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Summary

Known for its low-lying, flood-prone geography and rivers that find their way to the sea, the Netherlands
has a history of flooding. The flood events of the 1990s, which resulted in large-scale evacuations, led
to a change in focus from primarily strengthening dikes to creating more space for the river to flow
and storing water to prevent repetition of these events. With changing climate conditions, rising water
levels, land subsidence and sediment supply issues, there is a need to periodically assess the safety
level of these primary flood defences. The last periodical assessment of the safety level of the dikes
using the new assessment methodology, which tests the dikes based on the probability of flooding,
identified numerous dikes that do not meet the required safety level. These insufficiently safe sections
will need to be redesigned and reinforced, providing opportunities for innovative and environmentally
friendly solutions.

Previous research has extensively investigated the ability of different types of ecosystems, such as
salt marshes, mangroves and willow forests, to attenuate incoming waves and reduce wave loading
on coastal and riverine structures. Various approaches have been used to model wave attenuation,
including field studies, laboratory experiments and numerical simulations. These studies have found
that vegetation can significantly dissipate wave energy, thereby reducing the impact on flood defences.
The difficulty with using vegetation as a protective measure is its dynamic and uncertain behaviour,
which created the need to improve the reliability of using vegetation.

While a general agreement can be observed in the literature on the beneficial effects of vegetation on
wave attenuation, the reliability of these effects on failure probabilities remains an area requiring fur-
ther investigation. This thesis investigates the potential of using riparian forests for wave attenuation
and dike design optimisation. The main objective is to investigate how wave attenuation by riparian
forests can improve dike safety and to identify the sensitive variables that most significantly affect the
probability of flooding. The key research questions in this thesis are therefore related to ’How can wave
attenuation contribute to dike design and safety assessment?’, and, ’What are the key variables that
influence the probability of flooding?’

Vegetated foreshores can reduce the wave height of incoming waves. Therefore, implementation of
vegetated foreshores in the calculation of failure probabilities of wave-related failure mechanisms, can
have a positive effect on the dike design and safety assessment. Erosion of the outer slope of a grass
dike due to wave impact and wave run-up could potentially benefit from the protection of a forest. To
test this, a model is created that combines the current used models for wave impact and run-up with the
wave energy balance including the energy dissipation term due to vegetation. The combined models
are subjected to a Monte Carlo simulation to produce the probability of failure for erosion of the outer
grass slope due the two wave load mechanisms. The model also determines the sensitivity for each
input parameter to identify the key variables of the system. The model analyses a dike section of route
10.3, a dike near the town of Kampen.

The results indicate that the presence of riparian forests can significantly reduce the impact of waves
on dikes, mainly through the effects of the frontal-surface area, which contributes for 50 % to the result
of the model, and the length of the forest, which contributes between 15% and 25%. To be effective,
the combination of forest length, frontal-surface area and stiffness must be large enough. The results
suggest that by strategically placing trees with the largest frontal-surface area at the height where the
highest probability of failure, e.g. wave loading, occurs, the probability of failure can be significantly
reduced. For the case study carried out, the results show that a forest on the foreshore is able to bring
a dike section to the required level of safety, where it is not safe in the absence of a forest.
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However, the challenges posed by the dynamic and uncertain nature of ecosystems are important
points for further research. Different models can be used to investigate the importance of variables
that were left out of the scope, or modelling different case studies and scenarios can lead to greater
support for the results of this research. Despite these challenges, this research shows that riparian
forests can be an effective complement to traditional dike strengthening measures. By reducing the re-
liance on hard revetments, these green solutions offer a more sustainable and cost-effective approach
to flood protection.

In conclusion, this thesis provides an insight into the use of riparian forests to increase the level of dike
safety. The research confirms that vegetated foreshores have the potential to be integrated into the
current flood defence framework and provide a viable solution for dike sections that do not meet safety
standards due to wave related failure mechanisms. The results support the potential of riparian forests
to optimise dike design and contribute to a more resilient and environmentally friendly flood protection
strategy in the Netherlands.
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1
Introduction

The topic of this research is the effect of riparian forests on waves, and thereby wave loads and dike
design. First a theoretical analysis is performed on the method of dike design in the Netherlands, and
which mechanisms are affected by the appearance of riparian forests in front of river dikes. Additionally,
a probabilistic model of a riparian forest on the foreshore of a dike is made to get insight in the sensitive
components of forests, waves and dikes. This chapter describes and defines the problem on which
this research is based and the objectives of this research.

1.1. Relevance of research
The Netherlands is a low-lying, flood-prone country, where rivers find their way to the sea (RWS 2022a;
Gerritsen 2005). In 1993 and 1995, extreme rainfall and high amounts of melt water caused very high
water levels in the Dutch rivers (RWS n.d. Burgers 2014). The fear of failure of the dike led to evacu-
ation of thousands of citizens in 1993. Two years later, in 1995, high water levels in the Meuse river
flooded large areas in the province of Limburg (RWS n.d.). The high water events in the Dutch rivers led
to the Law for Temporary Dike Enhancements (Burgers 2014), to help prevent repetition of the events
in the 90s. From 2000 onwards, a new method of high water protection was introduced. Instead of just
looking at dike strengthening, creating more room for the river to flow and store water formed the new
starting point for future projects (RWS n.d.).

Each location along the Dutch rivers provides different opportunities to create more room for the river
to flow, or the enhance the strength of the dike(RWS n.d.). For example, at one location dikes can be
moved in landward directions, where at other locations lowering the foreshore is more effective. Al-
though more room for the river is created, the safety level of the dikes still need to be large enough to
withstand extreme events.

Therefore, periodically assessment of the safety level of the dike trajectories are performed (de Bruin
et al. 2016). Studies such as Mapping Safety in the Netherlands (Dutch: Veiligheid Nederland in Kaart)
(Vergouwe et al. 2014), and projects as the Flood Protection Program (Dutch: Hoogwaterbescher-
mingsprogramma [HWBP]) have assessed the probability of flooding along the dikes in the Netherlands
and focused on how to decrease this probability for the dikes that do not meet the required safety stan-
dard (HWBP 2023).

Dike trajectories that do not meet the required safety standard require strengthening and need to be
redesigned, which creates opportunities for innovative and greener solutions that help reduce the prob-
ability of flooding and increase their value as green infrastructure (Schoonees et al. 2019). The assess-
ment and design of these trajectories are performed following the standards and guidelines provided
by the Assessment and Design Instrument (Dutch: Beoordelings- en Ontwerp Instrumentarium [BOI])
(IPLO 2023).

Various methods are being researched to increase the strength of the dike, e.g. new revetment types,

1



1.2. Problem definition 2

or to reduce the load on the dike, e.g. detached structures or forests in front of the original dike. Reduc-
ing loads on a dike can be a promising measure to decrease the flood probability of a dike trajectory
without the need of using expensive, eco-unfriendly reconstructions of the existing dike. The ability
of forests to attenuate incoming waves, and reduce the wave load on dikes, is a topic that has been
studied from different perspectives over the last decade. Hasselmann and Collins (1968) focused on
predicting wave attenuation by vegetation fields by increasing the soil friction coefficient. Another ap-
proach was introduced by Dalrymple et al. (1984), who modelled the vegetation as an array of cylinders
and assessed the wave force on these cylinders.

Möller et al. (2002) were one of the first researchers to investigate the effect of salt marsh vegetation
on wave dissipation using a combination of field and numerical studies. van Wesenbeeck et al. (2022)
showed that for willow forests under extreme wave conditions, the reduction of wave impact and run-up
depends on: (i) wave height and length, (ii) vegetation surface area, and (iii) movement of vegetation
branches. Kalloe et al. (2022) demonstrated the need for a more thorough quantification of vegeta-
tion parameters, such as frontal surface area, in the process of determining wave attenuation under
extreme conditions. Vuik, van Vuren, et al. (2018) focused on the method for assessing the probability
of failure of a hybrid flood defence consisting of a dike with a vegetated foreshore, and Vuik, Suh Heo,
et al. (2018) added a failure mode to vegetation by modelling stem break.

The different effects and the degree of effectiveness of, for example, salt marshes, riparian forests and
vegetated foreshore systems have been extensively studied. The results of these studies, e.g. by Vuik,
van Vuren, et al. (2018), proved that salt marsh vegetation on a foreshore does influence the incident
waves approaching a flood defence. This formed the foundation to further research the effects that
different vegetation types can have on the wave height of incident waves, and the probability of failure
as a result of wave-related failure mechanisms.

1.2. Problem definition
Previous research has provided many promising insights in the application of vegetation on the fore-
shore of flood defences to reduce the wave load, and probability of failure of the defence. Further
research into the effects on failure probabilities is necessary in order to, in the end, incorporate the
effects of vegetated foreshore into dike design and flood risk assessment standards. Therefore, a
more thorough reliability assessment and testing to engineering standards for flood probability is re-
quired (Bilkovic et al. 2017; van Wesenbeeck et al. 2014). The research carried out on the effect of
nature-inclusive coastal protections by Bilkovic et al. (2017) has led to the following problem definition:

Incorporating the protective services of riparian forests into the assessment methodology of flood
defences is difficult because the dynamic and uncertain character of ecosystems reduces the

reliability of the defence system.

The problems stated above created the foundation for the scope of this research, since the reliabil-
ity of a nature-inclusive flood defences can be improved by performing probabilistic assessments of
the probability of flooding. These assessments provide insight into the sensitive elements of a flood
defence and the statistical and physical correlation between the different strength or load parameters.
This helps to identify where and how vegetation can have the most significant impact on the design of
a hybrid flood defence and where they can be incorporated into the existing design methodology.
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Clarification of mentioned elements:

• Ecosystem-based flood defence: is a flood defence that by creation or restoration of an ecosys-
tem can provide an alternative or additional protection against floods (Temmerman et al. 2013). In
other words, ecosystem-based flood defences use the protective ecosystem services to decrease
the probability of flooding. The applicability of these defences are depending on the location of
the defence and the normative load case for that location.

• Probabilistic assessment: is the method used to assess the probability of flooding of a flood
defence system using the various failure mechanisms of the system and to identify which compo-
nents contribute most to these mechanisms.

• Statistical correlation: describes the correlation between model variables and data sets. This
type of correlation may be the result of similar underlying principles or common use of the vari-
ables (Atmanspacher et al. 2019).

• Physical correlation: describes the interaction of different physical components that influence
each other’s behaviour (Oestges et al. 2001). An example of this phenomenon may be that a
reduction in crest height due to subsidence may result in more overtopping discharge, or more
related to this research, wave heights that exceed the occurring water depths.

1.3. Research questions and approach
The scope of this research is to to test the potential of using riparian forests to reduce wave load and
optimize dike design. This is done by performing a literature study the dike design and assessment
process in the Netherlands, to show how the effect of vegetation fits into the process, and how to model
the wave load taking vegetation into account.

Combining the literature on dike design/assessment with the literature on wave dampening by vegeta-
tion, a model is created and validated to model erosion of the outer slope due to the incoming waves,
comparing the situation with and without a forest. The model is used to perform a probabilistic analysis
to investigate the effects that a willow forest can have on the wave load on the dike slope, and the
probability of failure due to wave related failure mechanisms. The probabilistic analysis consists of the
assessment of the erosion of the outer grass slope of a river dike in the Netherlands. The modelled
forest in front of the dike consist of willow trees due to their relative high occurrence in the Netherlands,
and the large amount of knowledge of there behaviour during (extreme) wave load events (van Wesen-
beeck et al. 2022).

A more clear overview of each approach with their according research questions are defined below:

1. Perform a literature study to the current design methodology, the design/implementation require-
ments for vegetated foreshores and the methodologies for probabilistic risk assessment.

(a) What is the current methodology for designing dikes in the Netherlands?
(b) How is the probability of flooding for a dike modeled?
(c) How does vegetation attenuate wave load on a dike?
(d) How can wave attenuation due to vegetation be incorporated in the design/assessment stan-

dards?

2. Develop a model to model the probability of failure of a hybrid river dike under wave loading.
3. Perform a probabilistic analysis for a river dike with a vegetated foreshore

(a) What are the distributions for the model variables?
(b) What are the sensitive variables, that have the greatest impact on the probability of flooding?
(c) How is the probability of failure of the dike influenced by the presence of a forest?
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1.4. Report outline

Chapter 2 Literature study This chapter introduces the following subjects for understanding the performed
research: dike design/assessment methods used in the Netherlands, assess-
ment of the grass revetment due to wave impact and wave run-up, the theory
behind wave attenuation, and the theory used to perform a probabilistic analy-
sis.

Chapter 3 Methodology This chapter describes the designed model by means of the framework as pre-
sented in figure 3.1. Secondly, the model input used in this case is presented,
and finally the case location for the assessment is described.

Chapter 4 Model validation This chapter compares the results of the model with the current-used software
for grass revetment erosion to validate the model. Furthermore, the wave en-
ergy dissipation model is validated using the results from the large-scale flume
tests performed on willow trees.

Chapter 5 Results This chapter provides the results for simulation that is performed in this re-
search. This is divided into the analysis of the probability of failure due to
erosion of the grass revetment, and the sensitivity analysis of the input param-
eters.

Chapter 6 Discussion This chapter discusses the meaning and significance of the results presented
in the chapter 5. Followed by a discussion of how vegetated foreshores can
be implemented in safety assessments and dike design.

Chapter 7 Conclusion In the conclusion, the main research questions are answered to come to a
conclusion on the main objective of this research.

Chapter 8 Recommendations The conclusion is followed by the recommendations for further research related
to the scope of this research, and implementation of vegetated foreshores in
the safety assessment.



2
Literature study

The Netherlands continues to enhance its methodology for designing dikes to remain protected against
rising sea levels and increased flood risks. This literature study studies the current methodology for
dike design in the Netherlands, focusing on the key design parameters, the role that vegetation can
fulfil within that methodology, and the theory of probabilistic modelling of flood risks. Research towards
these aspects results in a comprehensive understanding of how innovative solutions to flood probability
using natural elements can improve the safety of flood protections bordering the Dutch rivers.

2.1. Dike design/assessment methods
Designing a dike is not a straightforward method. There are many iterative steps, and a lot of different
stakeholders involved in the process. The primary function of a dike is on the other hand rather clear:
prevent the hinterland from flooding. In this section, the history behind the creation of the Dutch dike
system is introduced first. Secondly, the different dike components of a standard dike cross-section are
introduced and the failure mechanisms related to a standard dike are addressed. Finally, the current-
used design method for flood defences in the Netherlands, and how it is formed to be as it is today, is
described.

2.1.1. History
The Netherlands has been in a battle with water for as far as history goes back. The behaviour of
rivers and sea have always been of large influence on the formation of the land, but also on the society
(Tockner et al. 2002). Through the years, the appearance of flood defences and the way of they are
designed changed a lot, and to be resilient against future threats, it will keep on changing and improving
in the future.

Around 500 BCE, the Northern parts of the Netherlands started to create artificial dwelling mounds and
small soil bodies around farmland. Early in the 12th century, these individual soil bodies were slowly
connected to each other, which created the first dike rings in the Netherlands (van Baars 2009). Most
were too steep, too low, contained too much peat or had insufficient slope protection (van Baars 2009).
The size of these relative small dike rings increased through time, and eventually outgrew the man-
agement capabilities of the villages, which resulted in the establishment of the first waterboards in the
Netherlands (Arnold et al. 2009).

A step forward in time to 1900, studies were performed on the closing of the Southern Sea (Dutch:
Zuiderzee) with as main goal the effects on land reclamation, flood protection and shortening of the
coastline. In 1916 the Southern Sea flood changed the perspective on the effects on flood protection
found in the studies, and in 1918 the decision to close the Southern Sea and reclaim certain areas was
made. This resulted the Southern Sea defence (Dutch: Zuiderzeewerken) with the Afsluitdijk (English:
Closing barrier) as the best-known structure.

5



2.1. Dike design/assessment methods 6

Not only the coastal areas of the Netherlands are prone to flooding, also the flood safety of the river
areas is of major importance. Rivers tend to change path regularly, which can still be observed in the
soil structure around the current river paths (van Baars 2009). From history, the waterboards tried to
manage water towards the river by placing dikes perpendicular to the flow path of smaller streams.
Through time, these dikes connected and created larger defence structures that are still maintained
and improved today (HWBP 2023). A good example of managing the behaviour of the river is the
Pannerdensch Canal, which had the original purpose of transporting more water from the Upper-Rhine
to the Lower-Rhine and IJssel river. Initially, more water was going into the canal, resulting in dike
breaches along the Lower-Rhine. To cope with this, another canal (the Bijlands Canal), an extra IJssel
estuary and the Pannerdensche Kop (a bifurcation splitting the Upper-Rhine into the Waal river and the
Pannerdensch canal) were created. These measures created a more stable distribution of water over
the Waal and Pannerdensch canal.

Two of the most well-known coastal floods in the Netherlands are the Saint-Elizabeths flood from 1421,
which was the result of dike breaches and floods in South-Holland and Zeeland, and the North Sea flood
from 1953, which was the result of a storm surge hitting the coastline of Zeeland (Gerritsen 2005).
The 1953 flood resulted in the establishment of the Delta Committee and Delta Program. The commit-
tees, and program, primary tasks was to prevent similar flood events to happen in the future (HWBP
2023). Based on the advise of this committee the Delta defence (Dutch: Deltawerken) were con-
structed, consisting of multiple dams and flood barriers, from which the Eastern Scheldt barrier (Dutch:
Oosterscheldekering) is one of the most well-known barriers (HWBP 2023).

During the 90s, due to extreme rainfall and run-off due to melt water, high water levels occurred in the
Dutch river areas (RWS n.d. Burgers 2014). In 1993, it did not come to a flood event, but the fear of
flooding of the neighbouring areas led to evacuation of 12,000 citizens (RWS n.d.). Two years later,
a similar high water event resulted in flooding of large areas of the province of Gelderland. Close to
250,000 citizens and 1 million animals needed to be evacuated.

To help prevent against repetition of these high water flood events, the government implemented the
Law or Temporary Dike Enhancements (Burgers 2014). Following this low, from the 00s onwards, a
new point of view towards high water protection was formed. The focus shifted from reinforcing the
river dikes, to also create more room for the river to flow and store its excess water (RWS n.d.).

Figure 2.1: The village of Itteren (Limburg) during the 1995 flood event (Eyck 1995)

2.1.2. Dike components
Flood defences are long, interconnected systems with multiple trajectories that can fail due to differ-
ent failure mechanisms. The term flood defence is a broad concept including all types of structures
designed to retain water and prevent against flood events. The primary flood defence systems, in the
Netherlands referred to as dike rings, are flood prone areas under protection of flood defences or higher
grounds. Dike rings are divided into smaller parts, called dike trajectories, defined as a collection of
smaller dike sections for which failure of a section results in a similar type of flooding/amount of ca-
sualties. These dike sections are parts of a trajectory with more or less uniform characteristics (e.g.
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geometry, orientation, hydraulic load, etc.). For the assessment of a dike, a 2D representation of the
uniformity of a dike section is used, referred to as cross-sections (Jonkman, Jorissen, et al. 2021). An
overview of the individual components of a dike ring is presented in figure 2.2.

