Deterministic | -0.07

Table 6.4: Parameter variability
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6.3.1. Set-up

Performing a sensitivity analysis for all the 15 combinations of profiles and hydraulic output locations
as mentioned in Table 4.1 would be very time-consuming. That is why the sensitivity analysis is only
performed for one combination of dike profile and hydraulic output location, namely for ID 6. This
combination of profile and output location is chosen because large erosion already occurs for this com-
bination in relative low return periods. This means that results from the sensitivity analysis will be visible
in this same range of return periods, making it easier to analyse the results.

Instead of the nine return periods used in Chapter 4, 22 return periods are used, see the vertical axis
in Figure 6.8. This way the sensitivity of different parameters can be investigated in more detail. In
this chapter, it is not of interest any more to look at different reference years, since the only difference
was the sea level rise which is now incorporated in the sensitivity analysis itself. The analysis will only
be performed for reference year 2045. The difference between closed and open sod qualities is also
incorporated in the sensitivity analysis since the difference is implemented by using different values for
model parameters a and b.

The sensitivity analysis will be performed by conducting one base run where all the parameters are
equal to their mean values. In the runs in Chapter 5 the parameters were equal to their 95% value (a
semi-probabilistic assessment). Next, all of the parameters mentioned in Table 6.4 will be varied by +
1 and 2 times their standard deviation. Additionally, the thickness of the clay cover layer and the crest
of the old sea dike will be varied. According to design drawings, the clay cover is 1 m thick and the
crest of the old sea dike was located at 6 m + NAP when the last reinforcement was constructed in the
1970s. Previously in this report, it was assumed that the clay cover had a thickness of 1 m and that
the crest of the old sea dike has settled for 25 cm to 5.75 m + NAP. However, no measurements have
been made, so a certain degree of uncertainty exists. To assess the sensitivity of these uncertainties
the sensitivity analysis is also performed with a varying clay cover thickness of + 20 cm. The crest
height of the old sea dike is varied by + 25 cm. Also, an absolute sea level rise of 15 cm and 70 cm
will be analysed next to the mean value of 45 cm (see Section 6.2.1). The sand content in the clay was
assumed to be 0.4. This content does not affect the erosion rate up until values of 0.7. To assess the
sensitivity also sand contents of 0.7, 0.8, 0.9 and 1.0 will be assessed.

Results are the overtopping- and erosion volumes over an entire storm for different return periods.
By analysing the difference between the different runs, the sensitivity of different parameters can be
assessed.

6.3.2. Results

Figure 6.2 shows the total amount of overtopping and erosion after a storm per return period. The
black line indicates the base run where all the parameters have their mean value. The dashed lines
are different scenarios where the specified coefficients are increased or decreased by their standard
deviation in such a way that they have an increasing effect on the overtopping and erosion rates.

In most runs, also the one with the mean values, a clear jump can be seen where overtopping and
erosion rates increase suddenly between two return periods. The jump indicates that the dike has
breached during a storm. When a breach occurs, much more erosion and overtopping occurs than
in a case without a breach. The further the dashed lines are away from the base run, the larger the
sensitivity of these parameters on the results. If a dashed line is located above the black line, this
indicates that for the same storm per return period, more overtopping and/or erosion occurs.

Of all the parameters assessed in Figure 6.2, coefficient a has the largest impact on the occurrence of
a breach. It can be observed that a dike breach will occur at a lower average return period than in the
base run (at a return period of 30,000 years instead of 90,000 years). cmg,qss, CMciqy aNd CMierrace
also have this effect but this is a lot less. Varying the sand erosion coefficient does not cause a breach
in lower return periods. It can also be seen that for higher return periods the increase in total overtop-
ping volume is influenced most by cm,;q,,.

The terrace coefficient has an interesting effect on the overtopping volumes. Increasing this coefficient
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Figure 6.2: Sensitivity of soil model coefficients. Parameters increased or decreased with ¢ so that they have an increasing
effect on the overtopping and erosion rates.

has the effect that a breach will occur at lower return periods. But at the higher return periods, it will
decrease the total overtopping volumes. This can be explained in the following way. Per time step
waves can erode a part of the dike. This part has a specific shape and volume. The terrace coefficient
relates to the depth to width ratio of this erosion shape. Decreasing the terrace coefficient causes the
erosion shape to become relatively wider which causes a breach faster. But after a breach has formed,
the vertical erosion will go slower and decrease the overflow volumes.

The calculations have also be performed by altering the parameters by 2 times their standard devia-
tion, and in such a way that they have a decreasing effect on the overtopping and erosion volumes
(changing +o by -0 and vice versa). The results are similar: a, and cmg,,ss have the largest effects,
followed by cm 4, and cmierrqce- The full results can be seen in Appendix C.4.

250000

200000 -

150000 -

— Mean

a-o
Fsana70%
Fsand80%
Fsana90%
Fsana100%

w w

=] a

S) )
L

250 4

— Mean
---a-o
Fsana70%
=== FsanaB0%
=== Fsana90%
=== Fsang100%

200 A

100000 1507

100 1

Erosion volume after storm [m3/m]

50000 e
Cd

Overtopping volume after storm [m3/m]
w
o

104 10° 104 10°
Return period [year] Return period [year]

(a) Overtopping (b) Erosion

Figure 6.3: Sensitivity of the sand content

Figure 6.3 shows the sensitivity of the sand content parameter. As mentioned in 6.3.1, a sand content
up to 0.7 does not affect the results. This can also clearly be seen in the figure. A sand content of
0.7 gives the exact same results as the base run (sand content 0.4). See Appendix B.4 for how the
sand content is incorporated into the model. When the sand content is further increased, this has large
effects on the results. For comparison, also the sensitivity of coefficient a is shown in the graph (since
this was the most sensitive coefficient in the previous graph). Increasing the sand content has similar
effects as decreasing coefficient a by one standard deviation. It is interesting to see that increasing
the sand coefficient from 0.7 to 0.8 has large effects. But increasing it further to 1.0 only has a minor
effect on the results. From this, it can be concluded that the sand content also has a large sensitivity,
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provided that the sand content has a possibility of reaching values above 0.7.

250000 350
—_ m— Mean — Mean
Mé —-==- Closeda—o T3004 """ Closed a— o
£ 200000 4 Closed a+0 = Closed a+0
£ --- 0ld dike -0.25 m £ o] -~ Oddike-025m
% --- Old dike + 0.25m _-~1 E —-- Old dike + 0.25 m
5 1500004~~~ Clay cover + 0.2 m -~ % --- Clay cover +0.2m =4
% ——- Clay cover-0.2 m o 200 4 ——- Clay cover-02m ~— | __-= =
: T P by
5 2 150 4 ==
3 100000 £ J !
E / 1
o S 1
£ R 2 100 A / ]
S e = i § i !
g 50000 - e / 4 2 !
o 4 ! ] o 504 i
> / / I !
© / ’ D R 1
/ / ]
0 T 0 T
104 10° 104 10°
Return period [year] Return period [year]
(a) Overtopping (b) Erosion

Figure 6.4: Sensitivity of other dike geometry parameters

Figure 6.4 shows the sensitivity of several other dike parameters in which a certain uncertainty exists.
For comparison again the sensitivity of coefficient a is shown. It can be seen that only the clay layer
thickness has an effect on the results. The elevation of the old clay sea dike does not have an observ-
able effect on the results. This can be explained by the fact that altering the height of the old clay sea
dike only has a minor effect on 25 cm of the slope while increasing the thickness of the clay layer has
an effect over the entire slope above the crest of the old sea dike. This stretch is most governing for
the erosion of the entire dike body. The effect on the results of the clay layer thickness is not as severe
as coefficient a.

Next, the effects of considering an open or closed grass sod are assessed. This can be done by al-
tering the parameter distribution of coefficients a and b. The results are depicted in Figure 6.5. The
previous figures showed results for closed sod qualities. This figure shows both results for open and
closed sod qualities. The figures show that the results for an open sod quality are all within the range
of a close sod quality. It is interesting to see that the open sod quality minus one standard deviation
has the same results as a closed sod quality minus one standard deviation. That indicates that with
those values the sod quality is so bad that when a certain wave height is reached the slope fails within
a single time step, thus not further changing the results.
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Finally, the effect of sea level rise is assessed. The results can be seen in Figure 6.6 and are rather
strange. It can be seen that for an absolute sea level rise of 70 cm a breach occurs for lower return
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periods than for the base run. However, for higher return periods the breaches do not occur any more.
This is due to the fact that Hydra-NL works with a combined chance for the occurrence of water levels
and wave heights. This was explained in Section 5.3. The larger a water level for a specific return
period, the lower the probability on a large wave height. This was already the case for the base run.
With extreme sea level rise, these effects are even larger. The effects are so large that for higher water
levels (and higher return periods) the wave heights get so low that they do not cause a breach any more.
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Figure 6.6: Sensitivity of absolute sea level rise

The figure shows that a breach occurs earlier for the extreme sea level rise scenario than for the base
run. The effects for extreme sea level rise are less than for coefficient a.

6.4. Hydraulic loads

As mentioned in Section 5.3, the shape of the wave height over time generated by Hydra-NL is unre-
alistic. In this section, the effect of a more realistic wave height development over time is assessed.

From the European Centre for Medium Range Weather Forecasts (ECMWF) a dataset was obtained
which contains simulated wind- speeds directions in the Wadden Sea area over a period of 6,500 years.
From the KNMI a dataset was obtained which contains the corresponding water levels in this region.
From this dataset, the most severe storms within this 6,500 year period are obtained. Figure 6.7a
shows an example of the most extreme storm at Delfzijl which was obtained from this dataset.
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Figure 6.7: Storm with a return period of 6,500 years generated with ECMWF data

Next, the corresponding wave characteristics have to be obtained. The SWAN dataset (see Appendix
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B.2) which was used to determine the hydraulic loads in the Wadden Sea can be used to obtain the
wave characteristics. Per combination of wind- velocity, direction and water level the wave character-
istics can be obtained. This way, for each storm, the water level and wave characteristics over time
are known. This is the input which is needed for the erosion model. The wave height development
over time corresponding to the storm depicted in Figure 6.7a is depicted in Figure 6.7b. Now that all
the parameters are known the erosion model can be run with this storm. This will be done for profile
79 since this is also the profile which was used in the rest of this chapter. The data used belongs to
the current climatology. This means it is representative for the current situation and not for a future
reference year.

The results are interesting. With this storm (the most severe storm in 6,500 years), the erosion of the
outer slope is three times less than for a storm with a return period of 6,000 years generated by Hydra-
NL. There is a little difference in the water level (just 0.5 m), but the wave height has large differences.
The highest wave height reached in the simulated storm is 1.2 m, while the storm with an average
return period of 6,000 years generated by Hydra-NL reaches values of 1.86 m. This has a significant
impact on the erosion.

This is, however, for a single storm with an average return period of 6,500 years for the current situation.
These results can be roughly extrapolated to reference year 2045 and for larger return periods using the
same proportions as in the Hydra-NL results. For example, reference year 2045 experiences roughly
50% more erosion than in the current situation in the Hydra-NL results. When this is done, breaches
still occur for return periods which are lower than stated in the safety norms. The usage of this source
of data thus has a significant impact on the results. The overall conclusion that the safety norms are
not satisfied, however, still holds.