Figure 2.2: Clarification dike ring components (van der Krogt 2022)

Every type of flood defence has different applications and consists of many components, and each
component has different properties adding different strengths (or weaknesses) to a flood defence. In
this study, the focus lies specifically on the design of river dikes. To assess the level of safety, or in
other words, probability of flooding, it is important to define the different components in advance.

A dike is a flood defence and should therefore be conform the safety norm against flooding in order
to withstand extreme hydraulic loads that could lead to severe flood events. Sufficient stability and
impermeability are necessities for a dike in order to reach the safety norm. Hydraulic loads can be
high water levels, wave attack (wave impact, wave run-up and overtopping) (Jonkman, Jorissen, et al.
2021).
In general, the outer parts of a dike (dike cover) consist of a revetment from hard (concrete/rock) or soft
(grass/bush) revetment components, to protect the dike core from wave load. Since the focus of this
study is erosion of the outer slope, the type of revetment on the outer dike slope is of great importance.
To test the potential of a riparian forest, it is desired to test the effect on soft revetments first, in order to
prevent the use of harder revetments. Reducing the amount of load can influence the choice between
the harder and soft revetments, affecting the costs of the defence (van Zelst et al. 2021).
The inner parts of the dike can also be protected with a revetment to protect against instability, piping
and overtopping (Jonkman, Jorissen, et al. 2021).

Outer side

Dike cover
Crest

Dike core

Inner slope

Inner side 

Dike base

Transitional berm 
Transitional slope 

Berm / dike ditch 

Hinterland 

Inner berm Outer berm Fore bank  

Foreland 

Figure 2.3: General dike anatomy with the most important components (based on (Jonkman, Jorissen, et al. 2021))

The core and base of the dike properties are related to the type of soil present. There is no soil type that
possesses all the properties needed for a solid dike (Jonkman, Jorissen, et al. 2021). For stability, sand
and gravel are the most suitable soil type, but the downside is their high permeability. Peat and clay on
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the other hand possess a low permeability, but are unstable, and for peat the possibility of shrinkage is a
danger when it gets dry (van Baars 2004). This makes them less suited for dike structures. Accordingly,
the best solution is to use the strengths and weaknesses of different soil types, to strengthen each other
(Jonkman, Jorissen, et al. 2021). This type of enforcing can be compared to reinforced concrete, where
both materials have opposing characteristics, but together result in a stronger material.

2.1.3. Failure mechanisms
Dikes and other flood defences all serve the same purpose, but are all implemented in different environ-
ments. This results in different load and resistance combinations for each structure. The differences
in load and resistance results in a variety of failure mechanisms that can occur (Jonkman, Jorissen,
et al. 2021). Most of the failure mechanisms are related to hydraulic loads (water level or wave attack),
but soil-related instabilities may also occur. Knowing which failure mechanism is induced by which
load or related to certain strengths or weaknesses of dike components is important information for the
assessment the probability of flooding.In figure 2.4 the most encountered failure mechanisms for dikes
are displayed based on Jonkman, Jorissen, et al. (2021).

Figure 2.4: Overview of the most encountered failure mechanisms (Jonkman, Jorissen, et al. 2021)

The schematic overview in figure 2.4 illustrates how each failure mechanism behaves, and some more
extensive information is given on each mechanism below.

A. Overflow: occurs when the still water level exceeds the crest level of the defence.
B. Overtopping: occurs when the water level is below the crest level, but the wave run-up rolls over

the defence.
C. Sliding (inner slope): the soil of the inner slope becomes saturated, pore pressure increases,

effective stress reduces and unstable sliding planes can occur.
D. Shearing: is a similar mechanism to sliding of the inner slope, but the sliding plane occurs along

the base of the dike.
E. Sliding (outer slope): this can occur when the water level drops relatively quick, which leaves

the pore pressure high and effective stress low. The same sliding planes as sliding of the inner
slope now occur on the outside.

F. Micro-instability: is a mechanism that can occur when the phreatic surface in the body of the
dike rises and seepage water reaches the inner slope of the dike.

G. Piping: also called internal erosion, is the mechanism where seepage paths flow under/through
the dike body towards the water. This can result in collapse or sliding of the structure.
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H. Erosion (outer slope): is a mechanism that may occur over time, when the revetment of the
structure is eroded away and the loads slowly weaken the structure.

I. Erosion (first bank): when the water erodes the foreshore a structure, the slopes can become
to steep, making the structure unstable.

J. Settlement: some areas can be prone to subsidence and consolidation. When the structure
settles to much, the crest level can become too low and overflow and overtopping may occur to
often.

K. Drift ice: excessive amounts of ice can block rivers and streams, leading to an increase of the
water level, which leads to overflowing and overtopping.

L. Collision: a ship colliding with a dike is a possibility, but in most assessments and designs left
outside the scope, since it is more relevant for locks and sluices. (Jonkman, Jorissen, et al. 2021)

Each of the described failure mechanisms contributes for a part to the probability of flooding of a struc-
ture. Therefore, the probability of flooding is distributed over the failure mechanisms using the probabil-
ity factor ω (Jongejan, Diermanse, et al. 2020). For dike trajectories in the Netherlands, the distribution
of failure probability factor ω is as presented in table 2.1.

Table 2.1: Distribution of failure probability factor ω (RWS 2017)

Flood defence Failure mechanism ω

Dike Overflowing and Overtopping 0.24
Piping and Micro-instability 0.24
Macro-stability inner slope 0.04
Erosion and Damage revetment 0.10

Structure Closure fail 0.04
Piping 0.02
Construction fail 0.02
Other 0.30

Total 1.00

Since the study is focused on testing the potential of vegetation to attenuate wave load and how it can
optimize dike design, the failure mechanisms due to wave load on the outer slope: (i) wave impact and
(ii) wave run-up are analysed further in this study.
Erosion of the outer slope is part of the probability factor for damage and erosion to the revetment. For
grass revetments, the 0.10 from table 2.1 is distributed even further into 0.012 for failure of asphalt
revetments, 0.045 for erosion of the grass revetment, 0.005 for sliding of the grass revetment, and 0.03
for instability of rock placements (de Bruin et al. 2016).

The components of flood defence structures and dike cross-sections and the failure mechanisms that
results in failure of these structures are important in their assessment and design. The methods for
assessment and design are described in the following section 2.1.4.

2.1.4. Safety standard
The method of design and assessment of a dike or other flood defence structure is a process that is
constantly evolving. This is because the load and strength conditions for which a design is made, or
on which it is based, are also constantly evolving. These changing conditions lead to outdated and
obsolete methods, and are therefore required to be updated from time to time. In this section the
previous-used assessment methods for flood defence structures in the Netherlands are explained.

The 1953 North Sea flood changed the perspective on flood safety. Before the flood, safety for struc-
tures relied on intuition or experience, setting dike crest levels based on the highest observed water
levels plus a margin (Jonkman, Voortman, et al. 2018). After the flood, the Delta Committee proposed
a uniform safety standard, aiming for a 1/125,000 annual risk in Central Holland, considering the poten-
tial losses of capital, lives, and societal breakdown (Jonkman 2007). This led to a shift in safety norm
towards exceedance frequencies depending on each region’s economic risk and flood consequences
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(TAW 2000). This was incorporated in the 2006 Hydraulic Boundary Conditions, the predecessor of
the current method.
The current used method emphasizes the probability of flooding due to various failure mechanisms
rather than just water level exceedance (Jonkman, Voortman, et al. 2018). The current method, the
2017 Statutory Assessment Instrument (WBI2017), incorporates statistical uncertainties in hydraulic
load predictions within probabilistic models, acknowledging the inherent uncertainties in extreme event
forecasting (de Waal 2018).
The shift in flood safety standards from exceedance probabilities directly connected to risk towards im-
plementing the maximum allowable probability of flooding between them creates a clearer connection
between exceedance probabilities of load conditions and acceptable (societal) risk, as shown in Figure
2.5 (Jongejan and Calle 2013).

Figure 2.5: From acceptable risk to probabilities of flooding and probabilities of exceedance (Jongejan and Calle 2013)

So, currently the safety standards are expressed in terms of probability of flooding. The new safety
standards are a result of a nationwide flood risk assessment in the Netherlands. In this risk assessment
three criteria were assessed (Jonkman, Voortman, et al. 2018).

1. Individual Risk: areas with an individual risk above 10−5 per annum are considered insufficient
safe, and higher safety standards were assigned in these areas (Jonkman, Voortman, et al. 2018).
Individual risk is the annual probability of being killed by a flood at a certain location (Jonkman,
Voortman, et al. 2018)

2. Societal Risk: research was done to find the areas with the highest contribution to national
societal risk. For these areas a higher safety standard was proposed (Jonkman, Voortman, et al.
2018). Societal risk is generally expressed as the exceedance probability of an event that results
in a certain number of fatalities (Jonkman, Voortman, et al. 2018).

3. Economic Risk: for every flood defence, an optimal level of protection was determined (Eij-
genraam 2006), taking costs and decreasing risk into account. The economic risk is generally
expressed as the likelihood of economic damages (Jonkman, Voortman, et al. 2018).

The assessment of the risks by Vergouwe et al. (2014) based on flood hazard analysis, reliability anal-
ysis of flood defence systems, breaching analysis, damage and loss of life estimations, and risk quan-
tification created the foundation to the new safety standard (Jonkman, Voortman, et al. 2018).
The safety standard is used for two main purposes, and described in the Assessment- and Design
Instrument [BOI], which is based on theory from the previous used instruments, and are further devel-
oped to meet the current requirements to assess and design with regards to the probability of flooding
(BOI 2019).

i Statutory Assessment Instrument (WBI2017): Assessment of the probability of flooding of a
dike trajectory (de Waal 2018).
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ii Design Instrument (OI2014): Designing a new dike section that meets the required safety level
(RWS 2017).

The WBI is used to assess the safety of an existing flood defence by providing a procedure for deter-
mining the loads for different failure mechanisms and calculation regulations (de Waal 2018). The OI is
used to design new flood defences or redesign defences that fail to meet the required safety standard
by providing procedures to design dike elements for specific probabilities of failure per failure mecha-
nism (RWS 2017).
The methods can either be used separately to assess or design a flood defence, but they can also be
used in serie when the assessment shows that a flood defence does not meet the required safety level.
This connection between the instruments is visualised in figure 2.6 by the dashed line.
In figure 2.6 the process diagram shows for each instrument what information is needed as input, what
steps are taken and what the result of the process is.
Step A and B in the OI block are mentioned separately, because not every mechanism is designed ac-
cording to the OI’s new standard regarding probabilities of flooding. There are still some mechanisms
of flood defences that need to be designed using the old guidelines, and are therefore represented by
B in the figure (RWS et al. 2016).

Figure 2.6: Process overview of WBI (based on (de Waal 2018)) and OI (based on (Kok et al. 2016; RWS et al. 2016; RWS
2017))

2.1.5. Probability of Flooding
The assessment or design of a flood defence, as a river dike, is all connected to the safety standard
for the particular dike trajectory. This safety standard is referred to as a lower threshold (figure 2.7)
of probability of flooding (D) that a dike trajectory may reach. Therefore, each dike trajectory is also
assigned a signal value (B), from which preparations to reinforcement of the dike section need to start
as soon as possible. Point (A) is a point where a decline in probability of flooding is noticed, but no
measures need to be taken right away. The decline in safety is due to the increase of load, which is
related to climate change (Kok et al. 2016), but also due to a decrease in strength of the structure,
because of ageing. Point (C) is the point where the work on dike reinforcement commences, and point
(E) is the new probability of flooding immediately after reinforcement (Kok et al. 2016). Points A-D can
be linked to the assessment of dike trajectories by WBI in figure 2.6, and point E can be seen as the
design standard for which a dike is designed by OI in the same figure.
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Figure 2.7: Visualisation of the probability of flooding (based on Kok et al. (2016))

For the assessment of a trajectory, the most efficient way is to dismantle the maximum probability of
flooding into requirements for smaller independent elements, such as the different failure mechanisms
and dike sections/cross-sections (van der Krogt 2022). Dismantling the probability of flooding is done
by distributing the probability using the failure probability factor ω and the length-effect parameter N .

Preq,section =
Pmax · ω

N
(2.1)

Where Preq,cs is the probability of failure per failure mechanism per cross-section (per year), Pmax is
the maximum allowed probability of flooding for a dike trajectory, (bottom line per year), ω is the failure
probability factor, and N is the length-effect factor.
The probability factor ω, the distribution of probability of flooding, is already described in section 2.1.2.
The length-effect parameter N is the other component that is used in the distribution of the probability
of flooding and accounts for the weaker spots in a dike trajectory. The longer a trajectory becomes, the
more sections it contains, which increases the probability that the trajectory contains a weaker section.
The probability of flooding for a long dike trajectory is therefore higher than for a small dike trajectory,
this is the definition of the length effect (Kok et al. 2016). The importance of the length effect is based
on the spatially correlated loading conditions (Jongejan, Diermanse, et al. 2020), so for erosion-related
failure the length effect is relative low with respect to geotechnical-related failure, because the loading
conditions for erosion are less spatially correlated (Jongejan, Diermanse, et al. 2020). In other words,
erosion related failure is a result of a more weakly spatial correlated load (waves) than, e.g., piping
which is strongly spatial correlated due to the variability in soil properties (Jongejan, Diermanse, et al.
2020). The described method results in a distribution of the maximum allowed probability of flooding
down to the failure probability per failure mechanism on cross-section level, which is visualised in figure
2.8.

Figure 2.8: Generic fault tree for dikes in the Netherlands (Kok et al. 2016)
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To categorize the safety of a dike section the WBI different categories of safety are described by de
Waal (2018). These categories are found back in the nationwide flood risk assessment performed by
Vergouwe et al. (2014), and are shown in table 2.2. These safety categories are also shown in figure
2.7, to indicate how the safety categories correspond to the signal value and the lower threshold.

Table 2.2: Category boundaries for the safety assessment on dike section level (de Waal 2018)

Category Description Lower boundary Upper boundary
I Meets signal value by a margin 0 ≤ Preq,section ≤ 1/30 ∗ ω∗ signal value
II Meets signal value 1/30 ∗ ω∗ signal value ≤ Preq,section ≤ ω∗ signal value
III Meets lower threshold, but not the signal value ω∗ signal value ≤ Preq,section ≤ ω∗ lower threshold
IV Does not meet signal value and lower threshold ω∗ lower threshold ≤ Preq,section ≤ lower threshold
V Does not meet signal value and lower threshold by a margin lower threshold ≤ Preq,section ≤ 30∗ lower threshold

To assess the probability of failure of grass revetments, the WBI includes an assessment method called
the Grass Erosion Outer Slope (GEBU) that provides guidelines for modelling loading conditions on
grass revetments. Two different loading conditions of particular interests for this research are loading
due to wave impact (de Waal and Hoven 2015a) and wave run-up (de Waal and Hoven 2015b).
The modelling of wave impact and wave run-up as described in the GEBU, includes different equations
and input parameters. To create more insight in these processes, they are explained in detail in the
following section (section 2.2.1).
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2.2. Assessment of grass revetments
The assessment of a dike regarding the erosion of the outer slope requires the calculation of the amount
of load on, and the strength of the revetment. This is done following the guidelines from the GEBU
as described by the WBI (de Bruin et al. 2016). In this section the assessment of erosion of grass
revetments due to wave impact and wave run-up are described in detail.
The design of a dike against wave-related failure depends on three wave-structure interaction pro-
cesses: wave impact, wave run-up/run-down and wave overtopping.
Figure 2.9 shows the transformation of (1) incident waves approaching the dike towards the processes
where they can induce damage and eventually failure. The first interaction of a wave with the structure
is when it breaks on the slope of the dike and results in (2) impact on the dike slope. After the breaking
of incident waves and impact on the slope, the waves (3) run up the slope and either reach a certain
run-up height and run back down the slope, or the wave reaches the crest height of the dike and (4)
flow over the top of the dike. When overtopping occurs, the water starts to (5) run down the landward
slope of the dike.
For these different wave-structure interactions, the WBI describes different levels of assessment. For
this research, the considered processes for erosion of the outer slope of the dike are wave impact and
wave run-up, explained in detail in section 2.2.1.

Figure 2.9: The main wave-structure interactions on a dike (van der Meer et al. 2018; Schüttrumpf 2001)

The WBI describes three steps of assessment, in increasing order of detail in calculation:

• Elementary assessment: contains a simple assessment of three key characteristics: (i) wave
height, (ii) grass quality, and (iii) type of soil in dike core (deWaal 2018). If these characteristics do
not fulfil, e.g., the wave height is already too large, the WBI moves on to the detailed assessment.

• Detailed assessment: takes prescribed calculations that need to be performed and contains
defined standards that conclude whether the assessed location is sufficiently safe or not (de
Waal 2018). The equations and theory from the detailed assessment are used in this study to
perform the main objective of this research.

• Customized assessment: when the detailed assessment concludes that the location does not
meet the required safety standards, a customized assessment can be carried out to perform
additional calculations to investigate in more detail if the revetment does meet requirements (de
Waal 2018).

2.2.1. Wave impact
The first interaction between incident waves and the dike is wave breaking, the result is a significant
pressure on the dike slope which can lead to damage of the dike revetment. The magnitude of the
damage depends on the force that waves are able to exert on the slope, and the strength of the revet-
ment (e.g. which material covers the dike slope). For this research. the wave impact on grass slopes
is the most relevant, and is explained in detail in this section.
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For wave impact, the assessment is based on the resistance-duration curve shown in figure 2.10. This
curve shows the relation between the significant wave height Hm0 and the durationtime that the grass
revetment can withstand that wave load. When the duration exceeds this value, damage to the revet-
ment layers start to occur. Erosion of grass revetments due to wave impact is described by de Waal
and Hoven (2015a), and adjusted with additional parameters by Vuik (2019). The calculation method
described by de Waal and Hoven (2015a) is used in the assessment software BM Grass Revetment
(BM Gras Buitentalud) (Deltares 2019) which is created for the WBI.

Figure 2.10: Resistance-duration curve (based on de Bruin et al. (2016))

The load and resistance for the process of wave impact is described in time, so accordingly the loading
time and resistance time. The resistance duration described by de Waal and Hoven (2015a) is split
in the time needed to erode the top layer (grass revetment layer) and the time needed to erode the
sub layer (the layer between the top layer and the core layer). A cross-sectional view of the described
layers is shown in figure 2.11.