6.5. Conclusion

In this chapter, the sensitivity of different parameters related to overtopping and erosion of the outer
slope was analysed. The sensitivity analysis for overtopping showed that differences in sea level rise
can have a large impact on the consequent overtopping volumes, less than varying wave characteris-
tics. In some cases, overtopping volumes were more than three times as high. In the most extreme
case, the increase in water level in the basin in between the two dikes due to these overtopping vol-
umes was 1.17 m in the northern basin and 0.60 m in the southern basin. The inner dike is still able
to resist these loads. The overtopping volumes can, however, damage the outer dike. Still, reports
show that a dike can still be able to resist these overtopping volumes if the slope is of good quality.
The influence of sea level rise thus does not influence the conclusions. The Twin Dike still satisfies the
required safety norms for overtopping.

A sensitivity analysis was also performed on the erosion of the outer slope of the outer dike. Figure
6.8 shows a summary of the sensitivity of the different parameters assessed. From the figure, it is
clear that coefficient a and cmg,4s; have the most impact on the results. On one hand, these factors
can cause a breach to occur for lower return periods. On the other hand, they can cause that a slope
will never fail (at least not on this scale). To a lesser extent cm 4y, CMrerrace @aNd hge, also have this
influence, followed by F;,,4 and the other parameters.

Parameter a relates to the strength the top of the grass cover. If this is very strong, the grass cover
will never fail and thus never exposing the core, never causing a breach. To gain more knowledge on
this parameter in this project, the grass quality has to be inspected further. But to really get a good
understanding, the slope has to be tested on wave impact. However, local poor grass quality can cause
the waves to damage the grass and expose the core. Parameter cmg, ., tells something about the
strength of the clay where the roots of the grass cover are still present. For this parameter, the same
applies as for coefficient a. To get a better local understanding of this parameter, test and analysis
have to be performed. But there is always the uncertainty a weak spot exists.

The other parameters also influence the erosion and overtopping volumes. However, their sensitivity
is a lot less. Also, a local dip in the clay or sand quality will not cause large consequences. It will
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Figure 6.8: Return period of breach occurrence for different variations of various parameters

just cause that part to erode quicker, but if 20 cm later a strong core is again present it will most likely
not have large consequences. For F,,, it is useful to know in what range the sand content is. In the
previous chapter, it was based on a mean value of 0.4. But cases of 0.7 or even 0.9 are known along
some of the Dutch dikes (Breteler, 2015). To be more certain of the erosion rate of the clay it will be
very useful to know more about this parameter. Also, the height of the old sea dike and the clay layer
thickness can be better estimated with a few cone penetration tests.

Finally, hydraulic loads influence the erosion rate significantly. Sea level rise affects the return period of
breach occurrence significantly. However, the results get more unreliable with higher water levels due
to the way how Hydra-NL determines the hydraulic loads (see Section 5.3). Also, from personal com-
munication with employees from water board Noorderzijlvest, it turned out that observed wave heights
next to the shore are smaller than predicted by Hydra-NL. Simulated data from the ECMWF was used
to see the impact on the results by using another source for the hydraulic loads. Performing a run with
the most severe storm in the 6,500 years dataset led to three times less erosion than a storm with an
average return period of 6,000 years generated with Hydra-NL. When these results are extrapolated, a
breach still occurs for return periods lower than required by the safety norms. Nevertheless, the analy-
sis shows that different methods used to obtain the loads can result in a large difference in the outcome.

The sensitivity analysis showed that the return period for which breaches occur due to erosion of the
outer slope vary greatly with the uncertainty of several parameters. However, using mean values for
all the parameters in the erosion model still leads to breaches occurring at return periods which are
lower than allowed by the safety norms. Hydraulic loads generated with data from the ECMWEF lead to
erosion volumes which are a factor three lower than with loads generated from Hydra-NL. When the
results are extrapolated this also leads to breaches occurring at lower return periods than allowed by
the safety norms. The extrapolation of these results is, however, a very rough method. Before this
sensitivity analysis, the conclusion was that the Twin Dike does not meet the required safety norms for
the failure mechanism erosion of the outer slope. These uncertainties mean this cannot be determined
with 100% certainty. A more detailed analysis of the occurring loads in this region will help to better
understand these uncertainties. This is one of the reasons the local water board is conducting a multi-
year measuring program in this area (Waterschap Noorderzijlvest, n.d.-b).



Cost-Benefit Analysis

In order to assess if multiple lines of dikes are a viable alternative for traditional integral dike reinforce-
ments, a cost-benefit analysis is performed on the Twin Dike project. First, the total costs of the project
will be summarised and explained. Secondly, the costs of the Twin dike project will be compared to a
regular dike reinforcement. Next, possible alternatives for the Twin Dike project will be discussed and
compared. Finally, a conclusion is presented on the costs and benefits of this project.

7.1. Costs of the Eemshaven-Delfzijl reinforcement project

It first has to be mentioned that data regarding the costs has been gathered from various sources.
These are documents published by engineering companies, the province, water board, Flood Protec-
tion Programme (FPP) and other parties that are involved in financing these projects. These documents
have been published in the last 3-4 years. Within these years, certain costs of certain aspects have
been altered. Costs mentioned in this chapter are obtained from the most recent and most reliable
documents. A document was deemed reliable if it was an actual application for a fund stating the re-
quired costs for various aspects. Design reports where estimations were given on various costs were
deemed less reliable. When there is a large difference in costs between certain documents, this will be
elaborated further.

The Eemshaven-Delfzijl dike reinforcement is one large integral reinforcement project where the entire
11.7 km dike in between Eemshaven and Delfzijl is being reinforced integrally. The construction of the
Twin Dike project is part of this total reinforcement project.

7.1.1. Flood protection costs

The total costs of the safety aspects for the Eemshaven-Delfzijl dike reinforcement project are given
in Table 7.1. These costs are the total costs for all the different phases of the project. Namely, the
reconnaissance phase, the planning phase and implementation phase.

Project Costs Paid by

Safety Regular € 95,500,000 | FPP (90%) and water board (10%)
Innovation Twin Dike € 12,100,000 | FPP (100%)

Soil subsidence measures | € 8,600,000 Soil subsidence commission
Earthquake measures € 41,600,000 NAM

Total € 157,800,000

Table 7.1: Total costs for safety issues of the Eemshaven-Delfzijl reinforcement project (Waterschap Noorderzijlvest, 2016b)
The different aspects of the costs are further explained below.

71
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» Safety Regular These are the regular costs of increasing the safety level of the dikes, excluding
special projects like the Twin Dike project. This includes costs for ground works (increasing crest
and constructing berms), (re)construction of stone and asphalt revetments but also the costs for
buying and altering land when additional space is needed to strengthen the dike. Throughout the
country, these costs are paid for 90% by the Flood Protection Programme (FPP) and for 10% by
the local water board. In this case, this amount was needed to strengthen 9.2 km of the dike (the
total length excluding the Twin Dike project).

* Innovation Twin Dike The above-mentioned costs are for the stretches where a regular integral
dike reinforcement is conducted. Additionally, there are costs for innovations. The FPP pays
100% of the costs for innovations, provided these projects satisfy certain innovative criteria. The
Twin Dike project is also an innovative project which satisfies these criteria. These costs include
all the costs related to safety issues at the Twin Dike. These are the costs for constructing the
inner dike and reinforcing the outer dike. The area between the inner and outer dike is leased
from the current owners by the province. This way, if the Twin Dike fails as a pilot project, the land
is given back to these owners. On this area, different pilot projects are conducted. The owners of
these projects (private companies) have to pay rent to the province for the use of this area. The
net lease costs (lease costs minus lease income) are paid by the FPP and are included in these
costs.

+ Soil subsidence measures Due to gas extraction in the province of Groningen this area suffers
additional soil subsidence. Measures needed to counteract the effects of soil subsidence are paid
by a special commission (Soil Subsidence Commission). In this case, the commission pays for
the countermeasures of 0.45 m of soil subsidence. These are the extra costs for groundworks,
revetments and the purchase of land.

+ Earthquake measures Additionally, gas extraction also causes earthquakes. Extra costs have
to be incurred to make a dike able to withstand earthquakes. These are for example the costs
to implement a stability berm, soil improvements, drainage and sheet pile walls. These costs are
paid by the company which is responsible for the gas extraction, the NAM. The NAM and the Soil
Subsidence Commission have agreements to specify if a certain measure is needed due to soil
subsidence or earthquakes.

Table 7.1 shows that the total costs for the safety issues of the Eemshaven-Delfzijl reinforcement project
are €157.8 million. However, at the end of 2017, it turned out that the costs were overestimated by
roughly € 35 million. Some costs depicted in Table 7.1 turned out to be higher but some were also
lower. The highest reduction in costs was due to a reduction in the need for earthquake measures.
Taking into account these differences leads to the following costs as depicted in Table 7.2. The total
costs for the safety issues of the Eemshaven-Delfzijl reinforcement project are then € 123.2 million.
These costs are the total costs for all the different phases of the project. Namely, the reconnaissance
phase, the planning phase and implementation phase.

Project Costs Paid by

Safety Regular € 96,900,000 | FPP (90%) and water board (10%)
Innovation Twin Dike €12,100,000 | FPP (100%)

Soil subsidence measures | € 10,000,000 Soil subsidence commission
Earthquake measures € 4,200,000 NAM

Total € 123,200,000

Table 7.2: Updated total costs for safety issues of the Eemshaven-Delfzijl reinforcement project Waterschap Noorderzijlvest
(2016b, 2017a, 2017b)

Even more recently (halfway 2019), members of water board Noorderzijlvest mentioned that the Earth-
quake measures costs were reduced even more. The only earthquake measures conducted are the
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placement of a few clay depots as spare reparation material in the vicinity of the dike. The earthquake
measures are reduced to approximately € 300,000. Taking this final update into account leads to total
costs as depicted in Table 7.3. The total costs for the safety issues of the Eemshaven-Delfzijl reinforce-
ment project are then € 119.3 million. These costs are the total costs for all the different phases of the
project. Namely, the reconnaissance phase, the planning phase and implementation phase.

Project Costs Paid by

Safety Regular € 96,900,000 | FPP (90%) and water board (10%)
Innovation Twin Dike € 12,100,000 | FPP (100%)

Soil subsidence measures | € 10,000,000 | Soil subsidence commission
Earthquake measures € 300,000 NAM

Total € 119,300,000

Table 7.3: Most recent total costs for safety issues of the Eemshaven-Delfzijl reinforcement project (Waterschap Noorderzijlvest,
2016b, 2017a, 2017b)

For the Twin Dike project, however, some additional costs have to be incurred that are not directly
related to the safety issue. These are discussed in the next section.

7.1.2. Additional costs Twin Dike project

The previous section described the costs needed to provide the required safety to the area. However,
for the Twin Dike project, additional costs have to be made. The Twin Dike project consists of two
separate areas in between the two dikes. In these areas, two pilot projects will be conducted. Namely,
a silt engine and saline agriculture (see Section 3.2 for more information). Additional costs have to be
made for the preparation of this area. An overview of the costs is given in Table 7.4.