Figure 2.11: Structure and division of a grass cover (Muijs 1999)

The resistance time for the top ttop and sub layer tsub are defined by de Waal and Hoven (2015a) in
equation 2.2 and 2.3. The resistance time of the top layer depends on the empirical parameters ca, cb,
cc, and the significant wave height Hm0, expressed in the following equation by Vuik (2019):

ttop = fα
1

cb
ln

[
max((Hm0 − cc); 0)

ca

]
(2.2)

The duration time of the sub layer depends on the thickness of the top and sub layer combined dtot,



2.2. Assessment of grass revetments 16

sand fraction fsand through constant cd (cd = 1.1 + 8 ∗max((fsand − 0.7); 0)), and the significant wave
height Hm0, expressed in the equation by Vuik (2019):

tsub = fα

[
max((dtot − 0.2); 0)

cd(
1
3 )

1.5max((Hm0 − 0.5); 0)

]
(2.3)

A linear correction factor for slope angles between 1:3 and 1:6 is defined by Kruse (2010), to account for
differences in erosion duration for different slopes. The equation is expressed as follows, and depends
on the ratio rα between 1:6 and 1:3 slopes, and is on average 1.51.

fα =
(rα−1)

3

tan(α)
+ 2− rα (2.4)

2.2.2. Wave run-up
After breaking of the incident waves, all the impact on the dike slope is exerted, and the wave front runs
over the dike slope. The wave front runs up the slope until a certain run-up height Ru, after which it
starts to runs down the slope as well. If the run-up height exceeds the crest height, overtopping occurs
and water flows down in the crest and inner slope, which lies out of the scope of this research. Erosion
due to wave run-up is only assessed above the wave impact zone. This is done because it is assumed
that the load due to wave impact is governing over the load due to wave run-up (de Bruin et al. 2016).

Erosion due to wave run-up is assessed by comparing the critical overload Dcrit with the cumulative
overload Dload,z. The critical cumulative overload represents the strength of the grass revetment, and
depends on the level of damage/failure. de Waal and Hoven (2015b) stated two different values for
damage and failure of the grass revetment.

Dcrit,damage = 4000 m2/s2

Dcrit,failure = 7000 m2/s2

The cumulative overload Dload,z, as presented by de Waal and Hoven (2015b) for a stationary storm
event (constant still water level zswl) is calculated using the following equation:

Dload,z =

N∑
i=1

max
[
(αmU2

i,z − αsU
2
crit); 0

]
) (2.5)

As shown in equation 2.5, the front velocity Ui,z of the wave run-up for a single wave i on the evaluation
level z is compared to the critical velocity Ucrit. The front- and critical velocity are accompanied by two
factors, αm is a correction factor for increased load, and αs a correction factor for decreased strength,
at transitions and objects (e.g. stairs, roads, asphalt tot grass, etc.). When no objects are present,
both α-factors equal 1. Overload occurs when the front velocity Ui,z exceeds the critical velocity Ucrit,
and adding every occurrence of overload results in the cumulative overload Dload,z. The critical front
velocity Ucrit describes the grass quality and takes lower values for weaker grass revetments (de Waal
and Hoven 2015b), which is 6.60 m/s for stronger grass revetments, and 4.30 m/s for weaker grass
revetments.
In this formulation, the number of waves N during a time interval can be calculated by dividing the load
duration∆T of a stationary event (constant still water level) by the mean wave period Tm, as presented
in equation 2.6

N =
3600∆T

Tm
(2.6)

To calculate the front velocity of a single wave Ui,z, equation 2.7 shows that it depends on the maximum
front velocity Ui,max along the slope of wave run-up i at a certain evaluation level above the still water
level (z = zeval− zswl, and the run-up level Rui of run-up event i with respect to the water level (shown
in equation 2.9. The maximum front velocity depends on the constant cu (by default 1.10) defined by
de Waal and Hoven (2015b), and the run-up level Rui of run-up event i with respect to the water level.

Ui,z = Ui,max ·max

(
0;min

(
1;

Rui − z

0.25Rui

))
(2.7)
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Where the maximum front velocity Ui,max is defined as:

Ui,max = cu
√
gRui (2.8)

The run-up levelRui of run-up event iwith respect to the water level takes a couple of steps to calculate
and are described in detail in de Waal and Hoven (2015b) and results in equation 2.9. Equation 2.9
takes as input the 2% run-up level Ru2%, the run-up level that is exceeded by 2% of incident waves
and the number of waves N .

Rui = Ru2%

√√√√ ln
(
1− i

N+1

)
ln(0.02)

(2.9)

With the 2% run-up level Ru2% described in van der Meer et al. (2018) by equation 2.10 and 2.11:

Ru2%

H
= a · γb · γf · γβ · ξ (2.10)

With a maximum of:
Ru2%

H
= b · γf · γβ

(
4− 1.5√

γb · ξ

)
(2.11)

The 2% run-up level Ru2% depends on: a and b, which are stochastic normal-distributed variables, γb,
γf and γβ , which are influence factors for the: influence of a berm, influence of roughness elements, and
oblique wave attack, respectively. The equations or values of the influence factors are retrieved from
van der Meer et al. (2018). The Iribarren number ξ, as presented in equation 2.12, is an important factor
in describing the behaviour of waves on a slope. It is also called the breaker parameter or surf similarity
parameter. It plays an important role in describing the interaction of waves approaching a structure.
This behaviour is primarily influenced by the slope steepness and deep water wave steepness, which
connects the structural parameter to the hydraulic parameter (Battjes 1974), see equation 2.12.

ξ =
tanα√

H
L0

(2.12)

With the deep water wave length L0:

L0 =
gT 2

2π
(2.13)

Where:

α Slope angle [◦].
H Wave height [m].
g Gravitational acceleration [m/s2].
T Significant wave period [s].
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2.3. Wave attenuation
To protect against erosion of the outer slope, two types of measures can be applied (i) the revetment
can be protected against the wave load, or (ii) the wave load can be reduced. Different types of pro-
tection can be implemented in a design, e.g., harder revetment types as asphalt or rock placement.
Studies have shown that vegetation in front of dikes can be a good way to design an eco-friendly and
cost-effective dikes. Vegetation on the foreshore can significantly reduce wave energy during storm
conditions, resulting in lower wave heights (Vuik, van Vuren, et al. 2018). Vegetation has different pa-
rameters that results in wave energy dissipation or enhance the general wave attenuation mechanisms,
which are important for building a wave attenuation model.
Many studies predicted wave attenuation by vegetation, each using a different approach. Predicting
the amount of attenuation by using an increase of the bottom friction coefficient was introduced by Has-
selmann and Collins (1968) and elaborated on by Quartel et al. (2007). Dalrymple et al. (1984) and
Kobayashi et al. (1993) modelled vegetation, by representing the vegetation as an array of cylinders,
and assessed the wave forcing on those cylinders. Simulating the effects using cylinders, has more
resemblance to the geometry of vegetation, which is now the preferred method of modelling wave at-
tenuation by vegetation.

The study by Dalrymple et al. (1984) focused on vegetation on a flat bottom, subjected to regular
incident waves. His study found an analytical solution for the wave height evolution through a vegetation
field. The findings from Dalrymple et al. (1984) were extended by Mendez et al. (2004), that studied the
wave height evolution through a vegetation field with sloping bottom and irregular waves. The study by
Mendez et al. (2004) resulted in the following equation for wave energy dissipation due to vegetation:

⟨εv⟩ =
1

2
√
π
ρC̃dbvNv

(
kg

2σ

)3 sinh3 kαh+ 3 sinh kαh
3k cosh3 kh

H3
rms (2.14)

Where:

ρ Fluid density [kg/m3].
C̃D Bulk drag coefficient [−].
bv Cylinder (plant) diameter [m].
Nv Number of cylinders (plants) per unit area [1/m2].
k Wave number [1/m].
g Gravitational acceleration [m/s2].
α Stem height to water depth ratio [−].
h Water depth [m].
Hrms Root mean square wave height [m].

The formula created by Mendez et al. (2004) did not take into account differences in the vegetation
parameters over the height, so more or less straight cylinders with a diameter bv and a bulk drag co-
efficient C̃D. Looking at the geometry of a willow tree, modelling the tree as a cylinder with the same
properties over the height, will give inadequate results. Willows have different properties distributed
over the height of the tree, which needed more research to improve the existing formulae and models
by Mendez et al. (2004). Suzuki (2011) performed one of the first studies towards layered vegetation
types to add vertical layers to the energy dissipation term for vegetation by Mendez et al. (2004) (equa-
tion 2.14.

Research into the effects of a willow forest, and thereby the different properties of a willow tree, has
been conducted in the Delta flume of Deltares (van Wesenbeeck et al. 2022). The flume has a length
of 300 m, a width of 5 m and a depth of 9.5 m. The wave board in the flume is capable of producing a
wave field with a significant wave height up to 2.0 m. The flume created the perfect facility to perform
large-scale physical model tests of a willow forest (van Wesenbeeck et al. 2022). The experimental set-
up used in the Delta flume is shown in figure 2.12. A dike with a horizontal foreshore was constructed
out of concrete and extended with plywood. The dike section consists of two parts: the lower part with
a slope of 1:3.6 and the upper part with a slope of 1:3. The dike had a crest height of +11.75m above
the bottom of the flume. The toe of the dike had an elevation of +2.33 m above the flume bottom. The
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foreshore was situated +2.33 m from the bottom and contained a 40 m long willow forest. The top of
the foreshore was covered with a concrete layer to prevent the willows from rooting up due to the wave
load (Çete 2019).
The results of the large-scale physical model test in the Delta flume were used to obtain more insight in
the influence of vegetation on incoming waves, and improve the numerical equations and models that
were used before.

Figure 2.12: Schematization of the set-up of the dike and forest in the Delta flume (Çete 2019)

The results of the physical test facilitated modifications for the existing formula, Kalloe et al. (2022)
modified the formula of Mendez et al. (2004) and Suzuki (2011) to take into account different vegetation
properties per vertical vegetation layer, resulting in the following formulation of the dissipation due to
vegetation term of the wave energy balance (Equation 2.16).

⟨εv⟩ =
∑
i=1:I

1

2
√
π
ρC̃d

(
gkp
2σ

)3

Av,i
(sinh3 kpαih− sinh3 kpαi−1h) + 3 (sinh kpαih− sinh kpαi−1h)

3kp cosh3 kph
H3

rms

(2.15)
Where:

kp Wave number [1/m].
C̃D Bulk drag coefficient [−].
Av,i Total front width of vegetation per horizontal area perpendicular to the waves for layer i [m].
αi Ratio between the depth at the top of layer i and the total water depth h [].
h Water depth [m].
Hrms Root mean square wave height [m].

To conclude, numerous studies have already been conducted on the wave attenuating properties of
willow forests (e.g. (Dalrymple et al. 1984), (Mendez et al. 2004), (van Wesenbeeck et al. 2022) and
(Kalloe et al. 2022)). These studies created various equations to quantify the amount of wave height
reduction and validated them with physical tests (e.g. small-/large-scale flume tests). The resulting
equations create the opportunity to use them to model vegetation effects on waves and analyse the ef-
fects that attenuated waves may have on the probability of failure by wave-related failure mechanisms.

Wave energy balance
Vegetation on the foreshore is not the only wave energy influencing processes. Incoming waves ap-
proaching a flood defence structure are influenced by a variety of processes that increase or decrease
the load that is exerted on the structure. The transformation of these waves, including dissipation of
energy due to wave breaking (Thornton et al. 1983), bottom-friction (Bertotti et al. 2000) and vegetation
(Mendez et al. 2004; Kalloe et al. 2022), is described by an energy flux balance equation. For straight,
parallel contours the energy conservation equation for normal incident waves including dissipation due
to breaking ⟨εbr⟩, bottom-friction ⟨εf ⟩, and vegetation ⟨εv⟩ is given by Booij et al. (1999):

∂Ecg
∂x

= −⟨εbr⟩ − ⟨εf ⟩ − ⟨εv⟩ (2.16)
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The average rate of dissipation due to breaking ⟨εbr⟩ is determined by Thornton et al. (1983), and
depends on the adjusting parameters B and γb, and the average frequency fp corresponding to the
peak period Tp, as shown in equation 2.17.

⟨εbr⟩ =
3
√
π

16
ρg

B3fp
γ4
bh

5
H7

rms (2.17)

The dissipation due to bottom-friction is formulated by (Bertotti et al. 2000) and shown in equation 2.18.
It depends on the bottom-friction coefficient Cbottom, wave number k, and the relative frequency σ.

⟨εf ⟩ = Cbottom
σ2

g2 sinh2 kh
(2.18)

Since the wave energy is directly related to the height of the wave (Bryan et al. 2020), shown in equation
2.19, the wave energy balance equation (equation 2.16 can be used to model the change in wave
height as a result of the described energy dissipation processes. Since all wave heights in the balance
equation are root means square wave heights Hrms, the wave height 1 in the formula needs to be
converted using the formula as stated in Thornton et al. (1983), being H = 1.42 ∗Hrms.

E =
1

8
ρg(1.42Hrms)

2 (2.19)

1The distribution fromwhich the wave heights were sampled in themodel of this research represented significant wave heights,
instead of root mean square wave heights. Therefore the outcomes of the failure probability calculation are considered slight
underestimations, since the used wave heights should be larger.
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2.4. Probabilistic analysis
The design and assessment of a flood defence depends for a large amount of uncertainties, which as
stated in the problem definition, created the base for this study. To work with uncertainties in a design,
different approaches are used to come to a safe structure or design. In this section, different approaches
to perform probabilistic analyses are introduced, the use of a limit state function is explained, and which
probabilistic reliability analysis methods are suited to deal with limit state functions as used in this study.

2.4.1. Uncertainty
The presence of uncertainty in the design process of any structure, flood defences included, can be a
challenging factor. The magnitude of the load on the structure, and the magnitude of the resistance
of the structure consist of many uncertainties. This is the reason why the standard and guidelines are
defined as probabilities, because without uncertainty the probability of flooding would either be one or
null (flood or no flood) (Diermanse et al. 2016). Uncertainties can be reduced with the help of research
and measurements.

Between the design process of a new/reinforced defence and the assessment of an existing defence,
there is a minor difference. The difference is whether one takes into account the design lifetime. For
the assessment of an existing flood defence structure, only the current resistance of the structure is as-
sessed, while for the design of a new structure, the resistance over the lifetime is taking into account.
The types of uncertainty can be divided into two types: (i) aleatory uncertainties, and (ii) epistemic
uncertainties. Aleatory uncertainties are natural uncertainties, e.g. the inconsistency in the yearly-
discharge of a river, resulting in variable water levels (Diermanse et al. 2016). Epistemic uncertainties
are the uncertainties originating from incomplete knowledge about a process, e.g. limited amounts of
measurements or models that do not give an accurate representation of reality (Diermanse et al. 2016).

To assess the probability of flooding for a flood defence structure, uncertainties must be quantified
accurately or minimized. This involves conducting measurements or using models to predict loads
and strengths. However, since neither measurements nor models are flawless, probabilistic analyses
incorporate uncertainty by using probability distributions rather than using single values, so taking a
variability of the values into account. Using distributed values and techniques like Monte Carlo simula-
tions (see Section 2.4.4) to calculate the probability of occurrence of failure due to a failure mechanisms
makes it possible to take the uncertainty and dynamic behaviour of input parameters into account in
assessment and design projects.

Taking the uncertainty of input parameters into account in the probabilistic analysis is important for
the scope of this thesis, and to analyse how much influence the uncertainty has on the probability of
failure. By quantifying these influences of the parameters on the probability of failure. In figure 2.13
the different sources of uncertainty in the calculation of the failure probability are shown to get insight
where uncertainty is introduced in the calculation.

Figure 2.13: Sources of uncertainty (based on Diermanse et al. (2016))

2.4.2. Deterministic to Probabilistic methods
Between the design methods, four levels can be distinguished from deterministic towards full proba-
bilistic. In table 2.3 the different levels are discussed in brief. In this study, the level III approach (fully
probabilistic) is used to assess the effect of a riparian forest on wave attenuation and design of dike
elements. Previous studies, as performed by de Bruijn (2020), has focused on the similar objective,
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but using a mpre deterministic approach. This can be used as a reference and possible validation of
more probabilistic models in the future.

Table 2.3: Overview of probabilistic methods (Schiereck et al. 2019)

Level Approach Explanation
0 Deterministic Characteristic loads are chosen from observations/studies

and a certain threshold is chosen as characteristic strength
I Quasi-probabilistic Every load/strength parameter is multiplied with a safety

factor
II Approximate probabilistic The probability of flooding/failure is approached by simpli-

fied functions
III Fully probabilistic The probability of flooding/failure is determined by numeri-

cal integration of the probability distributions and functions
or by random drawn realisations of the probability functions

2.4.3. Limit state function
To assess the reliability of a flood defence structure, the two most important elements are the loads
on the structure, and the resistance against the load. With these elements, and their uncertainties, the
limit state function can be formulated and analysed, as shown in equation 2.20. For different loads and
resistances, different failure mechanisms will occur. To get an overview of the failure mechanisms and
the corresponding interdepencies for a dike section, a fault tree, like figure 2.8, can be made for each
section.

Z = R− S = R(x1, x2, . . . , xm)− S(xm+1, . . . , xn) (2.20)

Where:
Z Limit State function
R Strength (French: Résistance)
S Load (French: Sollicitation)
x1, . . . , xm, . . . , xn All random variables involved in strength and load

The main elements of loads on a flood defence structure are in general: the water pressure, wave
forces and water flowing along, over, through and under the structure. These main loads set in motion
different load effects on a structure which results in losses in strength or stability. The loads contain
a certain level of uncertainties, for example the magnitude of a load or the water level that is only ex-
ceeded once every couple of year.

The resistance is the strength of the flood defence structure against the occurring loads. In general,
these resistance elements are the height of the structure, the friction angle between the soil particles in
the core of the structure and the cover layer of a structure. The resistance of a structure is also prone
to uncertainties (Kok et al. 2016).
Uncertainties in load and resistance elements, results in the expression of the load and strength ele-
ments in terms of probability. To work with uncertainties in a design, probabilities are assigned to the
different elements of load and strength.
For design or assessment, the strength of a structure is generally determined using models. The ac-
curacy depends on the amount of simplification in the model and physical knowledge of the occurring
phenomena. In most designs it is preferable to work from rough and simple models in the beginning,
towards more detailed and refined models further in the process. When more data and knowledge is
gathered on specific topics, the assigned probabilities and models can be adjusted accordingly (Kok
et al. 2016).

2.4.4. Probabilistic methods
The probability of flooding, or the probability of failure due to a specific failure mechanism, is based
on a significant amount of uncertainty. To improve the reliability of a model, a full probabilistic method
enables analysis of the failure probability. Several methods can be applied to perform the assessment,
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each with their own advantages and disadvantages.

The First Order Reliability Method (FORM) and the Monte Carlo (MC) method are two of the best known
methods. FORM is a slightly more complex method than MC, but is more accurate in less computations.
The only disadvantages, is that all the variables need to be expressed as a Normal (Gaussian) distribu-
tion (Sekhavatian et al. 2018). The Monte Carlo method on the other hand, can sample from different
distributions, but takes more computations to come to an accurate result (Sekhavatian et al. 2018).
Since not all the input variables have a Normal distribution, the MC method is preferred over FORM.
In the following section the Monte Carlo method is explained in detail, and how it is applied in the model.

Monte Carlo simulations
The Monte Carlo simulations is a relative simple method that is able to evaluate a problem many times
using random sampled input parameters every computation. The parameters are sampled from their
specific distribution, which do not need to be a Normal distribution. The more computations the MC
method performs, the higher the accuracy of the results.

The method is based on a definition of failure, which is in most cases similar to the limit state function,
as in equation 2.20, but can also be expressed in the form of a Factor of Safety or Reliability Index
(Gibson 2011). This definition of failure behaves as a threshold that determines whether the structure
fails or not.
This is computed by performing a specified minimal amount of computations N , which can be calcu-
lated using equation 2.21. The minimum amount of computations assures that the results from the
model are accurate, but also prevents from overestimating the amount of computations, optimizing the
computations time.

N =

(
d

α

)2
1− p

p
(2.21)

Where, d is the normal standard deviation estimated from figure 2.14b, α is the acceptable error in the
analysis to assess the probability of failure, p is the probability of failure. The probability of failure p is
not known in advance, since this is the wanted outcome of the model, so iterative computations can be
necessary to analyse whether more computations are needed.

Each individual computation, the input variables are sampled from the according distribution, and the
limit state function Z is calculated. For all the computation the number of failures nfails, where Z < 0,
are added up. Dividing the number of failures over all computations nfails, by the total amount of
computations, expresses the probability of failure in percentages, as shown in equation 2.22.

Pf =
nfails

N
· 100% (2.22)

(a) PDF of Pf

(b) Percentage of Confidence and according Normal Standard
Deviation

Figure 2.14: PDF, Percentage of Confidence and Normal Standard Deviation (Gibson 2011)
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Sensitivity analysis
Performing a Monte Carlo simulation as described in the previous section uses a lot of different gen-
erated input parameters to produce the different limit state outcomes. Each parameter influences the
outcome, but the magnitude of influence differs heavily. To analyse this magnitude of influence a sen-
sitivity analysis (SA) is used to rank the input parameters according to their contribution to the outcome
(Saltelli and Annoni 2010).

Distinction is made between local and global SA methods. When the input of a model is linear and no
interactions between input parameters are expecred, a local method is applied to examine the effect
of small changes around a fixed point in the input space (Saltelli and Annoni 2010). When there are
interactions between the input parameters and non-linear effects can occur, a global method captures
the entire input space and examines the influence of input variability on the outcomes of the model
(Saltelli and Annoni 2010).

For the model used in this research, a global SA method should be used, since the physical model of
wave attenuation and revetment erosion is non-linear and a lot of parameters interact with each other.
Variance-based sensitivity analysis (VB-SA) is a method that makes it possible to rank input parameters
based on their contribution to the models outcome. The most used method of VB-SA is described by
Sobol (Sobol′ 2001), introducing the first-order Sobol indices Si that are calculated for each parameter
(equation 2.23). Saltelli, Ratto, et al. (2008) used this theory to introduce total sensitivity indices Stotal

or ST , described in equation 2.24.

Si =
V [E(Y |Xi)]

V (Y )
(2.23)

The first-order index describes the main effect contribution of each input factor to the variance of the
output. In equation 2.23, Y is the output of the model with the input parameters Xi, so Y = f(Xi).
The conditional expectation E(Y |Xi) is the value of Y derived by averaging over all factors Xi, and
V [E(Y |Xi)] is the variance of that function over Xi.
The value of Si can be seen as a measure of how good E(Y |Xi) fits the outcome. Higher absolute
values for Si (Si ≈ 1) indicate that input parameter Xi has a relative large influence on the outcome of
the model (Saltelli and Annoni 2010).

STi
=

E[V (Y |Xi)]

V (Y )
= 1− V [E(Y |Xi)]

V (Y )
(2.24)

The value of STi
corresponds to the fraction of V (Y ) that can be assigned toXi and all the interactions

of Xi with other input parameters. For models where all the input parameters Xi are independent and
not interacting with each other, the first-order and total sensitivity indices are equal (Saltelli and Annoni
2010). For interacting parameters the difference between STi

and Si is an indicator for the magnitude
of interaction.

This SA method makes it possible to analyse the influence of the different hydraulic, forest and dike
parameters that are part of the model used in this study. Further explanation of the implementation of
this method in the model is described in section 2.4.
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2.5. Summary of Literature
To create a foundation of knowledge, this literature review investigates the role vegetation can take in
wave attenuation on the dike foreshore and its connection to erosion of the outer slope of a grass dike.
The summary addresses the following questions:

(a) What is the current methodology for designing dikes in the Netherlands?
(b) How does vegetation attenuate wave load on a dike?
(c) How is the probability of flooding for a dike modeled?
(d) How can wave attenuation due to vegetation be incorporated in the design/assessment stan-

dards?

To research the effects of willow forests on dike design, understanding the current dike design methods
in the Netherlands is essential. The Delta Committee and Delta Program, introduced the use of safety
standards and exceedance frequencies to assess and design flood defence structures, which have
evolved into using the probability of flooding considering the probability of failure of different failure
mechanisms. This approach allows for consideration of factors beyond just high water levels, distribut-
ing the allowed probability of flooding over various failure mechanisms.

Reducing the probability of flooding involves either increasing dike strength or decreasing the load on
the dike. Vegetated foreshores can reduce incoming wave height, potentially allowing for less revet-
ment material and resulting in more eco-friendly and cost-effective designs. However, incorporating
vegetation into dike design is challenging due to the uncertainties related to forest properties, such as
geometry, spatial distribution, seasonal variations, and vegetation failure.

Among potential failure mechanisms, erosion of the outer slope highly related to wave load and can
be mitigated by a forest on the foreshore. Erosion due to wave impact occurs below the still water
level, and erosion due to wave run-up above the still water level. When the probability of failure due
to erosion is insufficient, usually hard revetment types are placed to increase the resistance against
erosion. Implementing a forest to reduce the wave height can decrease the load on the grass, and
reduce the call for increased resistance by harder revetment types.

Modeling the forest effect on the probability of flooding involves using parameters for hydraulic load,
forest geometry, and dike dimensions as input for the calculation. This results in wave height reduc-
tion scenarios, which are then used to calculate wave impact and wave run-up at different evaluation
levels on the dike. By determining the probability of failure for each mechanism through Monte Carlo
simulations, a comprehensive overview of a willow forest’s impact on dike design can be created.
Using this model, the method for detailed designs or assessments can determine whether a forest can
be used on the foreshore as a load reduction factor, and after further research, design codes can make
it possible to use vegetated foreshores more widely.



3
Methodology

This chapter explains the research methodology. This research uses a structured framework for the
model to go from incoming waves towards the probability of failure due to wave load. The model is
generated to model and analyse the effect of willow forests in two different ways: (i) produce the prob-
ability of failure for different water levels, and (ii) to analyse the sensitivity of the different parameters
on the outcome. The created model combines physical modelling and probabilistic modelling to test
the potential of applying riparian vegetation in dike design.

3.1. General framework
To be able tot test this potential, different analyses and assessments are performed using a computa-
tional model that is able to (i) model the wave attenuation by a willow forest, (ii) calculate the load due
to wave run-up and wave impact, and (iii) use the limit state for both load cases to calculate the prob-
ability of failure using Monte Carlo simulations. Additional to these calculations a sensitivity analysis
connects the different input to the generated output to analyse how much a certain input parameters af-
fects the output (Saltelli, Ratto, et al. 2008). In this section the general framework of the created model
is explained in more detail, and visualised by the workflow as presented in figure 3.1. The workflow is
partially based on the failure assessment performed in Vuik, van Vuren, et al. (2018), with the addition
of the wave attenuation theory due to vegetation by Kalloe et al. (2022), and the sensitivity analysis
using variance-based sensitivity analysis as described by Saltelli and Annoni (2010). After clarification
of the different modules in the workflow, the different input parameters are described, and it is clarified
how the data and input is collected.
As described, the model is able to perform four different calculations/analysis: (i) reduced wave heights,
(ii) wave load due to impact and run-up, (iii) the probability of failure and at last (iv) the sensitivity of
each parameter. The outline of the described framework is shown in figure 3.1.

26
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Figure 3.1: Workflow of the attenuation-erosion model

The model starts by calculating the attenuated wave height, introduced in section 3.1.1. The attenuated
wave height is used as input for the wave load calculation modules, described in section 3.1.2, where
both modules calculate the limit state function. This serie of calculations are all part of the overarching
probabilistic module that uses them to perform Monte Carlo simulations, introduced in section 3.1.3.
The results of these simulations is that many different wave-forest configurations are tested to analyse
the effect on the limit state function, and to analyse how the different vegetation parameters influence
the outcome, which is described in section 3.1.3.

3.1.1. Wave attenuation module
The first module of the Attenuation-Erosion (AE) model performs the wave attenuation. The wave
attenuation module is used to produce the attenuated wave height Hnoveg and Hveg after an incoming
wave has passed the forest on the foreshore of the dike. The wave height of a wave travelling towards
the shore is direct related by the wave energy flux balance (Equation 2.16). The wave energy flux
balance can be solved over a certain length Lforeshore using an ordinary differential equation (ODE),
each spatial step the change in wave energy, and therefore wave height, is determined. The energy of
the incoming wave is affected by the shoaling ⟨εsh⟩, breaking ⟨εbr⟩, bottom-friction ⟨εf ⟩ and vegetation
term ⟨εv⟩, described in section 2.3. Each process is able to change the energy and shape of the wave
and the final load on the slope of the structure.
In figure 3.2 a simple overview of the input and output is presented to create insight in the process of
the model. As shown in the general workflow (Figure 3.1) the output of the wave attenuation module
is used as input for the Erosion module. The solved ODE takes the vegetation input parameters (Av,
htree, Lf and CD) to determine the energy dissipation term due to the forest. The constant and variable
input parameters are described in table 3.1 and 3.2, accordingly.
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Figure 3.2: Simple overview of the wave attenuation module

As described, the wave attenuation module produces the input for the following modules in the workflow.
The attenuated wave height Hnoveg, where no forest is present on the foreshore, and the attenuated
wave height with the presence of a forest Hveg. Both of the attenuated wave heights are calculated to
be able to compare both outcomes and conclude about the effect that a forest has on the wave height,
but also on the probability of failure due to the different erosion mechanisms.
The difference between the two attenuated wave heights ∆H shows the total amount of wave height
reduction due to the forest by subtractingHveg fromHnoveg, and is also returned by the wave attenuation
module. The difference in wave heights is used to calculate the damping ratio Dr, which is calculated
using the following equation.

Dr =
∆H

Hm0
=

Hnoveg −Hveg

Hm0
(3.1)

3.1.2. Erosion module
As described in the workflow of the Attenuation-Erosion model, the erosion module consists of two
different sub-modules that describe the failure mechanisms: (i) erosion due to wave impact, and (ii)
erosion due to wave run-up. Both sub-modules are designed to determine the limit state function in
such a way that they can be used in the Monte Carlo simulation to produce the probability of failure for
the according mechanism.

Wave impact
The wave impact module, as a part of the erosion module, uses the attenuated wave heights (Hnoveg

and Hveg) that resulted from the wave attenuation module as input to calculate the limit state function.
The module uses different hydraulic and dike related input parameters. Another important hydraulic
parameter that is related to the wave heights, is the duration of loading tload by the particular waves.
The theory for assessing grass revetments described in by RWS (2022b) describes that for the largest
part of the Netherlands, a small amount of intertidal areas excluded, a duration time of 12 hours is taken
for a constant water level. This means that the water level with the highest wave load is the normative
loading area (RWS 2022b).
Furthermore, dike related constants and variables are used as input to calculate the resistance time
for the top-layer ttop (Equation 2.2 and sub-layer tsub (Equation 2.3). The grass strength parameters
Ca, Cb and Cc describe the quality of the grass revetment (Vuik, van Vuren, et al. 2018). A difference
in grass quality is made in the assessment guidelines, differing between open and closed grass sods.
The original equations used for analysing the resistance times where based on 1 : 3 slope angles. Vuik,
van Vuren, et al. (2018) added a correction factor fαd

(Equation 2.4) to the existing resistance time
equations, which is valid for slopes between 1 : 3 and 1 : 6. This equation is based on the slope angle
tanα and the slope angle factor rα. In figure 3.3 a simple overview of how the model takes the input to
the equations, and how the output is generated.
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Figure 3.3: Simple overview of the wave impact module

The output of the wave impact module are the limit state values, calculated using the load and resistance
time for the given input. Since the module takes both attenuated wave heights (Hnoveg and Hveg),
the limit state values (Znoveg,impact and Zveg,impact) are calculated for the scenario with and without
vegetation on the foreshore, as shown in the right arrow in figure 3.3. The module is designed to
be able to be used in the Monte Carlo simulation, so all the limit state outcomes can be collected to
calculate the probability of failure due to wave impact, and perform a sensitivity analysis towards the
influence of the input parameters.

Wave run-up
The wave run-up module is the other part of the erosion module, and uses the similar attenuated wave
heights (Hnoveg and Hveg) as input, to produce the limit state values for the situation with and without
vegetation (Znoveg,runup and Zveg,runup). The model uses the same hydraulic parameters as the wave
impact module, with the addition of the peak wave period Tp, which is needed to calculate the number
of waves N (Equation 2.6). To determine the cumulative overload Dload,z for a level z above the still
water line, the 2% run-up level is calculated using equation 2.10.
The occurrence of overload is dependent on the grass quality by means of the critical wave front ve-
locity ucrit, which differs for open and closed grass sods in the same way as it differs for wave impact.
Overload does not mean that the revetment fails for the first wave i with a wave front velocity ui higher
than the critical velocity. Failure or damage occurs when the cumulative overload Dload,z exceeds the
critical cumulative overload Dcrit, which is shown in the limit state function in figure 3.4. The input
values for the constant and variable parameters are presented in table 3.1 and 3.2, accordingly.

Figure 3.4: Simple overview of the wave run-up module

The run-up module is designed in the same way as the impact module, in order to be able to be used
in the Monte Carlo simulation, so again all the limit state outcomes can be collected to calculate the
probability of failure due to wave impact, and perform a sensitivity analysis towards the influence of the
input parameters.

3.1.3. Monte Carlo module
The Monte Carlo module is the overarching module that takes a specific amount of samples n for the
variable parameters, and run the three described modules in serie, to produce the limit state value for
each combination of samples i, for both wave impact and wave run-up for the situation with and without
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vegetation. The conditional probability of failure for the assessed water level is calculated by dividing
the total of limit state values that lead to failure |Zi < 0| by the total number of samples n, as shown in
equation 3.2.

P (F |h) = |Zi < 0|
n

(3.2)

Since the probability is calculated for a certain water level, it is considered a conditional probability of
failure. This means that it is the probability of failure due to wave attack given that the water level oc-
curs, denoted as P (F |h). To come from a conditional probability of failure towards the total probability
of failure Pf for the whole slope, the conditional probability of failure (cumulative density function/CDF)
is multiplied by the marginal probability of occurrence of the water level P (h) (probability density func-
tion/PDF), integrated over the vertical step ∆z.

Pf =

∫
P (F |h)P (h)∆z (3.3)

As shown in figure 3.5, the Monte Carlo module uses 3.2 for both erosion types and the situation with
and without vegetation. In the blue boxes on the right the constant and variable input parameters are
shown. Some differences are made between sampled values, taken into account in the sensitivity
analysis, some are not taken into account in the sensitivity analysis, and the water level h, foreshore
length Lforshore, and bulk drag coefficient CD are changed between simulations, but constant for the
particular simulation. This is done to be able to: (i) analyse the probability of failure over the height of
the dike (by running simulations for different water levels), and (ii) to be able to analyse the difference
in stiffness of the vegetation by performing the simulations for different water levels for different values
of drag coefficient.

Figure 3.5: Simple overview of the Monte Carlo module

The sensitivity analysis (SA) is performed inside of the Monte Carlo module. The SA analyses the
effects that changes in the input parameters have on the variance of the limit state outcomes. This
analysis makes it possible to conclude about which input parameters contribute the most to the out-
come. As shown in figure 3.5, the analysis are performed for all the limit state outcomes (Snoveg,impact,
Sveg,impact, Snoveg,runup and Sveg,runup).

3.1.4. Model input
The described modules are all part of the Attenuation Erosion model as shown in figure 3.1. Each
module depends on different input parameters. Some are constant for each simulation, while others
vary from simulation to simulation. This section describes the origin of the parameters and, if they are
collected using data or software, explains how this is done.

Constants
The constant parameters of the modules are displayed in the light blue boxes of the module overviews
in figure 3.2 (wave attenuation), figure 3.3 (impact), figure 3.4 (run-up) and figure 3.5 (monte carlo).
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The Monte Carlo module sums up all the parameters that are used in the assessment of the dike in
this research. In table 3.1 these parameters are displayed with the according reference or source.
Some of the parameters show a C as value (or distribution for the variable parameters) for the Case-
dependent parameters. Collecting the input for the case-dependent parameters is explained further on.