Project Costs Paid by
Inlet structure € 9,900,000 Province

Adaptation of waste water pipe | € 800,000 Province

Spatial planning of the area € 2,000,000 | Province
Total € 12,700,000

Table 7.4: Costs for preparing the area in between the dikes at the Twin Dike project (Provincie Groningen & Waterschap
Noorderzijlvest, 2016; Waterschap Noorderzijlvest, 2016¢). Excluding the costs for the safety measures (see Table 7.3)

The costs are further elaborated below:

* Inlet strucutre These are the costs needed to realise an inlet structure which connects the sea
with the area in between the two dikes. The structure is needed to supply salt water in and outflow
for the silt engine and saline agriculture.

» Adaptation of wastewater pipe A wastewater pipeline is located in the northern part of the Twin
Dike project. The pipeline needs to be altered at the location of the outer and inner dike. These
costs are paid for by the FFP under the safety issues. The pipeline also crosses the area in
between the two dikes. At this location, the pipeline also needs to be altered. These are the
costs depicted here.

» Spatial planning of the area These costs are needed to make the area suitable for saline agri-
culture and the silt engine.
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7.1.3. Additional costs extra projects

There are also additional costs made by the government, province, local water board or other parties
to implement certain additional projects. Examples are a bicycle path on top of the dike and the con-
struction of windmills. These costs are not directly related to the costs for the safety issues of the total
reinforcement project or the Twin Dike project itself. Therefore, these costs are not relevant to the
conclusions of this chapter. However, in order to have a complete view of the total costs, they will be
discussed in this section. An overview of the additional costs is depicted in Table 7.5.

Project Costs Paid by
Innovation multi-year field measurements | € 9,600,000 FPP

POV Wadden Sea € 200,000 FPP

Rich Dike € 880,000 Province

Bird breeding island € 1,500,000 Province

Bicycle path € 1,080,000 | Province

City beach Delfzijl € 2,270,000 | Municipality Delfzijl
Administration windmills € 30,000 Energy Company
Pilot clay loam € 260,000 RWS
Grass-concrete tiles € 130,000 Water board
Total € 15,950,000

Table 7.5: Additional costs for extra projects related to the Eemshaven-Delfzijl dike reinforcement (Waterschap Noorderzijlvest,

2016b)

The costs are further elaborated below:

Innovation multi-year field measurements Like the Twin Dike project, this is an innovation fully
paid by the FPP. In this project, measurements are being performed in and around the Ems-
Dollard estuary for the next 12 years. This is done in order to get a better understanding of the
occurring hydraulic conditions in this area. Currently, there is a lot of uncertainty in these loads,
probably resulting in over-dimensioned flood defences. The results of this programme can lead
to a reduction in costs for future dike reinforcements.

POV Wadden Sea In recent years, studies have been performed on the effects of climate change
and the need to keep the Wadden Sea area safe while maintaining the unique values of the area.
Different innovations are being realised within the area of this dike reinforcement. These are the
Twin Dike, the Rich Dike and the Overtopping Resilient Dike. These costs are for POV Wadden
Sea to conduct pilot tests on these projects.

Rich Dike The Rich Dike is a project where the hard transition between the sea and the asphalt
revetment of the dike is being softened in order to make it more attractive for birds. Examples
are the construction of tidal pools, vertical poles and groynes.

Bird breeding island The breeding island is part of the Rich Dike. An artificial island is created
offshore to increase the attractiveness of the area for birds.

Bicycle path A bicycle path is constructed on top of the dike over the entire stretch of the dike
reinforcement programme. This is done to increase the recreational attractiveness of the area.

City beach Delfzijl The municipality of Delfzijl wants to use this opportunity to construct a beach
in order to increase recreational attractiveness.

Administration windmills Windmills are constructed on the dike by the energy company RWE.
The windmills are funded by the energy company itself. These are the administrative costs made
by the water board and the province which are compensated by RWE.
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* Pilot bolder-loam Rijkswaterstaat investigated the usage of bolder-loam in future dike reinforce-
ment programmes. The pilot has already ended and found that the usage of bolder-loam is not
an attractive option.

» Grass-concrete tiles The water board places grass-concrete tiles near/on the dike in order to
increase accessibility and safety for maintenance.

7.2. Expected benefits

The area in between the two dikes will be used for new purposes. A so-called silt engine is constructed
in the southern part and the northern part is sub-leased and will become a saline agricultural area (see
Section 3.2). These areas are expected to have certain benefits which will be discussed in this section.

7.2.1. Silt engine

Based on Sweco (2018) an estimated amount of 10,000 tons of silt can settle in the area between the
two dikes each year. Using the price of regular sand and clay, and the costs to excavate the deposited
silt, it can be calculated how much money can be saved. Waterschap Noorderzijlvest (2016¢) estimates
that € 830,000 can be saved on dike reinforcements when all the silt settled in the area is used for dike
reinforcements nearby. In this calculation the costs of sand are € 10 per cubic meter, the costs of clay
are € 18 per cubic meter and the silt can be excavated with the expected costs of € 3.10 per cubic
meter. If this is the case, the net revenue of the area will be larger than if it were regular grassland.
Alternatively, if the silt is not used as material for future dike reinforcements, the silt settled in the basin
will cause the land to 'naturally’ elevate. This will add to the safety of this area.

7.2.2. Saline agriculture

Currently, the area is being used for the cultivation of potatoes. This has an average income of €
10,000 per hectare per year (Waterschap Noorderzijlvest, 2016¢c). The northern area is planned to
house saline agriculture. The cultivation of saline crops has the potential to have a larger revenue than
the current cultivation of potatoes. The exact composition of what crops will be cultivated is unknown.
Table 7.6 shows a proposed usage of the area and its revenue. It can be seen that the total revenue
per year has a potential value of little over € 1 million. In the current situation, with 30 hectares of potato
cultivation, the revenue per year is € 300,000.

Crop type Revenues [€/haly] | Proposed ha
Cockles 40,000 22

Samphire 32,000 1

Ice plant 28,000 1
Sea-lavender | 40,000 1

Seaweed 50,000 1

Saline potato | 0 2

Asparagus 0 1

Algae 10,000 1

Total revenue | € 1,040,000 /year 30

Table 7.6: Saline crop types, their net revenue and the proposed amounts of hectares in the Twin Dike project (Waterschap
Noorderzijlvest, 2016c).

7.2.3. Sub-leasing

The area in between the two dikes is being leased from the current owners by the province. The net
lease costs (lease costs minus lease revenue) are approximately €3.8 million. The lease revenues
are expected to be €3 million. Which makes the lease costs €6.8 million (Waterschap Noorderzijlvest,
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2016¢). The area which is leased in order to construct the Twin Dike project has an approximate area
of 50 hectares. The design life of the Twin Dike project is 25 years (see Section 3.2). Assuming the
area is leased for a few years longer than 25 years (due to construction time of the Twin Dike project),
the area is leased from the current owners for an approximate amount of € 5,000 per ha per year.

The northern area will be sub-leased to businesses which will use the area for saline agriculture. The
saline agricultural area has a surface area of approximately 27 hectares. Over a period of 25 years,
this means the businesses will sub-lease the area for approximately € 4,000 per ha per year. Regular
lease costs for agricultural areas are € 2,500 per ha per year. The net costs for leasing the area are
paid by the FPP, and is part of the safety issue of the Twin Dike project.

The province will be responsible for sub-leasing the area to a business for the purpose of saline agricul-
ture. Because this is an innovative project, success is not guaranteed. Having the province lease the
area, places the risks in the hands of the province, stimulating the saline agriculture. Table 7.6 shows
that the potential net revenue of saline agriculture is larger than the current net revenue of the area.
Studies show that over time, owners of the saline farms can pay a lease of up to €7,000 per ha per year
(Waterschap Noorderzijlvest, 2016c¢). If this will indeed be the case, current agricultural owners might
be willing to cooperate with a multiple line of dike concept in the future without the government having
to lease the area from them. This might be an attractive revenue model since the land of the current
agricultural owners will become worth more, or they can lease it to saline agricultural businesses for
high profits themselves. If this will be the case, this can save € 3.8 million of lease costs for future
projects.

On the other side, if this project fails, the area needs to be returned to the original state. This will further
increase the costs of the Twin Dike project. The FPP will pay the costs for the removal of the inner dike
and strengthening of the outer dike. The area in between the dikes will have to be returned to its former
state before it can be given back to the owners. These costs, as well as the costs for the removal of
the inlet structure, will be paid by the province.

7.3. Comparison Twin Dike and regular reinforcement

For this research, it is interesting to find out if a system of multiple lines of dikes is an attractive alter-
native for a regular dike reinforcement with regards to costs. For this sake, the costs for the Twin Dike
project are compared to a regular reinforcement. The regular reinforcement will be the reinforcement
conducted north and south of the Twin Dike in the Eemshaven-Delfzijl reinforcement project. This com-
parison will be made with the use of the information given in the previous sections.

Table 7.3 shows that the costs for the total 11.7 km dike reinforcement are € 119.3 million. The Twin
Dike project has a length of approximately 2.5 km. This means that the rest of the reinforcement project
is conducted over 9.2 km. € 12.1 million is needed to construct the Twin Dike project. €96.9 million
is needed to reinforce the remainder of the flood defences in this reinforcement project. Additionally,
the Twin Dike project requires an extra €12.7 million for preparation of the area (see Table 7.4). This
results in costs per km as depicted in Table 7.7.

Type Average costs per km
Regular reinforcement € 10.53 million

Twin dike (Safety measures only) € 4.84 million

Twin dike (Including area preparation) | € 9.92 million

Table 7.7: Costs per km of the regular reinforcement and Twin Dike reinforcement with average lease profit excluding silt engine
profit and earthquake- and soil subsidence measures (Waterschap Noorderzijlvest, 2016b, 2017a, 2017b).

Table 7.7 shows that the regular reinforcement has an average cost of little over € 10 million per km.
Costs for the Twin Dike project more than twice as low when only the safety issues are taken into
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account. However, if costs for the preparation of the area in between the two dikes are included, the
costs per km for the Twin Dike project are only marginally less than for a regular reinforcement.

For a proper comparison also the costs for soil subsidence measures (€ 10 million) and earthquake
measures (€ 300,000) have to be included. Unfortunately, it is unclear what part of the soil subsidence
and earthquake budget is used for the Twin Dike area compared to the rest of the project. However,
an estimation can be made. The original dike at the location of the Twin Dike project is not elevated.
It will, therefore, be assumed that soil subsidence measures were not implemented at the Twin Dike
project. Earthquake measures are assumed to be conducted over the entire 11.7 km stretch with costs
evenly distributed per km. This results in costs per km as depicted in Table 7.8.

Type Average costs per km
Regular reinforcement € 11.65 million

Twin dike (Safety measures only) € 4.87 million

Twin dike (Including area preparation) | € 9.95 million

Table 7.8: Costs per km of the regular reinforcement and Twin Dike reinforcement with average lease profit excluding silt engine
profit including earthquake- and soil subsidence measures (Waterschap Noorderzijlvest, 2016b, 2017a, 2017b).

Table 7.8 shows that the costs per km are a little higher than depicted in Table 7.7. Still, costs for the
Twin Dike project are less than half compared to a regular reinforcement if only safety issues are taken
into account. Taking into account the costs for the preparation of the area in between the two dikes
leads to higher costs per km for the Twin Dike project. The Twin Dike solution is still 15% cheaper per
km compared to the regular reinforcement.

Section 7.2 showed that the area in between the two dikes has the potential to reduce the net costs
of Twin Dike project. The silt engine can potentially save € 830,000 on future dike reinforcements. In
the results above, this was not taken into account. The saline agricultural area will be sub-leased to
businesses. The tables above show the results when the net lease costs of the Twin Dike project are
€ 3.8 million (the expected costs). However, in potential, these costs can be reduced to zero. But on
the other side, the lease revenue can also be zero if this project fails. For these different scenarios, the
costs per km are depicted in Table 7.9.

Type Average costs per km

Regular reinforcement € 11.65 million

Zero net lease costs

Twin dike (Safety measures only) € 3.35 million

Twin dike (Including area preparation) € 8.43 million

Zero lease revenue from saline agriculture

Twin dike (Safety measures only) € 6.07 million

Twin dike (Including area preparation) € 11.15 million

Including silt engine revenue

Twin dike (Safety measures only) € 4.53 million

Twin dike (Including area preparation) € 9.61 million

Table 7.9: Costs per km of the regular reinforcement compared to the Twin Dike reinforcement, with different net lease revenues.
Including earthquake and soil subsidence measures (Waterschap Noorderzijlvest, 2016b, 2017a, 2017b).
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Table 7.9 shows that the costs per km can differ greatly per scenario. In the case where the net
lease costs are zero, the Twin Dike project will be more than 25% cheaper per km than a regular
reinforcement. This is including the additional costs for the preparation of the area in between the
dikes. On the other side, however, if the project fails and the lease revenue is zero, the Twin Dike
project approximately costs the same as a regular reinforcement. The revenue of the silt engine does
not have a significant impact on the costs per km. The costs are reduced by only 3%.

7.4. Possible improvements to reinforcement

Chapter 5 showed that the Twin Dike project did not satisfy the required safety norms for the failure
mechanism erosion of the outer slope. This means that modifications have to be implemented in order
to satisfy the required safety. This can either be done by strengthening the inner dike or by strength-
ening the outer dike.

From the analysis in Chapter 5 it followed that the inner dike has insufficient elevation to cope with the
loads induced by a breach in the outer dike. In order to be able to cope with the loads, the elevation of
the inner dike can be increased. The inner dike has to be elevated by at least 2.3 m to a level of 6.3 m
+ NAP in order for the inner dike not to experience overtopping volumes of more than 15 I/s/m in the
most extreme condition. This most extreme situation is ID 15 for a return period of 180,000 years (see
Chapter 4). The computer program KosWat is used to make an estimation of the required costs. This
program can make a rough estimation of reinforcement costs for flood defences. Using key figures
for the costs of sand and clay and a supplement factor of 1.953 the additional costs for increasing the
elevation of the inner dike can be calculated. Increasing the elevation by 2.3 m will approximately costs
an additional € 3.5 million per km (Rijkswaterstaat, 2016).

Another option is to reinforce the outer dike such that a breach will not be able to form in the first place.
This can be done by pulling up the hard revetment on the outer slope. Communication with a cost ex-
pert from Rijkswaterstaat resulted in expected average costs of €55/m? for the construction of a stone
revetment. The stone revetment will need to be increased to a level of approximately 7.5 m + NAP
to satisfy the required safety norms. This means that the block revetment has to be placed over an
approximate width of 25 m to 30 m. With a supplement factor of 1.902, as mentioned in Rijkswaterstaat
(2016), this will lead to additional costs of approximately € 3 million per km.

The paragraphs above show that in order to meet the required safety norms the costs per km for the
Twin Dike increase considerably. Even when the most optimistic scenario from Table 7.9 is chosen
(zero lease costs including silt engine revenue), the additional costs to meet the required safety norms
for the Twin Dike project will make the costs per km larger than for a regular reinforcement.

7.5. Conclusion

This analysis showed that the Twin Dike in its current shape has the potential to be cheaper than a reg-
ular reinforcement. Compared to a regular dike reinforcement the Twin Dike project is € 0.5 million to €
3.5 million per km cheaper. This includes the additional costs needed to prepare the area in between
the two dikes. When one looks only to the safety measures, the Twin Dike is roughly € 6.5 million per
km cheaper than a regular reinforcement. Additionally, it provides space for saline agriculture which
can turn out to be a more durable and profitable form of agriculture in this area. Also, the silt engine can
result in cheaper dike reinforcements in the future and will increase the elevation of the land 'naturally’
which adds to the flood safety of the area.

However, Chapter 5 showed that the Twin Dike does not satisfy the required safety norms for the fail-
ure mechanism erosion of the outer slope. Measures which can be taken in order to meet the required
safety norms cost at least an additional several million Euro per km. The costs per km for the Twin Dike
project will then be higher than for a regular reinforcement when the additional costs needed to prepare
the area in between the two dikes are included. For only the safety issues, the Twin Dike project will
still be cheaper per km.

However, when one looks solely at the safety issue, there are other solutions which can be even
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cheaper. This report showed that overtopping volumes are most probably low enough such that these
will not cause a flood by themselves. This means that only erosion of the outer slope of the outer dike
is a concerning failure mechanism. This can be fixed by constructing a hard revetment on the outer
slope of the outer dike. The previous section showed this can be done for approximately € 3 million per
km. This solution by itself will already provide the required safety entirely. In the most optimal case, the
Twin Dike project costs only € 3.35 million per km (see Table 7.9). This means that the construction of
a hard revetment only is cheaper than the Twin Dike and will also probably satisfy the required safety.
Although, the expected benefits from the silt engine and saline agriculture will then not be present.

Furthermore, the design life of the Twin Dike project is only 25 years. This means that after 25 years
this project area has to be altered to again meet the required safety norms. A more extreme case is if
the pilot project is deemed unsuccessful and the entire area has to be returned to its former state. Also,
the outer dike will have to be reinforced the regular way. A regular reinforcement has a design life of
50 years. The additional costs that have to be made for the Twin Dike project after 25 years will most
probably lead to such an increase in costs that over 50 years a regular reinforcement is cheaper per
km. Since this is a pilot project, it is only conducted for a period of 25 years. In order to better compare
the costs of the Twin Dike project with a regular reinforcement the Twin Dike project would also have
to be implemented for 50 years. However, given the information above, it is safe to assume that the
Twin Dike project is not an optimal solution regarding costs.

There can, however, be other situations where this concept might be more favourable than a regular
dike reinforcement. An example is a location where a second inner dike is already present in the land-
scape. Provided this dike has sufficient dimensions, it can reduce the costs so that a Twin Dike concept
becomes an attractive solution. Also, performing this concept on a larger scale can be favourable. The
main costs for the Twin Dike project are the costs of the inlet structure. Using a larger area with still one
inlet structure can reduce the costs per km. A wider area can also cause the loads on the inner dike
to become less. When a breach occurs the water will spread over a larger area. This way the loads
acting on an inner dike can become lower such that it does not immediately overflow when a breach
occurs in the outer dike. This can be benéeficial for this concept.






Conclusions and Recommendations

8.1. Conclusion

In this research, the use of multiple lines of dikes behind each other was investigated. It was analysed
if this is an attractive alternative for traditional integral dike reinforcements regarding flood safety and
costs. The Twin Dike project was analysed as a case. The conclusion is that, in this case, multiple
lines of dikes are not an attractive alternative for traditional dike reinforcements regarding flood safety
and costs.

Flood defences in the Netherlands are assessed using the Statutory Assessment Instruments (WBI).
Reinforcements or new flood defences are designed using the Design Instruments (Ol). In the Nether-
lands, primary flood defences protect the land from the sea, main rivers and main lakes. The primary
flood defences are split up in dike trajectories, which each have to satisfy a safety norm that is fixed by
law. The safety norm states the maximum allowable probability of causing a flood per dike trajectory.
The Twin Dike area has a safety norm of 1/3,000 per year. The WBI and Ol state rules and methods
that need to be followed when assessing or designing a primary flood defence. The WBI defines many
different failure mechanisms. Each of these can cause the failure of a flood defence and consequently
a flood. When a primary flood defence does not satisfy the required safety norms for one or more
of these mechanisms, it will still have residual strength before an actual flood occurs. This residual
strength is not taken into account in current instruments (or only to a lesser extent).

Loads on a flood defence are dependent on the average return period. The higher the return period, the
higher the loads. Flood defences are assessed per failure mechanism. Each failure mechanism has a
maximum allowable probability of failure which, when added up for all the different failure mechanisms,
equals the total allowable probability of causing a flood of a dike trajectory. The hydraulic loads can be
determined with Hydra-NL. Hydra-NL is a computer program which can calculate hydraulic loads in a
probabilistic manner per return period along all the primary Dutch flood defences.

Erosion of the outer slope due to wave impact is the governing failure mechanism at the Twin Dike. The
original dike was assessed in the third national assessment round in between 2006 and 2011. In this
assessment, the original dike did not meet the safety requirements for the failure mechanisms overtop-
ping (height), macro-instability and erosion of the outer slope. In the Twin Dike reinforcement project,
the outer dike (the original existing dike) will only be altered such that macro-stability is ensured. To
analyse the total safety of the Twin Dike system the outer dike was assessed again on overtopping
and erosion of the outer slope in this research. It was assumed all the other failure mechanisms are
not governing since these satisfied the safety norms in the original assessment. The Twin Dike has to
be able to resist overtopping conditions which occur with an average return period of 37,500 years. It
was found that overtopping volumes were too low to cause damage to the outer dike for return periods
specified by the safety norms. The overtopping volumes cause water levels to increase about 0.5 m
in the area in between the two dikes for the considered return period. These amounts of water are
not able to cause significant loads on the inner dike. The increase of water level in the basin due to
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overtopping is relatively low. These volumes will most probably not lead to a flood in this area if the
inner dike was not present. This suggests that the construction of the inner dike is not necessary for
the counteraction of the overtopping volumes. Erosion of the outer slope of the outer dike due to wave
impact is, however, troublesome. At some parts of the outer dike, the slope was not able to withstand
conditions with an average return period of 100 years. If this area was protected by a single regular dike
it has to be able to withstand conditions with an average return period of 180,000 years. This method
does, however, not take into account the residual strength of the dike. The impact of the erosion on
the loads acting on the inner dike can, therefore, not be determined with these methods. An erosion
model was used to further analyse the effects of the residual strength.

Using a prototype erosion model it was determined that the Twin Dike project does not satisfy the re-
quired safety norms. The model was used to assess the effect of erosion of the outer slope of the outer
dike on the loads acting on the inner dike. This model takes the residual strength of the underlying
clay- and sand layers into account and depicts the damage and erosion of a dike body over time. The
model showed that the residual strength of the dike is significant. Breaches formed at conditions with
an average return period of 3,000 years. Compared to the regular assessment instruments, where
the slope was not able to withstand conditions with an average return period of 100 years, the dike
can withstand average conditions which are 30 times less frequent. The model showed that for all the
cases where a breach formed, hydraulic loads were such that after a breach the inner dike experiences
overtopping volumes of at least several hundreds of I/s/m. Since this is a 2D model, a conservative
breach width of 20 m was assumed. The inner dike cannot withstand these amounts of overtopping
volumes. When a breach is formed in the outer dike, the inner dike also fails. Breaches due to erosion
of the outer slope and thus total system failures occur for conditions with average return periods from
3,000 years and higher. This dike stretch has to be able to withstand conditions with an average return
period of at least 180,000 years. Following the rules and methods of the WBI and Ol, this dike stretch
does not satisfy the required safety norms using this particular erosion model.