Table 3.1: Constant input parameters for Attenuation Erosion model. Parameters with the value C or S are considered
case-/scenario-dependent and need to be specified accordingly

Description Value Unit Reference
General g Gravitational acceleration 9.81 m/s2 -

tan(α) Angle of outer slope C m/m AHN (2019)
Attenuation B Adjusting parameter of Thornton et al. (1983) model 1 − Thornton et al. (1983)

C Bottom-friction coefficient 0.07 − Hasselmann, Barnett, et al. (1973)
yb Adjusting parameter of Thornton et al. (1983) model 0.73 − Thornton et al. (1983)
Lforeshore Foreshore length S m Google Earth

Impact Cb Parameter grass strength −0.035 1/h Vuik, van Vuren, et al. (2018)
Cc Parameter grass strength 0.25 m Vuik, van Vuren, et al. (2018)
fsand Sand fraction 0.35 m Vuik, van Vuren, et al. (2018)

Run-up ucrit Critical front velocity 6.60 − RWS (2022b)
Dcrit Critical cumulative overload 7, 000 m2/s2 de Waal and Hoven (2015b)
yberm Influence factor for a berm 1 − van der Meer et al. (2018)
β Angle of wave attack C ◦ Hydra-NL
amz Factor for increased load 1 − de Waal and Hoven (2015b)
asz Factor for decreased strength 1 − de Waal and Hoven (2015b)
cu Relation run-up height and max. front velocity 1.10 − de Waal and Hoven (2015b)
cm Constant for ratio Tm0/Tm−1,0 0.92 − de Waal and Hoven (2015b)

The angle of the outer slope tan(α), the foreshore length Lforeshore and the angle of wave attack β are
the case-dependent parameters. The slope angle of the outer slope is derived from elevation data
collected from the current altitude file of the Netherlands (Algemeen Hoogtebestand Nederland/AHN).
In Appendix A the method for collecting the elevation levels for the profile of the structure is explained.
The important parameters that are derived from the data are the elevation level of the toe and crest of
the dike, and the horizontal locations of these points to calculate the (absolute) horizontal distance, to
produce the outer slope angle by the following calculation. The data is also used to create an overview
of the cross-section as shown in figure 3.8.

tan(α) = Zcrest − Ztoe

|xcrest − xtoe|
(3.4)

The second case-dependent parameter is the length of the foreshore Lforeshore (and equal to the maxi-
mum variable length of the forest Lforest), which is determined by analysing the length of the foreshore
using satellite images (collected from Google Earth) and comparing it with the vegetationmonitor. The
vegetationmonitor uses, as described in Appendix A, the vegetation chart in the Netherlands to con-
clude whether vegetation is not located in important flow paths of the river. Based on the two visual
data sources, the length of the foreshore Lforeshore can be measured.
Finally, the angle of wave attack β depends on the location of the cross-section. Hydra-NL is a prob-
abilistic software program that models the statistics for hydraulic loads in the Netherlands, including
the wind statistics. Based on these statistics it is able to determine the primary wind direction, in other
words the direction where the highest wave loads will come from. For the wave impact module, the
angle of attack is not included in the calculation conform WBI. For the wave run-up module, the angle
of attack is included in the calculation of the wave run-up height (equation 2.10)). So, using Hydra-NL,
the angle of wave attack β is determined for the location that is assessed.

Variables
The constant parameters of themodules are displayed in the darker blue boxes of themodule overviews
in figure 3.2 (wave attenuation), figure 3.3 (impact), figure 3.4 (run-up) and figure 3.5 (monte carlo). In
table 3.2 these parameters are displayed with the according reference or source. Some of the param-
eters show a C or a S as value (or distribution for the variable parameters) for the Case-dependent
parameters or the Scenario-dependent parameters. Collecting the input for the case-dependent pa-
rameters is explained further on.



3.1. General framework 32

Table 3.2: Variable input parameters for Attenuation Erosion model. Parameters with the value C or S are considered
case-/scenario-dependent and need to be specified accordingly

Description Distribution Unit Reference
Hydraulic Hm0 Significant wave height W (2.50, 0.90) m Vuik, van Vuren, et al. (2018)

Tp Peak wave period 5.30
√
Hm0 s -

tload Storm/Load duration N(12, 0.68) h RWS (2022b)
h Water level S mNAP Hydra-NL

Dike dtot Thickness of top and sub layer N(0.50, 0.10) m Vuik, van Vuren, et al. (2018)
ra Slope angle factor N(1.51, 0.11) − Vuik, van Vuren, et al. (2018)
Ca Parameter grass strength N(1.82, 0.62) m Vuik, van Vuren, et al. (2018)

Forest Lforest Forest length Lforeshore ∗B(8, 2) m Google Earth
Av,trunk Frontal-surface area (trunk) N(0.054, 0.003857) m/tree Kalloe et al. (2022)
Av,c1 Frontal-surface area (layer 1) N(0.384, 0.02743) m/tree Kalloe et al. (2022)
Av,c2 Frontal-surface area (layer 2) N(0.224, 0.016) m/tree Kalloe et al. (2022)
Av,c3 Frontal-surface area (layer 3) N(0.136, 0.009714) m/tree Kalloe et al. (2022)
Av,c4 Frontal-surface area (layer 4) N(0.0352, 0.002514) m/tree Kalloe et al. (2022)
Av,c5 Frontal-surface area (layer 5) N(0.0192, 0.001371) m/tree Kalloe et al. (2022)
htree Vegetation height (divided in layers) N(5.33, 0.38) m Kalloe et al. (2022)
CD Bulk drag coefficient S − Kalloe et al. (2022) and van Wesenbeeck et al. (2022)

The water level h is another case-dependent parameter that is determined by Hydra-NL. The program,
as described in Appendix A, uses the statistical data on water levels for the specific location of the
cross-section and produces the water level with their according return period. Each water level is used
as input for the model to calculate the conditional probability of failure due to wave attack for the specific
water level P (F |WL), and remains constant throughout the particular simulation. This probability of
failure is used in the assessment of the total probability of failure for the dike revetment.
The scenario-dependent parameter bulk drag coefficient CD is specified per simulation in order to
analyse the effect that the stiffness of the vegetation has on the (conditional) probability of failure of the
dike revetment. Based on the findings by van Wesenbeeck et al. (2022), to simulate stiffer vegetation
branches are assigned a bulk drag coefficient of 1.20, and for flexible branches a bulk drag coefficient
of 0.70 is set (Kalloe et al. 2022). The runs for each water level are performed for the situation without
vegetation, stiff vegetation and flexible vegetation.
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3.2. Case description
To show the effects that a forest can have on the safety level of a dike, the model is applied on a
case in the Dutch river area. The selected case study area is the IJsseldijk bordering the lower part of
IJssel river near Kampen, as shown in figure 3.6. Kampen is a city in the north-west of the province of
Overijssel. This case was selected for its grass dike accompanied by a large green foreland with the
potential to support a willow forest, and that the dike trajectory 10.3, where the IJsseldijk is part of, did
not meet the required safety level during the national assessment by Vergouwe et al. (2014). Vergouwe
et al. (2014) assessed every dike trajectory in the Netherlands on the probability of failure due to every
failure mechanism, as described in section 2.1.3. For every assessment track the probability of failure
on cross-sectional level was calculated, and for trajectory 10.3 the assessment of Grass Erosion of the
Outer Slope (GEBU) was insufficient. The result for the grass revetment was considered to not meet
the signal value (1/10, 000) and lower limit 1/3, 000. This led to selection of this trajectory for the case
study, since it has the potential to improve the safety level by applying a forest on the foreshore.

Figure 3.6: Location of the IJsseldijk (part of trajectory 10.3)

The second requirement to select this location is that the foreshore in front of the cross-section of
the trajectory is sufficiently large to grow a forest. The length of the foreshore is one of the scenario-
dependent input parameters of the model. In figure 3.7 the area for vegetation on the foreshore is
mapped andmeasured to determine the foreshore lengthLforeshore of this case location. The foreshore
lengths Lforeshore are normal to the dike trajectory, as displayed in figure 3.7a by the white line. The
foreshore length is a constant maximum value on which the forest length Lf is modelled variable.

(a) Measurement of the foreshore length Lforeshore.
The modelled foreshore lengths are normal to the dike trajectory, and

the direction is shown in the figure by the white line.

(b) Map of the in-situ vegetation areas by VegetationChart (2020). The
light green areas are grass lands and fields, the dark green area is
forest, the purple areas are reeds and brushwood, light blue is water,

and red is built or paved area.

Figure 3.7: Overview of foreshore length (Google Earth) and vegetation area (VegetationChart 2020)
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Figure 3.7a shows that the normal distance from the dike to the river is roughly 100 meter. The purple
and darker green areas in 3.7b represent reeds/bushes and forest, respectively. Which indicates that
vegetation is able to grow on this foreshore. Another case-dependent parameter depending on the dike
geometry is the angle of the outer slope tan(α), which is determined using the elevation level of the toe
and crest of the dike. The source of the elevation levels is the current altitude file of the Netherlands
(AHN 2019). For the assessed dike trajectory the elevation levels are shown in figure 3.8.

Figure 3.8: Cross-section of the elevation levels for trajectory 10.3

The hydraulic case-dependent input parameters are the angle of wave attack β and the water level h,
both determined by Hydra-NL. This software program uses the statistics for the hydraulic loads in the
Netherlands to produce load scenarios based on the required safety level of a trajectory. It is also pos-
sible to produce the water levels with return periods from 1/10 years up to 1/100, 000 years. Calculating
the probability of failure using the water levels with their according probability of exceedance of that
water level, produces the conditional probability failure due to wave attack given that the specific water
level occurs.
The angle of wave attack β is based on the wind statistics used in Hydra-NL. This makes it possible to
determine the governing wave direction(s) that approach the dike. For the assessment of wave impact,
the effect of this angle is not implemented in the assessment standard yet, and therefore left out of
the wave impact module. When the model is expanded, the length of the foreshore and the length of
the path that the waves travel through the forest become dependent on the angle of wave attack. For
wave run-up, the angle of wave attack is in the equation for the wave run-up height (equation 2.10),
and therefore the angle of wave attack is input for the model.

In table 3.3 and 3.4 the described case-dependent input parameters, which were left blank in the tables
in section 3.1.4, are displayed. In the first table, the water levels with the according return periods are
shown. The return periods are used in the analysis of the results to calculate the total probability of
failure for the cross-section from the produced conditional probabilities of failure.

Table 3.3: Return period with the according water level (collected from Hydra-NL)

Description Unit Value
Return period R years 10 30 100 300 1, 000 3, 000 10, 000 30, 000 100, 000
Water level h m 1.607 1.891 2.188 2.46 2.779 3.062 3.341 3.551 3.723

In the second table with case-dependent parameters the angle of the outer slope tan(α) is calculated
from the profile in figure 3.8, resulting in a slope close to a 1 : 5 slope. The angle of wave attack as a
result from Hydra-NL, representing the most significant wave direction with respect to the dike normal.
The other two parameters from table 3.4, the foreshore length and the bulk drag coefficient are important
parameters, since they lead to the different scenarios that are analysed and compared in this case. The
length of the foreshore Lforeshore is split into a 40 meter forest (similar to the forest tested in the flume
experiments) to be compared to the maximum possible forest length of 100meter for the case location.
The bulk drag coefficient CD is also split up into two scenarios. Testing the influence of rigid vegetation
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with a drag coefficient of 1.20, against more flexible branches with a drag coefficient of 0.70. Comparing
the scenarios not only the percentage of contribution on the probability of failure as provided by the
sensitivity analysis, but also absolute effects of the different scenario-dependent parameters.

Table 3.4: Case-dependent input parameters for dike trajectory 10.3

Description Unit Value Source
Foreshore length Lforeshore m 40 100 Google Earth
Bulk drag coefficient CD − 0.7 1.2 (Kalloe et al. 2022; van Wesenbeeck et al. 2022)
Angle of outer slope tan(α) m/m 0.1987 AHN
Angle of wave attack β ◦ 75 Hydra-NL

To summarise the case description in brief. The model, as visualized and described in section 3.1, is
used to assess the probability of failure for the outer slope of the dike of trajectory 10.3. This is done
for every water level for the situation where no forest is present, and the situation with a forest on the
foreshore of the dike. The forest is modelled for two different lengths Lforeshore and two different bulk
drag coefficients CD. So for each water level, four calculations are made, from which the results are
analysed and described in the next section.

Figure 3.9: Distributions of the variable input parameters: wave height Hm0, peak wave period Tp, length of the forest Lforest,
vegetation height htree, and the load duration tload. These are the variables taken into account in the sensitivity analysis.
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Figure 3.10: Distributions of the variable input parameters: grass strength parameters Ca, thickness of the top + sub layer of
the soil dtot, and the slope angle factor ra. These are the variables not taken into account in the sensitivity analysis.

Figure 3.11: Distribution of frontal-surface area over height of a 15-year old tree, and 3 years since the last cut (with the 99%
confidence interval as boundary).



4
Model validation

The Attenuation-Erosion model is constructed to increase the reliability for application of willow forests
as dike protection against wave load. To make a reliable analysis of the magnitude of wave attenuation
and the effect it has on the probability of failure Pf that the model produces, the output has to be
validated. In this section the methodology to validate the model is described for the wave attenuation
module and erosion module.

4.1. Outer Slope Erosion module
Model validation is a crucial step in the development of the Attenuation Erosion model to ensure the
reliability of the output. First, the outer slope erosion is validated by performing similar calculations
using the developed model and the software used by the WBI for grass dike assessments, BM Grass
Outer Slope (BM Gras Buitentalud, as described in Appendix A). Both the model and the software are
able to calculate the load due to wave impact and wave run-up on the grass revetment and generate
the same type of output. To show the reliability of the model, the calculation is performed for 5 different
locations in Dutch river branches.

The input used to validate the model is generated using Hydra-NL. As described in section 3.1.4, it
is able to generate the water levels with their according return period. Hydra-NL is also capable of
generating the wave load parameters due to wave impact and run-up that are used in BM Grass Outer
Slope. It generates the significant wave height Hm0, peak wave period Tp, wave steepness s and the
direction of wave attack for their according return period for a certain water level. In this section the
validation for a cross-section of dike trajectory 10.3 is described. This dike cross-section borders the
IJssel river and is located near Kampen. A limitation of the BM software for wave impact is that the
slope angle tan(α) is fixed on 1 : 3 dikes, therefore this slope angle is also used in the model. The
linear correction factor as used in the paper of Vuik, van Vuren, et al. (2018) is equal to one for a slope
angle of 1 : 3, so the model can still be validated using the equations described in section 2.2.1.

4.1.1. Wave impact validation
For the wave impact validation, the results from Hydra-NL are gathered for different water levels up to
the maximum water level for the lower limit of the trajectory, 1/3, 000 for the assessed dike trajectory.
The water level for the lower limit of trajectory 10.3 is 3.062mNAP, so for the validation the water levels
from 1.0 mNAP to 3.0 mNAP are assessed, with vertical steps of 0.25 meter. Each of the water levels
will have different wave heights as result from Hydra-NL, and according to the assumptions made in
WBI (RWS 2022b), these wave conditions will be constant over a timespan of 12 hours, so this is used
as the load duration tload in the validation.

The input gathered from Hydra-NL is shown in table 4.1, and are used together with the parameters for
wave impact from table 3.1 and 3.2 to perform the calculations of the resistance time of the top layer
and resistance time of the sub and top layer combined. The BM software uses the resistance times
and calculates a failure fraction for them using equations 4.1 and 4.2.

37
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Ftop =
tload
ttop

(4.1)

When the cumulative failure fraction of the top layer Ftop exceeds the value of 1, ttop becomes 0 in the
calculation for the total failure fraction Ftotal, since the top layer is eroded it takes 0 hours to erode.

Ftotal =
tload

tsub + ttop
(4.2)

The calculation of the failure fractions use the resistance times, in figure 4.1 the combined output of
the resistance time equations 2.3 and 2.2 are plotted against different slope angles tan(α) for different
significant wave heightsHm0. This figure is used in the later part of this section to analyse the outcome
of the validation calculations.

Figure 4.1: Total resistance time (sub + top layer) against slope angles for different wave heights

From Hydra-NL the hydraulic load for each water level with the return period of 1/3, 000 is displayed
in ascending order in table 4.1. For a water level of 3.00 mNAP, the software resulted in extrapolated,
which means that the output is a result of extrapolation, and is therefore less accurate and not included
in this validation.

Table 4.1: Input (collected from Hydra-NL) for validation of the wave impact module

Water level Sign. wave height Peak wave period Wave steepness Wave direction Angle of attack
[mNAP ] [m] [s] [−] [°N ] [°]
1.00 0.33 2.51 0.0337 246.8 79.8
1.25 0.48 2.62 0.0449 246.9 79.9
1.50 0.63 2.76 0.0530 246.9 79.9
1.75 0.74 2.81 0.0596 247.4 80.4
2.00 0.73 2.82 0.0590 248.1 81.1
2.25 0.68 2.81 0.0551 249.0 82.0
2.50 0.63 2.80 0.0513 249.7 82.7
2.75 0.61 2.83 0.0489 250.2 83.2
3.00 extrapolated

The input from the above table resulted in the following two tables of output, where table 4.2 shows
the results from BM Grass Outer Slope, and table 4.3 shows the results from the Attenuation Erosion
model. From the numbers alone it proofs that the model produces similar results as the BM software.
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To visualize the accuracy, figure 4.2 shows the results from both tables plotted against each other,
together with the line representing equality. The markers line up close to this line, and the R2-error is
close to 1, from which it can be concluded that the model produces similar outcomes as the software
used by the WBI to assess grass revetments.

Table 4.2: Results for the wave impact calculation by BM Grass Outer Slope

Evaluation height Failure fraction (top) Failure fraction (total)
[mNAP ] [−] [−]

1.00 0.170 0.011
1.25 0.290 0.012
1.50 0.440 0.318
1.75 0.600 0.466
2.00 0.580 0.451
2.25 0.510 0.383
2.50 0.440 0.318
2.75 0.420 0.291
3.00 extrapolated

Table 4.3: Results for the wave impact calculation by the Attenuation Erosion model

Evaluation height Failure fraction (top) Failure fraction (total)
[mNAP ] [−] [−]

1.00 0.166 0.000
1.25 0.286 0.000
1.50 0.434 0.311
1.75 0.589 0.457
2.00 0.572 0.442
2.25 0.498 0.375
2.50 0.434 0.311
2.75 0.411 0.285
3.00 extrapolated

(a) Comparison between BM Grass Outer Slope and Attenuation
Erosion model due to wave impact for the top layer

(b) Comparison between BM Grass Outer Slope and Attenuation
Erosion model due to wave impact for the sub + top layer

Figure 4.2: Analysis of the results for wave impact

4.1.2. Wave run-up validation
For the wave run-up validation, a similar approach is used to check the accuracy of the Attenuation
Erosion model. The input data is gathered in the same way as described for the wave impact valdiation,
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collecting the hydraulic load data according to the lower limit of trajectory 10.3 for each water level. The
same assumption regarding the load duration of 12 hours is assumed for wave run-up. The BM Grass
Outer slope software produces the cumulative overload Dload,z for a specified evaluation level z. The
same calculation is performed by the Attenuation Erosion model, using equation 2.5 to compare the
results and test the accuracy of the model.
The results for the cumulative overload of equation 2.5 are plotted in figure 4.3 against the slope angle
tan(α) for different significant wave heights Hm0 for a load duration of 12 hours, as assumed. The
dashed line shows the critical value of overload Dcrit of 7, 000 m2/s2 and a critical front velocity ucrit

of 6.60 m/s (closed grass quality). The green lines show that for wave heights below 1 meter, no
overload will come out of the model, since the critical flow velocity won’t be exceeded. To still be able
to assess the accuracy of the model, the critical flow velocity is lowered to the value for open grass
quality (ucrit = 4.30) m/s and the load duration is increased to 24 and 36 hours.