A sensitivity analysis showed that the return periods for which breaches occur due to erosion of the
outer slope vary greatly within the uncertainty of several parameters. The current instruments and the
prototype erosion model take various parameters as input. A sensitivity analysis was performed to as-
sess the effects of the uncertainty of those parameters on the results. The impact of sea level rise, soil
subsidence and wave characteristics was analysed for the overtopping results. The results showed
that sea level rise has a significant and the largest impact on the results. In some cases, overtopping
volumes were three times as large. This, however, does not influence the conclusions mentioned in the
previous paragraph. The overtopping volumes are still not large enough to cause failure of the outer
or inner dike. Also, the volumes are still too low to lead to a flood in this area if the inner dike was not
present. The influence of different model coefficients, geometrical dike parameters, sea level rise and
hydraulic loads were analysed for the erosion model results. The model- and strength coefficients for
grass have a large effect, both in a positive and negative sense, on the exact return period for which
a breach occurs. The model coefficient for clay and sea level rise also have this effect but to a lesser
extent. The remaining parameters (sand and geometrical parameters) have an even smaller effect on
the results. However, when mean values for all the parameters in the erosion model are used this still
leads to breaches occurring at return periods which are lower than allowed by the safety norms. Also,
the effects on the results by using different hydraulic loads were analysed. The sensitivity analysis
showed that hydraulic loads generated with data from the ECMWF lead to erosion volumes which are
a factor three lower than with loads generated from Hydra-NL. When the results are extrapolated this
still leads to breaches occurring at lower return periods than allowed by the safety norms. Combining
all the above-mentioned uncertainties leads to the conclusion that the exact average return period for
which breaches occur due to erosion of the outer slope of the outer dike cannot be determined using
the methods in this report.

A cost-benefit analysis was performed to analyse the viability of multiple lines of dikes as an alternative
for traditional dike reinforcements. The cost-benefit analysis showed that the Twin Dike in its current
shape has the potential to be 25% cheaper per km than a regular reinforcement if the pilot project in
between the dikes turn out to be successful. This includes additional costs for the preparation of the
area in between the dikes and the construction of an inlet structure. For only the flood safety aspects,
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costs for the Twin Dike project are more than twice as low compared to a regular reinforcement. From
the safety analysis, however, it followed that the Twin Dike system does not satisfy the required safety
norms using current assessment instruments. When measures are taken to satisfy the required safety
norms, the costs for the Twin Dike per km become more than for a regular reinforcement. When looking
only at the safety issues, the Twin Dike will still cost less per km than a regular reinforcement. But, in
order to only satisfy the required safety norms, there are other options which cost even less than a Twin
Dike solution. Also, the Twin Dike has a design life of only 25 years compared to 50 years which is
the norm for a regular reinforcement. This fact makes the Twin Dike not an optimal solution regarding
costs. This is, however, a pilot project. There can be other situations where this concept might be
more favourable than a regular reinforcement. Examples are locations where a second inner dike of
sufficient strength is already present in the landscape. Also, performing this concept on a larger scale
can make multiple lines of dike a more favourable solution. Both examples can potentially decrease
the costs per km making this concept a more attractive alternative to traditional dike reinforcements.

Based on the analysis of the Twin Dike project, multiple lines of dike are not an attractive alternative
to traditional dike reinforcement with respect to costs and flood safety. The Twin Dike project does not
satisfy the required safety norms as stated by the current design- and assessment instruments. The
inner dike is not able to withstand loads for required conditions. A total system failure occurs at return
periods more frequent than allowed. There is, however, a large uncertainty in these results. Also with
respect to costs, multiple lines of dike are not an attractive alternative to provide the required flood
safety.

8.2. Discussion

The regular design- and assessment methods already showed that the outer slope of the outer dike did
not satisfy the safety requirements. The usage of the prototype model confirmed that this was the case.
As expected, it showed that the outer dike had significant residual strength, but still too little to prevent
a breach for the required return periods. The model is, however, a prototype and is not widely used
for the assessment of flood defences. From the sensitivity analysis, it followed that some parameters
can have a large influence on the exact return period for which a breach occurs. This has to be taken
into account when interpreting the results. In order to fully validate these results, one has to compare
different erosion models and validate them with actually occurred erosion. Also, this model only takes
2D effects into account. To better predict the water entering through a breach a 3D model has to be
used. Finally, the model does not take into account the presence of a hard revetment. For most of the
locations, this does not have a large influence. The stone revetment reaches up to 3.5 m + NAP on
these locations. Erosion often occurs above this level. One location, however, has a stone revetment
which reaches up to 5.5 m + NAP. For better accuracy of the results, this has to be taken into account.

Also, the hydraulic loads used in the erosion model are probably not a good representation of the loads
occurring in reality. Hydra-NL calculated wave loads over the course of a storm. During the peak of
the storm, there is a dip in the wave heights. This is not a realistic scenario. These dips become larger
the higher the return periods get. Using a simulated storm generated from another source (ECMWF),
it was already showed that the occurring wave height and consequent erosion are a lot lower. Employ-
ees from the local water board also mentioned that in their experience, the hydraulic loads computed
by Hydra-NL seem to be overestimated compared to what is actually seen in this area. In order to
fully assess these effects, it is useful to perform a more detailed analysis of the occurring loads in the
Ems-Dollard estuary. The local water board has already set up a multi-year measuring programme
to further analyse these effects. Also, sea level rise has a large impact on the results. Unfortunately,
uncertainty in future sea level rise will probably remain a discussion in the near future.

The results showed that when this particular erosion model is used, the Twin Dike does not meet the
required safety levels according to the rules and methods stated by the WBI and Ol. The law, however,
states that this particular area may experience floods with a minimum allowable return period of 3,000
years. In this report, the failure of the Twin Dike system was assessed. But failure does not necessarily
equal a flood. A flood means that casualties and considerable damage have to occur. If the inner dike
fails and a breach occurs, the water from the basin will flow into the area behind the Twin Dike. From
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the results, it followed that this can happen after the peak of the storm. If conditions are such that the
amount of water does not cause a flood, the Twin Dike is still safe enough according to the law. In
order to fully assess if the Twin Dike provides the required safety, one has to analyse if the occurring
failure mechanisms will indeed lead to a flood. This has to be done with more detailed models which
can estimate the course of a flood and the consequent damage and casualties. This is deemed outside
the scope of this research. Nevertheless, this has to be taken into account when interpreting the results.

This research concludes that the Twin Dike does not satisfy the required safety norms. This is inter-
esting since previous assessments of this project concluded that it does provide the required safety.
There are some vital differences between this report and previous assessments. The first one is a
change in calculated overtopping volumes. In this report overtopping volumes are sometimes a fac-
tor five lower than for example in Holscher (2018). This is due to the fact that in the older reports an
older version of Hydra-NL was used: Hydra-K. New calculation methods in Hydra-NL lead to lower
overtopping volumes in this area. Off course, this does not alter the results: the Twin Dike still satisfies
the safety norms for this mechanism. For erosion of the outer slope, the results are also different. In
older reports, the outer dike satisfied the required safety norms for this mechanism (Gautuer et al.,
2015; Holscher, 2018). These were, however, assessed with old assessment instruments where the
required safety norm for this failure mechanism was lower. Because of this, in the older reports, the
Twin Dike does meet the required safety norms for this failure mechanism while it this report is does
not. This has to be kept in mind when comparing results from this research with previous research.

8.3. Recommendations
Based on the conclusions and discussion the following recommendations are given.

Investigate accuracy erosion model The erosion model used is a prototype model. It is useful to
assess its applicability and validity in comparison with other models and actual cases. This can reduce
the uncertainties presented in the sensitivity analysis. Also, including the effects of a hard revetment
will further improve the results.

Assess flood conditions A failure of the Twin Dike system does not necessarily lead to a flood.
A breach sometimes occurs after the peak of a storm. The amounts of water coming through the
breach and over the inner dike might be low enough not to cause a flood. Further analysing if flood
conditions actually occur in these situations can improve the accuracy of the conclusions presented in
this research. For this, it is also useful to analyse erosion effects with a 3D model. This way the actual
amount of overtopping and erosion can be better estimated.

Further investigate the soil composition and layout on sight Desired detailed information about
the composition of the dike was not available. Old design drawings were used which did not contain all
the required information. Performing multiple cone penetration tests will give a better insight into the
composition of the dike. This way, the thickness of soil layers, their location and composition can be
better incorporated in the assessment. A better insight into these parameters will give more reliable
results.

Improve accuracy and knowledge on hydraulic loads in the region The results showed that the
wave height development over the course of a storm as generated by the current instruments is unre-
alistic. Using data from other sources already led to lower loads. Eyewitness reports of the local water
board also mention lower hydraulic loads than predicted by Hydra-NL. Further analysing the actually
occurring loads can help to increase the accuracy of the results.

Investigate possible other cases The Twin Dike did not prove to be an optimal solution in this
case. However, there might be other situations where this concept might be more favourable. It is
recommended to investigate other cases to analyse the applicability of the concept of multiple lines of
dikes behind each other.
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Background Assessment Software

Different computer programs are used throughout this report. This appendix discusses the applicability
and background of these programs.

B.1. Hydra-NL

B.1.1. General

Hydra-NL is a probabilistic assessment program which can be used to assess or design flood defences
in the Netherlands. It can calculate hydraulic loads for specific return periods along all the primary Dutch
flood defences. The hydraulic loads that can be calculated are water levels, significant wave heights,
spectral wave periods, peak wave periods as well as hydraulic load levels, overtopping volumes and
wave conditions for revetments. This can be done for the current situation (2023) but also for future
situations (2050 and 2100). For future situations, sea level rise is taken into account. Also, different
climate scenarios can be chosen. Table B.1 shows the sea level rise for each future situation and cli-
mate scenario. The program assumes that sea level rise is uniform all along the Dutch coast.

Scenario Sea level rise compared to 2017 (m)
2023 - KNMI2006 G 0.00
2023 - KNMI2006 W+ 0.00
2050 - KNMI2006 G 0.05
2050 - KNMI2006 W+ 0.25
2100 - KNMI2006 G 0.25
2100 - KNMI2006 W+ 0.75

Figure B.1: Sea level rise per future situation and climate scenario (Duits, 2018)

Hydra-NL was created by merging Hydra-Zout (salt) and Hydra-Zoet (sweet/fresh) which were respec-
tively used for calculations in the saltwater and freshwater parts of the Netherlands. Hydra-Zoet was
again created by merging 8 different Hydra models. For example Hydra-B (B stands for benedenriv-
ieren - lower rivers) and Hydra-VIJ (Vecht and IJssel Delta) (Duits, 2018).

This history of merging different software can still be seen in Hydra-NL today, as it works differently
for 8 different hydraulic region types. For each region type, different processes are important for the
calculation of the hydraulic loads. The region types are listed below.

* River to sea with storm surge barrier The lower rivers belong to this region. Here the discharge

of the Meuse and Rhine are important as well as the sea water levels. The Europoort barrier has
an influence on the hydraulic loads in this region.
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River to lake with storm surge barrier This is the Vecht and |Jssel delta. Here the discharge
of these two rivers is important as well as the lake water level of the |[Jsselmeer. The Ramspol
barrier has an influence on the hydraulic loads in this region.