Figure 4.3: Cumulative overload against slope angles for different wave heights

Similar to the validation of the wave impact module, the input for the hydraulic load is gathered through
Hydra-NL, which is displayed in ascending order in table 4.4. For a water level of 3.00 mNAP, the soft-
ware resulted in extrapolated, which means that the output is a result of extrapolation, and is therefore
less accurate and not included in this validation.

Table 4.4: Input (collected from Hydra-NL) for validation of the wave run-up module

Water level Sign. wave height Peak wave period Wave steepness Wave direction Angle of attack
[mNAP ] [m] [s] [−] [°N ] [°]
1.00 0.34 2.44 0.0362 236.4 69.4
1.25 0.50 2.33 0.0593 221.0 54.0
1.50 0.63 2.63 0.0584 235.0 68.0
1.75 0.73 2.68 0.0650 234.2 67.2
2.00 0.71 2.57 0.0685 234.9 67.9
2.25 0.69 2.82 0.0555 248.9 81.9
2.50 0.63 2.81 0.0514 249.7 82.7
2.75 0.61 2.83 0.0489 250.2 83.2
3.00 extrapolated

The input from the above table resulted in the following two tables of output, where table 4.5 shows the
results from BMGrass Outer Slope, and table 4.6 shows the results from the Attenuation Erosion model.
From the numbers alone it shows that the model produces values of the some order of magnitude, but
are not as accurate as the validation for wave impact. This is also visualized in figure 4.4 for a load
duration of 24 and 36 hours. These load duration are assessed since the cumulative overload is zero
for the load duration of 12 hours, as prescribed by the WBI (RWS 2022b). As observed in figure 4.3,
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this is not an unexpected outcome. For this reason, the wave run-up calculation is assessed during the
simulations, but it is highly expected to result in probabilities of zero. If the results are zero, the wave
run-up will not be assessed in the results of the failure probability nor the sensitivity analysis.
The less accurate outcomes for the validation of wave run-up can be the result of small errors in one
of the equations. The calculation of the cumulative overload is depending on more parameters in
comparison to wave impact, where the resistance times are depending on one or two equations. The
serie of equations for cumulative overload could be the origin of the difference. The tables show that
the created model overestimates the cumulative overload when compared to the BM software results.
Which is also indicated by the R2-error, it is not close to one, meaning that there is some variance
between themodel output and assessment software. Therefore, themodel can still be applied, provided
it is taken into account that the results of the model can result in overestimation of the cumulative
overload compared to the BM software used in the WBI.

Table 4.5: Results for the wave run-up calculation by BM Grass Outer Slope

Water level Evaluation height Cumulative Overload
tstorm = 12h, ucrit = 6.6m/s tstorm = 24h, ucrit = 4.3m/s tstorm = 36h, ucrit = 4.3m/s

[mNAP ] [mNAP ] [m2/s2] [m2/s2] [m2/s2]

1.00 1.10 0.000 0.000 0.000
1.25 1.35 0.000 0.000 0.000
1.50 1.60 0.000 394.353 589.497
1.75 1.85 0.000 1, 291.733 1, 930.941
2.00 2.10 0.000 689.817 1, 031.170
2.25 2.35 0.000 1, 559.570 2, 331.316
2.50 2.60 0.000 892.768 1, 334.551
2.75 2.85 0.000 793.499 1, 186.158

Table 4.6: Results for the wave run-up calculation by the Attenuation Erosion model

Water level Evaluation height Cumulative Overload
tstorm = 12h, ucrit = 6.6m/s tstorm = 24h, ucrit = 4.3m/s tstorm = 36h, ucrit = 4.3m/s

[mNAP ] [mNAP ] [m2/s2] [m2/s2] [m2/s2]

1.00 1.10 0.000 0.000 0.000
1.25 1.35 0.000 0.000 0.000
1.50 1.60 0.000 235.273 354.977
1.75 1.85 0.000 1, 524.926 2, 290.645
2.00 2.10 0.000 769.844 1, 157.514
2.25 2.35 0.000 1, 373.336 2, 063.239
2.50 2.60 0.000 499.090 751.133
2.75 2.85 0.000 367.097 552.967

(a) Comparison between BM Grass Outer Slope and Attenuation
Erosion model due to wave run-up for a load duration of 24 hours

(b) Comparison between BM Grass Outer Slope and Attenuation
Erosion model due to wave run-up for a load duration of 36 hours

Figure 4.4: Analysis of the results for wave run-up



4.2. Wave Attenuation module 42

4.2. Wave Attenuation module
TheWave Attenuation module of the Attenuation Erosion model is validated using the large-scale flume
tests in the Delta flume of Deltares. As described in paragraph 2.3, the large-scale tests where per-
formed on a willow forest of 40 meter long from which the wave heights were measured before and after
passing through the forest. The Attenuation-Erosion model is built to produce the same type of wave
attenuation, and it is based on equation 2.15 formed by (Kalloe et al. 2022). This makes it possible
to validate the Wave Attenuation section of the model by recreating the large-scale test in the model
using the same forest dimensions and hydraulic conditions as input parameters.

In the two figures below, the wave height results of the model are visualized by the two lines, the black
constant for the situation without vegetation, the green dashed line for the wave height through the
forest. The markers at the start and end of the forest represent the measurements from the flume.
As shown, the results of the model are approach the measurements for both situations, which shows
that for different wave climates the model gives an accurate outcome for the wave height after passing
through a forest.

Figure 4.5: Validation of wave attenuation for the situation with h = 3.0m, H0 = 0.45m and Tp = 3.9s

Figure 4.6: Validation of wave attenuation for the situation with h = 3.0m, H0 = 0.93m and Tp = 3.6s



5
Results

This chapter presents the findings of the research conducted to address the research questions as
stated in the introduction (Chapter 1). The results are generated by applying the created general frame-
work to model the probability of failure due to wave attack on the grass revetment of a dike cross-section
of trajectory 10.3. First, the results from the probability assessment are described, followed by the re-
sults of the sensitivity analysis for the key input parameters related to wave-vegetation interaction..

5.1. Probability of Failure
The probability of failure due to wave impact and wave run-up is modelled using the constant and
variable input parameters as described in chapter 3. The input for the model are the water levels from
table 3.3, and the constant and variable input parameters from table 3.1 and 3.2, accordingly. From the
distributions, a number of samples are taken to perform the Monte Carlo simulations and the sensitivity
analysis. For the sensitivity analysis, the formula for the number of samples is N · (2D + 2), where N
is a number of samples, and D is the number of variables analysed in the sensitivity analysis. The N
needs to be a power of two, in this thesis 16.384 is used in order to get enough samples to get accurate
results, even when the probability of failure becomes really small. For the situation without a forest, the
variable input parameters are Hm0, Tp and tload, creating a total amount of samples of 131.072. For
the situation with a forest, more variables are used because of the addition of the layered vegetation
parameters, resulting in 753.664 total samples.

Themodel produces the conditional probability of failure given the occurrence of that water level P (F |h),
based on the number of times that the limit state function is smaller than zero for each set of samples.
The conditional failure probability is used in combination with the marginal probability of occurrence
of that water level P (h) to compute the combined probability of failure P (F |h)P (h). As described in
appendix B, performing this calculation for every water level ∆z, and integrate over the water levels
results in the total probability of failure Pf . The calculation of the total probability of failure Pf , as de-
scribed above, is performed for two different foreshore lengths. For each foreshore length, the situation
without a forest, and forest with two different tree types are modelled by means of different bulk drag
coefficients. This is done to be able to analyse the effect of the vegetation flexibility, since the vegeta-
tion flexibility is one of the elements described by the bulk drag coefficient.

In this section, the results for the different forest lengths are shown side-by-side in the following fig-
ures, while the difference in drag coefficient is presented inside the figures, represented by the solid
(Cd = 0.70) and dashed (Cd = 1.20) green line. The blue line in each plot represents the situation
without a forest (vegetation) present on the foreshore.
An important result from the calculations is that for all the simulations, the conditional probability of
failure due to wave run-up was zero. Therefore, wave run-up is not visibly represented in the figures in
this section, and the following section (5.2) describing the sensitivity analysis. As visualised in figure
4.3, relative high waves are needed for erosion due to wave run-up to occur.

43
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The results for the conditional probabilities of failure are shown in figure 5.1. From these figures it is
observed that for the situation without a forest, the current situation, for water levels lower than 1.891
mNAP the conditional failure probability becomes zero for a foreshore of 100 meter. Higher water levels
show a gradual increase towards a conditional probability of failure of 0.01 for the highest water level
(3.723 mNAP). Modelling a shorter foreshore, a conditional probability of failure is present at a level of
1.607 mNAP. A similar gradual increase is found when the water level increases, and approaches also
a probability of failure close to 0.01 for the higher water levels.

(a) Conditional probability of failure for the scenario with a foreshore
length Lforeshore of 100 meter.

(b) Conditional probability of failure for the scenario with a foreshore
length Lforeshore of 40 meter.

Figure 5.1: Conditional probability of failure for the forest lengths Lforest of 100 meter (left) and 40 meter (right). The crosses
point out the modelled water levels from table 3.3.

When a forest is placed on both foreshores, it is observed that for the longer forest, the first conditional
probability of failure occurs at a much higher water level than the scenario without a forest. For both
drag coefficients, the first failure probability is observed at 2.779 mNAP. It is also observed that the
forest on the foreshore is able to reduce the probability of failure significantly, where the forest with the
higher drag coefficient (CD = 1.20) is able to reduce more than the forest with the lower drag coefficient
(CD = 0.70). This is in line of expectation, the less drag is induced by the trees, the less wave energy
is dissipated, resulting in higher wave heights and higher loads.

The shorter forest shows slightly different behaviour. For the lowest simulated water level (1.607
mNAP), the model does produce conditional failure probabilities, where the forest also shows a re-
duced conditional probability of failure. For the scenario without a forest, the probability increases
when the water level increases. It is observed that for the water level of 2.188 mNAP, the probability is
decreased compared to the lower water for the scenario with a higher drag coefficient, and for the lower
drag forest the probability increases only by a small margin compared to the lower water level. This
water level corresponds with the height of the tree with the largest frontal-surface area, as presented
in figure 3.11.
In figure 5.1, both the left and right graph show that for increasing water levels, the effect of the forest
on the conditional probability of failure reduces. This can be explained by the equations for the wave
energy balance theory, which shows that for higher water levels, the waves interact less with the bottom,
and travel through parts of the trees with less frontal-surface area. Less wave energy results in larger
waves, which results in larger failure probabilities. This also explains the difference in conditional fail-
ure probability for the situation without a forest, for the longer foreshore the failure probability is lower,
because the waves travel a longer distance and have more interaction with the bottom, resulting in
more wave energy dissipation and lower conditional failure probabilities.

The straight connections between the model results are due to the relative large vertical distance be-
tween the water levels. When these large steps ∆z are used in the calculation of the total probability
of failure Pf , the result would be inaccurate. Therefore, the results are interpolated with a step size
of 0.000001 meter, to get the most accurate outcome. This creates many water levels with according
conditional failure probabilities based on the results from the simulations. The results of interpolation
are shown in figure 5.2.
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(a) Interpolated conditional probability of failure for the scenario with a
foreshore length Lforeshore of 100 meter.

(b) Interpolated conditional probability of failure for the scenario with a
foreshore length Lforeshore of 40 meter.

Figure 5.2: Interpolated conditional probability of failure for the forest lengths Lforest of 100 meter (left) and 40 meter (right)

The interpolated graphs shown above are still conditional probabilities of failure. To calculate the com-
bined probability of failure P (F |h) P (h) for each water level, the marginal probability of occurrence of
a water level P (h) is calculated using the steps as shown in Appendix B.
The conditional probability of failure for each water level from the interpolated results is multiplied with
the marginal probability of the particular water level to get the combined probability of failure. The
results of this calculation for both forest lengths are shown in figure 5.3.

(a) Combined probability of failure for the scenario with a foreshore
length Lforeshore of 100 meter.

(b) Combined probability of failure for the scenario with a foreshore
length Lforeshore of 40 meter.

Figure 5.3: Combined probability of failure for the forest lengths Lforest of 100 meter (left) and 40 meter (right)

To assess the total probability of failure for the grass revetment due to wave attack, the derived com-
bined probabilities of failure for each interpolated water level as presented above, are integrated over
the dike height. Doing this for the different calculations, result in the total failure probability Pf for the
assessed dike trajectory for each scenario as presented in table 5.1. The probabilities of failures are
assigned the safety category based on the intervals shown in table 2.2, describing whether the signal
value or lower limit is met or not. The safety categories make it possible to see at once whether mea-
sures are needed to increase the resistance against a certain failure mechanism, as shown in figure
2.7.

Table 5.1: Total probability of failure for the grass revetment due to wave-induced erosion for the scenarios with a 100 meter
(left) and 40 meter long forest (right)

Pf,impact,100 Pf,runup,100 Pf,total,100 Safety category Pf,impact,40 Pf,runup,40 Pf,total,40 Safety category
No vegetation 1.730E − 04 0.00E + 00 1.730E − 04 IV 7.898E − 04 0.00E + 00 7.898E − 04 V
Vegetation (Cd = 0.70) 1.197E − 06 0.00E + 00 1.197E − 06 II 1.305E − 04 0.00E + 00 1.305E − 04 IV
Vegetation (Cd = 1.20) 5.764E − 08 0.00E + 00 5.764E − 08 I 6.374E − 05 0.00E + 00 6.374E − 05 IV
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Figure 5.4: Total failure probability for the grass revetment due to wave-induced erosion with the according safety category

Figure 5.4 presents the results from the table above in a similar way as figure 2.7. It is observed that for
the current situation, without a forest present on the foreshore, the assessed dike trajectory does not
meet the required safety level, as it exceeds both the signal value as the lower limit (safety category
IV). It is also observed that for the forest with a length of 100 meter (left), the total probability of the
revetment is reduced by a significant amount, which improves the safety category from IV to I for the
forest with a drag coefficient of 1.20, and to category II for the forest with a drag coefficient of 0.70.
For the shorter foreshore and forest (right) the same result is found for the situation without a forest,
the dike section exceeds the signal value and lower limit, resulting just in safety category V. When a
forest is placed on the foreshore, the total probability of failure is reduced for both the higher and lower
drag scenarios, but both forests remain in safety category IV, meaning that the safety of the assessed
revetment does not meet the required safety level, even with this relative short forest in front of the
dike.

5.2. Sensitivity analysis
During the simulations each time a different value for the variable input is used in the model to calculate
the probability of failure. A sensitivity analysis is performed to analyse what the contribution is of the
variable input parameters. The sensitivity analysis method in the model keeps track of what the effect
is of the changes in the input parameters to the outcome. So, when a small change in the value of an
input parameter, results in a large change in the outcome, its contributions is large, and vice versa. The
percentages of contribution for each variable that result from this analysis are similar to the α-values
produced by the first order reliability method [FORM].
Keeping track of these changes results in the sensitivity of each parameter. Only parameters that are
sampled from distributions, shown in figures 3.9 and 3.10, are taken into account in the sensitivity anal-
ysis, since a change of value is necessary. Therefore the effect of water level, foreshore length, and
the bulk drag coefficient are not analysed. Although, their influence is still observed from the results for
the probability of failure, and are discussed in the discussion (section 6).

The results analysed in this section are based on the plots in Appendix C and D, which present the
results of the sensitivity analysis performed for each calculation. The contribution of each parameter is
derived from these figures and put together in the tables, shown in Appendix E. From these tables the
following pie charts summarize the contribution of the key parameters.

5.2.1. No forest
The scenario without a forest on the foreshore of the dike can also be referred to as the current situation
of the dike. This scenario represent the load due to wave impact on a grass dike for multiple water levels
with certain incoming waves. Therefore, the only analysed parameters for this scenario are the wave
height, peak wave period and the duration of the load, since there are no variable vegetation parameters
to analyse. In table E.1 and E.2 from Appendix E, the contribution of the parameters are shown for
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each calculation per water level. For each input parameter, the average contribution is calculated by
summing the contribution percentages divided by the number of water levels. The average contribution
of the input parameter are shown in the pie charts of figure 5.5.

(a) Percentage of contribution per input parameter for the scenario
without a forest (foreshore length of 100 meter)

(b) Percentage of contribution per input parameter for the scenario
without a forest (foreshore length of 40 meter)

Figure 5.5: Pie charts for the results of the sensitivity analysis for the scenario without a forest

The pie charts show a significant contribution of the wave height on the outcome for wave impact on
the grass revetment, which is expected as the wave height is a key parameter in the calculation of the
resistance times against wave impact. Since the peak wave period depends extensively on the wave
height, its small contribution could be explained by the fact that the influence of the wave period is part
of the large contribution of the wave height. The load duration remains constant for the different water
levels, as shown in table E.1 and E.2, and has a relative small contribution to the result.
Comparing the outcomes for two simulated forest lengths, it shows that the relative longer foreshore
decreases the contribution of the wave height slightly, and increases the contribution of the other two
parameters. The increase of the contribution of the load duration for a longer foreshore, could be
related to the foreshore dissipating more wave energy, resulting in lower wave heights, which result in
longer load duration needed to cause significant changes in the limit state function, and probability of
failure.

5.2.2. Forest (drag coefficient = 1.2)
The analysis of the scenarios with a forest take the vegetation and forest parameters into account,
so the forest length, frontal-surface area, and the height of the layers are added to the analysis. In
Appendix C and D, the results from the simulations are presented in bar charts and pie charts. To
come to a general conclusion, the results are taken together in the tables in Appendix E to analyse the
effects for every simulation, and what the overall effects of the parameters are. The results from table
E.5 and E.6 present the simulations for the 100 and 40meter forest, accordingly. The contribution for the
analysed parameters, where the layer-dependent parameters (frontal-surface area) are accumulated,
are presented in the following pie charts.
The two tables in Appendix E, show that the higher the water level rises, the more distributed the per-
centage of contribution of the frontal-surface area becomes. So, for lower water levels the contribution
is more concentrated on the lower layers of the tree, and for larger water levels, the contribution is more
distributed. Shown more clearly in table E.6 for the simulations of the shorter forest, which highlights
the dependency of the vegetation parameters on the forest length. This dependency on the forest
length is observed in the analysis of the combined probability of failure, as shown in figure 5.3, where
the longer forest has significantly more effect on the safety level of the assessed dike.
Looking at the pie charts in figures 5.6a and 5.6b, the frontal-surface area contributes the most to the
outcome of the simulations with more than 50%, followed by the length of the forest that contributes
around 20% to the outcome. The relative high contribution by the frontal-surface area can be due to the
higher drag coefficient (CD) of the tree, since bulk drag coefficient is multiplied with the frontal-surface
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area in the vegetation term (equation: (2.15)) of the wave energy equation, increasing the amount of
contribution of the frontal area. The bulk
The remaining vegetation parameters show relative low contributions to the outcome. For the height
of the layer the contribution is relatively low, since the amount of contribution by the layer height is de-
pending on the water level and the frontal-surface area of the layer, and directly part of a multiplication
in the energy balance term. It can be seen as a secondary term, since its value is not directly used in
the calculation, but it determines which frontal-surface area is present at which elevation.