Lake This region consists of the main lakes in the Netherlands. In these lakes, the wind and
water level are the most important factors for the calculation of the hydraulic loads.

River This region consists of the upper rivers. In these areas, the river discharge and wind are
the dominant factors to the contribution of the hydraulic loads.

River sea barrier This is the Hollandse |Jssel river. This is comparable to the River to sea with
storm surge barrier type, but an additional barrier (The Hollandse |Jssel barrier) is present and
has an influence on the hydraulic loads in this region.

River sea lake barrier This is the Volkerrak-Zoommeer area. It is comparable to River to sea
with storm surge barrier except that also the lake water level is important for the determination of
hydraulic loads.

Estuary with barrier This is the Eastern Scheldt. Here, the hydraulic loads are dependent on
the sea water level and wind, but also the storm surge length, the phase difference between the
maximum tide and the maximum wind speed. Also, the Eastern Scheldt barrier has an influence
on the hydraulic loads in this estuary.

Sea This consists of the Wadden Sea, Western Scheldt and the Holland coast. Here the sea
water level and the wind are important.

The processes which are important for the determination of the hydraulic loads differ per hydraulic
region. An overview of the relevant processes per region is given in Table 2.3. The hydraulic regions
are depicted in Figure B.2.

3

¥ A
= |t L/ §

Hydraulic regions == Holland Coast Middle (12) L

— Upper rivers (Rhine) (1) Holland Coast South (13) o

== Upper rivers (Meuse) (2) ~ — Eastern Scheldt (14) ’

— Lower rivers (Rhine) (3) Western Scheldt (15) / %\‘

— Lower rivers (Meuse) (4) == Dunes (16) ¢ -

= |Jssel Delta (5) ~— Europoort (17) .. 9

== \/echt Delta (6) Limburgse Maas (18)

= |Jsselmeer (7) Veluwerandmeer (19)

== Markermeer (8) Grevelingen (20)

— Wadden Sea East (9) == Volkerak Zoommeer (21)

— Wadden Sea West (10) Hollandse IJssel (22)

== Holland Coast North (11) = Diefdijk (23) 0 10 2 20 4 Skm
— Other dikes ————

Figure B.2: Hydraulic regions in the Netherlands (Ministerie van Infrastructuur en Milieu, 2016b)

For most hydraulic regions different data is used to determine the hydraulic loads. Since this project
focusses on the Twin Dike area (located in area 9: Wadden Sea East), the explanations below are
focussed on this area.
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B.1.2. Calculation location

When starting Hydra-NL, a dike trajectory has to be chosen where the user wants to perform calcu-
lations. The dike trajectories correspond with the trajectories depicted in Figure 2.6b. For each dike
trajectory, a certain amount of output locations are available. A calculation can be performed on each
of these output locations. Output locations are located approximately every 250 m alongshore and
are situated approximately 100 m from the crest of the primary flood defence. Figure B.3 shows an
example of the output locations. This is dike trajectory 6-7 in the Ems-Dollard estuary. Every green
point is an output location.

Figure B.3: Hydra-NL output locations for dike trajectory 6-7. Image taken from Hydra-NL interface.

B.1.3. Calculation methods

As mentioned, Hydra-NL can calculate various hydraulic loads. The calculation of these variables
consists of multiple steps and is different for most variables. The calculation methods per variable will
be described below.

Water levels Water levels are calculated using spatial triangular interpolation of known water level
statistics at measuring locations. Using the known water level at three locations the water level at any
location in between (or just outside) these locations can be calculated. Figure B.4 shows a schema-
tisation of how triangular interpolation works. With the water levels at location S1, S2 and S3 known,
the water level at location L can be determined using interpolation.

The measuring locations that are used for interpolation differ per sub-region within the Wadden Sea.
Figure B.5 shows the different sub-regions and their corresponding interpolation locations. The Twin
Dike project is located in subregion 1, here measuring locations 4, 5 and 6 are used for triangular
interpolation.

Wave characteristics The wave characteristics for the primary flood defences in the Wadden Sea
are calculated with a physical model and not using statistics of wave characteristics (which was the
case with water levels). A physical model uses wind speed and wind direction to calculate the resulting
wave characteristics near the shore. This relation is very complex since it is not only dependent on the
wind speed and direction but also the bathymetry, water level and phase difference between the peak
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hR
& S3
Figure B.4: Triangular interpolation of water levels (den Heijer et al., 2006)
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Figure B.5: Wadden Sea triangular interpolation locations. Modified from Chbab and de Waal (2017).

of the tide and peak of the wind speed. It will take a long time for Hydra-NL to calculate this relation
every time that wave characteristics are requested at a specific location for a specific return period.
That is why these relations are calculated only once, up front, for many different combinations of the
above-mentioned variables. See Appendix B.2 for more information. The results of these calculations
are stored in a database.

Hydra-NL uses statistics of wind speed, wind direction, water level and their correlation to find the
corresponding wave characteristics in the database for a requested location and return period. Water
level statistics are used as mentioned in the previous paragraph. Wind speed statistics of the West-
Terschelling measuring station on the island of Terschelling are used and wind direction statistics of the
Hook of Holland measuring station are used. Figure B.6 gives an overview of how Hydra-NL calculates
the wave characteristics in the Wadden Sea region.

Wave characteristics for revetments Hydra-NL can also determine hydraulic loads on revetments.
A hydraulic load combination is calculated by specifying the return period and water level, Hydra-NL can
then calculate the corresponding wave characteristics. Loads are calculated based on their combined
probability of occurrence. The combination of wave characteristics and water level are representative
for a certain specified return period. The loads are known 50-100 m from the dike. In order to assess
revetments they, however, need to be known at the toe of the dike. The loads are corrected by a dam-
and foreshore module. See the section below.

Overtopping aspects To calculate overtopping volumes the wave characteristics and water levels at
the toe of the flood defence need to be known. Since the output locations with known data are located
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Fill database X combinations of stochastic
variables Z, U and R
SWAN:calculate wave H, Tp.10, Tp
and B
I
Database *
Available at X combinations and Y
locations at dike toe:Hs, Tr.10, Tp, B
— Hydra-model
Statistiek L "
R o
| Probability wind direction (R) | foreland module Dike profile: criical
- ASCEEky [“1 | overtopping volume
Exeedance probability l
windspeed (U|R, 12 hour)

| X hydraulic loads on dike I

Exceedance prob. water level (Z)

Correlations — —’I Probabilistic model ld— —| Frequency |

Extra stochastic variables

- Model uncertainty SWAN

- Statistic uncertainty wind speed
- Statistic uncertainty water level ‘ Frequency line hydraulic loads ‘

Figure B.6: Determination process of hydraulic loads in the coastal areas. Modified from Groeneweg and den Bieman (2017).

approximately 50-100 m from the dike, it needs to be corrected for the influence of a possible foreshore
and breakwater, see Figure B.7. The effect of a foreshore is that water levels will be higher at the toe
of the dike due to wind effects, and waves are further dampened. Also, a breakwater dampens wave
heights. The exact details of these models will not be discussed here.

Load

Hydrodynamic ‘Waves + water level Waves + water
model output after breakwater level at toe of

location module dike
il v Wind J
—
__________________ L

oY

Break-
Water

Foreshore Dike

Figure B.7: Breakwater and foreshore influence on water level and waves between the Hydra output location and the toe of the
flood defence (van Balen, 2016)

When the wave characteristics and water levels at the toe are known, overtopping volumes and the
hydraulic load level are calculated with a separate overtopping module. The overtopping module uses
the following equations to calculate overtopping.

q 0.067 ( 3 R, ) ©.1)
g Hng?  Viana '° oo e T e - Grro Fimg '
In which:
q = average overtopping volume [I/s/m]
g = gravitational acceleration [m?/s]
a = angle of sea side slope [°]
&m-10 = breaker parameter (ratio of steepness of waves compared to the sea side slope) [-]
R, = free-board [m]
Ho = significant wave height [m]
Vb = reduction factor berm [-]
Yr = reduction factor slope roughness [-]
Yp = reduction factor oblique wave approach [-]
12 = reduction factor vertical wall [-]

The overtopping volume will increase with increasing breaker parameter until a certain maximum is
reached. This maximum is defined as:
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1

V3 HmO3
Equation B.1 and B.2, which are used in Hydra-NL today, result in ‘recommended’ values of average
overtopping discharge. The values 4.3 and 2.3 in respectively Equation B.1 and B.2, are characteristic
values based measured data during small and large scale tests in wave- flumes and basins. If one
would want to perform a probabilistic analysis the following mean and standard deviation have to be
used (truncated normal distribution): ¢(4.75) = 0.50 for value 4.3 in Equation B.1 and ¢(2.6) = 0.35 for
value 2.3 in Equation B.2.

R¢
=02-exp|-23 —————— B.2
p< yf-yg-y*'Hmo) (8.2

The equations above are originally from TAW (2002). More recently, EurOtop (2016) updated some
coefficients in the equations above due to new insights. Currently in the Dutch design- and assessment
instruments (WBI & Ol) the old TAW (2002) equations, as depicted above, are still used (Ministerie van
Infrastructuur en Milieu, 2017a).

B.2. SWAN wave characteristics relations
This section is largely based and taken over from Klein and Kroon (2011)

Overview Appendix B.1.3 described that Hydra-NL uses a pre-defined database to calculate wave
characteristics at specific locations for specific return periods. This section will describe in more detail
how this database is created.

A physical model is used to determine the relation of water levels and wind characteristics on one side
and wave characteristics on the other side. The physical model which is used is a SWAN model. SWAN
(Simulating WAves Nearshore) is a computer program which can simulate wave- propagation, growth,
dissipation etc. in a given area with a certain bathymetry and wind field.

Calculation set-up Calculations are performed for many combinations of imposed conditions. Namely
5 different wind velocities, 8 wind directions, 3 phase differences between the peak of the tide and peak

of the highest wind velocity, 3 storm surge levels at the edge of the model and 5 time moments around

the peak of the storm. The different imposed conditions are summarised in Table B.1.

\I/Dv?ntgn\}(iealtgi?;?m /s] Wind direction [°N] | Phase difference [h] | Storm surge [m] Zirrgjnr;c;r:;as }h]
20 90 0 0 -2
25 180 4 2 -1
30 210 8 4 0
35 240 1
40 270 2
300
330
360

Table B.1: Overview of the used imposed conditions for the SWAN model of the Wadden Sea region (Klein & Kroon, 2011)

This results in a total of 1800 possible combinations which are all calculated. The above mentioned
potential peak wind velocities are translated into an open water wind velocity. The wind fields are spa-
tially uniform, but not temporally uniform. A built-up of wind speed before the peak of the storm and
decrease after a storm is taken into account, as well as rotation of wind over time. Bathymetry was
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received from Deltares and Svasek Hydraulics and has a resolution between 10 m and 200 m.

Next, calculations are performed for 4 different areas. These calculation grids can be seen in Figure
B.8. Grid 1 is used to create boundary conditions for the other grids. Grid 2 is used to calculate the
wave conditions near the flood defences. Grid 3 is used to better incorporate the effects of long waves
entering this area. Grid 4 is used to better incorporate the effects of waves entering this area in between
the Wadden islands.

—— Grid G1

GridG2 ||
Grid G3
Grid G4

i |
100 150 200 250
xRD [km]

Figure B.8: Calculation grids used for the SWAN calculations (Klein & Kroon, 2011)

Grid 1 provides boundary conditions for the other grids. However, also boundary conditions for grid 1
are needed. This has been done by deriving correlations for wind speed and direction on one side and
wave characteristics on the other. These correlations have been determined for measuring platforms
in the North Sea (inside grid 1) and are used as boundary conditions for the western, eastern and
northern edge of grid 1.

For the calculations, the wave spectra have been discretised. The directional space has been dis-
cretised in 36 sectors of each 10°. The frequency domain has a fixed minimum of 0.015 Hz and a
maximum of 1 Hz. SWAN then chooses the required frequency bins itself. This resulted in 45 bins.
This discretisation has been performed for all 4 grids.

Water levels, flow velocities and flow directions need to be imposed within the grid. The storm surge
level at the edge of the model is imposed but will differ per location in the Wadden Sea. The water
levels and flow properties have been calculated by Deltares using the WAQUA program.

Next, the SWAN calculations are performed until a steady state is reached. This is defined as following:
the wave height in at least 99% the cells cannot change more than 1% between two iterations. For these
calculations, SWAN takes into account wave growth and propagation due to wind, wave breaking due
to depth and wave steepness, bottom friction and triad- and quadruplet wave interactions. The model
does not simulate diffraction, reflection and wave set-up in the breaker zone.

Results For all of the above-mentioned combinations (a total of 1800), the resulting wave character-
istics (wave- height, period and direction) near the shore (approximately 100 m from the crest, and 50
m from the toe) are computed. This is done for a total of 1395 points in the Wadden Sea. The points
are no more than 250 m apart from each other. This means at least every 250 m data is available
for 1800 different combinations of imposed conditions. The locations where data is available are the
Hydra-NL output locations as depicted in Figure B.3.

Hydra-NL uses this dataset to find wave characteristics at a specific location for a specific return period.
Using statistics of wind speed and direction with the corresponding return period, the wave character-
istics at a location can be determined. Since wind speeds are only available every 5 m/s in the SWAN
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database and wind direction only every 30 degrees, interpolation is used to find wave characteristics
for wind values that fall in between the values that are available in the dataset.

Wind speed statistics are used at the West-Terschelling measuring station on the island of Terschelling.
Wind direction statistics are used at the Hook of Holland measuring station. It was discussed that
calculations have been performed for different phase differences between the peak of the tide and
peak of the wind. In the Statutory Assessment Instruments (WBI) it has been decided to use a fixed
phase difference of -4.5 hours, meaning the peak of the tide is 4.5 hours before the peak of the surge.
This has been done because this phase difference occurs the most during storms (Chbab, 2017).

B.3. BM Gras Buitentalud

BM Gras Buitentalud (Basic Module Grass Outer Slope) is a computer program which is used to eval-
uate the strength of grass outer slopes with respect to erosion due to waves. After waves have passed
a potential foreshore or breakwater they will start impacting on the dike. After the impact, the waves
can run-up onto the slope. A dike can both fail due to the impact or due to the run-up of waves. The
program can assess one of these mechanisms at a time, but only one is governing. This depends on
the location of the grass on the slope.

cross-sectional requirement

Figure B.9: Area of interest for wave impact and wave run-up on a dike

If a slope has a grass cover which is located below the water level at the cross-sectional requirement
(waterstand bij doorsnede-eis), wave impact is the governing mechanism. If there is no grass cover
below the water level at the cross-sectional requirement but there is a grass cover above this level,
wave run-up is the governing mechanism. See Figure B.9. The water level at the cross-sectional
requirement can be calculated with Equation 2.4. As discussed in Section 4.1.3 the maximum allowable
failure probability (cross-sectional requirement) is 1/180,000 per year. For all the cases in this report,
a grass cover is present in the wave impact zone. Only these calculations are used, and only the wave
impact part of BM Gras Buitentalud will be explained.

Wave impact Wave impact is being assessed using a lifetime approach. It is assessed how long a
certain wave height impacts on a certain part of the slope. Depending on the wave height, a slope is
able to withstand the wave attack for a certain amount of time.

In order to calculate the lifetime of a slope, the water levels and wave heights during the storm need
to be known. The water levels during a storm are equal to the regular tide plus the storm surge. In
the Wadden Sea, this storm surge has a trapezoidal shape as depicted in Figure 4.6. The maximum
tide plus the governing surge have to coincide and are equal to the governing water level for a certain
return period as determined by Hydra-NL. As discussed in Appendix B.1.3, Hydra-NL can calculate
the wave loads given a certain water level for a specific return period and location at the toe of a dike.
This means that for a particular situation the course of the water level and wave loads can be calculated.

Next, the slope is cut up in vertical sections (default: 10 cm) and for every time step (default: 15 min-
utes) it is checked if a wave is impacting on each section. A section is being impacted if it is located
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between the current water level and half a wave height below that water level (Ministerie van Infras-
tructuur en Milieu, 2017b).

A section of the slope is able to withstand impacting waves for a particular time. This amount of time
is its lifetime. The lifetime is dependent on wave height and grass quality. Equations B.3 and B.4 can
be used to calculate the lifetime of a section of slope .

1 Hmo —C
Hpmo > € * tgamage = Max 7 In a ;0 (B.3)
Hpmo < € ¢ tgamage = 1000 hours (B.4)
In which:
Hpo = Significant wave height [m]
a,b,c = Coefficients dependent on grass quality, see Table 4.4 [-]
taamage = Time that a section of a slope can withstand the specified wave height  [h]

For example, a closed sod slope (a = 1, b=-0.035, ¢ = 0.25) is able to withstand impacting waves with a
wave height of 0.5 m for 40 hours. The failure fraction is the fraction of time a slope has been exposed
to a load with respect to the lifetime (exposure time divided by lifetime). A wave height of 0.5 m acting
on a closed sod section for 30 hours, results in a failure fraction of 0.75. When the failure fraction is 1
or higher, a failure has occurred. When a calculation is performed, the program checks how long each
section is exposed to particular wave heights. Failure fractions of all the different wave heights acting
on the slope over time are calculated and summed per section. If the total failure fraction is 1 or higher
for any of the sections, the grass cover has been damaged. Additionally, the program is also able to
incorporate the residual strength of the first 0.5 m of clay layer underneath the grass cover.

Inputandresults The user defines a few general parameters like clay layer thickness under the grass
cover, time step, section (evaluation) length on the slope and grass quality parameters. Next, the water
level development over time during the storm is needed as input. For different hydraulic regions in the
Netherlands different water level developments over time are used. Ministerie van Infrastructuur en
Milieu (2018) gives an overview. Hydra-NL is then used to find corresponding wave characteristics per
water level. Over the total course of the storm, the water level development and wave characteristics
are now known. The result is the failure fraction of the most governing section or its safety factor
(the inverse of the failure fraction). Note that per calculation only one storm can be analysed, which
is representative for a single return period. The program only gives a safety factor as output, not a
probability of failure. To find a more exact failure probability the user has to perform a few calculations
and iterate towards a safety factor of 1 (the return period where the slope will just not fail).

B.4. Prototype erosion model
This section is largely based and taken over from Rongen et al. (2018)

A prototype computer program developed by HKV is used to determine the erosion of dike bodies when
exposed to certain hydraulic loads. The model combines the assessments for wave impact and run-up
on the outer slope and erosion of the crest and inner slope due to overtopping. The initial assessment
for the failure of the grass cover is done the same way as prescribed in the Statutory Assessment In-
struments (WBI) and Design Instruments (Ol) (see Appendix B.3 for the outer slope, B.5 for the crest
and inner slope). When a grass cover has failed according to these assessment methods, a flood
defence does not satisfy the required safety norms. This model, however, also takes into account the
residual strength of a dike after a failure of the grass cover on the outer slope (so not the inner slope
due to overtopping). Depending on the wave loads, water level, dike geometry and soil type of the dike,
the dike will start eroding at a certain location with a certain speed.

Three different materials are distinguished within a dike body in this model. For each material, the
erosion speeds are calculated in a different way.



100

B. Background Assessment Software

» Clay with grass roots This is the top layer of a dike (usually around 0.5 m thick). This layer has

more strength than a regular clay layer since grass roots are present which provide additional
strength. The equations below give the erosion rate of this clay layer.

Hpo < 0.5 : tgg grass = 1000 hours (B.5)

min(D.; 0.5) — 0.2

Hy,o>05:t¢t = B.6

mo RS.grass = ¢ (tan(a))* max(Hy — 0.5;0.001) (8.6)
cg = 1.1+ max(0; 8(Fsqna — 0.7)) (B.7)
In which:

trsgrass = residual strength of grass [h]

D, = thickness of the clay layer [m]

a = slope angle ]

Cq = correction factor for the sand contentin clay [-]

Fsand = sand content in clay [-]

It is noted that the equations above provide an erosion resistance in hours and not an eroded
volume which the model needs. This means the equations need to be translated to erosion
volume for the model to be able to work with it. The total resistance time is set equal to an
erosion of the entire clay layer (0.5 m). It can then be calculated what the erosion volume per
time step is.

Clay This is the clay in the rest of the dike where grass roots do not provide additional strength.
The erosion rate volumes are given in the equations below.

sV, V.o ) _ 0.0061 )
S ce[1.32 — 0'079?] -[16.4(tan(a))?] - [min <3.6; T>] -[1.7- (Hs — 0.4)*] (B.8)
s Sop
In which:
c. = erosion coefficient for the clay type [m3¥/s]
v, = erosion volume [m?]
V., = already present and corrected erosion volume in the loaded zone [m?]
Hg, = significant wave height [m]
a = dike slope ]
T, = wave period of spectrum peak [s]
Sop = Wwave steepness [Hs/(1.56 - T2)]

Sand This is usually the sand core of the dike. The erosion rate can be calculated with the
following equation.

oo _ H 015, 08(135 — 1500 0.0091 - B 2 (B.9)
5t = T s(}'p3 an(a)®°( Sop) * €xXp . 1, .
In which:
B; = width of the erosion terrace (shallow part of the erosion profile) [m]

The erosion volume equation used depends on which layer is exposed. The erosion equation of the
deepest layer that is exposed within a section where a wave is impacting is used. This means the
sand erosion equation is used even if only a centimetre of sand is exposed. This erosion volume is
then removed from the dike profile, also from the part that is still covered by clay. This means this is a
conservative approach.

The soil erodes from a dike in a particular shape. A triangle gets eroded from the dike. It has a bottom
slope of 1:8 and a landward slope of 1:1. See Figure B.10 for a schematisation.

With a constant water level the eroded profile of a dike over time will look like in Figure B.11
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Figure B.10: Shape of the eroded volume (Rongen et al., 2018)
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Figure B.11: Erosion of a dike profile over time with a constant water level, wave height and wave period (Rongen et al., 2018)

B.5. RisKeer (Ringtoets)

RisKeer is a probabilistic assessment program which can be used to assess flood defences. Similar to
Hydra-NL, RisKeer can calculate hydraulic loads for specific return periods along all the primary Dutch
flood defences. The program is however only able to perform calculations for the year 2023. Addition-
ally, RisKeer is able to assess flood defences for a few failure mechanisms. In this report, RisKeer is
used to assess the failure mechanism erosion of the inner slope and/or crest due to overtopping.