5.2.3. Forest (drag coefficient = 0.7)
The analysis of the scenarios for the simulations with a bulk drag coefficient of 0.70, simulating a more
flexible forest, creates the opportunity to not only compare the results for different forest lengths, but
also to compare the effect of the bulk drag coefficient of the trees, since the bulk drag coefficient is not
part of the analysed parameters. Appendix D and C show the results visualized in bar charts and pie
chart to display the contribution for each parameter per simulated water level. To compare the overall
results and analyse the effect of the parameters on the outcome, the results are collected in the tables
in Appendix E and result in the following pie charts for the forest length of 100 and 40 meter, where the
layer-dependent parameters are accumulated.
From the pie chart in figures 5.6c and 5.6d, the first observation is that the contribution of the frontal-
surface area and the forest length decreased slightly with respect to the higher drag forest simulations.
Together with a slight increase in the effect due to the wave height, tree height and bulk drag coefficient.
The frontal area and the forest length remain the vegetation parameters with the highest contribution
to the outcome, but the lower drag resulted in more contribution on the outcome by the wave height,
due to less energy dissipation.
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(a) Percentage of contribution per input parameter (Lforest = 100m
and CD = 1.2)

(b) Percentage of contribution per input parameter ((Lforest = 40m
and CD = 1.2)

(c) Percentage of contribution per input parameter ((Lforest = 100m
and CD = 0.7)

(d) Percentage of contribution per input parameter ((Lforest = 40m
and CD = 0.7)

Figure 5.6: Pie charts for the results of the sensitivity analysis for the scenario with a forest



6
Discussion

This chapter provides a critical analysis and interpretation of the findings presented in the previous
chapters. The used methodology, results and findings of the simulations will be brought forward and
discussed. This chapter works towards the final conclusion of the research into the potential of using
riparian forest in dike design.

In Chapter 2 the dike design and assessment methods used in the Netherlands were studied in order to
find how the use of forests could improve the safety level of existing dikes. Vegetated foreshores hold
the potential to dissipate wave energy, and therefore hold the potential to reduce the failure probability
related to wave attack on a dike, i.e. wave impact and wave load. Vegetated foreshores are not
implemented in the current assessment, which created the opportunity to research and discuss its
potential to improve dike design.

6.1. Model set-up
The results described in Chapter 5 point out the effects that different parameters have on the probability
of failure. The methodology designed in this research focused on combining a wave attenuation model
and the current used methods of calculating wave load due to wave impact and run-up. This connects
the findings of previous studies towards the influence of vegetation on waves to the probability of failure
of flood defense structures. Limitations of combining the two is that the current used methods imple-
ments the effects of foreshores in the calculation by taking it into account while generating the input for
the assessment, and use the outcome directly on the structure. The designed model in this study has
the foreshore effects in the calculation, the advantage is that it makes it possible to model vegetation
on the foreshore and analyse the effects. The disadvantage is that it increases the computation time,
because the wave energy balance differential equations are solved by iterating over the total foreshore
length.

The designed model is based on several trade-offs. Modelling the vegetated foreshore with different
layers of vegetation parameters over the height, connecting it to the calculations for the wave impact
and run-up calculations, and performing Monte Carlo simulations made it a computational intensive
model. Adjustments to the model can be made on several parts of the model to make it less intensive
for computation.
First, the Monte Carlo simulation could be replaced by a different reliability analysis method, such as
the first order reliability method (FORM). The disadvantage of FORM is that the input parameters need
to have Normal-distributions, which was the reason that Monte Carlo was used in this thesis. The ad-
vantage of FORM is that it uses less samples to come to an accurate result, and that the sensitivity
analysis is less intensive to compute. Another adjustment could be to add the calculation of the total
probability of failure to the model. In this research the model produces the conditional probability of
failure, and the total probability of failure is produced outside of it. This may increase the computation
time slightly, but make it more user-friendly. An adjustment to decrease the runtime would be to imple-
ment thresholds for the wave load calculations. The wave height, or loading time, required for wave
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load to occur can be used to skip a whole calculation if it is not large enough to induce erosion.

6.2. Probability of Failure
These effects of the foreshore length, and thereby forest length, are visible in every result of the calcula-
tion. In the conditional probability of failure in figure 5.1, it is shown that the failure probability is reduced
significantly comparing by the longer and shorter forest. This is the result of the interaction between the
foreshore and forest with the waves, the longer the foreshore, the more interaction between the waves
and the foreshore, i.e. forest and bottom, can take place. The probabilities of zero for the longer forest,
and the relative low probabilities for the shorter forest for the lower water levels, underline this theory.
The influence by the forest length is also observed in the total failure probability of the dike revetment,
showing that a long enough forest is able to improve the safety level from insufficient, to a safety level
that meets the signal value, or meet it by a margin based on the drag coefficient of the forest. However,
the opposite is found when the forest length is relative short. The influence of the forest is not sufficient
to result in a safe grass revetment. This highlights the importance of the foreshore and forest length to
the probability of failure due to erosion by wave attack.
Erosion due to wave run-up was not observed in the results for the scenario without a forest, indicating
that the wave heights are to low for this failure mechanism to occur, and that it did not contribute to the
total probability of failure for the assessed location. For dikes where higher water levels, and higher
waves can occur, failure due to run-up can add to the total probability of failure for the assessed dike.
Studies found that wave impact is dominant over wave run-up for the elevation levels below the high-
est still water level, and wave run-up above the highest still water level. As observed from the graphs,
especially the conditional probability of failure, the effect of the forest on the probability of failure due
to wave impact decreases as the water level increases. This could indicate that the effect of a forest
on wave run-up is relative low, due to the larger waves needed for wave run-up, which needed more
water depth to occur, while a higher water level shows a relative lower influence on the wave impact
failure probability.

It is observed that the largest total probability of failure is not found for the highest water level. Due to the
multiplication of the conditional failure probability (which is the highest for the highest water level) with
the marginal probability (which becomes smaller when the water level increases) reduce the combined
probability of failure for larger water levels. This means that the highest water level does not lead to
the largest combined failure probability, since it occurs for the combination with the largest probabilities
of occurrence. This points out the potential of using forests to prevent against wave load. When the
largest combined failure probability is located at an elevation where the frontal-surface area of the tree
is large, the total failure probability can be reduced significantly, as shown in the results.
For different failure mechanisms, such as erosion on the inner slope (as a result of wave overtopping),
the influence of the trees are different. There the effect is affected by the freeboard, the vertical distance
from still water level to the crest. For increasing water levels, the freeboard becomes smaller and
overtopping occurs more frequent. For this failure mechanism, the largest total probability of failure will
be found for higher water levels, so the largest frontal-surface area should be larger higher in the tree
to be effective.

6.3. Sensitivity of parameters
In the results for the shorter forest, for the lower water levels between 1.70 and 2.30 mNAP, a decrease
in failure probabilities for the shorter forests with larger drag (simulating a forest with stiffer trees), and
stagnation of the failure probability for the lower drag forest (simulating more flexible trees) is observed
in the lines in figures 5.2b and 5.3b. The elevation level where the decrease/stagnation in the lines
occur, corresponds with tree layer where the largest frontal-surface area is located, demonstrating the
effect of the frontal-surface area on the conditional and total probability of failure.
The effect of the frontal-surface area is also observed in the sensitivity analysis, as it is the parameter
with the most significant contribution to the calculations of the limit state functions for every scenario.
For the longer forest, it contributes for roughly 50 % to the outcome of the limit state calculations. Fol-
lowed by the length of the forest, which has the second-largest contribution of around 15 to 25 %. This
can be due to the fact that the length of the forest determines the amount of interaction between the
waves and the foreshore/forest, as described above.
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The sensitivity of the parameters is important in the process of dealing with uncertainty. Earlier studies
show the relevance of dealing with uncertainty in the design and assessment of failure probability for
different scenarios. For relative low water levels, this study shows that a forest contributes largely to the
conditional probability of failure for lower water levels, while for relative high water levels, the contribu-
tions seems to decrease. The sensitivity of a parameter and its uncertainty are highly related to each
other regarding the importance for design. Highly uncertain parameters, such as variation between
frontal-surface area between different tree species, with a high contribution to the failure probability
should be treated with more care than the highly uncertain parameters with a relative low contribution.
Therefore, the uncertainty, or variability, in the frontal-surface area of the trees and the variability in
the length of a forest should be considered as the most valuable design parameters of the forest, ac-
companied by the variability in the wave height. Since the bulk drag coefficient is not considered in the
sensitivity analysis, no conclusions can be connected to the magnitude of contribution. However, from
the graphs and results for the failure probability, the effect of the drag, and thereby partially the flexibility
of the tree, highlights that an amount of contribution should be assigned to the bulk drag coefficient of
the tree.

6.4. Vegetation in safety assessment
The results and findings described above in the failure probability and sensitivity analysis, indicate the
potential that the vegetation has to increase the safety level, and thereby safety categories of a dike
section. To incorporate vegetated foreshores in the safety assessment and design methodology, pre-
vious studies stated that to let the forests be an reliable addition, more reliability analysis and testing
to engineering standards is required. The results of this study can contribute to this with the findings
regarding the contribution of the parameters to the probability of failure.
The relative large contribution of the forest length and the frontal-surface area are considered as the
most valuable parameters to be used in design and assessment. Having enough space for forests to
grow, and having trees with the largest frontal-surface area in front of the elevation on the dike slope
where the combined probability of failure becomes the largest can have a significant effect on the safety
level of the dike. The bulk drag coefficient is probably the second-most important parameter, since the
effect on the probability of failure is proven to be significant. However, the bulk drag coefficient is a
parameter depending on several processes, one of them being the flexibility of the tree, which makes
it less suitable as a design parameter, but not less important for the assessment of the safety level.
The large contribution by the forest length and frontal-surface area not only make it the most valuable
parameter, but also the most vulnerable parameter. Some uncertainties, i.e. diseases and seasonal
variability, will remain present, which results in the importance to implement securities, i.e. mainte-
nance, in the design of a forest to keep it at the required safety level, which applies to all types of
defense structure protections.

The input variables for the forest and trees, e.g. forest length, frontal-surface area, and vegetation
height, are based on measurements. The forest length is based on the possible length normal to the
dike trajectory and the parameters for the trees are based on measurements of 15-year old willow trees
last cut 3 years back. Compared to the real situation, where diseases may occur and the willows are cut
periodically, the results can be considered idealistic. The forest may lose its strength due to a disease
or the frontal-surface area may be lost for severeal layers due to cutting of the branches. Implementing
these factors in the model can be done by modelling different scenarios, that simulate the effect of
a disease. To model the effect of cutting, scenarios can be created where the forest is distributed in
different stretches of forest, e.g. cut recently, cut one year ago, and cut two years ago. This should
give a more accurate result, but looking at the results in chapter 5, a forest with sufficient length has a
margin before it does not meet the required safety level.

Using vegetated foreshores in front of the dike sections where it is possible, so when the safety level
due to outer slope erosion is insufficient with regard to the required standard, and whether there is
enough room for a forest to grow, has the potential to be a reliable, cost-effective and nature-friendly
solution to increase the safety level. Using a forest on the foreshore, instead of harder revetment types,
creates the opportunity to use forces of nature to protect against forces of nature.



7
Conclusion

This section combines the findings from the theoretical analysis and the probabilistic analysis using
the created model, to conclude about the potential of using riparian forests to attenuate waves and
optimize dike design.

To create a model that calculates failure mechanisms related to wave loads using the same method as
currently used in the assessment of dike trajectories, the design and assessment standards were anal-
ysed. In the Netherlands, dikes are designed and assessed according to their level of safety against
flooding. The safety level against flooding is distributed over the probabilities of failure for different dike
failure mechanisms, that together form the probability of flooding. Vegetated foreshores hold the ca-
pability to dissipate wave energy, and can therefore reduce the failure probability due to wave-related
failure mechanisms, such as erosion of the outer slope grass revetment due to wave impact and wave
run-up. A grass revetment is eroded due to wave impact below the highest occurring still water level,
and above this level by wave run-up.

Currently, vegetation is not incorporated in the methodology for design to, and assessment of, the
safety level. To be implemented in detailed designs and assessments of river dikes with respect to
wave load, the mechanism behind wave dampening due to vegetation has been studied. Vegetation
fields on the foreshore of a dike, such as riparian forests, has been proven to be able to attenuate
wave load by dissipating energy from the waves travelling through them. The wave energy balance is
affected by three energy dissipating terms, a term due to breaking, due to bottom-friction, and due to
vegetation. The parameters in the term due to vegetation are the frontal-surface area over the height
of the vegetation, the ratio of the vegetation that is submerged, the bulk drag coefficient, and the length
that the waves travel through the vegetation field.

This study combined the current-used methods to calculate erosion due to wave impact and run-up
with a model to determine the wave energy dissipation for the described dissipation terms. The cre-
ated model made it possible to analyse the effect of a forest on the probability of failure of the outer
slope due to wave impact, and to analyse which parameters contribute most to this probability of failure.

In the end, to incorporate vegetation in the safety level calculation of a dike trajectory, insight in the con-
tribution of the forest and tree parameters is necessary. The case study performed in this study showed
that the largest contribution came from the frontal-surface area (50%), and that the largest reduction in
failure probability for erosion of the outer slope was found when the largest amount of frontal-surface
area was located at the same level as the level where the largest combined failure probability is found.
For the 40 meter foreshore, the combined failure probability on the elevation level where the largest
frontal-surface area is present, was decreased fromO(10−3) for the situation without a forest, to O(10−4)
for the forest with a bulk drag coefficient of 0.70 (relative flexible vegetation), and O(10−5) for the forest
with a bulk drag coefficient of 1.20 (relative stiff vegetation). For the 100m foreshore, the combined
failure probability for the situation without a forest of O(10−4), was decreased to zero for both bulk drag
coefficients. This proofs that the elevation height of the largest frontal-surface area is an important
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component for design and assessment of a dike.
It also shows that the magnitude of the effect on the probability of failure of the outer slope is strongly
influenced by the length of the forest. The longer the forest, the more energy can be dissipated from the
incoming waves by the frontal-surface area, and drag induced by the vegetation. Therefore, both the
forest length and the frontal-surface area can be used to design a protective forest by adjusting them
to increase the level of safety to the required level, or to determine if an existing forest can provide
protection for a particular location if its dimensions are significantly large enough.

The fact that it can be used for the design of a safe dike section, but also for the assessment of a dike
section, proves that vegetated foreshores can be suitable measures to be integrated into the current
methods used in the Netherlands. Willows have been applied in the Noordwaard polder in the Nether-
lands (WitteveenBos et al. n.d.), which made it possible to raise the dike one meter less than originally
designed and use a clay cover instead of stone revetment (WitteveenBos et al. n.d.).

Existing dike trajectories that do not meet the signal value in the previous large-scale safety assess-
ment, and have enough space to grow a large enough forest on the foreshore can improve their safety
level by growing a forest on the foreshore of the dike. When the forest is designed to have the largest
frontal-surface on the same level as the largest combined probability of failure, the failure probability
due to erosion of the outer slope can be reduced significantly. It should be taken into account that the
results do not account for threats as diseases or the cutting of the branches, taking these into account
probably results in lower probabilities of failure, but further research into this must provide more insight
in these phenomena.

This research has shown that the use of riparian forests on the foreshore of a dike as a protective
measure against wave attack, has the potential to increase the safety level significantly. Using the
wave energy dissipating properties of a riparian forest and connect it to the current-used design and
assessment methods for grass revetment erosion has the potential to be used for detailed designs and
assessments, and to reduce the need for hard revetment types.



8
Recommendations

This chapter outlines recommendations for future research and practical applications based on the
results of this study. While this study has demonstrated the potential of riparian forests for wave atten-
uation and improved dike designs, several areas require further investigation to refine these strategies
and improve the reliability for more general application. The recommendations aim to point out remain-
ing knowledge gaps, improve methodological approaches and support the integration of vegetated
foreshores into flood defence systems.

8.1. Model extension
The main driver behind the research to vegetation is that uncertainty makes it less reliable to incor-
porate vegetated foreshores in the design and assessment methods. This amount of uncertainty is
reduced by performing more research to generate more knowledge and insight in the processes.
The findings from this study show the potential of applying forests as protective measure on the fore-
shore of dikes. The modelling technique used in this study is on several points simplified with regard to
the situation in the real world. The created model uses a two-dimensional wave field, so waves travel-
ling in straight lines through the forest. To extend the model, using a three-dimensional model to model
the wave propagation through a riparian forest attacking the dikes outer slope, could provide different
perspectives on the results from this study, and gather more detailed information to get the full picture
on the grass revetment erosion process. A three-dimensional model can provide valuable insight in the
effect of the angle of wave attack, which influences the length that the waves travel through the forest,
and influence the magnitude of wave run-up load.

Another improvement of the model could be to perform more simulations in the Monte Carlo simula-
tions by increasing the number of samples. This can result in smaller failure probabilities for the lower
water levels, where in this study the results were zero. More samples make it possible to find smaller
probabilities, as shown in the literature study in this research. For the assessed dike trajectory, the
failure probabilities due to wave run-up all came out to be zero, due to the high water level required for
erosion due to wave run-up to occur. The result that no run-up was found for the assessed location
in this study, does not mean that this is the same for other dike trajectories in the Netherlands. The
trajectories where higher waves occur, due to larger fetch lengths and/or deeper water in front of the
dike, failure of the outer slope due to wave run-up can occur. Performing case studies on trajectories in
the Netherlands where erosion due to wave impact and wave run-up occur both, creates more insight
in the total failure mechanism for erosion of the grass revetment on the outer slope.
Continuing on the effect of wave run-up, as the wave run-up exceeds the crest level, the failure mecha-
nism of overtopping occurs, leading to erosion of the inner slope. This failure mechanism is assessed
with the discharge flowing over the top, or the accumulation of volumes flowing over the outer slope.
Adding the wave overtopping failure mechanism to the model can be a valuable extension of the model
as it can increase the number of potential locations in the Netherlands to use vegetated foreshores.
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The wave energy dissipation term, and the related input parameters in this study are based on previous
research towards willow trees. An extension of the model/study could be to test different types of
riparian vegetation in large-scale wave flumes. Gathering more riparian vegetation data is useful to
validate themodel and test more hypothesis regarding the effects of bulk drag coefficients, and increase
the reliability and create more foundation for applying riparian forests in dike design and assessment.
The real world threats, e.g. diseases and cutting of the branches, were not in the scope of this research,
but could influence the outcomes. Research into the influence of loss of forest due to a disease or loss
of frontal-surface area for some stretches of the forest due to cutting can be modelled using different
scenarios, and compare the results with findings of this research to provide more support for the results.