Hydraulic loads The hydraulic loads are determined in the same way as with Hydra-NL, so no further
explanation will be given. The difference between Hydra-NL and RisKeer is that both programs use
other probabilistic methods to determine the hydraulic loads for a given return period from the statistics.
RisKeer uses Hydra-Ring as a computational core. For the Wadden Sea region FORM with directional
sampling is used as calculation method (Chbab & de Waal, 2017). Hydra-NL, however, uses numerical
integration (Slomp, 2016).

Erosion of the crest and inner slope When the combination of water levels and waves is high
enough overtopping can occur. When these overtopping volumes get too large, the grass cover on the
crest and inner slope can start eroding due to the large flow velocity of the overtopping water. Depend-
ing on the wave height and quality of the grass, the crest and inner slope are able to withstand a certain
critical overtopping volume before it fails. This critical overtopping volume is log-normally distributed
with means and standard deviations as given in Table B.2.

In the assessment, the probability of occurrence of the overtopping volume (dependent on the statistics
of wind and water levels) is compared to the probability of occurrence of the critical overtopping volume
(Ministerie van Infrastructuur en Milieu, 2017a). If the overtopping volume is higher than the critical
overtopping volume, a failure occurs. The probability that the overtopping volume is larger than the
critical overtopping cannot be larger than the allowable probability of failure due to this mechanism.
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Wave height class Closed sod Open sod

u (IIs/m) | a (I/s/m) | u (I/s/m) | o (I/s/m)
0-1m 225 250 100 120
1-2m 100 120 70 80
2-3m 70 80 40 50

Table B.2: Mean (u) and standard deviation (o) for a log-normal distribution of critical overtopping volume for different sod
qualities and wave height classes (Ministerie van Infrastructuur en Milieu, 2018)

B.6. D-Stability

The computer program D-Stability is used to assess the safety of dike bodies with respect to macro-
stability.

The user needs to provide information about the geometry of the dike, the soil composition and the soil
characteristics. In this case, all this data was gathered from design reports. Next, the user needs to
specify the hydraulic heads. This can be generated automatically by the program if a few details are
known. These are for example the regular water levels (both on the polder and water side), the water
level in the specific scenario which is assessed, the intrusion length and the leakage length.

Before the program can find the governing slip circle a calculation method has to be chosen. The four
options are Bishop, Spencer, Fellenius and UpliftVan. Each method uses a different manner to find the
governing slip circle. In this report, UpliftVan is used. This model has more options to find the governing
slip circle which can lead to slip circles occurring more easily.

Calculations can be performed for a single scenario (with only one specific water level) and result in a
factor of safety. The factor of safety can be translated to a probability of failure per year. It can then
be determined if the probability of failure is less than the maximum allowable probability of failure. For
more information about this program see Brinkman, Nuttall, Noordam, and Teixeira (2018).



Detailed Results

C.1. Overtopping results without erosion
See next page.
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C. Detailed Results

2023

Return period [1/year] 10 100 300 1000 3000 10000 12500 37500 100000
Profile Output loc

76 5 0113 0.991

77 6 0225 135

77 7 025 138

78 8 0.246

78 9

79 9

80 12

81 12

82 12 0.765

82 13 0192 0295 192

83 13 [ e o569 3118

83 14 e e o146 119

84 15

84 16

84 17

2050

Return period [1/year] 10 100 300 1000 3000 10000 12500 37500 100000
Profile Output loc

76 5 o0 8" 0107 1215 1805  9.809

77 6 0 8 0201 1527 2009 8502

77 7 0 [0 0217 1525 211 8265

78 8 0 [0 o181 1856 2745 15131

78 9 0 [ @ o515 0801 583

79 9 0 0355 0549 3.857 17.314

80 12 e e

81 12 o

82 12 0 0.249 18

82 13 0 . 2112 2962  12.383

83 13 0 [0 @ o633 0972 587

83 14 0 e e 0192 0328 2655 13.127

84 15 o 0o o 0o 0o 0

84 16 e o o e 0 0335 2179

84 17 0.437  2.709

Figure C.1: Overtopping volumes [I/s/m] for different return periods per profile and Hydra output location.
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C.2. Safety factors erosion outer slope
2023 Open

Return period [1/year] 10 100 300 1000 3000 10000 60000 180000 600000

Profile Output loc
76 5 INVALID INVALID INVALID INVALID 1.063 0325 0203 0.18  0.153
77 6 10 0743 0.56 0.4 034 029 0163 0111 0079
77 7 10 0644 0524 0376 0325 0261 0153 0109  0.078
78 8 10 0618 0508 0365 031 0251 0147  0.097 0.07
78 g 10 0712 0555 0421 0.34 03 0187 0114  0.078
79 g 10 0911 0574 0424 0349 0302 0187 0115  0.079
80 12 10 10 10 10 10 10 2946 131  1.309
81 12 10 4757 3179 1935 0866 0.628 0408 0218 0.149
82 12 10 8503  6.283 3.08 1311 1081 0397 0215 0.146
82 13 10 0932 0633 0525 045 0334 0223 0.13  0.092
83 13 10 0938 0.623 0529  0.448 033 0197 0121  0.086
83 14 10 0943 0.633 0517 0485 0334 0214 0128 0.091
84 15 10  2.638 131  0.664 048 0416 0278 0144  0.107
84 16 10 1.72 0944 0.617 0447 0389 028 0158  0.109
84 17 10 1565 0957 0615 0451 0394 0305 0.152 0.105

2023 Closed

Return period [1/year] 10 100 300 1000 3000 10000 60000 180000 600000

Profile Output loc
76 5 INVALID INVALID INVALID INVALID 1062 0325  0.203 0.18 0.153
77 6 10 1.76 0.56 0.4 0.34 0296  0.163 0111  0.079
77 7 10 0745 0524 0376 0325 0261 0153 0.109  0.078
78 8 10 0618 0508  0.365 0.31 0251  0.147  0.097 0.07
78 9 10 2087 0555 0421 0.34 0.3 0.187  0.114  0.078
79 9 10 2918 0574 0424 0349 0302 018/  0.115  0.079
80 12 10 10 10 10 10 10 6.254  3.477  3.993
81 12 10 9454  6.837 4932  3.127 1.85 0.408  0.218  0.149
82 12 10 10 10 8018 4446 1714 0397 0215 0146
82 13 10 3699 0795 0525 0.45 0.334  0.223 0.13 0.092
83 13 10 3472 0.623 0529  0.448 0.33 0.197 0.121  0.086
83 14 10 3761 0.897 0517 0485 0.334 0214 0128 0.091
84 15 10 6.079 4253 2185 0572 0416 0278 0.144  0.107
84 16 10 4655 3.384 1107 0459 0.389 028 0158  0.109
84 17 10 4502 3453 1009 0464 0394 0305 0.152 0.105

Figure C.2: Factors of safety'due to wave impact for 2023 for different combinations of sod qualities, return period, profiles and
Hydra output locations as generated by BM Gras Buitentalud.

TINVALID appears at the cases where wave impact is not governing since the transition of stone revetment and grass cover

slope is above the still water level
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2045 Open

Return period [1/year 10 100 300 1000 3000 10000 GOOOO 180000 GOOODOO

Profile | OQutput loc
76 5 INVALID INVALID INVALID 07 0361 0272 0.184 0.154 0.14
7 ] 3.504 08 0.538 .395 0265 0.139 00a2 0.075 0.055
7 7 3.09 0.662 0454 0.388 0257 0.134 0086 0.069 0.054
78 8 2.703 0.648 0449 0.377 0.22 0.124 0.075 0.062 0.05
78 g9 2951 0.647 0.547 0.455 0.273 0.1a4 0.084 0.07 0.055
74 g 2851 0708 0.55 0.458 0274 0144 0.085 0.071 0.056
i) 12 10 10 10 10 5841 5.076 2 5BE 2.305 1443
81 12 10 3.597 2 BY 1181 0.633 0.275 0.152 0.12 0.108
82 12 10 7.267 4182 192 0.625 0271 0.149 0.119 0.103
82 13 3.84]1 0.744 0.651 0.452 0.329 0.153 009 0.079 0.066
83 13 4542 0.789 0.608 0.459 0.295 0.146 0.09 0.074 0.061
83 14 4653 0.815 0.67 0.462 0.326 .16 009 0.08 0.064
B4 15 566 1.022 0.793 0.557 0.409 0.184 0.105 0.0B3 0.067
g4 16 45845 1.055 0.672 0.509 0.388 0.198 0.111 0.09 0.073
24 17 4887 1.022 0.669 0.541 0204 0.196 0.108 0.087 0.071

2045 Closed

Return period [1/year 10 100 EiLL 1000 000 10000 60000 180000 00000

Profile | Qutput loc
76 5 INVALID INVALID INVALID 0.7 0361 0272 0.194 0.154 014
7 ] 7.649 0.82 0.538 0.385 0.265 0.138 0.092 0.075 0.055
7 7 6.831 0.724 0.454 0.388 0257 0.134 0.086 0.069 0.054
78 8 6.061 0.648 04459 0.377 022 0.124 0.075 0.062 0.05
78 g9 64659 0.969 0.547 0.455 0273 0144 0084 0.07 0.055
79 g9 6460 0.984 0.55 0.458 0.274 0.1a4 0085 0.071 0.056
80 12 10 10 10 10 10 5.642 48993 5.078 4436
g1 12 10 7.505 6454 34822 1375 0.283 0.152 012 0.108
g2 12 10 10 10 7.238 1.132 0.278 0.149 0.119 0.103
82 13 8201 2.463 0.651 0.452 0.329 0.153 0099 0.079 0.066
83 13 5 325 1.206 0.608 0.459 0.295 0.146 0.09 0.074 0.061
83 14 5497 2.498 0.754 0.462 0.326 .16 009 0.08 0.064
24 15 10 3.605 2.755 0.76 0.409 0.184 0.105 0.083 0.067
24 16 5,413 3.768 2.256 0.614 0.398 0.198 0.111 0.09 0.073
B4 17 10 3.627 2019 0.655 0.404 0.196 0.108 0.0B7 0.071

Figure C.3: Factors of safety due to wave impact for reference year 2045 for different combinations of sod qualities, return period,
profiles and Hydra output locations as generated by BM Gras Buitentalud.
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C.3. Results erosion model
See next page.
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Figure C.4: Total overtopping- and erosion volume after a storm for different return periods per combination of profile and Hydra-

NL output location. Including effects of erosion. Current situation.
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C.3. Results erosion model
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Figure C.5: Total overtopping- and erosion volume after a storm for different return periods per combination of profile and Hydra-

NL output location. Including effects of erosion. Reference year 2045.
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C.4. Results sensitivity analysis
See next page.
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Figure C.6: Erosion volume after a storm (m3/m) per return period for different parameter modifications (ID 6)
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Figure C.7: Continued: Erosion volume after a storm (m3/m) per return period for different parameter modifications. (ID 6)
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Figure C.8: Overtopping volume after a storm (m*m) per return period for different parameter modifications (ID 6)



C. Detailed Results
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Figure C.9: Continued: Overtopping volume after a storm (m3m) per return period for different parameter modifications (ID 6)



Dike Profiles

The following pages show the dike profiles which were used in this report. They are taken from Water-
schap Noorderzijlivest (2010).
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