8.2. Reflection on policy
As described, the reliability of using vegetated foreshores has to be high enough for large scale appli-
cation. The following studies and research are part of the timeline towards the point of implementation
in the design and assessment methods for dikes in the Netherlands.
The start is the research that is, and will be conducted in the following years, aiming to identify the
key parameters in the process, and create the necessary knowledge for the various types of riparian
forests and there behaviour under different circumstances. Cooperated research between regulatory
bodies, research institutions, and industry experts will create the required vegetation data and models
to create design codes. The design codes are necessary to create a clear and general framework for
application of vegetated foreshores in to the flood defense systems, similar to the codes that already
exist for, e.g., breakwaters.

Pilot projects create a lot of potential future studies to validate the effectiveness of the design codes
and use of vegetated foreshores. Monitoring and data collection from these projects provides critical
information on the reduce wave load, erosion rates of the revetment, and the vegetation health.

The next step is that the existing hydrodynamic models used for design and assessment has to be
adapted to incorporate the influence of vegetated foreshores on the model. Research with the adapted
models in risk assessments, makes it possible to better assess the contribution of the overall safety
against flooding of dike sections, and whether the design choice with a vegetated foreshore outper-
forms the other safety increasing options.

The last step is to incorporate the effects in national safety standards, to make it possible to make the
use of vegetated foreshores more widely adopted in the design and large-scale safety assessments. As
described in this last part, before arriving at this point the cooperated research and reliability increasing
studies are of major importance to create the design codes for vegetated foreshores, and use their
potential to create safer and greener dike trajectories in the Netherlands.
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A
Software and Data Sources

A.1. Hydra-NL
Hydra-NL (M. Duits 2020) is a probabilistic software program that models the statistics for hydraulic
loads in the Netherlands, such as the water level or wave conditions. The output of the program is
used for the assessment of the primary flood defences and dike trajectories in the Netherlands, and
therefore is consistent with the Assessment- and Design Instrument (BOI: Beoordelings- en Ontwerpin-
strumentarium). Hydra-NL is able to deliver the hydraulic load based on the probability of exceedance,
including uncertainty consistent with BOI. The hydraulic loads consist of: the water level, wave height,
peak wave period, hydraulic load level (to determine minimum crest height), overtopping discharge (for
given crest height and dike profile), and wave conditions for given revetment types and water levels
(for assessment of the revetment of the outer slope) (M. Duits 2020).

Figure A.1: Interface input Hydra-NL software

The software uses the following calculations steps to calculate the hydraulic load (M. Duits 2020):
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1. Load and select the Boundary conditions for the location for which the assessment of hydraulic
loads is calculated. These boundary conditions contain all the data regarding bathymetry, fetch
lengths and hydraulic data for the specific location and need to be downloaded from the data
files connected to the Hydra-NL software, delivered together with the set-up file for the Hydra-NL
software.

2. The Dike trajectory calculation menu gives the possibility to select all the sections for which the
calculation can be made, and one should select the option Parameters.

3. Within the Parameters menu (displayed in figure A.1, the following calculation input must be
selected:

(a) Type of hydraulic load (e.g. water level, wave height, etc.)
(b) At least 5 probabilities of exceedance
(c) Select No additions to standard output
(d) Switch off Calculation with model uncertainty
(e) Switch off Calculate with statistical uncertainty

4. Return to the dike trajectory screen by OK.
5. Give the calculation a name, select the desired location(s) and Start the calculation.
6. The calculation results can be reviewed by selectingOutput from theCalculationmenu, the output

is shown in a HTML-file as shown in figure A.2, and can also be saved to an Excel-file.

Figure A.2: Interface results Hydra-NL software

The output fromHydra-NL is used as input for the Attenuation-Erosion model, and the software program
BM Gras Buitentalud as part of the validation of the AE model. Since both the model and BM need the
durationline as input, another software connect to the BOI is used to determine this for each location,
and is also dependent on the output of Hydra-NL.

A.2. Basis Module Gras Buitentalud
BM (Basis Module) Gras Buitentalud is a software program designed in line with BOI, to assess the
failure mechanism due to erosion of the outer slope. Erosion of the outer slope occurs because of
wave impact and wave run-up. BM Gras is able to calculate the load for specified evaluation levels
using the same method as the Attenuation-Erosion model, which makes it possible to use BM Gras as
a validation method for the model.
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Figure A.3: Interface input BM Outer Slope software

To determine the failure fraction due to wave impact, the following steps shall be taken:

1. SelectWave Impact as calculation method
2. Fill in the general parameters: ∆z, Hm0, hmin and hmax. The lay-out of this screen is shown in

figure A.3.
3. Fill in the construction- and strength parameters: ca, cb, cc, fsand, dtot, and the upper- and lower

level where the slope is covered with grass revetment.
4. On the tab Hydraulic load, load the durationline with according wave height Hm0.
5. Before the calculation can be performed, the program validates if all input parameters are valid

by clicking Validation in the Calculation menu.
6. When all input is validated, click Start in the sameCalculationmenu to calculate the failure fraction

due to wave impact.
7. The results will show up in the Results tab that will appear, as shown in figure A.4, from where

the results can be copied to Excel-files for further analysis.

Figure A.4: Interface results BM Outer Slope software

For determination of the cumulative overload due to wave run-up, the following steps shall be taken:

1. SelectWave Run-up as calculation method
2. Fill in the general parameters: evaluation level heval, Cu, g and deselect scaling. The lay-out of

this screen is shown in figure A.3.
3. Fill in the strength parameters: uc, Dcrit, αmz, αsz.
4. On the tab Geometry and fill in the dike geometry and orientation for the location that the calcu-

lation is made for.
5. On the tab Hydraulic load, load the durationline with according wave heights Hm0, spectral wave

period Tm0, and direction of the incoming waves with respect to the dike normal.
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6. Before the calculation can be performed, the program validates if all input parameters are valid
by clicking Validation in the Calculation menu.

7. When all input is validated, click Start in the same Calculation menu to calculate the cumulative
overload due to wave run-up.

8. The results will show up in the Results tab that will appear, as shown in figure A.4, from where
the results can be copied to Excel-files for further analysis.

A.3. Actueel Hoogtebestand Nederland (AHN)
To gather the geometry of the different dike sections, the levee height with respect to NAP (mNAP )
has to be obtained in order to assess the probability of failure for the dike. The Current Altitude file of
the Netherlands (Actueel Hoogtebestand Nederland (AHN)) is a online storage containing detailed and
precise altitude data points for every square meter in the Netherlands, up to 5 centimeter accurate. The
data is collected using laser technology attached to helicopters and airplanes, to collect the 3D-altitude
information.

Figure A.5: Interface AHN

The user interface is shown in figure A.5 for a dike section in the Netherlands. The unit for the output
parameters can be specified to get results on the right scale (e.g. meter, kilometer, inches, etc.). The
data can be exported to CSV files to create elevation overviews as shown in figure A.6. The geometry
collected from AHN is used as input for the Attenuation-Erosion model and BM Gras Buitentalud.

Figure A.6: Converted AHN data for dike trajectory 10.3 (converted using Python)
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A.4. Vegetatiemonitor 2.0
The Department of Waterways and Public Works (Rijkswaterstaat) is responsible for monitoring the
condition of the vegetation in the total river areas for the Meuse, Rhine and Rhinebranches (Waal,
Lower Rhine, Lek and IJssel, and compare it to the vegetation chart (vegetatielegger). The Vegetation
Chart consists of survey maps and rules, and contributes to a safe flow and the improvement of the
water quality of the Dutch rivers and strengthen river nature. The Vegetationmonitor 2.0 is an online
view program that delivers information and data about vegetation in the area to make it possible to (i)
classify the existing vegetation on a specified location, and (ii) compare it to the allowed roughness
according to the rules of the Vegetation Chart.
The Vegetationmonitor 2.0 offers three main functionalities:

1. Chart layers: different chart layers can be viewed on an interactive map using a Google Earth
Engine (GGE) to view the data projected on day-by-day updated satellite images. On top of
the satellite imaging, the year-average vegetation charts can be layed on top to perform visual
compare and analyse changes (E. Penning and V. Harezlak 2020).

2. Analysis: For individual plots and vegetation layer polygons, separate analyses can be per-
formed to quantify changes relative to the Vegetation Chart per plot or vegetation layer polygon.

3. Download: Export functions allow the results of the polygon analysis to be downloaded as a
pdf. Multiple map layers can be downloaded as GeoTIFF for further processing as required (E.
Penning and V. Harezlak 2020).

The user interface of the Vegetationmonitor 2.0 showing the Vegetation Chart on top of the Google
Earth satellite image is shown in figure A.7. This information is used for this research to analyse what
the forest dimensions in front of a dike section are allowed to be.

Figure A.7: Interface Vegetation Monitor



B
Combined failure probability

Themodel produces the conditional probability of failure given the occurrence of that water level P (F |h).
F is the failure due to wave load, i.e. impact or run-up, and h is the particular water level. The conditional
probability of failure is relative high, because the probability of occurrence of the water level is part of
it. The calculation to go from the conditional probability of failure due to wave load for a certain water
level P (F |h, needs to marginal probability of occurrence of that water level P (h) to determine to the
combined probability of failure P (F |h)P (h). Calculating the combined probability of failure for every
water level, with vertical step size∆z between each two levels, and integrating over all the levels gives
the total probability of failure Pf for the dike slope due to the modelled failure mechanism, as shown in
the equation below.

Pf =

∫
P (F |h)P (h)∆z (B.1)

The marginal probability of occurrence of a certain water level differs for each water level. From Hydra-
NL, the water levels with their probability of non-exceedance are collected, as presented in table 3.3.
With this data, the marginal probability of occurrence of each water level can be determined following
the steps below.

1. Calculate the probability of non-exceedance (Pnon−exceed = 1 − Pnon−exceed), which is equal to
the cumulative density function (CDF).

2. Interpolate the CDF to get a value for each water level in the interpolated conditional probability
of failure produced by the model.

3. Use inverse accumulation (accumulated values are calculated back to their individual value) to
go from the CDF to the PDF. The PDF displays the marginal probability of occurrence for each
water level P (h), needed to calculate the combined probability of failure for each water level.

In the following figures, these steps are shown for the results of the case study, as described in chapter
5. Figure B.1 displays the data collected from Hydra-NL, as described in Appendix A, representing
the probability of non-exceedance for each water level. Figure B.2, shows the probability of non-
exceedance for the same water levels, which is equal to the cumulative density function (CDF). In-
terpolating the CDF results using the same step size as for the conditional probability of failure results
in figure B.3.
In figure B.4, the CDF is calculated back to the PDF, which represents the marginal probability of occur-
rence for each water level P (h), and since the conditional failure probability in chapter 5 is interpolated
for the same water levels, the combined failure probabilities can be calculated, to produce the total
probability of failure for each calculation.
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Figure B.1: Probability of exceedance for the water levels of trajectory 10.3

Figure B.2: Probability of non-exceedance (CDF) for the water levels of trajectory 10.3

Figure B.3: Interpolated CDF for the water levels of trajectory 10.3
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Figure B.4: Interpolated PDF (marginal probability of occurrence P (h)) for the water levels of trajectory 10.3



C
Sensitivity Analysis results (forest

length = 40 meter)

C.1. Sensitivity indices
C.1.1. Without vegetation

Figure C.1: Sensitivity Indices (No vegetation) R = 10 years
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Figure C.2: Sensitivity Indices (No vegetation) R = 30 years

Figure C.3: Sensitivity Indices (No vegetation) R = 100 years
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Figure C.4: Sensitivity Indices (No vegetation) R = 300 years

Figure C.5: Sensitivity Indices (No vegetation) R = 1000 years
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Figure C.6: Sensitivity Indices (No vegetation) R = 3000 years

Figure C.7: Sensitivity Indices (No vegetation) R = 10000 years
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Figure C.8: Sensitivity Indices (No vegetation) R = 30000 years

Figure C.9: Sensitivity Indices (No vegetation) R = 100000 years
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C.1.2. With vegetation

(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.10: Sensitivity Indices for the situation with vegetation and R = 10 years

(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.11: Sensitivity Indices for the situation with vegetation and R = 30 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.12: Sensitivity Indices for the situation with vegetation and R = 100 years

(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.13: Sensitivity Indices for the situation with vegetation and R = 300 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.14: Sensitivity Indices for the situation with vegetation and R = 1000 years

(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.15: Sensitivity Indices for the situation with vegetation and R = 3000 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.16: Sensitivity Indices for the situation with vegetation and R = 10000 years

(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.17: Sensitivity Indices for the situation with vegetation and R = 30000 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70 (b) Sensitivity Indices (Vegetation: CD = 1.20

Figure C.18: Sensitivity Indices for the situation with vegetation and R = 100000 years

C.2. Pie charts
C.2.1. Without vegetation

Figure C.19: Pie chart (No vegetation) R = 10 years
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Figure C.20: Pie chart (No vegetation) R = 30 years

Figure C.21: Pie chart (No vegetation) R = 100 years
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Figure C.22: Pie chart (No vegetation) R = 300 years

Figure C.23: Pie chart (No vegetation) R = 1000 years
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Figure C.24: Pie chart (No vegetation) R = 3000 years

Figure C.25: Pie chart (No vegetation) R = 10000 years
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Figure C.26: Pie chart (No vegetation) R = 30000 years

Figure C.27: Pie chart (No vegetation) R = 100000 years
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C.2.2. With vegetation

(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.28: Pie chart for the situation without vegetation and R = 10 years

(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.29: Pie chart for the situation without vegetation and R = 30 years
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(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.30: Pie chart for the situation without vegetation and R = 100 years

(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.31: Pie chart for the situation without vegetation and R = 300 years

(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.32: Pie chart for the situation without vegetation and R = 1000 years
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(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.33: Pie chart for the situation without vegetation and R = 3000 years

(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.34: Pie chart for the situation without vegetation and R = 10000 years

(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.35: Pie chart for the situation without vegetation and R = 30000 years
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(a) Pie chart (No vegetation) CD = 0.70 (b) Pie chart (No vegetation) CD = 1.20

Figure C.36: Pie chart for the situation without vegetation and R = 100000 years



D
Sensitivity Analysis results (forest

length = 100 meter)

D.1. Sensitivity indices
D.1.1. Without vegetation

Figure D.1: Sensitivity Indices (No vegetation) R = 10 years
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Figure D.2: Sensitivity Indices (No vegetation) R = 30 years

Figure D.3: Sensitivity Indices (No vegetation) R = 100 years
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Figure D.4: Sensitivity Indices (No vegetation) R = 300 years

Figure D.5: Sensitivity Indices (No vegetation) R = 1000 years
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Figure D.6: Sensitivity Indices (No vegetation) R = 3000 years

Figure D.7: Sensitivity Indices (No vegetation) R = 10000 years
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Figure D.8: Sensitivity Indices (No vegetation) R = 30000 years

Figure D.9: Sensitivity Indices (No vegetation) R = 100000 years
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D.1.2. With vegetation

(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.10: Sensitivity Indices for the situation with vegetation and R = 10 years

(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.11: Sensitivity Indices for the situation with vegetation and R = 30 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.12: Sensitivity Indices for the situation with vegetation and R = 100 years

(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.13: Sensitivity Indices for the situation with vegetation and R = 300 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.14: Sensitivity Indices for the situation with vegetation and R = 1000 years

(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.15: Sensitivity Indices for the situation with vegetation and R = 3000 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.16: Sensitivity Indices for the situation with vegetation and R = 10000 years

(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.17: Sensitivity Indices for the situation with vegetation and R = 30000 years
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(a) Sensitivity Indices (Vegetation: CD = 0.70) (b) Sensitivity Indices (Vegetation: CD = 1.20)

Figure D.18: Sensitivity Indices for the situation with vegetation and R = 100000 years

D.2. Pie charts
D.2.1. Without vegetation

Figure D.19: Pie chart (No vegetation) R = 10 years
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Figure D.20: Pie chart (No vegetation) R = 30 years

Figure D.21: Pie chart (No vegetation) R = 100 years
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Figure D.22: Pie chart (No vegetation) R = 300 years

Figure D.23: Pie chart (No vegetation) R = 1000 years
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Figure D.24: Pie chart (No vegetation) R = 3000 years

Figure D.25: Pie chart (No vegetation) R = 10000 years
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Figure D.26: Pie chart (No vegetation) R = 30000 years

Figure D.27: Pie chart (No vegetation) R = 100000 years
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D.2.2. With vegetation

(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.28: Pie chart for the situation without vegetation and R = 10 years

(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.29: Pie chart for the situation without vegetation and R = 30 years
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(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.30: Pie chart for the situation without vegetation and R = 100 years

(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.31: Pie chart for the situation without vegetation and R = 300 years

(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.32: Pie chart for the situation without vegetation and R = 1000 years
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(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.33: Pie chart for the situation without vegetation and R = 3000 years

(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.34: Pie chart for the situation without vegetation and R = 10000 years

(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.35: Pie chart for the situation without vegetation and R = 30000 years
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(a) Pie chart (No vegetation: CD = 0.70) (b) Pie chart (No vegetation: CD = 1.20)

Figure D.36: Pie chart for the situation without vegetation and R = 100000 years



E
Sensitivity Analysis tables

E.1. Tables scenario no forest

Figure E.1: sensitivity indices (Si) for the scenario without vegetation (Lforest = 100 meter)

Figure E.2: sensitivity indices (Si) for the scenario without vegetation (Lforest = 40 meter)

E.1.1. Tables scenario forest (Cd = 0.70)

Figure E.3: sensitivity indices (Si) for the scenario without vegetation (Lforest = 100 meter)
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Figure E.4: sensitivity indices (Si) for the scenario without vegetation (Lforest = 40 meter)

E.1.2. Tables scenario forest (Cd = 1.20)

Figure E.5: sensitivity indices (Si) for the scenario without vegetation (Lforest = 100 meter)

Figure E.6: sensitivity indices (Si) for the scenario without vegetation (Lforest = 40 meter)
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